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OSCILLATORY INJECTION OF GASEOUS FUEL INTO A DUCTED AIR STREAM

Fan Wen-Li*, E.Hendricks®**®, S Sivascgaram and J.H.Whitelaw

t of Mechanical Engincering
Impcrial College of Scicnce Technology and Medicinc, London SW7 2BX, UK

*Chung Shan Institute of Science and Technology, Lungtan, 32565, Taiwan, ROC
“*Naval Ocean Systems Center, San Diego, CA 92152, USA

ABSTRACT: Oscillation of fuel composition in ducted air flows with oscillatory injection of gaseous
fuel was studicd using temperature difference as scalar in flows involving radial injection of an oscillatory
fuel jet and radial and axial injection of a steady air-fuel jet with oscillatory foel composition into & ducted
air stream. Local measurements of mean and oscillatory velocity and scalar in turbulent flow were cammied
out with flow rates, frequency and amplitude of imposed oscillations as variables. The decay of the
oscillation of the scalar was faster than that of mean velocity and mean scalar, and attenuation was
strongest in the shear layer. Flow past a bend attenuated oscillations by around 40 % and past a bluff-
body downstream of a jet resulted in faster decay of oscillations than in flows without a bluff-body. The
influences of frequency in the range between 100 and 220 Hz and mass flow ratio of cross flow to jet
between 5 and 15 on attenuation of oscillations was small.

1. Introduction

Periodic variaticn in the composition of an air-fue! mixture, although not always desirable in combustion
equipment, has uscful applications as, for example, in active control of combustion-driven oscillations in
premixed flames (1-4]. Oscillation of the fuel composition so that the oscillatory heat release is out of phase
with the combustion-driven oscilfations results in their attenuation and may be achieved by oscillatory injection
of part of the fuel into the combustor duct or into a secondary air stream entering the combustor duct upstream
of the flame-holder {3,4]. Effective control depends on the amplitude and coherence of the oscillatory heat input
and the present study is concerned with the attenuation of oscillation of fuel in flows of relevance to active
control. The oscillation of fuel composition is quantified in flows comprising an oscillatory jet of gaseous fucl
injected radially into a wbe carrying secondary air and radial and axial injection of a nearly steady secondary air-
fuel mixwre with oscillating fuel composition into the main duct carrying air. The effects of a bend in the
secondary air ubc and a bluff-body located downstream of the secondary air-fuel jet are also quantified. Fuel
concentration was rcplaced by temperature difference as scalar in the measurements which include the mean
velocity and scalar and their fluctuation at the imposed frequency. The absolute temperature difference between
the fluid streams was around 10 % s0 that the effect of variation in density was negligible.

2. The Experimcrual Set-up and Measurement Techniques

The flow scetions of the geometries of Fig. 1 were of nonconducting matcerial. The jet of cold air (hereafier
referred 10 as fucl) emerged from a 2 mm orifice in the fuel receiver of geometry 1a and was oscillated by 8
needle-valve mounicd on a 300 W vibrator whose displacement varied directly with input voltage from a power
amplificr and inverscly with the square of the frequency. The frequency of oscillation of fusl was limited to
around 200 Hz since higher frequencies implied small amplitudes of oscillation of the fuel jet. In geometries 1b
and Ic, the 2 mm fuel jet entered radially into a tube of diameter 7.4 mm with a straight upstream length
exceeding 100 diameters to ensure fully developed flow of secondary air with mean semperature up o 45 degC
higher than that of the fuel. The tube legth downstream of the fuel jct was straight in geometrry 1b and had »
bend of radius 25 mm in geometry 2c. In geometry 14 the secondary air-fuel jet entered the main duct of
diameter 80 mm coaxially and in geometry le radially at the wall. Mcasurements were also made in geometries
14 and le with a 40 mm flame-holding disk downstream of the inlct of the secondary air-fuel mixture. The
mean flow rates of the fuel, secondary and main air of up to 0.015, 0.18 and 2.7 kg/min, respectively, measured
by calibrated float-type flow meters, were associated with mass flow ratios of jet 1o cross-flow between S and 15
and Reynolds numbers up to 25 000 in the secondary air tube and 40 000 in the main duct, corresponding 0
turbulent flow conditions comparable with those in the active control mcasurements of refs [3.4).

Hot-wire ancmomciry was used to quantify mean and rms velocitics in geometries 1a and 1b. Spectrum
analysis of the amplified hot-wire signal yielded the amplitsde of the fluctuating component of velocity at the
imposed frequency. The rms of the fluctuating component at the imposed frequency was less than 2 % of the
mean velocity comparcd wiih turbulence intensity of ordes 4 % a1 the cxits of geometries 1b and Ic due 1o the
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Fig. 1: Flow Arrangements

small ratio of fuel to sccondary air and damping, and mean velocitics were measured using Pitot tubes in
geometrics 1b to le. Temperature was mcasured using a calibrated cold-wire resistance thermometer. The rms
temperaturc at the imposcd frequency was obtained by spectrum analysis of the temperature signal in preference
1o using probability density distributions obtained by ensemble averaging because of the shorter sampling period
and beucr precision in the presence of large amplitudes of incoberent fluctuations. The amplitude was
derermincd by subuacting the spectral power at the imposed frequency from that in the sbsence of imposed
oscillations and was subject (¢ experimental uncertainly within 5% in flow arrangements 1b and 1c and around
10 % in 1d and le associatcd with smaller amplitudes and incoherent oscillations. The smplitude of oscillations
across a flow section is quantified by the normalised spatial average of the rms,
‘afpU8dA/m;

where U is the mean axial velocity, p is the density, § is the rms of the oscillation in temperature, t, normalised
by the wmperature diffcrence, AT, between the secondary air and fucl and my is the mass flow rate of fuel.

Repeawbilty was within the limits of experimental uncertainty and further details of the measurement techniques
and expcrimental precision are available in ref. [5)

3. Resulis

Vclocity measurcments at the exit of the arifice of geometry 1a conflirmed that the amplitude of fluctuation
of the jct velocity was directly proportional to the vibrator input vollage and inversely proportional 10 the square
of the frequency. The fluctuating velocity signal at 120 Hz was sinusoidal for a travel of the needle valve of up
10 0.48 mm, estimaicd on the basis of the characteristics of the vibrator, at which the velocity fluctuated
betwecn 2cro and twice the mean valuc. The results of Figs 2 to 6 are for geometries 1b to 1d and s mean fuel
flow raic of 0.01S kg/min oscillated at 120 Hz with an amplitude of 0.015 kg/min, and secondary and main air
flow rates of 0.15 and 1.35 kg/min, respectively, with secondary air icmperature 30 degC higher than that of the
fuel and main air a1 15 °C. Some measurcments were carried out, especially at small amplitudes of oscillation,
with 8 emperature difference of 45 degC.

Figure 2 shows typica) distributions of mean velocity and mean and rms of the passive scalar at the
imposcd frequency in Lhe exit plane of gcometry 1b along two onhogonal diameters for two values of
downsucam tube length. The asymmelry of the exit velocity and oscillatory scalar profiles in the vertical plane
for the shorier wbe are due 10 the radial jet in cross flow and the more developed flow in the longer duct shows
greater symmetry. The amplitude of the oscillations decreases sharply in the vicinity of the wall due 1o the
larger radial gradicnt in phase caused by the boundary layer. The overall atenuation of the oscillation is,
however, small as may be seen from Table 1 since the phase difference between the mean flow at the point of
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injection and the exit of the longer tube is less than half a cycle. The amplitude of the oscillation at 220 Hz
was sbout 3% less. The difference in amplitude is, howeves, small and of the same arder of magnitude as the
experimental uncertainty. The exit velocity profile for geometry Ic in Fig. 3 shows the effect of the bend

associated with a centripetal acceleration of the order of 105 m/s2 and the attenuation of the oscillation by
around 40 % was mainly due 10 the the large gradients in velocity and phase caused by the reversed flow region
along the inner sidc of the bend. The influence of the amplitude of oscillatory input and mass flow ratio of
secondary air © fucl on attenuation was also small for the range of flow conditions examined.

The use of flow smoothing screens upsiream of the secondary-air fuel jet resulted in & nearly uniform mean
velocity distribution in the main air flow in the exit plane of the secondary air-fue! jet in geometry 1d. Figure 4
shows radial profilcs at three stations and axial profiles of the mean velocity and mean and rms scalar. The rates
of decay of the mean jet velocity and scalar are in accord with those for urbulent jets and the imposed
oscillations in the jet were 100 small (o influence the spreading of the jet. The slight asymmetries in the
profiles in the horizontal plane are due 1o that in the jet issuing from a tube with an upstream bend. The decay
of the rms scalar is faster than that of the mean properties due to the gradient in phase, in addition to the
diffusion effects which cause a decay of mean properties, and increases with distance from the axis of the jet.
Although the normalised rms of the fluctuation at x = 2.4 D is only 30 % less than that at the exit plane of the
jet, the peak amplitude is about an eighth of that at the jet exit (sec Table 1). The rms scalar for a larger main
air flow rate of 2.7 kg/min was around 5 % less than that with the mass flow rate of 1.35 kg/min due to
inause% dilution of the oscillating flow. The difference is, however, less than the experimental unceruinty of
around 10 %.

Figure 5 shows radial profiles for the mean velocity and the mean and rms scalar at x = 1.5 D for geometry
- le, and the normalised average of the rms scalar is less than a third of that at the jet exit (see Table 1). The
oscillations were insignificant at x = 2.4 D. Radial injection leads 1o faster diffusion of the imposed oscillations
than with axial injection due 1o the agitation of the main flow by the radial jet. The attenuation was also an
order of magnitude greaicr than in geometry 1b due to the mean velocity in the 80 mm duct being a tenth of that
in geometry 1b so that radial gradients in phase develop over shoricr axial distances.

The location of a disk of diameter 40 mm (0.5 D) at a distance of 0.1 D from exit of the secondary air-fuel
Jjet of gecometry 1d resulicd in severe damping of the oscillations duc w0 impingement and oscillations could not
be dewccted 0.9 D from the jet. Althougli Table 1 shows that the spatial average of the oscillations in the plane
of the disk locatcd 0.9 D downstream of the jet was only 5 % fess than that without the disk, the maximum
amplitude of oscillation in the plane of the disk was only a third of that at the same axial location in the absence
of the disk owing 10 the spread of the jet in the presence of the bluf(-body. Fig. 6 shows that the oscillations
decay rapidly with distance downstream of the disk owing to the effect of the turbulent wake behind the disk on
the transport of the oscillatory scalar and oscillations could not be dctected beyond 1.2 D from the disk. The
influence of the disk was, however, smaller in geometry le since the amplitde of oscillations were largest close
10 the duct wall opposite the point of entry of the jet and away from the disk.

4 Discussion

The mean scalar disuibution measured 20 tube diameters downstrcam of the oscillatory jet (geometry 1b)
indicatcs good mixing and the normaliscd spatial average rms valuc of around 0.3 is close to the expected
maximum of 0.35 corresponding to a sinusoidal oscillatory input. The attenuation was small due to the
shontness of the wibe. The damping of the oscillations near the wall of the secondary air-fue! tube and in the
shear layer of the jct in paralle] flow was due o the gradient in phase caused by the radial variation in mean
velocity 30 that a higher fregency would be associaied with a larger gradient. Although differences of around S %
in attenustion beiween 120 and 220 Hz are consistent with the above, measurements with a wider range of
freqncncy values and longer wbe lengths are necessary 0 be more conclusive. Slow fluid flow also leads 1o an
increasc in gradicnt in phase and impingement and regions of recirculatory flow are associated with large
gradients in phase and severe atienuation of oscillations.

Active control depends on the oscillation of heat release out of phase with the insuability and » large local
amplitude of oscillation of the fuel concentration near the flame front could be more sdvaniageous than 8 more
even distribution of the oscillation of fuel, which will also be subject W0 greater incoherence in phase. As slow
fluid flow, impingment, flow reversal and agitation of the Mlow are associated with the decay of the ascillations,
paralicl injection of the oscillatory air-fuel jet or the fuel close 10 the bumning zone is likely 10 conserve the
amplitude and cohcrence of the oscillatory input and enhance control.

Acknowledgement
This wark was carricd ot with funds made available under ONR Grant N 00014-89-J-1721.

- 1045 -



References

(1] Langhome, P.J., Dowling. A.P. & Hooper, N. (1990) J. Prop. Power, 6, 324-330.

[2) Wilson, KJ., Gutmark, E., Schadow, K.C. & Smith, R.A. (1991) AIAA Paper 91-0368.

{3] Hendricks, E.W., Sivasegaram, S. & Whitelaw, J.H. (1991) Proc. IUTAM Symposium on
Aerothermodynamics in Combustors, Section VI, 103-105.

4] Hockey, R. & Sivasegaram, S. (1990) Imperial College, Mech. Eng. Dept., Repont FS/90/17.

{S] Fan Wen-Li (1991) MSc Thesis, Imperial Coliege, University of London.

Geometry Station 7.
x.mm| 2D

1b, L=65mm |1 0.044 [0.307

L=145mm{ 1 0.037 [0.295

Ic 1 0.020 [0.176

1d 70 0.9 10.008 0.145
190 {24 {0003 (0.12
270 | 3.4 (0.001 |-

1d with disk |70 09 }0.003 (0.14

le 120 1.5 {0.00¢ (0.1

le withdisk 120 | 1.5 ]0.004 0.1

Table 1; Spatial avcrage of rms scalar
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Fig. 2: Profiles of mean velocity and mean and rms
scalar, geometry 1b, () LeBSmm, () L=14Smm;
xe1mm, U=bulk mean velocityeS55m/s.
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