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Appendix A

Measurement of Acoustic Velocity
Fluctuations using the Two
Microphone Technique

A.1 Introduction

A number of velocity measurement techniques and instrumentation have been implemented

for the past many years, to perform the standard task of flow field characterization and

instantaneous velocity measurement. Quite a few of these techniques are very elaborate

and require expensive hardware. Normally to obtain instantaneous measurement values, a

large amount of post processing is required. Most of the standard velocity measurement

tools are limited in their application to turbulent flows, and may not be accurate enough to

measure small acoustic perturbations, that are essential for the experimental characterization

of flame dynamics. Thus, for the purpose of measuring small perturbations in the velocity

of the reactants just upstream of the flame, a velocity probe was designed based on the

principles of an intensity probe.
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Figure A.1: Velocity probe

A.2 Velocity Probe Description

The velocity probe, Figure A.1, consists of two microphones that are separated by a known

distance. The simultaneously sampled signal from the two microphones is then processed

through an electronic circuit to generate an instantaneous velocity signal.

A.2.1 Principle of Operation

The working of the entire device is based on Euler’s equation:

− P = ρ
∂U

∂t
+ (U · )U (A.1)

Restricting the analysis to the direction of the velocity probe (1-D analysis), equation A.1

becomes

−∂P
∂x

= ρ
∂U

∂t
+ U

∂U

∂x
(A.2)

where P is the total pressure and U is the total velocity and ρ is the density. Let

P = p+ p (A.3)
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U = u+ u (A.4)

where p and u are the mean pressure and velocity respectively, while p and u are the time

varying components of pressure and velocity respectively. Substituting equations A.3 and

A.4 in A.2, the following is obtained.

−∂p
∂x
− ∂p

∂x
= ρ

∂u

∂t
+
∂u

∂t
+ (u+ u )

∂u

∂x
+
∂u

∂x
(A.5)

Satisfying the momentum equation for mean flow and noting that the mean flow is steady

and incompressible, equation A.5 reduces to

−∂p
∂x

= ρ
∂u

∂t
+ u

∂u

∂x
+ u

∂u

∂x
(A.6)

Non-dimensionalize A.6 with

p =
p

Po
, u =

u

c
, x =

x

L
, ρ =

ρ

ρref
, τ = ωt

where Po is the combustor pressure

c is the speed of sound

ω is the acoustic frequency

L is the acoustic wavelength

Thus,

−Po
L

∂p

∂x
= ρref ρ ωc

∂u

∂τ
+
c2 u

L

∂u

∂x
+
c2 u

L

∂u

∂x
(A.7)

Therefore,

−∂p
∂x

=
ρref ρ c

2

Po

∂u

∂τ
+ u

∂u

∂x
+ u

∂u

∂x
(A.8)

For flows with Mach number below 0.1

u
∂u

∂x
≡ O 2 , u

∂u

∂x
≡ O 2

and are neglected. Therefore, for low Mach number flows, equation A.6 reduces to

−∂p
∂x

= ρ
∂u

∂t
(A.9)
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Figure A.2: Sketch of the velocity probe

Thus,

u (t) =
−1
ρ

∂p

∂x
∂t (A.10)

The time trace of the instantaneous velocity fluctuations were generated using equation A.10,

where the spatial derivative of pressure was approximated as

∂p

∂x
=
P2 − P1
∆x

(A.11)

Here P2 and P1 are the simultaneous, instantaneous signals from the two microphones and

∆x is the spatial distance between the two microphones.

A.2.2 Probe Sensor

A sketch of the probe sensor is shown in Figure A.2. Two microphones, Radio Shack cata-

logue number 33-3003 were used. These are tie clip condenser microphones that require a 1.5
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Figure A.3: Velocity probe circuit diagram

Volt external power source and are 1
4
” inch in diameter (see specifications in section A.4.3).

The microphones were positioned so that they directly faced each other. A solid spacer as

shown in Figure A.2, was placed between them. The spacer ensured that a fixed spatial

distance was maintained between that two microphones and also prevented defraction of the

sound around the microphones. The acoustic flow over the whole sensor was expected to be

smoother with the spacers in place. Based on the analysis presented by Waser et al. [72],

the length of the spacer was chosen to be 55 mm so that accurate data could be obtained in

the frequency range of 20-1250 Hz.

A.2.3 Probe Circuit

To be able to generate a time trace of the fluctuating acoustic velocity as per equation A.10

and A.11, the signals from the two microphones were sent through a differencing amplifier,

the output of which was fed into a low pass filter. Figure A.3 shows details of the electronic

circuit, while Figure A.4 shows the details of the Burr-Brown precision gain instrumentation

amplifier [89], that was used to generate a differencing signal. The technical specifications

of the operational amplifier and the instrumentation amplifier are detailed in Section A.4.1

and Section A.4.2 respectively.
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Figure A.4: Details of the Burr-Brown instrumentation amplifier INA 131

A.3 Calibration

A.3.1 Microphone Calibration

The microphones used in the velocity sensor were calibrated to ensure that their amplitude

and phase matching characteristics were satisfactory. The FRF magnitude and phase of

microphone ‘1’ with respect to microphone ‘2’ are shown in Figure A.5 and Figure A.6

respectively. Each of the Radio Shack microphones was held on a Bruel & Kjaer microphone

calibrator registered at 94 dB at 1000 Hz. The voltage of 3.855 mV produced at 1000 Hz

was recorded as the sensitivity of the microphone. Since 94 dB corresponds to 1.00237 Pa,

the pressure calibration for the microphone is 260.018 Pa/volt.

A.3.2 Electronic Circuit Calibration

Let X volts be the actual difference in the voltage of the two microphones and A(ω) be the

frequency dependent gain through the circuit. Then the output voltage (uv) from the circuit,
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Figure A.5: FRF (magnitude) of microphone 1 and 2
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Figure A.6: FRF (phase) of microphone 1 and 2
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measured in volts is given by

uv =
X[A(ω)]

jω
(A.12)

Therefore,

X =
jω

A(ω)
uv (A.13)

We know that the pressure calibration is 260.018 Pa/volt. Thus, the differential pressure is

∆P = 260.018 (X) (A.14)

Therefore using equations A.10 and A.11

u =
260.018

ρ∆x
Xdt (A.15)

Performing a Laplace transform

u =
260.018

ρ∆x

X

jω
(A.16)

Substituting for X from A.13

u =
260.018

ρ∆x

uv
A (ω)

(A.17)

Equation A.17 gives velocity fluctuations in m/sec, while uv is in volts.

The magnitude of the frequency response of the circuit to a two mV differential input is

shown in Figure A.7. The two mV differential output was generated by grounding one of

the inputs, and applying a two mV random noise signal to the other input. The random

noise signal was generated using a Hewlett Packard dynamic signal analyzer. The corner

frequency of the circuit is about 2 Hz. To obtain a frequency dependent gain A(ω), we

compare the frequency response output of the circuit to that of a pure integrator. Since the

lower frequency limit of the velocity probe is 20 Hz, which is greater than the circuit’s corner

frequency of 2 Hz, the slope, 20 dB drop in magnitude per decade of increase in frequency is

achieved at 20 Hz and is maintained right through the bandwidth. Therefore the gain A(ω)

can be taken as constant in the bandwidth of interest. The gain is evaluated by comparing

the actual magnitude of the frequency response at 1000 radians (159.1549 Hz) with that of

a pure integrator at the same frequency. A pure integrator should exhibit a magnitude of
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Figure A.7: The FRF magnitude of the velocity probe circuit to 2 mV random
noise input

-60 dB at 1000 radians, while from Figure A.7 the magnitude of the circuit response at 1000

radians is found to be 26.3103 dB. Therefore, the gain A(ω) is given as

A(ω) =
10(

26.3103
20

)

0.001
(A.18)

Substituting equation A.18 into equation A.17

u =
0.012574

ρ∆x
uv (A.19)

where u is in m/sec, ∆x is in meters, and ρ is in Kg/m3.
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A.4 Technical Specification

A.4.1 Technical Specification of Burr-Brown OPA27
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A.4.2 Technical Specification of Burr-Brown INA131
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A.4.3 Radio Shack Ultra -Miniature Tie Clip Microphone

Catalogue Number 33-3003
Directivity Omnidirectional

Impedance (at 1000 Hz) 1 kOhm
Sensitivity (at 1000 Hz) -65 dB (3 dB) (0dB=1V/micro Bar)
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Appendix B

Equipment and Material Information

Table B.1 provides a partial list of equipment and materials used to conduct the research.

Table B.1: Sources of the various equipment and materials used

Material/Equipment Source
Ceramic Honeycomb Corning, Blacksburg USA
Laminar mass flow meters Teleydne Electronic Technologies, Hampton VA, USA
Thermal mass flow meters Eldridge Products Inc., Monterey CA, USA
Tie-clip miniature microphones Radio Shack, Fort worth TX, USA
Hotwire anemometer AA Labs, Israel
ICCD camera Stanford Computer Optics Inc., Palo Alto CA, USA
Photo-multiplier tube Hammatsu Photonics, Japan
51
4
, 60 Watt, 8 Ohm Speaker MCM Audio

61
2
, 160 Watt, 8 Ohm Speaker DynaVox
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Appendix C

Error Analysis

C.1 Errors in Dynamic Velocity Measurement

Due to the fact that the derivative in equation A.10 has been replaced by a finite difference

approximation and the instruments have limitations to their accuracy, the following errors

are inherent in the velocity measurement using a two microphone technique.

a. Finite difference approximation error

b. Difference in microphone sensitivity

c. Phase mismatch error

d. Near field effects

The spatial gradient at the midpoint between the two microphones was approximated as

∂P

∂x
≈ P2 − P1

∆x
(C.1)

where ∆x was 50 mm. Waser et al. [72] have analyzed the error due to this finite difference

approximation with ∆x = 50 mm and have noted that the error increases with increase in

the excitation frequency. For ∆x = 50 mm and the frequency of 630 Hz, the error in the

magnitude of the measurement is less than 0.5 dB. Therefore, for the present research, the

maximum finite difference error is considered to be ±0.5 dB.
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Table C.1: Maximum errors in the fuel flow rates

Fuel Maximum error
Methane ± 0.25 cc/sec
Propane ± 0.129 cc/sec
Ethane ± 0.203 cc/sec

Since the two microphones used were not perfectly identical, they were calibrated to the

same acoustic source as described in Chapter 5 and Chapter 9. The calibration indicated a

maximum error in magnitude of ±0.5 dB and a maximum error in phase of ±0.5 degrees.
As within the combustor the phase of the generated standing wave does not vary spatially,

the measured phase error was the total phase mismatch error. Since the microphones were

far away from the speaker and the wave front was shown to be truly planar at the point of

measurement, the error due to near field effects was not applicable and thus, neglected.

Therefore, the maximum error in the magnitude of the dynamic velocity measurement was

±1 dB, while the maximum error in the phase of the velocity measurement was ±0.5 degrees.

C.2 Errors in Flow Controllers

The main source of error generated in the display of the readings of the flow meters is due

to the uncertainty in its calibration. A number of flow meters were used in the research

detailed in this document. They have been listed in Appendix B and their maximum errors

are reported here.

The Hastings mass flow meters used in the laminar flame dynamic experiments were factory

calibrated. The air mass flow meter was built for a maximum flow rate of 25 slpm, while

the fuel mass flow meter was built for a maximum methane flow rate of 1.5 slpm. The

flow meters are rated to be accurate within 1 % of the full scale, which results in the total

uncertainty of the air flow meter to be within ±4.17 cc/sec, while the maximum uncertainty
in the flow rates of the three fuels used are shown in Table C.1.
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Figure C.1: Calibration of the flow meter, SR No. 20050501

The fuel flow for the turbulent swirl stabilized flame dynamic experiment was measured using

a Hastings flow meter, which was rated for a maximum flow of 1.5 scfm of methane and was

factory calibrated with a maximum uncertainty of 1 % of full scale reading. Therefore, the

maximum error in the fuel flow measurement was calculated to be ±0.015 scfm.

The air flow meters used for the measurement of the axial and the tangential air flow in the

turbulent flame dynamic experiment were built for a maximum flow rate of 150 scfm and

were factory calibrated. Linear calibration equations were generated from the calibration

data provided by the manufacturer. The comparison of the data and the equations for the

two flow meters are shown in Figure C.1 and Figure C.2. The error associated with using the

calibration equations was computed by performing a simple regression analysis on the data

using a statistical analysis program [90]. The program calculated a 95 % confidence interval

to lie between ± 0.16 % of the full scale for both the calibration equations. Therefore, within
a flow rate range of 0-25 scfm, the error range associated with both the air flow meters was
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Figure C.2: Calibration of the flow meter, SR No. 20050502

± 0.24 scfm.

C.3 Chemiluminescence

The chemiluminescence signal was captured using the optical collecting system and was

transmitted by a fiber optic cable. The signal was then filtered using a monochrometer and

finally sensed by a PMT. Each of these components have their own efficiencies due to which

certain amount of captured light is lost. Furthermore, there are uncertainties associated

with the measurement of the OH∗ signal and conversion of the signal to voltage. Based on

repeated measurements of a given signal, the author has noted that all the uncertainties com-

bined produced a maximum error in the OH∗ measurement of ± 0.25 dBV. For calibration
of the OH∗ signal, the reader is referred to work by Haber [70].
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Appendix D

Experimental Data

This appendix lists the model parameters generated by fitting the experimental data for

both the laminar and turbulent flame dynamics. The experimentally measured honeycomb

temperatures along with the computed flame temperatures for laminar flame dynamic ex-

periments are also detailed here.

Table D.1: Poles, zeros, gain and time delay for burner

stabilized laminar flat flame burning methane

Total

Flow

QTotal

cc/sec

Equivalence

Ratio (Φ)

Poles Hz Zeros Hz Gain Time Delay

seconds

145 0.5 -1.46 ±27.37 -0.675 ±23.15 3.236 ×10−2 1.68 ×10−3
-0.1275 ±23.39 -123.83 ±302.79

145 0.55 -17.54 ±33.64 -9.70 4.756 ×10−4 1.10 ×10−3
-7.32 ±43.31 -50.32

-825.83

-17552.95

258



Table D.1: (continued)

Total

Flow

QTotal

cc/sec

Equivalence

Ratio (Φ)

Poles Hz Zeros Hz Gain Time Delay

seconds

145 0.6 -12.28 ±27.64 -11.91 1.307 ×10−2 9.00 ×10−4
-27.76 ±76.19 -51.54

-676.31 ±903.39
145 0.65 -11.97 ±30.87 -16.77 -7.083 ×10−4 8.20 ×10−4

-47.21 ±97.87 -52.67

-977.91

39305.19

145 0.75 -14.75 ±37.20 -13.65 1.045 ×10−1 7.50 ×10−4
-124.36 ±129.27 -72.89

-260.12 ±830.93
160 0.5 -3.65 ±34.44 -18.84 ±19.84 1.536 ×10−2 1.35 ×10−3

-11.98 ±38.53 -469.83 ±415.93
160 0.55 -8.89 ±28.92 -14.98 9.518 ×10−2 1.30 ×10−3

-24.96 ±69.79 -28.28

-215.16 ±351.65
160 0.6 -10.41 ±30.00 -12.92 2.043 ×10−1 1.15 ×10−3

-58.01 ±98.02 -39.55

-177.36 ±388.27
160 0.65 -13.25 ±28.54 -10.05 3.306 ×10−1 1.10 ×10−3

-97.41 ±124.05 -60.27

-195.28 ±387.66
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Table D.1: (continued)

Total

Flow

QTotal

cc/sec

Equivalence

Ratio (Φ)

Poles Hz Zeros Hz Gain Time Delay

seconds

160 0.75 -19.52 ±25.76 -4.45 2.329 ×10−1 7.50 ×10−4
-166.06 ±176.76 -124.70

-193.63 ±6.55.28
180 0.5 -10.82 ±27.08 -26.45 ±6.27 1.766 ×10−2 1.25 ×10−3

-13.03 ±51.56 -509.49 ±445.36
180 0.55 -12.69 ±23.24 -4.08 3.729 ×10−2 9.00 ×10−4

-40.83 ±98.81 -80.60

-605.73 ±537.78
180 0.6 -12.90 ±21.15 -5.40 7.021 ×10−2 7.50 ×10−4

-95.54 ±132.02 -80.03

-456.66 ±804.71
180 0.65 -14.93 ±23.66 -6.53 1.433 ×10−1 4.90 ×10−4

-134.24 ±168.76 -100.30

126.52 ±784.39
180 0.75 -19.01 ±21.65 -1.37 5.068 ×10−3 4.00 ×10−4

-161.93 ±213.95 -198.63

-651.57 ±4418.21
200 0.5 -13.16 ±35.46 -21.89 2.450 ×10−2 1.03 ×10−3

-15.70 ±59.15 -37.70

-447.47 ±560.66
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Table D.1: (continued)

Total

Flow

QTotal

cc/sec

Equivalence

Ratio (Φ)

Poles Hz Zeros Hz Gain Time Delay

seconds

200 0.55 -13.01 ±30.57 -13.59 9.235 ×10−2 9.40 ×10−4
-66.97 ±117.03 -57.59

-252.33 ±446.05
200 0.6 -13.93 ±23.06 -3.29 4.193 ×10−1 9.21 ×10−4

-145.69 ±167.03 -87.56

-197.59 ±498.16
200 0.65 -14.81 ±20.47 -3.31 4.480 ×10−1 7.54 ×10−4

-192.76 ±199.06 -106.52

-149.42 ±590.59
200 0.75 -19.34 ±27.56 -2.38 4.100 ×10−2 1.00 ×10−4

-164.09 ±240.54 -282.06

1430.45 ±634.14
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Table D.2: Poles, zeros, gain and time delay for burner

stabilized laminar flat flame burning propane

Total

Flow

QTotal

cc/sec

Equivalence

Ratio (Φ)

Poles Hz Zeros Hz Gain Time Delay

seconds

145 0.55 -7.41 ±45.84 -21.74 -1.165 ×10−2 1.050 ×10−3
-12.92 ±67.50 -62.72

-218.62

5015.41

145 0.60 -10.97 ±38.87 -14.68 -1.255 ×10−2 7.20 ×10−4
-36.57 ±98.82 -61.77

-664.48

3693.48

145 0.65 -10.80 ±38.92 -498.62 ±737.57 9.069 ×10−2 7.18 ×10−4
-87.18 ±115.98 -32.28 ±87.96

145 0.75 -14.54 ±35.82 -6.39 6.778 ×10−2 7.000 ×10−4
-123.59 ±168.83 -231.10

-341.73

-2670.29

160 0.55 -7.71 ±41.13 -20.025 1.945 ×10−2 9.50 ×10−4
-12.93 ±72.16 -55.19

-404.74

-2061.55
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Table D.2: (continued)

Total

Flow

QTotal

cc/sec

Equivalence

Ratio (Φ)

Poles Hz Zeros Hz Gain Time Delay

seconds

160 0.6 -11.84 ±40.16 -14.26 6.288 ×10−2 8.50 ×10−4
-40.46 ±103.85 -82.78

-574.01 ±486.62
160 0.65 -13.72 ±34.83 -11.64 1.678 ×10−1 8.10 ×10−4

-89.31 ±124.60 -83.05

-444.32 ±493.86
160 0.75 -14.71 ±34.60 -5.60 3.189 ×10−1 7.770 ×10−1

-158.88 ±167.34 -149.52

-347.45 ±527.82
180 0.52 -9.80 ±43.83 -29.12 -3.513 ×10−3 9.10 ×10−4

-9.57 ±74.43 -47.78

-490.25

11683.27

180 0.55 -15.23 ±37.33 -21.03 6.622 ×10−2 9.00 ×10−4
-21.28 ±95.18 -66.24

-475.91 ±449.46
180 0.60 -18.54 ±26.73 -8.02 -1.719 ×10−2 7.00 ×10−4

-79.80 ±134.12 -107.59

-566.81

7039.52
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Table D.2: (continued)

Total

Flow

QTotal

cc/sec

Equivalence

Ratio (Φ)

Poles Hz Zeros Hz Gain Time Delay

seconds

180 0.65 -17.74 ±31.59 -9.51 7.870 ×10−2 6.50 ×10−4
-124.08 ±156.74 -101.72

-834.08 ± 881.60
180 0.75 -18.54 ±20.97 -0.787 2.851 ×10−2 4.80 ×10−4

-157.51 ±180.18 -158.25

-1045.71

-4753.03

200 0.52 -12.25 ±46.06 -26.55 -1.229 ×10−2 8.00 ×10−4
-14.20 ±86.63 -66.53

-625.94

3681.57

200 0.55 -14.89 ±40.92 -16.42 3.383 ×10−2 9.40 ×10−4
-25.06 ±100.85 -88.27

-960.02 ±272.10
200 0.60 -18.57 ±30.60 -9.48 2.342 ×10−1 8.015 ×10−4

-78.53 ±157.07 -117.81

-353.47 ±498.57
200 0.65 -16.93 ±28.11 -2.03 6.215 ×10−1 8.600 ×10−4

-130.68 ±199.79 -146.05

-245.07 ±426.36
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Table D.2: (continued)

Total

Flow

QTotal

cc/sec

Equivalence

Ratio (Φ)

Poles Hz Zeros Hz Gain Time Delay

seconds

200 0.75 -15.73 ±30.05 -3.22 3.046 ×10−1 5.250 ×10−4
-180.50 ±183.99 -131.06

-161.46 ±843.01
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Table D.3: Poles, zeros, gain and time delay for burner

stabilized laminar flat flame burning ethane

Total

Flow

QTotal

cc/sec

Equivalence

Ratio (Φ)

Poles Hz Zeros Hz Gain Time Delay

seconds

145 0.6 -7.39 ±43.15 -23.09 -1.904 ×10−2 9.50 ×10−4
-25.17 ±74.09 -45.61

-311.73

2014.24

145 0.65 -7.34 ±39.96 -21.34 ±23.71 2.672 ×10−2 4.50 ×10−4
-48.01 ±81.47 275.23 ±967.14

145 0.75 -13.49 ±37.63 -9.71 7.993 ×10−2 7.50 ×10−4
-95.06 ±165.15 -179.59 ±143.80

-1698.20

160 0.55 -11.53 ±39.62 -19.74 ±17.89 -8.535 ×10−3 1.00 ×10−3 ?
-2.45 ±48.06 -478.27

1549.53

160 0.6 -8.998 ±41.93 -28.04 ±16.07 -6.591 ×10−3 5.00 ×10−4
-32.89 ±81.57 1185.89

-2601.98

160 0.65 -12.79 ±37.97 -17.55 4.884 ×10−2 7.50 ×10−4
-69.09 ±105.07 -60.72

-601.53 ±642.08
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Table D.3: (continued)

Total

Flow

QTotal

cc/sec

Equivalence

Ratio (Φ)

Poles Hz Zeros Hz Gain Time Delay

seconds

160 0.75 -14.29 ±35.35 -6.86 8.984 ×10−2 7.00 ×10−4
-129.02 ±173.11 -214.69

-442.13

-1252.79

180 0.55 -11.71 ±37.79 -27.53 ±12.80 -3.103 ×10−3 7.70 ×10−4
-10.39 ±59.04 -1244.97

2650.76

180 0.6 -14.04 ±33.75 -24.30 1.157 ×10−3 6.80 ×10−4
-39.17 ±98.80 -45.66

-603.08

-39536.54

180 0.65 -16.98 ±34.14 -13.02 5.283 ×10−2 6.80 ×10−4
-82.98 ±127.03 -104.10

-402.18

-2240.04

180 0.75 -14.43 ±30.65 -6.63 -6.256 ×10−3 5.50 ×10−4
-103.97 ±177.23 -187.60 ±119.17

35335.57

200 0.55 -12.44 ±42.66 -24.59 ±18.61 -1.399 ×10−2 7.00 ×10−4
-8.96 ±60.28 824.63

-1109.45
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Table D.3: (continued)

Total

Flow

QTotal

cc/sec

Equivalence

Ratio (Φ)

Poles Hz Zeros Hz Gain Time Delay

seconds

200 0.6 -18.58 ±33.52 -12.80 -2.132 ×10−2 6.35 ×10−4
-46.78 ±123.67 -165.96

-266.52

4152.43

200 0.65 -17.02 ±35.23 -11.55 6.226 ×10−2 7.00 ×10−4
-92.16 ±144.77 -130.39

-479.29

-1851.50

200 0.75 -16.87 ±31.27 -3.09 -2.067 ×10−1 4.50 ×10−4
-94.50 ±199.31 -169.58 ±180.04

1149.56
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Table D.4: Temperatures measured at the top and bot-

tom surface of the honeycomb for experiments burning

methane

Total Flow Equivalence Top Surface Bottom Surface

QTotal Ratio (Φ) Temperature Temperature

cc/sec Kelvin Kelvin

145 0.5 641.28 328.16

145 0.55 798.61 340.23

145 0.6 902.6 347.94

145 0.65 958.51 354.19

145 0.75 1064.21 365.52

160 0.5 733.17 332.75

160 0.55 865.79 341.67

160 0.6 958.51 345.53

160 0.65 1015.66 355.64

160 0.75 1095 358.53

180 0.5 780.37 326.95

180 0.55 893.89 332.99

180 0.6 994.8 341.43

180 0.65 1043.75 345.29

180 0.75 1134.6 351.58

200 0.5 789.51 323.8

200 0.55 913.02 326.95

200 0.6 1024.79 330.1

200 0.65 1059.32 333.24

200 0.75 1161.01 276.05
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Table D.5: Temperatures measured at the top and bot-

tom surface of the honeycomb for experiments burning

propane

Total Flow Equivalence Top Surface Bottom Surface

QTotal Ratio (Φ) Temperature Temperature

cc/sec Kelvin Kelvin

145 0.55 856.06 336.13

145 0.60 926.84 343.12

145 0.65 997.31 345.05

145 0.75 1102.24 354.92

160 0.55 839.15 332.27

160 0.60 938.87 340.47

160 0.65 1016.49 345.05

160 0.75 1115.86 354.43

180 0.52 799.52 321.13

180 0.55 859.6 327.92

180 0.60 977.14 335.41

180 0.65 1032.23 329.85

180 0.75 1143.67 340.71

200 0.50 799.52 317.49

200 0.55 882.51 321.38

200 0.60 922.84 325.01

200 0.65 1039.64 329.13

200 0.75 1161.8 334.44
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Table D.6: Temperatures measured at the top and bot-

tom surface of the honeycomb for experiments burning

ethane

Total Flow Equivalence Top Surface Bottom Surface

QTotal Ratio (Φ) Temperature Temperature

cc/sec Kelvin Kelvin

145 0.60 836.47 332.27

145 0.65 903.47 339.99

145 0.75 1009.84 346.49

160 0.55 756.44 325.98

160 0.60 861.37 331.54

160 0.65 937.16 338.06

160 0.75 1038.82 340.71

180 0.55 738.78 315.3

180 0.60 878.12 323.32

180 0.65 944.01 327.44

180 0.75 1060.95 327.44

200 0.55 751.8 316.27

200 0.60 874.61 315.3

200 0.65 959.36 323.08

200 0.75 1081.27 328.4
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Table D.7: Flame temperature for burner stabilized lam-

inar flat flame

Total Flow Equivalence Flame Temperature

QTotal Ratio (Φ) Methane Propane Ethane

cc/sec Kelvin Kelvin Kelvin

145 0.5 1462

145 0.55 1484 1476

145 0.6 1503 1499 1494

145 0.65 1522 1515 1501

145 0.75 1566 1552 1546

160 0.5 1475

160 0.55 1498 1488 1476

160 0.6 1518 1508 1500

160 0.65 1539 1527 1517

160 0.75 1584 1568 1566

180 0.5 1484

180 0.52 1490

180 0.55 1516 1507 1490

180 0.6 1537 1525 1519

180 0.65 1559 1546 1539

180 0.75 1607 1593 1592

200 0.5 1512

200 0.52 1505

200 0.55 1533 1517 1492

200 0.6 1555 1546 1536

200 0.65 1577 1562 1547

200 75 1627 1617 1614
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Table D.8: Poles, zeros, gain and time delay for swirl

stabilized turbulent flame burning methane

Total

Flow

QTotal

cc/sec

Swirl

number S

Equivalence

Ratio (Φ)

Poles Hz Zeros Hz Gain

15 0.55 0.79 -29.90 ±110.66 20.51 ±146.30 -3.398 ×10−3
-22.72 ±67.29 59.21 ±72.88
-10.00 ±30.65 -51.60

-3.14 ±28.93 -1.93 ±29.78
-1.93 ±29.78
-1.198

15 0.55 1.19 -28.98 ±112.09 11.03 ±148.77 -6.577 ×10−3
-25.65 ±52.78 54.74 ±88.25
-0.436 ±37.43 -0.423 ±37.57
-10.02 ±14.20 12.03

-3.516

15 0.60 0.79 -3.57 ±104.42 43.15 ±127.77 -3.151 ×10−2
-22.07 ±96.15 -3.26 ±103.25
-2.56 ±60.60 -2.70 ±60.11
-37.8 33.1

-6.08 -4.11
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Table D.8: (continued)

Total

Flow

QTotal

cc/sec

Swirl

number S

Equivalence

Ratio (Φ)

Poles Hz Zeros Hz Gain

15 0.60 1.19 -30.84 ±132.29 557 2.989 ×10−3
-22.34 ±73.48 45.98 ±157.63
-8.27 ±53.48 58.7

-11.5 -8.15 ±55.86
-5.39 -39.2

1.90

15 0.65 0.79 -24.14 ±177.66 -68.94 ±321.40 -2.848 ×10−3
-1.20 ±138.30 68.17 ±178.24
-24.64 ±102.90 -1.49 ±138.51
-58.3 113

-9.74 -2.77

15 0.65 1.19 -30.22 ±196.69 -335 6.500 ×10−3
-1.28 ±157.29 28.93 ±225.08
-32.31 ±111.49 113.69 ±111.77
-70.6 -2.01 ±157.59
-13.3 -0.522

20 0.55 0.79 -0.575 ±118.51 37.76 +153.32 9.637×10−3
-27.07 ±104.41 -0.451 ±117.42
-22.86 ±48.23 43.70 ±48.90
-7.99 ±58.10 4.50 ±5.34
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Table D.8: (continued)

Total

Flow

QTotal

cc/sec

Swirl

number S

Equivalence

Ratio (Φ)

Poles Hz Zeros Hz Gain

20 0.55 1.19 -25.90 ±100.32 18700 5.070 ×10−5
-3.31 ±88.64 50.26 ±109.29
-12.62 ±54.20 -3.27 ±89.39
-12.18 ±34.85 -15.09 ±44.14

-2.43

20 0.60 0.79 -7.90 ±131.62 -12.37 ±132.32 -1.890 ×10−2
-26.29 ±94.02 51.38 ±125.87
-20.10 ±28.03 51.4

-8.94 ×10−2
±13.89

-6.47 +19.52

-2.36

20 0.60 1.19 -0.66 ±140.88 1800 4.450 ×10−4
-38.94 ±127.22 131.65 ±160.35
-33.43 ±61.60 -0.875 ±140.64
-7.64 ±14.53 123

-2.78 ±13.41
20 0.65 0.79 -31.78 ±127.08 79.88 ±170.09 -2.580 ×10−2

-75.6 92.1

-4.47 ×10−2
±66.56

-3.07 ×10−2
±66.56

-3.65 ±21.32 -3.26 ±22.85
-6.91 -0.346
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Table D.8: (continued)

Total

Flow

QTotal

cc/sec

Swirl

number S

Equivalence

Ratio (Φ)

Poles Hz Zeros Hz Gain

20 0.65 1.19 -97.2 74.38 +151.46 -2.902 ×10−2
-0.803 ±135.62 95.2

-33.63 ±111.81 -1.01 ±135.15
-0.415±106.21 -0.278±106.16
-8.26 -2.00
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Appendix E

High Pressure
Combustor-Preliminary Design

Preliminary design of a 10 bar, 1.5 megawatt gaseous swirl stabilized combustor is described

in this section. Figure E.1 shows a schematic of the combustor. The primary objective to

design this combustor was the need to study the various aspects of thermo-acoustic instabil-

ities and their control in a gaseous lean premixed combustion environment. The combustor

was designed for a maximum flow rate of 0.55 Kg/sec, a maximum operating pressure of 10

bar, and a maximum inlet air temperature of 840 K. It was expected to maintain a fully pre-

mixed swirl stabilized flame using natural gas as fuel. The combustor was jacketed with cold

pressurized air from the compressor, to cool the combustor walls. This simulated the back

cooled liners of modern land based gas turbines. To gain optical access to the reaction zone,

the combustor was conceptualized to be of 200 mm × 200 mm square cross section. The

side walls were designed to house windows of high temperature quartz, which could easily

be replaced with metallic walls to enable the housing of various sensors. The combustor was

designed to behave as a Helmholtz resonator. Different plugs having different combination

of inner diameter and length could be used to excite different acoustic frequencies. The

fuel nozzles injecting natural gas into the swirling air were designed to be choked, while the

exhaust downstream of the combustor was quenched with water spray to a temperature of

about 600 K.
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Figure E.1: Sketch of the high pressure combustor

A numerical code was written in visual basic to simulate the steady heat transfer within the

combustor so as to obtain a reasonable estimate of the wall temperatures and the energy

losses. The simulation was based on the following assumptions:

(1) Flow entered the combustor at the adiabatic flame temperature.

(2) The radiation calculation assumed surfaces and the gases to be diffuse.

(3) One-dimensional analysis.

The combustor was broken into different elements and solved for the energy balance in-

cluding conductive, convective and radiative heat transfer modes. The radiation exchange

between gas and the combustor walls was estimated based on the average wall and gas tem-

perature inside the entire combustor and was based on the mean beam length approximation

detailed by Howell [91]. First, the convective and the conductive modes were solved to ob-

tain the initial solution, which was then refined by incorporating the radiative heat transfer
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mode.

The following equations were used by the convective heat transfer in the solution

Pr =
µCp
k

(E.1)

Re =
ρUDh
µ

(E.2)

Cf = [1.82 log(Re)− 1.62]−2 (E.3)

Nux =
Cf
8

RePr

1.07 + 12.7{(Cf
8
)
1
2 [Pr

2
3 − 1]} (E.4)

hx =
Nuxk

Dh
(E.5)

where Pr is the Prandtl number, Cf is the friction coefficient, Re is the Reynolds number,

Nux is the Nusselts number.

For radiation calculations, the following correlations were used

Le =
3.4 (volume of combustor)

(Surface area of combustor)
(E.6)

MR =
Fuel

Air
mass

(E.7)

g = 1− exp −290P (Le Mr)
1
2 T

− 3
2

g (E.8)

αg = g
Tg
Tw

3
2

(E.9)

The details of the corelation for g and αg are detailed in “Gas Turbine Combustion” by

Lefebvre [92].
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Appendix F

Effects of Probe Signal on the Heat
Release Dynamics

Vaudrey et al. [93] have developed and implemented different control algorithms to control

the thermo-acoustic instability in the Rijke tube described in Chapter 6, Section 6.2.4. In

this process it was noted that the presence of a probe signal at a low frequency (40-130

Hz) helped immensely in stabilizing the thermo-acoustic instability occurring at 178 Hz. To

investigate this phenomenon, experiments were conducted on the laminar flat flame burner

described in Chapter 4, for QTotal = 146 cc/sec and two equivalence ratios of Φ = 0.73 and

Φ = 0.61. A constant voltage of 100 mV was applied to the speaker at 170 Hz. This ensured

a linear dynamic response from the flame as measured by the OH∗ signal. Experiments were

conducted by monotonically increasing the voltage applied at the probe frequency which

was lower than 170 Hz and measuring the dynamic OH∗ chemiluminescence at 170 Hz. For

experiments with Φ = 0.61, the probe frequency was chosen to be 130 Hz, while for condition

with Φ = 0.73, the probe signal was taken to be 70Hz. Figure F.1 shows the results of the

experiment. Here, the magnitude of the dynamic OH∗ chemiluminescence signal, a measure

of the dynamic heat release rate has been plotted as a function of probe signal.

For both the experiments, it is observed that the dynamic heat release rate drops with

increase in probe voltage. However, the decrease is non-linear in nature. Although, a fourth

order polynomial perfectly fits both the data sets, the behavior of the response for increases
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Figure F.1: The dependence of the dynamic OH* signal measured at 170 Hz
on the voltage applied at the probe frequency

in probe voltage is quite different. The author believes that this phenomenon is related

to enhanced heat transfer from the flame to the honeycomb and to the combustor walls.

Through an increase in the dynamic heat losses from the flame, the enthalpy of the gases in

the flame is reduced. Thus, the flame temperature is lower leading to lower dynamic OH∗

chemiluminescence signal. This is schematically shown in Figure F.2. Here, q is the part

of the total chemical energy that is utilized for adding sensible enthalpy to the products of

combustion and it is this portion of the chemical energy that couples with the acoustics.

qLoss is the dynamic component of the chemical energy that is lost to the environment, while

qrec is the fraction that is re-circulated via the honeycomb.

Due to the fourth order dependence seen in Figure F.1, the author is inclined to believe

that radiative heat transfer is the dominant mode. However, the effects of the unsteady

convective heat transfer in a developing boundary layer just downstream of the flame cannot

be ruled out. The exact mechanism and its effective range can only be deduced by developing
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Figure F.2: Systems level block diagram describing the dynamic process in-
volved in the probe signal experiment

the detailed physics based dynamic model for the laminar flat flame burner, as proposed in

Chapter 12, Section 12.1.1.

A similar experiment was conducted on the swirl stabilized turbulent combustor. However,

no significant decrease in the dynamic OH∗ chemiluminescence was observed. The decrease

recorded was in the range of 1 to 2 dBV. Based on the theory that this phenomenon is related

to heat transfer oscillations within the combustor, one would not expect the probe signal to

have any effect on the flame dynamics of turbulent flames, because due to the high turbulence

present, the convective heat transfer is already enhanced and small u perturbations are not

expected to generate any significant perturbation in the flame temperature to enhance the

radiative mode. However, the author expects that if the experiment is carried out with low

frequency pulses of fuel, the phenomenon might become prominent in turbulent flames.
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Appendix G

Dimensioned Drawing of Swirl
Stabilized Turbulent Combustor

Figure G.1 shows the dimensioned drawing of the swirl stabilized turbulent combustor. For

detailed part drawings please contact the author or the committee chair Dr. Uri Vandsburger.
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Figure G.1: Dimensioned Drawing of Swirl Stabilized Turbulent Combustor
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