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FOREWORD 

This document presents the results of the experimental effort 

in the flameholder combustion instability study.  The work was carried 

out in accordance with the plan outlined in an NREC Proposal No. 959-161, 

entitled "Flameholder Combustion Instability Study". 

This report is the second of two volumes.  It contains the 

experimental approach, a description of the test rig and its instrumentation, 

the test plan and procedures, as well as the test data and a discussion of 

the results.  The first volume contains the results of the analytical effort. 

The work was carried out at Northern Research and Engineering 

Corporation under the technical direction of Dr. W. Jansen, with Mr. E. R. 

Norster assuming project responsibility.  Other major participants in the 

program include Messrs. G. E. Smith, A. E. Sotak, M. Platt, and J. A. Given. 

ill 
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INTRODUCTION 

The observed phenomenon of rumble, low frequency longitudinal 

augmentor instability, is described in the introduction of Volume 1 of 

this report.  However, it should be added that the physical aspects of 

the phenomenon, for example, the initiation process, mechanism and the 

effects of augmentor variables are far from established.  The underlying 

problem here is a lack of understanding of the unsteady heat-release 

process and its interaction with physical processes and the acoustic 

characteristics of augmentors.  The heat-release process is complex 

even in the case of steady-state combustion.  During unsteady conditions 

physical processes such as turbulent mixing and droplet vaporization may 

become more significant than chemical kinetics.  Those processes which 

are sensitive to pressure and velocity fluctuations will cause oscilla- 

tions to the heat-release rate during unsteady combustion.  The complexity 

of these factors necessitates some experimental as well as analytical 

investigation of the specific contributions they make to combustion 

instability.  "Ifti ot> j Sc't f ves of >he exp*e"r f rrientä"! study, described in 

this second volume, are therefore focussed on improving our understanding 

of these physical factors and providing qualitative and quantitative 

input to the analy'ical model under development. 

Specifically the study examines: 

1) The spaciaJ. and temporal variations of pressure and heat- 

release in a flameholder rig designed to simulate augmentor 

operating conditions. 

2) Some possible mechanisms for rumble under widely varying 

flow condi tions. 

3) The characteristic response of different flameholder con- 

figurations to longitudinal pressure disturbances. 

 -—«^—»»^——————« ___^J__J__^^_^___^__^illMaM>Ma^^,           „    



EXPEPI MENTAL APPROACH 

The experimental approach adopted in examining the physical 

parameters effecting longitudinal instability in augmentors was that of 

imposing a pressure pulse on a flameholder combustion rig designed to 

simulate augmentor operating conditions.  The main features of the flame- 

holder rig, which will be described in detail later, are shown in Figure 1 

and consist of: 

1) Fan and core stream section. 

2) Pulse generator section. 

3) Fuel injector and flameholder section. 

k)      Combustion observation duct. 

High response pressure and radiation transducers were located at various 

axial locations throughout the rig in order to record the transient 

pressure and hett-release characteristics due to the imposed pulse on 

the system.  In general each test consisted of establishing steady flow 

conditions while burning liquid or gaseous fuel, initiating a flow pulse 

and measuring the response (principally the longitudinal distribution of 

unsteady pressure) for a given geometry.  Test series were devised to 

examine parameters related to the following possible coupling mechanisms 

for instabi1i ty: 

1) Turbulent mixing. 

2) Atomization add vaporization. 

3) Fuel-air distribution. 

k)      Unsteady shear flow. 

5)  Blowout and relight. 

Although complete isolation of different mechanisms is not possible 

in practice, the approach in this study consisted of separate groups of tests 

which focussed on individual mechanisms to as great an extent as possible. 

The basis for examination of the possible mechanisms of instability is 

described in the following section. 

TURBULENT MIXING 

Turbulent mixing is known to be a dominant mechanism controlling 

the spread of the flame from the flameholder during steady combustion 
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(Ref 1).  The influence of this mechanism on the unsteady heat release 

rate through its effect on the distribution of burning is also significant. 

The importance of mixing on the unsteady heat release depends on the 

sensitivity of the mixing rates (of burned and unburned mixtures) to the 

fluctuations in pressure and velocity. To eliminate droplet effects the 

turbulent mixing mechanism was examined predominantly with premixed 

natural gas.  Parametric variations in flameholder geometry, upstream 

pressure, velocity, fuel/air ratio were investigated. 

ATOMIZATION AND VAPORIZATION 

In typical augmentor fuel injection systems, the principal source 

of atomizing energy is the approaching gas stream velocity. Consequently, 

the atomization quality (droplet size and distribution) is greatly In- 

fluenced by flow conditions.  The droplet vaporization rate is strongly 

dependent on the initial droplet size, flow conditions and particularly 

temperature.  It is apparent that perturbations in the flow conditions can 

drastically affect the character of the mixture entering the flame region 

and consequently the heat release rate.  This effect is particularly 

significant in the case of the comparatively low temperatures that exist 

in the fan stream.  This possible mechanism was examined by introducing 

liquid fuel at different distances upstream of the flameholder through 

various injector arrangements.  Parametric variations of initial spray 

quality, temperature, fuel-air ratio and flameholder geometry were inves- 

tigated. 

FUEL-AIR DISTRIBUTION 

Combustion instability in augmentors is not only dependent on the 

mean value of fuel-air ratio in the flame region but also on the dis- 

tribution about the mean value.  The importance of this aspect in produc- 

ing low frequency pressure oscillations is well illustrated by the work 

of Lewis (Ref 2) and also turbofan rumble is apparently responsive to 

fan-core stream fuel distribution changes.  This mechanism was investigated 

through selective liquid fuel tests at different values of injector-to- 

^mm.„ 
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flameholder spacing, and also through supplementary tests with combined 

local and premixed gas injection. 

UNSTEADY SHEAR FLOW 

The fan and core streams presented to the augmentor of a turbofan 

engine may differ greatly in temperature and velocity and therefore dras- 

tically alter the mixing rate in the vicinity of the interface.  At the 

interface mixing and distribution of fuel upstream of the flameholder will 

be significantly different than at other locations as will be the burning 

rate downstream of the flameholder.  The stability or sensitivity of this 

possible mechanism of flow perturbations is unknown and warrants investi- 

gation.  Tests with controlled nonuniformities in temperature and velocity 

were conducted through different temperatures of the core stream and 

different mass flows in fan and core streams. 

BLOWOUT AND RELIGHT 

This mechanism corresponds to a case where adjacent flameholders 

are located in parallel streams during different flow conditions, for 

example the core and fan streams of a turbofan engine augmentor.  A flow 

pulse of sufficient magnitude could blow out the flame on the fan stream 

flameholder without significantly affecting the core stream flame.  The 

combustible mixture in the tan stream would not ignite until it had 

proceeded downstream sufficiently to contact the adjacent flame.  The 

subsequent ignition of this mixture would cause a pressure pulse which 

would allow the flame to propagate back upstream to the flameholder. 

This could be observed as a transient "Iifting-off" of the flame from 

the flameholder.  This possible mechanism appears to be a likely candidate 

as a source of rumble. A series of tests was conducted with increasing 

fan stream pulse amplitude until fan stream blow-out occurred while 

attempting to maintain burning on the core stream flameholder.  Para- 

metric variations of flow conditions and fuel/air ratio were investigated 

with a specific flameholder geometry. 

••—•ii 



DESCRIPTION OF RIG AND INSTRUMENTATION 

Rumble is a special type of combustion instability that occurs 

in certain turbofan engine augmentors when operating at high altitude and 

low flight Mach number conditions.  Augmentor pressures over which rumble 

occurs range from 7-6 to 16 psia with fan and core stream temperatures 

close to 220 and 1,250 deg F, respectively.  Generally at these conditions 

the onset of rumble coincides with augmentor fuel flows corresponding to 

approximately 0.0*» over-all fuel-air ratio.  Also rumble appears to be 

sensitive to geometric alterations of the fan stream flameholder and the 

fuel distribution between fan and core streams. 

Two basic requirements of the experimental investigation are 

therefore a test rig which simulates adequately the relevant conditions 

existing in augmentors exhibiting rumble and instrumentation sufficient 

to measure the important performance variables.  These requirements and 

the approaches used to satisfy them are discussed below. 

FLAMEHOLDER TEST RIG 

To satisfy all the above requirements ideally it would be necessary 

to confine testing to intermediate and actual size augmentors.  Provided 

the operating conditions are representative, however, the requirement 

for a full-scale duct is not critical for the study of unsteady heat 

release in the low frequency range predominantly associated with longitu- 

dinal waves.  The approach adopted therefore is the flameholder rig design 

illustrated in Figure I. 

The test rig consists of four main sections:  fan and core 

stream section, pulse generator section, fuel injection and flameholder 

section, and combustion observation duct.  During normal operation both 

fan and core stream inlets are supplied with separately measured air 

flows from a Solar gas turbine driven compressor.  The upper core portion 

of the section contains one Pratt £ Whitney J60-P3A combustor liner with 

suitably adapted fuel injector and igniter.  Burning JP-5 fuel the com- 

bustor provides an efficient and uniform supply of core gas to the 
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downstream pulse generator and subsequent working sections.  Core stream 

temperature is indicated by an exhaust thermocouple in the upper 8-inch 

by 3"inch rectangular exit from the section.  The lower portion of the 

section contains suitable transition ducting to convey the fan air from 

the 6-inch circular inlet to the lower 8-inch by 3"inch rectangular exit. 

The over-all arrangement is illustrated in Figure 2 and extt details are 

shown in Figure 3- 

The pulse generator section shown in Figure k   is a symmetrical 

rectangular flanged section 16 inches long which attaches to the exit 

flange on the fan and core stream section described above.  The upper 

8-inch by 3"inch core stream passage is separated from an identical lower 

fan stream passage by a splitter plate which extends the entire length of 

the section.  The pulse generator mechanism is essentially a set of eight 

movable vanes mounted in carbon bushes.  The size and location of the 

vanes are such that synchronous rotation of each vane presents uniform 

closure of the passage and virtually complete blockage after 90 degrees 

rotation.  The vanes are positioned and synchronized with the aid of a 

rack and adjustable pinions attached to the stub shaft of each vane. 

Linear movement of the rack is accomplished through a high response 

servo-valve operated hydraulic actuator.  Both fan and core stream 

passages have identical pulse generator mechanisms which may be operated 

simultaneously or independently through electronic control signals to 

the servo-valves.  Additional details of the pulse generator assembly 

are shown in Figure 5- 

The fuel injection and flameholder section shown in Figure 6 

is essentially a slightly tapered rectangular section duct approximately 

22 inches long.  After the 8-inch by 6.6-inch inlet section the upper and 

lower walls gradually taper so as to produce an 8-inch by 5-inch section 

close to the exit.  The upper, lower, and side walls are constructed in 

the main of dettachable panels to allow easy removal of gas and liquid 

fuel injectors and also the different flameholder assemblies required in 

the test program.  Simple multinozzle spray bars, of the required fuel 

flow number, for fan and core streams, are mounted from side panels.  The 

local gas injection tubes are mounted on upper and lower panels as 

illustrated.  (Premixed gas injection tubes are located well upstream at 

, — — -,   



the entrance to the fan and core stream section.)  During liquid fuel 

injection tests the local gas injection assemblies are replaced with 

blank panels.  A large observation window is located in one side wall 

between the fuel injection and flameholder sections to allow spray 

patterns to be observed under normal operating conditions.  The flame- 

holder assembly is normally secured to an upper mounting panel by rods 

attached to the flameholder.  Additional support is provided through 

location holes for these rods in the lower panel of the duct.  A gas 

supply for torch ignition of the flameholder passes through one support 

rod into the recirculation region of the flameholder.  Ignition of this 

gas is accomplished with a high voltage electrode suitably positioned 

in the side panel of the section.  Figure 7 shows the fuel injection and 

flameholder section in the assembled test rig during torch operation. 

The combustion observation duct (Fig 8) is a rectangular duct 

22.5 inches long, similar in cross-section to the fuel injection and 

flameholder section described above.  During normal operation of the 

test rig assembly the observation duct is flange connected to the 

flameholder section and conveys the burning mixture to a water cooled 

exhaust section of the facility.  The construction of the duct is such 

that four windows may be mounted in each side wall allowing combustion 

to be observed from the flameholder to a point 16 inches downstream. 

Five equispaced mounting bosses are located on both upper and lower 

walls of the duct to faoilitate installation of pressure and radiation 

transducers.  Figure 9 shows combustion throughout the observation duct 

during normal operation with local gas injection.  The over-all arrange- 

ment of the component parts of the test rig is shown in Figure 10. 

To allow maximum coverage of operating conditions the test 

facility (Fig 11) provides for subatmospheric and superatmospheric 

pressures in the flameholder rig.  In the subatmospheric mode of 

operation the rig is evacuated through an air driven ejector.  Within the 

limits of air flow available flameholder approach velocities between 250 

and 300 feet per second are attainable at pressures down to 8 psia.  With 

direct blowing of the rig velocities from 200 to 350 feet per second in 

   *—. 
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both   fan  and core streams and  flameholder pressures  up  to  1.5 atmospheres 

may be obtained.       To avoid problems with  the operation of  the pulse 

generator,   core combustor exhaust  temperature  is   limited  to  1,100  deg  F 

for continuous operation and   1,250 deg F for short  periods of time.     The 

available  test  rig air flow rates over both  subatmospheric and  super- 

atmospheric operation pressures  are shown   in  Figure  12. 

DESCRIPTION OF   INSTRUMENTATION 

The main objective of  the  test program was   to   investigate  the 

unsteady pressure   response characteristics of the  flameholder  test  rig 

using conventional   high  response pressure  instrumentation.    The  flame- 

holder test  rig was  also  instrumented with  steady-state pressure,   tem- 

perature,   and  flow  instrumentation  to permit  continuous  evaluation of  the 

basic operating conditions   throughout  the  test  program.     Much of  this 

steady-state   instrumentation   is   required  to define  the  flow conditions 

(both   fan  and core streams)   entering  the  flameholder  rig. 

Steady-State   Instrumentation 

Figure   11   illustrates  schematically  the major   items of steady- 

state  instrumentation   in  the  flameholder  rig and  test  facility.     Air 

flow  from the Solar gas  turbine driven  compressor  is  controlled and 

metered  through  two separate supply  lines  to the  fan ana core stream 

section   inlet.    The air flov  is  measured by  individually sized orifice 

plates with appropriate  temperature and pressure  tappings.     Pneumatically 

actuated  flow control   valves  are operated  through  separate servo-control 

systems   in  the test cell   control   room.     Core and  fan stream temperature 

and pressures  are measured with chromal-alumel   thermocouples  and 

manometers at  the   inlet  to the pulse generator section.     Additional 

pressures  and  temperatures  are monitored   in  the downstream sections of 

the  rig.     Temperatures  are  recorded on a  Doric Model   A60A  indicator 

incorporating manual   switching. 

The JP-5   liquid fuel   flow to the core combustor  is measured  by 

a  Fischer Porter  flow meter and controlled via a  needle valve  and pressure 

gauge.     Flow   isolation   is  accomplished with  a  solenoid operated shut-off 
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valve located close to the core combustor fuel injector.  Individual 

fan and core stream liquid fuel flows are similarly controlled but 

measured with calibrated Cox type turbine flow meters with digital 

indicators.  High perssure fuel is supplied to the system by a Denison 

vane type pump with a maximum flow capacity of 5 gpm at 1,000 psig. 

The premixed and local injection of natural gas is measured 

with separate fan and core Fischer Porter flowmeters.  The system is 

arranged to allow for separate or combined premixed/local gas injection. 

A separate tee line and metering valve provides a small gas supply to the 

flameholder for torch ignition. 

Dynamic Instrumentation 

The dynamic instrumentation consists essentially of seven 

high response PCB Piezotronic Model 112A21 pressure transducers which 

may be located at the various positions indicated in Figure 13-  Each 

transducer is mounted in a special water cooled adapter to avoid exceeding 

the normal thermal limits of the transducer.  The PCB Model 112A21 is an 

acceleration compensated transducer with built-in charge amplifier pro- 

ducing 50 mv/psi output.  Power for the transducers is supplied by a 

standard 12 channel Series 483A rack power unit with appropriate micro- 

cabling.  The pressure transducer output signals are transmitted via coax 

cable to preamplifiers for a Honeywell Model 5600C multichannel tape 

recorder.  As can be seen in the dynamic recording instrumentation 

layout (Fig 14) signals from the transducers may also be transmitted to 

the Model 104 preamplifiers of the Honeywell Model 2106 multichannel 

optical galivanometer Visicorder.  A Tektronics Model 504 dual beam 

oscilloscope is used to monitor the amplitude levels of signals and 

make appropriate gain adjustments prior to recording on the Honeywell 

56OOC recorder.  Playback of the recorded pressure transducer signals 

may be monitored on the oscillosope and additionally analyzed by a 

Hewlett Packard 3580A spectrum analyzer.  Hard copies of  the analysis may 

be prepared on the attached Hewlett Packard Model 7046A plotter. 

As indicated earlier, in addition to the above pressure 

instrumentation attempts were also made to record the unsteady heat 
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release rate through flame radiation probes.  Figure 15 shows the basic 

radiation probe built by NREC to perform these measurements.  The basic 

sensing element of the probe is a high response photodiode which, when 

subjected to appropriately filtered radiation from the flame (0.^3 microns) 

produces a signal proportional to the rate of heat released per unit 

volume.  The validity of the technique has been demonstrated previously 

(Refs 3 and k)   and probes of this type have been used to investigate 

rocket motor instability.  In this case, although the approach was not 

wholly satisfactory because of the low signal to noise ratio and signal 

interference, the results obtained proved to be particularly useful in 

showing the qualitative changes occurring locally in the flame. 

The final item of dynamic instrumentation to be described is 

the pulse generator control unit.  The electronic servo-controller system 

provides single shot actuation of the pulse generator with variable am- 

plitude, zero to full closure, and also pulse durations from 20 to 300 

milliseconds.  Figure 16 illustrates the essential circuitry of one of 

the two units employed for each hydraulic servo-valve on the fan and 

core stream pulse generator actuating mechanisms. 

10 
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TEST PLAN AND PROCEDURES 

As indicated earlier in the Technical Approach section, five 

possible mechanisms for rumble were considered of interest in this test 

program.  These mechanisms together with three configurations of flame- 

holder constitute the basic matrix of testing.  Incorporating the 

additional requirements for gas and liquid fuels, different injection 

schemes, various fuel-air ratios and velocities resulted in a schedule 

of eight different test series as indicated in Table 1. The simple 

Vee gutter flameholder assembly shown in Figure 17 was used for the 

preliminary rig shakedown tests and subsequently for test series 1 

and 8.  The preliminary configurations for the remaining flameholders 

are shown in Figure 18.  Testing with flameholder "A" was confined to 

the liquid fuel test series 5 and 6 whereas configuration "C" (double 

gutter) was extended to both liquid and gaseous fuels in series 2, 3 

and ~].     Final details of configurations A and C are shown in Figures 19 

and 20 respectively.  All flameholders were of practical size and 

arranged to present approximately 25 percent blockage in the flameholder 

section. 

Prior to conducting a test all steady-state and dynamic measuring 

instruments are checked for proper operation and adjustment.  Pressure 

transducer and radiation probe recording channels arc  calibrated at the 

appropriate gain settings.  After applying the required air flow to the 

rig the hydraulic supply and the electronic servo-controller unit for 

the pulse generator are switched on and checked out.  During this pre- 

test check-out the pulse generator amplitude and duration are monitored 

and appropriate pressure transducer signals recorded to establish correct 

operation of the system.  Typical recordings of the pressure pulses gen- 

erated are shown in Figure 21. 

All fuel pumps are switched on and cooling water flows and 

pressures adjusted before the core combustor air flow is set for light- 

off conditions.  Immediately after light-off of the core combustor, air 

flow and fuel flow adjustments are made such that the flow condition and 

temperature in the rig correspond to the desired operating conditions. 

11 
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Torch gas is applied, ignited and a pilot flame established on the flame- 

holder.  Operation of the dynamic recording instrumentation is again 

checked before applying the main fuel to the rig. When steady burning of 

the main fuel at the appropriate fuel-air ratio exists, the torch gas 

supply is turned off and readings of the pressure, temperature and flows 

recorded.  The dynamic instrumentation recording equipment is switched 

on and a command signal applied to the pulse generator.  The recording 

equipment is then switched off and the traces examined for appropriate 

response.  If necessary, the effect of pulse amplitude and duration on 

pressure response may be examined through adjustment of the servo- 

controller unit and repeat application of pulses.  The above procedure 

may be repeated at additional fuel-air ratios, various fan and core 

stream flows and different core stream temperatures depending on the 

requirements of the test series. 

12 
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TEST-DATA AND DISCUSSION OF RESULTS 

The test data for the eight series outlined in the schedule shown 

in Table 1 are tabulated in Tables 2 through 8.  All tests were performed 

near atmospheric pressure conditions and confined to the three basic flame- 

holder configurations--simple vee gutter, vee gutter with stubs and double 

vee gutter.  Fuel injection covered premixed and local gas injection and 

JP5 liquid fuel injection at 16 and 20 inches upstream of the flameholders. 

Spray bars were arranged with different sets of nozzles such that type 

"A" had considerably finer droplets than that of type "B".  The fan to 

core stream velocity ratio varied from O.k  to 1.3 for liquid fuel tests 

and values from 1.0 to 2.5 when gaseous fuel was used,  whereas core 

stream heating provided core to fan inlet temperature ratios from 1.7 

to 2.k  during the liquid fuel burning series no heating was used for the 

gaseous fuel test series.  It should be noted that during the liquid fuel 

series of tests the core stream fuel-air ratios were generally held lower 

than those of the fan stream in order to limit high temperature differences 

between upper and lower walls of the combustion observation section. A 

total of eighty-three tests are  reported. 

TEST SERIES 1 

These tests were confined to burning of natural gas with the 

simple vee gutter flameholder.  Tests were performed at three fuel-air 

ratios 0.31, 0.3*+ and 0.36 and covered fan to core velocity ratios 1.0, 

1.7 and 2.5.  The initial tests were carried out with premixed natural 

gas to establish a datum for the effects of turbulent mixing on com- 

bustion stability.  Subsequently, localized gas injection at 16 inches 

from the flameholder was also examined.  The use of gaseous fuel elimina- 

ted any effects of droplet vaporization in this test series. 

Because of the potential for "chugging" with a low pressure 

gaseous fuel injection system, it was expected that operation with pre- 

mixed natural gas would make that rig more sensitive to instability. 

However, it was not anticipated that this would occur over most of the 

premixed operating conditions of interest.  Figure 22 shows a typical 

13 

-• 
J 



trace of the unsteady pressure at pulse generator and rig exit together 

with pressure and radiation signals at the flameholder location during 

premixed fuel operation.  The operating conditions correspond to approxi- 

mately 0.03 fuel-air ratio and a fan to core velocity ratio of one.  At 

these conditions the burning was relatively smooth compared with all those 

at higher fuel-air ratios.  However, it can be seen that the introduction 

of a small pressure pulse (approximately 50 msec and low amplitude) induced 

a significant increase in the radiation and heat release rate and subsequent 

pressure disturbances at the rig exit. 

The more general unsteady pressure characteristics for premixed 

fuel injection are shown in Figure 23. At fuel-air ratios close to 0.03*+ 

a 30 HZ synchronous pressure oscillation dominates throughout the rig.  It 

can also be seen that a 400 HZ minor oscillation is present.  Pressure 

amplitudes between 10 and 15 percent were typically measured during these 

conditions.  At fuel-air ratios in the region of 0.036, severe pressure 

amplitudes (20-30 percent) limited operation of the rig to short periods 

of time.  Figure 2k   indicates a change in wave form of the 30 HZ pressure 

oscillation at the rig exit location during these more severe operating 

conditions.  It would appear that the behavior of the premixed system 

stems from the low impedance of the fuel injection arrangements, which 

is designed to satisfy a maximum available pressure of kO  psig.  The 

characteristics indicate "chugging" occurs at a frequency close to the 

first longitudinal mode of the system. 

Tests with localized gas injection, Table 2, covered approxi- 

mately the same fuel-air ratios and velocity ratios as those above for 

premixed injection.  In general, steady burning with localized injection 

was much smoother than premixed burning.  Figure 25 illustrates the 

typical levels of unsteady pressure and radiation on the rig.  It is 

apparent in the traces shown tfvit pressure and radiation at the flame- 

holder location are in good qualitative agreement and appear to be more 

responsive than previously.  Figures 26 and 27 show the effects of fixed 

amplitude short and long duration pulses while operating at fuel-air 

ratios close to 0.031 and with a fan to core stream velocity ratio of 1.0. 

\k 
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The effect of the pulse is similar in both cases bringing about an initial 

lowering of radiation or heat-release.  Subsequently bursts of combustion, 

from almost extinction levels, induce pressure oscillations which appear 

to have a characteristic frequency around 50 HZ.  In some instances sub- 

stantial pressure amplitudes (-1*8 percent) are generated at the flameholder 

locaiion and are seen to propagate upstream.  In the cases shown whereas 

the short pulse does not blow-out the flame the long pulse does so. 

Similar unsteady pressure characteristics are found at higher fuel-air 

ratios with generally higher pressure amplitudes.  Figures 28 and 29 

show the effects of increased fan to core velocity ratio.  Generally the 

unsteady pressure amplitude and radiation changes are higher than pre- 

vious and more irregular at the highest velocity ratio.  However, charac- 

teristic frequencies of 50 and 100 HZ are evident. 

A detail prevailing in all the above tests is worthy of note. 

In comparing unsteady radiation and pressure signals at the flameholder 

position it is evident that a positive value of unsteady pressure "^%b 

induces an increase in radiation or heat release.  The increased rate 

of heat release brings about a negative pressure pulse which then reduces 

the rate of heat release.  This cyclic characteristic of radiation and 

pressure is seen to be particularly dominant during the application of 

the main pressure pulse. 

TEST SERIES 2 

The second test series examined the effects of fuel-air ratio 

distribution and mixing on the characteristics of the double vee gutter 

flameholder.  Premixed and localized injection of natural gas were exam- 

ined together with combinations of both injection arrangements.  Variations 

in the amount of premixed and local fuel applied allowed significant 

changes in fuel-air ratio distribution at the flameholder to be studied. 

The general operating levels of fuel-air ratio and fan to core stream 

velocity ratio were consistent with test series 1 and are given in 

Table 3. 
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During premixed fuel injection, Figure 30, the unsteady pressures 

were similar to those found earlier with the simple vee gutter flameholder. 

However, the pressure amplitude of the 30 HZ oscillation was significantly 

reduced in comparison to the 400 HZ frequency oscillation.  The change 

observed is possibly due to a more significant contribution of transverse 

instability with the double vee gutter flameholder, since the space 

immediately downstream of the flameholder is relatively fuller with flame. 

Local fuel injection of natural gas produced much steadier burning than 

seen previously.  Figures 31, 32 and 33 show the effect of increasing a 

short pulse amplitude to the point of flame blow-out.  The characteristic 

frequency of pressure oscillations during these pulses is close to 100 HZ. 

Again the cycling between pressure and heat release, referred to in the 

previous discussion, is evident. 

The addition of approximately 50 percent premixed fuel to local 

fuel injection to give a mean fuel-air ratio close to 9<.034 with equal fan 

and core stream velocities, produced the results shown in Figure 34. A 

steady 100 HZ pressure oscillation is evident at the flameholder and up- 

stream positions.  The radiation is also more consistent than with local 

fuel injection alone and in the main corresponds to the pressure oscillation 

occurring. The application of nominal pressure pulses while operating under 

these conditions invariably resulted in flame blow-out.  During the appli- 

cation of higher proportions of premixed fuel, particularly with fan to 

core stream velocity ratios of 1.9» unusually rough combustion was en- 

countered. Figure 35 illustrates the severity of those conditions.  The 

radiation signals shown have been attenuated substantially but shew 

unusually high bursts of 17 HZ burning.  In constrast pressure oscillations 

at the flameholder and upstream are at twice the radiation oscillation 

frequency. The cyclic pres ;ure-radiation characteristics referred to above 

are  dominant in these results. 

TEST SERIES 3 AND k 

Both test series 3 and k  were confined to burning of JP5 liquid 

fuel with the double vee gutter flameholder.  The tests in series 3 were 
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performed with spray bar type "A" having low flow number nozzles to pro- 

vide fine initial atomization of the fuel.  Spray bar type "B" was set 

up with higher flow number nozzles for use in test series U.     The mean 

droplet size predicted for bars "A" and "8" was 60/u.and   100/* respectively 

at a fuel flow rate of *».3 lb/min.  It was expected that these differences 

in spray quality would effect not only the characteristic evaporation time 

of each injector but also the proportion of evaporated to liquid fuel 

arriving at the flameholder.  In both series tests were conducted with bars 

positioned at upstream and downstream locations corresponding to 20 and 

16 inches respectively from the flameholder.  Fuel-air ratios of approxi- 

mately 0.035 and 0.0U were examined for fan to core stream velocity ratios 

of O.'t and 0.7.  Core stream operating temperatures were maintained close 

to the 1500 deg R level. 

No significant difference was found in the unsteady pressure 

characteristics with spray bar "A" in the upstream or downstream position. 

The general characteristics were found to be similar to those of local gas 

injection as may be seen in Figure 36.  The application of short and long 

pulses induced the same cyclic pressure-heat-release effects noted above, 

although generally of a lower intensity.  Large amplitude short duration 

pulses normally induced flame blow-out as shown in Figure 37-  However, in 

some instances re-ignition burst would occur. As shown in Figure 38 the 

re-ignition normally occurred with positive values of flameholder unsteady 

pressure "&%fc , indicating the conducive effect this has on the heat 

release rate. 

Series h  testing with spray bar type "B" downstream exhibited 

considerably different unsteady pressure characteristics which may be seen 

in Figure 33-     During steady burning the radiation signal at the flame- 

holder location indicated a regular 160 HZ oscillation with superimposed 

^•0 HZ synchronous pulses.  The unsteady pressure oscillations at the same 

flame position was dominantly 80 HZ with superimposed high frequency of 

approximately h20  HZ.  Although data at higher fuel-air ratios was limited by 

pressure transducer failure in general the above unsteady pressure and 

radiation feature persisted.  In Figure kO   it can be seen that the appli- 

cation of short duration pulses do not effect substantially the flame 

radiation in contrast to previous observations.  Although in these 
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particular tests the pressure transducer at the flameholder position failed 

signals from the upstream transducer (close to the pulse generator exit) 

indicated substantial 40 to 60 HZ pressure oscillations induced by the 

pulse. 

TEST SERIES 5 AND 6 

Test series 5 and 6 both examined the characteristics of flame- 

holder type A, vee gutter with stubs, illustrated in Figures 18 and 19. 

Spray bar type "B" was used in test series 5 initially in the upstream 

position.  Subsequent tests were performed under similar operating con- 

ditions with the spray bar at the downstream location.  Operating con- 

ditions for these tests are tabulated in Table 6.  During test series 6 

spray bar "A" was also used at both locations and the operating conditions, 

shown also in Table 6, held closely to those of series 5-  Since previous 

fuel-air ratio adjustments had shown only marginal changes ir the unsteady 

pressure characteristics in series 5 and 6 a common mean fuel-air ratio of 

approximately 0.039 was maintained.  Fan to core stream velocity ratios of 

0.4, 0.7 and 0.9 were examined through adjustments of fan and core mass 

flows.  Core gas temperature for the lower velocity ratios was maintained 

close to 11+50 deg R and adjusted to approximately 1150 deg R for the high- 

est ratio. 

No significant differences were found in the unsteady pressure 

characteristics for the upstream and downstream location of the spray bars. 

Differences were found, however, on comparing the behavior of spray bar 

"A" with spray bar "B".  Figure 41 shows the general behavior of unsteady 

pressures and radiation for spray bar "B" for a fan to core velocity ratio 

of approximately 0.72. The flameholder pressure oscillations appear more 

random than previous and the radiation signal has relatively few intense 

regions.  The application of a long (400 msec) low amplitude pulse, 

Figure 42, indicates flameholder pressure oscillations more generally 

around 80 to 100 HZ. Amplification of these characteristics is evident 

in Figure 43 with the application of a higher amplitude 400 msec pulse. 

Flameholder radiation bursts appear to follow the more severe pressure 
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excursions.  Shorter duration pressure pulses, 100 anJ 200 m^ec, Figures 

44 and 45 respectively, introduce no significant changes in these unsteady 

pressure characteristics. 

In contrast the operation of the same flameholder with spray bar 

"A" (fine spray) at the same conditions has regions of higher radiation 

and appears to be more sensitive than the above case.  The application of 

a short duration pulse, Figure 46, induces an immediate increase in heat 

release and subsequent pressure oscillations. With increasing pulse ampli- 

tudes, Figures 47 and 48, a substantial 50 to 60 HZ flameholder pressure 

oscillation is induced together with similar bursts of heat release.  It 

would appear therefore that the vee gutter flameholder with stubs is some- 

what sensitive to mixture preparation. 

TEST SERIES 7 

In test series 7 the double vee gutter flameholder was examined 

for the effects of unsteady shear and possible blow-out and re-light.  In 

the case of unsteady shear a range of fan to core stream velocity ratios 

from 0.45 to 1.36 was examined through variations in fan fnd core mass 

flow and also core temperatures of approximately 1450 deg R and 1050 deg R. 

Fuel-air ratios were maintained close to 0.038 through and only spray bar 

type "A" was used at the downstream location. 

The effects of a 75 msec fan stream pulse on the unsteady 

pressure and radiation characteristics are shown in Figures 49, 50 and 

51 for velocity ratios of 0.45, 0.76 and 0.98 respectively. The core gas 

temperature was approximately 1450 deg R and the mean fuel-air ratio 0.038. 

It can be seen that the pulse in addition to producing a sudden change in 

radiation or heat release rate induces substantial pressure oscillations 

at the flameholder position.  Significant amplitude low frequency oscil- 

lations 25-30 HZ persist sometime after the pulse while higher frequency 

60-80 HZ pulsations are evident during the pulse transient.  Significant 

bursts of radiation are also present during the initial transient, cor- 

responding in most instances with the dominant pressure oscillations. 

At the lower core operating temperature of 1050 deg R and the extended 
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fan to core velocity rv.Jos listed in Table 7, the low frequency charac- 

teristics of the flameholder pressure oscillations are still evident, 

Figures 52, 53 and 54.  Higher frequency oscillations are not immediately 

apparent and radiation bursts are limited. No sustained oscillation is 

evident in these tests. 

Of the flow conditions listed in Table 7 only the highest 

velocity ratios 0.98 and 1.36 appeared to present suitable conditions 

for blow-out and re-light. At conditions corresponding to Test no. 67 

a generous 100msec pulse produced the result shown in Figure 55«  Although 

re-light could not be sustained it is apparent that a significant flame- 

holder pressure oscillation of approximately 45 HZ supports re-ignition 

of the flame as indicated by the corresponding radiation bursts shown. 

At conditions corresponding to Test no. 70 the result shown in Figure 56 

was obtained.  Here the flameholder pressure oscillation decays more 

quickly than that shown in Figure 55 and, although an erratic burst of 

radiation is apparent, no sustained re-ignition occurs.  Under similar 

conditions a pulse of much larger amplitude was applied with the result 

shown in Figure 57^ Whereas a pressure oscillation of approximately 55 HZ 

is sustained during the pulse transient no bfow-out occurs at the effective 

time and it is evident from the rig exit pressure build-up that an unstable 

situation is approached very quickly. 

TEST SERIES 8 

The final test series was conducted with the simple vee gutter 

in order to complete the examination of atomization and vaporization on 

all three flameholder configurations. Type "A" spray bar was employed 

at both upstream and downstream locations and generally fuel-air ratios 

of 0.035 and 0.04 were examined.  The velocity conditions were those 

previously used for atomization and vaporization tests and the test data 

acquired is given in Table 8. 

No significant differences were evident due to changes in fuel 

injection distance and the normal steady burning characteristics were 

typically those shown in Figure 58.  Flameholder pressure oscillations 
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of approximately 200 HZ were generally evident and reflected the high 

frequency of radiation signals.  During the application of short-low 

amplitude pulses substantial increases in radiation or heat release 

were apparent and resulted in significant pressure pulses at the rig 

exit, Figure 59.  With increased pulse amplitudes in the fan stream, 

Figure 60, substantial low frequency transient pulses were apparent 

in the flameholder region.  The frequency of these pulses ranger) from 

30-50 HZ generally.  Application of various pulses simultaneously in 

both fan and core streams induced similar effects as shown in Figures 

61 and 62.  Subsequent to the passage of the pulse it can be seen that 

bursts of radiation correspond to the cyclic characteristics of the 

flameholder unsteady pressure. Again it is apparent that positive 

values of unsteady pressure pulse induce an increase of radiation or 

heat release. 
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SUMMARY OF OBSERVATIONS 

The experimental part of the Flameholder Combustion Instability 

Studies has examined partially the effects of turbulent mixing, fuel-air 

ratio distribution, fuel atomization and unsteady shear flow on the un- 

steady pressure and flame radiation characteristics of three basic flame- 

holder configurations.  The observations summarized below are limited to 

those found at near atmospheric pressure conditions in a rectangular 

augmentor simulation rig. 

1) Mixing and unsteady pressures affect significantly 

local combustion heat-release ratios.  Regions which 

are locally fuel rich are seen to undergo particularly 

large heat-release changes when subjected to pressure 

oscillations and offer a possible mechanism for sus- 

tained pressure fluctuations. 

2) Changes in mixture distribution which tend towards 

more uniform burning conditions, appear to make the 

system more susceptible to instabilities. 

3) The introduction of pressure pulses are seen to 

cause ringing and pressure oscillations of various 

frequencies which tend to couple with combustion. 

However, no sustained oscillations were evident in 

the normal range of operating conditions. 

h)     Larger proportions of droplet burning, as evident 

in comparisons of spray bar A ana B, appear to 

attenuate the effects of unsteady pressure on 

heat-release.  The vee gutter with stubs appears 

to be more susceptible to these effects than the 

other flameholders examined. 
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5) All flameholder configurations indicated the presence 

of low frequency unsteady pressures, 40 to 60 HZ when 

subjected to pressure pulses. This was particularly 

evident at high fan to core velocity ratios where 

unsteady pressure amplitudes were invariably larger 

than at lower velocity ratios. 

6) Although some instances of blow-out and re-light were 

observed over the limited range of conditions examined, 

this phenomena could not be sustained. 
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TABLE I 

TEST SERIES SEQUENCE 

Test Injector Posi tion/ 
Series Flam«holder Fuel Injector Type Core/Fan RemarKS 

1 VEE PREMX GAS US/TUBE Cold/Cold PREMIXED GAS 

1 VEE GAS DS/I Cold/Cold LOCAL INJECTION 

2 C PREMX GAS US/TUBE Cold/Cold PREMIXED GAS 

2 C GAS DS/I Cold/Cold LOCAL INJECTION 

2 C GAS US/TUBE.DS/I Cold/Cold COMBINATIONS 

3 C LIQUID US/A Hot/Cold ATOMIZATION AND 
VAPORIZATION 

3 c LIQUID DS/A Hot/Cold ATOMIZATION AND 

C       LIQUID 

C       LIQUID 

US/B 

DS/D 

Hot/Cold 

Hot/Cold 

VAPORIZATION 

ATOMIZATION AND 
VAPORIZATION 

ATOMIZATION AND 
VAPORIZATION 

A 

A 

LIQUID 

LIQUID 

DS/B 

US/B 

hv-t/Cold 

Hot/Cold 

ATOMIZATION AND 
VAPORIZATION 

ATOMIZATION AND 
VAPORIZATION 

6 

6 

A 

A 

LIQUID 

LIQUID 

US /A 

DS/A 

Hot/Cold 

Hot 'Cold 

ATOMIZATION AND 
VAPORIZATION 

ATOMIZATION AND 
VAPORIZATION 

LIQUID 

LIQUID 

VEE      LIQUID 

VEE      LIQUIO 

DS/A 

DS/A 

DS/A 

US/A 

Hot/Cold 

Hot/Cold 

Hot/Cold 

Hot/Cold 

VARIOUS VELOC- 
ITIES AND 
TEMPERATURES 

VARIATION OF 
PULSE 

SIMILAR TO 3 

SIMILAR TO 3 

Series 1 - Turbulent Mixing 

Series 2 - Fuel/Air Distribution 

Series 3 - Automization - Vaporization 

Series k  -  Atomization - vaporization and Fuel-Air Distribution 

Series S - Atomization - vaporization 

Series 6 - Atomization - vaporization and Fuel-Air Distribution 

Series 7 - Unsteady Shear and Blow-Relight 

Series 8 (6 £, 3) - Atomization and Vapori zation/Flameholder Configuration 
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Fan SuppIv VaIve 

Combus tor 

Core 

Fan 

a.  Inlet fan/core section connected to air supply 

Fuel Injector Ign i tor Combustor 

Core 

. Fan 

b.  Side view ot: inlet fan/core section 

Figure 3.  lest Rig Inlet Fan/Core Section 
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Vanes 

Actuator 

• 

a.  Core stream vane and actuator assembly 

Vanes 

b.  Vane assembly with rack and pinion grive 

Figure 5.  Pulse Generator Vane Assembly 
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— w   • i mm^m 

igure 7.  Fuel Injection And F1. ineho I der Section 
(Torch Operotion) 
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Instrumentation Bosses 

Wi ndow Blank 
Plates 

Wi ndow Bezels 

Figure  8.  Combustion Observation Section 

39 

  -«•limn i .^.^—:.,. .-..-.._••, ^^.^  



Figure 9.  Local Gas Burning in Observation Section 
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Figure 10.  Combustion Test Rig Assembly 
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