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Admittances and bulk loss coefficients of nonaluminized and aluminized propellants
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TASK II. Studies were continued on external burning using an axisymmetric model

at Mach 3.\Early work using contoured test section walls and cold gas region
injection is reviewed to raté wake detai] and Jength scale chan

the influence of simulated external/base burningSiTests with actual combustion of
radially and axially injected hydrogen are then reported. Outstanding performance
values with significant base drag reduction is shown for injection and burning directly
in the near-wake (base burning). Current attemp ts at radial injection and burning
in the free stream (external burning)lhave not yet succeeded. These tests, however,
E:ve Chdeﬁned an envelope within whicly external burning, if feasible, will presently
achieved. -

gAfSK Ill. Investigations continued of the accumulation processes of aluminum on the
propeliant burning surface that lead to formation of agglomerate droplets, the size

of which dominates aluminum combustion., Using dry-pressed mixtures of ammonium
perchlorate, aluminum and carnauba wax powders, the effects of particle sizes,
mixture ratios and pressure were studied by hign speed photography. Results were
correlated with a scenario describing the effects of propellant microstructure,
retention processes for aluminum on the burning surface, response of aluminum powders
to heating, and inflamation process for sintered aluminum. _

Quench tests at atmospheric pressure on the combustion plume above the burning
surface showed that the agglomerates in these tests burned much as aluminum
droplets in earlier single particle-controlled atmosphere tests. An exception resuited
in tests with large (95 wm) aluminum particles which did not ignite completely. An
apparatus for tests at elevated pressure was designed and partially fabricated.

TASK IV. Experimental and analytical studies were continued on the subject of
turbulence-induced pressure fluctuations in a rocket- i To overcome prior
deficiencies' in theory 3 new théory constructed for the generation of pressure
disturbances by the turbufence. Undeniable separation has been achieved between
propagational and local pressure fluctuations, and the agreement between theory
and experiment are adequate, Measurements include microphone and hot film
anemometry, and time serie(I&nalysis is applied to the resuits.
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General Introduction |
Progress is reported for the second year effort of four distinct projects under
contract AFOSR F49620-78-C-0003. The jpdividual projects are identified as
distinct tasks; this distinction being preserved because it reflects also distinct test

facilities and personnel assignments. Each task report contains its own abstract,

introduction, and progress report.

Task 1 is concerned with combustion stability, with particular reference to

measurement of the response of solid propellant combustion to oscillatory flow

environments. Primary effort is on development of the impedance tube method for

measuring response functions. This includes improving its accuracy, economy of

operation, and versatility of application. Exploration of other methods of

measuring response functions is also conducted.

Task 11 is concerned with combined external and base burning as a means of

develo;;ing sustained thrust for missiles with minimum weight and volume demands

on the propulsion system. A facility was developed previously for injection and

combustion of hydrogen in and around the near-wake shear flow of an axisymmetric

body. Initial studies were made of the flow field usingvnonreactive gases, and the

present report covers recent studies with hydrogen injection and burning.

Task NI is concerned with the role of the aluminum powder ingredient in

propellant combustion and 2-phase product flow. The steps in the metal
"metabolism® are traced through the phase of accumulation on the burning surface,
the melting and coalescing of particles into relatively large droplets, the ignition

P

g




T L gt IR e i g
B ok o b T Gy

and combustion of the droplets, effect of combustor gas flow on these steps, and
their response to gas oscillations. The present report summarizes combustion
photographs, tests of burning surface behavior of model propeliants (dry-pressed

powders) involving various combinations of aluminum, ammonium perchlorate and

hydrocarbon wax powder. Also reported are results of quench tests, including b
quench-collection of condensed material in the combustion phase.

Task IV is concerned wtih the source of pressure fluctuations in rocket
motors. It is believed that a significant contribution is made by the interaction of
turbulence of the flow with the nozzle. A facility was constructed previously to

measure this effect, and modifications are continuing. Recent testing is reported

here, and a new theory is presented.
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Abstract

Resuits obtained under an AFOSR sponsored research program that is concerned
with the development of experimental techniques for the determination of the
admittances of burning solid propellants under conditions simulating those observed in
unstable rocket motors and the determination of the admittances of various solid
propellant are described. As part of this program, much effort has gone into improving
the accuracy of the impedance tube technique that was developed earlier under this
program. These improvements included increasing the number of transducers utilized to
measure the standing wave structure to fifteen, increasing the dynamic measurement
range to cover 110-165 db, increasing the sampling rate of the mini computer based data
acquisition system, and. reducing the number of numerical iteLations required for
determining the propellant admittance from the measured acoustic pressure data. The
improved impedance tube set-up was then used to determine the frequency dependence of

the admittances and bulk loss coefficients of aluminized and non-aluminized propellants

and some of these results are presented in this report. Finally, efforts dealing with the

development of a direct admittance measurement technique are described.
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1. Introduction

This report summarizes progress made under Task I of AFOSR Contract No.
F49620-78-C-0003 during the period October 1, 1978 to September 30, 1979. This research
was concerned with the development of the experimental techniques for the determination
of the admittances of burning solid propellants under a variety of conditions simulating
those observed in unstable solid rockets and the measurement of the admittances of

various aluminized and non-aluminized composite solid propellants. The ability to predict

and measure the burning rate characteristics of solid propellants under a variety of

unsteady rocket motor operating conditions is of great scientific and practical
importance. Such data is needed for the apriori prediction of the combustion stability
characteristics of proposed solid propellant rocket motor designs as well as the
determination of the relative driving capabilities of various solid propellant formulations.
Also, there is a need to correlate the predictions of theoretical solid propellant
combustion models and relevant experimental data. Establishing the validity of theoretical
combustion models would demonstrate a level of technology which would greatly reduce
future development testing requirements. The progress made in reaching the goals of this
program are briefly outlined in the remainder of this report.

As the objectives and background for this research program have been discussed in
much detail in Ref. 1 only a brief review of this material will be provided herein. The
propellant in unstable solid rockets is exposed to regions of primarily pressure oscillations,
regions of primarily velocity oscillations and regions that contain both pressure and
velocity oscillations. To predict solid rocket motor stability, data describing the propellants
burning rate at each of these regions, at different frequencies, different oscillation
amplitudes and different engine operating conditions are needed. Most of the research
efforts in this area to date have concentrated on the pressure coupled response that

describes the propellant burning rate response when exposed to small-amplitude pressure
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oscillations only. Most of the experimental efforts in this area to date depend upon the

utilization of the T-burner2 which provided much useful data in spite of some obvious

shortcomingsl. Careful considerations of what has been done in this area to date clearly

indicate the need for the development of alternate experimental approaches that are
hopefully devoid of some of the difficulties that affect T-burners. Results provided by
these new measurement techniques could also be used to check the accuracy of the T-
burner data.

The work conducted under this program can be generally divided into two parts;
namely, (1) the development of experimental techniques for the measurement of the
admittances of solid propellants under different conditions simulating those observed in
unstable rockets and (2) the acquisition of solid propellant admittance data.

The efforts concerned with the development of new experimental techniques
included the improvement of the impedance tube technique developed earlier under this
program and the investigation of the so-called "direct" burn rate measurement techniques.
In this case the term "direct" implies experimental techniques that are capable of directly
measuring the mass loss of the propellant sample or its surface regression. These efforts
are still in progress and their state of development is described in the following section of
this report.

The efforts to acquire solid propellant admittance data concentrated on the
determination of the admittances of two non-aluminized and two aluminized propellants
at 300 psig over the frequency range from 300 to 1000 Hz. Of special significance are the
investigations of the admittances of aluminized propellants where the utilization of the
impedance tube allowed the simultaneous determination of the gas phase losses caused by
the aluminum oxide particles in the impedance tube and the admittance at the propellant

surface. The capability to perform these two measurements simultaneously offers the
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possibility for the determination of the manner in which the addition of aluminum or
metal particles affects combustion instabilities; that is, whether the addition of aluminum
particles attenuate or amplify combustion instabilities by providing gas phase damping or
amplification and/or modifying the combustion response of the solid propellants. The
resolution of this problem will require the utilization of the developed impedance tube
technique in a series of tests in which the same propellants will be tested with and without
metal additives and the results will be compared. Some of the propellant admittance data
measured in the course of this investigation will be presented in the following section.

The ability to utilize the impedance tube technique in the measurement of the
admittances of aluminized propellants is of special significance as other experimental
techniques, such as the pulse and variable area T-burners, have experienced considerable
difficulties in the determination of the admittances of aluminum solid propellants.

Results obtained under this program were presented during the reporting period at
the 17th Aerospace Sciences Meeting in New Orleans, La. and the 16th JANNAF
Combustion Meeting at Naval Post Graduate School in Monterey, Calif. These works also
appeared as the following publications:

1. M. Salikuddin énd B. T. Zinn,"Adaptation of the Impedance Tube Technique for the
Measuement of Combustion Process Admittances," AIAA Paper No. 79-0167,
January 1978.

2, " Experimental Determination of Solid Propellant Admittances by the Impedance
Tube Method", to appear in the Proceedings of the 16th JANNAF Combustion
Conference, Sept. 10-14, 1979.

Paper No. 1 above has also been accepted for publication in the December issue of

the Journal of Sound and Vibrations.

i g 1
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In addition, the paper

3. Baum, J. D., Daniel, B. R. and Zinn, B. T., "Determination of Solid Propellant
Admittances of Impedance Tube Method," has been accepted for presentation at
thel8th AIAA Aerospace Sciences Meeting that will be held in Pasadena,
California.

All of the above papers are included in Appendix I-A of this report.

Finally, the Ph.D. thesis of Dr. M. Salikuddin that was supported under this program
was published and approved by the Georgia Tech faculty in April 1978. This thesis is
entitled:
vApplication of the Impedance Tube Technique in the Measurement of Burning Solid
Propellant Admittances"

In the following section a brief summary of the progress made during the reporting
period is provided. More detailed descriptions of these efforts can be found in the papers
included in Appendix I-A.




A II. Program Progress

(A) Improvements in the Impedance Tube Technique

The principles of the operation of the impedance tube technique are provided in
Paper No. | in App. I-A. As with any newly developed experimental technique, much
effort was expended during the reporting period on the improvement of the operation and
accuracy of the impedance tube technique. These etforts can be divided into three parts;
namely, (a) improvement of the experimental procedure; (b) improvement of the data
acquistion procedure; and (c) improvement of the data reduction procedure. Item (a)
involved the use of additional transducers (up to 15) in the acoustic pressure
measurements and the development of a new calibration procedure that increased the
previously available dynamic measurement range to cover the range of 110-1635 db. Item

(b) involved the inclusion of a "direct memory access" into the mini computer based data
P

acquisition system which greatly increased the data sampling rate. This change resulted in
considerable improvement in the quality of the measured acoustic data. Finally, Item (c)
involved the mathematical reformulation of the data reduction procedure in order to
eliminate the majority of the previously used numerical iterations. This improvement
considerably reduces the amount of computer time required to obtain the desired
admittances from the measured acoustic pressure data.

Since the efforts covered under items (a), (b) and (c) above are described in detail
in Papers 2 and 3 of App.I-A of this write up, further discussion of these efforts will
not be repeated herein. In addition, these references contain data illustrating the

repeatability and consistency of the data measured by the impedance tube technique.

(B)  Measured Solid Propellant Admittance Data

During the report period, the impedance tube technique was utilized to measure the
admittances of two non-aluminized composite propellants (i.e., A-13 and A-14) provided to
this group by NWC, China Lake, Calif. and two aluminized propellants. The latter




consisted of a UTP-3001 propellant that is a Titan Ill C Booster Propellant provided by
Prof. E. W. Price at Georgia Tech who uses it in his research program, and a UTP-19360
propellant provided by Dr. L. Strand from the JPL Laboratories in Pasadena, California.

Typical results obtained with the UTP- 3001 aluminized propellant are presented in
Figs. 1 through & of this report. In this case, Figs. | and 2 present a comparison between
the instantaneous pressure amplitude and phase profiles predicted utilizing the determined
propellant admittances and the measued experimental data. Excellent agreement between
tﬁe two sets of data is demonstrated. Furthermore, attention should be given to the
increase in the magnitude of the second amplitude minima, as compared to the first
amplitude minima. This change was caused by the gas phase attenuation provided by the
presence of aluminum oxide particles in the flow. The large gas phase damping is also
supported by the change in the positive slope of the phase space curve near the respective
minimum points. The frequency dependence of the UTP-3001 propellant driving
characteristics, as described by the real part of the admittance YR’ and the gas phase
damping, as described by the gas phase damping coefficient G, are plotted in Figs. 3 and ¥,
respectively. Similar data for the UTP-19360 propellant has also been obtained during the
research period covered by this report.

(C)  Evaluation of the Feasibility of the "Direct" Impedance Measurement Techniques.

As stated earlier, the "direct” measurement techniques involve the direct
measurement of the propellant mass loss and/or the regression of its surface, when
exposed to an oscillatory flow field. The difficulty in performing these measurements is
that they require the measurement of extremely small mass or distance changes over
extremely short time periods. In contrast to the "direct” measurements, most of the
currently used techniques for admittance measurement (e.g., the T-burner and the
impedance tube) utilize measured acoustic pressure data to determine the propellant
admittance. In these cases the accuracy of the determined admittances depends, among

other things, upon the accuracy of the theoretical model used to describe the system
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acoustics.

Some of the research efforts conducted under this program were concerned with
the investigation of the feasibility of the some potentially promising direct measurement
techniques. In the first part of this program the feasibility of utilizing the Optron, an
optical target follower, to follow the regression of a burning solid propellant surface was
considered. The characteristics of the Optron System were discussed in last year's

3 and they will not be repeated herein. ”

proposal

Part of the efforts conducted under this part of the program involved the borrowing
of an Optron system that was available at AFRPL. Upon receipt of this system much
effort went into its checkout and, unfortunately, this system did not perform adequately.
Simultaneously with the Optron's checkout, the ability of the Optron system to accurately
measure the small changes in propellant surface regression in response to an oscillatory
flow field were considered. This analysis indicated that the distance changes that one
would need to measure in order to determine the propellant admittance are of the same
order of magnitude as the surface irregularities caused by the presence of ammonium
pechlorate in the binder. Consequently, the ability of the Optron to distinguish the
“oscillatory” changes in the propellant regression caused by the propellant response to an
oscillatory environment from "random" regression rate fluctuations is uncertain. To
answer this question, a newer and more accurate Optron system will have to be utilized.

Considering the uncertainty of the results of such an effort and the high cost of a new

i Optron system, a decision has been made to terminate these efforts for the time being

and, instead, focus our efforts on the possibility of directly measuring propellants mass ~
losses. |

The other portion of this study was concerned with the development of an accurate
experimental technique for direct mass loss measurement. Efforts conducted in this area

4

in the Soviet Union » concentrated on the development of a system whose mass change

could be related to a frequency change that can be measured with much accuracy. A
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schematic of one of these setups where the change in the natural frequency of an
equivaleﬁt mass-sbring—dashpot system is measured as shown in Fig. 5. In this experiment,
a change in the mass lof the burning propellant is reflected by a proportional change in the
natural frequency of the system. The major shortcoming of this effort is the low natural
frequency of the developed mechanical system. Therefore, the relatively small change in
the natural frequency due to the propellant mass flux precludes the high degree of
resolution required for meaningful propellant admittance measurements.

The most promising technique for direct mass loss measurement is a modification
of the mass-spring-dashpot system which uses the high natural frequency characteristics
of piezoelectric crystals. A schematic of the setup currently being investigated under this
program is also shown in Fig. 5 . In initial investigations with this setup, quartz crystals
were used as the basic oscillatory system. Unfortunately, the oscillatory characteristics of
the quartz crystals is such that the crystals will not oscillate with the relatively high
propellant mass loadings that are necessary for mass flux measurements.

More recent work in this area has been directed toward using a ceramic crystal as
the oscillating system. Progress in this area to-date includes the selection and purchase of
several configurations of piezo-ceramic crystals with unloaded natural frequencies of the
order of 9 Mega Hertz. It is anticipated that at this relatively high frequency the change
in the natural frequency of the system due to propellant mass loading will be of an order
which will make measurement of the mass flux of a burning solid propellant possible.
However, the feasibility of the application of the ceramic crystals for direct mass
measurement will depend on the static loading tests which will be conducted as soon as

the crystal elements are delivered from the manufacturer. This work is currently in

progress.
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IIL. Fyture Research
This program is still committed to the objective of improving current experimental
capabilities for measuring the admittances of various solid propellants under a variety of
conditions simulating these observed in unstable rocket motors and the acquisition of
propellant response factor data for a variety of aluminized and non-aluminized propellants
over frequency ranges that are of interest to the propulsion community. Specifically, the
following studies will continue under this program: (a) the investigation of the feasibility
of utilizing a piezo-ceramic crystal for the direct measurement of the propellant mass
loss; (b) the determination of the admittances of various aluminized and non-aluminized
propellants with special emphasis given to the determination of the effect of metal
addition upon the propellant admittance; and (c) an effort will be undertaken to
determine whether the impedance tube technique can be used to determine the velocity-
coupled response of solid propellants.
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SCHEMATICS FOR DIRECT MASS LOSS MEASUREMENTS
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Abstract

Experimental studies of base pressure manipulation for an axisymmetric
model at Mach 3 with simulated and actual external base burning are described.
Early work using contoured test section walls and cold gas base region injection is
reviewed to demonstrate wake detail and length scale changes under the influence
of simulated external/base burning. Tests with actual combustion of radially and
axially injected hydrogen are then reported. Outstanding performance values with
significant base drag reduction is shown for injection and burning directly in the
near-wake (base burning). Current attempts at radial injection and burning in the
free stream (external burning) have not yet succeeded. These tests, however, have

defined an envelope within which external burning, if feasible, will presently be

achieved.




-3

L. Introduction

The application of burning, either in the near wake (base) or in the free
stream adjacent to the near wake (external), can provide significant base drag
reduction for projectiles operating at airbreathing altitudes. The coupling of
attractive performance values with hardware simplicity makes this a particularly
interesting propulsion concept.

The feasibility of external/base burning for propulsion in which the subsonic
near-wake transmits elevated downstream pressures to the projectile base has been
established. At present, however, no analytical model exists which adequately
treats the complex base flows that result from combustion in and near the wake. A
major contribution in understanding these flows, establishing and optimizing
performance criteria and providing direction for theory can be supplied
experimentally through detailed pressure and temperature measurements in the
wake region for various modes of external/base combustion. Current studies in the
School of Aerospace Engineering at Georgia Tech seek to provide this information.

A versatile experimental facility has been established for both simulation and
actual combustion testing of axisymmetric external/base burning configurations at
Mach 3 with a 5.72 cm dia. model in a 15.2 cm dia. test section (Reynolds number
based on model diameter = 3.0 x 106). The blow-down facility is shown in Figures |
and 2 in Appendix II-A. The hollow cylindrical model is mounted in the subsonic
flow, passes through the nozzle throat and terminates in the plexiglass test section.

Gases for base region injection are brought in through four of the eight support

“strut access ports. The remaining four ports are used to bring model surface static

pressure tubes to the external data acquisition system. Detailed pressure and
temperatwe wake measurements are made with computer controlled traverses of

probes introduced through the constant-area diffuser downstream of the test
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section. Run times range from 4-7 minutes depending on the stagnation pressure

selected. Tunnel flow is not heated and stagnation temperatures drift downward

from ambient to approximately -20°C during typical tests,




II. Program Progress

Investigations of external/base burning with hydrogen have continued this

year in the Georgia Tech Mach 3 Test Facility. The experiments were designed to
meet the following goals:

L Measurement of over-all performance and wake detail with pure base

burning

2. Determination of pure external burning feasibility with subsequent

performance and flow detail measurements

3. Investigation of base burning in combination with external burning to

detfine optimum performance.
Progress in fulfilling these goals is summarized briefly in the following paragraphs
and is documented in detail in Appendix II-A (text to be presented at the AIAA 18th
Aerospace Sciences Meeting, January 1980).

Tests with pure base burning have thoroughly documented the encouraging
base pressure rise and associated performance values for this apparatus. A reliable
firing procedure featuring consumable igniters was developed and repeatable
measurements were obtained. Wake surveys to measure pressure and temperature
detail were completed for a range of hydrogen injection rates. Severe deflection of
the pitot-static and thermocouple probes during these tests resulted in binding and
slippage in the vertical portion of the traverse program. The measurements,
therefore, are questionable for determining precise spatial pressure or temperature
distributions. The temperature measurements, however, are valuable for
demonstration of the lean-burning nature of the wake. Temperatures were highest
within two model diameters of the base and decreased continuously with distance
from the base. In all cases, wake temperatures remained significantly below the

flame temperature for stoichiometric burning of hydrogen. Further measurements
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with the present probe design were not continued so that "pure" external burning
i tests could be pursued. If judged valuable, wake detail measurements may be
' resumed in the coming year using re-designed probes.

Attempts to achieve pure external burning have not yet suceeded. The
original radial injection configuration using six orifices recessed in an annular
channel and operating subsonically (M <(.l) yielded base pressure rises and
performance values similar to the base injection tests. Burning was obtained in the

annular channel as well as in the wake; however, no combustion in the free stream

e R T L N AR

was evident. Orifice sizes were reduced and supersonic injection was attempted to
increase jet penetration. Ignition with jet Mach numbers greater than about 2.1 was
not obtained either in the channel or in the wake. With injection at 1.5<M <2.,
ignition was sustained in the channel but not in the wake and base pressures were
not significantly elevated. Further tests with this configuration are currently in
progress to explore the range of subsonic and supersonic injection conditions
between the extremes defined by the original tests.

Investigation of combined external/base burning was effected by
superimposi'ng simulated axisymmetric and asymmetric external burning on actual
base burning. These tests revealed that, for the three simulated burning fields
applied, the resulting base pressure is very nearly the simple sum of the individual
base and external contributions when acting alone, These results confirm earlier

tests in this program with simulated external and base burning showing that base

pressures can be elevated substantially above free stream (i.e., base thrust) and are

Y

consistent with those recently presented by Schadow and Chieze,” " Tests exploring

actual combined external/base burning are being conducted concurrently with those

attempting to achieve "pure" external burning. Radial injection at decreasing Mach

numbers is combined with base injection through sintered plugs of varying porosity
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to maintain an approximately equal split. The success of these, of course, will
closely parallel the success of tests with attempted pure external burning.
Preparation for the coming year's proposed base burning tests of diluted
hydrogen was begun in the current year. Design calculations were completed for
purchase of flow meters to obtain the desired molecular weight ranges with the
specified diluent gases. Two rotameters each with two alternate floats have been
purchased and delivered. Gas regulators and pressure gages have been purchased
and received. All other plumbing hardware will be bought at the time of assembly.
Model adjustmenets for these tests are minor. All designs are complete and

fabrication is now in progress,
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Investigations continued of the accumulation processes of aluminum on the
propellant burning surface that lead to formation of agglomerate droplets, the size
of which dominates aluminum combustion. Using dry-pressed mixtures of
ammonium perchlorate, aluminum and carnauba wax powders, the effects of
particle sizes, mixture ratios and pressure were studied by high speed photography.
Results were correlated with a scenario describing the effects of propellant
microstructure, retention processes for aluminum on the burning surface, response
of aluminum powders to heating, and inflamation process for sintered aluminum.

Quench tests at atmospheric pressure on the combustion plume above the
burning surface showed that the agglomerates in these tests burned much as
aluminum droplets in earlier single particle-controlled atmosphere tests. An

exception resulted in tests with large (95 m) aluminum particles which did not

ignite completely. An apparatus for tests at elevated pressure was designed and

partially fabricated.
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I. Introduction

It was noted in earlier progress reports(l'“)

that the primary unknowns in
combustion behavior of aluminum in solid rockets arise from the complicated
behavior of the aluminum on the propellant burning surface. While the combustion
occurs primarily after the aluminum leaves the burning surface, the nature of the
burning droplets is determined by surface processes involving accumulation and
agglomeration of original ingredient particles. The present studies have been
aimed at determining the nature of these processes, the nature of the burning
droplets, and the effect on combustion behavior.

Initial work on this program concentrated on the behavior of the propellant

ingredients during heating, including formation of binder melts and interaction of

particles (particularly aluminum). These studies established the conditions
necessary for concentration, adhesion and sintering of particles on the propellant
surface. Studies were then made of the evidence of these processes in propellant-
like systems chosen to control such critical conditions as the presence of binder
melts, proximity of aluminum particles in the matrix of the solid, and oxidizing
character of the surroundings of the aluminum particles. These studies (on samples

made from AP/Al mixtures) suggested that molten binder was not essential to

retention and accumulation of aluminum on the burning surface (although it was
conducive to accumulation under some conditions). The results showed that the
aluminum was resistant to igr\\ition in the AP flame, but that accumulating particles

would sinter together. This latter process was favored by particle size

3
b

combinations that provided proximity of aluminum particles to each other.

introduction of a hydrocarbon fuel in graduated amounts showed that ignition

events occurred in the accumulating aluminum, with surface-wise spreading of
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inflamation sweeping up adjoining aluminum accumulations to give burning
agglomerates. These results, and tests on samples with thin fuel laminations show
that diffusion flamelets associated with the H.C. fuel vapors act to pilot the
aluminum ignition. Tests along these lines have been continued and are described
below.

At the beginning of this report period, preliminary tests had been made to
further evaluate the aluminum behavior after leaving the burning surface.
Experiments provided samples of agglomerates quenched at various distances from
the burning surface. The limited results available suggested transformation of
accumulates to liquid aluminum droplets near the surface, followed by combustion
to burnout without any singular events.

While the previously reported work did not pretend to determine details of
aluminum behavior at the molecular or submicron level, it established a basis for
recognition of the dominant processes governing aluminum behavior; and hence
provided some rational basis for modification of behavior. More recent work has
sought to consolidate the basis of understanding by extending previous test series
and by development of a mechanistic model embodying the understanding to date.

In addition, observations of behavior of droplets after detachment from the burning

surface have been continued.

A AL e s 1 mnit




HE-5

Ik Prggfam Progress
A. Burning Surface Behavior: AP/Al Systems
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Various studies have been reported on combustion of solid samples made by
dry-pressing mixtures of AP and Al powders .(5 ~7) There is a tendency for such
works to be provincial in nature, exploring a limited range of experimental
variables and making a broad interpretation based on the rather limited range of
observational data (e.g., argument about aluminum behavior based on
determinations of sample burning rate). In the present studies, more direct
observation of the samples was made using high speed cinemicrophotography. Test

variables were chosen to reflect rocket motor-like conditions (within the limits of

the window-bomb type of experiment). Observations were also made of samples
quenched by various methods. State and behavior of the aluminum itself was
addressed in these observations. Work during this reporting period on the AP/Al
system included extension of the previous test series and more thorough
examination of resuits. Table Ill-I summarizes the complete series and test
conditions. In many cases the tests are duplicates, run to obtain more decisive
information or better motion pictures.

The most productive tests were the motion pictures. These were viewed
independently by several observers, who evaluated the behavior relative to the
different aspects of behavior listed in Table IlI-2. After recording these
evaluations, the observers compared results and agreed on the following observa-

tions.

I. Aluminum accumulates, concentrates and sinters on the burning surface

before detaching.

2. Samples containing AP and Al of comparable particie size showed only 4
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2.

3.

4.

6.

8.

9.

Table I1I-2
Topics to Evaluate From Movies

Degree of surface accumulation (s.a.)
Connectedness of s.a.

Looseness of attachment of connected s.a. (c.s.a.) (i.e., apparent ri-
gidity vs. freedom of movement while attached)

crust? filigree?

To what extent do aluminum particles or accumulates ignite in the
field of view?

Is the ignition primarily before, during or after detachment
Are most of the particles leaving the surface
original Al particles
accumulates of Al particles (typically how many?)
ignited agglomerates
Describe size and size distribution of burning droplets.
How vigorous is the Al combustion? "Vigorous" is
many small bright droplets
overall plume bright

smoke density in plume builds up close to surface (don't count
recirculating smoke, etc.)

Is flux of Al from the burning surface macroscopically continuous;
spasmodic (in time or location); periodic; surface propagative (e.g.,
in accumulate layer)?

i i AR e s i il . | ne ot G diienin it | eandes it Ll T

-7




-8

limited accumulation and sintering. Coarse AP with fine Al showed massive
accumulation and sintering.

3. The environment of the AP flame is not effective in igniting the aluminum
in the condition present on the burning surface. In the case of coarse Al particles,
most left the surface without igniting (i.e., without visible flame envelopes). The
sintered accumulate obtained with fine particles did not ignite readily, and when it
did ignite, the conditions suggested that break-up of the accumulate played a
causative role (i.e., onset of mobility and detachment seemed to precede ignition).

4. When ignition occurred in the sintered accumulate, it tended to spread
through the accumulate. In the process, the accumulate layer coalesced into a
number of large burning droplets (referred to here as "agglomerates"), in a
progressive process involving also progressive detachment from the surface.

5. Aluminum that experienced detachment without ignition usually did not
ignite later. In the case of sintered fine Al, sintered structures broke up some
during detachment, and those fragments that were already ignited somewhere in
the fragment became fully inflamed.

6. The behavior described above was affected only moderately by presswe
over the pressure range tested (4.1 to 6.9 MPa, 600-1000 psi).

7. Fine ingredient particle size (10/5) led to sporadic inflamation and
agglomeration at the surface; inflamation and combustion of the Al was then
extremely vigorous.

In terms of mechanistic arguments relative to propellant combustion, the
observations I-7 (combined with results reported earlier on behavior of Al particles

during heating) imply the following:*

* The numbered mechanistic arguments pertain to the correspondingly
numbered observations of the preceding list.




l. Whatever the state of the aluminum particles and the AP surface when the
AP particles emerge on the burning surface, there is some adhesive process that
prevents immediate detachment of the particles. Under suitable conditions (e.g.,
AP size large compared to Al size), retention is long enough to result in emergence
of more Al particles, concentration of particles and sintering. Retention may
initially involve the liquid state of the AP surface, and conditions at the surface
suggest that sintering is similar to that observed slightly above the aluminum
melting point in heating tests on Al powders in oxidizing atmospheres.

2. Formation of aggregates of metal particles depends on both the
mechanism and the opportunity. Work to date has focused on mechanisms by which
aluminum particles stick to each other (sintering, coalescence), and the necessity
and means for adhesion to the burning surface to permit particle concentration

(opportunity for particle interaction). However the opportunity is governed also by

how long a particle must "wait" on the surface before it is joined by other particles,

and by the nature of its environment during the wait. Thus opportunity is
dependent on microstructure of the sample, including particularly the grouping of
aluminum in pockets and connective arrays between pockets. When the number of

oxidizer and aluminum particles are equal, the opportunity for aluminum particle

interaction is low, the wait for interaction long, and the retention environment
poor, so that sintering is minimal. When the aluminum particle size is small, the
particles group into packing voids among AP particles, and may even form
connective arrays among the voids. This provides the opportunity for accumulation
and sintering of groups of particles and interconnecting bridges between groups,
giving the sintered layers observed in tests.

3. Mechanistically, the reluctance of aluminum to ignite in most of these
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tests indicates that the oxide coating on the particles is resistive to breakdown in
the chemical and thermal environment of the AP flame. This is analogous to
results of hot plate experiments where agglomeration of aluminum powders 1
occurred at or near to the aluminum melting point in an Argon atmosphere, but not

in an oxygen enriched one. It appears that the oxide "skin" is reinforced before

ignition, even in the AP flame, thus delaying ignition. This exceptional behavior of

aluminum (and some other metals) is unique among fuels: oxidation temporarily

inhibits combustion. In any case, the protective property of the oxide skin in

conventional propellants contributes to the opportunity for sintering and

agglomeration, by delaying ignition, even in the AP flame.

4. From observations 3 and 4 above, it is concluded that sintered

accumulates consist of interconnected oxide shells containing molten aluminum
that is exposed when the sintered structure is broken. This can lead to local
inflamation of aluminum, with corresponding local temperature rise. Given the
relatively low thermal conductivity of a sintered accumulate (compared to
aluminum), the local temperature rise is sufficient to melt the surrounding oxide,
permitting propagation of the ignition front through the accumulate. The !
aluminum is drawn by surface tension into one or more burning droplets.

5. The interpretation in 4 is further supported by the observation in 5 that
ignition rarely occurs in single or sintered particles if they do not ignite during the
mechanical stresses of detachment from the burning surface. However, this
support must be tempered by recognition that the tests were made with small - \
samples, that slow reaction probably continues without flame type combustion, and ‘

1 that other investigators have obtained intense combustion using very fine AP and

_: . Al particle size,

/1)
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6. The insensitivity of behavior to pressure may be in part related to the
limited pressure range tested (4.1 to 6.9 MPa). Lower pressures were not tested
because the samples would not support combustion. This is a significant point
because other investigators have gone to much lower pressures, but used very fine
AP and Al. Their observations regarding the role of condensed phase reactions in
determining burning rate are apparently not relevant to samples made from
propellant-size ingredients. Such reactions are involved in sintering and in delay of
aluminum ignition, and are not conspicuously pressure-dependent,

7. Behavior with very fine ingredients has been studied by others as well, and
collected results suggest that substantial surface reaction of Al particles takes
place at the propellant burning surface due to the high specific surface of the
reactants. This may involve burning off small areas of the heated AP/Al surface
layer rather than outright aluminum accumulation. In that case the arguments for
non-accumulation due to Al particle isolation in the microstructure may be

irrelevant to the tests with 10/5 mixtures.

B.  Burning Surface Behavior in AP/Al Systems With Modified Aluminum
In view of the obvious important role of the oxide skin in controlling the onset
of sintering, agglomeration and ignition of aluminum particles, it is reasonable to

9)

seek beneficial modification of the oxide. A method explored by Krauetle'”* was to
enhance the oxide by further oxidation by holding powders at elevated temperature
in oxidizing atmospheres. This method was called "pre-oxidation", and was
conducted at temperatures below the aluminum melting point.

A method explored earlier in the present project was called "pre-stretching"
the oxide by heating particles through the aluminum melting point. The oxide skin

deforms to accomodate the increased volume of the aluminum, probably by both




inelastic stretching and cracking. In the presence of a low concentration of

oxygen, the cracked areas will close rapidly by further oxidation. Upon cooling, the
particles will shrink, the oxide skin will wrinkle or exhibit depressions, but the
oxide surface area will remain sufficient to enclose the aluminum when the particle
melts in the combustion zone. This argument was developed from growing
understanding of preignition behavior of aluminum powder, and was evaluated
earlier in the project using the hot stage microscope to produce and test the pre-
stretched oxide particles. In those tests the tendency of aluminum powders to
sinter and agglomerate when heated was sharply reduced by pre-stretching the
oxide.
In the present report period, aluminum with pre-stretched oxide was produced
in greater quantity by heating the powder in an open quartz tube to 700°C, using a
tube furnace flushed with a nitrogen flow (with some entrained air). Evaluation
was then made by preparation and combustion of dry-pressed samples of 85%, 100
um AP and 15% Alcoa 123 Al. Similar tests were also run on samples with untreated
Alcoa 123 Al, and samples with pre-oxidized Alcoa 123Al (provided by Karl Kraeutle
of Naval Weapons Center). Tests were run at 6.9 MPa (1000 psi), and observations
were made by combustion photography (Table II-3).
Tests on the samples with untreated aluminum were similar to earlier ones
(Table III-1) with 100 um AP and H-30 aluminum, exhibiting massive accumulation
and sintering of aluminum on the burning surface, with ignition occurring only
during break-up of detaching accumulate layers. Very large agglomerates formed.
Results with the pre-oxidized and ﬁrith the pre-stretched aluminum were alike.

Only small accumulates were evident, with more or less continual detachment of

This result supports the

Aluminum ignition was only occasional.

fragments.
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Table IlI-3

! Evaluation of Aluminum Pretreatment Table Identifies Combustion Photography
: Tests. All samples from dry-pressed mixtures of 85% 100 pm AP and [5%
Alcoa 123 aluminum tested at 6.9 MPa.

e

Type of

H Aluminum None Pre-oxidized Pre-stretched
fé Treatment

] _ 63 66, 65, 67

; Film # 64, 70 69, 72 71

; Test Fair Quality] Fair Quality Fair Quality
Outcome (smoke) (smoke) (smoke)

mechanistic argument that led to "pre-stretching" experiments, and suggests a
means of controlling accumulate size, using a modification of aluminum powder
that is economically viable in production, possibly by simply changing process

control variables in the original powder manufacture.

C. Burning Surface Behavior: AP/Al/Wax Systems

In view of the reluctance of aluminum to ignite in the AP flame, it was

concluded that the diffusion flamelets from the oxidizer-binder vapors played a
role in aluminum ignition in propellant flames (a postulate advanced earlier in
connection with tests on "sandwiches" with aluminized binders(q) and other tests
7 with aluminized AP.¥ It has often been suggested that aluminum ignition would
. not be effectively accomplished unless the hydrocarbon fuel-AP (HC-AP) mixture
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ratio was suitable for an equilibrium combustion temperature above the melting
point of aluminum oxide, thereby assuring breakdown of all protective oxide.
However, our observations of the local, propagative nature of the igniﬁon of
accumulate layers suggest that satisfactory ignition would occur if a reasonable
distribution of local HC-AP diffusion flames occurred, even though that might
correspond to a relatively small mass fraction of HC fuel.

Since the accumulation process (and hence agglomerate size) tends to be
limited by local ignition events, it seems important to understand what local
diffusion flamelet situations are sufficient for ignition. This was explored by
adding a hydrocarbon (carnauba) wax to the AP/Al mixture for dry-pressed samples.
Combustion photography tests were run that were similar to those for AP/Al
samples. The complete series of tests is identified in Table Ili-4, and the test
results were reviewed in the same manner as the AP/Al tests. Observations were
as follows:

1. Addition of 2% HC wax reduced surface accumulation to a mininum, giving
a steady flow of mostly nonburning Al from the surface.

2. 4% wax resulted in increased surface accumulation of Al (much less than
for 0% wax, comparable to propellants), with sporadic detachment and considerable
inflamation.

3. 8% wax resulted in formation of burning agglomerates on the surface,
which immediately detached and burned vigorously in the outward flow.

4. In all cases, increased pressure led to smaller accumulates and more

extensive ignition of aluminum on or near the surface.
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D. Theory of Accumulation-Agglomeration

The processes involved in the behavior of aluminum on the burning surface
are clearly rather intricate, and may never be well described by a quantitative
theory. However it is important to develop an approximate theory, in order to
pursue intelligent design of experiments and to fully exploit results of past
experiments in both future experiments and practical applications. Certain steps in
the aluminum behavior have been defined in order to assure that relevant processes
are considered, and the relation of these steps are identified in Figure Il and
discussed below. Items | and 2 are initial conditions, while the others are
processes.

l. First are the many questions about the nature of the individual propellant
ingredjents, such as the condition of the oxide coating on the aluminum particles.

2. Second is the microstructure of the propellant, which reflects such

variables as particle size or specific surface, proximity of Al particles to each
other, and nature of the material near the aluminum.

3. Third, as the burning surface approaches one or a group of aluminum
particles, the temperature rises until the surrounding binder is softened and
gasifying. In effect, the aluminum particle is wetted by melting binder, and
scattered particles may be concentrated in the "melt" as binder is removed by
vaporization. In a heterogeneous propellant, this behavior is statistically
distributed.

4. Aluminum particles must each be reached by the regressing surface
between condensed and gas phase. At that point they evidently are retained on the
surface, by adhesion to the melt and/or underlying Al particles, leading to
continued accumuiation. Ignition may be delayed by a continuing fuel-rich

environment, and by protectiveness of the oxide on the particles at temperatures
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present at the burning surface.

5. Increasing interaction among the adjoining particles leads to sintering by
either carbonaceous material or direct particle interaction (oxidation), or both in
that order. Temperatures at this point may exceed the aluminum melting point.
The microstructure of the propellant (especially spatial distribution of aluminum)
plays a key role in determining the opportunity for particles to encounter each
other in or on the burning surface, and in determining the extent and nature of
sintering. Exposure to an increasingly oxidizing atmosphere can cause sintering
without causing ignition. .

6. It is helpful to consider the formation of sintered accumulates in two or
three ways. In its simplest form, very small numbers of particles may contact each
other before detachment from the surface. A more deterministic process is the
accumulation, sintering and detachment of all particles in each packing void in the
AP array (assemblages of small aluminum particles, created during preparation of
the propellant). This description of accumulate size distribution is called the
pocket model. A more complete model would have to consider formation of bridges
between pocket accumulates, leading to filigrees, flakes or layers. Bridging is
related to the nature and aluminum content of the passages between voids in the
AP packing array.

7. Agglomeration and ignition are usually closely coupled events, both being
governed by breakdown of oxide and exposure of aluminum. To describe the
occurrence on a propeilant surface, one must first describe the development of
accumulates and exposure to diffusion flamelets, and then consider how an ignition
site spreads through the accumulate to form one or more agglomerates, and
consider what limits the extent of this surface-wise inflamation. In an ordinary
propellant, a proper statement of this ignition-inflamation problem would normally

it s
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have to be made in statistical terms related to propellant microstructure. To get

started, however, one considers the inflamation process through a uniform sintered
structuwre, and then applies the results to a non-uniform one having the
characteristics of a propellant surface,

8. The extent of the accumulation-sintering-agglomeration process is
dependent always on opportunity, and is statistically variable in more ways than the
surface-wise inflamation. Aluminum detaches from the burning surface, at which
point the opportunity for further sintering or agglomeration is drastically reduced.
Detachment results from the interplay of restraining and removing forces at the
surface, which change progressively during accumulation and differ greatly from
point to point on the surface, from one propellant to the next, and from one flow
environment to the next. Description of these forces has been attempted for only
the most simplistic situations (e.g., spheres in an 2vaporating viscous layer). At

£ present it seems more important to identify the nature of an accumulate, the

nature of its attachments to a real propellant surface, the way in which the
ignition-agglomeration process changes the interplay of forces, and what conditions
precipitate ignition (in most AP-HC binder propellants, detachment is precipitated
by ignition, and growth of the agglomerate is terminated by completion of

detachment),

A comprehensive theory of accumulation-agglomeration would have to ;
encompass the concepts |-8. The experimental work has been aimed at identifying -
the most important steps and clarifying them. Analytical-computational studies of
flame spreading from ignition sites have also been made in the present program.

These studies were aimed at describing periodic accumulation-ignition-inflamation

observed in some AP/Al combustion tests. A second study has examined the void

structure resulting from paciking particles (i.e., the microstructure of the volume
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filled by binder and aluminum in an AP propellant). The goal of this latter study is
to determine appropriate statistical variables to characterize the distribution of

fine aluminum particles in the propellant microstructure. These two studies are in

early phases.
E. Quench Studies of the Combustion Plume

In a rocket motor, the majority of the aluminum in the propellant burns as
droplets while moving out with the flow from the propellant surface. Because of
the agglomeration process, these droplets are large enough to require appreciable
time to burn. In extreme cases, droplets may not be completely burned at the
nozzle entrance, in which case loss of efficiency occurs. In all cases, there exists a
significant volume containing burning droplets, a volume that also participates in
erosive burning processes and in oscillatory combustion-damping phenomena. The
effects of this participation have not been addressed for a variety of reasons, the
most basic being ignorance of the characteristics of the droplet cloud. This subject

10) in which some success was achieved in quench-

was addressed in another project
collection of aluminum droplets at various distances from the burning surface
(atmospheric pressure),

The scenario for agglomerate combustion has been described before,(m’“) and
the object of the tests was to obtain more decisive evidence, and explore the
limitations of the scenario. It is widely (but not uniformly) believed that aluminum
agglomerates burn like aluminum droplets, with oxidation in a detached flame and
on the droplet surface. Products are predominantly A1203 smoke from the
detached flame, with perhaps 20% of the A1203 forming on the droplet surface and
yielding one or more relatively large "residual" oxide droplets after aluminum

burnout. In this scenario, a sample quenched from the plume should contain smoke

oxide &2 um diameter), residual oxide (typically 10-60 pm diameter), and aluminum

o




particles that are partly burned and have oxide lobes that are the source of

"residual" oxide particles upon droplet burnout. The size of the partially burned
aluminum droplets depends on the degree of agglomeration on the burning surface
(i.e., original agglomerate size) and the distance out to the quench site.

The above scenario for agglomerate combustion is based on contributions
from many sources, very few of which were known to be directly applicable to
propellant combustion (which is very difficult to observe unambiguously).
Outstanding practical questions to be addressed in the present and future work are:

I. Nature of the original agglomerate, and relevance of single particle
combustion studies on pure aluminum (this includes the question of how much oxide
is already present on the agglomerate by the time it is fully inflamed ("pre-ignition
oxide")).

2. Amount of additional oxide accumulation on the agglomerate during
burning.

3. Effect of surface oxide on the burning history and burning time.

4. Extent of subdivision of surface oxide, either by ejection during burning or
division during droplet burnout.

5. Effect of a convective flow around the burning agglomerate.

6. Responsiveness of droplet burning to oscillatory flow.

7. Dependence of 1-6 on pressure.

8. Dependence of I-7 on chemistry and temperature of the atmosphere, and
radiation field in the rocket motor environment.

In the present studies, the quench-collection procedure in Ref. 10 was used to
sample the combustion plume of a variety of model propellant formulations (dry-
pressed), and the collected samples were studied to clarify the details of the

combustion plume. Tests were run at atmospheric pressure, and construction was

1
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started on a test chamber for testing at elevated pressure. Table III-5 shows a
summary of the tests conducted. Variables were:
Aluminum Particle Size
Alcoal23 ~ 25um
H-95 ~  95um
Ammonium Perchlorate Particle Size
Fine ~ 5em
Coarse ~ 100 ym
% Al ‘
2,4,8,12,15 l
AP/Wax ratio (HC fuel content)
83/10, 83/3
Quenching Distance (cm)
5.3, 10.6, 15.9, 31.8
"Q" entries in the table .indicate conditions for which quench tests were run, "M"

designates motion picturés.

The results of the combustion experiments can be summarized as follows:

I. Quench samples showed the smoke oxide, residual oxide and agglomerates
described in the classical scenarios above, in all tests where agglomeration was

possible. Coarse aluminum yielded also "large" particles of irregular shape that

were judged to be original particles that did not spheroidize but burned slowly to
yield substantial surface oxide. In tests showing only these irregular aluminum
particles, no other oxide was evident,

2. Agglomerate particles obtained in this experiment appeared black with

dull, slightly grainy surfaces., They decreased in size with quenching distance, and
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usually develop oxide lobes at increasing quench distance. The agglomerates were

spherical except for the lobes and some other anomalies attributed to the quench

process and subsequent HCl acid attack. In samples with low aluminum

concentration (2 and 4%) agglomerates are very small. In all tests, agglomerates

were largely consumed at 7.6 cm. Similar spherical particles occurred in some

tests involving coarse aluminum, with similar evolution of form with distance.

These "agglomerates" are evidently the classical burning droplets with oxide lobes.

Their detailed structure was not determined, but they dissolved in 10% HCI! in

water leaving the oxide lobes.

3. Residual oxide spheres (translucent, 10-60 um diameter) were produced

only in combustion plumes having the type of spherical particles described in 2

above, presumed to be fully burning droplets. About one in five residual oxide
spheres 1s shiny black in character; these are believed to have inclusions, possibly
of aluminum. The oxide spheres did not dissolve in acid. The number and size of
the spheres increases with distance from the burning surface, and follows the same
trend as "agglomerate" size with increase in % Al in the sample,

4. Oxide smoke was conspicuously present in those tests that had
"agglomerate” spheres, was minimal or absent in tests yielding exclusively non-
spheroidized aluminum, No attempt was made to study the smoke oxide because it

was only partially recovered in the tests, and tended to obscure the rest of the

particles. The smoke was mostly removed with the HCI in the washing operation.

d TR LR 0 LTS . SIS T s

The presence of smoke exclusively with tests having "agglomerate" spheres is

evidence that the non-spherical aluminum particles have burned without detached

flame envelope.

5. In general, the observations conform with the results of the high pressure

combustion photography tests relative to agglomeration of aluminum on the burning
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surface. Coarse aluminum particles leave the burning surface individually, fine
particles agglomerate if present in higher concentrations. Fine AP, with fine Al in
lower concentrations gives very vigorous Al combustion.

6. Photographic observations revealed no fragmentation events, but technical
difficulties have continued to prevent observation of the burnout phase of
agglomerates unambiguously.

In general, the quench tests supported the scenario for agglomerate
combustion, except in the case of coarse Al particles, which usually did not get hot

enough to melt the oxide and give vigorous burning at this pressure.

T
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TASK IV
ROCKET MOTOR AEROACOUSTICS

WARREN C. STRAHLE
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Abstract

Facility modification was completed and extensive testing was

performed on an apparatus to investigate turbulence induced pressure

fluctuations in a rocket-like cavity. Te overcome prior deficiencies in

theory, a new theory was constructed for the generation of pressure

disturbances by the turbulence. Undeniable separation has been achieved

between propagational and local pressure fluctuations, and the agreement

between theory and experiment are adequate. Measurements include

microphone and hot film anemometry, and time series analysis is applied to

the results.

I. Introduction

. The background pressure fluctuation level in a rocket motor (liquid or

UCRSIOPPREIESY

solid) is generally of the order of 1-2%, even under nominally stable

operating conditions. These fluctuations are random noise, modified by the

chamber acoustics to favor frequencies near acoustic resonant mode

frequencies. This background noise level is the source of several real or

potential problem areas. It is a) a source of motor vibration, b) a possible

disturbance for determining the location of transition from laminar to

turbulent flow in the chamber, and c) a possible disturbance to trigger

nonlinear instability.

Motor vibration interacts in a detrimental way with guidance

accuracy and missile weight. Somewhat recent problems with Poseidon Stage

Il attest to this fact.u) More recently, troubles have occurred with the

space shuttle solid rocket booster,(” However, a cause of the motor

vibration, internal-pressure fluctuations, has not been investigated, nor is
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. the background fluctuation level usually measured. The reason for a lack of
information is that pressure instrumentation is usually set up with a
sufficiently low gain to capture large amplitude instabilities - not noise. The
relatively intense acoustic background ncise is the source of the
disturbances which may be amplified if the motor is unstable. Moreover, it is
possible that even if the motor is not unstable in a linear sense it may be
driven unstable by the background noise. For these reasons it is desirable to
characterize this noise and its cause.

Prior work on this and another contract have pointed to the natural

turbulence in the rocket cavity gases as the culprit in generation of
unwanted pressure fluctuations. The purpose of this program is to quantify

. the relation between the turbulence and the generated pressure field.

- II. Program Progress

The details of the past year's progress are located in Ref. (3),
attached as  App. IV-A of this report. The tasks completed during the past

year are as follows:

a) Modification of the facility to improve signal to noise ratio 2.
and characterization of the signal into propagational sound and

' local noise 3
b) Extensive testing using microphone and hot film anemometry

measurements. Time series analysis has been applied to the

results
. C) Generation of a new theory of the aeroacoustics of the device

which explains the experimental results.




b oo

At the close of the contract year modifications were being made to
the apparatus to allow side wall blowing, to simulate combustion gas inflow

from the sides.
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This appendix contains reproductions of the following papers:

Paper No. 1

Paper No. 2

Paper No. 3

"Adaptation of the Impedance Tube Technique for the Measurement

of Combustion Process Admittances", M. Salikuddin and B. T. Zinn.

"Experimental Determination of Solid Propellant Admittances by the

Impedance Tube Method", J. D. Baum, B. R. Daniel and B. T. Zinn.

"Determination of Solid Propellant Admittances by the Impedance

Tube Method", J. D. Baum, B. R. Daniel and B. T. Zinn.
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ADAPTATION OF THE IMPEDANCE TUBE THCHNIQUE FOR
THE MEASUREMENT OF COMBUSTION PROCESS
ADMITTANCESY
M. Satintnmsg axp BT, ZinN .

Sthoal of dcravpace Poepncong, Geongag st of Tochnodogy,
Qhang, Geogaa MAN2 LN

(Reccived 28 Apeil YOI und in eevived form 1 duginst 19 19)

. This paper describes the develupment and applivation of the inpedance tubw techinique i
‘ in the mensurement of localized combuation provest admittances. The Tatter are needed for
combustor stability analyses, The capetimental setup consists of a tube with the com-
bustion provess to be investigased a1 onc end and an acoustic driver at the other end. The
latter is used to eacite & standing wave in the tube whose tructute depends upon its
interaction wiih the combustion provess. The necded combustion process admittance is
determined fiom acoustic pressure measurements taken at several locmtions along the tube,
The paper discusses the theoretical foundation of the experiment and the developed data
. reduction procedure which accounts for the presence of steady state temperature gradient,
mean flow gradient and gas-phase losses in the tube. Results shawing the applicability of
the developed experimental technigue are provided.

e,
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L INTRODUCHON

This paper describes the adaptation of the impedance tube technigue in the measutement
of the adimittances of localized combustion processes. The discusied measurement tech- ;
nigue hay heen developed as part of an AFOSR tescurch grunt that was concerned with
the measurenicnt of the admittances at the sirfaces of burning sohd propellant sumples,
The latter are needed cither as inputs in solid rovhet stabulity analyses or as means for ‘
cvatuating the relative driving capabilities of different solid propellints [1]. While the
research deseribed herein is speaifically concerned with solid propellant admittances, the
developed measurement technigue is quite generat and it is apphicable to other stuations ;
involving high tempuerature sdmittance measurements, As & matter of fuct, the developed ‘
measurement technigque has recently been sed suceessfully in the mckaumement of the
admittances of gaseons rochet injectoes {23 Other cvamples of su b applications include
the determination of the impedunces of fibrous materials thit aze vsed in exhaust silencers

l"\ ‘]‘
: Bocause of the complexity of the combustion provess, ne satisfactory theoretical
i analysis currcntly exists for the actinate detcumination of the sdmittances of combustion .
: sones and various experimental technigques are being employed 10 determine the unknown :
. » t
‘ 1 Revearch supported wnder AFOSR Gramt No. 200871 ALIAA Paper 0187, prevented at the 1A
Actunpace Scrences Mecting, Now Otleany, U S A Jannary 190
U $Cutrent addrenn: Lockheed-Giemgin Company, Departient 7274, Zone WY, Manctta, Georgia 30083,
1S4, ‘
. o 3
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admitiances. The development of such an experimental techniaue that is based unon
- Mmoot ©dthe Impedance tebeineth sd [S] s 1Y, jeer - 0 '
* I L cinssnar snpedunce tube technique the expenimental arrangement consists o a

_ tube with an acoustic driver at onc end and the sample whose admittance is to be
_measured at the other end. During an cxperiment, the driver gencrates an incident wave
of a desired frcquency that propagates along the tube until it impinges upen the sample
under test. The intcraction between the incident wave and the test sample results in a
refllected wave with modified amplitude and phase. The reflected wave then combines with
the incident wave to form a standing wave pattern in the tube whose structure depends,
among other paramecters, upon the admittance of the tested simnple. The structure of the
standing wave is mcasured by traversing a microphone probe along the tube. The
unknown admittance is then computed by using the solution for the standing wave which i
relates the wave structure to the sample admittance. The classical impedance experiment i

is restricted 10 situations involving & constant temperature gas in the tube and no mean ;
flow and this set-up needs to be drastically modified in order to be used in the
measuiement of the admittances of localized combustion processes which introduces a
high temperature steady flow into the impedance tube. n the modificd experimental set:

q up (see Figure 1) which was developed in the course of this investigation, the 1est sample is

replaced by the combustion process under investigation (e.g., the su:face of a burning
solid-propeltant) and a noszle is provided at the cither end for exhiusting the combustion
products. The acoustic driver, located just upstream of the nos/le, is used to generate an
incident wave, Py of a given frequency f, that propagates along the tube. The interaction
of the incident wave with the combustion process 1esults in a reflected wave, Py, with a
modified amplitude and phase. The presence of an axial temperature gradient and an
avial mean flow gradient in the tube 1esult in continuous reflection of the incident and :
reflected waves as they propagate along the tube and the two systems of incident “ind :
rcflccted waves interact to form in the tube a standing wive pattern whose structure

depends upon the admittance of the combustion process, the mean flow properties, the !
frequency and the gas phase losses. i

Sound - ;
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the standing wave structure. Instead, the structure of the |mpcdancc tube standing wave is
measured by using several pressure transducers that arc located at several pre-selecied
locations along the walls of the impedance tube. The measured acoustic pressure data are
then used (o determine the wave structure in the impedance tube and the admittance of
the localized combustion jwocess. In what follows the theoretical foundation for the high
temperature impedance tube will be described in detail.

2. CONSFRVATION 1 QUALIONS

In this scction the analytical procedure and numcrical methods that have been
developed ta determine the unknown admittances of surfuces cyposed to high temperature
conditions and combustion processes, such as the surfuce of a burning solid propellant
sample, arc discussed. Specifically, the analytical procedure and numerical methods
developed to utilize acoustic presstire measurements at a discrete number of locations in
the determination of the structure of the stinding wave and the unknown admittance at
one cnd of the impedance tube, with account being taken of the presence of an axial
steady temperature gradignt and an axial mean flow gradient along the tube, and gas-
phase losses, are discussed.

To deduce the requited stignding wane structure from the wacasimements, one needs to
obtain solutions of the conscervation cquations that describe the behavior of small
amplitude disturbances in a long and narrow tube containing a high temperature mean
flow resulting in a temperature gradient along the tube. The solutions needed are
obtained in what follows here on the busis of certain assumptions: (1) the combustion
process is concentrated at the surface of the test sample in the tube: (2) the gas in the tube
is perfect and conuists of a single species; (3) the fuctuating part of the heat transfer to the
wall is negligible: (4) both the steady and unsteady flows are one dimensional; (S) the
amplitudes of the wanes are sufficicntly small so that all non-lincar tcrms involving
products of these quantities may be neglected: (6) the acoustic gas phase losses in the flow
ficld (e.g., due 10 presence of particles) can be accounted for in the conservation eguations
by introducing an overall bulk loss coefficient or gas phase loss cocflicient which s
proportional to the local oscillatory velocity. Under these assumptions, the flow in the
impedance tube can be deseribed by the following system of conservation cquations | 1]

continuity: cpctt Spuyex 0, th
momentum: IOt A YO - Cpav F, (2)
gy ' pLESCTEucs O G QR, 3
state: ' p = pRIT. 4)

where g is the density, o the anial veloeny, p the pressme, T the abawolute temperature,
the entropy. 1 the time. v the anial co ordinate,  F the wetnding foree per unit volune
die 1o gas phase Josses, @ the heat gain or Joss per unit volume. R the spevific gas
wointant and € the speafic heat s constant volume

To obtain the nevded solutions, cach of the dupendent variables is assumed 1o consist of
a sum of g steady state quantity (to be denoted by a wuperposed bar) and a time
dependent small amplitude peeturbation (to be denated by a pamel. Phese eapressions are
then substituted into the abave conservanon cyuations which are then separied into

datkinsiniiii
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sicady state conscrvation equauons can be expressed in the followmg forms, in which !be
mean retarding force F has been neglected: .
| G WRp AT L (@ g 59
> ax " wRT-pFex"  dx Tax) )
da = mdp _ _mRT dp pdT -
dx plax P T Tdx

Hore i is the steady state mass flow rate of combustion pmducls per unit area that in the
case of a burning solid propellant would cqual p, 7. where g, is the propelfant density and
7 the stcady state propellant burning rate.

Linearizing the corresponding unstcady conservation equations, assuming that the
solutions are periodic in time, and solving for the space derivatives of the pcr(urbanons‘"

one obtains the following systicm of wave cquations {1]: . Do
%i." = 1);. A,Z,., i=123, 8) '
where Z,. Z, and Z,, respectively, represent o', p’ and p’ and the coeflicients A,; are
= {ip ditfdx — iwitp + Ga){p& — i)}, ]
-~ Az = Wae?/p) dp/dx — i} e ~ u} (10)
v — Ay = —(1jp) dir/dx — {(("’ﬁ/ﬂ)dﬂ,’dx}?}(é’ u’} ay
Ay, = ~{iwp 4 pdidx 4 G+’ diydx — i dp/dx | ioi? pAER -~ @?), (12)
. Ayy = —a{@n/p) dpdx - iw} 4 ~ i), ] (3
Ayy = alicti/p) dpdxdié? - w?), (14)
Asy = - (Liapidpdy -+ [up didy - dp/dx +iomip 4 Galié? -a?)),- (15
Ay = - (0 e P dpdx ~iw) Aé? - i), (16)
Ay = (L[ i+ (S0P dp AN AE - @], (un

where ¢ = (,p p)' 2. G = F' v (e.g.. gas phase loss cocflicienm), and 7 is the specific heats
ratio. The above system of equations represented by equations (8) can be considerably
simplified when the magnitude of the mean flow & is very small. For this case the
oscillatory flow equations hecome

du'/dx = iwp’[pe. (18) .
dp’dx = -~(imp +Gjw', (9 '
P = (P} 4 liw'{w) dp;dx. 20) }

Examination of cquations (18) through (0} shows that in this case the oscillatory density
is decoupled from the system of differential equations. Therefore, equations (18) and (19) \
can be solved 1o determine the oscillatory velocity and pressure, and these solutions
together with equation (20) can be used to determine the unknown density perturbation. |
Since the solutions of the systems of wave cquations for the cases i =0 and [
i = #itx) # 0 are similar, the method of solution for these 1wo cases can be illustrated by ;
discussing the gencral case, when i # 0, described by equations (8). To sohc equations (R) !
the cocflicients 4,, must be evaluated. tnspection of equations (9) thiough (17) reveats that
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(7) and the value of the gas phasc loss cocflicient G. Inspection of cquations (5) through (7)
also shows that the nceded steady state solutions can be determined from these equations
once the temperature distribution T'(x) and the value of p(x) at some x, location (i.e., the
“initial” point for the integration) are known. o
Temperature measurements along the impedance tube could, in principle, be used 10 »
provide the nceded axial stcady temperature distribution. However, measured tempera-
ture data (1] indicate the presence of a radial temperature gradient along the length of the -
tube. Therefore, the question comes up 1cgarding the “best™ radial location 10 be used for
the measurement of a bulk axijal temperature distribution that is consistent with the one
dimensional wave propagation modc] used in the present analysis. Since it is difficuh to
locate such a radial position in the impedance tube, a different upproach for the
dctermination of the average or bulk axial temperature distribution has been developed.
By using eneigy conservation considerations, it is shown in references [1) and {6] that the
axial steady state temperature distribution in the impedance tube is given by the following
cxpression:
Tix) = TAx) + (T, - T, (0) e *4, 2n
where T ’
A= CU+T ()TN n= 068, 22)

and the unknown constant C needs to be determined from experimental data. In the
study described here this comStant has been determined from measured oscillatory
pressure data by applying a non-linear rcgression technique, as will be discussed below.
The value of C thus determined is the onc that results in the “best™ fit between the
measured and computed impedance tube wave structures. To complete the set of needed :
input data, the mean pressure f(x) can be measured at sone initial Jocation x = xg in the
impedance tube and the sicady state mass flow rate i cither determined from known data
or determincd experimentally. For example, in solid propellam studies the stcady state
mass flow rate M is obtained from the relation i = p,7, where 7 is determined from

- measured propellant swmple thickness and its burning time, and the density p, is
determined by weighing a known volume of the propellant sample. The 1emaining input
yuantities, such as the flame temperature 7,, the gas constant R and the specific heat ratio

v 7 are obtained from data in the literatuie. Finally, the wall temperature distribution T, (x)
can be obtained from measured wall temperature data. With these data available,

' equations (5) through (7) van be solved to determine the anial distiibution of all the steady
state variables.

Equations (8) are a system of three lincar, homogencous coupled first-oider ordinary
differential eguations, and they could be treated as an initial value problem once the
dependent variables o, p' and p* were known at any x location in the impedance tube.
With these values uvsed as initial conditions, cquations (8) can be integrated from the
initial location toward the combustion zone, to determine the values of the dependent
variables u'. p’ and p' at that Jocation. Once determined. these quantities can be used to _
dctermine the unknown admittance and the entropy perturbation of the comtustion T g
process.

) DINTERMINATION OF THE INHIAL CONDITIONS

Unfortunately, accurate measurements of 7, and Z, (i, w' and p’) are extremely
difficult if not impossible at this time. Hence, one must resert 1o the use of a different
analytical technique for the solwtion of equations (8). Duc to the lincarity of cquations (8),
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matrix™ concept (7). S e e

Equations (8) can be written in the following matrix form:
{Z'}, = [4),{2).. (23)

* where the subscript x represents the location at which the elcments of the matrix are

cvaluated. In terms of the backward transmission matrix {77). {Z} can be wiitien as
{Z}, = [T),(2},,. (24)

Fquation (24) indicates that once the transmission matiix [T, and {Z},, arc known, {Z},
can be evaluated. To determine [T, and {Z}, . onc can use cquation (24) to obtain the
following expression for {Z},,: S e
{Z},, = [T, 17}, Q5

Now, differentiating equation (24) with respect to x and using equation (25) yiclds thé
following expression for {Z'},:

{(Z), = [TL(T). {2}, (26)

Comparing equations (23) and (26), one gets
(4).42}, = [T'LIT) {2}, en’

Since {Z}, is an arbitrary matrix, it can be eliminated from both sides of equation 2N

give
(T'], = [A)LIT].. - (28)

The matrix {7}, can be determined from the integration of equation (28), once [T],, is
known. By letting x go to x, in equation (24) one obtains [T],, he identity matrix.
From cquation (24) it follows that

z.l, = lT]x.{Z}lu' Zx; = ['r].l;{z,.u.'

Using equations (29) and (3Q)to obtain expressions for the clements (Z,),, and (Z,),, leads
10 the derivation of two algebraic equations invelving (Z,),,, and (Z,),,. These algebraic
equations can then be solved for (Z,),, and (Z,),,. since Z, is known at x,. x, and x,
from experimental data. Thus, by making use of {Z},, and [T],. {Z}, can be cvaluated
from equation (24).

4. NON-LINEAR REGRFSSION TFCHNIQUE

According to the above discussion any three accurate pressure measurciments together
with a known axial temperature profile and a bulk loss coefficient can be used to
determine the unknown admittance of the combustion process. There are no limitations
on the magnitudes of steady or unsicady variables in the evaluation of exact initial
conditions at the combustion surface. However, errors in experimental measurcments
result in errors in the computed admittance values. These crrors can be minimized by
increasing the number of acoustic pressure measurements and utilizing a non-linear
regression technique in the data reduction [8).
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o Let E, be a quantity measured al X i =17, n and T the mrrcspm\dmg ‘WY.
* . .“.kgﬂu.ma quectity evaluarcd at e wme ' cieem gL dn the pieont problem, the

elpenmenlally measured quantity is the acoustic prc«ure Z, which is measured at
various x, locations. Non-linear regression consists of finding values of ', p” and p’ at
x = X, (i.c., values of Z,,, Zy; and Z,3) which give the best fit between the theoretically
predicted acoustic pressure distributions, obtaincd from the solution of the differential
equations (23), and the experimentally measured acoustic pressures. This is accomplished
by computing the values of «', p’ and p’ at x = x, which minimize the root-mean-square
deviation between the theorctically predicted acoustic pressure distribution and the
experimental data. The calculated optimum values of «', p’ and p’ at x = x, can then be
used to obtain optimum values of the combustion process admittance and response
factor. To find the minimum root-mean-square deviation, the following function F is
minimized:

F = ZQE,—'E)’~ an
i=
I a minimum of F exists, then the gradient of F svanishes at the minimum: that is,
CFIeZy, = ¢F[iZoy, = ¢F[¢Zy, = 0,01

éF - R o

e -2;[(5,— T) J"Zo.] =0. for k=123, 32)
Equation (32) rcpresents a st of thice non-linear cquations for the unknowns Z, | Z,,
and Z,, as T, and ¢7/¢Z,, are both functions of Z, . A Newton Raphson iterative
scheme is used to obtain a solution of equation (32), by utilizing a linearized version of
. this equation which involves the expansion of T, in a first-order Taylor series with respect
- - to the parameters Z, , Z,, and Z,,. The resulting system of lincar algebraic equations

can be expressed in the following form:

3 L I
ul P . -~ 1
= [‘lz" LI "('.‘l' I
(i, m) ] = Zn,

I".

eT

MM‘lm

Y (E~TM T Z,,
i=)

], k=123 k
1. m) -~ A

{(33)

where m represents the mith iteration.
For compactness, equation (33) can now be sewritten in matiix form, by making the

: definitions
i s > by i(E T‘", I i‘ ‘T ' e F
: . Ity ql() e, ."' Ay ] & fz..} . '\ydi

71 P S A 3, |
B” = 7 I . A" =1 d%, a3y aT ], Lh = A '

A 7 |

o ed )

In terms of these quantitics equation (33) can be expressed as A™Z5 "' -Z9) = B™. or.

. equivalently,
{ AL WY LI L (34
: Equation {31) is a lincar equation for the unhnown Z§ ' and it can be readily sohved once i
x the elements of A™ and B™ are computed. The computation of these clements requires the

Fex
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ZoJu.m c43,
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where ¢ is a small number. Thus, to solvc for the elements of the matrices 4™ and B of
equatioh (34), it is nccessary to compute T; four times for each iteration by solving
equations (23). The first solution is obtained at Zg and the remaining solutions of T, are
obtained by varying cach of three parameters by a small amount £Z3, in succession.

The non-lincar regression technique can also be uscd 10 determine the values of the
heat transfer parameter C (i.e., see cquations (21, 22)) and the gas phase loss coeficicnt G.
In this case the function F in equation {31) is partially differentiated with respect to € and
G. now represented by Zg, and Z,,, respectively, and the derivatives are equated to 7cro.
Then all the steps involved in the proceduie leading from equation (32) to equation (35)
are repeated to evaluate the optimum values of C and G,

In the actual computational scheme. the function F in cquation (31) is expressed cither
by using the real and imaginary parts of the oscillatoiy pressures, which can be computed
from the measured amplitudes and phases, or by utilizing pressure amplitudes only {1).
Accordingly, the following functions F have been ved:

F=YUpr. PP+ rrl. (36)
i}
or
F=Y(p.-r) 37

where the subscripts r, i and a, respectively, represent the real part, imaginary part and the

amplitude of a complex quantity and the subscript ¢ refers to experimental quantities. The
numerical solution of cquition (23) gives the real and imaginary parts of the oscillatory
pressures at Jocations in the impedance tube where these values are determined exper-
imemally. Theiefore, the derivatives of these variables with respect 10 ug, pg and pg (i.c.,
ép;[c 2o, and ¢p;/cZ,,) can he readily computed and used in the non-linear regression
scheme where bath the amplitude and phase of the oscillatory pressures are needed to
compute the admittances. In the sccond scheme, where only the pressure amplitudes are,
used to compute the admiiitances, the derivatives £p, 7 giye obtained by using €p,/¢Z,,
and ©pic 2, compuied in the first scheme. With the real and imaginary parts of ug. py,

and py represented by £, k = 1.2,....6, the derivatives of pressure amplitude p;, are
given by '
o «‘-\,"(g,"’rl’.’f! - (p; -, ;_ftr'.'-,). (38)
Zy, Zy, Pa Zo, Zo,

Once these derivatives are compuied the non-lincar regiession can be used to minimize
the vrror between  theoretically computed and  eyvperimentally  measured  pressure
amplitudes. '

5. COMPUTATIONAL SCHEME TO MINIMIZE THE FRROR

The non-lincar regression is used 10 find the values of ;. o, and py, at the combustion
rone which give the best fit between the theoictivally predicted acoustic pressure
distiibution and the conresponding cxperimentally measured acountic pressures. A simitar

-]
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~two WO lIncar regressivi opurations are wuplcd they must be solved together to oblain
the combustion zone admittance. The manner in which this is donc can be briefly
explained as follows.

(1) Initially, arbitrary values of C and G are chosen, and, with three measured
pressures used together with the “transmission matrix™ scheme, a set of “initial”
values for uy, py and pj, at the combustion process is computed.

(2) The non-linear regression scheme is then used to obtain the values of uj, pj, and
and p; which minimize the root-mean-square deviation between the theoretically
predicted data and the experimentally measured data for the chosen values of C
and G.

(3) Then the values of C and G are recomputed while keeping (and using) the
determined (in Step (2)) “optimum™ values of ug. Py, and pg constant.

(4) Steps (2) and (3) are repeated until ug. po. po. C and G converge to a given set of
values.

6. 1LLUSTRATIONS OF COMPUTATIONAL SCHEME

To check the accuracy of the data reduction schemes discussed in the last scction,
computations were performed for a number of hypothetical cases for which the exact
values of C, G, ug. po and pp, werd assumed (0 be known. With these values tised as initial
conditions, the conscrvation equations (i.e., cquations (8)) describing the oscillatory flow
field in the impedance tube werc solved to determine the “exact™ wave structure in the
hypothetical impedance tube. The axial distributions of the steady state variables needed
for the solution of cquations (8) were computed from cquations (5), (6), (7). (21) and (22). In
these equations different forms of wall temperature distributions were used with a fixed
flame temperature, 7, of 3780°R. Solution of equation (5) indicated that the steady state
pressurc variation was almost negligible. Different values of /i were used (sce cquations (5)
through (7)) in this analysis such that the maximum values of @ at x = 0 varied.from O to
200 ft/s. The specific heat ratio(3) and the specific gas constant, R, were assuiited to be
1-28 and 2480 fi-1b{/slug®R, respectively.

A number of oscillatory pressure data at different axial Jocations along the tube were
taken from the solution of cquations (8) and were perturbed from their exact vatues. These
deviations represent the expecied errors in the measured acoustic pressure data. These
modified pressure data were then fed into the developed data reduction programs in an
cffort to determine the crror in the admittance computation resulting from the artificially
introduced experimental inaccuracies. Careful examination of the results obtained from
the various hypothetical cases investigated indicates that the heat transfer parameter C
converges rapidly to its correct value, whercas the gas phase loss coefficient G converges
slowly. Thercfore, to abtain an accurate value of G the tolerance limit must be kept as
small as possible and the errors in the input piessure data should not be oo large. Two
sets of such computations are presenicd below. In these two cases the wall temperature
was assumed to be constant (i.e., T,, = 810°R) and the mcan flow vclocity i was kept zero.

Case 1. In this case the gas phase loss in the impedance tube was assumed 1o be 7ero
and, with use of known xalues of C, ug. p, and pg. equations (R) wore solved to determine
the corresponding hypothetical standing wave structure in the tube. Then, an arbitrary

“initial value of C was choscn and input pressure data, obtained by modifying the

computed “cxact™ pressure data at a discrete number of points, were used to recompute
the wave structure and the desired vatue of C. The rccomputed and “cxact” wave
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v —"nmctnmrnhown inFigures 2 and 3,'and Table 1 provides a co:npansan between the =
- natigxact -0 b the-computod vahies o 7Ty Ll d - Viatange -
4 Figuie 4 shows cxcellent agiceme: L B R by :

distributions. Therelore, this technique can bc used to obtam axial lcmperalure distri-
bution in any pipe with high temperature flow situations where direct temperature
measurcments are difficult.

Case 2. In this casc equations (8) were solved for a situation where the gas phase Joss

" was assumed 10 be present in the impedance tube and the constant G was assigned a
specific value. Then, with use of the assumed values of C, G, uj, p, and pp, equations (8)
were solved to determine the hypothetical “exact™ acoustic pressure wave structure in the
impedance tube. As was done in Case 1 above, assumed values of C and G and perturbed
“exact™ pressure data were used to recompute the wave structure and the values of C and
G. For brevity, the results presented herein are for the case whcrc@)}; 0-1 and they are
presented in Figures 5 through 7 and in Table 2. It should be pointed out, however, that
similar results were also obtained for wide ranges of both positive and negative values of
the real part of the admittance. In one of the two computational schemes used 10
determine the variables at the combustion zone, the gas phase loss coefficient was kept
zero. In this case (i.c., Plot B in Figures § and 6) the recomputed and “exact™ wave
structures are not in good agreement, particularly at and near pressure minima, and there
are considerable discrepancics between the computed and cxact values of uy, po. pp and
the admittance Y. In the second case, the determination of the bulk loss coefficient G was
also included in the data reduction scheme which now resulted in good agreement
between the two wave structures (i.e., between plots A and C in Figures 5 and 6) and the
variables uy, pgy. py and Y. However, Figure 7 shows excellent agreement between the
exact and both the recomputed temperature distributions (i.e., between A, B and C in
Figure 7) because the axial steady state temperature distribution depends only on the
anial wave length variation of the standing wave and does not depend on the magnitude
of oscillatory pressure.

Since the primary objective of this study was to determine whether the non-linear
regression technigue developed could handle situations in which a gas phase loss is
present in the flow, the data reported in Case 2 describes a situation in which only small
errors were introduced into the “exact™ pressure data that was used to generate the input
pressure points nceded for the data reduction procedure. However, additional, related
hypothetical cascs in which the input pressure data contained relatively large errors were
also investigated in the course of this study and they produced good agreements between
the “cxact™ and recomputed wave structures and between the assumed and recomputed
values of ug. po. po. C, G and Y. It has also been observed in these studies that the quality
of the computed resulls improves when the number of input pressure points increases and
when the input pressure data describe the wave structure over a tube length that includes
at least two minimum points.

Examination of Figures 2 through 7 and Tables 1 and 2 indicate very good agreement
between the assumed and computed values of uy, pg. po. C, G and the admittance Y. This
good agreement suggests that the data reduction procedures developed as part of this
research cffort can indeed be used to determine unknown admittance values in high
temperature impedance tube cxperiments without much loss of accuracy. The applications
of the experimental procedures developed in this paper in the determination of the
admittances of combustion processes are described elsewhere [ 1. 2].

Reference [1] describes the application of this technique for the mcasurement of
burning solid propellant admittances. Some of the measured admittance values showed
considcrable amount of scaticr. The observed scatter in the admittance values was
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Imaginary part of admitiance. Y, 015 01236 01232
Heat transfer parameter, C (ft) 0943 0972 0973 20
Prossure at Amplitude (dB) 145436 145815 145818 %
combustion zonc py  Phase (deg) 2302 2299 2286 s
Velocity at Amplitude (ft/s}) 148 1-301 1-308
combusticn zone 1, Phase (deg) -214 -1817 --1827
Mensity at Amplitude (slu&/\“) 0612x10°% 06472x10 * 06477x10°*
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TamEg2
Data computed with gas phase loss, by using non-lincar regression for a positive real
admittance »

Chamber pressure == 300 psi
Frequency of excitation = 1000 Hz

Computed values using
amplitude and phase

Loss coeflicient ¢

and
heat transfer
parameter
Currect Assuming computed
Parameters valucs 2ero loss simultancously
Real part of admistanee, Y, 01 0055532 010147
Imaginary part of admittance. ¥, 015 0-13M5 01362
Butk loss cocfficient, G (1bf's ft4) ] 00 1.556
Heat transfer parameter, C (ft) 10 1024 1021
Pressure at Amplitude (dB) 1154387 1454 1455
combustion 2one p,  Phase (deg) 2301944 299 2301
Yelocity at Amplitude (fi/s) 0 OXKR204 007068 005356
combustion zone vy Phase (deg) - 75496 - 6276 --76:54
Density at Amplitude (slug fi")  06143x10 * 06197107  06219x10°*
combustion zone pp  Phasc (deg) 2324994 hX}N ! 224
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possibly‘due!o some expenmental dlﬂicultles:discussed in reference (1] ‘Those dnﬂ' cultles
- the v * Vo L N R T .
“number of ;. . b iy
describe the s\andmg wave in the unpcdancc tube. Howcever, in a para“cl study [2] where
these shoricomings wcre overcome with a steady burning, longer test duration and large
number of pressure measurement points covering two of mMOrE pressure minima to
describe the standing wave, the admittance valucs obtained showcd very little scatter and )
they agree very well with the theory. In this study [2] the admittances of reactive gascous ;
rocket injectors were measured by using the modified impedance tube technique.
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EXPERIMENTAL DETERMINATION OF SOLID PROPELLANT ADMITTANCES
BY THE IMPEDANCE TUBE METHOD*
J. D. 3IUN**. B. R, Daniel' and B. T. zinn"
School of Aerospace Engineering
Ceorgia lnastitute of Technology
Atlanta, Georgia *

INTRODUCTION

This paper describes recent advances made in & research program, sponsored
by AFOSR, that ie concerned with the application of the modified impcdance tube
technique in the measurement of the admittances and response functions of
burning solid propellants. This data is neecded to evaluate the relative driving
characteristics of various solid propellants and as an input data for combustion
instability analysis of solid rocket motors. To date, most {gyponse function
measurements were performed utilizing the T-burner technique'"’. However, due
to difficulties associated with the interpretation of T-Pysnor data, additional
exper&nz,tal techniques, such as the rotating valve and the impedance
tube “'"7, have recently been used to measure propellant response functions.

A achematic of the modified impedance tube is shown in Fig. 1. The tested
solid propellant diec is placed at one end of the tube and a combination of an
acoustic driver and an exhaust valve is placed at the opposite end. Performing
a test consists of turning on the acoustic driver to excite a standing wave of a
predetermined frequency in the tube and the ignition and burn out of the tested
s0lid propellant sample. During the test, hcat losses to the tube walls and the
presence of waves moving in both directions result in an axially varying steady
temperature profile and a standing acoustic wave in the tube, as shown in Pig.
2. It can be shown that the characteristics of the standing wave are dependent,
among other things, upon the boundary conditions at the burning propellant
surface that are descri by specifying the admittance at the propecllant
surface. It can be shown that the magnitude and sign of the real part of the
admittance are directly related to the magnitude and direction of acoustic
energy flow at the combustion zone. When the real part of the admittance is
positive, acoustic energy is flowing from the combustion zone into the tube and
the propellant is said to be driving. When this occurs, disturbances in the gas
phase are amplified by the combustion proceas at the propellant surface.

In the impedance tube experiment, the relationship between the admittance
of the burning solid propellant surface and the impedance tube wave structure is
wr.lised to determine the admittance at the propellant surface. This is
sccomplished by measuring the resulting acouatic wave structure and relating it
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to the unknown admittance by utilizing the solutions of the impedance tube wave
equations.

Fifteen pressure transducers are placed at predetermined locations along
the tube walls to measure the acoustic pressure amplitudes and phases. The data
acquired at different instances during the test period are input into a newly
developed data reduction scheme that determines the admittances and response
functions at the burning solid propellant surface. This paper describes recent
efforts that were concerned with: (1) the improvement of the data acquisition
system; and (2) the development of a new data reduction scheme.

IMPROVED DATA ACQUISITION SYSTEM

During the past several months, efforts have been made to improve the
accuracy of the measured data. The efforts included: (1) increasing the accuracy
and the dynsmic range of the measured acoustic data and (2) increasing the
number of pressure transducers utilized in the determination of the acoustic
wave structure in the impedance tube. A combination of sixteen piezoelectric and
condenser type pressure transducers were utilized. To acquire the pressure
amplitude and phase data measured by the ten piezoelectric pressure transducers,
a minicomputer data acquisition system is utilized. This system consists of a
Hewlett Packard 2100S minicomputer with an HP 7901 disc system and a Preston
CMAD-1 analog-to-digital convector. By passing the signals measured by the
pressure transducers through low pass filters, the D,C. component is filtered
out and the A.C. component is amplified to levels below the A-to-D input voltage
limitation. The software utilized for data acquisition via this system has been
rewritten to include direct memory access, resulting in an increase of the
maximum transfer rate to the minicomputer from 40,000 words per second to
600,000 words per second.

In addition, theoretical studies of the characteristics of the standing
wave structure have indicatced that the accuracy of the measured admittances
depends upon the ability to accurately measure the difference between the maxima
and minima of the standing wave amplitudes. To acquire such a capability, the
transducer calibration procedure has been modified. Transducers located near
the pressure minima are calibrated to cover the range 110-155 dB while
transducers located near pressure maxima are calibrated to cover the 120-165 dB
range, as shown in Fig. 3. This procedural results in & measurement system
capable of measuring a 110-165 dB range that is needed to obtain the desired
experimental accuracy.

Previous analytical studies had indicated that reliable determination of
the admittance of a burning solid propellant require the determination of the
standing wave structure through a distance covering at least two standing wave
minima. This is illustrated in Fig. &4 which describes a hypothetical,
theoretically predicted standing wave in an impedance tube for a given
admittance value and different values of the gas phase loss parameter G that is
representative of the acoustic encrgy loss in the gas phase. Fig. 4 shows that
pressure amplitudes corresponding to two different values of G coincide along a
distance measured from the propellant sample (i.e., x = 0) through the first
pressure minimum, but they "separate out" as the second minimum point is
approached. This clearly indicates that for an accurate measurement of the bulk
loss parameter G, and hence the admittance of the tested solid propellant, the
standing wave structure has to be measurcd through a distance covering at least

V%
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two standing wave pressure minima. To accomplish this, the number of pressure
transducers has been increased from ten to fifteen. A typical distribution of
the pressure transducers along the tube is shown in Fig. 5. It is worth noting
that the more accurate piezoelectric pressure transducers are located near
pressure minima where the greatest experimental accuracy is required.

IMPROVED DATA REDUCTION PROCEDURE

Earlier in this program, the impedance tube wave equations, shown in Fig.
6, were utilized in an iterative solution procedure to determine in the unknown
admittance at the propellant surface and the parameters G and C that
respectively described the gas phase losses and the steady state temperature
distribution. Subsequently, this procedure'was improved by eliminating the need
to numerically iterate while determining the unknown propellant admittance. The
latter change resulted in considersble savings in computer time.

More recently, the accuracy of the determined unknowns has been improved
by redefining the error function F whose minimization results in the
determination of the needed unknowns. This improvement is outlined in Fig. ?
where both old and newly defined error functions are shown. When the previous
error function was utilized, errors near pressurec amplitude maxima completely
dominated the behavior of the error function with errors near minima point
having little influence upon the behavior of F. It shows in Fig. 7 that when the
previous definition of F was used, a 1 dB error near a maximum point resulted in
a "contribution” to F that is 1000 times larger than a corresponding
contribution from a 1 db error near a minimum point. Also shown in Fig. 7 is
the newly defined error function F where a "weighting" procedure is used to
eliminate the discussed uneven contributions to F of different measurement
locations.

RESULTS

Considering the complexity of the propellant admittance measurement
technique, the repeatability of the expcrimental data was of much concern. The
repeatabilicy achieved is demonstrated in Fig. 8 showing the time evolution of
pressure amplitudes measured at distances of 2.0 and 11.75 inches from the
propellant surface in two different tests conducted with an A-13 propellant,
Examination of this figure indicates remarkable similarity in the time variation
of the amplitudes and excellent agreement between the computed values of the
admittance and the bulk gas phase loss G.

Typical admittance and gas phase loss data obtained during tests conducted
with the composite propellants A-13 and A-14, at 300 psig chamber pressure are
presented in Figures 9 through 13. Figures 9 and 10 show the time variations of
the real and imaginary parts of the admittance Y and the bulk gas phase loss G
during tests conducted with A-13 and A-14 propellants. It is noted that the real
part of the admittance Y, varies little with time while energy losses in the
gas phase vary significantly with time. These figures demonstrate the ability of
the impedance tube technique to simultaneously measure the time variation of
acoustic energy gains and losscs inside the tube during a test. Figures 11 and
12 describe the frequency dependence of the real part of the admittance and
the bulk gas phase loss parameter G obtained from experiments conducted with A=
13 and A-14 propellants. The Yp curves indicate that this quantity peaks at
around 630 Hz for A-1J propellant and at around 1000 Hz for the A-14 propellant.
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A comparison between values of the real part of the response
function Rb(r y for e A-13 propellant, obtained (k¥ the impedance tube
technique, the T-burner "°, and the microwave technique is shown in Fig. 13.
Good agreement is demonstrated at frequencies below 450 Hz while at frequencies
above 450 Hz the results differ significantly. The reasons for thege
discrepancies are yet to be resolved.

CONCLUSIONS

Significant improvements have been achieved in the data acquisition and
data reduction procedures, as demonstrated by the results provided in this
paper. It has been shown that the real part of the admittance Yg remains
constant during the steady state burn period while gas phase losses may vary
significantly during the same time period. Reproducibility of the measured
quantities has been established as well as the capability of this experimental
technique to mecasure gas phase losses in the impedance tube simultaneously with
the measurement of the burning solid propellant surface admittance.
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1 Fig, 3. New Calibration Procedure for Pressure Transducers.
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CoNTINUITY

tmp' + a%[;n’ + p'ﬁJ =0 .
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p[wu + dx(“" )] +u' oo .“:-?—“N
Cas Phase
ENERGY Dasping
a2 L P e 82 82 2 €8 ]
lup” +u dx*ndx ¢ L‘” tu dx+"dx*“pd: “pdl

In obtaining a solution the above cquations are recast in the following
form

Where ‘I' ’2 and 13 are functions of v, ¢, Pp"C, G and @,

]

Fig. 6. Inpoo_hncc Tube Wave Equations,
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DETERMINATION OF SOLID PROPELLANT ADMJTTANCES BY THE
IMPEDANCE TUBE METHOD

1. D. Baum®®, 8. R. Deniet? and 8. T. Zinn*?

Ceorgis ottt of Tethmatogs
titute
Atlants, Georgla
Abstract v axial velocity, infsec
Y specific admi;unce. dimensioniess
This paper describes the adaptation of the 2 variable used to represent oscillatory quantities
impedance tube technique for the measurement of solid {(defined in Eq. 6) 3
propeliant admittances and response functions. These o density of solid gropellant, Lbm/in
quantities are needed for combustion stability analysis of density, Lbm/in
solid rocket motors. The experimenta) set up consists of a
tube with a disc of solid propellant sample placed at one Superscripts

end and a combination of an exhaust valve and an acoustic
driver placed at the other end. Performing a test consists
of turning on the acoustic driver to excite a standing wave
of s predetermined frequency in the tube, ignition and
burnout of the solid propellant sample. During a test,
scoustic pressure data is measured by fifteen pressure
transducers distributed along a distance that includes, at
jeast, two standing wave pressure minima. The data is
transferred via a fast analog-to-digital convertor to a mini
computer system for im te storage and later analysis.
The measured acoustic pressure amplitude and phase data
are input Into a newly developed data reduction procedure
that is based upon the solution of the impedance tube wave
equations, for the determination of the admittance and
response function of the tested solid propellant sample and
the acoustic energy losses in the gas phase. The paper

ts results obtained in & series of tests conducted with
an A-14 propellant. The paper demonstrates the capability
of the developed experimental technique to simultaneously
determine the acoustic characteristics of the flow inside
the impedance tube and the admittance of the burning solid
propeliant for the duration of the experiment.

Nomenclature

coefficients defined in Ref. 7

a constant defined in Eq. 8
velocity of sound, in/sec, °
specific heat at constant pressure, BTU/Lbm, R

specitic heat at constant volume, BTU/Lbm,°R
error function defined In Eq. 18 (Lb/in2)?

losses dye to viscosity and gas phase damping,
Lbm/in"sec

gas phase bulk loss coelficient

identity matrix

Mach number, dimensionless

mass (l,w rate per unit cross sectional area,
Lbm/in 2

pressure, Lbf/in

volumetric heat source

specific gas constant Lbl-1t/slug®R , also solid
propeliant response function, dimensionless
burning rate, in/
entropy, BTU/
temperature,
defined in Eq. 10 o
wall temperature at x = 0, "R

0 Mey 5

h-]

n
<

nO® IJZ=O0 ™Mm

3 slso Transmission matrix

-
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{*)  variable describing a steady state quantity
{ ) variable describing a perturbation quantity

Subscripts
(), quantity evaluated at the propellant surface

{ )' quantity evaluated at the wall
t k real part of a complex quantity
( & imaginary part of a complex quantity

Introduction

This paper describes recent advances made in the
application of the modified impedance tudbe technique in the
measurement of solid propellant admittances and response
functions. The solid propellant admittance, defined as the
complex ratio of the velocity perturbation normal to the
propellant surface and the pressure perturbation evaluated
at the proepiiant surface, Is a measure of the amplification
(or attenuation) sustained by a gas phase disturbance upon
interaction with the combustion process at the solid
propellant surface. Consequently, the admittances of solid
propellants are used to evaluate the relative driving
charactecistics of various solid propellants. In addition, since
the stability of a solid rocket depends upon the energy
balance between various processes that contribute to the
combustor disturbance attenuation or amplification, the
ability to determine quantitatively the admittance of the
burning solid propellant is of utmost importance for the
development of » capability for designing stable rocket
motors. The development of an experimental technique
capable of measuring the admittance and response functions
of burning solid propeliants under conditions simulating
those experienced by unstable solid rackets is the main
objective of the research work described in this paper.

To date, most r function measurements il
performed utilizing the self excited T-burner technique .
When weakly driving and aluminized propellants failed to
generate the desired (”cmniom in the T-hnm. the
vaciable area T-burner'”’ and the pulsed T-burner'™ were
developed. However, due to difficuities associated with the
interpretation of T-burner data, admloml “"’W"‘
techniques such as &'o,,onun; valve' 'y microwave  and
uh\: impedance m“ have n:nmly been .denhped for
the measurement burning d propellant response
functions, Comparisons of the data generated by these
various experimental techniques would hopefully result in
accurate solid propellant response function data.

A schematic of the modified impedance tube is shown
In Fig. 1. The tested solid propeliant disc is placed at one

ond of the tube and & combination of an acoustic driver and
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In the impedance tube experiment, the relationship
between the admittance at the burning solid llant
surface and the impedance tube wave structure is utilized
to determine the admittance at the propellant surface.
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Contimutty 224 'a'; (ou) = 0 )
lomentum %(90)4- s,;(puz) -.25 -F (2)
Raergy T XY TR 3

State P = oRT %)

"First and second laws of thermod);mmlw

ds = cp%!-l%! (5)

Next, each of the following dependent variables is
expressed as a sum of a steady state solution and a time
dependent perturbation (e.g., p(xet)ep(x)4r(x, t Dand these
expressions are substituted into Eqs. (1) through (5)
Separating the resulting equations into the corr i
steady state and unsteady systems of equations, linearizing
the unsteady equations assuming that the solutions are
periodic in time (1.e.,p’(x,t)aeivt), asis the case in
the impedance tube experiment), using the relation F’ =
Gu’ (where G is a constant) yield a system of linear wave
equations that can be expressed in the following form

&
i EA z

‘x — 1, ’ ’.-1 '2’3. (6)

Where 2; , Z; and Z3 respectively represent u’, p'and o',
The coefficients A‘ﬂ depend upon the corresponding
steady state solutions and theacoustic energy gas phase loss
that is specified by a parameter G, Expression for the
coetficients Agy are given in Ref. 7,

Before proceeding with the solution of Egs. (6), a
Comment regarding the determination of the steady state
solution Is in order. Analysis of the corresponding steady

dependen known, remaining
dependent variables could be determined by utilizing the
steady state eometvuﬂv, equations, Experiments and
related snalytical studies' ’° conducted earlier under this
investigation had shown that a steady state temperature
distribution that is consistent with the one dimensional

description of the wave woplrﬁon problem in the
impedance tube is provided by the following expressiom

) = T, (1) + (2= T, (0))a"/A m

i
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surface {i.e., x = 0) that

Determingtion of the Propeilant Admittance

The following procedure has been utilized in the
determination of the unknown propeliant admittance from
the measured acoustic pressure data:

(1) Initially, arbitrary values of G and C are assumed.
Next, A is evaluated. Equations (12) are then
integrated utilizing a fourth-order Runga-Kutta
method to evaluate [T ],

(2 3 o ['f],m:nd the:‘et ot
acousjic pressure measuremen values of v
“(.2 lmcmwathwwtﬁt\t;\rmbymnzf:g
Eq. (21

() [#)Js calculated, utilizing Eq. (10).
) Els calculated, utilizing Eq. (15)

(3)  The above calculated ervor function E represents its
minimum for a gi t of the parameters C, G that
appear in the matrl:ut n..‘l'o minimize the error function
E with respect to G and C, Muller's iteration technique has
been utilized. This provides a rapid method for
alternately iterating on the and C until the
minimum of E, for which -0 .
reached.® The admittance and the response function of the
burning solid propellant, the gas phase acoustic
losses and the axial distribution of the acoustic velocity,
ty and entropy are evaluated for the minimizing set of
’ju GandC.

ta Procedure
During’ the past several months, efforts have

made to improve the accuracy of the measured data.
efforts included: (1) increasing the accuracy and

been
The
the
dynamic range of the measured acoustic data and (2)
increasing the number of pressure transducers utilized in

the determination of the acoustic wave structure in the
A combination of fifteen plezoelectric

ampli

the ten piezoelectric pressure transducers, a minicomputer
data acquisition system is utilized. This system consists of
a Hewjett Packard 2100S minicomputer with an HP 7901
disc system and a Preston GMAD-I analog-to-digital
convertor. By passing the si measured by the pressure
transducers through high pass filters, the d.c. component is
filtered out and the a.c. component is amplified to levels
below the A-to-D input voltage limitation. The software
utilized for data acquisition via this system has been
rewritten to include direct memory access, resulting in an
increase of the maximum transfer rate to the
minicomputer from 40,000 words per second to 600,000
words per second.

In addition, theoretical studies of the characteristics

accuracy of the measured admittances

ability to accurately measure the difference between the
maxima and minima of the wave amplitudes. To
acquire such a capability, the tramsducer calibration
procedure has been moditied. Tranducers located near the
pressure minima are calibrated to cover the range 110-133
dB while transducers located near pressure maxima are

¥ The quantity '}’b is calculated at every one of

these iteration s
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calibrated to cover the 120-163 dB range, s shown in Fig.
:.‘m’rmum”h.mmm

measuring a 110-165 dB range that is needed to obtain
the dasired experimental accuracy.

Previous analytical studies had indicated that
reliable determination of the admittance of a burning solid
propellant requires the determination of the standing wave
structure a distance at least two standing
wave minima. This is illustrated in 3 which describes a
hypothetical, theoretically predicted, standing wave in an
mm tube for a given admittance value and different

of the gas phase loss parameter G that is
representative of the acoustic energy losses in the gas
phase. Figwe 3 shows that pressure amplitudes
corresponding to two different values of G coincide along a
distance measured from the propellant sample (i.e., x = 0)
through the first pressure minimum, but they "separate
out* as the second minimum point is approached. This
clearly indicates that for an accurate measurement of the
bulk loss parameter G, and hence the admittance of the
tested solid propellant, the standing wave structure has to
be measured through a distance covering at least two
standing wave pressure minima. To accomplish this, the
number of pressure transducers has been increased from
ten to fifteen. A typical distribution of the resun
transducers along the tube is shown in Fig. &. It is worth
noting that the more accurate piezoelectric pressure
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traneducers are located near pressure minima where the
greatest experimental sccuracy is required.

@ - MEZOLLECTRIC TRANSDUCER
© - MHOTOCON TRANSDUCER

ns. A.Aanmmummumm-m

Typical Results

Considering the complexity of the propellant
admittance measurement technique, the repeatability of
the experimental data was of much concern. The
repeatability achieved is demonstrated Iin Fig. 5 showing
the time evolution of the pressure amplitudes measured at
distances of 2.0 and 11.753 inches from the propellant
surface in two different tests conducted with an A-13
propeliant. Examination of this figure indicates remarkable
similarity in the time evolution of the amplitudes and
excellent agreement between the computed values.of Y

and G. © DISTANCE » 20 IN.
P BN ® orsTANCE . 11T IV
Y,OC.ﬂl
G99
m b

Ge 900
Y 1%

] » » »
RECORD

75, 5 REPRAT RUNS, A-13, 673 N2 390 PIIG

corresponds to time. Figure 6 shows the time variation of
the real and imaginary parts of the admittance Y and the
bulk gas phase loss coefticient G during a test conducted
with an A-14 propellant at the frequency of 675 He. It is
noted that the real part of the admittance Yp varies little
with time while energy losses in the gas phase vary
significantly with time. These figures demonstrate the
ability of the impedance tube technique to simultaneously
mMmeasure the time variation of acoustic energy gains and

0.03¢
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»
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G, 6. TYPICAL DATA MEASURED OURING A GIVEN RUN
10 Prepaliant, £ « 673 iz, P « 300 puig.

losses inside the tube during a test. Figures 7 and 8
describe the frequency of the real part of the
admittance Yy and the bulk gas phase loss parameter G
obtained from experiments conducted with an A-1%
propellant. The Y curve indicate that this quantity peaks
at around 1000 Hz.

Figures 9 through 1% provide comparisons between
the predicted (based upon the determined values of the
propeliant admittance and the parameters G and C)
i tube wave structure (i.e., amplitude and phase)
and the measured acoustic pressure data at three different
instances during a test conducted with an A-18 propellant
:;;Mtnmd‘”ﬂ:“cmmmd 300

These figures demonstrate the dependence of the

impedance wave structure upon the gas phase losses, which
are described by the plnmoﬁer.:md\ increases in

magnitude from 3 to 13 during the test period covered by
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Conclusions
Significant improvements have been m in the
data aeqhmon and data reduction procedures in the solid

propellant i tube experiment, as demonstrated by
the results provided in this paper. It has been shown that
the real! part of the propellant admittance %
remains constant during the steady state burn period while
gas phase losses may very significantly during the same
time period. Reproducibility of the measured quantities has
been established as well as the capability of this
experimental technique to measure gas phase losses in the
impedance tube simuitaneously with the measurement of
the solid propelfant surface admittance. Finally, it
has been shown that the determined propellant admittance
and gas phase losses result in impedance tube wave
structures that are in excellent agreement with the
measured acoustic pressure data.
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MACH 3 HYDROGEN EXTERNAL/BASE BURNING

Douglas H. Neale, Sr. Research Engineer
James E. Hubbartt, Professor .
Warren C. Strahle, Regents' Professor
. mammmnumarm
Atlanta,

Abstract elevated downstream pressures to the projectile base has
been established. At present, however, no analytical model
Experimental studies of base pressure manipulation exists which adequately treats the complex base flows that
ted result from combustion in and near the wake. A major
ly contribution in understanding these flows, establishing and
optimizing performance criteria and providing direction for
theory can be supplied experimentally through detalled
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Tech seek to provide this information.

A versatile experimental facility has been
established for both simulation and actual combustion
however, testing of axisymmetric  externai/base  burning

envelope within which external burning, if feasible, will configurations at Mach 3 with a 5.72 cm dia. model in a
presently be achieved. 15.2 cm dia. test (Reynolds number based on model
diameter = 3.0 x 107). The blow-down facility is shown in

Nomenclature Figures | and 2. The holiow cylindrical model is mounted in
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injection flow parameter (Figure 8) ""..‘.‘Z.':.'J'f-;.‘""" o

specific impulse (Figure 8)

Mach number
molecular weight
injection mass flow

static pressure
free stream static pressure

L[]
a4

—
(]

total pressure (Pitot)

°v
“

free stream total pressure

o'b
=
1

base pressure
undisturbed base pressure

-
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]

Figure 1. External/Base Burning Test Facility
R = model radius - Schematic.
RSP = rear stagnation point
T ° = stagnation temperature
’ Ty = free stream stagnation temperature [T BE 0T covenoence)
vy = free stream velocity \\ ‘m“ poRTs (%) EERaRay
X

T = free stream density
ratio of specific heats

Introduction

The application of burning, either in the

. (base) or in the free stream adjacent to the
(external), can provide significant base drag reduction for

projectiles operating at airhreathing aititudes. The coupling

of attractive performance values with hardware simplicity

. makes this a particularly interesting propulsion concept. hany” -~ b

The feasibility of external/base burning for
propulsion in which the subsonic near-wake transmits Figwe2.  External/Base Burning Test Section

Schematic.
L Members, AIAA
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controlled traverses of probes introduced the
constant-area diffuser downstream of the test section. Run
times range from 4-7 minutes on the tion

temperatures gm downward from ambient to
approximately-20 C during a typical test.

Program Review

The initial phase of the present comprehensive
experimental study involved simulation of various
external/base ing modes. These results have been
reported previously and will be summarized here briefly to
emphasize, jmportant findings and to trace program
evolution. '

First, measurements were made to provide
undisturbed Mach 3 axisymmetric base flow detail for
theoretical mode! comparisons. Typical results are shown in
Figures 3 and & in which radial and axial Mach number and
pressure profiles are presented. These measurements reveal
presence of a base recirculation region, wake thickness
variation, streamline curvature, base pressure and near-
wake length as defined - by the location of M = ! on the
centerline.

br

------ EXPERIMENT
WAKE THICKNESS —
— -~ THEORY (THEORY)

2R

L=l WY .,

e

*
e
P'PI'-O 2

X10

For

Figure 3. Near Wake Radial Mach Number and Static
Pressure  Distributions (Zero  External
Compression).

Second, tests with simulated axisymmetric external
burning were completed using contoured test section walls.
The wall contours were designed to focus compression
fields on the wake representing a reasonable fixed total
heat addition applied in the free stream over three
successively shorter heating lengths (Compression Sections

2

I-A-3

L, 11 and HI). One additional test section (IV) was fabricated
to show the effects of discrete ing for comparison with
the equivalent axisymmetric case (). Each test section
was translated relative to the model base to investigate the
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< '[Rear staGnaTION ! T
2 | PONT ——m8— J
Mst ]
L o, A 1
0 °o 1 2 3 4 )
DISTANCE FROM BASE - BASE RAD!
Figure &, Near Wake Centerline Pressure and Mach
Number  Distributions (Zero External
Compression).

importance of disturbance location. Figure 5 shows base
pressure elevation to free stream values and above for
most cases with an optimum axial position depending on the
simulated heating severity. Base pressure rise is reduced if
disturbances are applied discretely rather than
axisymmetrically. Nevertheless, for all cases examined,
base pressure was still boosted sufficiently to eliminate
base drag. The effect of axisymmetric external
compression on neaf-wake length scales is shown in Figure
6. Wake lengths are strongly controlled by external
disturbance location as reflected by changes in the position
of the rear stagnation and M = | points on the centerline. In
addition, wake lengths decrease with increasing
compression severity for a given axial location.

Further simuiation studies of discrete external
burning were completed using solid pegs to mode! the
blockage effects of radial fuel injection jets (no external
compression). Figure 7 compares wake centerline structure
for this case with the original clean base data. The
disturbances generated by the pegs result in a mild
decrease in base pressure and a significant shortening of
the near-wake,

The third segment of testing involved simulation of
base burning with cold gas injection into the near-wake
region. The model was fitted with a porous sintered-metal
base plate for uniform injection and tests were run with
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-three gases displaying a range of molecular weights. Base
essure elevation and performance values for nitrogen
air), helium and hydrogen are presented in Figure 8

showing the expected gains with decreasing molecular
weight (increased volumetric flow). Figure 9 gives a
successful correlation of base pressure rise with injection
rate parameter modified by a factor involving n;olecular
weight and specific heat ratio of the injected gas”. Figure
10 gives typical static pressure and Mtch number
distributions in the near wake for a moderate air injection
rate. A recirculation region persists for this case, although
the region has been axially displaced with base bleed. Tests
at higher injection rates revealed that the recirculation
bubble can be completely blown away.

The final phase of non-combustion work combined
simulated axisymmetric external compression with cold gas
base bieed. Wake length and base pressure alterations for a
range of base lnjecﬂon parameter values with and without
external com::” are shown in Figure (], vnm
compression, pressures rise modestly and wake len
increase significantly with increasing base bieed.
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Current Work

After completion of external/base burning
simulation studies, the facility was modified for controlled
base region injection and burning of hydrogen. Initial tests
were designed to evaluate performance and detail wake
structure for hydrogen base burning with injection directly
into the near-wake through a porous base plate. The tunnel
was operated atr 930 kpa (135 psia) simulating Mach 3 flight
at approximately 10,700 m (35,000 ft). However, since
tunnel heating is not available, the resultin stagnation
temperature is approximately 330 C (600 F) below the
corresponding Mach 3, 10,700 m value. Under these severe
conditions, attempts at base region ignition with a 6000
volt A.C. spark source were unsuccessful. As an
alternative to more powerful spark sources, a pyrotechnic
compound paste was employed to achieve ignition. The
paste was coated on the surface of an "L" shaped
cylindrical igniter probe introduced to the tunnel
downstream of the test section. The active portion of the
igniter was located along the wake centerline from two to
five model radii downstream of the base. Paste firing was
initiated with an embedded hot nichrome filament. A

MODEL BASE

Figure 12.  Pyrotechnic Igniter Firing in Near-Wake with
Hydrogen Base Bleed.

‘typical firing is shown in Figure 12.

Early tests with burning revealed instability and
flameout upon removal of the igniter probe. The problem
was overcome by installing four tabs of catalytic platinum
gauze on the base plate. The final igniter configuration
utilizing a consummable base mounted sting is shown in the
top panel of Figure 13.

Typical operation with hydrogen base burning at
Mach 3 is shown in Figq,-e 14, For injection rates

greater than las 4.0 x 10 " the visible combustion
region extends four to five  model diameters
downstream of the base plane while remaining

attached to the base. For lower injection flows the
luminous region diminishes rapidly in size and intensity and
is closely confined to the base. Observation of igniter flare
particle paths and pitot-static pressure measurements with
burning indicate that, even at high injection rates, a
recirculation region persists in the wake. Temperature
measurements in the wake with platinum-platinum, 10%
rhodium thermocouples show that combustion exists

1I-A-6
throughout the visible conical region. These measurements
show further that burning extends into the shear layer.
Temeeratures approaching the thermocouple useful limit of
1600°C were only encountered within two or three model
radii of the base for even the highest injection rates
attempted. This value is significantly below the
stoichiometric flame temperature for hydrogen and
indicates the lean nature of the wake.

The performance of hydrogen base burning at Mach
3 is shown in Figure 15 for the range of flows and
configurations investigated. The lower portion of Figure 15
shows that base pressure rises with increased hydrogen
injection and approaches free stream static pressure (near-
elimination of base drag). The diminishing returns of
increased injection, however, are reflected by the rapid
decline of specific impulse values shown in the upper
portion of the figure. Nevertheless, a significant reduction

CONSUMABLE IGNITER STING

POROUS(SINTERED)
BASE PLATE

BASE INJECTION

PORT(SIX)

PLAIN COMBINATION

RADIAL_INJECTION

— . a——

Figure 13,  External/Base Burning Injection
Contigurations.

MODEL BASE

Figure 16.  Hydrogen Base Burning at Mach 3.
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in base drag at impressive values of 1., ha
demonstrated. For example, these tests show
reduction in base drag with l4p = 3000 sec. and &
reduction with Iy, = 12000 sec. For comparison, Fi |
presents Mach performance for a hydrogen
ramjet with various inlet designs. It is clear that
burning is strongly competitive with ramjet operation f
this application.

ad v

Q) = COLD MYDROGEN INJECTION (BASE)

WL LY
= IGNITER IN NEAR - WAKE
- JONITER W]THORAMN
O = ALTERMATE 1AMITER TEST
(CONSIDVSLE BASE MOUNTED

ox
°0 WMAKE PITOT.STATIC SURVEYS

80 = WAKE TOWERATURE SURYEYS
- MOIAL SLOT INSECTION (N< .05)
© « RADIAL JET InJECTION (n< .1)

Orecencoan

T oo, ZERO BLEEDZ T LLI I
f plain base .
- radaj injection tase

%

Figure 15. Base Burning Performance at Mach 3,

Further base pressure studies were completed by
combining base burning with two cases of simulated
axisymmetric -external burning and one case of simulated
discrete external burning (use of contoured test sections
from original experiments). The first two panels (left to
right) in Figure 17 show that the combined effect of
simultaneous base and simulated external burning is very
nearly the sum of the individual contributions. The third
panel reinforces this finding for an alternate test section.
In all three cases the base pressure was boosted above free
stream static pressure yielding a condition of base thrust,
Panel three, in fact, shows an instance in which the base
thrust is sufficiently high to eliminate all drag on & well
designed vehicle.

The last panel in Figure 17 shows results using
simulated discrete external burning (equivalent to
axisymmetric Compression Section 1), Once again, the
measured base pressure with base burning and compression
is very closs to the simple sum of the individual

6

e,

o ) 2

he,

Figue 16. Mach 3 Ramjet Performance.

experimental values. Comparison of panels three and four
confirm earlier findings that the application of external
burning in discrete plumes diminishes the base pressure
boost obtained with axisymmetric burning; however, a
condition of base thrust is still demonstrated for this case.

Tests with radial injection of hydrogen for
attempted "pure " external burning were next attempted. A
modified base configuration using six equally spaced
injection ports recessed in an annular channel was used for
these studies (Figure 13). The channel design was included
to provide a cavity in which favorable mixing and residence
times would exist for ignition and sustained burning. As
with the base burning tests, a pyrotechnic compound served
as the source of ignition. The channel was lined with the
compound and flared with a hot nichrome filament.
Platinum gauze was used as a catalyst in the channel but
not in the base region.

Initial tests were performed with subsonic injection
through six, 9.3 mm orifices yielding jet velocities ranging
from 50-170 m/sec (I = 3-11 x 10-4 "), Ignition was readily
achieved for 1 > & x 10 with burning apparent both
confined within the channel and in the wake as shown in
Figure 18 (wake burning outlined). Reduction of hydrogen
flow resulted in progressively weaker burning (decreasing
luminosity) in the base region with wake combustion
terminating abruptly at I% 3.25 x 10-% ., Burning in the
channel persisted, however, for even lower flows and was
made evident by the continued glow of the platinum gauze.
Base burning probably could have been extended to lower
injection rates by using platinum mounted on the base, but
such efforts were not pursued.

Performance values for "external® burning with
subsonic discrete jet radial injection of hydrogen are
included in Figure 15. As might be expected from test
observations, this mode of operation more resembles base
burning with direct injection rather than external burning
with radial injection and discrete plume combustion in the
free stream. The loss of wake burning is shown clearly in
the precipitous drop in base pressure and corresponding
100 With burning in the channel alone, the base pressure
is Very nearly the same as for the radial injection model
configuration with zero hydrogen flow. Since burning in the
channel provides a negligible improvement in base pressure,
Its primary value must be considered as that of a possible
flameholder for the radially injected stream at some
sacrifice in Igp . Base pressure and [ 4 values for both the
hnmm:rmdmmm&smwnm
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External/Base Burning of Hydrogen at Mach 3
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Figure 17. Mach 3 Hydrogen Base Burning withSimulated External Burning,.

higher injection rates. This convergence suggests that, with
larger tlows, increasing percentages of the radially injected
hydrogen escape the channel and are entrained and burned
in the near-wake region.

The results of the subsonic radial injection tests
indicate that, in order to have some chance for true
external burning, significant free stream penetration with
the fuel jets must be achieved. To that end, the original
orifices were plugged and re-drilled to Imm dia. for choked
operation at flows comparable to those used in the previous
subsonic injection tests. Platinum gauze tabs were fastened
to the base as well as in the channel, Attempts to ignite at
128 x 10-4 and 11 x 10-4(jet Mach numbers based on cavity
to free-stream pressure ratio, of 2.14 and 2.42
respectively) were repeatedly unsuccessful. Local jet
burning was observed within the groove during the
pyrotechnic flare; however, once the source of ignition was
removed, all burning ceased. Unlike earlier tests with
subsonic injection, no combustion was Initiated in the
wake region. It is apparent that the higher injection
velocity used to obtain free stream penetration for
potential external burning resulted in channel conditions
unfavorable for sustaining an ignition source. In addition,
the absence of base combustion indicates either that the
high velocity injection has altered the mechanism by which

jchanne) ighition begets base ignition or that the increased
free-stream jet penetration has significantly reduced
hydrogen entrainment in the wake. need for testing
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radia) injection velocities between the extremes just
described is evident. These tests, in which orifice
diameters are enlarged incrementally to provide the
desired velocity range while maintaining comparable
hydrogen flows, are in progress. Included in these tests are
attempts at igniter firings in the base region as well as in
th:i‘echmwltoucmam' the presence of hydrogen in the
Wi .

Concurrent with tests varying radial injection Mach
number are those in which supplemental base bleed is
introduced. The original radial injection base has been
modified for these experiments as shown in Figure 13, One
test series with this configuration using only channe!
ignition has been completed. Hydrogen injection was split
approximately 60% - 40% in favor of base injection with
attempted ignition at | = 10.9 x 10™*  (based on total
hydrogen flow). This condition resulted in a radial jet Mach
number of 2.07 and sufficient hydrogen base bleed, as
determined from original base burning tests, to assure wake
combustion. Sustained channel burning was achieved for
this case but base burning was not initiated. Total hydrogen
injection was decreased in steps to 1 = 3.67 x 1074 (M =
1.50) with no loss in channel burning. Base pressure
remained nearly constant throughout the range and was
only about 20% higher than for this identical base
configuration with zero injection. These results confirm
the earlier suggestions that the higher radial injection rates
tend to destroy the mechanism which induces wake ignition
from channel ignition and that channel burning has little
effect on base pressure. It is probable that most of the
modest base pressure rise shown is attributable to the
hydrogen bleed directly into the base region. The most
significant result of this test series, however, is the lack of
sustained burning in the radial jets away from the channel
confines even though a continuous, stable source of ignition
is present.

The experiments performed to this time have
defined the limits within which external burning with
hydrogen can be obtained with the present facility. At one
extreme, low subsonic radial injection results in an
essentially base burning condition. At the other extreme,
injection at Mach numbers exceeding about 2.1 renders
maintenance of a flame holding region impossible for this
configuration. If true external burning is to be achieved,
it will exist within the envelope of injection Mach numbers
and mass flows under current examination.

Summary and Conclusions

Tests with axial injection and burning of hydrogen in
the near-wake have shown that significant base drag
reduction and excellent performance can be combined.
Drag reductions of 80% and 30% have been demonstrated
for specific impulse values of 3000 sec and 12000 sec
respectively. Near-elimination of base drag appears to be
an upper limit for this mode of external burning, however,
and can only be achieved with heavy penalties in I4p .

Pure external burning with radial injection and
combustion in the free stream offers the hope, of
generating base thrust by elevating wake pressures above
free stream levels. Tests with low radial injection
velocities (M ;yo.l) raull: in no o i:ce mum“ '.jkc:
penetration. apparently uxt nto
and burns as it has been injected directly through
the base. Accordingly, this mode performs similarly to but
less efficiently than the direct base mode. Radial

injection with comperable mass flows choked
nozzles to increase jet penetration has not yet yielded true
external combustion for jet Mach
numbers grester than asbout 2.1 cannot be sustained.
Successful flameholder operation has been demonstrated

li-A-9

for jet Mach numbers from 1.5 to 2.1, but propagation of
combustion into the free stream is not evident. Operation
in this mode gives base pressures only slightly higher from
those with no injection at ali.

Current tests exploring jet injection Mach numbers
between the extremes so far investigated should reveal
whether or not pure external burning is feasible. These
tests are being run with base as well as flamehoider
ignition to ascertain the presence of combustible mixtures
in the wake. In addition, cases are being examined in which
direct base bleed is combined with radial injection to verify
and supplement the results already in hand.
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TURBULENCE GENERATED PRESSURE FLUCTUATIONS
IN A ROCKET-LIKE CAVITY 1

Warren C. Strahle” and Douglas H. Neale!

Georgia Institute of Technology
Atlanta, Georgia 30332

Abstract

Theoretical acoustics applied to the pipe flow turbulence.
problem in a configuration which was experimentally investigated yields"
an analytical formula for random pressure fluctuations generated by the!
turbulence. In order to calculate the pressure fluctuations, it is found|
that certain spatial correlations of the fluctuation in the square of the!
axial velocity are needed. These are measured by hot film etry, |
as are the pressure fluctuations, in a fully developed pipe flow the!
theory is shown to be semi-quantitative; a lower bound to the ure
fluctuation emerges. Application to the problem of pressure fluctuation
in rocket motors and attendant vibration are indicated.

' . e . - .

N&ineﬁdature

pipe cross section area
pipe radius .
speed of sound :
quantity defined by Eq. (9) ;
Green's function for H i
Green's function for plane wave acoustics problem
Bernoulli enthalpy

Bessel function of order m

duct length :
outward unit normal vector i
pressure ' :
cross spectral density between signal i and signal j i
Eigenvalue in the problem for H "

entropy

time

sample time in Fourier transform
vortical velocity vector

volume !
velocity vector i
potential velocity vector,,
Cartesian coordinate in i~ direction !
distance along duct :
distance along duct |

quantity defined by Eq. (10) ‘
Dirac delta function 4
density ?
radian frequency i
velocity potential '
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Subscripts

t = transverse part

00 = plane approximation

icor = correlation scale

w0 = value at infinity in the potential field
w = Fourier transform

1 = x-direction

;St_xmrcrigts

4 = fluctuation

- = mean or ensemble average

' ‘Introduction

source of motor vibrations. Typically, the broad band random pfessur
fluctuations which are normally considered reasonable to tolerate are o
the order of 1% rms magnitude,when. compared with the mean chamber;
pressure. Depending upon the frequency content of this backgroundi
noise in the pressure, however, this [% [evel can cause vibration:
troubles. Especially if the excitation frequencies overlap a longi udinal‘
mode frequency of the chamber cavity, strong longitudinal resonances
may occur with attendant thrust fluctuations. Such fluctuations in
thrust can be more than the 1% level of the pressure fluctuations
because the pressure field is spatially variant and differentially #cts on
the head and aft ends of the cavity( Jhis kind of problem is currently
believed to exist in one large system.

Pressure fluctuations inside of a rocket motor cavity Ie on%
£

There are several potential sources for the background ptessure
fluctuations, and many of these have been considered in Ref. (2).
However, the results of Ref, (2) contain an ambiguity in interprétation
due to the simplified theory employed, and it is desireable to use a more
accurate theory to treat the problem. The approach here is to look at
the problem of turbulence induced pressure fluctuations, both
theoretically and experimentally, with a view towards prediction of the
pressure fluctuation level in rocket motors, due to the turbulence field.
There will necessarily be left out, at &ys point, other potential sources
of vibration such as combustion noise.

The approach here is to first look at a relativell well
tharacterized turbulence field, that of pipe flow, encountering a
rocket-like flow termination, that of a choked deLaval nozzlk, The
purpose is to see the accuracy with which the pressure fluctuation
levels may be predicted by theory, given appropriate measurements of
the turbulence field. If satisfactory answers may be obtained, the
theory may be applied to rocket motors as further information b§comes!
available on the rocket motor turbulence field, as given, for example,

R SR v —
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by the computations of Ref. (3). For the moment, however, this may be,
regarded .as a fundamental investigation of turbulence generated'l
pressure fluctuations in a given type of interior flow problem.

Analysis

Consider the configuration of Fig. 1, where a pipe flow is
terminated by a choked nozzle and is also the configuration ‘in the
experimental results to follow. Except very near the walls the inlet flow.
is nearly potential; there follows a transition to turbulent flow andi
finally a fully developed purely vortical turbulent pipe flow. In the fully
developed turbulent region it is the mean flow which is purely vortical,,
but superimposed is a turbulent fluctuation which has pressure:

fluctuations associated with it. The calculation of the pressure field 1s’
the issue here,

: q
; :
Consider the (ﬂmulanon of the conservation equations aq gnven

by Yates and Sandri. i

%E(ac"‘lm") 8. ‘”"Pﬂ YT gy
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2
2 bnu
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s-l(p,h)-ao-o-lnh-y—-

In the above, all effects of transport phenomena are neglected so that
when considering fluctuations it is understood that the frequency.
domain under consideration is that of the energy containing eddies of,
the turbulent flow. A companion equation to Eq.%?) has been omitted; it;
is the vorticity conservation equatibn. H is the Bernoulli enthalpy given
by
2 .
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and plays a fundamental role in the generation of noise in Eq. (1). In the
potential flow region of the pipe flow v2H= 0andH=Ha,a constant.|
In the fully developed pipe flow region such a relation does not hold, but
Egq. (2), using the consequence of Eq. (), becomes :

)

2 2 X
Pheoot 20 ) g S,
axiaxj ox axj axj ax j (7N _

It will be assumed that the majority of the experimental configuration
is filled with the fully developed pipe flow so that Eq. (7) is to be
solved,

It is assumed that the potential velocities are much less than the,
vortical velocities, which may be verified after the fact, so that Eq. (7)
becomes

{u,u
2 == = L 1 j = - .
AR ®)

The genesis of Eq. (2) is the momentum equation

weo (130) 2L,

which is zero on the walls of the tube because all velocities must
vanish. At the head end of the tube YH = 0 since the flow is a potential
flow. At the nozzle end, however, more care is required. What is.
needed to solve Eq. (8) is the boundary condition v Hem on all.
boundaries of the flow region. {

Splitting the velocity into its mean plus fluctuating components~
and noting that at the nozzle end =0 andV =y (r) , thex; = x!
component of Eq. (9) becomes

VH-i--b—l-u-Vul'sB (10):
In Eq. (10) the fluctuations in the potential field have been neglected as
compared with those in the vortical (turbulence) field.

0

Now it is presumed tht the vortical field is known or can be
measured so that the right hand sides of Egs. (8) and (10) are known.:
The solution may be written in terms of the Green's function for the.
Poisson equation ‘

728(%,s%0,) = = 5(x, =%,,) Qan

98 * 1 = 0 on the side wall and exit plane

g8 = 0 at the entrance plane

+
+

. o4
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whereby
H-H = I 3(:1. xu) f(‘ot) av
v + {‘g BdA (12)
[
The Green's function may be constructed by standard methods
and is given by i |
- < cos md |
g Z%n-o rm"' :01) Jn('mr)un mo a13)
‘ 1
where F . satisties ]
a% ’ 2 pe 8(8,) J (s ) &(x-x,)
dx2 ‘mn ~ %mn "~ " nal A |

2
Ap = é [l - (-::“a)2 ] O '

b .- . e @@l 4fmw QeSO E e by e [
=21ifm>1

and Smn is determined by

Smn Jm (Sppd) = 0 I
The term in the solution with m = n = 0 has only an axial depelndence
and corresponds to cross section averages of quantities. Emphasizing
this,

g-goo-l-gt H-Ho-lloo-rllt-llm i

where the t subscript denotes the part which is due to trarlsverse
dimer:sions of the duct. i

ST L CE WA Wy ey

The crucial step is now taken to ignore the higher terms in g
other than go . It will be argued later that this will yield a lower} bound
on the pressure generated by the turbulence. Constructing goofromEqs.
(18), it is found

B(x,x)) = 8, x, 2x
8(x,x ) = g x <x !

, |
na?

iy -
Ta’ ‘




The fluctuation in H, H' = Hgo- H_ , is then constructed from Eq. (12)
after considerable manipulation and noting that V. y = 0. The result is é

.1 3 ’ H
H - Y JdA (ulul_) ‘ (15)'
This result, remarkable in its simplicity, says that Bernoulli et‘\thalpyf

fluctuations are merely created by the fluctuations in the squar1 of the.j
axial velocity components. ;

)

Now moving to construction of the unsteady potential field, it is

readily shown that for low Mach number, which is assumed, and

sufficiently small fluctuations in the potential field, which has +Iready
been assumed, Eq. (1) reduces to

2 4 ? N

) g =2 2, _ M !

aaZ "¢ V9 T S | (16)
!

Since H’ is purely planar by the above developments, a plane wavel

solution to Eq. (16) is adequate. After taking the Fourier transform ofé

Eq-(l‘),tMSOIUﬁMiS I, I S TN '_i

.

. o
% " 2 Jave) s,xix)) Jon copup; - Qany

where g, is the plane wave Green's function for the duct. It, again, may’
be constructed by standard means and depends upon the impedance o
the duct walls and end planes. If, as in the experiment, it may
assumed that the walls are hard, the open end is Iik%?n open en
organ pipe and the nozzle end behaves like a hard wall,”* an especiall
simple form for g , emerges. It is

sin k(&-xo-x) - sin k(&-xo-l-x)
& - "21Kk A cos k1

(18)
sin k(&+xo- x) 4+ cos k(xoo 4+ x)

& © T ZikA cos ki x2x

Since all terminations and walls were assumed perfectly reflectl‘-g, Eq,
(18) contains resonances of infinite magnitude. It is not hard to show
however, that Eq. (18) is valid around the troughs even when the wallq
are nearly perfectly reflecting. Equation (18) will be used, th?-efore,
away from the resonance frequencies. i

1
!
!
!
!
|
'
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Finally, the linearized, low Mach number form of the equation of ,
state, Eq. (5), using Eq. (6) becomes

’ .
P"po(“'-g% ) ‘

+
P, " po(ﬂm 1wcpm)

Using this with Egs. (15) and (17), the final relation for the pressure
transform becomes

1 2 |
P = 5,k [ )+ o) 1P fax, g xx) [ar ()

1

=1 411 - a9)
t

The pressure fluctuation therefore consists of two superimposedfparts.!
1 is a local noise due to the local turbulence field. Il is a propagational:
sound, because of the appearance of . and is the sound pumped up by
the entire volume of turbulence. The frequency content of I is the:
frequency of the the square of the axial velocity fluctuation, and that.
of 1l is modified by 8y°

Now consider the construction of the cross spectral density of a
pressure at two different points, x; and x, . Using Eq. (19),

]

sI(xl) 1(x,) * sI(xl) (x) * sII(xl)I(xz) +SII(31)II(12)

. . r ) va »
Using the notation Tw(x) = (uyu, )w , it is seen

2 .
sI (xl) I(xz) = i'g ( IdA lfn(xl)x IdA Tm(x2))

t
o

But if x; and x are sufficiently separated there is expected no

correlation between T (x,)and T _(x, ) s0S1(xy) 1(x2)~0+On the other

hand if x; = x, so that an autosp&ctrum of t e pressure is considered
II is nonzero and is given by

2 s -
81 \Pf) IM(r.e) JMG.@) ‘Io*(x.r.e) Tw(x,:,‘g)

(20)




Investigation of the magnitude of Eq. (20) reveals that it is expected to!
be of order

i
1 1e G[s'ﬂ.‘ pg Ac:.or/A._] . !l

Similar manipulations on Sy (x )II(xp) Yield that even when'
)?] and x are separated there is correlation between the signals:due to
e fact t t Il corresponds to propagational sound. In fact :

. ) %
2.4 r ~ * ~ i
Su(xl)- 1(x,) =P K fdxo idxo gw(xl,xo)gw(ﬁ’xo) X 3
i
fdA(r.e>r*<x 1£,8) {dA(‘.E)r ERNO) (21>i
The point is that both xo andX o run from 0 to £ and where x X the T

values are correlated. Careful examination yields the or%er of

magnitude result
I

. 2 2
bII(xl) 11(x,) is [po k" Spp Voor ¥ 18] ‘]

Consxder x % so an autospectrum is being considered, and the ratio
of s ’.sn II ;
S cos ki A :
LI is cor
11 11 k2 Voor t o
The exact nature of this ratio depends upon the behavior of the:
correlation area and volume with frequency, but generally it is expected
that a) the propagational sound may dominate near resonance peaks .
(cos kt = 0) and b) away from resonance Sn will dominate sinée k¢
|s of order unity or larger but kV is roughly like
a wa/ca: (wa/u) (u/c) <<1 f'or lowcﬁach number flows with
turf:ufence centered about frequencies y a/u o 1, It may further be
shown that the cross terms Sy 1 and Syp 1 are small compared thhl
either Sy 1 or Sy1 11 Consequently, the situation is as follows: a) If "1
and x, are widely separated only 8y f"°""‘ be sensed by a cross:
spectrum of two pressure transducers, g) X, the auto spectrum
of the pressure will contain mainly S thh contamination bySyy 13 at
resonant frequencies and c) If enougﬁ information is available on the
spatial correlation of T, the pressure should be calculable.

It is argued that the pressure computed from Eq. (18) is a lower '
bound to the actual pressure. This conjecture is due to the retention of
only one term, the plane approximation, in H ’ . Actually, the Green's
function of Eq. (13) contains an infinite number of terms. However,
each term is somewhat uncorrelated with every other term because of
different transverse function weighting in the integration operation of
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Eq. (12). Consequently, the mean square pressure should consist of a.
sum of squared terms, the first of which is given by the solution asj
given here. Further work in completion of such a solution to mcludel
transverse dependence of g should be carried out.

I

Experimental !

The tube of Fig. 1 is 20 ft long, 2 inches in diamet and1
instrumented with flush mounted microphones and ho hlm
anemometers. Because (“1 Y Y is desired from the hot films, the
individual signals are first passed through a linearizer, then squared and«
then filtered .to remove the d.c. part. All signals are recorded on!
magnetic tape for later Fourier analysns. ' !

The nozzle for most runs has a contraction ratio to give an
average Mach number of 0.1 at the entrance plane. To msure fully.
developed pipe flow by this station measurements were made of the'
mean velocxty and axial turbulence intensity. MSe measuremepts are
shown in Fig. 2 and are compared with Laufer's™" pipe flow data. The
axial extent of the fully developed flow was not determined.

First consxder the pressure auto spectrum shown in Fig. 3. The
pressure is here being measured 2 inches upstream of the nozzle. The
spectrum consists of a broad band noise on which thete are
superiimnposed weak resonance peaks at the 1/4 wave resonance points!
(here 15, 40, 70; etc. Hz). This is the situation expected from the theoryi
above. Figure 4 displays the cross spectral density magnitude between'
two microphones placed 8 inches apart. Clearly what has been done is to;
suppress S} (x , as expected, and to reveal only the
propagationa sbzmb zﬂ\ese observations are in accord with theg
qualitative expectations from theory; the question now is the,
quantitative agreement. l i

To see if the pressure is calculable, what is needed for Syy is}
given in Eq. (20). Using the cylindrical coordinate system of Fig. 5, thls
becomes z

2a @2(9Dt|e) ! ’

Sip™ f“("e’ Idpjdn 82(r,0) T(r,08,p, ) ~
0 @ (pyr,0) |
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While axial symmetry helps somewhat, this still requires an enormous:
number of cross spectral densities of space separated hot films to!
obtain accurate numbers. Accordingly, an approximate procedure is!
used. A representative r, point is taken as r = a/2 6 =n /2 and a fixed!
anemometer is placed at this point. A traverse of separation distance'
p = 0 to a/2 is taken with ¢, =n /2 and then a traverse o= 0 to 3 a/2 is:
made with ¢ = 3n /2 SI 1 is then approximated by nur‘\erical,

integration of the results. i
a/2 3a/2 '
o

S ~—2njs odp +Is odp
1™ A LR A A B Y S ‘

Shown in Fig. 6 is the behavior of S as a function of separation
distance, p , for various frequencies. As expected, the size scale over
which neighboring anemometers are correlated decreases with an
increase in frequency. Syp is then calculated by integration and the
result is shown on Fig. 3. It is seen that a) indeed a lower bqund is
produced for the broadband noise, b) the frequency content is roughly:
correct and ¢) this lower bound is about 10 dB lower than the.
experimental curve (that is, the theory under estimates the actual
linear rms pressure by about a factor of 3). ’ ‘3

S11 11 is more difficult to come by because there is an axial
integration also involved in Eq. (21). Looking at the auto spectrum,.
letting X, = Xo +(,and assuming the Green's function varies slowly.’
over the distance scale where the axial correlation of T drops to zero,
there results the approximation ' “

i

}
1

sn L” p:‘; k" Idxo s:(x,xo)gm(x,xo)-ldc IdA(r,e) X

J‘dA(p'v) s’l'(xo,r,e)'l‘(x°+ CsT46sp,9) !
¢
The difficulty here is that now S has a phase, dependent on ¢ ,
because of convection of disturbances.nl'lowever Sy111is real so that the
lr}tegrath;n mt cancbo el out all phase. C‘onsequently, only the real part
of S s above. A typical example of S {
is shown in Fig. 7. The above formula is estimtgﬁ't'e)r(*"*' C‘.r. ® i

[
1

e
8 .
-2 ( ALA 2
snn pok (po ) !l‘o* “o ."cor (22) '
|




where

&COI'

near the troughs in
the troughs, as ex|
estimate of SII .

frequency

and the integral is numerically computed from the data. This is Llearly
a rather coarse estimate, and, recall, the Green's function is not:
accurate near the resonance peaks. The calculation of Eq. (22) i

In the experimental configuration, the Syyterm is domina ng the
pressure fluctuation. Integration of the spectrum to yield t
squarc pressure is made difficult because ofthe Acor term in the order
of magnitude estimate below Eq. (20) .

would result. However, since Acor

‘ frequency, a dependence on U ‘to somewhat less than the fourth power"
would be expected. Checking this with nozzles of differing contraction
ratio, the result is shown in Table 1. ;

Scaling of Pressure Level with Flow Velocity

lV-A-lZ

0.
1 fanase gt

I.!'aqn No .L!..

i
-Is't(xo,r,e)'r(xo-b ¢, r, e)dc ‘

|

shown;
Fig. 3. Again, a lower bound is evidént and
are significantly down from the lower bound

1
IT

s?ed,

If Acor Were indepenTnt of
* |

<p'2> «

may be expected to fall with

Table |

(ft/sec)

Mass Weighted
Flow Velocity

Sound Pressure -5
Level (dB re 2x10”

n/mz)

112
162
214

108.5
111.8

The result is that

mthumbeengaimdismmderstmdngofthemawe
. . fluctuation generation by turbulence in an interior flow. Thls
understanding is semi-quantitative in the sense that a
the pressure field may be calculated from knowledge of

<p'2> = &3 , approximately.

Concluding Remarks
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correjations of the turbulence velocities. The next step would be to use
information on rocket motor turbulence, if available, together with an|
accurate calculation of g  as, for example, in Ref. (2), and to use these;
pieces of information to calculate pressure fluctuations in a rocket
motor cavity. The problem is that the necessary correlations are not;
available. While proggess is being made in calculation of the kinetic,
energy of turbulence’™" the spatial correlations necessary here do not
appear to be forthcoming. Consequently, current work is centering on
measurement of the necessary turbulence quantities in a tube as in Fig.
1 but with blowing from the side walls, to simulate a solid rocket
cavity.
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Figure tions ’
|

Fig. 1. Schematic drawing of the experimental configuration.

Fig. 2. Comparison of Laufer's pipe flow data with that oqwnedﬁ'
in the current experimental configuration. !
Fig. 3. Measured pressure spectrum at the wall and at the e;
entrance plane. Calculated contributions to the pressure fr. the!
velocity fluctuation data. }
Fig. 8. Cross spectral denslty between two microbhones !
separated by eight inches.

Fig. 5. Coordinate system for spacewise cross correlations of

velocity fluctuations and actual experimental points.

Fig. 6. Cross spectral density of transversely separated h&t film
anemometers for various frequencies. |

Fig. 7. Real part of cross spectral densities of axially separated
hot film anemometers for various frequencies. ‘
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