Fal Y

’;‘“‘%Q HOKKAIDO UNIVERSITY

N

Title Exploring a critical diameter for thermo-acoustic instability of downward propagating flames in tubes
Author(s) Dubey, Ajit Kumar; Koyama, Yoichiro; Hashimoto, Nozomu; Fujita, Osamu
Citation Proce_:edin_gs of The Combustion Institute, 38(2), 1945-1954
https://doi.org/10.1016/j.proci.2020.06.018
Issue Date 2021
Doc URL http://hdl.handle.net/2115/86312
Rights ﬁt<?021>._This manuscript version is r[wad_e available under the CC-BY-NC-ND 4.0 license
p://creativecommons.org/licenses/by-nc-nd/4.0/
Rights(URL) http://creativecommons.org/licenses/by-nc-nd/4.0/
Type article (author version)

File Information

PCI_Critical diameter revised.pdf

°

Instructions for use

Hokkaido University Collection of Scholarly and Academic Papers : HUSCAP



https://eprints.lib.hokudai.ac.jp/dspace/about.en.jsp

Exploring a critical diameter for thermo-acoustic instability of downward

propagating flames in tubes

Ajit Kumar Dubey!??, Yoichiro Koyama', Nozomu Hashimoto', and Osamu Fujita’.

! Division of Mechanical and Space Engineering, Hokkaido University, Kita 13 Nishi 8 Kita-ku,

Sapporo, Hokkaido, 060-8628, Japan

2 RACMaS - Research Alliance Center for Mathematical Sciences, Tohoku University

6-3 Aoba, Aramaki, Aoba-ku, Sendai, Miyagi 980-8578 Japan

3 Institute of Fluid Science, Tohoku University, 2-1-1 Katahira, Aoba, Sendai, Miyagi 980-8577, Japan.

Corresponding author: Osamu Fujita
Division of Mechanical and Space Engineering, Hokkaido University, Kita 13 Nishi 8 Kita-ku, Sapporo,

Hokkaido, 060-8628, Japan

TEL: +81-11-706-6385
FAX: +81-11-706-7841

E-mail: ofujita@eng.hokudai.ac.jp

Colloquium: LAMINAR FLAMES


mailto:ofujita@eng.hokudai.ac.jp

Total length of paper: 6188 words
Method of determination: Method 1
Main text: 3357 words
Equation 1: 23 words
References: 577 words (31 references)
Figure 1: 132.6 words
Figure 2: 509.8 words
Figure 3: 390.8 words
Figure 4: 192.3 words
Figure 5: 151.9 words
Figure 6: 175 words
Figure 7: 147.6 words
Figure 8: 147 words
Table 1: 370.8 words

(Subtotal of figures: 1848.9 words)



Abstract
Thermo-acoustic oscillations are observed when a flame ignited at open end of a tube propagates towards
the closed end due to interaction between unsteady heat release rate fluctuations from flame and acoustic
fluctuations. In our past work, it was found that thermo-acoustic instability increases with decreasing
diameter from 7.0 cm to 3.0 cm. A recent study in flame propagation in Hele-Shaw cells showed that
thermo-acoustic instability is not observed for plate separation less than 0.4 cm. Thermoacoustic
instabilities can’t be observed in very narrow tubes due to excessive damping from the wall. This opens
up the possibility of a critical diameter where thermo-acoustic instability would be maximum. In this work
we perform flame propagation experiments with diameter of combustion tube in the range 0.5 cm to 3 cm
for a fixed length of 70.2 cm. It was found that thermo-acoustic parametric instability begins at lowest
laminar burning velocity when the diameter is around 1.0 cm. This diameter is termed as critical diameter.
Critical diameter is found to be independent of Lewis number of mixtures. Existence of a critical diameter
is thus proved experimentally. Growth rates of primary instability increase with decreasing diameter and
show a maximum around the critical diameter and decrease with further decrease in tube diameter. But,
growth rates of secondary instability as well as maximum pressure fluctuation amplitude decreases
continuously with decreasing diameter. Mechanisms responsible for these observations and existence of

a critical diameter are clarified.

Keywords: Lewis number, acoustic parametric instability, primary acoustic instability, Effect of

geometrical parameters, Growth rates



1. Introduction

Thermo-acoustic oscillations have adverse effects on operation of many combustion devices [1]. These
oscillations occur due to coupling between unsteady heat release rate fluctuations from flame and acoustic
fluctuations and are also cause of some flame front instabilities [2]. A simple experiment to understand
the thermo-acoustic instability with premixed flame as heat source is a downward propagating flame in
tube open at ignition end which was demonstrated by Searby [3]. The flame ignited at open end usually
evolves into a curved flame front with various cells. The size of these cells depends on hydrodynamic and
thermo-diffusive instabilities. As this flame travels down, flame and acoustic oscillations begin, and
amplitudes of the flame cells decrease which can transition to a vibrating flat flame. This regime of
acoustic instability is called primary instability. If the mixture strength is high enough, corrugations of a
particular wavenumber develop on this flat flame front which leads to a turbulent fluctuating flame
accompanied by a high amplitude pressure oscillation. This is termed as secondary acoustic instability.
The corrugated structure is due to parametric instability of flame front in the acoustic field [4] and is the
cause of secondary instability [5]. This parametric instability has been studied analytically for planar flame
[6] fronts and also extended to spherical flames [7] and triple flames [8]. For much stronger mixture, there
is no transition to flat flame and initial curved flame directly transitions to secondary instability leading
to “complete instability” of a flat flame in acoustic field [9]. Higher modes of parametric instability can
be observed with even stronger mixtures [5]. Pressure coupling [10][11][12] and velocity coupling [13]
has been proposed to understand the mechanism of instability and predict its growth rate. In pressure
coupling, the unsteady heat release rate oscillations are generated by the fluctuations of pressure at flame
front which creates fluctuations in final temperature. In velocity coupling, those oscillations are generated
by change in area of the flame front. Primary instability growth rate can be successfully predicted using
velocity coupling [14]. Secondary instability has larger growth rates and maximum pressures compared

to primary instability. The phenomena of primary and secondary instability had also been studied using



large activation energy asymptotic theory of flame coupled with acoustics [15] and some aspects of
experiments can be reproduced by considering weakly non-linear coupling between flame and eigen

modes of tube [16].

Onset of primary instability [17] and parametric instability [18][19] has also been studied in downward
propagating flames using laser irradiation technique which sheds light on turbulization mechanism of flat
flame [20][21]. Effect of Lewis number (Le) on primary [22] and secondary instability [5][19] shows that
lower Le mixtures are more prone to instability. Thermoacoustic instabilities were also studied in annular
space [23] and Hele-Shaw cells [24] to understand effect of Markstein number. Thermoacoustic
instabilities in highly reactive Hy/air mixtures were also studied [25][26]. Open ended tubes [27] also
show oscillating flames due to interaction with acoustics. Owing to continuous efforts in the last few

decades a lot is now known about the thermoacoustic instabilities during propagating flame experiments.

The instability in combustion tubes depends on the geometric parameters. Clavin et al. [10] first studied
the influence of geometrical parameters analytically based on pressure coupling mechanism and predicted
that shorter and wider tubes will be more unstable. Effect of geometrical parameters were experimentally
investigated, and contrary to pressure coupling predictions, it was found that longer (in the range 300 to
700 mm) and narrower tubes (diameter changed from 30 to 70 mm) were more unstable [28]. It was also
proved that velocity coupling mechanism could successfully explain such results [28]. Effect of length on
instability is monotonic i.e. decreasing length increases the acoustic loss and thus instability is decreased.
However, effect of diameter is interesting and necessarily non-monotonic. Numerical study on flame
oscillation in 2-D open channels showed that flame oscillations increases with increase in channel width
in the range of 20 to 120 times the flame thickness which roughly corresponds to width of order of a
millimeter [29]. Numerical simulation of flame traveling from open to closed end in a 2-D channel has
also been performed by considering flame-acoustic coupling which captures violent folding of flame front

similar to parametric instability [30] and it was also found that oscillations are stronger in wider tubes
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[31]. However, the scales of these simulations are much smaller than reported experiments [30-31]. Recent
experiments on oscillatory flame propagation in Hele-Shaw cells found that pressure oscillations were not
observed for channel width of 4 mm or lower but oscillation increased when width was increased from 7
to 10 mm [24]. Naturally, thermoacoustic instability cannot happen in very narrow tubes due to drastic
decrease in flame propagation effected by increased heat losses to the walls leading to flammability limits
and effects of increased acoustic losses. Hence, it seems logical that there would exist a critical diameter

of tube for which thermo-acoustic instability would be maximized.

Current work fills this gap in information with experimental investigations to find a critical diameter for
thermo-acoustic instability in downward propagating flames in tubes. Effect of properties of combustible
mixture on this critical diameter is also assessed. Effect of diameter on various aspects of thermoacoustic

instability is discussed.



2. Experimental method

The schematic of experimental setup is shown in Fig. 1. The combustion tube is a transparent acrylic tube
which was fixed vertically. The tube was closed at bottom and a lid was fixed on the upper side which can

be opened by the action of an electromagnet.

«— Electromagnet

Igniter —

Emw __| «— Combustion tube

High speed
camera

@:I <+— Microphone

Fig.1. Schematic of experimental setup.

The combustion tube is a vertically fixed transparent acrylic tube. the diameter of combustion tube was
varied from 0.5 to 3.0 cm for a fixed length of 70.2 cm. CoH4/O2/CO; mixtures of equivalence ratio 0.8
and 1.2 as well as C2H4/O2/N> mixtures at equivalence ratio 0.8 were used for which Lewis number, Le
based on deficient reactant was 1.05, 0.8 and 1.34 respectively. The mixture was filled in the combustion
tube at atmospheric pressure. CO> and N dilution were varied to vary laminar burning velocity (Sr) of
mixtures. The mixture conditions and properties are tabulated in Table 1. After the mixture became
quiescent, the upper lid was opened by action of an electromagnet and simultaneously the mixture was
ignited at the open end. So, during the flame propagation the tube had one end open and another end
closed. The flame propagation is recorded using a high-speed camera FASTCAM at 1000-2000 frames
per second. The pressure fluctuations are measured using a PCB Piezotronics 106B52 dynamic pressure

sensor at the bottom of the tube at sampling rate of 10 kHz.



Table 1. Mixture composition and properties

C:2H4 02 CO: SL To )
@) ) @ @y ¢ K @ (em’/s)
7.03 17.57 75.4 7.59 1.2 0.784 1707 0.1267302
7.46 18.64 73.9 9.99 0.787 1786 0.1276422
7.85 19.64 72.51 12.49 0.79 1858 0.1283348
&.21 20.52 71.28 14.99 0.792 1922 0.1290639
854 21.35 70.12 17.51 0.795 1982 0.1297316
5.06 18.99 75.95 7.34 0.8 1.042 1626 0.128039
5.45 20.43 74.12 10.04 1.045 1717 0.1291445
5.75 21.56 72.7 12.51 1.048 1787 0.1300289
6.02 22.58 71.4 15 1.05 1850 0.130845
6.28 23.56 70.16 17.51 1.052 1907 0.1316052
6.52 24.44 69.04 20 1.054 1957 0.13234
6.74 25.28 67.98 22.5 1.056 2002 0.133065
O (% (ems L6 @ (em*s)
3.27 12.25 84.48 9.97 0.8 1.353 1579 0.2151825
3.45 12.95 83.6 12.49 1.351 1639 0.2149154
3.61 13.53 82.86 14.99 1.35 1692 0.2147467
3.76 14.12 82.13 17.5 1.348 1742 0.214445
3.91 14.65 &1.44 20.02 1.346 1787 0.2141339
4.04 15.15 80.82 22.5 1.345 1830 0.213975
4.16 15.62 &0.22 24.99 1.343 1869 0.2137145
4.29 16.09 79.62 27.5 1.342 1908 0.21351




3. Results and discussion

3.1. Flame regimes: Effect of Le
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Fig.2. Representative images for the observed flame responses and corresponding pressure history
(L=70.2 cm, D=20 mm) for Le=1.05 mixtures. Time instant of flame image is measured from beginning

of ignition. The frequency bands for pressure oscillations after FFT are also shown.

Figure 2 shows representative images at different stages of downward propagation for various flame
responses observed in present experiments along with associated pressure history for each regime in tube
of inner diameter 20 mm for Le=1.05 mixtures. The pressure fluctuations show a peak in frequency near
the fundamental acoustic mode of the tube and also first harmonic mode of the tube for Regime VI. The
spectral plots are not shown here due to space limits but are very similar to ones presented in our earlier
works [5][9]. The frequency bands for shown pressure fluctuations are mentioned in Fig. 2. The regime
names are assigned to be consistent with our earlier works [5][28]. Typical flame dynamics for each of

the observed flame responses is described first and is qualitatively similar to the responses observed at
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larger diameters. The overall variations in flame responses due to change in Le, S and diameter are
presented later. Mixtures with St lower than 8 cm/s could not have a propagating flame and extinguished
soon after ignition. During regime I, a curved flame propagates steadily downwards, and no
thermoacoustic instability is observed as is evident from the pressure history of regime I which shows no
pressure fluctuations. During regime II [22], a vibrating curved flame propagates upon ignition, but is not
observed for low diameter tubes of current work. During regime III, thermoacoustic instability is
generated and initial cellular flame starts vibrating after propagating some distance; this vibrating cellular
flame transitions to a vibrating flat flame during primary acoustic instability where pressure amplitudes
increase as the flame propagates further downward. The flame also vibrates at the acoustic frequency. The
vibrating flat flame then propagates to the end of tube and pressure fluctuations increase at a growth rate
lower than the initial growth rate. The possible reason for decrease in growth rate will be discussed now.
During the transition from cellular flame to vibrating flat flame there is change in flame area over each
oscillation so velocity coupling is the main mechanism for instability. After the flame turns flat there is
no change in the flame are which indicates that velocity coupling cannot have a role and pressure coupling
is the only possible mechanism. Pressure coupling produces much weaker coupling with growth rates
predicted to be at least an order of magnitude lower than the velocity coupling [14]. Thus, lower growth
rates are observed after flame turns flat. During regime IV, a cellular flame transitions to a flat flame
which transitions to turbulent and inhomogeneous oscillating flame via corrugated structures on flame
front due to parametric instability. Pressure increases first then saturates and then increases at a much
higher rate when parametric instability is generated. During regime V, initial curved flame with soft cells
propagates downward after ignition and amplitude of the flame cells reduces due to primary acoustic
instability. Thereafter, corrugated structures are formed on the curved flame due to parametric instability
leading to fluctuating turbulent flame. In contrast with regime IV, flat flame is never formed in regime V.

Regime VI shows higher modes of acoustic parametric instability, where parametric instability of first
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harmonic is observed in upper half of tube which transforms into parametric instability of fundamental
mode around middle of tube. This can be observed from the pressure fluctuations which are shown for

two frequency ranges. More about higher modes can be learned from our earlier work [5].

Experiments are performed for Le of 1.34, 1.05 and 0.8 for different diameters and Si and Fig. 3 shows
the summary of observed flame responses. Four distinct regions i.e. non-propagating flame, stable
propagating flame without thermoacoustic instability, flame with primary acoustic instability and flame
with secondary acoustic instability are shown are shown in Fig. 3. The instability of the flame increases
with increase in Sy for all Le and diameter cases. The minimum St for primary instability doesn’t change
with diameter of tube for Le =0.8 and 1.05 but for Le =1.34, the minimum St is observed for diameter of
10 mm. However, minimum Sy for the onset of secondary instability clearly shows a minimum around 10
mm for all Le. Hence, the onset of secondary instability is more affected by the change in diameter as

compared with onset of primary instability.
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Fig.3. Summary of flame responses observed for different Le mixtures. Markers are experimental
results. The curves represent approximate boundaries between two stability regimes. Flame responses at

critical diameter are shaded.

The minimum Sp for primary and secondary instability decreases with Le for any diameter. First, we
consider minimum Sp for primary instability which is primarily decided by temperature ratio. For
clarification, consider the case of D=8 mm. Sp at onset of primary instability is 10, 12.5 and 20.0 for

Le=0.8, 1.05 and 1.34 respectively. Adiabatic flame temperature is same (1787 K) for these three mixtures
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and the initial mixture temperature is also same. Hence, the onset of primary instability is evidently
governed by the temperature ratio. This is consistent with theoretical understanding as the temperature
ratio is a factor in the transfer function for velocity coupling used to calculate growth rate of primary
instability [14]. Similar observations were made in our last work where onset of primary instability was
always observed at 12.5 cm/s for Le=1.05 when diameter of tube was changed from 3 cm to 7 cm [28].
The onset of secondary instability is governed by amplitude of acoustic perturbations as will be discussed
in next section. Importantly, the minimum St for primary instability (Le=1.34) and secondary instability
irrespective of Le is always observed with 10 mm diameter tube. It can be observed that the overall
tendency to induce thermoacoustic instability is maximized i.e. stronger parametric instability is generated
for mixtures with lowest S. when diameter of tube is around 10 mm which can be termed as a critical
diameter. This also means that parametric instability is generated for maximum range of fuel-fractions or
mixture conditions at critical diameter. Also, this critical diameter is not much affected by Le but this is
not to say that Le has no effect on thermoacoustic instability. For e.g., the minimum Sp at which primary
instability is generated depends on the mixture properties as already discussed. Also, effect of Le on
primary acoustic instability, growth rates of secondary instability [5] and boundary of Regime V [9] has
been assessed in our earlier works. The critical diameter is influenced more by the acoustic losses which
depends largely on geometrical parameters as is discussed later. This is the first work to demonstrate the
existence of a critical diameter for thermoacoustic instability. For tube diameter of 5 mm with Le=1.05,
no secondary instability was observed. Secondary instability was not observed for tube diameter of 8 mm
at S above 22.5 cm. Parametric instability phenomenon has newer manifestations for tubes below critical

diameter and will be taken up in our future work.

Here, it also seems important to mention the numerical results of [31] about effect of width of channel on
amplitude of oscillations. Interestingly, the amplitude of oscillations shows a maximum (Fig. 14 of [31])

when tube width is varied which is conceptually similar to existence of a critical diameter found in this
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work even though the geometric scales and mixtures are too different for a direct comparison. However,
the more important eigen mode in their simulations is one between flame front and closed end of tube
whereas in experiments the important eigen mode is related to total length of tube. Also, effect of Le
predicted by their simulations is generally not consistent with experiments where lower Le mixtures show

higher growth rates.
3.2.  Effect of diameter on flame dynamics and thermoacoustic instability

To illustrate further on the effect of tube diameter, Le=1.05 mixtures are considered. First the effect of
diameter on primary acoustic instability is discussed. The minimum Si. at onset of primary instability
doesn’t change with diameter as we saw in last section. However, effect of diameter is clear if we consider

the growth rates of primary instability shown in Fig. 4. The growth rates are calculated by fitting the

experimental data of pressure oscillations using p = A exp (TL) cos (wt + ¢) , here TL is the growth
mns mns

rate of instability, p is pressure, w is circular frequency, t is time, 4 is amplitude of pressure oscillation,
@ 1is phase. The growth rate increases with decreasing diameter of tube and shows a maximum at diameter
of 8 mm or 10 mm depending on Si. For velocity coupling, the growth rate of primary instability depends
on the wavenumbers of cellular structure near the onset of primary instability. Figure 4 also shows the
images at onset of primary instability for various tube diameters. It can be seen that the wavenumber of
cells increases with decreasing diameter of tube because the cell sizes decrease. For tube diameter of 8 to
20 mm a single curved front is observed, the wavenumber of which is solely decided by the diameter of
the tube. For tube diameter of 30 mm more than one cell is observed with the lowest wavenumber
associated with a cell encompassing the whole diameter. Due to increase in wavenumber of cells the
growth rate of primary instability increases with decreasing diameter before dropping significantly for

diameter of 5 mm as is shown in Fig.4.
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Fig.4. Flame images showing wavenumber at onset (top) and growth rate (bottom) of primary instability
at all diameters. Flame front contour is artificially drawn to clearly indicate the change in wavenumber.
This drop in growth rate of primary instability at low diameter is due to acoustic losses which increase

significantly with decreasing diameter of tube as is shown in Fig. 5. Total acoustic loss (T—) comprises
loss

1

of wall losses ( ) due to acoustic boundary layer which impedes the acoustic perturbations and

Twall

1

radiation losses (—) from the open end and is given by following equation [14]

Trad

1 (wD)?
8 «cL

Lo L L g 1))y + VP +

Tloss Twall Trad D

(1)

Here, w is acoustic circular frequency, a is thermal diffusivity, y is ratio of specific heats (1.4), Pr is
Prandtl number (0.72), ¢ is speed of sound in the gas (267 m/s); D is diameter and L is length of tube (702
mm). Total losses are dominated by the wall losses for current length of tube. Hence, even though radiation
losses decrease with decreasing diameter, the increase in wall losses due to decreasing diameter makes up

for it and total losses increase.
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Fig.5. Variation of acoustic losses with tube diameter calculated using Eqn. 1.

Proper structures at the onset of parametric instability are not observed for tube diameter below 10 mm.
Importantly, wavenumber of structures at onset of parametric instability are independent of diameter.
Onset of parametric instability happens at a particular wavenumber when the acoustic pressure is higher

than a minimum value which is decided by frequency of oscillation and mixture properties [4].

The pressure amplitude at the onset of parametric instability with various tube diameters were assessed
and it was found that it isn’t highly affected by tube diameter (Fig. 6). Small variations within 0.1 kPa are
observed. So, the parametric instability begins when the acoustic pressure amplitude reaches a required
value. Now we can understand why onset of parametric instability begins at lower Si in lower diameter
experiments. This is because the growth rate of primary instability is higher at lower diameter hence the
pressure increases faster and the acoustic pressure necessary for parametric instability is reached at lower
St. In current experiments the length of tube is constant, so the frequency of acoustic oscillations is almost
constant. Also, if we consider same mixture the wavenumber at onset of parametric instability is invariant
with diameter. There will be some secondary effect of diameter because at considerably low diameter heat
loss reduces the burning velocity which can affect the wavenumber. However, before reaching that
diameter which is affected by heat loss if the diameter of tube becomes lower than the particular
wavenumber then parametric instability may not be observed. Considering the current mixtures of

Le=1.05, the wavelength of structures on flame front at the onset of parametric instability is near 0.5 cm
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as can be calculated using theory presented in [4]. Hence, below 1 cm it could become difficult to observe
the parametric instability with proper corrugated structures. It can be seen from flame images of regime

V1 in Fig.2 that only one or two corrugations are observed during turbulent flame propagation.
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Fig.6. Pressure at onset of parametric instability at all diameters.

As the total acoustic losses increase with decrease in diameter, the growth rate of secondary instability
reduces when diameter is decreased. This trend is observed in Fig. 7. Growth rate of secondary instability

is calculated in same manner as our previous work by taking the envelope of amplitudes of pressure

t

fluctuations and fit an exponential curve p = A exp( ) because frequency varies during parametric

Tins

instability due to sudden rise in temperature [5]. Now, it is clear why primary and secondary instability
growth rates show opposite tendency with variation in diameter. Figure 8 shows how maximum amplitude
pressure oscillations change with diameter. The maximum pressure increases as the tube diameter is
increased from 5 to 30 mm. Unlike the minimum S;, the maximum pressure doesn’t show a maximum at

critical diameter.
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Fig.7. Growth rate of secondary instability at all diameters.

Maximum pressure increases with increase in tube diameter which is due to stronger secondary instability
with decreased acoustic loss. This also reflects in the secondary instability growth rate which generally

increases with increasing tube diameter.
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Fig.8. Maximum pressure amplitude during instability at all diameters.

4. Conclusion

Existence of a critical diameter where secondary instability of downward propagating flames is observed
at minimum Sp was shown experimentally. This critical diameter was found to be around 10 mm for three
set of mixtures used here. Interestingly, unlike other aspects of thermoacoustic instability e.g. growth rates,
the critical diameter doesn’t depend much on Le of the mixtures. However, Sp of mixture at which

instability begins at every diameter is higher for higher Le mixtures. Growth rates of primary acoustic
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instability shows a maximum near the critical diameter whereas growth rates of secondary instability and
maximum amplitude of pressure fluctuations increase with diameter. The mechanisms of these observed
phenomena are clarified.
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Table 1. Mixture composition and properties.
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List of figures captions

Figure 1. Schematic of experimental setup.

Fig.2. Representative images for the observed flame responses and corresponding pressure history
(L=70.2 cm, D=2 cm). Time instant of flame image is measured from beginning of ignition. The frequency

bands for pressure oscillations after FFT are also shown.

Fig.3. Summary of flame responses observed for different Le mixtures. Markers are experimental results.
The curves represent approximate boundaries between two stability regimes. Flame responses at critical

diameter are shaded.

Fig.4. Flame images showing wavenumber at onset (top) and growth rate (bottom) of primary instability

at all diameters. Flame front contour is artificially drawn to clearly indicate the change in wavenumber.

Fig.5. Variation of acoustic losses with tube diameter calculated using Eqn. 1.

Fig.6. Pressure at onset of parametric instability at all diameters.

Fig.7. Growth rate of secondary instability at all diameters.

Fig.8. Maximum pressure amplitude during instability at all diameters.
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