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Previous and current work show that flame length and soot luminosity

of laminar and turbulent nonpremixed jet flames can be significantly reduced

by high-frequency, high-amplitude forcing of the fuel flow rate. The current

work focuses on understanding the physical mechanisms responsible for these

changes to the flow/flame structure for the case where the forcing is sufficiently

strong that significant reverse flow exists at the exit of the fuel delivery tube.

The high-amplitude forcing is achieved by pulsing the fuel at the organ-pipe

resonance frequency of the fuel delivery tube. Quantitative mixture fraction

imaging in nonreacting jets indicates that the strongly pulsed jets exhibit

dramatically enhanced mixing as compared to unpulsed jets. In the pulsed

jets the mean mixture fraction falls below 0.08 in as little as 3 diameters

downstream of the nozzle exit and no pure jet fluid exists outside of the nozzle

due to in-tube mixing. Simultaneous OH and acetone planar laser induced

vi



fluorescence (PLIF) performed in methane jet flames shows that the OH zones

are much broader and more wrinkled in the resonantly pulsed jet as compared

to the unpulsed jet, and are greatly contorted by the vortical structures. A

unique feature of the pulsed flames is that the reaction zones appear to close

downstream of a vortical structure, just a few diameters downstream of the

nozzle exit, in a region where the mixture fraction imaging (for non-reacting

flows) shows reduced mixture fraction. Furthermore, the flame anchors on the

outer-upstream edge of the vortical structures where the fuel mixture fraction

is reduced due to enhanced entrainment. The significant in-tube premixing

and the enhanced entrainment appear to be the predominant mechanisms that

cause the reduction in length and luminosity of high-amplitude, high-frequency

pulsed nonpremixed jet flames.
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Nomenclature

∆t Time duration between successive PIV images

q̇ (t) Volumetric flow rate of the jet fluid

λ Acoustic wavelength

λ2D 2-dimensional swirling strength

ν Kinematic viscosity of the fluid

ω Angular frequency of rotation

φ Species quantum efficiency for emission

Π Maximum acoustic pressure attained inside the nozzle for a given mod-

ulation frequency and fuel mean velocity

�2 Linear regression coefficient

ρ Density of the fluid

σ Molecular absorption cross-section of the tracer in cm2

σN Standard deviation in N independent samples

τf Formation time

υo Acoustic velocity-source strength

ξ Mixture fraction

A Exposed orifice area at any moment
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a Radius of the fuel-delivery tube

C Concentration of the absorbing species in the lower energy level in cm−3

c Speed of sound

D Fuel-delivery tube diameter

f Forcing frequency

fres Acoustic resonant frequency

H Height of the cylinder with volume equal to amount of fluid ejected

during each forcing cycle

I Intensity of incident light

K Gladstone-Dale constant

k Wave number

KC Keulegan-Carpenter number

l Length of the fuel-delivery tube

Lf Pulsed flame length

Lo Unpulsed flame length

Ls Stroke length

N Number of independent sample measurements

n Index of refraction of the medium

Ne Total number of photons emitted per unit area

Ni Incident photon flux
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Nrpm Speed of the DC motor in rpm

P Ratio of height of the cylinder to diameter raised to 1/3 power

p acoustic pressure at a particular time and a given location

R Radius of the rotating disc

Ra Reflection coefficient at the end of the fuel-delivery tube

ro Radius of the hole in rotating disc

Remax Reynolds number based on the maximum jet exit velocity

Reo Reynolds number based on mean jet velocity

S
′

2-dimensional principal minimum strain rate

Stmax Strouhal number based on the maximum jet exit velocity

Sto Strouhal number based on mean jet velocity

T Time period of forcing oscillation

u streamwise jet velocity

ua Acoustic velocity

uco mean co-flow velocity

uc Mean jet flow velocity along the centerline

umax Maximum jet exit velocity along the centerline

uo mean jet exit velocity

v spanwise jet velocity

xiii



Vo Volume of fluid ejected during each forcing cycle

x Downstream distance from the fuel-tube exit

y spanwise coordinate

Zn Terminal impedance at the open-end of the fuel-delivery tube

Zo Characteristic impedance of the medium
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Chapter 1

Introduction

1.1 Non-premixed combustion systems

Combustion systems can be widely classified into two groups, namely,

premixed and nonpremixed systems. In premixed combustion systems, the fuel

and oxidizer are homogeneously mixed within the flammability limits before

the mixture reaches the flame front (Glassman, 1996). The main parame-

ter that can be easily varied is the fuel mixture ratio. The mixture ratio is

changed in order to vary the global parameters of the flame like the flame

height, temperature and pollutant production. However, the problem with

premixed system is that the flame can “flashback”into the combustion sys-

tem and thus, pose a safety concern. This safety concern restricts the use of

premixed combustion systems in many industrial combustion applications.

Any combustion system in which the fuel and oxidizer are not homo-

geneously mixed is called a non-premixed system or a diffusion combustion

system. Non-premixed combustion systems are employed widely in industries

due to the reduced safety concerns. All the global parameters, in non-premixed

combustion systems, like flame height, luminosity, and pollutant production

are either directly or indirectly controlled by the degree of mixing between the
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fuel and the oxidizer. In other words, in many cases, the reaction rates in non-

premixed flames are much faster than the rates at which fuel and oxidizer are

brought to the reaction zone. In most practical non-premixed systems, there

is little time for the fuel and oxidizer to mix before they get to the reaction

zone. This poor mixing in nonpremixed systems results in long and luminous

flames and increased production of pollutants like soot and NOx. However,

the increased constraints set on the levels of pollutant emission by the regulat-

ing authorities call for control mechanisms to improve mixing in nonpremixed

systems.

Essentially, there are two ways to control the combustion and hence,

the pollutant formation and reduction. First, the operating point control is a

technique in which the combustion device is designed to operate at a particular

operating condition, such as load or heat release rate condition. This operating

point control is also called passive control. There are, typically, no actuators

that are used to control the dynamics of the system. The other control strategy

is the active control of combustion. In this method, the dynamics of the

flow are controlled to increase the degree of mixing. Note that the operating

point control does not involve any kind of flow modifications (Docquier &

Candel, 2002). Active control is used in most nonpremixed systems to meet

the emission regulations. For example, the active control mechanism might be

useful in reducing the soot emissions from flares and hence, this would help

industries meet emission regulations. The following sections of this chapter

will detail some of the active control mechanisms that are used to enhance

2



mixing in nonpremixed jet flames.

1.2 Forcing methods

Most of the active control mechanisms in nonpremixed jet flames in-

volve the modification of flow dynamics in one way or another. One of the

ways of doing this is the unsteady forcing of jet flames which may provide an

important means to improve the performance of burners by increasing com-

bustion efficiency and reducing pollutants (Hardalupas & Selbach, 2002). In

particular, the unsteady forcing of nonpremixed jet flames has been shown to

strongly influence global parameters such as the flame height, heat release rate,

and the rate of production of pollutants like NOx and smoke. The source of

this unsteady forcing might vary from natural excitation due to confined pas-

sages to controlled modulation of the fuel flow rate. These forcing techniques

will be categorized, in this section, according to the relative magnitude of the

amplitude and frequency of excitation, rather than the source of excitation. It

is assumed that the forcing is “low amplitude”if the RMS velocity fluctuations

is less than 10% of the mean velocity (Cater & Soria, 2002). Therefore, for har-

monic forcing, low amplitude forcing refers to maximum velocity fluctuations

less than 15% of the mean velocity.

There are several ways to classify the pulsations of the fuel flow rate.

For example, the classification can be based on the method by which the

forcing is obtained or based on whether the forcing is external or internal, or

whether the pulsations are intrinsic or extrinsic. However, it is seen that the
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simplest way to classify the pulsations of fuel flow rate is based on the relative

amplitude and frequency of pulsations. Fig. 1.1 shows the broad classification

of the pulsations. It can be seen that low-frequency, low-amplitude forcing

excites the natural instabilities of the large-scale buoyant structures while the

high-frequency, low-amplitude forcing leads to coupling with hydrodynamic

instabilities. The following sections will review the literature in each of these

categories of forcing.

1.2.1 Low-frequency, Low-amplitude Forcing

A few studies have investigated the effect of low-frequency, low-amplitude

forcing of jet flames. The limited work in this regime shows that the forcing

of laminar flames couples with the natural flicker frequency of the flame and

locks the flame pulsations at these frequencies (Strawa & Cantwell, 1985).

They forced the central methane jet using a loudspeaker at low-frequencies

(10 − 30 Hz) and low-amplitudes (5% − 10% of mean-flow velocity). They

found that the luminous core of a nonpremixed methane jet flame pinches

off to form a series of flamelets moving with a single wavelength. These ax-

isymmetric flamelets convect downstream and distort under the influence of

buoyancy and the vortical flow (Lewis et al., 1988).

Other studies that have explored low-frequency, low-amplitude forc-

ing include the study of Smyth and co-workers (Smyth et al., 1993; Shaddix

et al., 1994; Kaplan et al., 1996). Smyth et al. (1993) made phase-locked

measurements in a laminar, co-flowing nonpremixed methane flames which
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was forced at the flicker frequency of 10.13 Hz using a loudspeaker. The

flicker frequency for nonpremixed jet flames, under normal gravity conditions,

is given by f ≈ 1.5/D1/2 where f is in Hz and D is in meters. The ampli-

tude of the perturbation velocity in this system was not clear. However, in

a computational study by Kaplan et al. (1996), they noted that 50% − 75%

forcing amplitude was necessary for matching the results of the experimental

and computational works. They found that the flame tip gets clipped for cer-

tain forcing conditions and under these conditions, the light scattered by the

soot particles in the forced flickering flames increased by about 7 times. The

laser induced incandescence (LII) measurements made in this system showed

a four-fold increase in the time-averaged, volume-integrated soot volume frac-

tion (Shaddix et al., 1994). An increase in the size of the soot particles in

forced flickering flames was also found. It is not clear whether the reason for

the increase in particle size is due to primary particle size growth or increased

extent of agglomeration. Kaplan et al. (1996), making numerical simulations

of the flickering flames, found that the flickering flames were taller compared

to steady (unforced) flame which leads to increase in soot particle residence

time. They suggested that the residence time is one of the important param-

eters in soot production. The surface growth during the increased residence

time in the fuel-rich regions leads to increase in soot particle size and soot

volume fraction.

As mentioned already, velocity measurements in the forced flickering

flames were not reported by the previous work (Smyth et al., 1993; Shaddix
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et al., 1994). The phase-resolved velocity measurements were made more re-

cently by Papadapoulos et al. (2002) on the experimental setup of Shaddix

et al. (1994). They found that the maximum observed velocity was about

three times that of the bulk flow velocity and that there were periods during

the forcing cycle when the velocities turned negative near the fuel tube exit.

They noted that these fluctuations in velocities were not significant compared

to the velocities reached in these buoyancy-dominated flames. Longer flame

lengths were reported and the increased soot production was surmised to be

controlled by residence time effects.

Strayer et al. (1998) investigated the control of luminosity of a methane-

air diffusion flame in a Wolfhard-Parker burner by using frequency and ampli-

tude modulation. The frequency range was reported as being below 100 Hz,

and the amplitude changes were not noted. For these laminar flames, the au-

thors point out that for maximum acoustic forcing the flame appeared to be

fully premixed with virtually no soot luminosity.

As mentioned already, this type of forcing, namely, low-frequency, low-

amplitude forcing affects the flame structure and other properties of the flame

by coupling with the natural flickering or buoyant instabilities of the flame. In

the next section, low-frequency, high-amplitude forcing, in which strong axial

forcing is used to alter the flame structure, is discussed.
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Figure 1.2: Image sequence of fully-modulated ethylene flame at small duty-
cycle, taken from Hermanson et al. (2004b)

1.2.2 Low-frequency, High-amplitude Forcing

Several investigators have studied the effects of fully modulated jet

flames, which can be classified under the low-frequency, high-amplitude forc-

ing regime. These fully modulated flames are generated by pulsing the fuel

flow rate with a solenoid valve at rates of a few Hertz. The structure of the

resulting ‘puff’ flames is highly dependent on the frequency, injection time

(volume of puffs) and duty cycle of the modulation (Johari & Motevalli, 1993;

Hermanson et al., 2000, 2004b). In these studies the fuel flow rate is modu-

lated at frequencies up to about 15 Hz with duty cycles ranging from 5% to

70%. Johari & Motevalli (1993), making measurements in fully-modulated

natural gas flames, found that the flame length reduced considerably (about
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4 times) compared to the steady flame when the fuel puffs were separated.

This reduction in flame length can be seen from the sequence of images of

fully-modulated ethylene flame, shown in Fig. 1.2 (taken from Hermanson

et al. (2004b). They also found that, for a given injection time, as the duty-

cycle was increased above a certain limit, the fuel puffs started interacting

and the flame length increased rapidly. Hermanson et al. (2000) character-

ized the transition from puff flames (i.e., discrete flame clouds) to cigar flames

(i.e., elongated flame structures) using ethylene gas as fuel. Hermanson et al.

(2004b) found that similar effects on flame length and structure were seen in

microgravity conditions too.

It is known that a coflow has noticeable effect on the flame length

of steady turbulent flames. Hermanson et al. (2002) found that, for fully-

modulated flames, the flame length increased by 27% when a coflow of

uco/uo = 0.02 was used with short injection times and that there was no real

change due to coflow for longer injection times. From a pollutant production

perspective, Hermanson et al. (2004a) found that the CO and HC emissions

were maximum for the compact, puff flames obtained for short injection times

and reduced rapidly as the injection time was increased. They found that the

emissions for the fully-modulated flames approached that of the steady flame

for a particular duty-cycle and injection time. Therefore, they noted that, for

particular operating conditions, the flames can be made considerably shorter

with the emissions being the same as that of the steady flame.

Lovett & Turns (1990) obtained somewhat different results in their
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studies of strongly modulated flames. They conducted experiments over a

wide range of frequencies and amplitude of forcing. For propane jet flames

of Reynolds number near 10,000, they showed that there were slight increases

in the flame length above the unforced flame length for forcing frequencies

between 2 Hz and 10 Hz, for a wide range of forcing amplitudes and that the

flame length showed slight reduction for higher frequencies compared to that

of the unpulsed flame. It is not clear whether the flame consisted of individual

puffs that did not interact with each other or if the puffs interacted. They

suggest that these flames should behave like impulsively started jets, which

would have reduced mixing and growth rates relative to steady jets. They also

observed a considerable increase in overall flame width for flames pulsed at

low frequencies as compared to the unpulsed flames.

To summarize, low-frequency, high-amplitude forcing or full-modulation

can be used to produce “puff”flames that are significantly shorter for certain

duty cycles and short injection times. For other operating conditions, the fuel

puffs interact with each other and the flame length increases significantly. This

technique is fundamentally different from the one described in the previous sec-

tion and the high-frequency, low-amplitude forcing which will be described in

the next section.

1.2.3 High-frequency, Low-amplitude Forcing

Studies that have used high-frequency, low-amplitude forcing, have typ-

ically been directed at influencing the hydrodynamic instability of the flow.
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One of the earlier studies, performed by Crow & Champagne (1971), in tur-

bulent jets with Reynolds number around 105 showed that the forcing, whose

frequency was a few 100 Hz and the amplitude was about 4%, can generate a

fundamental instability wave that grows. The fundamental wave grows down-

stream until nonlinearity produces a harmonic, which retards the growth of

the fundamental and the waves attain saturation amplitude. They also found

that the saturation amplitude depended on the Strouhal number of the jet

based on the mean exit velocity (Sto = fD
uo

), i.e., the maximum saturation

amplitude was obtained at a particular value of Sto ≈ 0.3. They found that

the spreading angle of the jet increased when it was forced at this Sto and the

volume of fluid increased (by 32%) at this forcing condition as well. Therefore,

they concluded that the wave corresponding to Sto ≈ 0.3 is the preferred mode

which reaches the maximum amplitude before saturation.

Gutmark and coworkers (Gutmark et al., 1988, 1989b,a, 1990, 1992)

studied the effects of high-frequency, low-amplitude forcing on diffusion flames.

The structure of an annular nonpremixed propane flame with a Reynolds num-

ber based on mean velocity of the annular air flow (Reo = uoD
ν

) of about 7000

was studied by Gutmark et al. (1988). The annular flow of air was forced

at the preferred mode corresponding to Sto ≈ 0.49 whereas the fuel flow was

not forced. They found that the jet spreads faster and roll-up of the vor-

tices occurs closer to the flame holder. This caused the combustion region

to be wider and initiated at a location closer to the flame holder compared

to the unforced flame. They also found that the small scale turbulence was
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increased and that the large scale vortices were deformed. They suggested

that the small scale turbulence increases the fine scale mixing and results in

combustion enhancement.

In a follow-up study, Gutmark et al. (1989b) forced both the fuel flow

and the air flow. In these experiments, the annular air flow was forced at the

preferred mode while the fuel flow was forced at various instability modes.

They found that the evolution of large scale vortices was hindered and the

formation of fine scale structures was promoted when the fuel flow was forced

at frequencies of about 4 − 5 times that of the preferred mode. At these

forcing frequencies, intense reactions were initiated very close to the flame

holder. They mention that the flame length was reduced and that there was

significant reduction in soot formation even at very low levels of forcing. They

suggest that the intense small scale mixing produced due to fully developed

turbulence to be the reason for the effects seen on the flame. Note that the

extent of flame length reduction and the levels of forcing used were not clearly

described.

Gutmark et al. (1990) noted that high frequency, low-amplitude forcing

generally has little effect on the flame. As they had seen already, for the case

of air forcing only, the CH luminescence and the soot luminosity were both

higher at a forcing frequency corresponding to the preferred mode. They

also note that low frequency (close to the preferred mode frequency), high

amplitude forcing of the fuel jet along with preferred mode forcing of the

annular air flow produces increased soot generation and increased CH levels.
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The low frequency observations are consistent with other references on soot

production. Consistent with Gutmark et al. (1990), Lovett & Turns (1990,

1993) found that the low-amplitude, high-frequency forcing of the fuel jet

corresponding to Sto ≈ 0.37 excited the shear layer surrounding the jet flame

near the exit; however, the forcing did not significantly affect the flame length

or flame luminosity. Only for high amplitude forcing was flame length modified

through what they believe was enhanced mixing and entrainment.

These studies have indicated that the high-frequency, low-amplitude

forcing of the jet or coflowing air excites the shear layer instabilities. Noticeable

effects can be seen on the jet flames if the fuel or the air jet is forced at

the frequency corresponding to the preferred mode. At high-frequency, high-

amplitude forcing of the diffusion flames, some interesting results have been

reported in the literature. This will be discussed in the following section

dedicated to this type of forcing.

1.2.4 High-frequency, High-amplitude Forcing

Similar to high-frequency, low-amplitude forcing, the high-frequency,

high-amplitude (HFHA) forcing can be applied to the fuel flow or the coflowing

air. The unique feature of this type of forcing is that HFHA forcing can

be intrinsic or extrinsic, i.e, the energy needed for the active control of the

flow can be supplied externally or the forcing can be self-sustaining, i.e., the

combustion couples to the acoustic resonances of the chamber to drive the

oscillations (Zinn, 1992).
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One of the earlier studies towards understanding the effects of HFHA

forcing on nonpremixed flames was performed by Parikh & Moffat (1982).

They used a rotary valve operated at frequencies ranging from 0 to 7.5 kHz

and fuel velocity amplitude modulation as high as 38%. They measured en-

trainment in cold flows and found that the greatest changes to entrainment

and mixing rates appeared to occur when the flow was pulsed at the resonant

frequency of the fuel tube. Whereas that study primarily focused on entrain-

ment and mixing issues in cold-flow conditions, they noted changes in flame

length and flame luminosity for a methane-air diffusion flame.

In other studies using high-frequency, high-amplitude forcing, Kim

et al. (1993) examined mixing effects in resonantly excited (tone excited) lam-

inar jet diffusion flames with Reynolds number around 400. The fuel jet was

excited using a loudspeaker driven cavity at several frequencies including the

resonant frequency of 145 Hz. They observed flame length reductions of up

to 20% of the unforced flame length at resonant forcing of the flame. How-

ever, there was no apparent change in luminosity reported due to resonant

forcing. Velocity measurements made in pulsed isothermal jets (nonreacting

jets) showed that vortices were created when the jet was pulsed at resonant

frequency and that there was small negative velocities near the nozzle. They

argued that the negative velocities near the nozzle might cause partial premix-

ing and hence, might be the reason for the changes in flame length.

In a follow-up study, Oh & Shin (1998) excited the fuel jet, with

Reynolds numbers ranging from 650 to 2400, at the delivery tube resonant

14



Figure 1.3: Flow structures of forced non-reacting jets for increasing forcing
amplitudes (a) 0%, (b) 77%, (c) 107%, (d) 137%, (e) 270% and (f) 520%,
taken from Oh & Shin (1998)
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Figure 1.4: Development of azimuthal structures in forced non-reacting jets
for increasing forcing amplitudes (a) 0%, (b) 77%, (c) 107%, (d) 137%, (e)
270% and (f) 520%, taken from Oh & Shin (1998)
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frequency of 145 Hz with the forcing amplitude ranging from 0 to 400%. The

flame length was increased to about 115% of the unpulsed flame length for

moderate forcing conditions. For strong forcing conditions, they observed a

50% reduction in flame length for the smaller Reynolds numbers (around 650)

and a 20% reduction for larger Reynolds numbers. They found that there were

streamwise vortex structures formed as the forcing amplitude was increased.

Fig. 1.3 shows the structure of the non-reacting jet forced at different forcing

amplitudes, taken from Oh & Shin (1998). As can be seen the streamwise

vortices interact more for smaller forcing amplitudes. The vortices do not in-

teract with each other at larger forcing amplitudes (300% forcing). At these

forcing amplitudes, the vortices become unstable and breakdown into turbu-

lent structures according to Oh & Shin (1998). They also found that azimuthal

instabilities that developed at increasing forcing amplitudes (as seen in Fig.

1.4, taken from Oh & Shin (1998)). The development of these azimuthal in-

stabilities due to strong forcing was thought of as the reason for flame length

reduction and suppression of flame flickering in case of moderate forcing was

suggested as the reason for flame elongation.

Lovett & Turns (1990) studied the effects of strong axisymmetric forcing

of nonpremixed propane jet flames with Reo = 10000. The forcing frequencies

and amplitudes ranged from 2 − 1300 Hz and 13 − 89% respectively. The

high forcing amplitudes were applied at relatively lower frequencies (< 50 Hz)

and the forcing amplitudes were about 20% for higher frequencies (> 50 Hz).

They noted approximately 10% decrease in the flame length and do not discuss
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any changes to the flame luminosity. They suggested that the high-frequency,

high-amplitude forcing increases the net turbulent mixing which results in the

reduction of flame length.

Lovett & Turns (1993) made more visualization experiments as well as

post-flame emission measurements, as a follow up study, in the same experi-

mental configuration as Lovett & Turns (1990). They observed the presence

of two forcing regimes: (i) low-frequency regime where buoyancy effects are

important and impact the entire length of the flame and (ii) high-frequency

regime where the forcing interacts with the mixing layer and this forcing is

effective close to the fuel tube exit only. Therefore, they infer that high-

frequency forcing does not have a significant effect on the flame. Again in this

work, there is no mention of luminosity effects, and post-flame NOx measure-

ments showed that the NOx emissions index was unaffected by forcing, a result

that is consistent with the small change in flame length.

Demare & Baillot (2004) examined the effects of acoustically forcing

lifted nonpremixed methane jet flames with Reynolds number ranging be-

tween 3000 and 6000. They observed that the flame became shorter and non-

luminous when forced at “middle”frequencies (≈ 200 Hz) and high amplitudes

(≈ 100%). They observed that the forcing amplitude required to produce a

“blue flame”decreased with increasing frequency, i.e., a larger forcing ampli-

tude is required at low frequencies compared to forcing at higher frequencies.

This forcing amplitude was independent of the jet Reynolds number. They

found that the periodic excitations generated axial velocities higher than the
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Figure 1.5: Variation of soot number concentration with acoustic Reynolds
number, taken from Ezekoye et al. (2005)

maximum velocity of the hysteresis zone and hence, there was a flame lift-

off. They argued that the excitations produced quasi-homogeneous turbulence

which resulted in a better combustion regime.

Yang & Seitzman (2003) studied a coflowing nonpremixed acetylene jet

flame with fuel flow rates corresponding to laminar and transitional Reynolds

numbers. Unlike the previous cases where the fuel flow was modulated directly,

they forced the diffusion flame from the outside. They observed that the

total amount of soot particles decreased significantly due to acoustic forcing

whereas the soot concentration reduced only slightly. They also noted that

the average soot temperature of an excited flame is higher than the unforced

flame. In a related study, Ezekoye et al. (2005) investigated the effects of

acoustically forcing a laminar acetylene jet flame with Reynolds number of

45. They found that the soot concentration initially increased slightly and

then decreased dramatically with increasing forcing levels. This can be seen

clearly from Fig. 1.5, which shows the variation of soot number concentration
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as a function of acoustic Reynolds number (taken from Ezekoye et al. (2005)).

They suggested that the initial increase was due to enhanced pyrolysis of the

fuel due to small levels of premixing followed by the dramatic reduction in

soot concentration due to oxidation.

Delabroy et al. (1996) studied the NOx reduction achieved by high-

frequency, high-amplitude forcing of the coflow air. The fuel used was a do-

mestic liquid fuel and the burner was operated at an equivalence ratio of 0.82.

They found that there was a 15% reduction in NOx emission when the coaxial

air was pulsed at frequencies between 100 Hz and 700 Hz (forcing amplitudes

achieved was not clearly stated). They suggested that the main factor respon-

sible for this reduction in NOx was the increase in mixing due to the forcing

of coflow air. Hardalupas & Selbach (2002) used a very similar technique of

forcing the coaxial air as Delabroy et al. (1996) in a swirl stabilised natural gas

combustor. Annular vortex rings were shed due to the forcing of the coaxial

air. They suggested that these vortex rings increased the entrainment of fuel

into the outer flow and increased the mixing of oxidizer and fuel, which was

responsible for the increase in lean flammability limits in turbulent flames of

Reo between 18000 and 30000.

The high-frequency, high-amplitude forcing obtained in the studies pre-

viously reported in this section were not coupled to the combustion chamber

configuration and hence, can be controlled independently of the combustion

processes or the configuration of the combustion chamber. A fundamen-

tally different approach to achieving high-frequency, high-amplitude forcing
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is “pulsed combustion,”in which the forcing achieved is coupled with the com-

bustion processes and characteristics of the combustion chamber. Pulsed com-

bustion is generally used with premixed reactants (Zinn, 1992; Keller & Hongo,

1990; Keller et al., 1993) but some nonpremixed configurations have been in-

vestigated (Tang et al., 1995). In nonpremixed pulsed combustors, the fuel and

the oxidizer enter the combustor through flapper valves, which are controlled

by the pressure fluctuations in the combustor. The pressure fluctuations and

heat release rate are coupled and a complex dynamic process occurs. Pulsed

combustors have been shown to reduce NOx emissions and increase the heat

transfer rates without reducing the combustion efficiency (Hardalupas & Sel-

bach, 2002). The coupling between the combustion process and the forcing

makes the understanding of the mechanisms associated with the modifications

harder. The confinement present in the form of combustion chamber walls fur-

ther complicates the problems. Pulsed combustion is fundamentally different

from the types of forcing described above because the pulsations are driven by

the interaction between the combustion and the acoustics of the combustion

chamber; nevertheless, there are some similarities to the case of high-amplitude

forcing because the fuel flow rate is typically strongly modulated.

Table 1.1 summarizes the effects of high-frequency, high-amplitude forc-

ing on non-premixed flames that have been reported in the literature. It can

be seen that there are some differences in effects reported in the literature. For

example, there is only a small reduction in flame length at high forcing am-

plitudes for different Reynolds numbers. Also, Yang & Seitzman (2003) found
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that there is only small reduction in soot concentration whereas Ezekoye et al.

(2005) observed that there is a large reduction in the same (soot concentra-

tion). These seemingly different effects might be due to the Reynolds number

of the flow or due to the forcing amplitude ratio or due to several other rea-

sons. The research conducted by the author attempts to resolve some of these

issues.

It is clear from the previous studies that significant reductions in flame

length and luminosity can be seen in non-premixed flames due to pulsations

of the fuel flow rate. As it has been noted in the review of the literature, the

physical mechanisms that are responsible for the effects seen due to pulsations

are not clear. There is also a need to understand the important parameters

of this problem. The next section will detail some of the parameters that are

relevant to this problem.

1.3 Non-dimensional parameters in forced flows

The non-dimensional parameters that are used to characterize periodic

flows are the Reynolds number and the Strouhal number. It is important,

however, to determine the appropriate length, velocity and time scales of the

flow. The obvious choices for the characteristic length scale is the diameter

of the fuel delivery tube,D. Similarly, the choice for the velocity scale is the

mean flow velocity,uo, obtained from the flow rate in the fuel delivery tube.

Therefore, the mean Reynolds number is given by the following equation:
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Reo =
uoD

ν
(1.1)

where Reo is the mean Reynolds number and ν is the kinematic viscosity of

the fuel. If the flow is forced periodically at a frequency f , then the mean

Strouhal number, based on the mean jet velocity and fuel-tube diameter, is

given by:

Sto =
fD

uo
(1.2)

where Sto is the mean Strouhal number. The frequency of periodically forced

flows is usually given in terms of the mean Strouhal number. The Strouhal

number can be interpreted as the ratio of the forcing frequency to that of the

large-scale convection frequency, u/D.

The Reynolds number and Strouhal number based on mean velocity

scales as defined in equations 1.1 and 1.2 have been used mainly in the case

of low-amplitude forcing. At low-frequencies, Strawa & Cantwell (1985) found

that there is a strong coupling between the forcing and the buoyant instabilities

when the mean Strouhal number, Sto, is about 0.4. Similar coupling between

the hydrodynamic instability and the forcing at high-frequency occurs for mean

Strouhal numbers between 0.3 and 0.5 (Crow & Champagne, 1971; Gutmark

et al., 1989b, 1990, 1992) as discussed in 1.2.3. It is seen that the mean

Reynolds and Strouhal numbers are important in cases where the perturbation
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amplitude is small compared to the mean velocity. However, these parameters

do not have significance in the case of high-amplitude forcing.

Hermanson et al. (2000) defined a parameter, P , to characterize the

fully-modulated flames, as follows:

P ≡
(

H

D

)1/3

(1.3)

H =
4Vo

πD2
(1.4)

The parameter P is the ratio of the cylinder height, H , to the fuel

delivery tube diameter, D raised to 1/3 power. The height of the cylinder is

obtained by dividing the volume of fuel gas ejected (Vo = πD2H) by the area of

the fuel delivery tube exit. They found that the fully-modulated flames exhibit

a puff-like structure for small values of P while a large value of P corresponded

to cigar-shaped flame. This means that discrete puff-like structures are formed

for small values of P . Also, they observed that the burn-out flame length

normalized using the diameter of the fuel delivery tube varied linearly with

P for P ≤ 25. There was no such relationship between normalized flame

length and P for other values of P . Similar variations in flame length with

P was observed even under microgravity conditions. CO emissions decreased

for small values of P and short duty-cycle when isolated flame puffs were

25



Figure 1.6: Vortex ring visualization for increasing formation times (a) τf = 2,
(b) τf = 3.8, and (c) τf = 14.5, taken from Gharib et al. (1998)
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formed. An important observation is that the mean Strouhal number had no

significance in the case of fully modulated flames.

Gharib et al. (1998) studied the formation of vortex rings and defined

a parameter called the “formation time”as follows:

τf =
Ls

D
(1.5)

where Ls is the stroke length defined as the amount of jet fluid ejected during

the startup of the vortex ring as follows:

Ls =

∫ t

0

u (t) dt (1.6)

where t is the discharge time. Thus, the formation time is the same as stroke-

to-diameter ratio. They found that the structure and the circulation of a

vortex ring depended on the formation time. Fig. 1.6 (taken from Gharib

et al. (1998)) shows the structure of the vortex ring for formation times of 2,

3.8 and 14.5, respectively. It can be seen that only a vortex ring is ejected for

smaller formation times while there is a trailing jet following the vortex ring

in case of larger formation times. Note that the size of the primary vortex

ring in case of Fig. 1.6b and c are nearly the same, which raises the issue of

the circulation of the primary vortex ring. They found that the circulation

of the vortex rings increased linearly with the formation time for values of

formation time less than the formation number which varies between 3.6 and
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Figure 1.7: Synthetic jet structure for varying Reynolds numbers and orifice
diameter, taken from Crook & Wood (2001)

4.5 (τf ≤ 4). They also found that, for small stroke, only a single vortex ring

was ejected while a vortex ring followed by a trailing jet was seen for larger

formation time (τf ≥ 4).

The stroke-to-diameter ratio is also used to characterize the synthetic

jets. Synthetic jets are zero-net-mass-flux (ZNMF) jets which means that there

is no net mass ejected, i.e., fluid is drawn in from the surrounding during the
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suction phase and ejected in the ejection phase of the forcing cycle. A ZNMF

jet is a fluid stream with non-zero mean streamwise momentum formed by the

interaction of vortices. Synthetic jets are a special form of fully-pulsed jet flow

with zero mean velocity, and the jet is generated wholly by the pulsating action.

Since the mean velocity is zero, the mean Reynolds and Strouhal numbers can

not be defined. Therefore, a stroke length is defined as the amount of fluid

that is ejected during the ejection phase of the forcing cycle as seen in the

following equation (Glezer & Amitay, 2002):

Ls =

∫ to

0

u (t) dt (1.7)

where to is the time for which fluid is ejected. The formation of synthetic jets

is shown to depend on the stroke-to-diameter ratio (Ls/D). Rediniotis et al.

(1999) found that synthetic jet was formed for Ls > 0.2 and there was no

synthetic jet formed for Ls < 0.2. Fig. 1.7, obtained from Crook & Wood

(2001), shows the structure of synthetic jets for different Reynolds numbers

based on maximum velocity, umax at the orifice exit and orifice diameter, D

(Remax = umaxD
ν

). The corresponding stroke-to-diameter ratio (Ls) varies from

2.6 (Remax = 660) to 8.9 (Remax = 2300). For smaller Ls the vortices are small

and they interact with each other significantly. As Ls is increased the vortices

become larger and there is practically no interaction between the vortices.

Researchers who study unsteady flows over cylinders use the Keulegan-

Carpenter number, KC = 2Ls/D, where Ls is the amplitude of the forcing
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motion (i.e., the stroke) and D is the diameter of the cylinder. For large KC,

the flow is essentially steady and for small KC there is a large amount of

interaction of shed vortices. Now, let us assume that the velocity at the exit

of the orifice in the case of a synthetic jet is harmonic and that the in-stroke

and out-stroke extend over half the period of forcing. Then, the relation for

stroke-to-diameter ratio reduces to the following:

Ls

D
=

1

D

∫ T/2

0

u (t) dt =
umax

fD
(1.8)

It can be seen from Eq. 1.8 that the stroke-to-diameter ratio reduces to

the reciprocal of the Strouhal number based on maximum velocity and nozzle

diameter. In equation form this can be written as:

Stmax =
fD

umax
=

D

Ls
(1.9)

where umax is the peak centerline velocity at the exit of the fuel delivery tube.

It can be seen clearly from Eq. 1.4 that the cylinder height, H (as defined

by Hermanson et al. (2000)), is the same as the stroke length. Therefore,

the “P”parameter (see Eq. 1.3) is the stroke-to-diameter ratio raised to the

one-third power.

It has been shown that Stmax is the same as the inverse of the stroke-to-

diameter ratio (Ls/D) used in synthetic jets and the cube of the P parameter

in fully-modulated flames. It can also be seen that the formation time is also
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the same as the stroke-to-diameter ratio (Ls/D). It has to be the stroke-

to-diameter ratio has been used in various periodically forced flows, such as

synthetic jets and fully-modulated flames and other non-periodic flows like

impulsively started jets. This shows that Strouhal number based on maxi-

mum velocity (Stmax) might quantify the degree of formation of the vortex,

interaction between vortices and the interaction of vortex structures with the

near-field flow. Therefore, Stmax might be thought of as one of the most

important parameters in pulsed jet flows. The following chapters discussing

the measurements made in strongly forced jets will show the importance of

Strouhal number based on maximum velocity (Stmax).

1.4 Goal of current research

The previous studies have shown that high-frequency, high-amplitude

forcing can produce significant reduction in flame length and luminosity of non-

premixed flames. The flow conditions under which these effects on diffusion

flames can be expected and the extent of these effects is not clear. Therefore,

one of the main goals of this research is to document the substantial effects of

strong forcing on the physical properties of the non-premixed methane flames.

As mentioned already, the physical mechanisms responsible for the effects in

terms of flame length and luminosity is not known. This calls for a need to

investigate the physical mechanisms that might be responsible for the global

effects seen on the non-premixed flame.

In the previous section, the various non-dimensional parameters that
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have been used in the previous studies were detailed. It was shown that

Strouhal number, based on maximum velocity, is one of the most important

parameters to characterize the behavior of the pulsed jets. Hence, this research

studies the flow and flame characteristics of non-premixed flame for different

Strouhal numbers based on maximum velocity.

To summarize, the goals of the current research are:

1. to document the substantial changes in the global properties including

the flame length and luminosity of the non-premixed methane flame due

to strong forcing.

2. to conduct a thorough investigation of the physical mechanisms that

might be responsible for the significant changes due to strong forcing.
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Chapter 2

Experimental Facilities

The goal of this research as mentioned in the previous chapter (see

chapter 1) is to study the effects of strong forcing on the non-premixed flames.

To achieve the strong forcing necessary, a pulsed flame facility was developed.

The pulsed flame facility was used to investigate the effects of strongly pulsing a

fuel jet at frequencies up to nearly 1 kHz. The forcing technique, which involves

modulating the fuel flow rate at the resonant frequency of the fuel delivery

tube, generates velocity fluctuations at the exit of the fuel jet that can be up

to eight times that of the mean flow velocity. This amplitude of pulsations is

significantly larger than most studies that have been reported in the literature

(an exception is the study by Oh & Shin (1998)). The construction of the

pulsed flame facility will be described in the following sections.

2.1 Pulsed flame facility

The fuel pulsing device, shown in Fig. 2.1, was built to produce very

high amplitude modulation of the flow rate at relatively high frequencies by

forcing the organ-pipe resonance modes of the fuel delivery tube. The fuel

delivery tube, which was made of stainless steel or quartz depending on the
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Figure 2.1: Schematic of the fuel pulsing device
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diagnostic technique used, had a length,l, of 294 mm and an inner diameter,

D, of 10.9 mm (l = 25D). Forcing is achieved by introducing the fuel gas at

the input of the tube by using a high-frequency pulsed valve. Two different

valves, namely, a rotary valve and a high-speed solenoid valve were used in the

measurements. It was found from pressure and velocity measurements that

the amplitude of forcing obtained by the use of the two valves were within

10% of each other. The forcing obtained using the solenoid valve was found

to be more “fully-modulated” than that of the rotary valve; however, there

were no fundamental differences in the flame characteristics when pulsing with

different valves.

2.1.1 Rotary Valve

A photograph and the schematic of the rotary valve that was used in

the initial flow and flame measurements is shown in Fig. 2.2. As can be seen

from the figure, the valve was made of a rotating stainless steel disk with an

array of small holes machined in it at a fixed radial distance. The rotating

disk chopped the fuel flow and therefore produced a nearly fully modulated

flow source at the input of the fuel tube. There was a fuel flow when the inlet

tube and the hole in the disk are aligned and the teflon rings, seen in Fig. 2.2,

seal the fuel flow completely when the holes are not aligned. The rotating disc

was driven by a brushless DC motor in a closed loop configuration in which

the speed was fed back to the controller by an encoder, and thus could be set

accurately, achieving control of the pulsing frequency with 1% accuracy. The
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Figure 2.2: Schematic and photograph of the rotary valve

frequency of pulsations obtained at the exit of the fuel delivery was found to

be about two-thirds of the speed of the DC motor (f = 2
3
Nrpm where Nrpm is

the speed of the DC motor in rpm). For more information on the rotary valve,

the reader is referred to Bisetti (2002). The advantages of this rotary valve

were that the frequency of pulsations achieved can be as high as 4 kHz and

that the valve can be operated for as long as an hour continuously without

the valve or the motor getting heated up. However, the disadvatange of using

this valve is that the fuel flow rate can not exceed more than 25 lpm, beyond

which the stainless steel disk started to wobble and the teflon rings were not

able to seal the fuel flow when the inlet tube and the holes in the disk were

not aligned.
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2.1.2 Solenoid valve

The other valve used in the measurements was the high-speed solenoid

valve (Parker-Hannifin General Valve Series 9), whose schematic is shown in

Fig. 2.3. The valve flanges were machined and threaded to bring the nominal

outer diameter to 1.9 cm (0.75 in), corresponding to a 3
4
− 16 UNF thread.

The orifice diameter of the solenoid valve was 2 mm and delivered a maximum

mass flow rate of about 0.0019 kg/s (0.0042 lbs/s) which corresponds to a

volumetric flow of about 95 lpm in case of air flow (assuming a density of

1.2 kg/m3) when pressurized to 200 psia. A multi-channel driving unit (Iota

One) was used to actuate the solenoid valve used in the measurements. The

multi-channel system has the capability to trigger up to three valves internally

or externally. In the experiments performed in this research, the valves were

externally triggered using a BNC Model 500 Pulse Generator. Note that the

use of an SRS Model DG535 Digital Delay/Pulse Generator to trigger the

valves seemed to cause damage to the triggering boards. The pulsations are

obtained due to the opening and closing of the poppet at the orifice. The

poppet gets worn out with usage and had to be replaced periodically to prevent

leakage and to maintain the forcing amplitudes. The main advantage of the

solenoid valve is that flow-rates as high as 80 lpm could be obtained depending

on the back-pressure. However, the frequency of forcing obtained can not

exceed 1 kHz and the valve can not be operated for more than a few seconds

at high frequencies without the valve heating up too much.

The valve injected gas into the fuel tube via a connector that had an
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Figure 2.3: Schematic of the high-speed solenoid valve, taken from Parker-
Hannifin
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inner diameter of 3 mm in case of the rotary valve and 2 mm in case of the

solenoid valve, which means the flow underwent a significant expansion into

the fuel tube. This might also mean that the acoustic field setup near this

expansion might exhibit significant non-linearity.

2.1.3 Flow media and flame enclosure

Both reacting and nonreacting studies were conducted. The jet fluid

was either high purity methane (CH4) or air in the reacting and nonreact-

ing cases, respectively. The jet fluid flow-rates were monitored using a mass

flow-meter for methane and using a rotameter for air. The flow rate was

set by varying the pressure upstream of the pulsed valve. This pressure was

typically several atmospheres, which indicates that the flow exiting the valve

was likely supersonic (under-expanded), and hence acted as a strong acoustic

source. The fluctuations in the flow induced by the presence of the pulsed

valve were damped by a 500 ml plenum present downstream of the flow-meter.

Recommendations made by Zanker (Zanker, 1970) were used in sizing the

plenum.

The jet flame issued upward and exhausted into an exhaust vent located

approximately 1.5 m above the flame. The flame facility was placed inside a

large wire-mesh enclosure so that the effects of the room drafts were minimized

(Becker & Liang, 1978). The mesh enclosure had a square base of side length

1.22 m and a height of 1.63 m. The enclosure started 15 cm from the floor

to allow air to flow unconstrained into the enclosure. The fuel tube exit was
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located 0.72 m from the floor.

The global effects of the pulsations on the flame structure and the mod-

ifications to the flow and flame dynamics were investigated by the application

of different laser diagnostic techniques. The following sections will describe the

diagnostic techniques that were used to measure various physical quantities.

2.2 Diagnostic techniques

The goals of this research include recording the global effects of pulsa-

tions on non-premixed jet flames and investigating the physical mechanisms

responsible for these effects. To achieve this several measurements had to be

made starting from global imaging of the flame to study the global effects,

to targeted imaging of simultaneous OH/acetone planar laser induced fluores-

cence (PLIF) to understand the flow and reaction zone interaction in these

strongly-forced non-premixed jet flames. The first part of the study was per-

formed to understand the flow field structures and mixing in non-reacting jets

and the second part investigated the effects of heat release and the reaction

zone structure.

The following sections describe the different diagnostic techniques that

were applied to measure different physical quantities. Some of the measure-

ments were made both in non-reacting and reacting flows whereas others were

performed only in non-reacting flows due to some restrictions or constraints.
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2.2.1 Global imaging

To document the global effect of the pulsations on the flame structure

the visible luminosity of the flame was imaged. The imaging was accomplished

using a color CCD camera (Pulnix TMC 9700) fitted with a 50 mm focal length

lens. The luminosity images were used to qualitatively assess the impact of

pulsations on the soot (i.e., as evidenced by the change in color from yellow

to blue), as well as quantitative changes in the visible flame length and width.

The camera was operated at a framing rate of 30 Hz and the images were

electronically shuttered with an exposure time of 1/1000 second. Since the

purpose of the imaging performed was only to study the differences between

the flame structure and luminosity at different pulsing conditions, an expo-

sure time of 1 ms was sufficient. Note that no inferences will be made on the

instantaneous structure of the pulsed jet flames from these images. The lumi-

nosity images were acquired for mean Reynolds number (Reo) ranging from

800 to 10000 and for different pulsing conditions. More than 250 images were

obtained for each of the flow rate and pulsing conditions.

2.2.2 Pressure measurements

It is known that pulsations of the fuel flow rate set up an acoustic

field inside the fuel delivery tube. The acoustic field within the fuel tube was

determined by measuring the fluctuating pressure distribution along the wall

of the fuel tube. It is assumed that the radial variation of the acoustic field

inside the fuel delivery tube can be neglected, i.e., the acoustic field is assumed
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to be 1-dimensional. A special tube was built that had a row of 0.75 mm holes

spaced at 12 mm intervals along the length of the tube to make pressure

measurements in non-reacting jets. Pressure measurements were made at a

given pressure-port by using 3.175 mm (1/8 in) condenser microphone (Brüel

and Kæjer type 4138), which was flush mounted to the fuel-tube wall, with all

other ports covered using electrical tape. The effects of using different types

of tape to cover the ports was found to be negligible and so electrical tape was

used. The frequency response of the microphone was flat to within 1dB for

the frequency range of 20 Hz to 20 kHz, which is significantly larger than the

forcing frequencies used in this study (< 1 kHz). The output of the transducer

was digitized by using a digital oscilloscope operating with a sampling rate of

100 kHz. Record lengths acquired for each pressure port typically consisted of

2048 pressure data points. The calibration of the condenser microphone was

done using a pistophone (Brüel and Kæjer type 4220), which produces a pure

tone (250 Hz ± 1%) at a given sound pressure level (123.9 dB re 20 µ Pa).

Again, the in-tube pressure measurements were made in the nonreacting cases

only with air and methane as the jet fluids.

2.2.3 Non-reacting PLMS (NR-PLMS)

The effect of pulsing on the near-field flow structure for non-reacting

cases was also investigated by using high-framing rate (8 kHz) planar laser

Mie scattering (PLMS) visualization. The light source for the visualization

was a diode-pumped Nd:YAG laser (Coherent Corona, with a maximum rep-
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etition rate of 10 kHz and a maximum power output of 90 W) operating at

a repetition rate of 8 kHz and about 7 mJ/pulse at 532 nm. The laser beam

was formed into a sheet using sheet forming optics (a convex lens with a focal

length of 350 mm and a cylindrical lens with a focal length of 25 mm). The

sheet was approximately 150 mm high by 0.3 mm thick, and passed through

the centerline of the jet. The laser light scattered from a glycerol fog (pro-

duced from a theatrical fog machine) with nominal size of 1− 2 µm that was

introduced “by hand”(no co-flow was used to seed the jet with particles) into

the ambient air surrounding the nozzle. In this technique, the flow, which is

seeded with micron-sized particles, is illuminated with light and the scattered

light is imaged using a camera. In case of Mie scattering regime, the parti-

cle size is nearly equal to the wavelength of the incident light (a ≈ λ). This

method of seeding the surrounding, albeit somewhat crude, was used because

the pulsed jet had no co-flow to seed and attempts to seed the jet with a water

mist were not successful. The scattered light was captured by a high-framing

rate CMOS camera (Photron APX) operating at a framing rate of 8000 fps

and at a resolution of 256× 512 pixels per frame. The field of view imaged by

the camera was 40 × 80 mm, but the images presented were cropped to 24 ×
60 mm for presentation purposes.

2.2.4 Hot-film measurements

The flow velocity of the non-reacting jet outside the nozzle was mea-

sured using a constant-temperature, linearized hot-film anemometer (TSI
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1051-2 with a model 1210 probe). The sensitive length of the probe was

0.5 mm and the frequency response of the anemometer (about 10 kHz) was

more than sufficient to reproduce the frequency content of the fluctuations of

interest. The probe was traversed manually and care was taken to position

the probe at the necessary location. The hotfilm measurements were made

along the axis of the round jet at 15 downstream locations ranging from 0

D to 20 D. The signals were digitized to 12 bits at a rate of 250 kHz with

a data acquisition board (National Instruments AI-16E-4) installed in a Pen-

tium 4 personal computer running LabVIEW software. The anemometer was

calibrated (using a TSI 1125 calibrator) over the velocity range of 0.5 to 40

m/s. Calibration of the anemometer below 0.5 m/s was performed using a

long copper tube and the response was found to be linear between 0.1 m/s

and 0.5 m/s as well. Note that the linear response of the hot-film is due to

the electronic linearizer present in the control box. Using the two calibration

systems, the anemometer was calibrated from 0.1 m/s to 40 m/s. The linear

regression coefficient (�2) of the calibration curve was found to be 0.9993 and

the corresponding slope was found to be 0.0825 V· s/m.

A statistical analysis of steady flow data was performed to find the

uncertainty in measurement. There are two kinds of errors, viz., the “bias

error”and the “precision error”(also, random error). The bias error is a fixed

error that can not be removed by averaging. An example is a calibration er-

ror; however, the precision error (for example, electronic noise) is random and

can be averaged out if mean quantities are desired. The “uncertainty” is the
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estimated range of values that the error may have. The bias uncertainty is

usually taken from the specifications of an instrument whereas the precision

uncertainty is estimated by statistical analysis of repeated runs. Therefore, the

velocity measurements were performed for the case of unpulsed jet with a mean

flow rate of 15 lpm (uo = 2.63 m/s) at the previously specified downstream

locations. These measurements indicated that the precision uncertainty, de-

fined as ±2σN√
N

where σN is the standard deviation and N is the number of

independent samples, of the velocity measurements for 95% confidence was

less than 2% of the peak velocity. A more detailed uncertainty analysis of

different measurements is shown in the appendix.

2.2.5 Non-reacting PIV (NR-PIV)

The quantitative velocity field of the near-field jet flow outside the fuel

delivery tube was measured using particle imaging velocimetry (PIV). In a

typical PIV experiment, the tracer particles, which are seeded into the flow,

are illuminated by a laser light. The images of these particles are obtained at

very short intervals of time to obtain the displacement of these particles. The

velocity of the tracer particles can be found from the displacement and the time

interval between images. To obtain the displacement, two successive images

have to be cross-correlated using one of several available techniques. The

location of the peak in cross-correlation provides the actual displacement of the

tracer particles. Again, there are several methods available for peak detection.

Note that the tracer particles and their diameters should be determined with
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Figure 2.4: Schematic of the non-reacting PIV setup
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care so that the particles follow the flow. Otherwise, the PIV measurement

will give the velocity of the particles which might not necessarily be the flow

velocity. For an in-depth analysis of the PIV technique, refer to Raffel et al.

(1998).

Cinematographic PIV was performed in the near-nozzle exit region of

the pulsed jet system in a plane passing through the center of the fuel delivery

tube and parallel to the axis of the tube. The cinematographic PIV system

consists of a diode-pumped Nd:YLF laser (Coherent Evolution-90) with an

output wavelength of 527 nm at a repetition rate of 10kHz and a pair of high-

framing rate CMOS cameras (Photron FASTCAM-Ultima APX) as shown in

Fig. 2.4. The laser power output was about 90 W which results in about 9 mJ

per pulse at 10 kHz with a pulse duration of about 200 ns.

The CMOS cameras were operated at a framing rate of 10 kHz and the

corresponding resolution of the cameras was 512× 256 pixels. Note that the

resolution was limited by the camera, whose best possible resolution at 10kHz

framing rate was 512×256 pixels. The field-of-view of each of the cameras was

about 60mm × 30mm. To obtain a larger field-of-view, two CMOS cameras

were used such that the combined field-of-view was about 60mm × 60mm.

There was a 32 pixel overlap between the fields-of-view of the two cameras.

The camera imaging the fuel delivery tube exit region was aligned first and then

a grid was placed along the axis of the tube. Images of this grid were obtained

using both the cameras and then the top camera was aligned accordingly.

Unlike the previous experiments, a co-flow facility was used for the
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PIV experiments to get uniform seeding. The co-flow facility was designed

and built by Tsurikov (2003). The facility is 92 cm wide by 92 cm long by

117 cm high, and was constructed of 6.35 mm (0.25”) aluminum structural

members and 1.02 mm (0.040”) aluminum sheet for the walls. The facility

consists of an axisymmetric turbulent jet exhausting into a slow co-flow of air.

The jet issues upwards from a circular pipe, 26 mm in diameter, located at

the center of the facility; the jet exit is 45 cm above the bottom of the facility;

however, this setup was modified to incorporate the pulsed jet system. The

pulsed jet issued out of the fuel delivery tube, which was 11 mm in diameter.

Compressed air from a large reservoir was used as the flow medium. The

flow rate was controlled by a manually-operated valve and monitored by an

electronic mass flowmeter (McMillan 50D-15). The co-flow was supplied by an

industrial blower (Grainger/Dayton model 5C508) which operated at a fixed

speed. The co-flow entered the jet facility through a network of PVC pipes,

and was conditioned by sections of honeycomb and fine-mesh screens prior to

entering the test section.

Both the jet and the co-flow were seeded in this experiment since the

imaging was performed in the near-nozzle exit region and the jet did not

entrain enough seed particles from the co-flow. Glycerin based droplets with

a nominal size of 1-2 µm generated by a theatrical fog machine (Rosco Model

1600) were used as PIV seed particles for the co-flow. The seed particles

for the jet were produced using a six-jet atomizer (TSI model 9306 six-jet

atomizer), which generates polydisperse seed particles at high concentration.
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Olive oil was used in seeding the jet and the nominal diameter of the olive oil

particles produced by the atomizer was about 1 µm. The seed particles were

illuminated by a laser sheet (thickness ≈ 0.3 mm) and the scattered light was

captured by the two CMOS cameras. Cinematographic images were acquired

for a duration of 0.5 seconds, corresponding to a total of 8192 frames and 1

GB of data for each run. Images from the cameras were then transferred to a

hard disk and were processed to compute the vector fields. Successive particle

images in the movie sequence were correlated to compute PIV vector fields

(∆t = 200 µs, since frequency of image acquisition is 10 kHz).

Vector fields were computed with the successive images from both

cameras using an adaptive central-difference technique (Wereley & Meinhart,

2001). The final interrogation region was of size 16× 16 pixels with 50% over-

lap. TSI Insight 6.1 software that employs the above mentioned technique was

used for vector computation. The cross-correlation between the two images

was found by using an FFT algorithm and the peak was found by Gaussian

peak fit. A maximum pixel displacement with magnitude of approximately 10

pixels was observed for each camera. Though the maximum pixel displacement

was 10 pixels near the center of the jet, the displacement away from the center

was found to be small. Therefore a constant offset could not be used while

evaluating the vector fields. The vector fields were validated and the missing

vectors were interpolated using a 3 × 3 local mean technique. The number

of spurious vectors is close to 6% over the entire dataset. The resolution of

the resulting vector field is about 2.6 mm× 2.6 mm and successive vectors are
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separated by 1.3 mm (due to 50% overlap). The total field size is 56 mm ×
56 mm.

2.2.6 Non-reacting mixture fraction imaging

The experimental techniques described in the previous sections pro-

vide ways to visualize near-field flow structures and to measure the velocity

field in the near-nozzle region of the non-reacting jets. To study the partial

premixing, enhanced mixing and the increased entrainment produced by the

resonant forcing of the jets, mixture fraction imaging of the non-reacting jet

was performed. This was done by the use of quantitative non-reacting acetone

planar laser induced fluorescence (PLIF). The mixture fraction of the acetone

seeded into the jet provides insight into the mixing produced by the strong

pulsations.

Planar laser induced fluorescence (PLIF) is a non-intrusive and instan-

taneous technique that can be used to study different physical properties of

the flow. Several properties like the species concentration, pressure, velocity

and temperature can be measured using the PLIF technique (Lozano et al.,

1992). In certain cases, the radicals or species naturally occurring in the flow

can be used for the PLIF measurements. For example, the reaction zone in

flames can be visualized by imaging the fluorescence of the CH or OH radicals.

In other cases, the flow has to be seeded with a tracer such that the flow is

only minimally altered. The flow is seeded with tracers like NO, I2, acetone

or biacetyl in case of gases and tracers like fluorescein in case of liquids to
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measure the mixing in jet flows.

When the flow is illuminated by a laser light at a particular frequency, it

can stimulate the absorption of the light by the molecule tracer. In this process,

some of the molecules in the lower energy level absorb the laser light and get

excited to a higher energy level. Photons of light are then emitted when these

molecules return to a lower energy state. This process in which photons are

emitted by the excited molecules is called “fluorescence”. Most of the small

molecules and radicals can be excited only by specific frequencies (narrow-

band absorbers) whereas the larger (poly-atomic) molecules are broad-band

absorbers in general.

For low intensity of laser light and single absorbing and emitting species,

the emitted photon flux can be written as follows (Lozano et al., 1992):

Ne (x, y, t, λ) =

∫
Ni (y, z, t) e−σ(λ)

R
C(x,y,z)dxσ (λ)C (x, y, z)φ (λ) dz (2.1)

where Ni (y, z, t) is the incident photon flux, Ne (x, y, t, λ) is the total number of

photons emitted per unit area, σ (λ) is the molecular absorption cross-section

of the tracer in cm2, C (x, y, z) is the concentration of the absorbing species

in the lower energy level in cm−3 and φ (λ) is the species quantum efficiency

for emission (for this transition).

The emission quantum efficiency, φ (λ), is usually a function of the

wavelength, flow temperature, pressure, and other properties of the flow. How-

ever, in case of large tracer molecules like acetone (CH3 − CO − CH3), the
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quantum efficiency is found to be independent of temperature and pressure.

Therefore, for an optically thin medium, the emitted photon flux is found to

be directly proportional to the concentration of the tracer molecules (C (x, y)).

Thus, the mixture fraction imaging can be performed in the pulsed jet system

by seeding the jet with trace amounts of acetone.

Acetone is a broadband absorber whose absorption band extends from

225 to 320 nm, and its broadband emission extends between 350 and 550 nm

with peaks at 445 and 480 nm (Lozano et al., 1992). Therefore, in the current

acetone PLIF setup, the light source was a frequency-quadrupled Nd:YAG

laser (Spectra Physics PIV 400) operating at a repetition rate of 10 Hz and

the laser energy at 266 nm was about 50 mJ per pulse. The laser beam was

formed into a sheet of 0.3 mm thickness using sheet forming optics (a convex

lens of focal length 1 m and a cylindrical lens of focal length 25 mm). The

laser pulse energy was monitored using a photodiode and it was found that

the pulse-to-pulse variation in laser energy was found to be about 10% of

the maximum laser energy. There were also some “hot-streaks” (irregularities

in laser-sheet intensity) found in the laser sheet. To minimize the effects of

these hot-streaks on the mixture fraction imaging, the laser beam was formed

into a very wide sheet. This made the laser sheet more uniform in the area of

interest. The laser beam passed through the center of the fuel delivery tube.

At first, a CMOS camera (Photron APX) was used to acquire the flu-

orescence image. To check for repeatability, the potential core region of a

steady jet was imaged. The flow was saturated with acetone vapor so that the
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Figure 2.5: Schematic of the non-reacting mixture fraction imaging setup
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concentration of acetone remained the same between two experimental runs.

The laser energy was nominally maintained constant. In spite of taking care

to maintain the same flow conditions between experimental runs, there were

significant variations in the measured fluorescence signal. One of the possible

reasons for this discrepancy might be the “on-chip”calibration in this partic-

ular camera. It was found that the calibrated image obtained was completely

different from the image of the fluorescence obtained without calibration from

which the background image (without calibration) was subtracted. For this

reason, this camera was not, in general, suitable for imaging intensities.

In place of the CMOS camera, a slow-scan, back-illuminated CCD cam-

era (Microluminetics cryocam) was used to image the acetone fluorescence.

The resolution of the camera was 512 × 512 pixels per frame. The framing

rate of the camera was about 0.25 Hz. Since the operating rate of the laser and

the camera were different, phase-locked PLIF measurements were made. Sev-

eral pulse delay generators were used to synchronize the laser, the camera, and

the pulsing valve so that phase-locked measurements could be performed. The

procedure to obtain the mixture fraction from these images will be described

in a later section where the results are reported.

2.2.7 High-speed Shadowgraph

The first of the experiments that were performed to study the flame

dynamics was the high-speed laser shadowgraph. Shadowgraph is one of the

oldest and most-widely used techniques for flow visualization in reacting and
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high-speed flows. It is based on the deflection of light rays by gradients

in index-of-refraction and provides line-of-sight integrated details about the

index-of-refraction gradients. It is known that the index-of-refraction in gases

is related to the density and hence, shadowgraph gives information about the

density gradients. The variation in intensity of shadowgraph is related to the

index-of-refraction by the following equation (Clemens, 2002):

∆I

I
= L

∫ (
∂2

∂x2
+

∂2

∂y2

)
(ln n) dz (2.2)

where I and ∆I are the intensity with no gradient and change in intensity due

to the presence of gradient, n is the index-of-refraction and L is the length of

phase object. The density can be related to the index-of-refraction, in gases,

using the Gladstone-Dale relation:

n = 1 + Kρ (2.3)

where K is the Gladstone-Dale constant for the particular gas and ρ is the

density of the gas. Thus, it is clear that the shadowgraph effect is proportional

to the second derivative of the index-of-refraction and the density of gas. In

reacting flows and flames, there are density gradient present due to the heat

release and hence, shadowgraph can give a qualitative view of the structure of

the flame.

In the current experimental setup, a continuous-wave He-Ne laser

(632 nm, 0.95 W) was used as the light source. The laser beam was passed

55



through a microscope objective lens and then a pin-hole to remove the higher

modes of the laser beam and to produce a point source. The pin-hole, which

acts as the point-source, was placed at the focal-length of an 203.2 mm (8”)

diameter convex mirror which produces a collimated beam passing through

the test section. After passing through the test section the beam is focussed

using a mirror similar to the collimating mirror. The image was captured us-

ing a CMOS camera (Photron APX) which was electronically shuttered with

an exposure time of 12 µs.

2.2.8 Simultaneous OH/acetone PLIF

It is known that vortical structures are formed due to strong pulsations

of isothermal jets (Oh & Shin, 1998). It is interesting to study the flow-field

structures in the presence of heat release in a flame. Also, there is not much

known about the reaction zone structure in non-premixed pulsed jet flames.

To study the effect of heat release on the flow structures and to study the

reaction zone in pulsed flames, simultaneous OH/acetone PLIF imaging was

performed. Acetone is a good marker of the cold fuel, which gives information

on the flow structures, and OH is an approximate marker of the reaction zone.

The technique used in this experiment is very similar to that of Clemens

& Paul (1995), who made simultaneous OH/acetone PLIF measurements to

study the near-field flow structure of hydrogen jet diffusion flames. The hy-

droxyl (OH) radical is only an approximate marker of the reaction zone in

a flame for the following reason. The OH radicals are formed rapidly by a
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two-body collision mechanism in the reaction zone. However, the quenching

of OH radicals is brought about by slower three-body recombination reaction

(Barlow et al., 1989). Therefore, the OH radicals persist for a longer time

and depending on the local mixing rate these radicals can exist away from the

reaction zone (Seitzman et al., 1990). Since OH LIF is a function of several

parameters, including the temperature, pressure and species concentration of

other species, the OH signal is only approximately proportional to the mole-

fraction of OH radical; the error involved in determining the OH mole fraction

from the LIF signal is about 20% (Clemens & Paul, 1995).

The fuel was seeded with a small amount of acetone to track the flow

structures in the relatively “cold” regions (away from the flame). As mentioned

already in the previous section, acetone is a broadband absorber (240–320 nm)

and a broadband emitter (350–550 nm with peak at 440 nm). Note that the

acetone fluorescence signal, away from the reaction zone, is dependent only on

the concentration of acetone and the signal is not affected by the presence of

hot products (Clemens & Paul, 1995). It is known that acetone pyrolizes for

temperatures above 1400 K. This means that acetone LIF signal disappears

when acetone gets mixed with hot combustion products near the reaction zone.

Therefore, there will be a gap seen between the acetone and OH LIF signals

which is useful if a single camera is used to image both the LIF signals.

The experimental setup used for simultaneous OH/acetone PLIF is

shown in Fig. 2.6. The light source for this experiment was a dye laser (Lu-

monics HD 300) which was pumped using an Nd:YAG laser (Spectra Physics
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Figure 2.6: Schematic of the simultaneous OH/acetone PLIF imaging setup
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GCR-150). The dye laser was circulated with pyromethene (PMD-580) and

the output energy of the laser light peaked at a wavelength of about 570 nm.

The light from the laser dye was frequency-doubled using a KDP crystal based

frequency-doubler (Inrad Autotracker II) to about 285 nm. At 285 nm, the

laser energy obtained was about 7 mJ/pulse.

The laser was tuned around this wavelength of 285 nm to pump the

transition of OH radical that was least affected by temperature and pressure

variations. To do this, the emission spectrum of the OH radical was found

in this wavelength range. The peaks in the measured spectrum was matched

with the theoretically calculated OH spectrum. It was found that the strongest

signal was obtained for the Q1 (10) transition of the A2Σ+ ←− X2Π (1, 0) band

of OH. This transition was also least affected by the changes in temperature

and the corresponding laser wavelength was found to be 284.81 nm. The same

laser light was used to excite the acetone fluorescence as well. The laser had

the tendency to drift out of tuning and hence, the laser had to be tuned before

each experimental run.

The OH fluorescence signal was captured using an Intensified-CCD

camera (Princeton Instruments Max) fitted with a f/4.5 UV 105 mm Nikkor

lens which let the fluorescence signal at 308 nm to be collected by the cam-

era. A colored glass filter (WG-305) was used so that the scattered laser light

(285 nm) and the acetone fluorescence signal were cut-off. The pixel resolution

of the camera was 512× 512 pixels and the field-of-view imaged by the cam-

era was about 7D × 7D. The acetone fluorescence signal was captured using
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another ICCD camera (Princeton Instruments 576) with a pixel resolution of

384× 576 pixels per frame and the corresponding field-of-view was 3D × 4D.

To obtain a better signal-to-noise ratio, the acetone PLIF images were binned

and hence, the pixel resolution was halved, but the field of view remained the

same. The camera was fitted with f/2.8 105 mm Nikkor lens which would

automatically cut-off the scattered laser and the OH fluorescence signal. In

addition, to avoid the residual 570 nm light, a colored glass filter (BG-37) was

used for the acetone fluorescence. Since the image download time for both the

cameras was significantly longer than the forcing period, the laser, the pulsing

valve and the cameras were synchronized to enable phase-locked measurements

to be made.

Since the fields-of-view and the pixel resolution imaged by the two cam-

eras were different, the image from one of the cameras had to be mapped onto

the other. This was done by imaging a grid placed on the image plane of

the two cameras. Based on the grid image, a transfer or mapping function

was found to map the field-of-view obtained from PI-576 onto the field-of-view

of PI-Max. The transfer function obtained was a polynomial whose order de-

pended on the number of points chosen from the grid images. In this particular

case, a 3rd order polynomial was used as the transfer function. It was trivial

to superpose the images obtained from the two cameras with the help of this

transfer function.
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2.2.9 Reacting-PLMS and reacting-PIV

The flow and flame dynamics in pulsed jet flames were studied by the

use of PLMS and PIV techniques. The experimental setup was very similar to

the facility used for non-reacting PIV measurements. One of the differences in

this setup was the use of one CMOS camera instead of two cameras that were

used in the non-reacting case. The camera was operated at 5 kHz and was

fitted with a 50 mm lens (f-stop = 2.8) to increase the field-of-view. The laser

was operated at 10 kHz for which the laser is optimized. The main difference

between the two experiments is the seed particles and the method by which

they were introduced.

Obviously, the fog particles can not withstand the high temperature

near the reaction zone and neither can the olive oil particles. Therefore, alu-

mina particles, with a nominal diameter of 0.3 µm, were used to seed the jet

as well as the co-flow. The alumina particles can withstand temperatures of

about 1900 K without melting and they turn pink in the reaction zone render-

ing the flame purple rather than blue. However, there were problems with the

seeding. The alumina particles, being abrasive, would damage the solenoid

valve and hence, the particles can not be passed through valve. Also, it was

found the particles clogged the fine-screen which was used to produce a uni-

form co-flow and hence, these could not be passed through the co-flow facility

either. To avoid these problems, a crude but working method of seeding was

designed. In this method, compressed air from the shop was passed through

the particle seeding system, which consisted of a seeder and a cyclone sepa-
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rator to remove large particles. These fine particles were sprayed inside the

fuel delivery tube and on the screen of the co-flow facility. This method did

not alter the acoustic field in the resonance tube or the characteristics of the

co-flow. It was found that the seeding in the co-flow was very uniform when

air was passed through the facility and the seeding in the jet was uniform after

the initial 0.2 seconds.

The field-of-view of the camera was about 60 mm × 60 mm and the

resolution of these images were nearly the same as that of the non-reacting

PIV case. Note that the camera was operated at 5 kHz and was shuttered with

an exposure time of 4µs. PIV was performed by processing two successive

scattering images with ∆t = 400 µs. The final interrogation window was

16 × 16 pixels with 50% overlap which provides an overall PIV resolution of

0.94 mm. It was also found that there was enough signal in the flame region

to get vectors in the reaction zone.

The conditions investigated using different measurement techniques are

shown in Table 2.1. The mean flow-rate was maintained constant during an ex-

periment. The Reynolds number provided are based on the mean flow velocity

corresponding to the given flow-rate. All experiments except the luminosity,

shadowgraph, R-PIV (reacting-PIV) and R-PLIF (reacting-PLIF) measure-

ments were made for non-reacting jets using air as the flow medium. Pressure

measurements were made using both air and methane as the flow medium.

The Reynolds number was chosen in such a way that all the experimental

techniques were performed for at least one common Reynolds number. Most
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of the measurements were performed for a steady jet or for jets forced at first,

second and off-resonant frequencies.
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Chapter 3

Global effects and acoustic characterization

Strong forcing of a non-premixed flame is known to be one of the im-

portant control mechanisms used to increase heat transfer and combustion

efficiency of the system. The flame length and luminosity of the non-premixed

flames can be significantly changed by the use of strong pulsations as reported

earlier. It was noted that significant reduction in flame length can be brought

about at small Reynolds numbers. However, no significant changes had been

seen at large Reynolds number. The first part of this chapter will report

the effects of pulsing on the global parameters like the flame structure, the

luminosity and the flame length of the non-premixed flame.

Once the global effects are reported, the later part of this chapter at-

tempts to understand the acoustics of the forcing. To do this, the source will be

characterized using simple models and linear acoustic theory will be adopted

to understand the acoustic propagation inside the fuel-delivery tube. Pressure

measurements made inside the tube will be presented to support the acoustic

model. Flow visualization made using the PLMS technique in non-reacting

jets will be shown to show the global effects of forcing on the flow structures

of the non-reacting jet. The chapter will end by reporting some hotwire mea-
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surements to further corroborate the linear acoustic model and its capability

to predict the velocity at the fuel delivery tube exit (with the help of pressure

measurements).

3.1 Flame Measurements

The global imaging of the flames was done at different pulsing condi-

tions for several mean Reynolds numbers. The flow conditions for which the

imaging was performed are listed in the table describing the experimental con-

ditions in the previous chapter (see chapter 2). The images for mean Reynolds

numbers of 1140 and 2550 will be discussed in the following paragraphs.

The effects of resonant-acoustic forcing on the visible structure of

methane jet flames are shown in Fig. 3.1. The figure shows the case where the

mean fuel flow rate is 10 lpm (corresponding to Reo = 1140). Note that the

first resonant (fundamental) frequency of the fuel tube is theoretically near

380 Hz. Figure 3.1 shows the cases of: a) steady flow (no pulsing), b) non-

resonant pulsing (690 Hz), c) first resonant pulsing (380 Hz), and d) second

resonant pulsing (1140 Hz). Note that these images of the flames are repre-

sentative of multiple images that were inspected. Figure 2a indicates that the

unpulsed case appears as a conventional transitional nonpremixed jet flame as

it is luminous, and bright yellow and has a visible flame length of about 0.5 m

(= 45 D). The characteristics of the flame are consistent with the low jet exit

Reynolds number of 1140. The non-resonant case, which has the same mean

flow rate but pulsed at 690 Hz, shows that there is little difference between
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(a) (b) (c) (d)

Figure 3.1: Methane jet diffusion flame for an average fuel flow-rate of 10 lpm
(ReD = 1135). (a) No pulsing, (b) Non-resonant pulsing (690 Hz), (c) First
resonant pulsing (380 Hz), and (d) Second resonant pulsing (1140 Hz).
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the unpulsed flame and the non-resonantly pulsed flame. The visible flame

length of the non-resonantly pulsed flame seems to be nearly the same as that

of the unpulsed flame; however, the flame in the case of non-resonant pulsing

seems to be a little brighter. As the flow is forced at the resonant frequency

of 380 Hz, the flame becomes significantly more compact, mostly blue in color

with only a bit of yellow near the flame tip. It should be noted that the forcing

amplitude ratios for the resonant forcing conditions is expected to be much

higher than the non-resonant forcing condition (this will be shown to be true in

the next chapter). As noted by Bisetti et al. (2003), as the resonant frequency

is approached, the visible length of the flame progressively decreases, whereas

the length of the blue portion of the flame progressively increases until nearly

the entire flame is blue at the resonant frequency. The resonantly forced flame,

which is lifted significantly from the nozzle exit, appears more turbulent than

the unpulsed flame. The flame forced at the second resonant frequency of

1140 Hz is more compact and blue than the off-resonant case, but not as much

as the first resonant case. The flame length for this pulsing condition seems

to be reduced significantly. It can be seen that the lower part of this flame

is completely blue while the top-portion of the flame shows significant yellow

color.

Figure 3.2 shows luminosity images similar to Fig. 3.1 acquired at a

higher mean Reynolds number (Reo ≈ 2500). It is seen that the flame behavior

with forcing follows a similar trend as the behavior at the lower mean Reynolds

number. The unpulsed flame still looks transitional and is bright yellow in color

68



    
    
 

(a) (b) (c) (d)

Figure 3.2: Methane jet diffusion flame for an average fuel flow-rate of 21 lpm
(ReD = 2380). (a) No pulsing, (b) Non-resonant pulsing (690 Hz), (c) First
resonant pulsing (380 Hz), and (d) Second resonant pulsing (1140 Hz).
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with a visible flame length of about 0.6 m (= 54 D). Again, the off-resonantly

pulsed flame looks similar to the unpulsed flame. Also, there does not seem

to be any qualititative differences between the non-resonantly pulsed flame of

Reo ≈ 1200 and Reo ≈ 2500. Again, the non-resonant flame is a little brighter

than the unpulsed flame. The flame pulsed at the first resonant frequency (see

Fig. 3.2(c)) is completely blue, more compact, and much wider at the base

than the lower Reynolds number case shown in Fig. 3.1(c). For this Reynolds

number, the resonantly pulsed flame appears to be considerably more turbulent

than the off-resonant and unpulsed cases, and is lifted only slightly, if at all,

as compared to the lower Reynolds number case. It is interesting to note that

the flame length at this higher Reynolds number seems to be even shorter than

the lower Reynolds number case shown in Fig. 3.1. An important difference

at this higher Reynolds number is that when pulsed at the second resonant

frequency the flame is also completely blue. The second-resonant forcing case

is substantially more unstable than the first-resonant case, as it is significantly

more lifted and blows off at a Reynolds number of about 2500, as compared

to the first-resonant case that is reasonably stable at mean Reynolds numbers

as high as 10000. Oh & Shin (1998), who worked at mean Reynolds numbers

between 650 and 2500, reported significant flame length reduction for smaller

Reynolds numbers (Reo ≈ 650), but not at Reynolds numbers equivalent to

those used here.

Luminosity images of an unpulsed (steady) flame and a resonantly

pulsed flame at a high Reynolds number (Reo ≈ 10000) are shown in Fig. 3.3.
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(a) (b)

Figure 3.3: Methane jet diffusion flame for an average fuel flow rate of 83 lpm
(ReD ≈ 10000). (a) No pulsing, and (b) Resonant pulsing (260 Hz). The long,
yellow turbulent flame becomes compact and blue under resonant pulsing.
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Again, we observe that the long, yellow turbulent flame becomes completely

blue and significantly shorter when pulsed near the first resonant frequency.

The time scale for the flame with this Reynolds number (Reo ≈ 10000) seems

to be smaller than that of the smaller Reynolds number flame. This is seen

from the fact that the resonantly pulsed flame (see Fig. 3.3) does not have

well-defined boundary like the flames at smaller Reynolds number. The flame

could not be pulsed exactly at resonance because it would blow off. The effec-

tiveness of pulsations in shortening the flame seems to be different from the

results of Lovett & Turns (1990, 1993), who did not report significant reduc-

tions in flame length or luminosity for similar Reynolds number. They used an

amplitude ratio of 1.89, which is significantly smaller than the peak amplitude

ratios (amplitude ratio of 8) used in the current study. Their amplitude ratios

are more similar to the non-resonant forcing cases used in the current study

(see Fig. 4.7), which do not exhibit much flame length reduction. Also, Lovett

& Turns piloted the flame which may reduce the amount of partial premixing

by inhibiting the unburned air from being drawn into the tube. Therefore, it

is likely that the limited effectiveness of their pulsations was probably due to

the relatively weak forcing that was applied and possibly, the use of a flame

pilot.

The mean visible flame lengths for each case were obtained by using

a procedure similar to that of Becker & Liang (1978). First, mean luminos-

ity images were computed for each condition (forcing frequency and Reynolds

number) from 250 instantaneous images. The exposure time used in these
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cases was 1 ms. Since the forcing frequency was as high as 1 kHz, the global

images do not provide a good insight into the instantaneous structure of the

flame. However, these images are good enough to obtain the mean luminous

flame length. The mean flame length was determined to be the location where

the intensity decreased to 15% of the maximum along the jet centerline. The

precision uncertainty in these flame length measurements was found to be

about 0.5 D (please see appendix on uncertainty analysis for further discus-

sion). Figure 3.4 shows the mean visible flame length (Lf) non-dimensionalized

by the jet exit diameter (D) over a range of Reynolds numbers under pulsed

and unpulsed conditions. The lines drawn to pass through the data points are

para-splines and they were not obtained using any kind of fits. The Reynolds

number, in this case, is based on the mean flow velocity assuming uniform

velocity across the cross-section at the fuel tube exit (uo) and the diameter

of the fuel tube (Reo = uoD
ν

). The same fuel tube was used for these studies

and so the different Reynolds number were achieved by varying the mean fuel

flow rate. Note that the effects of viscosity was not studied and neither was

the effect of using different fuels. The unpulsed case shows a gradual increase

in flame length with Reynolds number, which is consistent with the measure-

ments by Becker & Yamazaki (1978) for the same Reynolds number range.

Figure 3.4 also shows that the pulsed off-resonant case exhibits a similar trend

but the flame lengths tend to be 10-20% shorter than the unpulsed flames. For

first-resonant pulsing the flame length increases at low Reynolds numbers and

then decreases with increasing Reynolds numbers, and the magnitude of the
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flame length reduction clearly increases with flow rate. For example, there is

about 70% reduction in length for a first-resonant pulsed flame as compared

to the unpulsed flame at a Reynolds number of about 2500. Oh & Shin (1998)

found that there is a 50% reduction in normalized flame length at smaller

Reynolds number (Reo ≈ 650) and only a 20% reduction at larger Reynolds

number (Reo ≈ 2300). Fig. 3.4 also shows that in the current study the reduc-

tion in flame length is larger at higher Reynolds number, the flame length at

lower mean Reynolds number is still much shorter than that of the unpulsed

flame at the same mean Reynolds number. The second-resonant case is also

interesting because it exhibits the smallest flame length at low Reynolds num-

bers but is not nearly as short as the first-resonant case at the higher Reynolds

numbers.

Fig. 3.5 shows the variation of the pulsed flame length normalized

using the unpulsed flame length (Lo) plotted against the ratio of peak velocity

measured at the centerline of the fuel tube (umax) to that of mean flow velocity

at the centerline of the fuel tube exit (uc) (measured for the non-reacting jet).

The maximum flame length reduction seen by Oh & Shin (1998) was about

55% for a forcing amplitude of about 11, while the current work shows a flame

length reduction of about 70% at a forcing amplitude ratio of 8. It can also be

seen that, in the present work, there is a greater reduction in flame length at

the higher Reynolds numbers as opposed to Oh & Shin (1998), who report the

peak reduction in flame length for the smaller Reynolds numbers. Note that

the flame length data reported by Oh and Shin exhibit less variation compared
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(1998) (closed symbols) and the present work (open symbols).
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to that of the current research. As mentioned earlier, the data of Oh and Shin

were acquired at a single frequency of forcing whereas the present data were

obtained at several different forcing frequencies; thus, it is possible that the

frequency range accounts for the variation. In the next paragraph, we discuss

the Strouhal number (Stmax) as a parameter superior to the amplitude ratio

in collapsing the flame length data.

In the first chapter (chapter 1), it was shown that the Strouhal number

based on the maximum velocity at the exit of the fuel delivery tube (Stmax)

or the reciprocal of the stroke-to-diameter ratio (Ls/D) is an important pa-

rameter in formation of vortex rings and synthetic jets. It is interesting to

investigate the importance of this Strouhal number on the flame length of

pulsed jet flames. Figure 3.6 shows the normalized flame lengths obtained

by Oh & Shin (1998) and the normalized flame length obtained for flames

pulsed at first resonant and non-resonant frequencies in the current study. It

can be seen that the effect of pulsations on the normalized flame length de-

creases as the Strouhal number of the forcing increases. In general, the flame

length data seem to collapse much better when plotted against the Strouhal

number as compared to the amplitude ratio (See Fig. 3.5). It is clear that

the flame lengths obtained for larger mean Reynolds number by Oh and Shin

(ReD ≥ 1300) show a better agreement with the findings of the present work

as compared to the flame length obtained for smaller mean Reynolds numbers

(ReD ≤ 1300). One of the possible reasons for this observation is that Oh

& Shin (1998) studied isothermal jets with a coflow having a velocity rang-
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ing from 0.1 m/s to 0.25 m/s when the mean velocity of the jet was about

0.375 m/s. For smaller mean Reynolds number the coflow velocity and the jet

velocity become comparable and this might have an effect on the measurement

of pressure and hence, the velocity at the nozzle exit. The Strouhal number

based on the maximum velocity at the nozzle exit seems to be one of the most

important parameters in this problem.

3.2 Acoustic Analysis

It has been shown that a flame length reduction of 70% is possible with

resonant forcing of the non-premixed jet flames. Since the forcing causes sig-

nificant effects, it is important to understand and if possible obtain a model

for the acoustic forcing mechanism. To understand the acoustic-forcing mech-

anism in more detail, a model of the resonance tube acoustics was developed.

The analysis, which is based on linear acoustics, can be divided into two parts,

namely, the characterization of the acoustic source and the acoustic field inside

the nozzle. It is also assumed that there is no non-linear interaction between

the source and the resonance tube.

In the current experimental setup, the acoustic source is due to the

modulated gas flow rate associated with the pulsed injection into the base of

the fuel tube. The principle behind the working of this acoustic source is very

similar to the Seebeck sirens. A Seebeck siren consists of a rotating disc with

circular holes against which a stream of fluid is passed. When there is no hole

opposite the stream, the flow is completely interrupted; when a hole approches
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the stream, the flow rate increases and then decreases. As the disc is rotated,

an acoustic signal is produced whose frequency depends on the angular speed

of the disc and the number of holes bored on the pipe (Milne & Fowler, 1921).

This acoustic signal is known to be periodic and contains the fundamental

frequency and its harmonics. The presence of the resonance tube downstream

of this source preferentially amplifies the fundamental frequency (organ-pipe

resonance frequency) of the resonance tube. For this case, assuming the source

to be a point source, the acoustic strength is known to be proportional to

the time rate of change of the volumetric flow rate, q̇ (t) (Lighthill, 1962);

therefore, the acoustic pressure at a distance r from the acoustic source is

given by (Lighthill, 1962):

p (t) ∝ 1

4πr

d

dt
(q (t)) (3.1)

where p is the acoustic pressure and q(t) is the volumetric flow rate. This

approach has been used to estimate the intense sound produced by sirens or

pulsed jet engines. Further, for a rotating valve like the one used here, the flux

of air from the valve at any moment is proportional to the area of the exposed

orifice (Milne & Fowler, 1921). This is known to be true even when there is a

significant clearance between the rotating disc and the inlet-pipe. Hence, the

volumetric flow rate can be written as follows:

q (t) ∝ A2 (t) (3.2)

where A(t) is the exposed orifice area at any moment. The exposed orifice
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Figure 3.7: Exposed area for a Seebeck siren showing the siren holes and
overlapping orifice, taken from Milne & Fowler (1921)

area for a Seebeck siren is shown in Fig. 3.7. For a disc with equally spaced

holes of equal diameter, the exposed area is given by geometry to be:

A (t) = r2
o [2θ − sin (2θ)] (3.3)

where ro is the radius of the hole in the rotating disc and θ is an angle between

0 and 90 degrees that can be determined from the equation:

cos (θ) = 1− R

ro
ωt (3.4)

where R is the radius of the rotating disc (R � ro) and ω is the angular

frequency of rotation. The exposed area plotted with respect to time looks

very similar to the one shown in Fig. 3.7, except that the duty cycle in the

current experiments is 50%. Some interesting points to be noted about the

exposed area of the jet are that the maximum exposed area of the orifice, as
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well as the time average of the square of the exposed area, are independent of

the frequency of rotation; therefore, the average mass flow rate is independent

of the frequency of rotation.

If we assume that the acoustic pressure source takes the form of Eq.

3.1 - 3.4, then the resulting power spectrum of the pressure source is shown in

Fig. 3.8 assuming a pulsing frequency of 290 Hz. Figure 3.8 shows that the

power spectrum is similar to that of a triangle wave as the source is composed

of a large number of higher order harmonics of diminishing amplitude. An im-

portant point to note here is that the energy levels at higher harmonics are a

significant fraction of the energy at the fundamental frequency. It was shown

that the theoretical maximum for the energy contained at the fundamental

frequency is 82% (Milne & Fowler, 1921). As will be shown from the velocity

spectrum measured in the current experimental system, the energy contained

in the harmonics is reduced due to the presence of the resonance tube. How-

ever, these higher harmonic frequencies were not reduced completely. The

energy contained at higher order harmonics is probably not due to some kind

of energy transfer from the fundamental to the harmonics.

From the previous arguments, it can be seen that the pulsing valve

acts as a point pressure source. However, it is not clear whether to model this

experimental system as a pressure-driven tube or a velocity-driven tube. It

should be noted that the strength of this acoustic source is determined through

experimental measurements rather than a model. Therefore, it is possible to

model the system as a pressure-driven tube or a velocity-driven tube. However,
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based on the measurements and agreement of acoustic resonant frequencies,

the system was modeled as a velocity-driven open-ended tube. According to

linear acoustic assumptions, the acoustic source can be assumed to be com-

posed of the superposition of several harmonic waves whose frequencies and

relative amplitudes can be obtained from the power spectrum. These harmonic

waves can be modeled as being generated by plane acoustic velocity sources.

This assumption is valid as long as half of the acoustic wavelength is greater

than the diameter of the fuel delivery tube (λ
2

> D). In the present case, the

shortest acoustic wavelength occurs for the case of second resonance which

is about 0.15 m and this value is much greater than the diameter of the fuel

delivery tube (0.011 m). The acoustic velocities induced by each harmonic can

be superimposed to obtain the total acoustic velocity induced by the pressure

source. From this acoustic velocity, the acoustic pressure can be calculated.

For a plane velocity-driven open-ended tube of length l , the acoustic

pressure at any location under the linear acoustics approximation can be de-

rived similar to the equation provided for a plane pressure source in Blackstock

(2000):

p = po
sin [k (l − x)]

cos (kl)
ej2πft (3.5)

po = ρcυo (3.6)

k =
2π

λ
(3.7)
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where k is the wavenumber, λ is the acoustic wavelength and υo is the am-

plitude of the velocity source which will be determined from the experimental

measurements. The procedure adopted to determined the source strength is

described later in this section. When the length of the tube becomes equal

to an odd multiple of one quarter of the wavelength, the acoustic pressure

becomes unbounded. This condition is called the acoustic resonance. Both

the peak acoustic pressure and the peak acoustic velocity tend towards infin-

ity at the resonance condition in a loss-less medium. Note that the pressure

node occurs where there is a velocity anti-node, i.e., acoustic velocity is a

maximum at a location inside the resonance tube where acoustic pressure is a

minimum. In practice, due to transmission and other losses at the open end of

the tube, the acoustic pressure and velocity inside the resonance tube are large

but bounded. The terminal impedance at the open end, which determines the

magnitude of the acoustic pressure and velocity, is a function of the frequency,

and the values tabulated in Morse & Ingard (1968) were used. The open end

of the tube has the same effect on the resonant frequency as lengthening the

tube and therefore an effective or corrected resonance frequency is used, which

is given by the following equations:

fn
res =

c

4l′
(2n + 1) (3.8)

n = 0, 1, 2, 3, ...

where

l
′
= l + 0.6133a (3.9)
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n Frequency (Hz) Frequency (Hz)
Methane Air

1 380 290
2 1140 870
3 1900 1350
4 2650 2030
5 3410 2610

Table 3.1: Resonant frequencies for fuel-delivery tube obtained using linear
acoustics model for methane and air flow

and a is the radius of the open tube. Eq. 3.8 provides the expression for cal-

culating the resonant frequency, fres, for an open-ended tube, with corrections

for losses. Table 3.1 summarizes the first five frequencies at which resonance

is expected to occur for methane and air for the given geometry.

Analytical expressions for pressure and velocity inside the nozzle can be

found using the linear acoustic model. The acoustic velocity, ua, for a piston

oscillating at any frequency f is given by (Blackstock, 2000):

ua (x, t) = U (x, f) cos (2πt) (3.10)

where U(x, f) is defined by the following:

U (x, f) =
Π (f)

Zo
sin
(
kl

′ − kx
)

(3.11)

and Π (f) denotes the maximum acoustic pressure attained inside the nozzle

for a given modulation frequency and fuel mean velocity. Owing to the absence

of exact acoustic source definition, the maximum pressure inside the nozzle was

found from the experimental pressure measurements. Since the acoustic source
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in this problem is composed of more than one frequency, the total acoustic

velocity can be calculated by summing up the acoustic velocity estimated for

individual frequencies. The acoustic pressure amplitude then can be calculated

from the relation:

P (x, f) = po
sin [k (l − x)]

cos (kl)
= U (x, f)Zo (3.12)

where Zo = ρc is the characteristic impedance of the medium. Note that, if

pressure or velocity is measured, the other quantity can be readily calculated

using Eq. 3.12, which is something that will be discussed further in the next

section.

The equations provided in the previous paragraphs for acoustic velocity

and pressure (Eq. 3.10, 3.11 and 3.12) do not take losses at the open-end

into consideration. A terminal impedance, Zn (ω), which has an imaginary

component, was used to incorporate the losses in the system. The reflection

coefficient, R (ω), can be calculated as follows (Blackstock, 2000):

Zn =
Zo

πa2
(Y (kD) + jX (kD)) (3.13)

Ra (ω) =
Zn − Zo

Zn + Zo

(3.14)

The values of the functions Y (kD) and X (kD) are obtained from the

values tabulated in Morse & Ingard (1968). Note that the reflection coefficient,

Ra (ω), is a function of frequency as well. The acoustic pressure field inside the
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resonance tube, for harmonic velocity fluctuations imposed at the closed-end

of the tube, is given by the following equation:

p (x, f) = Π (f)

(
ejk(l−x) + R (ω) e−jk(l−x)

ejkl − R (ω) e−jkl

)
(3.15)

ua (x, f) =
Π (f)

Zo

(
ejk(x) −R (ω) e−jk(l−x)

ejkl − R (ω) e−jkl

)
(3.16)

From Eqs. 3.13 and 3.15, the spatial variations of acoustic pressure and

velocity can be estimated. The resonant frequencies do not have a closed form

expression and have to be calculated by maximizing the pressure or velocity

inside the tube. It was found that the resonant frequency was modified only

slightly (less than 0.5%) due to the incorporation of losses through the terminal

impedance (Bisetti, 2002). It should be noted again that the amplitude of the

acoustic pressure and velocity inside the tube was found from experimental

measurements of pressure inside the tube.

This acoustic analysis is based on the premise that the acoustic velocity

can be superimposed on the mean flow velocity and that the acoustic field is

unchanged due to the presence of the mean flow field. This is shown to be a

reasonable assumption when the Mach number of the mean flow is low (Ingard

& Singhal, 1975). The validity of the linear model was investigated by making

pressure measurements inside the nozzle.
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3.3 Pressure Measurements

Fluctuating pressure measurements were made along the length of the

fuel tube as described in the previous chapter (see chapter 2). The acoustic

pressure was assumed to be independent of the radial location in the tube

and hence, it was assumed that the pressure was only a function of the axial

location. This is a good approximation when λ
2

> D which is true in the cases

studied in this article. These measurements were made to determine the mag-

nitude of the pressure fluctuations within the tube and to test the predictive

capability of the simple acoustic model. As mentioned already, the pressure

measurements were made in a tube with small holes. The measurements were

made at the wall of the resonance tube at different axial location. The holes,

other than the one used for measurement, were sealed using electrical tape.

Figure 3.9 shows the amplitude of the pressure oscillations, |P (x, f)|,
along the tube length for an average air flow-rate of 21 lpm and for the cases

where the valve was pulsed at the first (290 Hz) and second (870 Hz) resonant

frequencies. The pressure amplitude function in equation 3.11, Π (f), was

found by minimizing the least square error between the experimental pressure

measurements and the values predicted by the acoustic model. Substituting

for Π (f) in Eqs. 3.13 and 3.15, the acoustic pressure values predicted by the

acoustic model were obtained. The terminal impedance was obtained from

the tabulated values provided in Morse & Ingard (1968). The modification to

incorporate the losses has the effect of making the acoustic pressure bounded

and smoothens the cusp seen for the case of second resonant forcing. The
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pressure data show that the distribution at the first resonance is consistent

with a 1/4-wave standing wave pattern with a solid wall boundary condition

at x = 0 and a node at the tube exit. The second resonant pressures shows a

node near x = 10 mm, an anti-node near x = 20 mm and a node at the tube

exit. The acoustic model, which uses only information from the source and

the terminal impedance at the other end, shows relatively good agreement for

both first and second resonant forcing. It is noteworthy that the model predicts

the pressure at second resonant frequency reasonably well. The difference in

pressure amplitude between the measurements and model is higher near the

tube entrance (at x = 0) probably due to near-field and expansion effects.

Figure 3.9 also shows that the acoustic pressure amplitude inside the nozzle

becomes quite large at resonant pulsing conditions; for example, the RMS

pressure reaches a value of 9000 Pa (or 170 dB assuming the reference pressure

to be 20µ Pa), which is 10% of atmospheric pressure, for methane flowing at

a rate of 21 lpm.

Figure 3.10 shows how the measured pressure amplitude varies, at a

given location along the tube (x = 4.5 mm), as a function of frequency. Mea-

surements are shown for average methane flow-rates of 10 lpm, 15 lpm and 21

lpm, which correspond to mean Reynolds numbers of 1140, 1700 and 2380, re-

spectively. From the figure, it can be seen that the resonance occurs at about

360 Hz which is about 5% smaller than the value of 379 Hz predicted using

Eq. 3.8. Note that the pressure amplitude at the resonant pulsing conditions

seems to vary linearly with the mean flow velocity (uo). This is probably due
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to the fact that the acoustic source is dependent on the rate of change of vol-

umetric flow rate, as mentioned earlier in the section. Figure 3.10 also shows

that the pressure amplitude exhibits a secondary peak at the subharmonic fre-

quency. The secondary peaks occur at one-half of the fundamental resonant

frequency and its harmonics. Therefore, secondary peaks can be expected at

fres/4, 3fres/4, and so on. The two peaks seen in Fig. 3.10 at f ≈ 270 and

f ≈ 475 correspond to 3fres/4 and 5fres/4 respectively. Similar peaks were

seen by Parikh & Moffat (1982) when they measured the entrainment in non-

reacting jets. The reason for the peaks at these sub-harmonic frequencies is

not clear as of now. These large pressure fluctuations at the fuel-delivery tube

exit at the resonant pulsing conditions manifest as periodic vortical structures

(Oh & Shin, 1998), which will also be shown in the following chapters.

3.4 Summary

To summarize, it was shown that the flame length of non-premixed

flames reduced by up to a factor of three when the fuel flow-rate was pulsed at

the resonant frequency. Forcing of the flame at second resonant frequency was

also found to reduce the flame length significantly at small Reynolds number;

however, the flame length increased due to lift-off for larger Reynolds numbers.

Non-resonant forcing did not seem to have much of an effect on the flame as

compared to the unpulsed flame in terms of flame length and luminosity. Also,

the Strouhal number based on maximum velocity at the nozzle exit was shown

to collapse the flame length data obtained from this research as well as the
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data obtained by Oh & Shin (1998). This shows that the Strouhal number,

Stmax, is one of the more important parameters in this problem.

A linear acoustic model was developed to understand the characteristics

of forcing obtained by pulsing the fuel flow rate. The acoustic analysis was

divided into two parts: characterization of acoustic source and acoustic field

inside the resonance tube. The acoustic source was shown to depend on the

exposed area of the orifice and it was shown that the source contained the

fundamental forcing frequency as well as its harmonics. An expression for

finding the resonant frequency was provided and the corresponding frequencies

for methane and air were tabulated.

The next chapter will provide results obtained on the structure of non-

reacting jet pulsed at different conditions. Some of the hotwire measurements

that provide information on the amplitude of forcing and that gives the tur-

bulent characteristics of the non-reacting jets are shown later. The chapter

proceeds to show some of the PIV measurements made for isothermal (non-

reacting) jets and ends by showing the mixing characteristics of the pulsed

jets.
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Chapter 4

Non-reacting jets

The previous chapter showed that there could be significant effects

on the flame due to pulsations of the fuel flow rate. The acoustic forcing

mechanism was investigated in brief to obtain the resonant frequencies. It is

important to understand the physical mechanisms responsible for the effects

seen on the flame. Many factors complicate the exploration of the dominant

mechanisms for the effects. For example, there could be non-linear interaction

between the different systems like the acoustic source, the propagation inside

the nozzle, the flow structures and the heat release due to the reactions. It has

been shown that acoustic forcing and the heat release can couple together as

in pulsed combustors (Keller & Hongo, 1990; Keller et al., 1993). Therefore,

to decouple the forcing and heat release effects, the non-reacting jets were

initially studied. Following the non-reacting study, the effects of heat release

on the flow structures were studied.

The probable mechanisms that might be responsible for the reduction

in flame length and luminosity in resonantly pulsed flames were investigated by

studying the flow structures and velocity field in nonreacting jets. It is noted

that heat release tends to laminarize the jet, i.e., the local Reynolds number
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is reduced by a factor of 5 to 10 (Mun iz & Mungal, 2001). When the flame

is lifted, the flow field near the fuel tube exit is similar to the non-reacting

jet. However, the flow field is significantly different in the flame itself. The

cinematographic PLMS images showing the flow structures and point velocity

measurements made along the axis of the fuel tube are detailed in the following

sections.

4.1 Non-reacting PLMS (NR-PLMS)

Visualization of the time-dependent flow structure of the near-field re-

gion in a non-reacting jet was conducted by the use of cinematographic PLMS.

The light was scattered from a glycerol fog that was introduced into the am-

bient fluid surrounding the fuel tube exit. The jet fluid was not seeded with

fog. Owing to this technique of seeding, the fog was not uniformly distributed

throughout the ambient fluid, but this lack of uniformity was helpful in vi-

sualizing the motion of the ambient fluid and hence the entrainment process.

Since the seeding was not uniform, the images could not be used to obtain

velocity vectors. This technique was used only for the non-reacting pulsed air

jet flows because the fog particles would not survive the high temperatures

associated with combustion.

A four-frame time-sequence of representative PLMS images of an un-

pulsed air jet with a Reynolds number based on mean flow velocity of about

1800 is shown in Fig. 4.1. Note that only the surrounding fluid was fed with

glycerol fog and the jet was not seeded. Hence, in the PLMS images, the
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(a) (b) (c) (d) 
 

Figure 4.1: Time-sequence of PLMS images of an unpulsed, non-reacting air
flow at a Reynolds number of about 1800. (a) t = 0, (b) t = 2.5ms, (c) t =
5ms, and (d) t = 7.5ms. The flow direction is from bottom to top and the lip
of the fuel delivery tube is seen at the bottom of each image.
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(a) (b) (c) (d) 

Suction Suction

 

Figure 4.2: Planar laser Mie scattering images of a non-resonantly pulsed,
non-reacting air jet (590 Hz) at a Reynolds number of about 1800. (a) t = 0,
(b) t = 0.5ms, (c) t = 1ms, and (d) t = 1.5ms.
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light and dark regions correspond to the ambient and jet fluids, respectively.

The images show the presence of shear layer vortices, which grow and then

break up into finer scale structures at about 2-3 D downstream (Yule, 1978).

Although it is difficult to see in this limited sequence of images, the movies

show that the ambient fluid is nearly stationary, which indicates only weak en-

trainment of the surrounding fluid. Figure 4.2 shows a representative PLMS

image sequence of a similar jet that is pulsed off-resonance (590 Hz). The time

between each image is about 0.5 ms which is nearly one-quarter of the time

period of forcing, and so the sequence covers about one period of the forcing

cycle. Fig. 4.2 shows that the structures observed in this off-resonant case

resemble the unpulsed case, which indicates that the perturbations are not

strong enough to substantially modify the flow field. However, there are a few

differences between the two cases, which should be noted. Comparing Figs.

4.1 and 4.2, it can be seen that the potential core of the non-resonantly pulsed

jet is longer than that of the unpulsed jet, which suggests that the shear layer

instability is at least partially suppressed by the non-resonant pulsing. Fur-

thermore, although perhaps not apparent in Fig. 4.2, a careful viewing of the

PLMS movies of non-resonantly pulsed jet shows that a very small amount

of surrounding fluid is entrained (or sucked) into the fuel tube over a por-

tion of the cycle. The location where suction is observed is labeled on Fig.

4.2 (c)–(d). Despite these differences between the unpulsed and off-resonant

cases, it is clear that the similarities in near-field flow structure seen in the

PLMS are consistent with the luminosity imaging, which showed the unpulsed
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and off-resonant jet flames were similar. It was shown that the non-resonantly

pulsed flame was slightly brighter than the unpulsed flame. It is possible that

the increase in soot luminosity might be due to enhanced pyrolysis caused by

the weak partial premixing, which is produced by the weak reverse flow near

the fuel tube exit.

Figure 4.3 shows the same jet pulsed at the first resonant frequency of

290 Hz corresponding to air. For this case, a eight-image sequence represen-

tative of the multiple images inspected is shown. The time between images is

about 0.5 ms and so the sequence covers about one period of the forcing cycle.

In this case the flow is significantly different from both the unpulsed and off-

resonant cases. The resonant-pulsing case is dominated by periodic large-scale

vortical structures. Similar vortex structures have been seen in other forced jet

flows. For example, vortex structures were seen in pulsed combustors (Keller

& Hongo, 1990; Keller et al., 1993), in which the acoustic forcing and the heat

release are inherently coupled. Vortical structures were also observed by Oh &

Shin (1998) for large forcing amplitude ratios as was shown in the earlier chap-

ter (see chapter 1). Figure 4.3(a) shows the beginning of the expulsion phase.

A vortex is formed near the nozzle exit (Fig. 4.3 (a)) and is then convected

downstream (Figs. 4.3(b) - 4.3(c)). The vortex formed during the previous

cycle can be seen a few diameters downstream. A noteworthy feature shown

by these images is that the potential core is very small, which suggests a large

increase in the amount of mixing. In Fig. 4.3(c), a small dark region, which

is presumed to be potential core fluid, is seen near the nozzle exit. Although
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   (a)    (b)    (c)    (d) 

    
   (e)    (f)    (g)    (h) 
 

Figure 4.3: Planar laser Mie scattering images of a resonantly pulsed, non-
reacting air jet (290 Hz) at a Reynolds number of about 1800. (a) t = 0, (b) t
= 0.5ms, (c) t = 1ms, (d) t = 1.5ms, (e) t = 2ms, (f) t = 2.5ms, (g) t = 3ms,
and (h) t = 3.5ms.

101



perhaps not readily apparent from Fig. 4.3, careful inspection of the movies

clearly shows that the surrounding fluid exhibits significantly more motion and

is strongly entrained into the jet. Furthermore, a significant amount of ambi-

ent fluid is seen to be sucked into the fuel tube during part of the cycle and

then is expelled. For example, the movies show a reduction in thickness of the

potential core from Fig. 4.3(c) to 4.3(d). This indicates that surrounding fluid

is being entrained into the nozzle at that moment, which causes the necking

of the jet near the fuel tube exit. The potential core continues to shrink and is

completely absent in Fig. 4.3(f). Figure 4.3(h) indicates the end of the suction

phase after which the vortical structures are expelled.

As noted earlier, the near-field entrainment rate in this resonantly

pulsed case appears to be significantly larger than the near-field entrainment

rate produced by the unpulsed or off-resonant cases. The evidence for this is

that there is a noticeable difference in the amount of fog that is drawn toward

the jet centerline. Much of this enhanced entrainment seems to be directly

related to the presence of the vortices. The jet flow-field is also noticeably

more turbulent with resonant pulsing as finer scale structures are observed

even very close to the jet exit (see for example, Fig. 4.3(h)).

Figure 4.4 shows a cartoon that represents the local flow pattern during

the suction phase, which can be inferred from the PLMS movies. In this figure

a vortex that was formed earlier in the cycle has convected about 1D to 2D

downstream, at which time the surrounding fluid is being entrained into the

tube. The simultaneous downstream convection and upstream entrainment
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Figure 4.4: Schematic of the flow structure in a resonantly pulsed, non-reacting
jet during the suction phase.
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causes a stagnation point to form about half a diameter downstream of the

nozzle exit. The vortex structure gets detached due to the formation of this

stagnation point and gets convected downstream. The vortex structure that

got detached does not have a trailing jet as was seen by Gharib et al. (1998)

for the case of stroke-to-diameter ratio greater than the formation number. It

appears that there is no negative velocity downstream of this stagnation point.

The observed characteristics of the current resonantly forced jets exhibit

strong similarities to those of synthetic jets, i.e., jets that have zero-net-mass

flux (Smith & Glezer, 1998; Glezer & Amitay, 2002; Cater & Soria, 2002).

Synthetic jets are usually produced by oscillating a diaphragm or piston in

the plenum section of a jet. Previous studies have shown that synthetic jets

have larger entrainment rates than steady jets, and this is associated with an

increase in the near-field growth rate (Cater & Soria, 2002). Synthetic jets

have also been shown to exhibit the characteristics of a flow with a signifi-

cantly higher Reynolds number than the equivalent momentum velocity based

Reynolds number would suggest (Cater & Soria, 2002).

A time sequence of PLMS images of the same jet when pulsed at the

second resonant frequency of 870 Hz is shown in Fig. 4.5. In this case the time

between images is 0.125 ms and so the eight-image sequence also spans about

one cycle of the forcing. This second-resonant case is qualitatively different

from the first-resonant case. Vortical structures can be seen forming at the

nozzle exit but they are not nearly as distinct as for first-resonant forcing. To

help the reader see a vortex being formed, the location of a vortex structure
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  (a)   (b)   (c)   (d) 

    
  (e)   (f)   (g)    (h) 

A A A A

A A A

 

Figure 4.5: Planar laser Mie scattering images of a non-reacting air jet pulsed
at second resonance (870 Hz) with a Reynolds number of about 1800. (a) t
= 0, (b) t = 0.125ms, (c) t = 0.25ms, (d) t = 0.5ms, (e) t = 0.75ms, (f) t =
0.875ms, (g) t = 1ms, and (h) t = 1.125ms. Label “A”shows the location of
the vortex structure.
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as it propagates downstream is labeled “A”in the figure. In Fig. 4.5a the

vortex is about to be expelled and can be seen at the nozzle exit. The vortex

is then convected as far as about 1D or 2D downstream, but it does not

seem to travel farther than this. It is seen from the movies that the vortices

are actually pulled back into the fuel tube before they can “escape”further

downstream. This can also be seen from the location of the vortex structures

in Fig. 4.5 (e) - (g), where the vortex structures remain at about a diameter

downstream and then in Fig. 4.5h the vortex structures are absent. Beyond

about two diameters downstream there are no coherent vortex structures, but

only more random “turbulent looking” fluid. In fact, the second-resonant

flow field appears to be significantly more dominated by fine-scale turbulence

than the first resonant case. This implies that there is significantly enhanced

micro-mixing for second-resonant forcing, even though the entrainment rate

of ambient fluid may be less than for first-resonant forcing. The generation of

intense turbulence in this nominally transitional Reynolds number flows is of

interest. The extent of turbulence generation can be quantified by performing

velocity measurements.

Fig. 4.6 shows a schematic representation of the effect of pulsations on

the jet flows for different Strouhal numbers based on maximum velocity. The

cartoon representation shows the relative magnitude of the mean flow velocity

and the imposed velocity amplitude, the amplitude of piston displacement and

the flow structure for non-resonant pulsing, second and first-resonant pulsing

conditions. For non-resonant pulsing, the amplitude of the imposed oscillation
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Figure 4.6: Effect of Strouhal number on the structure of pulsed jet flow
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is comparable to that of the mean flow and the frequency is relatively large.

This corresponds to a small displacement of the piston (in a piston-cylinder

arrangement) and a large Strouhal number. This means that the reverse flow

begins before the vortex structure is formed completely. The result is that the

non-resonant forcing causes only a perturbation of the flow with no appreciable

change to the flow structure. In the case of second resonant pulsing, the

amplitude of pulsations is significantly larger compared to the mean flow.

However, the frequency of pulsations are high for the second-resonant pulsing

and this corresponds to a moderate Strouhal number. As seen in the figure,

the vortex structure is formed; however, the reverse flow begins before the

structure convects farther than a diameter. Owing to the onset of reverse

flow, the vortex structure is “sucked-back”. This, also, leads to vortex-vortex

interaction and the effect is that the vortex structures break down at about

3D downstream of the fuel-delivery tube exit. The amplitude of pulsations

is large for first-resonant pulsing corresponding to a low frequency and small

Strouhal number. Therefore, the vortex structures, which are formed due to

separation at the lip of the fuel-delivery tube, gets convected beyond a few

diameters from the nozzle exit before the reverse flow sets in.

The PLMS images give insight into the modification of flow structures

due to the pulsations at different forcing conditions. It is important, however,

to quantify the modification to the velocity field due to the forcing. For this

purpose, velocity measurements were made along the axis of the fuel-delivery

tube at various downstream locations using a hot-film anemometer. These
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measurements help quantify the amplitude ratio at different forcing conditions.

The following section will describe some of these velocity measurements.

4.2 Velocity Measurements

Velocity measurements were made at the nozzle exit as well as at sev-

eral downstream distances using a constant temperature hot-film anemometer

for a non-reacting jet (isothermal jet). These measurements were made for

different forcing conditions and mean Reynolds numbers as indicated in the

previous chapter (see chapter 2). Figure 4.7 shows sample time-traces of the

velocity obtained on the centerline of the nozzle exit plane for different puls-

ing conditions. The jet fluid used was air, the mean Reynolds number was

1820 and the mean flow rate was maintained at 15 lpm. As shown in Fig.

4.7a, the velocity under unpulsed conditions was essentially constant at about

4 m/s (different from the calculated value of 5.3 m/s based on laminar flow

assumption). The off-resonant case is shown in Fig. 4.7b. In this case, the

velocity waveform looks like a square wave whose amplitude is about twice

the mean velocity. This is consistent with a flow that is “chopped”, with 50%

duty cycle, by the pulsed valve.

When the flow is pulsed at resonance, the velocity waveform is more

sinusoidal with peaks that alternate in magnitude (Fig. 4.7c). Resonant puls-

ing obviously has an enormous effect because the maximum velocity (umax)

is about 7 times that of the mean velocity (uo). Similar measurements were

made at several conditions, and the resulting peak Reynolds numbers (Remax)
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Figure 4.7: Velocity measurement made at the centerline of the nozzle exit
for a mean Reynolds number of 1820 at different pulsing conditions. (a) no
pulsing, (b) non-resonant pulsing (590 Hz), (c) resonant pulsing (290 Hz), and
(d) second resonant pulsing (870 Hz)
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and Strouhal numbers (Stmax) are given in Table 4.1. Most of the experiments

were performed for a Strouhal number, (Stmax), of 0.3 which means that the

stroke length is expected to be about 3D. Also, the lowest Strouhal number

attained in the experiments was about 0.1 or the stroke length is about 10D

which is still lesser than the length, l, of the fuel-delivery tube. On average,

it can be seen that the amplitude ratio of forcing is between 5–6 for the range

of mean Reynolds numbers studied. It is clear from the table that the magni-

tude of the pulsations at resonance is quite large, and seems to be significantly

larger than those of most previous pulsed jet flame studies (Parikh & Moffat,

1982; Gutmark et al., 1989b; Lovett & Turns, 1990; Kim et al., 1993).

The jet-exit velocity signal is characterized by a large peak and then a

small peak when pulsed at resonance. The hot-film sensor is not sensitive to

the flow direction and so the large peak corresponds to the maximum positive

(outflow) velocity, whereas it is likely that the smaller peak corresponds to the

negative velocity associated with the intake portion of the cycle. The presence

of reverse flow is shown clearly in the PLMS movies. Also, the simultaneous

pressure and velocity measurements showed that the smaller peaks in the ve-

locity correspond to the reverse flow near the nozzle exit. The fact that the

peak negative velocity is less than the peak positive velocity is probably be-

cause there is a net mass outflow. This means that either the outflow should

span a larger part of the forcing cycle or that the peak positive velocity is

greater than the peak negative velocity. Another reason might be that the

inflow process is drawn from all directions (like a point sink) whereas the flow
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is essentially unidirectional during the ejection process. It is noteworthy, how-

ever, that even the negative velocity at the resonant pulsing is as high as 4−5

times the mean flow velocity.

Figure 4.7 (d) shows the velocity when the jet is pulsed at the second

resonant frequency of 870 Hz. In this case the peak velocities are large com-

pared to the unpulsed velocity; however, both the positive and the negative

peaks are smaller than that of the first resonant frequency. This observation

is consistent with the PLMS movies, which show weaker inflow for the second-

resonant case compared to that of the first resonant case. Note that in all the

pulsed cases, the dominant frequency is the frequency of forcing.

Figure 4.8 shows the variation of the peak velocity at the nozzle exit

as a function of forcing frequency for four different mean flow rates. The peak

velocity has been non-dimensionalized by the centerline velocity at the tube

exit. This figure shows that the effects of pulsing are very significant as the

velocity can reach nearly 8 times the mean flow velocity at resonant pulsing.

It is further seen in Fig. 4.8 that larger peak velocities are associated with

higher mean flow rates. This is expected from the acoustic analysis, which

assumes that the acoustic source is proportional to the volumetric flow rate.

The simple acoustic model, that was developed and described in the

previous chapter (chapter 3), enables the estimation of the amplitude of the in-

duced acoustic velocity if the pressure amplitude is known. Since independent

pressure measurements were made in non-reacting jet (air), we can compute

the jet exit velocities by using equation 3.12 and compare them to the mea-
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sured velocities. This comparison is shown in Fig. 4.8 where the measured

peak velocity and the acoustic velocity inferred from the measured peak pres-

sure and equation 3.12 are normalized by the mean flow velocity. Note that

the resonant frequency for the case of air as flow-medium is around 290 Hz

and that the acoustic velocity obtained using the model is independent of the

Reynolds number. This figure shows that the acoustic model gives velocities

that are in reasonable agreement with the hot-film measurements, particularly

near resonance. This gives us confidence that the linear acoustic model is rea-

sonably accurate for the range of conditions studied. However, it should be

noted that the velocities for off-resonant pulsing, e.g. f = 390 Hz, seem to be

under-predicted by the model by about a factor of two. This difference seems

to increase with increasing flow rate, which may indicate the breakdown of the

model due to the increasing importance of nonlinear effects.

Power spectra of the velocity fluctuations were computed from the ve-

locity time-series data for several downstream locations along the jet centerline.

Figure 4.9 shows the evolution of the spectra at four downstream locations for

the case of first-resonant pulsing (290 Hz) and at a mean Reynolds number

of 3040. At x = 1D the spectrum is dominated by discrete peaks. The dom-

inant peak occurs at the forcing frequency, whereas the harmonics exhibit

progressively smaller amplitudes. As already noted, these peaks at the higher

harmonics of the fundamental frequency might be due to the presence of these

frequencies in the source signal and are not necessarily associated with non-

linear energy transfer from the fundamental to higher harmonics. Also, the
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Figure 4.9: Power spectra of the velocity fluctuations measured at different
downstream distances for Reo = 3035 and resonant pulsing (290 Hz). (a)
Downstream distance, x = 1D (1 diameter), (b) x = 5D, (c) x = 10D, (d) x
= 20D.
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Figure 4.10: Power spectra of velocity fluctuations measured at x = 20D at
Reo = 3035 and different pulsing conditions: (a) no pulsing, (b) non-resonant
pulsing (590 Hz), (c) resonant pulsing (290 Hz), and (d) second resonant puls-
ing (870 Hz)
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power spectrum was found for the rectified velocity signal (as obtained from

the hot-film anemometer) due to which some of the harmonics are introduced

in the spectrum. The magnitude of the spectral peaks diminishes with the

downstream distance as seen from the power spectra at x = 5D and x = 10D

(Fig. 4.9 (b) and 4.9 (c)). By x = 20D, with no apparent spectral peaks, the

spectrum is essentially broadband. The distance where the coherent structures

breakdown (as indicated by the absence of a peak at the forcing frequency)

depends on the Reynolds number of the flow and the frequency of forcing. Not

surprisingly, broadband spectra occur at smaller x locations for higher mean

Reynolds numbers. It is also seen that the spectrum at x = 20D exhibits an

inertial subrange, i.e., a region of the spectrum that exhibits a f−5/3 scaling.

The inertial subrange is an indication that the flow has become more turbu-

lent. For example, Fig. 4.10a shows the power spectrum of the unpulsed case

at x = 20D, which exhibits no clear power law scaling, or at best power law

scaling with an exponent that is about -5/2. This suggests that the mean

Reynolds number may not be appropriate in the pulsed flows. If the source

Reynolds number is instead based on the peak velocity at the jet exit, i.e.

Remax = umaxD/ν, then this Reynolds number is about 7.5 times larger or

Remax = 22700. The power spectrum of Fig. 4.9d is more consistent with a

Reynolds number of this magnitude.

Figure 4.10 further shows the velocity power spectra measured at the

fixed mean Reynolds number of 3040 and at the single location of x = 20D

for different pulsing conditions. As noted above, the unpulsed spectra exhibit
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a larger power law exponent, which is consistent with a transitional flow.

The spectrum of the off-resonant case (Fig. 4.10b) is interesting in that it

seems even less well-developed as the power law exponent is larger still and

the spectrum exhibits some sharp spectral peaks (the peaks below 1 kHz are

repeatable from run to run). Figure 4.10c and 4.10d show that a slope of -5/3

characterizes the first and second resonant pulsing conditions.

The velocity spectra for a resonantly-pulsed jet measured at x = 20D

for different mean Reynolds number is shown in Fig. 4.11. As shown already,

the spectra for the cases of Reo = 3030 and Reo = 2550 (See Fig. 4.11c and

4.11d) exhibit a slope of -5/3 indicating the presence of inertial subrange. Al-

though the heat release in resonantly pulsed flames is expected to reduce the

level of turbulence compared to the nonreacting pulsed jets (Mun iz & Mun-

gal, 2001), the resonantly pulsed flames are expected to be more turbulent than

the unpulsed flames at the same mean Reynolds numbers. This enhanced tur-

bulence in resonantly pulsed flames might result in the compact flame, which is

much wider at the base compared to the unpulsed flame (Refer Fig. 3.2). The

presence of an inertial subrange can be seen for the case of Reo = 1820 (See

Fig. 4.11b) as well. However, the dissipation range is not quite as pronounced

in this case. Unlike the other cases, the inertial subrange does not develop for

Reo ≤ 1800 indicating that the flow does not become turbulent. The lower

level of turbulence in this case compared to the larger Reynolds number cases

might cause the resonantly pulsed flame at a Reynolds number of about 1200

to be significantly longer and narrower at the base compared to the resonantly
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Figure 4.11: Power spectra of velocity fluctuations measured at x = 20D for
resonantly pulsed jet. (a) Reo = 1220, (b) Reo = 1820, (c) Reo = 2550, and
(d) Reo = 3030
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Figure 4.12: Power spectra of velocity fluctuations measured at x = 10D for
ReD = 3035 at different pulsing conditions. (a) First resonant pulsing, and
(b) Second resonant pulsing.

pulsed flame at larger Reynolds number (See Figs. 3.1 and 3.2). It was noted

from Fig. 3.4 that the flame length of resonantly pulsed flames increases at

lower mean Reynolds number and decreases at higher mean Reynolds number.

The probable reason for this observation is that, at resonant pulsing, the flow

might not become turbulent for Reo ≤ 1800. For Reo ≥ 1800, the level of tur-

bulence in the flow increases and the flame length decreases. Table 4.1 shows

that at a mean Reynolds number of 1210 we have umax/uc = 5.6, and therefore

the Reynolds number based on the maximum velocity is Remax = 6760, which

is low enough that one would expect a non-fully developed turbulent flow in

the presence of heat release.

Figure 4.12 shows the velocity power spectra at x = 10D for first-
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resonant and second-resonant pulsing. From this figure it is clear that the

flow develops an inertial subrange closer to the nozzle exit when the flow is

pulsed at the second resonant frequency as compared to the first resonance.

The spectrum of Fig. 4.12a shows that spectral peaks at the first and second

harmonic persist to this location, which suggests that the coherent vortices

have yet to break down. We note that this trend of a more turbulent second-

resonant flow is consistent with the qualitative conclusions drawn from the

PLMS movies.

As mentioned earlier, the Strouhal number based on the maximum ve-

locity in the form Stmax = fD/umax was calculated using the hot-wire velocity

measurements. The Strouhal number as described earlier is also a measure of

vortex-vortex interactions in the flow. In other words, smaller St imply that

the stroke is large as compared to the nozzle exit diameter and so a shed vortex

will convect farther before another one is shed; therefore, there is little vortex

interaction at small Strouhal number. In contrast, at larger Strouhal number,

a vortex is shed, but is not able to convect very far before the velocity changes

direction. This can result in the vortex being influenced by the reverse flow

and also with the vortex that is shed later in time. It should be noted that a

large stroke length can be obtained by either a low forcing frequency or large

forcing amplitude; therefore, there can be little vortex interaction even at high

frequency provided the amplitude of forcing is large enough.

The work on synthetic jets by Rediniotis et al. (1999) seems to support

this interpretation of Stmax. Rediniotis et al. (1999) found that the vortex
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structures were formed and convected downstream for a small Strouhal number

(Stmax = 0.2) whereas there are no vortices seen for the case of large Strouhal

number (Stmax = 2). In the case of large St the vortex structures that are

formed during the out-stroke interact with the reverse flow and are ingested

(“sucked’) into the nozzle. They conclude that there is no synthetic jet formed

for the case of large St.

The Strouhal numbers based on the maximum velocity are given in

Table 4.1. The lowest Stmax is 0.1, which occurs for the case with the lowest

forcing frequency and highest amplitude (290 Hz, 25 lpm). For this case we

expect the least interaction among the shed vortices. The highest Stmax is

2.5 and this occurs for the lowest flow rate off-resonant case (590 Hz, 6.9

lpm). This high value of Strouhal number may explain why this case exhibited

suppressed shear layer instability and increased length of the potential core.

The short stroke may have disrupted formation of the shear layer vortices in

such a way that the resulting flow was actually less organized than the unforced

case.

To investigate the effect of Strouhal number on the development of

coherent vortical structures, the hot-film anemometry data were used to de-

termine the downstream distance at which the vortices breakdown. The in-

dication of vortex breakdown was assumed to be when the velocity power

spectra along the centerline lost their spectral peaks. While the transition to

a broadband spectrum does not necessarily imply a transition to turbulence,

it does indicate that the energy is not confined to a few discrete frequencies.
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Figure 4.13: Downstream distance, x/D, at which coherent structures disap-
pear plotted against Strouhal number based on maximum velocity at the exit
of the nozzle.

124



Figure 4.13 shows the downstream distance at which the fundamental-mode

peak disappears in the power spectrum as a function of Strouhal number. It

is clear from this plot that the distance at which the structures breakdown

decreases as the Strouhal number increases. This figure shows that at large

Stmax, which corresponds to a relatively short stroke, the coherent vortices

breakdown rapidly because they interact with the reverse-flow and potentially

with vortices shed at earlier and later times. Similar effects have been noted

on the development of vortical structures in synthetic jets (Rediniotis et al.,

1999).

Again, the Strouhal number is shown to be the most important param-

eter that determines the extent of vortex-vortex interaction and vortex-flow

interactions. The reader should also be reminded that the flame length was

dependent on the Strouhal number as well. The hot-film measurements give

the velocity field at particular downstream points. The non-reacting PIV mea-

surements that will be shown in the next section will provide velocity in a plane

passing through the axis of the fuel-delivery tube.

4.3 Non-reacting PIV (NR-PIV)

Cinematographic “side-view”PIV was performed in the near-field region

of the forced and steady jet. As mentioned in the second chapter (see chapter

2), the PIV images were acquired at 10 kHz (∆t = 100 µs) using two cameras

to achieve a larger field of view. The field-of-view obtained was about 60 ×
60mm2 with a resolution of 2.3 mm/vector. Since there was a 50% overlap, the
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successive vectors are 1.3 mm apart. Successive images were cross-correlated

to obtain the velocity vectors and hence, the time gap between two vector

fields is 200 µs. Therefore, 16 vector fields were obtained per forcing cycle

with a time gap of 200 µs between them.

As mentioned already, both the jet (with olive oil droplets) and the co-

flow (glycerin fog) were seeded in this experiment. For the steady (unpulsed)

jet, however, since the entrainment was weaker, the shear layer (between the

jet and the co-flow) could not be seeded. This resulted in no vectors being

obtained in the shear layer region of the jet. Also, the number of spurious

vectors was significantly greater and hence, the experimental results are only

shown for the strongly forced cases, in which the entrainment is much higher

compared to the steady jet that vectors could be obtained in the entire field-

of-view.

Fig. 4.14 shows the PLMS images that were used to obtain the velocity

vectors in the near-field region of the pulsed jet. The location at which the

images from the top and bottom cameras were merged can be seen clearly in

these images. To minimize the errors in the velocity vectors occurring due to

the combination of the two images, the velocity vectors were obtained from

the images of top and bottom cameras independently. Fig. 4.14(a) shows

the beginning of the expulsion of the forcing cycle of a resonantly pulsed jet.

As the cycle proceeds, the vortical structure gets convected downstream (see

Fig. 4.14(b),4.14(c)). Since the olive oil particles produced by the atomizer

are smaller compared to the fog particles, the jet fluid seeded with olive oil
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(a) (b) (c)

(d) (e) (f)
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Figure 4.14: PLMS images of non-reacting jet of mean Reynolds number equal
to 1820 pulsed at first resonant condition (250 Hz) (a) t/T = 0 (b) t/T = 0.125
(c) t/T = 0.25 (d) t/T = 0.375 (e) t/T = 0.5 (f) t/T = 0.625 (g) t/T = 0.75
(h) t/T = 0.875
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can be distinguished from the co-flow fluid. The jet fluid can be seen more

as a mist than the particulate-laden co-flow. A small potential core, as seen

before, can be seen in Fig. 4.14(c). It can be seen that this potential core gets

thinner (see Fig. 4.14(d),4.14(e), 4.14(f)) and eventually there is no potential

core seen further along the forcing cycle (see Fig. 4.14(g), 4.14(h)). Note that

reverse flow can not be seen clearly from these images because the jet as well

as the co-flow were seeded.

Fig. 4.15 shows the vector fields obtained for a non-reacting resonantly

pulsed jet (f = 290Hz) with a mean Reynolds number of about 1820. These are

the same operating conditions as the resonantly pulsed jet shown in Fig. 4.14.

Again, the four-image sequence starts with the beginning of the expulsion

portion of the forcing cycle Fig. 4.15(a)). The velocity field confirms the

presence of the vortical structures that have already been seen from the PLMS

images (see Fig. 4.15(b)). The PIV measurement shows only a small negative

velocity near the fuel-tube exit (Fig. 4.15(c), 4.15(d)) because the field-of-view

of the PIV measurements is x = 0.5D–6.5D, i.e., the exit of the fuel-delivery

tube was not imaged due to strong laser scattering from the tube.

There are a couple of important points that can be obtained from the

velocity fields shown in Fig. 4.15. First, the velocity vectors show clearly that

the fluid from the co-flow is entrained by the vortical structures. Therefore,

the entrainment of surrounding fluid might be expected to be greater than the

corresponding steady (unpulsed) jet. Secondly, the entrainment or effect of the

vortical structures extends to about 1D in the radial direction. This is clear
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Figure 4.15: Evolution of velocity field with time in a resonantly pulsed jet
(250 Hz) with a mean Reynolds number of 1820 (a) t/T = 0 (b) t/T = 0.25
(c) t/T = 0.5 (d) t = 0.75
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from the fact that the velocity of the co-flow beyond this region is upwards

and very small.

Fig. 4.16 shows the streamwise velocity contours (in m/s) superimposed

on the velocity vectors for the resonantly pulsed jet for the same consecutive

phases of the forcing cycle as shown in the previous figure. The sequence of

images starts with the beginning of the expulsion part of the cycle as in the

previous figures. It can be seen that there are regions of negative velocities

created due to the entrainment of the vortical structures. Also, it is noted that

the velocity at the tail of the vortical structure is relatively smaller compared

to the head of the vortex structure 4.16(a). As the cycle proceeds, there is

a reverse flow setup near the nozzle exit closer to the periphery of the fuel-

delivery tube (see Fig. 4.16(b)). Later on, the weak reverse flow can be seen

near the axis of the jet close (x > 0.5D) to the fuel tube exit as seen in Fig.

4.16(c). Fig. 4.16(d) shows that, towards the end of the cycle, the flow velocity

near the jet exit becomes zero or slightly positive.

From the PIV measurements, some of the other derived quantities like

vorticity, strain rate and dissipation can be calculated. Fig. 4.17 shows the

vorticity contours calculated at four consecutive phases of the forcing cycle

for a resonantly pulsed jet with a mean Reynolds number of 1820. The figure

shows the vortex structure being convected downstream as time progresses.

The most important point to be noted here is that the vortex structures lose

their coherence (or break-down) as they move downstream. The vortex is

thought to break-down due to the vortex-flow interaction and vortex-vortex
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Figure 4.16: Streamwise velocity (in m/s) contours in a resonantly pulsed jet
(290 Hz) with a mean Reynolds number of 1820 (a) t/T = 0 (b) t/T = 0.25
(c) t/T = 0.5 (d) t = 0.75

131



-2000-1600-1200 -800 -400 0 400 800 1200 1600 2000

-3 -2 -1 0 1 2 3
0

1

2

3

4

5

6

y
/
D

x/D
-3 -2 -1 0 1 2 3

0

1

2

3

4

5

6

y
/
D

x/D

-3 -2 -1 0 1 2 3
0

1

2

3

4

5

6

y
/
D

x/D

-3 -2 -1 0 1 2 3
0

1

2

3

4

5

6
y
/
D

(a) (b)

(c) (d)

x/D

Figure 4.17: Vorticity field (in s−1) in a resonantly pulsed jet (290 Hz) with a
mean Reynolds number of 1820 (a) t/T = 0 (b) t/T = 0.25 (c) t/T = 0.5 (d)
t = 0.75
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interaction.

The jet was pulsed using the solenoid valve in these measurements. The

main drawback of the use of solenoid valve is that it can be operated at high

frequencies (f ≥ 350 Hz) for only a few seconds. For this reason, the valve

could not be run at the non-resonant frequency of 590 Hz for more than a

couple of seconds. Therefore, the jet was forced at an off-resonant frequency

of 100 Hz. Fig. 4.18 shows the velocity field for an off-resonantly pulsed jet at

four consecutive phases of the forcing cycle. The mean Reynolds number of the

jet was about 1800. First, note that the maximum velocity measured for this

jet pulsed at off-resonant frequency was about 6 m/s. As usual the sequence

starts with the beginning of the expulsion phase (Fig. 4.18(a)). Similar to

the resonantly pulsed jet, the vortical structure get convected downstream.

However, the celerity of the vortex structure is less than that of the resonantly

pulsed jet. From the figure (Fig. 4.18), it can be seen that the entrainment

of the surrounding fluid is considerably less than in the resonantly pulsed

jet. This is determined from the fact that the velocity vectors, about half a

diameter away from the jet axis do not seem to be perturbed.

Similar to Fig. 4.16 for the resonantly pulsed jet, a contour plot of

streamwise velocity with the velocity vectors superimposed is shown for the

off-resonantly pulsed jet in Fig. 4.19. Note that the contour levels used in

this figure are the same as that of the figure showing velocity contours for the

resonantly pulsed jet. It is clear that the magnitude of velocities are much

smaller compared to that of the resonantly pulsed jet. The lack of significant
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Figure 4.18: Evolution of velocity field with time in an off-resonantly pulsed
jet (100 Hz) with a mean Reynolds number of 1820 (a) t/T = 0 (b) t/T =
0.25 (c) t/T = 0.5 (d) t = 0.75
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Figure 4.19: Streamwise velocity (in m/s) contours in an off-resonantly pulsed
jet (100 Hz) with a mean Reynolds number of 1820 (a) t/T = 0 (b) t/T =
0.125 (c) t/T = 0.25 (d) t/T = 0.375 (e) t/T = 0.5 (f) t/T = 0.625 (g) t/T
= 0.75 (h) t/T = 0.875
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Figure 4.20: Vorticity velocity contours (in s−1) in an off-resonantly pulsed jet
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low or negative velocity region near the vortical structures indicate that the

entrainment of surrounding fluid is much smaller in off-resonantly pulsed jets as

compared to that of resonantly pulsed jets. Fig. 4.20 shows the corresponding

vorticity contours for an off-resonantly pulsed jet. The magnitude of vorticity

is observed to be smaller compared to that of the resonantly pulsed jet. It can

also be seen that the vortical structures are not seen beyond a downstream

distance of about 5D. This is consistent with the location of breakdown of

vortex structures that was obtained from the hot-film measurements made in

non-reacting forced jets.

From these measurements and observations, it is expected that the

mixing will be enhanced in the case of a jet forced at resonant conditions as

compared to non-resonantly pulsed and unpulsed jets. In other words, the

mixing would be expected to be better for jets with small St compared to jets

with relatively larger St. A similar trend would be expected for the premixing

as evidenced from the larger negative velocities measured for resonantly pulsed

jet in comparison with non-resonantly pulsed jet. Next, a discussion follows on

the variation of partial premixing and the enhancement in mixing due to the

strong pulsations. For this purpose, quantitative acetone PLIF was performed

and some of the results obtained from these experiments will be discussed in

the following section.

137



4.4 Conserved Scalar Mixing

The PLMS images of the forced jet and the corresponding velocity mea-

surements showed the presence of vortical structures which seemed to increase

the entrainment of surrounding fluid. The mixing between the jet fluid and the

surrounding fluid seemed to be enhanced due to the strong pulsations of the

fuel flow rate. Another interesting feature of the forced jet was the presence

of reverse flow near the fuel-delivery tube, which was suggested to produce

partial premixing (Kim et al., 1993). To investigate the mixing characteristics

and to study the partial premixing, quantitative acetone PLIF was performed,

which provides the mixture fraction field in the jet flow.

As described in the chapter on experimental facilities (see chapter 2),

the air which was used as the flow medium for this experiment was seeded with

acetone at a mole-fraction of about 16% by volume. It was already shown that

the fluorescence signal is proportional to the concentration of acetone in the

jet. To convert the fluorescence signal data into mixture fraction information,

the acetone fluorescence signal of the steady jet potential core was imaged.

It is known that the mixture fraction in the potential core of the steady jet

should be unity.

Several corrections had to be performed to lower the uncertainty in the

measurement of mixture fraction. First, the background had to be subtracted

from the fluorescence image. Second, a correction had to be performed for

variations in laser sheet intensity. Then, to obtain the mixture fraction from

the fluorescence image, the image was divided by the signal at the exit of the
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fuel-delivery tube. Since the concentration of acetone was not negligible, there

was absorption of laser energy by the acetone molecules. Therefore, absorption

correction had to be performed to make the fluorescence more uniform along a

ray. A detailed account of the procedures followed to obtain the quantitative

acetone fluorescence images is provided in the appendix. An average mixture

fraction image of the potential core of a steady jet is shown in Fig. 4.21. It

can be seen that a triangular potential core extending to about 5–6D exists for

this steady jet with a mean Reynolds number of 1820. Based on the imaging

performed in the steady jet, the uncertainty in the measurement of mixture

fraction was found to be about 3% of the maximum mixture fraction, i.e., the

mixture fraction,ξ, in the potential core varies from a value of 0.97 < ξ < 1.03.

Recognize, however, that the percentage error would increase when the actual

mixture fraction is small (for example, ξ ≈ 0.1).

The resonant frequency is modified due to the addition of acetone.

Since the density of the mixture (air and acetone) is higher compared to pure

air, the resonant frequency is reduced from the value of 290 Hz for air to 250

Hz for the air/acetone mixture. Fig. 4.22 compares the instantaneous mixture

fraction images of the steady jet with the resonantly pulsed jet. The mean

Reynolds number of the jets was 2500 and Remax ≈ 13000. The PLIF images

were cropped to about 4D×8D. The look-up-table (LUT) used for the steady

jet is different from that of the LUT used for the resonantly pulsed jet. The

intense yellow/white in the steady jet corresponds to unity (ξ ≈ 1) while the

same color corresponds to a much smaller value of ξ ≈ 0.6 in case of resonantly
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pulsed jet. This was done to elucidate the vortex structures in the resonantly

pulsed jets where the mixture fraction is much smaller compared to the steady

jet.

Fig. 4.22 shows the steady jet for a particular instant and the resonantly

pulsed jet at eight consecutive phases of the forcing cycle, which is provided

by the percentage number at the top left corner of the images. The relative

velocities for the phase is given by the arrow at the bottom left corner of the

images. The steady jet of mean Reynolds number shows the presence of a

potential core with a mixture fraction of close to unity (see Fig. 4.22(a)). The

shear layer instabilities, typical of the round jets (Yule, 1978), can be seen

clearly in this image. It can be seen clearly that the mixing produced by these

shear layer instabilities is not significant. This means that the fuel would not

mix with the oxidizer in the near-field region until it is near the reaction zone

and hence, the flame would be long and yellow as was the case for the unpulsed

flame. Beyond the potential core region the mixture fraction seems to decay

gradually as would be expected for a round jet.

Fig. 4.22(b)—(i) shows the resonantly pulsed jet with the same mean

Reynolds number as the steady jet at eight consecutive phases of the forcing

cycle. Fig. 4.22(b) shows the beginning of the expulsion phase or the “out-

stroke”of the cycle. The vortical structure ejected during the previous forcing

cycle can be seen being convected downstream. A “slug”of high mixture frac-

tion is ejected during the later phase of the forcing cycle (see Fig. 4.22(c)-(d)).

Fig. 4.22(e) shows the beginning of the reverse very close to the fuel-delivery
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tube exit. This is evident from the fact that the jet is thinner right at the

exit. Owing to the onset of the reverse flow, the potential core in this jet is

very small or non-existent at certain phases. The thinning of the jet close to

fuel tube exit becomes more pronounced as the forcing cycle proceeds (see Fig.

4.22(f)-(g)). Finally, the vortical structure gets detached and the structure is

convected downstream as seen in Fig. 4.22(h)-(i).

The resonantly pulsed jets exhibit mixing characteristics that are dra-

matically different from that of a steady jet. First of all, the mixture fraction of

the vortical structures ejected during previous cycles are significantly smaller

compared to that of the vortex structure ejected during the current forcing cy-

cle. This suggests that the mixing has increased significantly in the resonantly

pulsed jets due to the presence of these vortical structure. Also, note that the

mixture fraction upstream of these vortical structures is smaller compared to

that of the vortical structure itself. It is possible that this lower concentra-

tion is due to the entrainment of surrounding fluid by the vortical structures.

Secondly, as mentioned already, a different LUT was used for the steady and

the resonant jets. Though it is not clear from the figure, the mixture fraction

corresponding to the high mixture fraction fluid seen in Fig. 4.22(c)-(d) is only

ξ ≈ 0.55. This means that there is significant partial premixing in the tube

due to the reverse flow. The partial premixing will be investigated in more

detail by the use of in-tube quantitative acetone PLIF. Another point to be

noted is that the mixture fraction between two vortical structures seems to be

quite low and is close to stoichiometric mixture fraction, which suggests that
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the flame could be sustained in this region between the vortical structures.

Fig. 4.23 shows the phase-averaged mixture fraction images for a non-

reacting jet with a mean Reynolds number of 1820 forced at the first resonant

condition (250 Hz). The figure provides a sequence of eight images at the same

phases of the forcing cycle as shown in the previous figures. The average was

obtained from 200 images at each phase of the forcing cycle. The sequence

starts with a vortex structure about to be ejected from the fuel-tube (see Fig.

4.23(a)). Then, as seen in the instantaneous images, a slug of high mixture

fraction fluid is ejected (see Figs. 4.23(b) - 4.23(d)). During the rest of the

cycle, the reverse flow is setup near the exit of the fuel-delivery tube, which

is clear from the reduction in mixture fraction and the thickness of the jet

near the fuel-tube exit (Figs. 4.23(e)—4.23(g)). At the end of the cycle (Fig.

4.23(h)), there is a small region where the mixture fraction is around ξ ≈ 0.2

that can be seen near the stagnation point (refer Fig. 4.4).

Since the location of the vortex structure is not exactly the same during

different forcing cycles, the average images do not show a clear vortex struc-

ture like the ones seen in instantaneous images. Instead, the vortex structures

are seen more like a “blob”of mixture fraction (of about ξ ≈ 0.2). It can be

seen that the average mixture fraction of vortex structures ejected during pre-

vious cycles is only about ξ ≈ 0.1. This means that the mixing has increased

significantly in case of a resonantly pulsed jet. It was found that the maxi-

mum mixture fraction attained during the forcing cycle was about ξ ≈ 0.55

as seen from the figure. This means that the reverse flow setup near the fuel-
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Figure 4.23: Phase-averaged mixture fraction images of non-reacting jet of
mean Reynolds number equal to 1820 pulsed at first resonant condition (a)
t/T = 0 (b) t/T = 0.125 (c) t/T = 0.25 (d) t/T = 0.375 (e) t/T = 0.5 (f) t/T
= 0.625 (g) t/T = 0.75 (h) t/T = 0.875
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delivery tube exit causes partial premixing of fuel and air. The presence of

in-tube mixing has been conjectured in the past by Kim et al. (1993), who

measured a small negative velocity near the nozzle exit. The only study, other

than the present work, that has reported in-tube mixing was performed by

Muramatsu & Era (2003). They used a concentration probe, which provides

point concentration measurements, in a pulsed CO2 jet. However, they mea-

sured only a mixing of about 10%, i.e., the nozzle exit concentration was about

ξ ≈ 0.9. The present study measured much more significant in-tube premixing

of 45% (ξ ≈ 0.55). The implications of the in-tube mixing and the enhanced

entrainment in a resonantly excited jet will be discussed later on this chapter.

Mixture fraction measurements were made for off-resonantly pulsed jets

at a frequency of 100 Hz. As mentioned already, this frequency is different from

the non-resonant frequency which was 590 Hz. Fig. 4.24 shows an eight image

sequence of phase-averaged mixture fraction for an off-resonantly pulsed jet

with a mean Reynolds number of about 1820 forced at a frequency of 100 Hz.

The sequence starts with the expulsion process (see Fig. 4.24(a)). Note that

the mixture fraction is scaled differently for the off-resonantly pulsed jet as

compared to that of the resonantly pulsed jet. The maximum mixture fraction

for an off-resonantly pulsed jet was found to be 0.85. This means that there

is partial premixing but not as much as the resonantly pulsed jet. This is

consistent with the hotwire measurements, which showed a very weak reverse

flow near the fuel-tube exit. Also, the vortex structure ejected during the

previous cycle can be seen to have higher mixture fraction (compared to those
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Figure 4.24: Phase-averaged mixture fraction images of non-reacting jet of
mean Reynolds number equal to 1820 pulsed at off-resonant condition (a) t/T
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of the resonantly pulsed case). This means that the mixing is not enhanced as

much in case of off-resonantly pulsed jet as the resonantly pulsed case. This is

also consistent with the PIV measurements made on the off-resonantly pulsed

jets, which showed relatively lower entrainment.

Fig. 4.25 shows the centerline mixture fraction for steady and reso-

nantly pulsed jets of different mean Reynolds numbers of 1800, 2500, and

3100. The steady jet with a mean Reynolds number of 1800 is indicated by

the solid black line. The centerline mixture fraction remains about unity in the

potential core for about 4–5D. Beyond the potential core, the mixture fraction

decreases gradually with downstream distance. The average (averaged over

all phases of the forcing cycle) mixture fraction along the centerline is shown

by the dashed lines for a resonantly pulsed jet with mean Reynolds numbers

of 1800 (black), 2500 (red) and 3100 (blue). The corresponding Reynolds

numbers based on maximum velocity are Remax = 9000, 13000, and 18000,

respectively. The maximum centerline mixture fraction at the fuel-tube exit

is seen to be about 0.55 for all the three Reynolds numbers studied in this

work. This suggests that there is significant in-tube mixing of jet fluid and

surrounding fluid due to the reverse flow setup near fuel-delivery tube exit.

The second important detail that could be obtained from this figure is that

the mixture fraction reduces to about 0.08 at about 3D downstream. The same

mixture will be reached at about 60D downstream for an unpulsed turbulent

jet with the same peak Reynolds number. This suggests that the mixing has

increased immensely and a stoichiometric fuel-air ratio of 0.045 is attained at
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about 7–8D downstream of the fuel-tube exit. The enhanced mixing is con-

sistent with the PIV measurements which show highly enhanced entrainment

and vortex-breakdown leading to better mixing.

The “square”symbols show the instantaneous centerline mixture frac-

tion at a particular phase for a resonantly pulsed jet with a mean Reynolds

number of 1800 (corresponding Remax ≈ 13000). The instantaneous profile

again shows that there is significant in-tube mixing with a fuel-tube exit mix-

ture fraction of about 0.3. The interesting fact to note here is that the mixture

fraction decreases to 0.08 at approximately 1D downstream and then the mix-

ture fraction increases and dips later before attaining a value of 0.08. Then,

the concentration increases along the axis of the upstream vortical structure.

This local minimum in mixture fraction is so significant that the stoichiometric

fuel-air ratio could be obtained in this region between the vortical structure

and a reaction zone could be maintained in this region.

It is clear from the instantaneous and average mixture fraction profiles

that the strong pulsation imposed on the jets produce noteworthy changes to

the mixing field of the jet. Mixing has been enhanced significantly mainly due

to the presence of the vortical structures, which seem to entrain much more

compared to the shear layer vortices seen in steady jets. The most impor-

tant finding of this mixture fraction measurements is that there is significant

amount of partial premixing of fuel and surrounding fluid in the fuel-tube.

This might be one of the most important reasons for the changes in the flame

characteristics that have been shown to be produced due to resonant pulsing.
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To investigate the partial premixing in the resonantly pulsed jet in

more detail, “in-tube”acetone PLIF imaging was performed. A quartz tube,

which passes UV laser beam, of the same diameter and length as the tubes

used for the flame cases was used to perform the in-tube measurements. The

quartz tube was relatively inexpensive and hence, over a period of time, a

layer of oxide was formed on the tube. However, the layer of oxide could be

removed by wiping the tube with optical lens paper. But for the change in the

fuel-tube, the experimental setup for this experiment was the same as that of

out-of-tube acetone PLIF. The only probable concern while performing in-tube

measurements is the distortion produced due to the curvature effects. A grid

was placed along the axis of the tube and the grid was imaged by the camera

to study the curvature effects. It was found that the distortion due to the

imaging of acetone PLIF through the glass tube is negligible. The distortion

was small enough (less than a pixel) that there was no distortion calibration

needed.

The mixture fraction was calculated from the in-tube acetone PLIF

images as follows. First, the in-tube acetone PLIF image was made for a

steady jet, whose mixture fraction is supposed to be unity inside the fuel-

tube. The average acetone PLIF image of the steady jet provides the laser

sheet correction. Then, the in-tube images of a resonantly pulsed jet were

acquired and corrected using the mean image computed for the steady jet.

Thus, the mixture fraction is obtained from the raw PLIF images for the

resonantly pulsed jet.
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Fig. 4.26 shows an eight image sequence of phase-averaged in-tube mix-

ture fraction images at consecutive phases of the forcing cycle for a resonantly

pulsed jet (250 Hz) with a mean Reynolds number of 1800 (Remax ≈ 9000;

Stmax ≈ 0.3). The sequence starts with the beginning of the expulsion stroke

(Fig. 4.26(a)) with a vortex structure ejected during the previous cycle (seen

only vaguely). Then, the premixed jet fluid and air mixture is ejected as seen

in Figs. 4.26(b)–(d); the mixture fraction of the ejected fluid about ξ ≈ 0.5.

Also, note that the mixture fraction inside the tube remains unity to about

3D upstream of the tube exit. Then, the reverse flow sets in and air from near

the fuel-tube exit is ingested into the tube, which is seen as “blue”(see Fig.

4.26(e)–(h)). It can also be seen that the mixture fraction is less than unity

beyond about 1D upstream of the fuel-tube exit (see Fig. 4.26(g)).

First, these images reveal the details of in-tube mixing of fuel and air

inside the fuel-tube. As mentioned already, the maximum mixture fraction

at the exit of the fuel-tube was about 0.55. The penetration distance of air

ingested into the fuel-tube was seen to be about 3D, which is consistent with

the expected stroke length for this condition. The Strouhal number based on

the maximum velocity has been shown to be the same as the diameter to stroke

ratio. For this case, Stmax ≈ 0.3 means that the stroke-to-diameter ratio is

about three (Ls/D ≈ 3), i.e., the stroke is about 3D, and thus a penetration

distance of 3D is expected. Therefore, Strouhal number again is an important

parameter in understanding the pulsed jets. Another interesting observation

shown by these images is that the mixture fraction remains unity upstream of
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3D inside the fuel-tube exit. This means that there is no concern of flash-back

into the nozzle, which is one of the main drawbacks of using premixed fuel.

Therefore, the forced jet combines the advantages of the non-premixed and

premixed combustion systems.

4.5 Probable Mechanisms

Non-reacting pulsed jets were studied with a view to get some insight

into the possible physical mechanisms that might be responsible for the signif-

icant flame length reduction and change in flame luminosity. As mentioned al-

ready, the heat release has significant effects like laminarising the flow. There-

fore, there might not be a one-to-one correspondence between the mechanisms

present in non-reacting and reacting cases. This section will detail some of

these mechanisms as seen from the non-reacting jets.

The study of the non-reacting pulsed jets has shown that there is sig-

nificant in-tube mixing (evidenced from the nozzle-exit mixture fraction of

ξ ≈ 0.55). This could potentially lead to significant partial premixing in reso-

nantly pulsed flames which will lead to reduction in flame length. The partial

premixing will also reduce the soot luminosity and result in the blue flame

observed for resonantly pulsed flames.

However, this partial premixing mechanism assumes that the premixing

is between fuel and air from the surroundings. This assumption will be true in

case of flames that are lifted, where surrounding air can be ingested into the

fuel-tube. For attached flames, the hot products are ingested into the fuel-tube
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and this leads to favorable effects in terms of flame length and luminosity but

there will not be any significant effect on the flame structure. However, the

flames observed in this study were lifted at least about 1D from the fuel-tube

exit. Note that the reverse flow extends only to about 1D and hence, the fluid

ingested is more likely to be surrounding air than the combustion products.

The quantitative mixture fraction images showed that there is signifi-

cantly enhanced mixing in case of resonantly pulsed jet as compared to that

of a steady jet (ξ ≈ 0.08 at x = 3D for resonantly pulsed jets). It is known

that the degree of mixing determines most of the global parameters in case

of non-premixed flames including the flame length and soot luminosity. The

hot-film measurements made in the non-reacting jets showed that the flow

becomes turbulent after the breakdown of vortical structures in case of reso-

nantly pulsed jets (first and second resonant conditions). The presence of an

inertial subrange at a downstream location of x = 20D shows clearly that the

flow becomes turbulent. The increase turbulence might also be responsible for

the increased mixing seen in case of resonantly pulsed jets.

The increased peak velocity for resonantly pulsed jets results in an

increased strain rate. The strain rate can be thought of as the inverse of a res-

idence time and hence, increased strain rate would result in reduced residence

time. It is known that one of the important parameters in the soot formation

is the residence time. The reduction in residence time results in significantly

reduced soot formation (Kaplan et al., 1996).

The following chapter will detail the measurements that were made in
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the flames to study the feasibility of some of the possible mechanisms suggested

earlier in this section. First, the shadowgraph measurements, which show the

structure of the flame, will be discussed. Then, the simultaneous acetone/OH

PLIF measurements, which show the flow structures and the structure of the

reaction zone, will be discussed in detail. Finally, reacting PLMS/PIV mea-

surements which provide a better visualization of the flow structures and the

flow velocity in the reacting flames will be discussed.
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Chapter 5

Non-premixed Jet Flames

The pulsations of the fuel flow rate were shown to reduce the flame

length considerably and the color of the flame changed from yellow to blue. To

understand the physical mechanisms responsible for these changes, a detailed

investigation of the flow structures in non-reacting pulsed jets was performed.

The previous chapter discussed these probable mechanisms, which include sig-

nificant partial premixing and enhanced mixing due to vortical structures, in

detail.

This chapter will describe the measurements that were made in the

pulsed non-premixed flames. The line-of-sight integrated shadowgraph im-

ages, which provides the global structures of the hot products/air interface

and hot products/fuel interface (where there are strong density gradient).

These measurements are followed by the simultaneous acetone/OH PLIF im-

ages which provide information on the flow structures of the “cold”fuel and

the reaction zone and the interaction between each other. Then, the reacting

PLMS/PIV measurements that provide information on the velocity and other

derived quantities in pulsed flames will be discussed. Finally, there is a dis-

cussion on the mechanisms responsible for the previously mentioned effects on
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the flames due to strong forcing.

5.1 High-speed shadowgraph measurements

High-speed laser shadowgraph was performed in non-premixed flames

pulsed at different pulsing conditions. The shadowgraph measurements were

made using a continuous-wave He-Ne laser (632 nm) and a high-speed CMOS

camera operating at a framing rate of 8 kHz. Neutral density filters were

not used in this measurement since the camera was electronically-shuttered

with an exposure time of 12 µs. As mentioned in chapter 2, the shadowgraph

technique is sensitive to the 2nd derivative of the index-of-refraction and hence,

the second derivative of the density. There are density gradients produced

due to heat release and these are captured by the shadowgraph. Therefore, a

rough idea of the structure of the flame can be obtained from the shadowgraph

measurements.

Fig. 5.1 shows the comparison of the shadowgraph images of non-

premixed flames with mean Reynolds number of 1800. The images show the

near-field structures in the flame with a field-of-view of about 10D × 10D.

The steady flame can be seen to be laminar/transitional at this Reynolds

number (Fig. 5.1(a)). Large-scale buoyant structures can be seen at about

6–7D downstream of the fuel-tube exit. Fig. 5.1(a) also shows the interface

between the pure fuel and hot products at the center of the jet in this steady

flame. A smooth and uncorrugated interface seen in this case is probably due

to the poor mixing in the steady jet, which is consistent with the quantitative
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Figure 5.1: Comparison of instantaneous shadowgraph images of non-premixed
flames with mean Reynolds number of 1800 pulsed at different pulsing con-
ditions. (a) Steady flame (b) Non-resonantly pulsed flame (750 Hz) (c) First
resonant flame (370 Hz) and (d) Second resonant flame (1100 Hz).
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mixture fraction measurements made in the non-reacting jet.

The instantaneous shadowgraph image of a non-resonant flame pulsed

at about 750 Hz is shown in Fig. 5.1(b). The non-resonant flame appears to

be a laminar/ transitional flame even though the Reynolds number based on

the maximum velocity is about 3800 (Remax ≈ 3800). The non-resonant flame

resembles the steady flame very closely in terms of the large-scale structures

and the lack of mixing of the pure fuel at the center of the flame that can be

inferred from the relative smooth interface. The important difference between

the structure of the two flames is the reverse flow very close to the nozzle exit.

The reverse flow is not clear from the instantaneous image; however, a close

inspection of the shadowgraph movie shows that there is a reverse flow near

the fuel-tube exit, which results in the wavy structure of the pure fuel at the

center of the jet. Since the flame is attached to the fuel-tube in the case of

non-resonant pulsing, it is expected that the hot combustion products might

be ingested into the fuel-tube. It has been shown that the mixing of the fuel

with hot combustion products might lead to deomposition of the fuel, which

results in the formation of more soot (Ezekoye et al., 2005). This is consistent

with the non-resonant flame images, which showed that the non-resonant flame

looked brighter than the steady flame.

Fig. 5.1(c) shows the resonant flame pulsed at 370 Hz with mean

Reynolds number of 1820. The flame looks much wider and much more wrin-

kled than the steady flame and the non-resonantly pulsed flame. The vortex

structure being ejected can be seen very close to the fuel tube exit. These
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structures can not be seen once they enter the flame; however, it is not nec-

essary that these structures break down as they enter the flame zone. As a

result of the vortex structures, the unburned fuel seems to be more mixed than

that of the steady and non-resonant flame. Also, note that the flame is lifted

by about a diameter from the fuel-tube exit. Therefore, reverse flow set up

near the fuel-tube exit to about 1D could result in fluid being ingested from

the surroundings. Certainly, this will lead to significant premixing from the

ingestion of air and not from the hot combustion products.

The second resonant flame pulsed at 1150 Hz seems to be wrinkled

just like the first resonant flame, but it is not as wide as the first resonant

flame (see Fig.5.1(d)). An important difference between the first and second

resonant flames is that the second resonant flame is lifted to about x = 4D.

Hence, the fuel flow structures in this case can be seen to about 4D from the

fuel-tube exit. The fuel seems to be mixed considerably by the time the fuel

reaches the flame.

The shadowgraph images provide insight into the flame structure to a

certain extent; however, they do not provide information on the flow structure

and the exact structure of the reaction zone in the pulsed flames (only the

density gradients can be seen). To get a better understanding of the flow

and reaction zone structures in the pulsed flames, simultaneous acetone/OH

PLIF imaging was performed. The results of the same will be discussed in the

following section.
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5.2 Simultaneous acetone/OH PLIF

Simultaneous acetone/OH PLIF was performed in non-premixed methane

jet flames at steady and resonant pulsing conditions. This method, as men-

tioned already, is similar to the one used by Clemens & Paul (1995), who

studied the effect of heat release in a turbulent jet flame. Acetone is a good

marker of the unburned fuel whereas OH is an approximate marker of the

reaction zone. Acetone pyrolizes at about 1400K and hence, the acetone PLIF

enables the visualization of structures in the cold fuel. For the same reason,

there is no acetone LIF signal close to the reaction zone where hot combustion

products mix with the unburned fuel. The OH radical is formed by a two

body reaction and it is removed by a relatively slower three-body recombina-

tion. As such it is an approximate marker of the radial recombination zone in

the flame. Owing to its slow recombination OH persists for a long time and

it can be seen away from the reaction zone due to the mixing and diffusion.

Some other radicals like CH or HCHO are better markers of the reaction zone;

however, OH PLIF imaging was performed due to the relative ease of setup.

Fig. 5.2 compares the simultaneous PLIF images of a steady flame

with a mean Reynolds number of 1800 and that of a resonantly pulsed flame

with the same mean Reynolds number (corresponding Remax ≈ 9000) at seven

consecutive phases of the forcing cycle. The reaction zone for the steady flame

looks thin and laminar without any contortion. The reaction zone structure

is very similar to the structure imaged by Clemens & Paul (1995) in hydrogen

flames. Note that Fig. 5.2(a) shows only the OH image since the scattering
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Figure 5.2: Simultaneous acetone/OH PLIF images of steady (a) and reso-
nantly pulsed flame at different phases of the forcing cycle (b - h) with a mean
Reynolds number of 1800. (a) Steady, (b) t/T = 0 (c) t/T = 0.125 (d) t/T =
0.25 (e) t/T = 0.375 (f) t/T = 0.5 (g) t/T = 0.625 (h) t/T = 0.75 of resonant
forcing.
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of laser light from the soot particles and the fluorescence of the precursors of

soot for steady flame were stronger than the acetone LIF signal. As can be

seen this is not a problem for the resonantly pulsed flame.

Figs. 5.2(b)-(h) show the PLIF images for the resonantly pulsed flame

at seven consecutive phases of the forcing cycle. Note that the OH PLIF is

shown using the “yellow-red”colormap and the acetone LIF is shown in gray-

scale. It can be seen that the reaction zone for the resonantly pulsed flame

seems to be much broader and contorted than the corresponding steady flame.

However, the reason for the broader reaction zone for the resonantly pulsed

flame is not clear. One of the possible reasons is the partial premixing that has

been shown to exist in resonantly pulsed jets; it is possible that the broadening

results from the extensive strain in the direction of the OH gradients. Another

factor that might result in broader reaction zone is the flame being 3-D (with

significant out-of-plane motion) and the laser not passing through the breadth

of the flame. Also, note that the OH signals are brighter at the lowest and

inner-most edges of the OH zones. This is consistent with the propagation of

partially premixed flame, but more information is necessary to be definitive in

this regard.

The structure of the unburned fuel flow is provided by the acetone

PLIF signal in gray-scale. Vortex structures are seen to be ejected every

forcing cycle like that of the non-reacting jets. The vortex structures seem to

be coherent until they interact with the reaction zone; that is, the location of

the vortex structure (away from the reaction zone) is repeatable for different
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images taken at the same phase. Fig. 5.2, which shows the PLIF images

at seven consecutive phases of the forcing cycle, indicates that the vortex

structures are phase-correlated.

Three simultaneous PLIF images at the same phase of the forcing cycle

are shown in Fig. 5.3 for a resonantly pulsed flame with a mean Reynolds

number of 1800 (Remax ≈ 9000). The figure shows that the location of the

vortex structure ejected during the current forcing cycle (the vortex structure

is outside the reaction zone) is nearly the same. This corroborates the fact that

the flow structure is phase-correlated. However, the structure of the reaction

zone varies considerably for the same phase of the forcing cycle. This suggests

that the reaction zone structure is not phase-correlated in the sense that the

structure of the reaction zone is not repeatable at any particular phase. This

might also mean that the flame exhibits a time-scale different from that of the

flow.

Fig. 5.4 shows the flow and reaction zone structures of a resonantly

pulsed flame at three different mean Reynolds numbers of 1200, 1800, and 2500

for the same phase of the forcing cycle. The location of the flow structures

are slightly different, which is consistent with the measurements made in non-

reacting jets. The non-reacting measurements showed the celerity of the vortex

structures increases with an increase in flow rate or mean Reynolds number.

Note that the difference in intensities of the acetone PLIF signal between these

images is due to the different “contrast stretching” performed in the images.

The reaction zone structures in the three cases seem to be nearly of same
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(a) (b)

(c)

Figure 5.3: Simultaneous acetone/OH PLIF images of a resonantly pulsed
flame with a mean Reynolds number of 1800 at the same phase of the forcing
cycle.
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(a) (b)

(c)

Figure 5.4: Simultaneous acetone/OH PLIF images of a resonantly pulsed
flame at the same phase of the forcing cycle. (a) Reo ≈ 1200, (b) Reo ≈ 1800
and (c) Reo ≈ 2500
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breadth and thickness.

Fig. 5.5 shows the comparison of the simultaneous OH/acetone PLIF

images of a resonantly pulsed flame and the mixture fraction images obtained

for non-reacting jet at the corresponding phase of the forcing cycle. The reso-

nantly pulsed flame seems to be anchored upstream of the vortical structures

ejected in the resonantly pulsed jet, which is indicated by reactangles in Fig.

5.5(a),(c). Similar interactions between the reaction zone and flow structures

have been reported in lifted turbulent flames (Upatnieks et al., 2004). They

found that the intermediate and large-eddies in turbulent flames caused the

reaction zone to wrinkle and be pulled in towards the centerline of the jet. One

of the criteria for quantifying the stability of the flame is the fluctuations in

the lift-off height of the flame. They also found that the lift-off height was not

determined by the passage of these eddy-structures; therefore, the presence of

vortex structures need not be a stabilizing factor in the resonantly pulsed jet

flames.

The most important difference between the reaction zone structures

of steady and resonantly pulsed jet flames is the formation of a “bridge-

like”structure (seen from the OH LIF in orange and yellow) downstream of

a vortex structure (shown by the acetone LIF in gray-scale) in the case of

resonantly pulsed flames (see Fig. 5.5(a),(c)). The mixture fraction measure-

ments made in non-reacting jets for the same phases of the forcing cycle are

shown in Fig. 5.5. The formation of a bridge in the reaction zone seems to be

consistent with the mixture fraction measurements made in the non-reacting
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(a) (b)
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Figure 5.5: Comparison of simultaneous acetone/OH PLIF images of a res-
onantly pulsed flame and mixture fraction images in non-reacting jets with
a mean Reynolds number of 1800 at two phases of the forcing cycle. (a),(c)
Reacting jets t/T = 0 and t/T = 0.375. (b),(d) Non-reacting mixture fraction
t/T = 0 and t/T = 0.375
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jets. It was found that the fuel mixture fraction between two vortex structures

was significantly lower than the mixture fraction in the vortex structures. This

was seen as a local minimum in mixture fraction in the centerline mixture frac-

tion (see Chapter 4).

To explore this further, Fig. 5.6 shows unconditional-average mixture

fraction contours near stoichiometric for ReD ≈ 1800 (Remax ≈ 9000) for a

non-reacting jet pulsed at resonance. The inner and outer contours in Fig.

5.6 correspond to equivalence ratios of 1.1 and 0.9, respectively. Note that

the mixture fraction values have not been rescaled to account for the different

densities between air and methane. It can be seen that the stoichiometric

mixture fraction is indeed reached on centerline only a few diameters down-

stream. It can also be seen (particularly by viewing the full phase-averaged

images, which are not shown) that the stoichiometric mixture fraction is at-

tained downstream of the slug of fuel-rich fluid. From the instantaneous OH

PLIF images, the downstream location where the reaction zone forms a bridge

in the resonantly pulsed flame was found to be about 4.5 diameters from the

fuel tube exit with a standard deviation of about a diameter. The solid hori-

zontal line in the figure denotes this location and the dashed lines correspond

to the standard deviation. The location found from the OH PLIF images are

in relatively good agreement with the stoichiometric mixture fraction location

inferred from the non-reacting jet.

It is interesting to study other derived quantities in the flame like strain

rates, turbulence intensity, etc. and to understand the effects of these quan-
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Figure 5.6: Mixture fraction contours near stoichiometric calculated from non-
reacting mixture fraction measurements. The inner and outer contour lines
correspond to equivalence ratios of 1.1 and 0.9, respectively. The horizontal
solid line shows the location where the reaction zone closes found from OH
PLIF. The horizontal dashed lines show the standard deviation.
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tities on the structure of the reaction zone. To obtain a better picture of the

reaction zone and the velocity field in the resonant flames, reacting PLMS

and PIV were performed. The following section will detail some of the results

obtained from these measurements.

5.3 Reacting PLMS/PIV

5.3.1 PLMS

The high-speed shadowgraph images and phase-locked simultaneous

acetone/OH PLIF images were presented in the previous sections. While laser

shadowgraph provides time-resolved images of the density gradients, these

images do not provide the flow structure or the reaction zone structure in

detail. The simultaneous PLIF measurements are phase-locked and do not

provide a detailed sequence of the development of the flow and reaction zone

structures. To study the time-resolved development of the flow and reaction

zone structures, high-speed PLMS imaging was performed in jet flames forced

at different pulsing conditions.

The PLMS was performed at 5 kHz, which was the framing rate of the

CMOS camera and the laser was operated at 10 kHz. The field-of-view of the

camera was about 60 mm × 60 mm, which is nearly the same field-of-view

as for the non-reacting PLMS. Both the jet and the co-flow were seeded with

alumina particles in a manner described in the experimental setup (see Chapter

2). Successive images were correlated to obtain the velocity vectors. The

interrogation window was 16× 16 pixels with 50% overlap which corresponds
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to a resolution of 0.94 mm/vector. Velocity vectors could be obtained even in

the flame region.

Fig. 5.7 shows a four-image sequence of reaction PLMS in a steady

(unpulsed) flame with a mean Reynolds number of 1800. Note that the jet

and co-flow were seeded with alumina and hence, the “dark”region between

the jet and co-flow is a zone of low density and corresponds to the reaction zone

and the products of combustion. The images show the unburned fuel jet at the

center and the particle seeded co-flow air separated by a region of low particle

density (high temperature). The shear layer instabilities in the reacting case

are suppressed to a certain extent, which is consistent with the effects of heat

release in reducing the local Reynolds number. The suppression of shear layer

instabilities reduces the near-field entrainment in steady flames as compared

to that of steady non-reacting jets. The flame looks like a laminar/transitional

flame, which is consistent with the small Reynolds number. Although a short

exposure time of 4µs was used to image the scattering, soot luminosity can be

seen enveloping the fuel jet. It is known that soot is formed on the fuel-rich side

and hence, the stoichiometric mixture fraction is just outside the region of soot

luminosity (within the region of high dilatation). Note that the approximate

reaction zone as shown by the dark region in PLMS is much thicker than the

reaction zone defined by the OH zone thickness. This is consistent with the

fact that the PLMS shows the region of high temperature, which is broader

than the reaction zone.

Fig. 5.8 shows an eight-image PLMS sequence of a resonantly pulsed
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(c) (d)

Soot Luminosity

Figure 5.7: Sequence of four reacting PLMS images for a steady (unpulsed)
flame with a mean Reynolds number of 1800.
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(a) (b) (c)

(d) (e) (f)

(g) (h)

Figure 5.8: PLMS images of a resonantly pulsed non-premixed methane flame
(400 Hz) with a mean Reynolds number of 1800 (Remax ≈ 9000). (a) t/T = 0
(b) t/T = 0.125 (c) t/T = 0.25 (d) t/T = 0.375 (e) t/T = 0.5 (f) t/T = 0.625
(g) t/T = 0.75 (h) t/T = 0.875
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Figure 5.9: Celerity of the vortex structures for reacting and non-reacting
resonantly pulsed jets with a mean Reynolds number of 1800 (Remax ≈ 9000).
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(400 Hz) non-premixed methane flame of mean Reynolds number equal to

1800 (corresponding Remax ≈ 9000). The eight images span a duration of one

time period of the forcing cycle. The sequence starts with the beginning of a

forcing cycle with the ejection process. The pulsed flame seems to be much

wider and much more contorted than the unpulsed flame, which is consistent

with the shadowgraph images. It can also be seen that the flame or the reaction

zone is not axisymmetric. This observation is consistent with the simultaneous

acetone/OH PLIF images. Since the resonantly pulsed flames are non-sooting,

the soot luminosity that was seen in steady flames can not be seen in this case.

The flame is seen to be lifted from the fuel-tube exit to about 2D and hence,

the near-tube flow dynamics of the jet are nearly the same as that of the

non-reacting resonantly pulsed jet.

The celerity of the vortex structures in the resonantly pulsed reacting

and non-reacting jets with a mean Reynolds number of 1800 (Remax ≈ 9000)

are shown in Fig. 5.9. Celerity is defined as the velocity of coherent flow

structures, which in this particular case are vortex structures. It can be seen

that the celerity of vortex structures in the non-reacting case increases until

about one time-period of forcing attaining a maximum of about 14 m/s (t/T ≈
0.6) and then decreases to about 7 m/s by the end of two time periods. Note

that the celerity of vortex structures in non-reacting jets do not follow the

trends of the synthetic jet. The celerity of synthetic jets increases for t/T <

0.5, then decreases for 0.5 < t/T < 0.8 and then increases for t/T > 0.8 until

the vortex structures become indistinguishable (Glezer & Amitay, 2002). For
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reacting jets, the celerity of the vortex structures increases intially to about

7 m/s (t/T ≈ 0.5) and then remains nearly the same around 7 m/s. This

indicates that the vortex structures are slowed down in the case of the reacting

jets as compared to that of the non-reacting case and neither of the celerities

follow the trends of a synthetic jet.

The difference between the reacting and non-reacting cases seems to

arise when these vortex structures enter the reaction zone. Although perhaps

not clear from the limited sequence of images, a careful viewing of the PLMS

movies shows that the vortical structures lose their coherence when they enter

the low density region. This is shown in Fig. 5.8(a)–(c) where the vortex

structures seem to disappear at about 3–4D (indicated by “ellipses”). For the

same pulsing conditions and mean Reynolds number, the vortex structures

propagate till about x = 8D. Another point to note is that the vortex struc-

tures seem to get distorted when they enter the reaction zone. This seems

to happen when the reaction zone is only to one side of the vortex structure.

This distortion may occur because the density of the fluid to one side of the

vortex structure gets reduced due to heat release and since the momentum is

conserved, the fluid on the reduced density side moves faster and so the vortex

seems to “tilt”.

Fig. 5.10 shows the sequence of PLMS images for off-resonantly pulsed

(100 Hz) flame with the same mean Reynolds number as the previous cases

(Reo ≈ 1800; Remax ≈ 4000). Again, the sequence of images covers a duration

of one time period of the forcing cycle. Note that the off-resonant pulsing
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Figure 5.10: PLMS images of a off-resonantly pulsed non-premixed methane
flame (100 Hz) with a mean Reynolds number of 1800 (a) t/T = 0 (b) t/T =
0.125 (c) t/T = 0.25 (d) t/T = 0.375 (e) t/T = 0.5 (f) t/T = 0.625 (g) t/T
= 0.75 (h) t/T = 0.875.
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at 100 Hz is not the same as the non-resonant pulsing at 750 Hz, at which

condition the flame is completely yellow and the jet structure is similar to that

of unpulsed jet. In the current pulsing condition, the flame is predominantly

yellow with a bit of blue at the bottom, unlike the flame pulsed at 750 Hz.

It can be seen from Fig. 5.10 that there are vortex structures ejected during

every forcing cycle unlike the non-resonantly (750 Hz) pulsed flame. Note

that the Strouhal number based on maximum velocity for 100 Hz pulsing is

smaller compared to that of non-resonantly pulsed case of 750 Hz. The flame

seems to be wider than the unpulsed and the non-resonant flames at 750 Hz.

However, the average width of the off-resonant flame is smaller than that of

the resonantly pulsed flame. An interesting point to note is the ejection of two

vortex structures during a forcing cycle. This can be seen from the ejection of

a second vortex structure as seen in Fig. 5.10(e).

The vortex-flame interaction seems to be very similar to that of the

resonantly pulsed flame. From Figs. 5.10(d)-(h), it can be seen clearly that

the axis of the vortex structure gets deflected due to the presence of heat

release on one side of the vortex structure. The reaction zone can be seen on

the right side of the vortex structure and this leads to reduction in density of

the fluid in that side. Therefore, the right side of the vortex structure gets

accelerated. This sequence also shows that the vortex structure interacts with

the reaction zone in such a way that the reaction zone gets pulled towards the

centerline of the jet (indicated by a “rectangle”). This is consistent with the

study of Upatnieks et al. (2004), who observed similar interaction between the
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edge of the reaction zone and eddies in turbulent lifted jet flames.

5.3.2 Reacting PIV

Velocity vectors were calculated by the cross-correlation of successive

reacting PLMS images. The interrogation window was 16pixels × 16pixels in

size with a 50% overlap which results in an overall PIV resolution of 0.94 mm.

The number of bad vectors in the steady flame was less than 2% and in the

case of the resonantly pulsed flame, the number of bad vectors is about 5% of

the total number of vectors. Again, vectors could not be obtained very close

to the fuel-tube exit due to scattering from the tube. The PLMS signal was

good enough that vectors could be obtained even inside the reaction zone.

Fig. 5.11 shows a four-image sequence of the vorticity field in a steady

(unpulsed) flame with a mean Reynolds number of 1800 at four different times.

The figure shows that the vorticity is high in the shear layer region, which is

consistent with the laminar/transitional flame. The velocity vectors show that

there is very little entrainment in the near-field region, which is consistent with

the long, yellow flame typical of unpulsed flames. The entrainment is mainly

due to the shear layer instabilities, which are significantly reduced compared

to non-reacting jets, and the large-scale structures of the high-temperature

region (reaction zone). These large scale structures, that are indicated by a

“rectangle”in Fig. 5.11(a), are characterized by moderate vorticity.

The vorticity field for a resonantly pulsed (400 Hz) jet flame with mean

Reynolds number of 1800 (Remax ≈ 9000) is shown in Fig. 5.12. It can be seen
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Figure 5.11: Four-image sequence of vorticity field (in s−1) in a steady (un-
pulsed) jet flame with a mean Reynolds number of 1820 (a) t/T = 0 (b) t/T
= 0.25 (c) t/T = 0.5 (d) t/T = 0.75.
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Figure 5.12: Four-image sequence of vorticity field (in s−1) in a resonantly
pulsed jet flame with a mean Reynolds number of 1820 (Remax ≈ 9000) (a)
t/T = 0 (b) t/T = 0.25 (c) t/T = 0.5 (d) t/T = 0.75.
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that the vorticity is significantly greater for the resonantly pulsed flame com-

pared to that of the unpulsed jet flame shown in Fig. 5.11. When compared

with the non-reacting jet, the vortex structures are much less coherent, which

is consistent with the PLMS images. It can be seen that the vortex structures

get deflected for the reasons already mentioned. Also, the vorticity field seems

to be much weaker than that of the non-reacting jet, which suggests that the

velocity gradients are smaller in the reacting case compared to non-reacting

case. The velocity vectors show that the entrainment is significantly larger

compared to the steady flame. However, the entrainment in this case seems

to be less than that of the non-reacting resonant jet, which is consistent with

the weaker vortex structures.

The breakdown of the vortical structures was investigated by the anal-

ysis of the swirling strength. The swirling strength provides a clear indication

of the vortex core in shear flows and it is given by the magnitude of the imag-

inary eigenvalue of the velocity gradient tensor. In a 2-D flow, it is given by

the following equation (Zhou et al., 1999; Ganapathisubramani et al., 2002):

|λ2D| =
((

du

dx
+

dv

dy

)2

− 4

(
du

dx

dv

dy
− du

dy

dv

dx

))1/2

(5.1)

Fig. 5.13 shows the instantaneous vorticity contour with the swirling

strength contour lines superimposed on top of them. It can be seen that the

swirling strength clearly indicates the core of the vortex structures. It can

also be seen that the center of the vortex (found from swirling strength) core
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Figure 5.13: Instantaneous vorticity contour (in s−1) with swirl strength con-
tour lines super-imposed on top.
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seems to be slightly off center of the region of high vorticity. This method

of monitoring the swirling strength automatically eliminates the regions with

high vorticity but no spiralling motion.

Fig. 5.14 shows the swirl strength for non-reacting and reacting reso-

nantly pulsed jets and a reacting steady flame with mean Reynolds number of

1800. Note that the scales used for the three cases are the same. The steady

flame shows weak vortex structures in the shear layer, which correspond to

the shear layer vortices (see Fig. 5.14(c)). The vortices in the non-reacting

resonant jet seems to be stronger and more coherent and do not breakdown

in the field-of-view of the image as seen from Fig. 5.14(a). Fig. 5.14(b) shows

the swirl strength for the reacting resonantly pulsed flame. It can be seen that

the vortices are not as strong as those of the non-reacting case and break-

down once they approach the reaction zone. This is evident from the presence

of small regions of high swirling strength as opposed to the large structures

present near the fuel-tube exit. The entrainment due to the weaker vortices

in the resonant case should also be less than that in the resonantly pulsed

non-reacting jet.

Fig. 5.15 shows a comparison between the minimum principal strain

rate for a steady flame and a resonantly pulsed flame with mean Reynolds

number of 1820. It can be seen that the principal compressive strain is higher

in the shear layer region of the steady flame compared to the compressive strain

in the potential core as well as outside the shear layer region. The resonantly

pulsed flame has regions of high compressive strain associated with the vortical
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Figure 5.14: Swirl strength contour (in s−1) for (a) Non-reacting resonantly
pulsed jet, (b) Reacting resonantly pulsed flame and (c) Steady flame with a
mean Reynolds number of 1820.
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Figure 5.15: Minimum principal strain rate contour (in s−1) for (a) steady
flame and (b) resonantly pulsed flame with a mean Reynolds number of 1820.
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structures. It can also be seen that there are regions of low compressive strain

between two vortex structures and the regions where surrounding fluid or hot

combustion products are entrained by the vortex structures. Note that the

strain rate field shown here are 2-D strain rates and should be interpreted

with caution because the flames are 3-D.

Fig. 5.16 shows the PLMS, vorticity, and 2-D principal minimum strain

rate for unpulsed and resonantly pulsed flames with a mean Reynolds number

of 1800. Fig. 5.16(a) shows the PLMS image of an unpulsed flame which

shows the dilatation due to heat release where the particle seeding density is

lower. It is known that soot is formed on the fuel-rich side and hence, the

reaction zone should be to the outer side of the soot luminosity seen in this

image. Therefore, this region with lower particle seeding density shows the

approximate reaction zone. The corresponding vorticity field is shown in Fig.

5.16(c) and it can be seen that the reaction zone corresponds to moderate

vorticity with the magnitude of vorticity in the reaction zone of about 100

s−1. Similarly, it can be seen that the reaction zone corresponds to moderate

values (
∣∣S ′∣∣ ≈ 90s−1) of 2-D principal minimum strain rate as shown in Fig.

5.16(e). Rehm & Clemens (1998) showed that the OH zone corresponds to high

vorticity and high 2-D principal minimum strain rate in the far-field region of

a turbulent planar jet.

Fig. 5.16(b) shows the Mie-scattering image of a resonantly pulsed

flame, which shows a wrinkled and contorted reaction zone. An interesting

point to note is that the flame is pulled towards the centerline due to the
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Figure 5.16: PLMS, vorticity and 2-D principal minimum strain rate for un-
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flame PLMS (c) unpulsed flame vorticity field (d) resonant flame vorticity
field (e) unpulsed principal minimum strain rate field and (f) resonant flame
principal minimum strain rate field.
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passage of the vortex structure. This can be seen as the dark region be-

tween two vortex structures about 4D downstream of the fuel-tube exit. The

corresponding vorticity field is shown in Fig. 5.16(d), which shows that the

vorticity corresponding to the reaction zone is moderate with an approximate

magnitude of 150 s−1. This is similar to the magnitude of the vorticity field

in the reaction zone of steady flame. The 2-D principal minimum strain rates

for the resonantly pulsed flame is shown in Fig. 5.16(f). It can be seen that

principal strain rate is moderate in the reaction zone with magnitude of 90

s−1. An interesting point to note is that the principal strain is low in regions

between the vortex structures where the flame was pulled in. These regions of

low strain rate correspond to the flame that was pulled towards the centerline

due to interaction with the vortex structure. It should also be noted that the

principal strain rate does not orient itself at any particular angle unlike Rehm

& Clemens (1998) who found that the principal strain rate aligns at 45◦.

To summarize, the PLMS and PIV measurements in strongly forced

flames confirmed the previous measurements which showed that the resonantly

pulsed flames are much wider and contorted. It was seen that the flame was

lifted from the fuel-tube exit by about 2–3D and that, sometimes, it is lifted

only on one side. This produced heat release on one side, thereby, reducing

the density of the fluid on that side of the vortex structures. Since the mo-

mentum has to be conserved, the side of the vortex structure exposed to the

heat release move faster than the other side. This causes the vortex struc-

ture to get deflected and move faster. A complex interaction between the
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vortex structure and the reaction zone causes the resonantly pulsed flame to

be 3-dimensional, i.e., the resonantly pulsed flame is not axisymmetric. This

explains the presence of a reaction zone only on one side. The PLMS images

also showed that the vortex structures pulled the flame towards the centerline

of the flame, which might explain the “bridge formation”that was shown by

the simultaneous PLIF images.
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Chapter 6

Conclusions

It has been shown that high-amplitude forcing of the fuel jet flow rate

can significantly affect the flame length and luminosity of nonpremixed jet

flames. The forcing technique used was to drive the organ-pipe resonances of

the fuel tube by chopping the input flow with a high-speed rotary valve or a

high-speed solenoid valve. When pulsed at the first resonance the nonpremixed

methane flame became about 1/3 of the length of the unpulsed flame and

completely non-luminous. The characteristics of the flames pulsed at the non-

resonant frequency resembled an unpulsed flame. These large changes to the

jet flame structure are similar to some other findings (Oh & Shin, 1998) but

are expanded to wider range of frequencies. By exploring the similarities with,

and differences between, existing data and the current research, the range of

parameter where the strong pulsations affect flame characteristics is clarified.

A linear acoustic model that predicts the resonant frequencies to reason-

able accuracy was developed. The variation of the pressure amplitude inside

the fuel tube agreed well with the fluctuating pressure measurements that were

made along the length of the tube. The maximum pressure amplitude could

be quite large as it reached values of 9000 Pa (or 170 dB re 20 µ Pa). The
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model was used to predict the velocity at the nozzle exit by using as input only

the measured pressure at a single location inside the nozzle. The predicted

velocity was in relatively good agreement with the velocity measurements at

the jet exit.

The cinematographic planar laser Mie scattering imaging in nonreact-

ing pulsed jets showed that strong vortical structures were formed at a rate

equal to the forcing frequency when the jet was pulsed at resonant frequencies.

These vortex structures seemed to increase the entrainment rate of surround-

ing fluid and made the flow appear to be considerably more turbulent. When

the jet was pulsed at the second resonant frequency, the vortices formed near

the nozzle exit were sucked back into the nozzle and did not convect beyond

about one diameter downstream. This second resonant case also exhibited

significantly more fine-scale mixing than for first resonant pulsing. It was also

shown that when the jet was pulsed off-resonance, the flow-field resembles that

of the unpulsed jet.

Velocity measurements made at the nozzle exit showed that resonant

pulsing caused the velocity fluctuations to be approximately sinusoidal with

very large amplitude. The amplitude tended to increase with increasing flow

rate and the amplitudes were about eight times larger than the mean flow

rate. Strong reverse flow was setup near the nozzle exit with peak negative

velocities whose amplitudes were as high as four times that of the mean flow

velocity. Even the off-resonant cases resulted in velocity amplitudes that were

over three times the mean value.
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The power spectra of the velocity fluctuations made at various down-

stream locations from the jet exit show that the coherent vortices generated

by forcing breakdown at some downstream distance (as indicated by the dis-

appearance of the spectral peak at the forcing frequency). For the highest flow

rate cases, once the coherent vortices disappear, the power spectra exhibit a

clear inertial subrange with a -5/3 power law exponent, which is a charac-

teristic of a fully developed turbulent flow. The development of the inertial

subrange occurs despite the fact that the mean Reynolds number of the jet

is only about 3000. Since the peak velocities can be nearly an order of mag-

nitude larger than the mean velocity, this suggests that it is probably more

appropriate to base the Reynolds number on the peak velocity at the jet exit.

The Strouhal number, based on the maximum velocity at the fuel de-

livery tube exit, i.e., St = fD
Umax

= D
Ls

,was found to be the most relevant

parameter. The interaction among the coherent vortices and the near-field

reverse-flow became greater at large St. The data show that the distance at

which the vortices breakdown is inversely related to the St. This suggests that

it is the interaction among vortices and the near-field flow that leads to the

breakdown of the coherent vortices. These observations of the near-field struc-

ture of the resonantly pulsed jets are very similar to those made in synthetic

jets. It was observed that the normalized flame length of the pulsed flames

increases rapidly with increase in Strouhal number for St ≤ 0.8, and for larger

Strouhal numbers the normalized flame length did not change much.

Acetone mixture fraction imaging, with an uncertainty of 0.03, per-
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formed in non-reacting jets showed that the mean centerline mixture frac-

tion for a resonantly pulsed jet with a mean Reynolds number of 1800

(Remax ≈ 9000) was found to be about 0.5 which clearly shows that there

is significant partial premixing. The reverse flow setup near the fuel-tube exit,

in the presence of a flame lift-off, might be responsible for the partial pre-

mixing seen in resonantly pulsed jets. Note that there is no pure fuel outside

the fuel-delivery tube. The mixture fraction imaging also showed that there is

significantly enhanced mixing in the resonantly pulsed jets. This was shown

by the reduction of centerline mixture fraction in resonantly pulsed jets to 0.08

at a downstream location of x = 3D, which would be attained in a steady jet

at a downstream location of x = 60D.

From the non-reacting jet measurements, it seems likely that the large

reduction in flame length and change in flame luminosity are related to en-

hanced partial premixing induced by the strong reverse-flow at the nozzle exit.

Any partial premixing is probably enhanced by the increased entrainment and

turbulence that was observed under resonant forcing conditions. Furthermore,

it has been demonstrated in previous studies that soot is reduced in the pres-

ence of elevated strain rates, and so it is possible that the strong pulsations

act to reduce the formation of soot by increasing the magnitude of the un-

steady strain rates. These presence of these possible mechanisms in flames

were investigated by making several measurements in strongly forced flames.

Simultaneous OH/acetone PLIF images performed in strongly forced

flames show that the vortical structures persist even in reacting flames and

196



exhibit a correlation with the phase of the forcing cycle. The reaction zone

was found to be much wider and wrinkled for a resonantly pulsed flame as

compared to the unpulsed flame, whereas the reaction zone shows little cor-

relation with the forcing cycle. More importantly, the reaction zone seems to

close immediately downstream of the vortical structures. The mixture frac-

tion field obtained in the non-reacting jets supports the proposition that the

mixture composition is near stoichiometric between vortices. The location

of this closure/bridge calculated from the mixture fraction measurements in

non-reacting jets and from the OH PLIF images seems to agree reasonably

well. The presence of these bridge structures may be important features in

the reignition process for these high amplitude, high frequency forced flames.

Reacting PLMS/PIV imaging performed in strongly forced flames con-

firmed the presence the vortical structures in flames and the presence of reverse

flow near the fuel-tube exit. Since the flame is lifted in the strongly forced

flames, the reverse flow might result in significant partial premixing as seen

in non-reacting jets. The interaction between the flame and vortex structures

caused the vortex structures to get deflected and breakdown earlier than in

non-reacting jets. Also, the vortex structures were seen to pull the flame to-

wards the centerline of the jet which is consistent with the bridge formation

shown by the OH PLIF images. The PIV measurements showed that the vor-

tex structures were weaker in the forced flames while the mixing might be

better due to the earlier breakdown of these structures.

Partial premixing due to the reverse flow setup near the fuel-tube exit
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seems to be one of the most important physical mechanisms responsible for

the large reduction in flame length and luminosity in strongly forced flames.

The other probable mechanisms as seen in non-reacting jets which might play a

significant role in flames are the increased entrainment by the vortex structures

and the enhanced mixing in the resonantly pulsed flames. Increased turbulence

seen in non-reacting jets might not play a big role due to the effects of heat

release which tends to reduce the local Reynolds number.
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Appendix A

Acetone PLIF

PLIF imaging is a non-intrusive technique for measuring different flow

parameters like the velocity, pressure, mixture fraction, temperature and so

on. Acetone planar laser induced fluorescence (PLIF) was performed in a non-

reacting jet in order to make mixture fraction measurements. The mixture

fraction measurements would provide the information on the partial premixing

produced by the reverse flow near the fuel-tube exit and the mixing field in a

strongly forced jet. For this purpose, air to be used as the flow medium was

seeded with acetone vapor and the LIF signal from the fluorescence of acetone

molecules provides the mixing produced by the strong forcing. The flow rate

through the fuel-delivery tube was maintained using mass flow controller which

maintained the flow rate with an accuracy of ±0.1 lpm. The air was saturated

with acetone so that the LIF signal would be repeatable.

Acetone molecules are broadband absorbers (absorbs between 250 nm

and 320 nm) and they are also broadband emitters (emits in the range of

350 nm and 550 nm). Therefore the source used for the fluorescence was a

frequency-quadrupled Nd:YAG laser (Spectra-physics PIV-400) with a repeti-

tion rate of 10 Hz and the laser energy was about 50 mJ at 266 nm. The laser
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beam was made into a sheet of about 0.3 mm in thickness using a convex lens

and a concave cylindrical lens. A short focal length cylindrical lens was used

so that the sheet can be made very wide.

In preliminary tests, a high-speed CMOS camera (Photron APX) was

used for imaging the LIF signal. Since the LIF measurement is supposed to

be quantitative, it was necessary that the LIF signal as imaged by the CMOS

camera, for the same nominal flow conditions, be repeatable. In order to

check for the repeatability of the images obtained by the camera, the laser

sheet was passed through a test cell filled with acetone and 200 images of

the laser sheet were obtained. The average image of the test cell background

was subtracted from the mean laser sheet image. It was found that the sheet

intensity counts varied by about 30%. But it is known that the LIF intensity

is linear for a wide range of laser intensity and acetone concentration (Lozano

et al., 1992). Therefore, it was inferred that the CMOS camera (Photron

APX) was not suited for quantitative measurements. In order to avoid the

non-linear response of the CMOS camera, a back-illuminated, slow-scan CCD

camera (Microluminetics Cryocam) was used to image the acetone fluorescence

in non-reacting pulsed jets. A repeatability test similar to the one mentioned in

the previous paragraph showed that the uncertainty in the fluorescence signal

of the laser sheet as imaged by the CCD camera was only about 10%. This

reiterated the fact that the CMOS camera was not suitable for quantitative

intensity imaging.

The mixture fraction images were obtained using the following proce-
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Figure A.1: Raw LIF images and the corresponding background images for a
steady non-reacting jet with a mean Reynolds number of 1820 (a) Jet PLIF
(b) Jet background (c) Laser sheet (d) Laser sheet background
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dure. The 266 nm laser sheet was passed through the axis of the acetone

seeded non-reacting jet. First of all, the PLIF images (200 images) of the

steady jet for a given flow rate was imaged. Fig. A.1 shows the raw images

of the acetone LIF and the corresponding background. The mean raw LIF

image of the steady jet is shown in Fig. A.1(a), which seems to be dominated

by the laser scattering from the fuel-delivery tube. In order to get rid of the

background laser light due to scattering, the jet background was imaged (200

times) without the flow. Fig. A.1(b) shows the jet background which shows

very high count due to the scattering from the fuel-delivery tube. Due to the

irregularities in the laser beam, the laser sheet intensity will not be uniform

and hence, laser sheet correction has to be performed. The laser sheet was

imaged by passing the laser sheet through a test cell filled with acetone vapor.

The mean laser sheet image is shown in Fig. A.1(c) and the corresponding

background is shown in Fig. A.1(d).

The mean background images were subtracted from the corresponding

LIF images in order to get rid of the background scattering and other light

sources. Note that these background images were not obtained simultaneously

with the LIF images. Fig. A.2 shows the background subtracted mean fluo-

rescence images of the jet and the sheet. The jet LIF image (see Fig. A.2(a))

shows some irregularities (for example, the LIF signal seems to be significantly

more at about 3D downstream of the fuel-tube exit) in the signal probably due

to the variation in laser sheet intensity which can be seen in Fig. A.2(b). Fig.

A.3(a) shows the LIF of the steady jet after sheet correction was performed.
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Figure A.2: Background-subtracted LIF images of (a) the jet with a mean
Reynolds number of 1820 and (b) the laser sheet.
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Figure A.3: Sheet-corrected LIF image (a) and the corresponding mixture
fraction images without (b) and with absorption correction (c) of a steady jet
with mean Reynolds number of 1820.
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It can be seen that the fluorescence intensity seems to be much more uniform

in the potential core than the corresponding uncorrected image.

It is known that the fuel mixture fraction in the potential core of a round

jet is unity. For this reason, the sheet-corrected jet LIF image is divided by the

LIF intensity at the fuel-tube exit would provide the mixture fraction image.

Fig. A.3(b) shows the mean mixture fraction image of a steady jet of mean

Reynolds number equal to 1800. It can be seen that the mixture fraction in the

potential core is close to being unity. However, it can be seen that the mixture

fraction on the right side (note that the laser sheet goes from right to left) is

consistently higher than the corresponding mixture fraction on the left side for

the same laser ray. This is consistent with the absorption of laser energy by

the acetone molecules since the air is seeded with non-negligible concentration

of acetone. Therefore, a correction had to be performed in order to take into

consideration the absorption by acetone molecules. It is known that the light

intensity is attenuated as follows:

I = Ioe
−αx (A.1)

The quantity measured in the current experiment is the attenuated

intensity, I, and the non-attenuated intensity, Io, can be calculated using Eq.

A.1. The absorption coefficient, α, was obtained from Tsurikov (2003) as 17.18

m−1. The absorption corrected mixture fraction image is shown in Fig. A.3(c).

It can be seen that the LIF signal is nearly uniform in the potential core of
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the steady jet. The mixture fraction in the potential core can be seen to be

1 ± 0.03. The LIF intensity at the nozzle exit was used to find the mixture

fraction in strongly pulsed jets. The laser was not turned off between the

steady and pulsed jet experiments in order to reduce the error due to laser

energy drift.
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Appendix B

Uncertainty Analysis

All the measurements that were discussed earlier in this dissertation

includes a certain error. Though the exact value of this error cannot be ob-

tained, the uncertainty can be. The error in experimental measurements is

defined as the difference between the measured value of the quantity and the

actual value of the variable (Beckwith et al., 1995). It is important to find a

bound for the error which is called the uncertainty. There are two types of

errors: bias error and precision error. Bias error or systematic error is the er-

ror that occurs the same way every time the measurement is made. Precision

error or random error varies between each measurement in a random manner.

The average value of the precision error tends to zero as the number of samples

increases to a large enough number.

The only way to measure the bias error is by comparing the measured

values in a particular experiment with the values measured using a more accu-

rate experimental technique (Beckwith et al., 1995). But, in fact, it is hard to

find another technique to measure the required quantity for various reasons.

Therefore, an alternate way should be used to estimate the bias error in a

particular measured value based on the factors influencing the measurement
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of the required value. For example, if a required value, y, is dependent on the

measurement of n values, x1, x2, ..., xn, then the uncertainty in y is given by

the following equation:

εy =

√(
∂y

∂x1

ε1

)2

+

(
∂y

∂x2

ε2

)2

+ ... +

(
∂y

∂xn

εn

)2

(B.1)

where εy is the uncertainty in the required value y and εi is the uncer-

tainty in xi. In this approach, the quantities, xi, are assumed to be independent

of each other (Kline & McClintock, 1953).

The precision uncertainty, as mentioned already, is the random uncer-

tainty in the measurement. The estimate for this uncertainty is found for

a given confidence interval based on the statistical distribution of the error.

For small samples, a student t-distribution is used to find the precision un-

certainty. The precision uncertainty for a sample is given by the following

equation (Beckwith et al., 1995):

Px =
tα,Nσ√

N
(B.2)

where tα,N is the coefficient for a given confidence interval (α) and a given

number of samples (N). The value of this coefficient for a given confidence

interval reduces as the number of samples increases. Therefore, it can be seen

that the value of precision uncertainty becomes very small as the number of

samples increases.
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In the current research, velocity measurements were made in non-

reacting jets using hotwire anemometer and in reacting and non-reacting jets

using PIV. Mixture fraction measurements were made in non-reacting jets

using acetone PLIF. The following sections will provide a discussion on the

estimation of uncertainties in these measurements.

B.1 Flame length measurements

The flame length was estimated from about 250 images taken of the

flame at each flow and pulsing conditions. The flame length was determined to

be location where the intensity reduced to 15% of the maximum intensity. The

bias uncertainty in the flame length measurements arise from the uncertainty

in estimating the length (±0.5× (least count)) and the uncertainty in the

measurement of the fuel-tube uncertainty. The relative bias uncertainty is

less than 0.5% and hence, it is neglected. The standard deviation of the flame

length was found to be about 4 D. For a 95% confidence interval (t95,250 = 1.64),

the precision uncertainty in the flame length measurement was found using Eq.

B.2 to be about 0.5 D.

B.2 Velocity measurements using hotwire anemometer

As mentioned in chapter 2, velocity measurements were made along the

centerline of strongly pulsed non-reacting jet using a constant-temperature,

hotwire anemometer at different downstream locations. The calibration of

the hotwire anemometer was performed using a home-built calibration system
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and the response of the hotwire was found to be linear in the velocity range of

interest. Therefore, the velocity measured by the hotwire anemometer is given

by:

u = kV (B.3)

where u is the measured velocity, V is the voltage measured by the hotwire

and k is the calibration constant. The calibration constant was found to be

12.12 m/V · s and the regression coefficient, �2, of the linear fit was found to

be 0.9993. Based on the previous equation, the relative bias uncertainty in the

measured velocity can be estimated from the following equation:

εu

u
=

εk

k
+

εV

V
(B.4)

where εi is the uncertainty in the quantity “i”. The relative uncertainty due to

measurement of voltage is negligible compared to the uncertainty in the linear

fit. The relative uncertainty in the fit is given by
√

1−�2, which is found to

be about 3%. Therefore, the bias uncertainty is about 3% of the measured

velocity.

The velocity was measured several times at different downstream loca-

tions using the hotwire anemometer for a steady of Reo equal to 1800. The

standard deviation in the mean velocity measured each particular location

was about 0.09 m/s and the corresponding mean velocity (over 10 indepen-

dent measurements) was about 2.7 m/s. Therefore, based on the student
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t-distribution, the precision uncertainty in the measurement can be estimated

to be 2% of the mean velocity. Hence, the total relative uncertainty in the

hotwire measurement is seen to be about 5%. These measurements were not

used to find other derived quantities and hence, the quantities calculated from

these measurements remain about 5%.

B.3 Mixture fraction measurements using acetone PLIF

The procedure adopted to find the mixture fraction in non-reacting

jets has been described in chapter A. From the theory of acetone LIF, it

can be seen that there is no simple way, similar to the one used earlier for

hotwire measurements, to estimate the bias uncertainty in mixture fraction

measurements. Therefore, the potential core of the steady jet was imaged in

order to estimate the bias uncertainty. It is known that the mixture fraction

in the potential core of a non-reacting steady jet should be unity. During

this measurement, the flow and other imaging conditions like laser energy per

pulse, exposure time of the camera were maintained at the same value as the

actual experiments. It was found that the mixture fraction in the potential

core was 1± 0.03. Therefore, the bias uncertainty was found to be ±0.03.

The potential core was imaged more than a hundred times in order to

estimate the precision uncertainty. The standard deviation in mixture fraction

was found to be 0.05 over a hundred measurements. Applying Eq. B.2, it was

found that the precision uncertainty was about ±0.01. Therefore, the total

uncertainty in the mixture fraction uncertainty was about 0.04 or 4% of the
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mixture fraction in the potential core.

B.4 PIV measurements in reacting and non-reacting
jets

Particle imaging velocimetry (PIV) measurements were performed in

non-reacting as well as reacting jets in order to measure 2-D velocity and the

derived quantities like the spatial velocity gradients, out-of-plane vorticity,

strain rates, etc. The error in velocity measurements using PIV can be due

to various reasons including the inadequacy of the statistical method to cal-

culate the cross-correlation and peak estimator, background noise, laser sheet

alignment, out-of-plane motion, particle seeding density and so on. The best

way to estimate the bias error in the measurement is to obtain particle images

with known displacement. However, this approach provides only the effects of

background noise and particle image density on the uncertainty (Raffel et al.,

1998). In non-reacting jets, the generic PIV error due to bias uncertainty

has been found to be ±0.1 pixels (Westerweel et al., 1997; Westerweel, 1997),

which will correspond to about 0.01 m/s in the current measurements. The

uncertainty is much less than 1% for the measured peak velocities but higher

for the co-flow velocity.

In reacting jets, the sources of error in PIV mainly arises from the

thermophoretic diffusion of particles along the temperature gradient, which is

estimated to be about 0.1 m/s for the present case. Another concern is the laser

sheet getting distorted due to the change in index-of-refraction due to heat
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release (beam steering). However, Muniz et al. (1996) found that the effects

of beam steering on the velocity measurements is negligible. The particle

seeding density scales with gas density, which is reduced in the hot portions

of the jet. It is found that all these effects amount to 0.2 m/s uncertainty in

velocity measurements in jet flames. The uncertainty in PIV measurements

discussed in the two paragraphs is due to the bias and the precision uncertainty

is neglected in these experiments since more than 1000 vectors are obtained

at each location.

The relative uncertainty in other derived quantities like the spatial ve-

locity gradients and vorticity are bound to be bigger than the relative uncer-

tainty in velocity measurements. These relative uncertainties in these quanti-

ties depend on the value of the derived quantity as well. Therefore, in regions

where the spatial gradient is not large, the relative uncertainty in the spatial

gradient is
√

2 times the relative uncertainty in velocity measurement. The

uncertainties in other quantities like vorticity and strain rate would larger than

the uncertainty in velocity gradient.
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