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Abstract

The behavior of a laboratory-scale pulsed combustor is characterized over a wide range of
operating conditions. The behavior of the combustor is shown to be driven by two differ-
ent mechanisms. Acoustic coupling with the tailpipe produces large-amplitude pressure
oscillations which are nonlinear in nature due to interaction with the combustion reac-
tion and turbulent mixing. Due to the highly nonlinear nature of the combustion reaction
at lean conditions, the system dynamics undergo a bifurcation as the equivalence ratio
approaches the lean flammability limit which introduces low-frequency combustion in-
stabilities that are superimposed upon the acoustically driven pressure oscillations. Rapid
consumption and slow restocking of the available fuel inventory leads to poor-quality com-
bustion events, misfire and, eventually, unrecoverable flameout.

A control algorithm is presented which monitors the peak pressure during each cycle
to detect when the available fuel inventory has been consumed and the pulsed combustor
begins to experience poor-quality combustion events while the fuel inventory is restocked.
The controller then injects a small pulse of supplemental fuel to hasten the restocking
process and drive the system back toward a more stable mode of operation. The control
strategy is shown to be effective at dampening the combustion instabilities which results
in lower unburned-hydrocarbon emission levels and allows the operating regime of the

combustor to be extended further toward the lean flammability limit.
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Chapter 1

Introduction

1.1 A brief histofy of pulsed combustion

The earliest known studies of acoustically driven combustion oscillations date back to the
eighteenth century. In 1777, Higgins placed a hydrogen flame inside a glass jar to demon-
strate to his students that water is produced by combustion reactions by condensing and
collecting the water in the jar. Much to his surprise, a musical tone was produced. Higgins
found that differently sized and shaped jars produced tones with different amplitudes and
frequencies. The experiment became a popular parlor trick at parties for some time before
studies were conducted to examine the physics which produce the tones (Nicholson and
Higgins 1802).

Details of the experiment were first published by Brugnatelli (Delarive 1803). Later
studies by DeLuc, Tyndall, Faraday, Rijke, Rayleigh and others further explored the nature
of the oscillations and their source (Zinn 1986). Rayleigh determined that the condition

under which the flame would “sing”, later dubbed the Rayleigh criterion, is as follows:
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If heat be given to the air at the moment of greatest condensation, or be taken
from it at the moment of greatest rarefaction, the vibration is encouraged.
On the other hand, if heat be given at the moment of greatest rarefaction, or
abstracted at the moment of greatest condensation, the vibration is discour-
aged. (Rayleigh 1945)

Practical applications of acoustically driven combustion were not developed until the
twentieth century. Early in that century, growing interest in gas turbines led to the devel-
opment of several combustor designs which were to use pulsed combustion for propulsion
or power generation. A series of patents were issued for combustor designs beginning
with a mechanically valved design by Esnault-Pelterie in 1906. The first aerodynamically
valved, or aerovalve, design, in which air is drawn into the combustor by aerodynamic
forces rather than mechanically injected, was proposed by Esnault-Pelterie’s co-worker,
Marconnet, in 1909 (Putnam et al. 1986). Other designs followed, but the first successful
implementation of a pulsed-combustor design was the V-1 “buzz bomb” rocket used by
Germany in World War IT (Foa 1960).

The success of the V-1 rocket led to the post-war development of a wide variety of
applications for pufsed combustors. A few designs were developed which sought to im-
prove the performance of the V-1 rocket for aircraft propulsion; however, these pulse-jets
produced a low specific thrust and were soon to be outperformed by the newly developed
turbo-jet engine (Putnam et al. 1986). The Dyna-Jet, developed in 1946, was also used as
a fog-generator by the United States Army and is now a favorite of model rocket and air-
craft enthusiasts. A commercial version of the Dyna-Jet is still being produced by Curtis
Dyna-Fog for use as insecticide foggers and sprayers (anon. 1998). The first heating appli-
cation came in 1948 when Huber produced a pulsed-combustion water heater designed to

maintain engine temperatures during shut-down. This design was later modified to heat air

for residential applications as well as heating mass-transit vehicles. By 1961, Kitchen had
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developed the Lucas-Rotax Pulsamatic boiler for residential water heating. A modified
version of his design, known as the Hydro-Pulse, is still commercially available (Putnam
et al. 1986). The success of the Pulsamatic helped inspire the development of the Lennox
G14 Pulse® warm-air residential furnace introduced in 1982 (anon. 1999). The recent
phenomenal success of the Hydro-Pulse boiler and the Lennox Pulse® furnace have lead

to a renewed interest in the development of commercial and residential applications.

1.2 Basic principles of operation

A pulsed combustor works on a four-step cycle that is remarkably similar to the Diesel
cycle. In fact, it can be argued that the internal combustion engine is merely an extreme
example of a pulsed combustor in which the pressure oscillations are driven mechani-
cally rather than acoustically. Pulsed combustor designs typically consist of a combustion
chamber and an acoustically coupled tailpipe. Traditionally, the mixture is introduced in-
termittently either by mechanical means (flapper valves, fuel injection, etc.) or by allowing
aerodynamic forces to draw the mixture into the combustor as needed. Recent studies have
shown that it is possible to produce pulsed combustion with the mixture introduced at a
constant rate through critical-flow orifices (Richards et al. 1991, republished as Richards
et al. 1993).

The typical pulsed-combustion cycle is depicted in Figure 1.1. During the first step of
the cycle, the fresh mixture in the combustion chamber is compressed and heated and to
the auto-ignition point resulting in a combustion reaction which raises the combustor pres-
sure. In mechanically and aerodynamically valved designs, the high combustor pressure

restricts the flow of fresh charge into the combustion chamber, quenching the combustion
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reaction and leading to the second step. During the second step, the exhaust gases expand
through the tailpipe reducing the pressure inside the combustion chamber. As the exhaust
gases exit, they gain enough momentum to evacuate the combustor until the combustor
pressure drops below ambient pressure. During the third step, the reduction in combustor
pressure allows fresh charge to enter the combustion chamber and causes the exhaust-gas
flow to slow and eventually reverse, reintroducing residual gases to the combustion cham-
ber. During the fourth step, the momentum of the residual exhaust gases and the incoming
fresh charge pressﬁrizes the combustor to slightly above ambient pressure. Heat transfer
from the combustor walls and the hot residual gases heat the mixture to the auto-ignition
point, thus restarting the cycle. The average time needed to complete one cycle is deter-

mined by the fundamental acoustic frequency of the combustor.

1.3 Benefits over steady-flow combustors

Pulsed combustion has long been known to have several significant advantages over steady-
flow, constant-pressure combustion processes. Historically, these advantages were poorly
understood and difficult to quantify. Without knowledge of how the benefits were derived,
early pulsed combustor designs were developed largely by trial-and-error. The lack of a
thorough thermodynamic understanding of the principles of pulsed combustion likely has
lead to their limited use (Zinn 1986; Putnam et al. 1986). Late in the twentieth century,
a number of studies began to quantify the benefits of pulsed combustion and develop an

understanding of the mechanisms involved.
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1.3.1 Convective transport

The oscillatory ﬁow in pulsed combustor tailpipes has been shown to produce signifi-
cantly higher convective heat and mass transfer rates fhan steady-flow combustors. Early
studies of oscillatory flow found heat transfer rates that ranged from 70% less (Alhaddad
and Coulman 1982) to 240% greater (Hanby 1969) than those for steady turbulent flow
at similar mean Reynolds numbers. However, the test conditions used in these studies
varied considerably from one another and few investigated the effects of varying the test
conditions. Many of the studies which predicted lower transfer rates were conducted at
oscillatory conditions atypical of pulsed-combustor operation (e.g., lower frequencies and
smaller amplitude oscillations) (Dec et al. 1992). High convective transfer rates provide
obvious benefits for heating and drying applications. However, without a thorough under-
standing of the mechanisms involved in producing those increases, it is difficult to design
a system to take full advantage of those benefits. Many theories were proposed to describe
the increased transfer rates, but none were adequate to fully explain the behavior.

In the late 1980s, experiments began at Sandia National Laboratories in order to quan-
tify the heat and mass transfer rates from the tailpipe of an experimental pulsed com-
bustor, to determine the effect various parameters such as pulse frequency, combustor-
pressure amplitude and flow rate have upon the heat transfer rate and to discover the mech-
anisms responsible for the increased convective transfer rates. A two-color laser Doppler
velocimetry system was used to make spatially and temporally resolved velocity mea-
surements inside the tailpipe of the pulsed combustor (Keller.and Saito 1987; Dec et al.
1991). Spatially resolved temperature measurements inside the tailpipe were obtained us-
ing two-line atomic fluorescence (Dec and Keller 1986). Additionally, temperature mea-

surements made using a thin-film thermocouple coating the inner surface of the tailpipe
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and a fast-response thermocouple inbedded within the tailpipe wall were used to obtain
cycle-resolved measurements of the heat flux being conducted through the tailpipe (Dec
and Keller 1990). Mass transfer rates were determined by measuring the evaporation rate
of water passed through a sintered, stainless steel cylinder placed in the tailpipe (Gemmen
etal. 1991).

The heat transfer Nusselt number was found to vary greatly with the root-mean-square
of the combustor pressure, increasing with increased combustor pressure. The Nusselt
number was also found to increase slightly with frequency; varying the flow rate had little
or no effect. In all test cases, Nusselt numbers were found to exceed those of a steady-
flow combustor at similar mean Reynolds numbers, in some cases by as much as a factor
of three (Dec and Keller 1989). Mass transfer Nusselt numbers were found to be up to
25% greater than those for steady-flow combustors (Gemmen et al. 1991, republished
as Gemmen ef al. 1993). Based upon analysis of the spatially and temporally resolved
velocity and temperature measurements, Dec et al. (1992) were able to discount most
of the previously purposed theories and show that the flow inside the pulsed-combustor
tailpipe has small-scale turbulence superimposed upon the larger-amplitude acoustically
driven oscillations.

Using techniques developed to describe convective transport in forced and buoyancy-
driven turbulent flow (Arpaci 1986; Arpaci and Selamet 1991), Arpaci et al. (1991) devel-
oped a model to predict heat transfer rates for oscillating turbulent flows by determining
the 'appropriate spatial scale of the small turbulent vortices which were shown to exist
within the larger, acoustically driven flow oscillations. Most previous studies attempted
to correlate experimental Nusselt number data from pulsed combustors to those predicted

by quasi-steady theory; however, quasi-steady models do not adequately agree with ex-
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perimental results at all operating conditions and cannot account for the frequency effects
noted by Dec and Keller (1989). The model developed by Arpaci et al. attempts to de-
velop heat transfer relations which fully and accurately account for the minute scale of the
turbulence fluctuations which Dec et al. (1992) found in the pulsed combustor. The model
shows exceptional agreement with the experimental results of Dec and Keller (1989), in-
cluding those experiments in which the acoustic frequency is varied. Furthermore, the
model collapses to the traditional quaéi-steady and steady turbulent heat transfer relations
at the appropriate conditions. Based upon the agreement with experimental results, su-
perpositioning of micro-scaled turbulence upon the large-scale acoustically driven oscil-
lations currently provides the best explanation for the enhanced convective transport seen

in pulsed combustors (Arpaci ez al. 1991, republished as Arpaci et al. 1993).

1.3.2 Pollutant emission levels

Pulsed combustors have long been known to produce significantly lower levels of pol-
lutant emissions — particularly NO, — than steady-flow combustors. Studies at Sandia
have shown that high heat transfer rates and rapid mixing of the hot exhaust gases with
cooler combustor gases help to limit the time that the exhaust gases spend at high tem-
peratures. Keller and Hongo (1990) found that the majority of NO, production in pulsed
combustors occurs near the flame front. The exhaust gases reach thermal equilibrium at
a much lower temperature before leaving the combustion chamber. As a result, the rate
of NO; production decreases as the exhaust gases move toward the tailpipe. In contrast,
the exhaust gas in steady combustors were found to remain at a much higher tempera-
ture throughout the combustion chamber resulting in near constant NO, production rates

throughout the combustion chamber. Keller e al. (1994) were able to reduce NO, and CO
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emissions in the Sandia pulsed combustor to < 5 ppm at 3% O by operating in a lean,
premixed mode and promoting fine-scale mixing of the fresh and residual charges at the

inlet.

1.4 Limits of operation

To make full use of the benefits of pulsed combustion, it would be desirable to operate the
combustor at lean condifions to increase the fuel éfﬁciency and further reduce pollutant
emission levels. Unfortunately, recent studies have shown that, as with many other com-
bustion systems, pulsed combustors become unstable at lean conditions, leading to misfire
and, eventually, unrecoverable flameout. The instabilities often develop well above the
lean flammability limit.

At the former Morgantown Energy Technology Center (METC) — currently part of the
National Energy Technology Laboratory — Richards et al. constructed an experimental
thermal pulse combustor and developed a simple analytical model to predict its behavior.
The combustor is modeled as a well-stirred reactor coupled with an acoustic oscillator.
Richards et al. were able to show good correlation between the analytical model and
experimental observations. Both the analytical model and the experimental combustor
exhibit steady combustion, pulsed combustion and flame extinction at various operating
conditions (Richards et al. 1991).

Daw et al. (1992) showed that, due to the nonlinearity of the Arrhenius rate law, the
METC analytical model follows a classic period-doubling route to chaos as the mass flow
rate of the mixture is increased. Pressure time-series traces from the METC combustor,

recorded at operating conditions similar to those for which chaotic behavior is predicted,
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demonstrate similarities to the model predictions suggesting that the combustor does in
fact exhibit deterministically chaotic behavior. Daw et al. speculated that the cycle-to-
cycle variation in the magnitude of the pressure oscillation may result in reduced com-
bustion efficiency and increased pollutant emission levels (Daw et al. 1992; Daw et al.
1994; Daw et al. 1995). The nonlinear behavior of pulsed combustors has been inde-
pendently confirmed in experimental and analytical studies (Sterling and Zukoski 1991;
Sterling 1993; Margolis 1994).

The behavior of a pulsed combustor similar to the METC design has been characterized
as part of the current study. As will be discussed in detail in later chapters, as the mixture is
made increasingly lean, nonlinear combustion instabilities are observed to develop which
lead to misfire and eventual flameout of the combustor. An analytical model has been
developed which indicates that the instabilities develop due to nonlinearities inherent to
the reaction mechanism at lean conditions (Edwards et al. 1997; Edwards et al. 1998;

Edwards et al. 2000).

1.5 Control of combustor behavior

Daw et al. (1992) were the first to suggest that, due to the nonlinear nature of pulsed com-
bustion, linear control algorithms would prove less effective in reducing cyclic variation
and extending the practical operating regime of pulsed combustors than control strategies
based upon nonlinear dynamics. In studies by Rhode et al. and In et al., various nonlinear
control techniques were successfully applied to the METC analytical model.

Rhode et al. (1995) applied several control techniques to the METC model using the

friction factor of the tailpipe as a control perturbation. A derivative control scheme was
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shown to be capable of eliminating the pulsed behavior and forcing the combustor model

‘into steady operation. An adaptive map-based scheme was used to stabilize the pulsed

behavior allowing operation at higher mass flow rates than otherwise possible.

In et al. (1997) developed a maintenance-of-chaos control algorithm to extend the
operating regime of the METC analytical model. The controller monitors the pressure
temporal record predicted by the model and detects the occurrence of certain patterns,
or mediating trajectories, which lead to flameout. In et al. showed that it is possible to
prevent flameout in the model by momentarily imposing a slight decrease in the mass flow
rate of the mixture whenever a mediating trajectory is detected to push the system behavior

away from flameout and back toward more stable trajectories.

1.6 Scope of the current study

For the current study, a laboratory-scale pulsed combustor has been designed and con-
structed based upon a modified version of the METC design. The behavior of the combus-
tor has been characterized over a wide range of operating conditions. At lean conditions,
nonlinear combustion instabilities were found to develop which reduce the quality of com-
bustion and lead to misfire and flameout. An analytical model developed to help determine
the source of the combustion instabilities suggests that the instabilities result from the non-
linear nature of the combustion reaction. Based upon the information gained in this study,
a control strategy similar in principle to the one used by In et al. (1997) has been devel-
oped which is capable of stabilizing the behavior of the experimental combustor at lean
conditions and extending the practical operating regime by detecting events which pro-
ceed misfire and injecting a small amount of supplemental fuel to push the system toward

a more stable operating mode.



Chapter 2

Background

2.1 Thermal pulse combustion

2.1.1 Experimental combustor .

The pulsed combustor used in the current study is derived from the thermal pulse com-
bustor developed by Richards et al. (1991) at METC. In the METC combustor, shown
schematically in Figure 2.1, fuel and air enter the combustor through separate, oppos-
ing inlets each equipped with a critical-flow orifice to maintain constant flow rates. The
impinging inlet streams form a jet-stirred reaction zone. An alumina rod installed along
the centerline of the combustor provides an additional heat source for ignition. A piezo-
electric pressure transducer is used to monitor the combustor-pressure oscillations and a
thermocouple is attached to the exterior-wall of the combustion chamber to provide a wall
temperature to be used as a reference. The operating condition of the thermal pulse com-
bustor is defined by the equivalence ratio of the fresh mixture and a characteristic flow

time, T, which approximates the time the mixture resides in the combustion chamber and

12
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Figure 2.1: Schematic of the thermal pulse combustor developed at METC. Dimensions
are in mm (Richards et al. 1991).
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is determined by the equation

PoV

2.1

T =
where p, is the ambient density and V is the volume of the combustion chamber.

Richards et al. (1991) conducted a series of experiments at a few disparate operating
conditions. The thermal pulse combustor was found to exhibit three modes of opera-
tion depending upon the operating conditions: steady combustion, pulsed combustion and
flame extinction. That the combustor would operate in a pulsed mode with constant in-
let flows is noteworthy as, previously, mechanically or aerodynamically valved inlets had
been considered necessary to produce pulsed combustion.

The behavior of the combustor was found to rely heavily upon the combustor-wall tem-
perature — hence the moniker, thermal pulse combustor. Self-sustained combustion was
found not to be possible at low wall temperatures (e.g., below ~900 K). At these condi-
tions, the combustor behavior is characterized by occasional explosive reactions followed
by a series of decaying-amplitude oscillations which occur at the fundamental acoustic
frequency (Morris et al. 1990). At higher wall temperatures, the behavior of the combus-
tor was found to be either steady or pulsating depending upon the equivalence ratio and
flow time.

As the equivalence ratio was decreased while holding the mass flow rate of the mixture
constant, the behavior of the thermal pulse combustor was found to go through a transition
from low-amplitude (~50 kPa, peak-to-trough) pressure oscillations with a frequency of
approximately 167 Hz at an equivalence ratio of ¢ = 0.85 to higher-amplitude (~100 kPa,
peak-to-trough), lower-frequency (110 Hz) oscillations at an equivalence ratio of ¢ = 0.68
(Figure 2.2). The transition between the two modes of behavior is not smooth; rather, at

the intermediate equivalence ratios, behavior is characterized by intermittent transitions
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Figure 2.2: Combustor-pressure traces showing the effects of equivalence ratio upon the
behavior of the METC thermal pulse combustor (Richards et al. 1991).
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between the two modes. Similar behavior was observed by holding equivalence ratio
constant and increasing flow time (Figure 2.3). Long flow times (e.g., Ty > 74 ms) were
found to produce steady combustion. |

While the tests performed by Richards et al. provided insight into the behavior of the
thermal pulse combustor, the limited number and disparate conditions of test runs and
the limited amount of data collected at each condition leaves something to be desired. A
thorough, systematic characterization of the behavior of the thermal pulse combustor over

a wide range of operating conditions has yet to be performed.

2.1.2 Analytical model

In addition to the experimental combustor, Richards e al. (1991) developed an analytical
model to explain the behavior of the physical system. The combustor is modeled as a well-
stirred reactor acoustically coupled to the tailpipe with the geometry shown in Figure 2.4.
Reactants are premixed and enter at a constant mass flow rate through a single inlet. The
combustor-wall temperature is maintained constant at some specified value. The pressure,
temperature and mass fraction of fuel are assumed to be uniform throughout the combus-
tion chamber and are related to the values at the tailpipe entrance by assuming isentropic
acceleration through the nozzle connecting the combustion chamber and the tailpipe. The
friction factor, f, in the tailpipe is assumed constant, and ambient pressure is assumed at
the tailpipe exit.

Conservation equations for mass, energy and species are applied to the combustion
chamber and coupled with conservation equations for mass and momentum in the tailpipe.
Combustion is described by a bi-molecular rate law written specifically for stoichiomet-

ric conditions (which limits the accuracy of the model at non-stoichiometric conditions).
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Figure 2.3: Combustor-pressure traces showing the effects of flow time on the behavior
of the METC thermal pulse combustor (Richards et al. 1991).
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Simplifications and non-dimensionalization of the governing equations yields a set of four

coupled, nonlinear ordinary differential equations (ODEs) for the non-dimensional forms

of temperature,
dT 1 1 1\ T Ze 1 k  T,] T?
dt (’Cf + THT ’L'c) P |:( ) Po + Tf + THT + T,| P 2.2)
pressure,
dp 1 1 1 Z 1 T,\
—:k(—+—+—)—(£+——°>r, 23)
dt T THT T Po  THT Tw

mass fraction of fuel,

avy 1 T 1 (CT\T
L = — (YY) = - — 22 2 2.4
dt T ( fi f) P T (AHR> P’ @4
and velocity at the tailpipe entrance,

dUu ~ RyT,Acts T, vy ? 2.5)

_ _ u
dr (Fre = 1) LrpV P, 2DrpA.7s |U|

The various parameters in the governing equations include the ratio of tailpipe mass flow
rate to combustion-chamber volume, Z,.; a characteristic heat transfer time,

VpoCp 1o
T = — 2.6
HT AUT, (2.6)

and a characteristic combustion time,

2 ..
L_ g AR Py -t Q.7

E = Cp To 732 S
The METC model predicts three modes of behavior: steady combustion, pulsed com-
bustion and flameout. As the combustor-wall temperature is reduced while holding the
flow time constant, the model predicts a transition from steady combustion to pulsed com-

bustion to flameout. During the pulsed-combustion regime, reductions in wall temperature
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are predicted to result in increased amplitude and decreased frequency. These predictions
closely match with the experimental observations. The effects of equivalence ratio cannot
be explored since the reaction-rate equation used in the model is only valid at stoichiomet-

ric conditions (Richards et al. 1991).

2.2 Nonlinearity in pulsed combustors

Daw et al. investigated the behavior of the METC pulsed combustor and analytical model
more closely, suspecting that the trends observed by Richards et al. (1991) were signs
of deterministic chaotic behavior. Various techniques were used to confirm that the ex-
perimental pulsed combustor does exhibit nonlinear behavior. The nonlinearity of the
Arrhenius rate law and the high dimensionality of the METC model led Daw et al. to
suspect that the model might predict deterministic chaotic behavior despite the fact that it
does not account for turbulent mixing. As shown in Figure 2.5, as flow time is shortened,
the model does in fact predict that the combustor will follow a classic period-doubling
route to chaos (Moon 1987). Daw et al. proposed that chaotic behavior could be present
in many combustion systems and, due to the resulting fluctuations in pressure and tem-
perature, could lead to reduced combustion efficiency and increased emission levels of
pollutants such as NO, (Daw et al. 1992; Daw et al. 1994; Daw et al. 1995).

The nonlinear nature of pulsed combustion has been independently confirmed by other
studies. Analytical model studies performed at Sandia found that noﬁlinear coupling of
various acoustic modes will produce nonlinear pressure oscillations of the type found in
pulsed combustors (Margolis 1994). Sterling (19935 found that the combustor-pressure

oscillations in a laboratory-scale pulsed combustor were described by a limit cycle with a
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Figure 2.5: Bifurcation diagram showing the period-doubling route to chaos predicted
by the METC model as flow time is shortened (Daw et al. 1995).

dimension greater than one. Sterling proposed that the combustion reaction was the source
of the nonlinearity rather than nonlinear acoustic effects. An analytical model developed
around this premise was shown to predict that the combustor will follow a period-doubling
route to chaos as the mass flow rate of mixture is increased, in a manner similar to that

predicted by Daw et al. (1992) (Sterling and Zukoski 1991; Sterling 1993).
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2.3 Control of pulsed combustors

There has been considerable study dedicated toward applying active control to eliminate
acoustically driven combustion oscillations because of the detrimental effect they can have
upon delicate system components such as turbine blades. A review of these studies is be-
yond the scope of this study. A thorough review of active control techniques to eliminate
acoustically driven combustion instabilities can be found in McManus et al. (1991) (re-
published as McManus e? al. 1993).

Daw et al. (1992) speculated that the nonlinear hature of pulsed combustors would
mean that linear control algorithms would be less effective at eliminating cyclic variability
than would nonlinear control algorithms. A few studies have been conducted in which
various nonlinear control methods were applied to the METC analytical model.

Rhode et al. (1995) applied a variety of control techniques to the METC model to
eliminate the pressure oscillations or promote regular oscillations to delay the onset of
chaos. The friction factor of the tailpipe was used as the control parameter in this study.
A derivative control scheme was applied in which the friction factor was increased by
adding to it a value proportional to the derivative of temperature with respect to time. The
derivative control scheme was found to be effective at eliminating the pressure oscillations
and forcing the model to operate in a steady mode. Adaptive map-based control schemes
were found to be effective in promoting the oscillatory behavior. Using occasional and
recursive proportional feedback, the map-based control scheme was able to prevent the
model from going through the period-doubling route to chaos described by Daw et al.
(1995) and avoid flameout, thus extending the operating regime of the model to include
shorter flow times.

In et al. (1997) took a different approach toward controlling the behavior of the METC
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model. In et al. sought to delay flameout of the model by maintaining the chaotic pressure
oscillations. Characteristic trajectories which lead to flameout were identified and used to
determine when to apply control actions to push the system away from flameout. When
the model began to follow the mediating trajectory, a small perturbation was applied to
the system by slightly increasing the flow time (i.e., decreasing the mass flow rate of the
mixture). Using this strategy, In et al. were also able to extend the operating regime of the

model to include shorter flow times.




Chapter 3

Experimental Apparatus and Procedure

3.1 Overview of combustor design and instrumentation

The pulsed combustor used in this study is based upon the thermal pulse combustor de-
sign developed at METC in which the mixture is introduced at a constant flow rate and
combustion is self-sustained by heat transfer from the hot combustor walls (Richards ez al.
1991). A series of modifications were made to the original design over the course of the

study before arriving at the final configuration.

3.1.1 Combustor design and construction

The pulsed combustor used in this study is shown schematically in Figure 3.1; a pho-
tograph of the combustor is shown in Figure 3.2. The design consists of a main body,
comprised of a mixing chamber and a combustion chamber, and an acoustically coupled
tailpipe. The main body was constructed by boring out the 5.1-cm (2-in) diameter mixing

and combustion chambers from 6.35-cm (2.5-in) diameter 306 stainless steel round-stock.

24
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The mixing chamber has an internal volume of 51.5 cc (3.14 in®) and the combustion
chamber has an internal volume of 295 cc (18 in®). The tailpipe is constructed of 2.54-
cm (1-in) stainless steel tubing which has an inner diameter of 1.9 cm (0.75 in). A conical
section is included to make the transition from the combustion chamber to the tailpipe.
The modular design of the tailpipe allows the length to be varied from 30.5 to 91.4 cm (1
to 3 ft) in 30.5-cm (1-ft) inérements. A tailpipe length of 91.4 cm (3 ft) was used in this
study unless otherwise specified.

The mixing chamber and combustion chamber are separated by a square-celled honey-
comb ceramic flameholder that provides a stable location onto which the flame can anchor
and acts as a heat source which helps sustain the combustion reaction after start-up. The
ceramic chosen is a Celcor™ substrate from Corning International traditionally used in
catalytic converters. The main components of the ceramic are silicon dioxide, alumina,
and magnesium oxide. The flameholders are constructed by milling a 5.7-cm (2.25-in)
diameter disk from a 6.35-mm (1/4-in) plate of the ceramic material. A cell density of
200 cells-per-square-inch was chosen. With this density, the cell openings have a hy-
draulic diameter of 1.5 mm (0.06 in) which is smaller than the quenching diameter for an
air-propane mixture, 1.8 mm (0.07 in) (Turns 1996). This prevents the flame from propa-
gating through the ceramic, thus anchoring it to the surface of the flameholder. Although
the ceramic has a manufacturer-specified softening temperature of 1410°C (2570°F), the
flameholder suffers thermal damage and must be replaced after several hours of combustor
operation. The flameholder is held in place between a stainless steel sleeve inserted in the
mixing chamber and a shoulder on the combustion-chamber side. An endcap allows easy
access to the combustor interior so that the flameholder may be replaced and that the swirl

vanes on the air and fuel inlets may be positioned.
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A motorcycle spark plug installed in the combustion chamber immediately downstream

of the ceramic flameholder and energized by an automotive coil is used to ignite the mix-

. ture during start-up. The energy released by the combustion reaction heats the combustor
walls and the ceramic flameholder which in turn heat the incoming fresh charge. Eventu-

ally, enough energy is supplied by the flameholder and pombustor walls to auto-ignite the

supplied by the spark plug is no longer required to sustain combustion; however, for safety
concerns, the spark plug is typically left on during operation.

Analysis of the pressure inside the combustion chamber was found to be the most effec-
tive method of characterizing the behavior of the system. A piezoelectric pressure trans-
ducer (Kistler, model 206) connected to a static-pressure tap located 4.75 cm (1.875 in)
downstream of the ceramic flameholder is used to monitor the combustor pressure. Since
the transducer is susceptible to thermal damage when exposed to the high temperatures of

the combustor wall and exhaust gases, the tap is water-cooled to prevent overheating.

3.1.2 Supplying the mixture ¢

|

! fresh charge and initiate a self-sustaining combustion reaction. At this point, the energy
The plumbing system for the combustor includes three separate lines which supply the
air, primary fuel and supplemental fuel as shown in Figures 3.3 and 3.4. Air and fuel
enter the mixing chamber in opposing streams. Each inlet has a swirl-inducing vane to
enhance mixing. The air supply is obtained from building air which is normally available
at a pressure of 689 kPa, (100 psig). Two, 689-kPag (100-psig) propane tanks are used to
supply the primary and supplemental fuel.

The mass flow rates of air and primary fuel are intended to be maintained constant

regardless of the pressure oscillations occurring within the combustion chamber. To ac-
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complish this, the air and primary fuel supply lines each contain a critical-flow orifice as
shown in Figure 3.4. As lohg as the supply pressure upstream of each orifice exceeds the

critical pressure required for the Mach number to equal 1.0 at the orifice throat,

Pcrit,x = P( ’ (3-1)

where P is the pressure inside the combustion chamber and k; is the specific-heat ratio of
air or fuel, the flow will be choked and the mass flow rate will remain constant despite
the downstream pressure oscillations. Tests were conducted in which pressure transducers
were used to measure the pressure on either side of the critical-flow orifices while the
pulsed combustor was operating to insure that the combustor-pressure oscillations do not
cause the orifices to become unchoked. For choked flow with M = 1, the mass flow rates

of air and primary fuel are given by

(3.2)

Hy = Po,x

nd? | k (kx + 1) 2&—45—11,‘
4 \| RT)x 2

and thus depend upon only the orifice diameter, dy; the supply pressure, P, x; and the
supply temperature, T, . Small changes in the mass flow rétes are accomplished by vary-
ing the supply pressures using a pressure regulator installed in each line, upstream of
the critical-flow orifice. Larger changes in mass flow rate are achieved by replacing the
critical-flow orifices with larger- or smaller-diameter orifices. The supply temperatures
are assumed to be maintained constant at room temperature.

The operating condition of the combustor is defined by two operating parameters: the
equivalence ratio and a characteristic flow time. The equivalence ratio, ¢, is defined as the

ratio of the stoichiometric air-to-fuel ratio to the actual air-to-fuel ratio being supplied to
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the mixing chamber via the air and primary fuel supply lines,

AEs'toich
= —, 3.3)
¢ AF, actual

Thus, ¢ > 1 for rich conditions; ¢ = 1 at stoichiometric conditions; and ¢ < 1 for lean
conditions. The characteristic flow time, T, is a reference value which is inversely related to
the mass flow rate of the mixture and is meant to serve as a crude estimation of the average

time the mixture spends inside the combustion chamber. The flow time is determined as

internal volume of combustion chamber
T = - ; - . (34)
standardized volumetric flow rate of the mixture

Consequently, a low mass flow rate corresponds to a long flow time and a high mass flow
rate corresponds to a short flow time. It should be noted that the flow time is only a
reference value which is used to specify the operating condition. The flow time does not
accurate predict the time that a particle would actually reside in the combustion chamber
due to the conversion of the volumetric flow rate to standard conditions and the pulsating
nature of the flow inside the pulsed combustor.

It can be seen that both the equivalence ratio and the flow time — and thus the operating
condition of the combustor — depend solely upon the mass flow rates of air and fuel.
As previously mentioned, the use of critical-flow orifices in the supply lines allows the
mass flow rate of air and primary fuel to be set by controlling the supply pressure and
selecting an orifice with an appropriate diameter. Therefore, the operating condition of
the combustor may be controlled in a similar manner.

The air and primary fuel lines are constructed of stainless steel tubing with Swagelok®
fittings. The critical-flow orifices are constructed of 0.127-mm (0.005-in) steel shim-stock,
die-punched and drilled to the appropriate size. This construction method is inexact and

results in orifices which are not perfectly circular. The effective diameters of the critical-
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flow orifices are approximated by placing the orifice under a microscope and measuring
the diameter along two axes then averaging the two values. If the two diameter measure-
ments are found to vary by more than +25.4 ym (£0.001 in), that orifice is not used. The
orifices are placed against the shoulder of a Swagelok® fitting and held in place by the

tubing as shown in Figure 3.4.

3.1.3 Acoustic frequency

The pulsed combustor is designed to operate as a Helmholtz combustor with a small-
diameter tailpipe acoustically coupled to a larger-diameter combustion chamber. With
this configuration, the fundamental acoustic frequency, at which the combustor should

pulse, is given by

a At

fu=27 LV,

(3.5)

where a is the speed of sound, A, and L, are the cross-sectional area and length of the
tailpipe, respectively, and V. is the internal volume of the combustor. The configuration
of the current design results in an acoustic frequency of approximately 100 Hz, assuming
properties of air at an exhaust-gas temperature of 1000 K.

The pressure tap also has the potential to act as an acoustic resonator. The original
design used a 15-cm (6-in) long pressure tap. With this length, the pressure tap would
have an acoustic frequency of approximately 85 Hz. Thefe was concern that this acoustic
mode would interfere with the combustor behavior or the ability to measure the pressure
oscillations accurately. A 8.5-m (28-ft) long damping coil was added to the length of the

pressure tap to reduce the acoustic frequency to approximately 10 Hz.
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3.1.4 Control

As will be discussed in Chapter 6, the mass flow rate of fuel was found to be an effec-
tive control parameter for modifying the combustor dynamics. Various injection tech-
niques and locations for a supplemental fuel supply were tested, but the best results

were obtained by injecting the supplemental fuel coa)gial with the primary fuel supply
\ as shown in Figure 3.4. When a control action is required, a small pulse of fuel is intro-
duced through the supplemental fuel line using a low-flow piezoelectric valve (Maxtex,
model MV-112) capable of cycling at 250 Hz. The throughput of the valve is determined
by the voltage applied and the supply pressure of the gas and can be varied over a range
of 0 to 2500 cc/min SA (0 to 0.088 cfm SA).

The system used to control the injection of supplemental fuel is shown in Figures 3.5
and 3.6. When a control action is deemed necessary, the controller applies a voltage
drop (6 V) across a solid-state relay, closing the relay and completing the circuit between
the piezoelectric valve and the 80-V power supply. The piezoelectric valve then opens
allowing additional fuel to enter the pulsed combustor. A rotameter installed upstream of
the piezoelectric valve is used to measure the average flow rate of supplemental fuel. A
surge tank is installed to decouple the piezoelectric valve and the rotameter and to insure
a more steady flow of fuel throughout the duration of the control action. The controller
terminates the control action by removing the voltage drop across the relay, breaking the

circuit and causing the piezoelectric valve to close.

3.1.5 Instrumentation

Several instruments are used to determine the operating condition and monitor the dy-

namic behavior of the combustor. A 486-33MHz personal computer (PC) equipped with a
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12-bit analog-to-digital (A/D) conversion card (National Instruments, model AT-MIO-16)
is used to collect and reduce the data and make control decisions. This process is con-

| trolled by a C++ code written in-house by the Chaos Research Group at the University of
Tennessee, Knoxville (written by Dean Edwards incorporating graphic routines written by
Dr. Nicolaas van Goor).

The operating condition of the combustor is defined by the equivalence ratio and flow
time which depend upon the supply pressures, supply temperatures and diameters of the
critical-flow orifices that are installed. The diameters of the orifices are measured during
construction and the supply temperatures are always assumed to be at standard room tem-
perature. Therefore, only the supply pressures need be monitored while the combustor
is in operation. To accomplish this, a resistance-type pressure transducer (Cole-Parmer,
model 68971-10) is placed upstream of the critical-flow orifice in the air and primary fuel
lines. The transducers have a manufacturer-specified operating range of 0 to 689 kPa,
(0 to 100 psig), an accuracy of +0.1%FS, a time response of 1 ms and 4 to 20 mA output.
The transducer output is routed to a digital reader with an accuracy of £0.1%FS. Replac-
ing a jumper on the input connections of the digital reader with a 100-€2 resistor provides
a voltage drop which can be read by the A/D card.

A piezoelectric pressure transducer (Kistler, model 206) which measures oscillations

about the time-averaged mean pressure is used to monitor the combustor pressure. A dual-
mode amplifier (Kistler, model 5004) is used to process the raw signal from the transducer
and amplify it to a readable range. The transducer has a manufacturer-specified range of
0 to 551.3 kPa (0 to 80 psi), a threshold of 6.89 Pa (0.001 psi) and a rise time of 3 us. It

is capable of detecting pressure oscillations occurring at frequencies as low as 0.05 Hz —

lower-frequency oscillations are filtered out as the transducer adjusts to the varying mean
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pressure. The transducer and amplifier each have a manufacturer-specified accuracy of
+1%. The amplified signal is band-passed using an analog filter (Rockland, model 852).
The high-pass filter is set at 0.1 Hz to eliminate any DC-bias and the low-pass filter is
set at half the sampling frequency to eliminate aliasing. The pressure-transducer signal
is sampled using the PC or, for higher sampling rates, a digital oscilloscope (Nicolet,
model 440) capable of sampling frequencies up to 10 MHz.

A shielded, Type-K th;armocouple is attached to‘the exterior wall of the combustor near
the location of thg ceramic flameholder to provide an approximation of the combustion-
chamber wall temperature at the flame front. While the reading is below the actual in-
side wall temperature, this reading is adequate to determine when steady state has been
achieved and to provide a reference point to help insure accurate duplication of test con-
ditions. The average exhaust-gas temperature is measured by a second Type-K ther-
mocouple installed at the tailpipe exit. A thermocouple reader and linearizer (Extech,
model KR401030) is used to provide a 0°C reference point and to linearize the output
of each thermocouple. The output of the thermocouple readers are connected to the A/D
card.

A viewing port is installed in the exhaust system which allows the observer to look up
the tailpipe into the combustion chamber. Correlations can then be made between events
seen in the pressure traces and the actual combustion events that are observed to occur
inside the combustor.

A flame ionization detector, or FID, (Thermo Environmental Instruments, model 51) is
used to sample the exhaust gases to measure the unburned-hydrocarbon (UHC) emission
levels. The FID has a manufacturer-specified detection range of 0.1 to 10,000 ppm with an

accuracy of +2% of the reading. The 5-s response time of the FID is too slow for cycle-
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resolved measurements. Instead, readings are time-averaged over a period of 1-2 min. An
oxygen analyzer (Beckman, model OM-11 EA) is used to measure the concentration of
oxygen in the exhaust gases.

The instantaneous amount of fuel injected during each control perturbation could not
be easily measured; therefore, the following procedure was developed to determine the
time-averaged mass flow rate of supplemental fuel. A surge tank and rotameter (Omega,
model FL-3404G-NV) are installed upstream of the piezoelectric valve. The surge tank
serves as damping volume to decouple the rotameter from the discontinuous flow through
the valve. Thus, the rotameter sees a near-steady flow rate equal to the time-averaged
throughput of the valve. The time-averaged mass flow rate is used to determine the effec-
tive equivalence ratio, ¢, which would exist were the control perturbations introduced at a
steady rate via the primary fuel supply.

The data-acquisition and control (DAC) code has a graphical user interface (GUI)
which presents the data graphically and allows data-collection-and control settings to be
changed quickly and easily. The code monitors the combustor pressure and displays it on
a strip chart. The air and primary fuel supply pressures are monitored so that the operating
condition of the pulsed combustor can be determined based upon user-specified values for
the diameters of the critical-flow orifices. An option in the code allows the operator to
continuously monitor the wall and exhaust-gas temperatures, as well as the operafing con-
dition, on strip charts to insure that equilibrium has been reached prior to data collection.
Real-time data-analysis techniques available with the DAC code include Fourier transform
and time-return maps.

The DAC code is capable of sampling the combustor pressure at frequencies up to

1000 Hz. Data collection is initiated and terminated by the operator. The number of data
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points which may be collected is limited only by the amount of hard-drive space available.
The combustor-pressure data are written to an ASCII data file. Immediately prior to
and following data collection, the code determines the operating condition of the pulsed
combustor and writes it, as well as the wall temperature and exhaust-gas temperature and
composition, to a log file. Other statistics including the date, time, data-collection rate,
number of data points collected and control settings are also written to the log file.

The control algorithm (discussed in Chapter 6) is built into the DAC code. Control can
be activated and deactivated at any time by the operator, and control settings can be varied
easily through the GUI.‘then control is active, the state of the control signal is recorded
in the data file along with the combustor-pressure signal. The state of the control signal is
indicated by the following system which corresponds to the voltage of the control signal
being sent to the relay: “1” — control is in stand-by mode, “2” — control is in learning
mode, “0” — control is active but no control action is being taken, “6” — control is active
and a control action is being taken. With this information, it is possible to reconstruct the

control activation/deactivation sequence from the data file.

3.2 Uncertainty analysis

The operating condition of the pulsed combustor is defined by the equivalence ratio and
a characteristic flow time. Both operating parameters depend solely upon the mass flow
rates of air and primary fuel which, in turn, depend upon the diameters of the critical-flow
orifices and the supply pressures and temperatures. An uncertainty analysis was performed
to determine how uncertainties in these measurements affect the accuracy in determining

the operating condition and the ability to accurately reproduce the operating condition of
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a given test.

The uncertainty in measuring the diameters of the critical-flow orifices were found to
have the largest effect upon the accuracy of determining the equivalence ratio and flow
time. However, while accuracy is important, the primary concern is the ability to accu-
rately reproduce a given test condition. Since the same set of critical-flow orifices would
be used in reproducing a test condition, the uncertainties in the diameter of the orifices

have no effect upon the repeatability of test conditions.

3.2.1 Uncertainty in determining equivalence ratio

In this study, the equivalence ratio, ¢, is defined as the ratio of the stoichiometric air-to-
fuel ratio to the actual air-to-fuel ratio of the mixture as supplied by the air and primary

fuel,

m
¢ = AFoicn=. (3.6)
Since the mass flow rates of air and primary fuel are maintained constant by the critical-
flow orifices, the equivalence ratio can be evaluated using Equation 3.2 to yield

+1

ka+1
o = AF. fP,f Toa [kfRg kf+1 2 f) ko +1 (Zka—Z) 3.7)
= stoich 3y d2 Poa 2 Rf —2 . .

The uncertainty in determining the equivalence ratio is then evaluated using the Kline-

McClintock method (Figliola and Beasley 1995). Uncertainty in the measurement of the

orifice diameters and supply pressures and temperatures are assumed to contribute to the

uncertainty in equivalence ratio. For simplicity, the specific heat ratios of air and fuel are
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considered to be known with no uncertainty. This treatment yields

a¢ 2 a¢ 2 a¢ 2 a¢ 2
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Evaluation of the partial derivatives in Equation 3.8 and division by the equivalence ratio

u¢=:i:

(3.8)

yields
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The individual contributions to the overall uncertainty.are considered as follows. The
critical-flow orifices are constructed by die-punching a disc from 0.127-mm (0.005-in)
steel shim-stock and drilling the appropriately sized hole using a drill press and a spe-
cially constructed jig. This construction method is inexact and results in orifices which
are not perfectly circular. The effective diameters of the critical-flow orifices are approx-
imated by placing the orifice under a microscope and measuring the diameter along two
axes then averaging the two values. If the two diameter measurements are found to vary by
more than 25.4 um (£0.001 in), that orifice is not used. This leads to an assumed uncer-
tainty in average diameter of u,,, = £12.7 um (3-0.0005 in). The microscope (Scherr Tu-
mico, model 98-0001) has a manufacturer-specified resolution of +2.54 um (40.0001 in),
however, actual measurement of the orifices is felt to be possible only to a resolution of

e, = +£12.7 ym (40.0005 in). Based upon this, the estimated uncertainty in the orifice

diameter is considered to be given by

ug =t/ +ul,, (3.10)

which yields a value of uy; = £18.0 um (£0.0007 in).
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Supply pressures are monitored using resistance-type pressure transducers placed in the
plumbing system upstream of each critical-flow orifice and connected to digital readers.
The pressure transducers and digital readers both have a manufacturer-specified accuracy
of £0.1%FS which translates to 0.7 kPa (& 0.1 psi) and results in a combined overall in-
strument error of u, = £1.0 kPa (40.15 psi). During test runs, pressure fluctuations often .
occur in the supply lines (especially in the building-air supply) but are limited in magni-
tude by the pressure regulators in each line. These fluctuations are accounted for by includ-
ing a contribution, u,r = 0.7 kPa (£0.1 psi), to the uncertainty in supply pressure. Fi-
nally, since the pressure transducers measure gage pressure, the readings are converted to
absolute pressure by adding the atmospheric pressure, assumed to be 99.9 kPa, (14.5 psia)
at the elevation of the laboratory. Day-to-day fluctuations in atmospheric pressure due to
meteorological conditions are accounted for by including a conservative contribution to
the uncertainty in supply pressure, ug, = 1.6 kPa (£0.5 in of Hg). The uncertainty in

supply pressure measurement due to these contributions is assumed to be given by

up, = i\/ug+u§,f+u§,,,,. (3.11)

This treatment yields an uncertainty in supply pressure of up, = £2.0 kPa (0.3 psi).

The supply temperatures are not monitored but are assumed to be the same as the
room temperature for the laboratory. Based upon Equation 3.9, it appears that the supply-
temperature uncertainties are the smallest contribution to the overall uncertainty in equiv-
alence ratio. A temperature of 21.4°C (70°F) is assumed in calculation of the operating
conditions with a conservative uncertainty of uy, = £5.6°C (£10°F).

Results of the uncertainty analysis for the operating conditions used in this study are
shown in Table 3.1. As can be seen, the accuracy error in determining equivalence ratio

is quite large, ranging from +7.3% to £10.4% and increasing with flow time. The uncer-
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Table 3.1: Uncertainty in accurately evaluating and reproducing the operating condition
of the pulsed combustor for the test cases used in this study.

(@ t=50ms
measurement uncertainties air fuel
diameter of critical-flow orifice 2362 + 18 um 508 + 18 um
(0.093 £ 0.0007 in) | (0.020 = 0.0007 in)
supply pressure 538 - 2 kPa, 317-724 + 2 kPa,
| (78 £ 0.3 psig) | (46-105 = 0.3 psig)
supply temperature 214 +5.6°C 214 +£5.6°C
(70 & 10 °F) (70 £ 10 °F)
0 T
accuracy error | +7.3% | £1.8%
repeatability error | +1.5% | £1.0%
(b)T=75ms
measurement uncertainties air fuel
diameter of critical-flow orifice 2235 4+ 18 um 406 £ 18 um
(0.088 + 0.0007 in) | (0.016 =+ 0.0007 in)
supply pressure 372 £ 2 kPag 248-744 £ 2 kPag
(54 £ 0.3 psig) (36-108 + 0.3 psig)
supply temperature 214 +5.6°C 21.44+5.6°C
(70 £ 10 °F) (70 £ 10 °F)
¢ T
accuracy error | £9.0% | £1.9%
repeatability error | +1.7% | £1.1%




3.2 Uncertainty analysis 43

Table 3.1: (continued)

(c) T=100 ms
measurement uncertainties air fuel

diameter of critical-flow orifice 2057 £+ 18 um 356 £+ 18 um

(0.081 £ 0.0007 in) | (0.014 % 0.0007 in)
supply pressure 331 &2 kPa, 124-751 & 2 kPa,

(48 £+ 0.3 psig) (18-109 + 0.3 psig)

supply temperature 214+5.6°C 214 +£5.6°C

(70 £ 10 °F) (70 £ 10 °F)

o T

accuracy error | £10.4% | £2.0%
repeatability error | £2.2% | £1.1%

tainty in critical-orifice diameter has the largest contribution to accuracy error. The use
of smaller-diameter orifices to produce longer flow times are responsible for the majority
of the increase in accuracy error with flow time. The repeatability error in equivalence
ratio is significantly smaller, ranging from +1.5% to +2.2%. Again, the error is seen to
increase with flow time; however, the increase is not as dramatic as with the accuracy
error. While the accuracy error may cause some concern about the ability to determine
the actual equivalence ratio of the mixture, especially for high equivalence ratios, the re-
peatability error is quite low, allowing for accurate reproduction of test conditions. The
accuracy of the equivalence ratio calculations were checked using two independent ex-
perimental methods. Each orifice was calibrated over a range of mass flow rates using
a hot-film anemometer to measure the average velocity in each supply line. Secondly,

the oxygen analyzer was used to measure the oxygen content of the exhaust gases over a
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range of equivalence ratios for each combination of critical-flow orifices used. Both tests
confirmed that the equivalence calculations were accurate within the specified uncertainty

levels.

3.2.2 Uncertainty in determining flow time

The characteristic flow time, T, is a reference value which is meant to crudely approximate
of the average time the mixture resides inside the combustion chamber as determined by
dividing the combustor internal volume by the standardized volumetric flow rate of the
fresh mixture. The mass flow rate of the miiture can be assumed to be equal to the sum
of the mass flow rates of air and primary fuel introduced to the combustor. The density of
the mixture changes with its composition which not only depends upon the equivalence
ratio at which the combustor is operating but which also changes as combustion occurs.
Therefore, the density of air at standard conditions -is used to standardize the flow time

calculation. Thus, the flow time is given by

1= JePssL (3.12)
tig +myg

Substituting for the mass flow rates from Equation 3.2 yields

T = Ve pssL
- kf+1
kg + 1 2 ud
p s [k (fafl)2=% 4 p ndi [ ke (ke+1\2=2ks
> 4 Rajo,a of 4 szo,f 2
(3.13)

As with equivalence ratio, the Kline-McClintock method is used to estimate the uncer-

tainty in determining the flow time. Assuming no uncertainty in the determination of the .
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specific-heat ratios for air and fuel, the uncertainty in flow time is given as
a'ru 2+ a'ru 2+ at y 2+ ot y 2
d, * ads ¢ OPrg 1? s '

N ot 2 N ot 2
aTo,a “T, aTo’ f “To )

Notice that the internal volume of the combustor and the density of the mixture are as-

u»t::t

(3.14)

sumed not to contribute to the overall uncertainty in flow time, despite the fact that both

have a significant uncertainty associated with their value. Since the same internal vol-

ume and density values are used in each flow time calculation, the uncertainty in internal
volume and density have no effect upon the ability to accurately perform repeated eval-
uations at the same operating condition, which, as stated earlier, is the primary concern.

Evaluating the partial derivatives in Equation 3.14 and dividing through by 7 yields

2 2 2 2
Ug Uq Uq up up
— = x| 2C,— 2C,— C,—=2 C 2
T l:( add) +< fdf) +( aPO,a) +< fPO,f>

(3.15)
AR ASAVIT AL
2 T, , 27T, ;
where :
C, = . .16 !
X ma+mf (3 ) s l

Using the same approximations for the individual contributions as before, the accuracy
and repeatability errors in the flow time were evaluated for the operating conditions used
in this study with the results shown in Table 3.1. Both the accuracy and repeatability
errors are much smaller for the flow time than for the equivalence ratio. The accuracy

error ranges from +1.8% to 42.0%, and the repeatability error ranges from +1.0% to

*1.1%.
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3.3 Experimental procedure

A typical experimental run begins by first insuring that the laboratory exhaust system and
carbon monoxide detector are functioning properly. Cooling water is introduced to the
pressure-tap cooling jacket and the spark plug is activated. The FID and oxygen analyzer
must be calibrated before each run. Breathing-quality air and a span gas composed of
983 ppm of propane with air as the base gas are used to zero the FID and establish a
calibration point. Nitrogen and breathing-quality air are used to zero and calibrate the
oxygen analyier.

The remaining data-collection instruments are then activated and checked to insure
proper operation. The DAC code is initiated and a series of tests are performed to insure
that the code is operating properly and that valid data are being received from the data-
collection instruments.

After donning ear protection, the air supply is sufficiently pressurized to insure choked
flow. With the fuel cut-off valve closed, the primary and supplemental fuel supply lines
are pressurized and the power supply for the piezoelectric valve is turned on. A slightly
rich mixture has proven best for a quick, efficient start-up. After a final safety check, the
fuel cut-off valve is opened allowing fuel to enter the combustor through the primary fuel
supply line.

Start-up of the pulsed combustor is rather dramatic. The spark plug supplies a localized
ignition source which is incapable of initiating self-sustained combustion throughout the
combustion chamber. Instead, the initial stage of start-up is characterized by a series of
extremely intense combustion events as a combustible mixture builds in the combustion
chamber until ignited by the spark plug. The flame kernel introduced by the spark plug

consumes all the available fuel in a rapid combustion event. Another combustion event
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Figure 3.7: Pressure trace collected during the initial stages of combustor start-up. This
stage of start-up is characterized by occasional, intense combustion events. The signal
depicts oscillations about the time-averaged mean combustor pressure.

cannot occur until a sufficient fuel inventory has once again built up in the vicinity of
the spark plug. Figure 3.7 shows a combustor-pressure time series collected during this
initial stage of start-up. As can be seen, the combustion events are characterized by a large
pressure spike which may exceed 1 atm above ambient pressure followed by a decaying
oscillation which occurs at the acoustic frequency of the tailpipe. These combustion events
produce a sound pressure level in excess of 120 db, and the rapid “banging” is often
said to sound like automatic-rifle fire. The time between successive combustion events is
dependent upon the time required for the fuel concentration to rise to a combustible level
in the vicinity of the spark plug. This behavior is very similar to that observed by Richards
et al. (1991) when operating at low combustor-wall temperatures.

A few minutes of this behavior are often required until the ceramic flameholder and
combustor walls are heated to a temperature sufficient to auto-ignite the fuel and initi-
ate a global, self-sustained combustion reaction. Observations through the viewing port
in the exhaust system show that the flame front initially forms in the combustion cham-

ber and more heating of the ceramic is required before the flame attaches to the ceramic
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In case of emergency, the combustor may be shut-down by closing the fuel cut-off
valve. In normal shut-down procedure, the fuel supplies are cut off at their source allowing
the fuel supply lines to be partially evacuated. The air supply is typically left on for several
minutes to help evacuate any residual fuel from the combustor. When flameout occurs
during operation of the combustor, the fuel cut-off valve is closed as soon as possible. A

rapid restart may be achieved by increasing the equivalence ratio to slightly rich conditions

and reopening the fuel cut-off valve with the spark plug energized.




Chapter 4

Characterization of combustor

dynamics

4.1 Analysis of combustor behavior

One of the primary goals of this study is to perform a thorough, systematic analysis of
the behavior of the pulsed combustor over a wide range of operating conditions. This was
accomplished by operating the pulsed combustor at three different flow times and reducing
the equivalence ratios from slightly rich conditions to the point at which flame extinction
occurred. The combustor pressure, combustion-chamber wall temperature and exhaust-
gas temperature and composition were moﬁitored to detect changes in behavior at the
various operating conditions. Visual observations were made through the viewing port in
the exhaust system‘in order to correlate any observed trends in the data to the actual events
observed to occur inside the combustion chamber. Long data sets (approximately 60,000
records) were collected at high sampling rates (up to 5000 Hz) to insure that statistically

significant information could be obtained from the various data-analysis techniques used




4.1 Analysis of combustor behavior 51

§ 0.6 1 (a) ¢ =0.606, T =50 ms, T, = 440 K, ~900 ppm UHC -
1y 04 ] B
5 0.2 - -
2 0 - -
& -0.2 1 -
5 (b) ¢ = 0.606, T= 50 ms, T,, = 525 K, 355 ppm UHC
E 0.2 - -
0 - |
E 02 _
0 01 02 03 04 05 06 07 08 09 1

time, s

Figure 4.1: Combustor-pressure time-series segments which demonstrate the effect of
combustor-wall temperature, T,,, upon the performance of the pulsed combustor. The
signals depict oscillations about the time-averaged mean combustor pressure.

to characterize the behavior of the combustor.,

4.1.1 Wall-temperature effects

Richards et al. (1991) were able to show both experimentally and analytically that the
combustion-chamber wall temperature has a significant effect upon the behavior of the
thermal pulse combustor, hence the name. Similar effects were found during the current
study. High wall temperatures were found to enhance the combustion quality, especially at
very lean conditions where flameout can be delayed by increasing the temperature of the
combustion-chamber wall and the ceramic flameholder. Figure 4.1 shows two combustor-
pressure time series recorded while the pulsed combustor was operating at an equivalence
ratio of ¢ = 0.606 and a flow time of T = 50 ms. The pressure time series shown in Fig-
ure 4.1(a) was collected while the combustor was being operated normally, whereas the
pressure time series shown in Figure 4.1(b) was collected with the combustor insulated as

shown in Figure 4.2 to reduce the heat loss to the surroundings and raise the wall temper-
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the amount of heat release at different operating conditions, the value of the steady-state
temperature varies with the operating condition. It was also found that the steady-state
temperature caﬁ vary over repeated test runs conducted on different days but at the same
operating condition. The changes in behavior are greater than can be explained by the
uncertainty in reproducing a given operating condition which suggests that other factors,
such as day-to-day fluctuations in the heat loss from the combustor due to changes in the
ambient conditions of the test facility, could be responsible.

The dependence of the behavior of the combustor upon the wall temperature has serious
implications for engineering systems in which the pulsed combustor is used for heating
applications. It seems clear that the rate of heat transfer frpm the combustor has a dramatic
effect upon the stability of the system, especially at lean operating conditions. In this
study, no effort has been made to actively control the heat transfer rate from the combustor
to explore how engineering applications of the pulsed combustor might be affected by this
wall-temperature dependence. However, the wall temperature is monitored to ensure that
the combustor has reached steady state before data collection is initiated to avoid hysteresis
error which would otherwise occur when changing the operating condition during a test
run. Also, in comparing data collected at similar operating conditions but on different test

runs, care has been taken to insure that the wall temperature for those tests are similar.

4.1.2 Equivalence-ratio effects

By comparing pressure time series collected at similar mass flow rates but different equiv-
alence ratios, Richards et al. (1991) found that the thermal pulse combustor undergoes a
transition from high-amplitude pulsations to low-amplitude pulsations as the equivalence

ratio is lowered. During transition between the two modes, the combustor behavior inter-
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mittently switches between the high- and low-amplitude oscillations.

In the current study, the behavior of the pulsed combustor was also found to be highly
dependent upon the equivalence ratio of the fresh charge introduced into the combustion
chamber. At all operating conditions, the behavior of the system is dominated by large
pressure oscillations which occur at the acoustic frequcncy of the combustor. At most
operating conditions, there is significant variability in behavior from one cycle to the next
indicating that there are cycle-to-cycle fluctuations in the quality of the combustion events.
This cyclic variability is easily detectable by observing the cycle-to-cycle fluctuations in
the magnitude of the combustor-pressure oscillations. At near-stoichiometric and slightly
lean equivalence ratios, the cyclic variability is relatively small and appears to be random
in nature. As the equivalence ratio approéches the lean flammability limit, combustion
instabilities begin to develop which greatly increase the cyclic variability in combustion
quality. The combustion instabilities force the combustor into a characteristic pattern of
misfire and recovery and eventually lead to an unrecoverable flameout.

The onset of the combustion instabilities was investigated by holding the flow time
constant and decreasing the equivalence ratio from slightly rich conditions to the point at
which the combustor experiences an unrecoverable flameout. Figure 4.3 illustrates the
onset of the combustion instabilities using typical time-series segments of the combustor
pressure, measured relative to the time-averaged mean pressure, recorded over a range of
equivalence ratios at a flow time of T =50 ms. The combustor pressure undergoes large-
magnitude oscillations at the acoustic frequency of the combustor, which is approximately
100 Hz; however, the temperature of the exhaust gases decreases with equivalence ratio
causing the frequency of the oscillations to decrease by as much as 20 Hz over the range

of equivalence ratios shown here.
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Figure 4.3: Combustor-pressure time-series segments recorded at a flow time of T=
50 ms showing the onset of combustion instabilities as equivalence ratio is decreased. The
signals depict oscillations about the time-averaged mean combustor pressure.
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At near-stoichiometric conditions (Figures 4.3(a)—4.3(c)), there is significant variabil-
ity in the combustion quality from one cycle to the next as evidenced by the cycle-to-cycle
fluctuations in the magnitude of the combustor-pressure oscillations. As seen through the
observation port, at these operating conditions, the flame remains attached to the ceramic
flameholder but occasionally flickers.

As the mixture is made increasingly lean (Figure 4.3(d)), the average amplitude of the
combustor-pressure oscillations increases slightly and the cycle-to-cycle fluctuations in
magnitude decrease significantly until the combustor-pressure oscillations become fairly
regular with relatively minor cyclic variability (Figure 4.3(e)). The occurrence of flame
flicker diminishes greatly at these conditions.

With further reductions in equivalence ratio, the cyclic variability again begins to in-
crease. Occasionally, the combustion quality becomes extremely poor resulting in a near
misfire (e.g., at t = 0.65 s in Figure 4.3(f)). The pulsed combustor begins to experience
intermittent shifts between a relatively stable mode of operation and a mode in which the
combustion quality alternates between good and extremely poor in a periodic pattern with
a frequency on the order of 10 Hz (Figure 4.3(g)). Similar intermittencies were observed
by Richards et al. (1991).

As the equivalence ratio approaches the lean flammability limit (Figures 4.3(h) and
4.3(i)), the system begins to visit the more stable mode less frequently — if ever. During
the poor-quality combustion events, the system actually begins to misfire as confirmed by
visual observations in which the flame is seen to be extinguished. Misfire is followed by
a rapid fecovery in which the magnitude of the combustor-pressure oscillations becomes
quite large before the system slowly decays toward another misfire. The frequency of the

misfire-and-recovery pattern is on the order of 10 Hz; however, the frequency decreases
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slightly as the equivalence ratio is decreased. With less energy being released due to the
frequent misfires, the combustor wall and the ceramic flameholder begin to cool. Eventu-
ally, at the edge of the lean flammability limit, the cooling is sufficient to extinguish the
self-sustaining reaction, at which point the pulsed combustor experiences an unrecover-
able flameout (Figure 4.3(i) at = 0.8 s), even with the spark plug firing.

The changes in the behavior of the combustor are very noticeable to the human ear and
it suspected that acoustic sensors could be used to monitor the behavior of the combustor
without the intrusiveness created by the pressure tap. The decrease in acoustic frequency
with equivalence ratio — due to decreasing exhaust-gas temperature — is very evident. At
moderately lean conditions where the behavior is the most stable, the combustor produces
a smooth roar. At higher equivalence ratios where there is significant cyclic variability in
combustion quality, the combustor sounds much more rough and irregular. At very lean
conditions where the behavior is dominated by the combustion instabilities, the sound
produced by the combustor is often compared to the sound made by a hot rod or a Harley-
Davidson® motorcycle.

The actual onset of the combustion instabilities is evident in power-spectral-density
(PSD) plots of the combustor pressure (Figure 4.4). The combustion instabilities ap-
pear as a peak on the order of 10 Hz in the power spectrum which is first detected at an
equivalence ratio of ¢ = 0.665 (Figure 4.4(e)) at this flow rate. At this operating con-
dition, the development of the instabilities is not readily obvious in the pressure traces
(Figure 4.3); however, the UHC emission levels begin to increase sharply at this point
(see Figure 4.3) suggesting that combustion quality has decreased. At higher equiva-
lence ratios (Figures 4.4(a)-4.4(d)), the power spectrum is dominated by peaks at the

fundamental acoustic frequency and its harmonics. Once the instabilities begin to de-
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Figure 4.4: PSD plots of the combustor pressure for a range of equivalence ratios at a
flow time of T =50 ms. :
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velop, the harmonics become less powerful. As the equivalence ratio approaches the lean
flammability limit, the power of the combustion instabilities continues to grow until, at an
equivalence ratio of ¢ = 0.558 (Figure 4.4(h)), it is almost of the same order as that of the

acoustically driven oscillations.

4.1.3 Flow-time effects

Richards et al. (1991) found that decreasing the mass flow rafe of the mixture (i.e., length-
ening the flow time) resulted in changes in the behavior of the thermal pulse combustor
similar to those observed by decreasing the equivalence ratio. At very long flow times, the
combustor was found to operate in a steady mode. Various analytical models have been
shown to predict that pulsed combustors will follow a period-doubling route to chaos as
the mass flow rate of the mixture is increased (Daw et al. 1995; Sterling 1993).

In this study, the effects of flow time (i.e., mass flow rate) upon the behavior of the
pulsed combustor were investigated by repeating the equivalence-ratio experiments at dif-
ferent mass flow rates and comparing the results. Figure 4.5 shows a set of time-series
traces of the combustor-pressure oscillations, relative to the time-averaged mean pressure,
for a range of equivalence ratios at a flow time of T = 100 ms. Comparison with Figure 4.3
readily shows that the behavior of the pulsed combustor is similar at both flow rates with
a few exceptions. Most obviously, the overall amplitude of the combustor-pressure oscil-
lations is significantly smaller at longer flow times (very noticeable to the human ear) due
to the lower mass flow rate of mixture.

The effects of equivalence ratio upon the behavior of the pulsed combustor are sim-
ilar for all flow times; however, the onset of the combustion instabilities is delayed to

lower equivalence ratios as the flow time is lengthened. This seemingly allows the oper-
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ating range of the pulsed combustor to be extend further toward, and even past, the lean
flammability limit simply by decreasing the mass flow rate of the mixture. For example,
at T = 50 ms, flameout occurs at an equivalence ratio of ¢ ~ 0.54 whereas it is delayed
until an equivalence ratio of ¢ =~ 0.30 at a flow time of T = 100 ms. Also, at long flow
times and very low equivalence ratios, the pulsed combﬁstor will often operate in a steady
mode (Figure 4.5(f)). Though this mode of operation is unstable and dependent upon high
wall temperatures,‘ it has only been observed at long flow times which corresponds to the
results obtained by Richards et al. (1991).

The extended operating range of the pulsed combustor at longer flow times is felt to
result from poor mixing of the inlet streams. At low mass flow rates, the inlet streams are
believed to have insufficient momentum to mix thoroughly resulting in a stratified charge
with a localized equivalence ratio which far exceeds the equivalence ratio of the injected
mixture. Visual observation through the viewing port in the exhaust system confirm the
presence of a “hotspot” on the ceramic flameholder indicating localized combustion. As
mentioned in Chapter 3, the ceramic flameholders suffer thermal damage after several
hours of use. Figure 4.6 shows two flameholders which show very different damage pat-
terns. The flameholder in Figure 4.6(a) has a nearly symmetric damage pattern suggest-
ing thorough mixing and a uniform global reaction. The highly localized thermal damage
shown in Figure 4.6(b) is an extreme example of the thermal damaged caused by poor
mixing and a stratified charge.

The poor mixing limits the ability to compare the behavior of the combustor at various
flow rates to that predicted by the METC analytical model which assumes a well-mixed
reaction zone. Premixing of the air and fuel should resolve this problem; however, as this

is not the primary goal of the current study, the effects of premixing were not thoroughly
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Figure 4.7: UHC emission levels detected in the exhaust gases of the pulsed combustor
over a range of operating conditions without control.

by the size of the error bars.

Comparing Figure 4.7 with the combustor-pressure time series (e.g., Figures 4.3 and
4.5), it is seen that the lowest UHC emission levels occur at equivalence ratios where
the combustor pressure is most stable with the least amount of cycle-to-cycle fluctua-
tion in magnitude. As the equivalence ratio approaches the lean flammability limit, the
UHC emission levels increase, as does the severity of the magnitude fluctuations. A sim-
ilar, yet less-severe trend is seen as the equivalence ratio is brought toward stoichiome-
try. The correlation between increased cyclic variability and increased UHC emissions

is quite intuitive. Obviously, large amounts of UHC will be released due to misfire near
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the lean flammability limit as well as the cyclic variability in combustion quality at near-

stoichiometric conditions.

4.2 Analysis of the combustion instabilities

If control is to be applied to dampen or eliminate the combustion instabilities, the nature
and source of the combustion instabilities must first be determined. If, as is believed,‘ the
instabilities are nonlinear in nature, linear control techniques would be much less effective
at achieving control of the system than would nonlinear control techniques. Knowledge
of the mechanisms that are responsible for the development of the combustion instabilities
would allow a control perturbation to be chosen which will have a direct effect upon the
instabilities.

The instabilities have been shown to occur periodically with a frequency on the order
of 10 Hz. The acoustic frequency of the pressure tap also being on the order of 10 Hz
might indicate that the instabilities are the result of acoustic coupling with the pressure
tap. However, were that the case, the instabilities should be present at all operating con-
ditions instead of developing as the equivalence ratio of the mixture approaches the lean
flammability limit. As discussed in detail in Section 4.4.2, acoustic coupling with the pres-
sure tap can be ruled out as a possible source of the combustion instabilities by a simple
experimental test.

Since the combustion instabilities develop as the equivalence ratio approaches the lean
flammability limit, it is suspected that the source of the instabilities is the nonlinear re-

lationship between reaction rate and equivalence ratio at lean conditions. Such nonlinear

combustion instabilities have recently been shown to develop at lean conditions in a vari-
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ety of combustion systems including internal combustion engines (Green ez al. 1999; Daw
et al. 1998; Wagner et al. 1998a; Wagner et al. 1998b; Daw et al. 1996).

The cycle-to-cycle variability in combustion quality and the development of the com-
bustion instabilities observed in the combustor-pressure time series become more evident
by applying techniques to filter out the acoustically driven oscillations such as plotting
the peak-to-trough magnitude of the combustor pressure for each cycle as in Figure 4.8.
At the most stable operating condition (Figure 4.8(e)), there is little cycle-to-cycle fluc-
tuation in magnitude and no clear pattern is visible in the fluctuations. However, as the
mixture is made increasingly lean (Figures 4.8(f)—4.8(h)), the cycle-to-cycle fluctuations
in combustor-pressure magnitude become quite large and clearly occur in an increasingly
periodic pattern with a frequency of roughly 10 Hz. This pattern is representative of the
misfire-and-recovery pattern that is characteristic of the behavior of the pulsed combus-
tor at very lean conditions. At near-stoichiometric and slightly lean operating conditions -
(Figures 4.8(a)-4.8(d)), the cycle-to-cycle fluctuations in magnitude are larger as well;
however, there are no evident patterns to the fluctuations.

Time asymmetry has been shown to be an effective tool for detecting nonlinearity in
system dynamics. Simply put, a system exhibits time asymmetry when it is possible to
discern the direction of time. In other words, if the behavior of a system appears differ-
ent in reverse than it does going forward, then the behavior is temporally asymmetric or
irreversible. Time asymmetry is a property of nonlinear systems and its presence rules out
linear or Gaussian-driven behavior (Finney 2000; Daw et al. 2000; Green et al. 1999;
Timmer ez al. 1999; Stam et al. 1998; Diks et al. 1995; Lawrance 1991; Cox 1981; Weiss
1975).

The presence of time asymmetry often can be detected by visual inspection of a time
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lence ratios at a flow time of T = 50 ms.
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series. Figure 4.9 shows forward and backward time-series segments of the combustor
pressure and the combustor-pressure cycle magnitude which demonstrate the characteris-
tic misfire-and-recovery pattern seen at lean conditions. Examination of the combustor-
pressure time series shows that the combustion instabilities do in fact appear to exhibit
temporal asymmetry. The misfire-and-recovery pattern typically consists of a slow de-
cay toward misfire followed by a rapid recovery. This asymmetry is also detectable in
the cycle-magnitude traces. The combustion instabilities produce decidedly asymmetric
magnitude traces typical of limit-cycle behavior rather than a symmetric pattern typical of
sinusoidal behavior. The combustor-pressure magnitude traces show a bias toward shorter
rise times during recovery (typically three or four successive uprising points) and longer
fall times leading to misfire (typically four or five successive downsloping points). At
higher equivalence ratios (see Figure 4.8), no such bias is immediately obvious, and the
behavior appears much more random.

In order to get a more quantitative measure of the time irreversibility, the difference
symbolization statistic, Sa, was used to evaluate the time asymmetry in the combustor-
pressure magnitude over a range of equivalence ratios for a fixed flow time as shown in
Figure 4.10. The data record is symbolized by assigning a value for each datum based
upon the first difference: “~1” for decreasing slope, “0” for zero slope, “+1” for increasing
slope. S is generated by summing the resulting symbol string. Temporally reversible data
should have an equal number of data rises and falls; therefore, the null hypothesis is that
Sa = 0 for temporally reversible data records. To assign a statistical significance to the
values of Sp for the original data record, temporally reversible surrogate data sets are
constructed by randomly shuffling the original data record. For temporally reversible data

records, shuffling should not affect the value of Sa, whereas the value of Sy for temporally
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Figure 4.10: Difference symbolization statistic, Sp, for combustor-pressure cycle magni-
tudes over a range of equivalence ratios at a flow time of T = 50 ms.

irreversible data records should be significantly different than the value obtained for the

surrogate data sets.

Figure 4.10 shows Sy for the original pressure-magnitude data and 200 surrogate data
sets over a range of equivalence ratios for a flow time of T = 50 ms. At this flow rate, for
equivalence ratios from ¢ = 1.066 to ¢ = 0.629, S, for the original time series falls within
the error bounds of the surrogates indicating time reversibility. At lower equivalence ra-
tios where the combustion instabilities strongly affect the behavior of the combustor, Sp
falls outside the error bounds of the surrogate data sets indicating statistically significant

temporally irreversibility at these conditions. There appears to be a trend toward more
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negative values of S as the mixture is made increasingly lean; however, it is not certain
that this trend is statistically significant. While this test is not stringent enough to defini-
tively detect the actual 6nset of the combustion instabilities, it is sufficient to show that the
combustion instabilities do introduce significant temporal asymmetry indicating that they
are nonlinear in nature (Finney 2000).

The nonlinear nature of the combustion instabilities can also be seen in the return maps
shown in Figulre 4.11 which. were generated by plotting the root-mean-square (RMS) of
the combustor pressure summed over one cycle as a function of that for the previous cycle.
The RMS combustor pressure for each cycle is related to the amount of heat released dur-
ing that cycle; thus, any cyclic variations in the RMS combustor pressure can be directly
related to cyclic variations in the combustion quality.

At this mass flow rate, for equivalence ratios ranging from ¢ = 1.066 to ¢ = 0.665
(Figures 4.11(a)-4.11(e)), the return maps show an elongated “shotgun-blast” pattern
in which the data points are scattered randomly about a steady, mean value. In other
words, at near-stoichiometric and moderately lean conditions, the combustion quality is
approximately the same for all cycles, and the cyclic variability observed in the combustor-
pressure traces are stochastic in nature. Thus, a change in the combustion quality for a
given cycle appears to have no effect upon the subsequent cycle.

When the equivalence ratio is reduced from ¢ = 0.665 to ¢ = 0.629 (Figures 4.11(e)
and 4.11(f)), a very noticeable change is observed in the return map. As the equivalence
ratio approaches the lean flammability limit, the return maps begin to show more structure,
developing into an asymmetric “oyster-shell” pattern. At these conditions, the fluctuations
in combustion quality are not random in nature but, instead, follow a clear, periodic trend.

Whereas at near-stoichiometric and moderately lean conditions, each cycle was indepen-
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dent from the others, at very lean conditions, information is being passed from one cycle
to the next. The quality of the current combustion event directly affects not only the qual-
ity of combustion during the subsequent cycle, but the quality of combustion over several
subsequent cycles, a sure indication of nonlinear behavior. This sudden change in the
behavior of the system suggests that a bifurcation occurs in the system dynamics as the

equivalence ratio is reduced.

4.3 Summary of combustor dynamics

The behavior of the pulsed combustor has proven to be very complex. The acoustically
driven pressure oscillations are nonlinear in nature. Ideally, acoustic coupling is a linear
process and should result in sinusoidal combustor-pressure oscillations. However, in the
actual physical system, nonlinearities are introduced from numerous sources such as the
combustion reaction, poor mixing of the inlet streams and turbulent mixing of the fresh
charge with residual gases from the previous cycles. Therefore, it should not be surpris-
ing that the combustor-pressure oscillations are quite complex in nature. In addition to
the fundamental nonlinearity of the combustor-pressure oscillations, a bifurcation in the
system dynamics is observed to occur as the equivalence ratio of the mixture is reduced.
The bifurcation introduces a second nonlinear oscillation which is superimposed upon the
acoustic oscillations.

Figure 4.12 shows return maps which were created by plotting combustor-pressure
measurements originally sampled at 5000 Hz against the third previous pressure mea-
surement. At near-stoichiometric and moderately lean conditions (Figures 4.12(a) and

4.12(b)), the combustor-pressure return maps follow a noisy stable limit cycle. The
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" combustor-pressure oscillations follow a similar trajectory each cycle with only slight,
random deviations. The cyclic variation in combustion quality at these conditions is be-
lieved to result from irregular mixing.

As the equivalence ratio approaches the lean flammability limit, the system undergoes a
bifurcation. At these conditions, the return maps (Figures 4.12(c) and 4.12(d)) clearly de-
scribe a different behavior than that seen at less-lean conditions. The combustor-pressure
follows a trajectory that slowly spirals inward toward misfire before quickly spiraling back
outward. Figure 4.12(c) shows the trajectories followed during three consecutive misfire-
and-recovery events.

It is believed that the combustion instabilities result from nonlinearities inherent to the
combustion reaction near the lean flammability limit. Strong combustion events are be-
lieved to consume the available fuel inventory. During the subsequent cycles, combustion
quality is poor until a sufficient fuel inventory has been restocked. When the restocking
of the fuel inventory becomes too slow, during the poor-quality combustion events, insuf-
ficient energy is released to maintain the combustor walls and the ceramic flameholder at
a temperature which is sufficient to maintain the self-sustained combustion reaction. At
this point, the pulsed combustor cannot recover from misfire and the system spirals inward
toward flameout (Figure 4.12(d)). Similar behavior has been shown to occur in internal
combustion engines (Green et al. 1999; Daw et al. 1998; Wagner et al. 1998a; Wagner
et al. 1998b; Daw et al. 1996).

Near the bifurcation point, the system intermittently switches between the stable op-
erating mode and the unstable mode characterized by repeated misfire and recovery. The
system remains in the unstable mode until some disturbance pushes the system back across

the bifurcation point. The system becomes entrained in the stable operating mode until an-
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other disturbance pushes the system back to the unstable side of the bifurcation point. A
modified version of the control strategy employed by In et al. (1997) should be able to
detect when the trajectory of the combustor-pressure oscillations begin to deviate from the
stable mode and spiral inwards toward misﬁré and then to apply an appropriate control
perturbation to push the system back toward the stable mode. Once there, the nonlinear
nature of the system should help entrain the system in the stable operating mode for an
extended period of time before‘some di'sturbance eventually pushes the system back to-
ward the unstable operating mode at which point another control action is required. Thus,
control perturbations would only be required occasionally to push the system back toward
stable operation when the mediating trajectories which lead to misfire are detected. Fur-
thermore, from Figure 4.8, it appears that deviations from the stable operating mode can
be detected by monitoring the magnitude of the combustor-pressure oscillations. All that

remains is the selection of a proper control perturbation.

4.4 Various errata

There is some concern that operation of the spark plug and acoustic coupling with the
pressure tap may affect the behavior of the pulsed combustor and/or the ability to measure
the combustor pressure accurately. A series of tests were performed to determine what, if

any, effect these factors might have.

4.4.1 Spark-plug effects

It is desirable to have the spark plug active during operation of the pulsed combustor for

safety concerns and to assist in recovery from flameout. However, there was concern
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that operation of the spark plug during data collection would result in electrical interfer-
ence which could contaminate the low-voltage data signals from the piezoelectric pressure
transducer, thermocouples and FID. The effect of spark-plug operation upon the dynamic
behavior of the pulsed combustor was also of interest because of the possibility of using
the spark plug to provide control perturbations. Therefore, a series of experiments were
performed to determine the effects of firing the spark plug during operation of the pulsed
combustor.

Figure 4.13 shows sample results of a PSD analysis conducted to determine if spark-
plug operation affects the power spectrum of the combustor-pressure time series. At both
operating conditions shown, the PSD is very similar with the spark plug on and off. There
are no significant changes in the frequencies or amplitudes of the peaks in the power
spectrum. There are no significant power differences at a frequency of 60 Hz which would
indicate electrical interference in the pressure signal. Also, at very lean conditions, the
power of the low-frequency peak in the neighborhood of 10 Hz, which corresponds to the
combustion instabilities, shows no change when the spark plug is operated continuously,
indicating that even continuous firing of the spark plug cannot prevent misfire and would

therefore be a poor choice for applying control berturbations.

4.4.2 Pressure-tap effects

The combustion instabilities show a strong periodicity at a frequency on the order of
10 Hz, which happens to coincide with the acoustic frequency of the pressure tap. A
series of experimental tests were conducted using two pressure-tap lengths, 15 cm (6 in)

and 8.5 m (28 ft), with acoustic frequencies of approximately 85 Hz and 10 Hz, respec-

tively, to determine if the combustion instabilities were the result of acoustic coupling













Chapter 5

Analytical model of the combustion

instabilities

5.1 Model basics

If control is to be applied to dampen or eliminate the combustion instabilities, it would be
desirable to know the source of the instabilities so that an appropriate control perturba-
tion could be chosen which will have a significant effect upon the behavior of the system.
The instabilities have been shown to be nonlinear in nature and to develop due to a bi-
furcation in system dynamics which occurs as the equivalence ratio approaches the lean
flammability limit. It is believed that the nonlinear reaction mechanism is the source of the
instabilities, and an analytical model has been developed to test this theory. The acousti-
cally driven oscillations have been eliminated from the model so that the development of
the low-frequency combustion instabilities may be detected more easily.

The model assumes that well-mixed reactants are introduced to the pulsed combus-

tor at a constant mass flow rate through a single inlet. Combustion is described by an
80
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Arrhenius rate law that is first-order with respect to fuel concentration. Tailpipe dynam-
ics are not modeled, and exhaust gases are assumed to exit at a steady rate. Kinetic- and
potential-energy effects are assumed to be negligible. For simplicity, the mixture inside the
combustion chamber is assumed to behave as an ideal gas with properties equal to those
of air. All properties are assumed to be uniform throughout the combustion chamber. The
density of the mixture is assumed to remain constant. The mass fraction of oxidizer, air,
is assumed to be much greater than that of fuel — especially at lean conditions — and,

therefore, is assumed to remain constant for simplicity.

5.2 Model derivation

The analytical model is based upon conservation equations for mass, fuel, oxidizer and
energy applied to the combustion chamber. With the given assumptions, the conserva-
tion of momentum yields no further useful information and therefore is not considered.
Upon simplification, the governing equations yield a pair of coupled, nonlinear ODEs.
A stability analysis is performed to determine the critical operating conditions where the

combustor dynamics undergo changes.

5.2.1 Governing equations
Conservation of mass

The general form of the conservation-of-mass equation is given by

= Y ritin — Y titour. 5.1)
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The model assumes that the reactants are premixed and enter at a constant mass flow
. rate through a single inlet and that the exhaust gases leave throﬁgh a single exit. The
density of the mixture inside the combustor is assumed to remain constant and uniform.
While at first this seems to be an érroneous assumption, it must be remembered that the
acoustically driven oscillations have been removed from the model leaving a steady-flow
case with relatively small fluctuations in pressure. The high percentage of excess air at
lean conditions limits the difference in density between the fresh charge and the exhaust
gases. Applying these simplifications and incorporating the definition of the characteristic

flow time yields

— Ve pSSL. (52)

m; = n,
T

Conservation of species: fuel

The general form of the conservation-of-mass equation written for fuel is given by

D
5L = Srigin = Stvsu (5.3)

Fuel enters through a single inlet and is partially consumed by the combustion reaction;
unburned fuel exits with the exhaust gases. In addition to assuming the density of the
mixture in the combustion chamber to be constant and uniform, the concentration of fuel

| is assumed to be uniform throughout the combustion chamber. These simplifications yield
an ODE for the mass fraction of fuel in the combustion chamber,

dy
chd_tf =Yf,,-n'z,-——an'ze—n'zR 54

where Yy ; is the mass fraction of fuel present in the fresh charge as given by

0
Ye: = ——F (5.5
H 9+ AFyich
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and rirg is the rate of fuel consumption by the reaction as given by an Arrhenius rate law,
g = A"V, pN 1 Yy ¥ emEa/RT (5.6)

Substituting for the mass flow rates using Equations 5.2 and 5.6 yields

1 d¥y 1 Yy ' NyN Yf  _Ey/RT
8 1= 2L - AoV YN L e Ea/R 5.7
Yr; dt  tSG ( Yf’,‘> Pl ¥y ¢ G

where SG is the specific gravity of the mixture inside the combustion chamber.

Conservation of species: oxidizer

The purpose of the model study is to analyze the onset of the combustion instabilities at
very lean conditions where the large percentage of excess air insures that ¥, > Yy; thus, ¥,
can be treated as being essentially constant. The large air-to-fuel ratio for an air-propane
mixture at stoichiometric conditions (15.64:1) insures that this assumption holds relatively

well even at stoichiometry. Therefore, it is assumed that

' AFg0ich
Y, ~ Y, =Y, = 2ot 5.8
0,1 o0,e [ ¢+AF:;;0,'C}, ( )

Conservation of energy

The general form of the first law of thermodynamics is given by

DE . 3
= = Xk — X Eou (5.9)

Energy is generated by the combustion reaction and transported by the incoming and out-
going streams and heat loss to the surroundings. The mixture in the combustion chamber
is assumed to be at thermal equilibrium at all times. Neglecting changes in kinetic and

potential energy and assuming density is constant and uniform, the first law becomes

Vep = = mih; — m, he + V¢ ql” - Q (5.10)
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Substituting for the mass flow rates using Equation 5.2 and evaluating the generation and

heat-loss terms yields

de Vc pSSL

VCP dt

(hi — he) + A' AHR V. pN 1Y YN e BA/RT _ U A (T - To.).

(5.11)
Assuming ideal-gas behavior allows the internal energy and enthalpy to be evaluated in
terms of temperature. Further simplifications (such as setting 7; = T..) yield an ODE for

the temperature of the mixture in the combustion chamber,

dr k U A, ,AH N ~Ea/R.T

—-— = I.-T)+A Yr ¥, AlTut 5.12

dr <1SG+chCv)( )+ A - e
tran‘siaort generation

5.2.2 Non-dimensionalization

The governing equations were non-dimensionalized using the following definitions:

Y,
A= # (5.13)
\
6= Tz’ (5.14)
and
t
€ = o (5.15)
The resulting ODE:s for the conservation of fuel and energy are given by
dA 1 1
kI € S WL YA 5.16
and
B o tr(1-8) + T A e (5.17)

dg
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where 6, is the non-dimensionalized activation temperature as given by
04 = Esz/RyT.. (5.18)

The behavior of the system is controlled by three characteristic time scales: two kinetic

time scales,

Ta = SGA'pN YN 1 (5.19)
and
AHp
=A —pVrNy 5.20
Tc o FiT (3:20)

and a time scale describing the transport rate of energy by heat and mass transfer,

ko UA,
= . 521
K <SG HA7rYs) T) ©-21)

5.2.3 Nullclines

In order to perform a stability analysis, it is necessary to solve for the nullclines of the two

ODEs (Equations 5.16 and 5.17). Setting &= 1 yields

1

and setting 2 d?’; = 0 yields

TT(G — 1)
TC e—GA/G )

A = (5.23)
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5.3 Model predictions

The necessary model parameters were estimated to match the experimental system as
closely as possible and then varied to determine if oscillatory behavior would develop un-
der realistic conditions. The final values chosen for the parameters are shown in Table 5.1.

Figures 5.1 and 5.2 show the species and energy nullclines and the solutions for the
two ODEs over a range of equivalence ratios at a flow time of T = 50 ms and with other
parameters as set in Table 5.1 — note that the shape of the species nullcline is rela-
tively unaffected by changes in equivalence ratio, thus only one solution is shown. At
these conditions, the system undergoes a supercritical Hopf bifurcation as the equiva-
lence ratio is reduced (Strogatz 1994). At near-stoichiometric conditions (Figures 5.2(a)—
5.2(b)), the system exhibits a damped oscillation leading to a constant steady-state so-
lution. As the equivalence ratio is reduced, the system reaches a bifurcation point after
which the steady-state solution is oscillatory (Figure 5.2(c)). After the bifurcation, further
reductions in equivalence ratio result in lower-amplitude and lower-frequency oscillations
(Figures 5.2(d)-5.2(e)). Eventually, there is not enough fuel to sustain combustion and
the system flames out (Figure 5.2(f)).

As shown in Figures 5.3 and 5.4, similar results may be obtained by increasing the heat
transfer coefficient while maintaining an equivalence ratio of ¢ = 0.50 and a flow time of
T = 50 ms with all other parameters as given in Table 5.1. In this case, increasing the heat
transfer coefficient reduces the combustor-wall temperature leading to the development of
the instabilities. Eventually, combustion cannot be sustained and flameout occurs. The
dependence of the behavior upon the heat transfer rate corresponds well to experimental

results.




5.3 Model predictions ‘ 87

Table 5.1: Final values used for the parameters in the analytical model.

combustor volume V. =295 cc
constant-volume specific heat C, =0.7175 kJ/kg-K
specific-heat ratio k=14
specific gravity SG=1
ambient/supply temperature I.=295K
enthalpy of reaction ‘ AHp =46,357 kJ/kg
pre-exponential term in Arrhenius rate law A’ =1.3 x 1014 kgN+1/m3V
order of the rate law in terms of oxidizer concentration N =1.65
non-dimensional activation temperature 04 =26
overall heat transfer coefficient U = 500 kW/m?-K

1 1 1

1 4 species B

-------- energy: ¢ = 0.20

- energy: ¢ =0.30

- energy: ¢ = 0.50

= - energy: $=0.70
0.8 + ----—-- energy: ¢ = 0.80 -

- energy: ¢ = 1.00
0.6 - -

<
0.4 -+ B
0.2 - i I
0 T IF T -
0 0.5 1 1.5 2
0

Figure 5.1: Species and energy nullclines predicted by the analytical model over a range
of equivalence ratios.
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Figure 5.3: Species and energy nullclines predicted by the analytical model for a range
of heat transfer rates.

5.4 TImplications to the physical system

The analytical model suggests that, at certain conditions, a low-frequency oscillatory be-
havior can develop in the pulsed combustor by processes other than acoustic coupling.
The nonlinear Arrhenius rate law used to describe the combustion process can result in the
development of combustion instabilities at lean conditions. The instabilities take the form
of low-frequency oscillations resulting from the consumption and restocking of fuel. The
nonlinear nature of the instabilities concurs with the observations in Section 4.2. While the

conditions at which this occurs have not been shown to match those of the experimental
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system, it is felt that the basic processes involved are correct.

Knowing that the low-frequency combustion instabilities are due to the nonlinearity
of the combustion reaction as opposed to some acoustic modulation in the tailpipe has
serious implications for control. Choosing a control perturbation which modifies the flow
inside the tailpipe would not provide the most efficient means of controlling the behavior
| of the pulsed combustor. Instead, a control perturbation should be chosen which will

directly affect the combustion reaction, such as injections of supplemental fuel to hasten

the restocking process.




Chapter 6

Application of control

6.1 Control concepts

The nonlinear nature of the pulsed combustor means that traditional linear control algo-
rithms would be less effective and less efficient than nonlinear control strategies. The
combustion instabilities have been shown to result from a bifurcation in system dynam-
ics as the equivalence ratio approaches the lean flammability limit. Near the bifurcation
point, the system intermittently alternates between the stable operating mode, in which the
combustion quality is similar for each cycle, and the unstable mode, in which the system
alternates between good and poor quality combustion events due to the repeated consump-
tion and restocking of the fuel inventory. Due to the nonlinear nature of the system, when
a small disturbance pushes the pulsed combustor toward one of these modes of operation,
it becomes entrained in that mode until another small disturbance causes the system to
deviate back toward the other mode.

A modification of the control strategy employed by In et al. (1997) should be effective

in controlling the pulsed combustor. The combustion instabilities produce a very charac-
92
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teristic pattern in the combustor-pressure time series which allows the occurrence of the
instabilities to be easily detected by monitoring the magnitude of the pressure oscillations
or the peak pressure during each cycle. When a deviation toward the unstable mode is
detected, a appropriately applied control action should push the system back toward the
stable mode. Once there, due to the nonlinear nature of the system, the combustor should
become entrained in the stable operating mode for some period of time before eventu-
ally deviating back toward the unstable mode, at which point another action would be
required. In this manner, control actions are only applied when the system is observed to
deviate from the stable mode.

The misfires and poor quality combustion events associated with the combustion insta-
bilities are due to the rapid consumption and slow restocking of the fuel inventory. The
most effective control perturbation would seem to be one which hastens the restocking of
the fuel inventory. For this reason, supplemental fuel injections were chosen as the con-
trol perturbation in this study. A low-flow piezoelectric valve (Maxtex, model MV-112)
capable of cycling at up to 250 Hz was chosen to introduce the perturbations to the pulsed

combustor (see Section 3.1.4).

6.2 Occasional trajectory correction control algorithm

Figure 6.1 shows a graphical representation of the occasional trajectory correction con-
trol algorithm developed for this study. The controller monitors the combustor pressure
looking for the peak pressure value for each cycle. The average cycle maximum is tallied
from the peak values. A trigger level is specified by the operator as some percentage of

this average cycle maximum. A control action is initiated when the peak pressure for a
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Figure 6.1: Graphical depiction of the control algorithm. Control actions are initiated
when the peak combustor pressure for a cycle falls below the trigger level.

cycle falls below the trigger level. After a operator-specified triggering delay, a control
perturbation is initiated. The control signal is sent to open the piezoelectric valve allowing
a small amount of supplemental fuel to enter the mixing chamber. The amount of supple-
mental fuel injected with each perturbation is controlled by the pulse duration, the voltage
applied to the piezoelectric valve and the supply pressure of the supplemental fuel — all
variables which are selected by the operator.

In this study, the control variables were chosen by the operator through trial-and-error.
The trigger level is used to determine when the system is deviating from the stable mode
of operation. If the trigger level is set too high, control actions can be triggered by the
stochastic variation in the magnitude of the pressure oscillations in the stable mode. How-
ever, setting the trigger level too low increases the time needed to detect the deviations
from the stable mode. A trigger level of 50% of the average cycle maximum was found to

provide a sufficient balance between these two concerns.
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Enough fuel must be injected with each pulse to drive the system toward the desired
behavior, but injecting too much is wasteful. The magnitude of the control perturbation
is the most complicated variable to control as it depends upon three separate settings.
The piezoelectric valve opens proportionally to the amount of voltage applied with 100 V
required to fully open the valve. In this study, a 80-V power supply was used to power
the valve; thus, the valve is 80% open during control perturbations. Since a pressure
drop in excess of 138 kPa (20 psi) across the valve is required to insure flow, a supply
pressure of 193 kPag (28 psig) was used throughout this study. Therefore, in this study,
the magnitude of the perturbation is solely controlled by varying the pulse duration. The
mass of supplemental fuel injected with each pulse is determined by the pulse duration
and the throughput of the valve which, with the aforementioned settings, is approximately
121 kg/s (55 1bm/s).

" The amount of supplemental fuel which must be injected to achieve control can be
substantial and can significantly change the equivalence ratio of the mixture. The time-
averaged mass flow rate of supplemental fuel is used to determine the effective equivalence
ratio, ¢, which would exist were an equivalent amount of fuel introduced at a steady rate
via the primary fuel supply.

The delay between the triggering of the controller and the actual implementation of
the control perturbation is one of the most crucial variables. In addition to the triggering
delay set in the controller, there is an additional injection delay due to the time required
for the piezoelectric valve to open and for the fuel to flow through the opened valve into
the mixing chamber.

Figure 6.2 demonstrates the effect of the triggering delay upon the effectiveness of con-

trol at a particular operating condition (¢ = 0.611, T = 50 ms); other operating conditions
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Figure 6.2: The effect of varying triggering delay upon the effectiveness of control as
quantified by the fraction of time control actions are required and the variance in the
magnitude of the controlled combustor-pressure oscillations normalized with respect to
the uncontrolled case. The combustor-pressure trace is included to aid in visualization
of when the control action is initiated relative to a typical misfire-and-recovery event.
Operating conditions: ¢ =0.611, 1= 50 ms.

exhibit roughly similar trends. The delay between the trigger and the initiation of the con-
trol action was varied from 0 to 0.1 s in 10 ms increments. The range covered corresponds
to the approximate period of the combustion instabilities. Typical combustor-pressure data
are included in the background to help visualize the point at which the control action is
initiated. For these purposes, the effectiveness of control is quantified by the variance in

the magnitude of the controlled combustor-pressure oscillations and the average fraction

of time that control is active (i.e., the percentage of time that the valve is open) once the
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system has stabilized. The variance in cycle magnitude shown in Figure 6.2 has been
normalized with respect to the variance in cycle magnitude without control.

For short delays, control reduces the variance in the magnitude of the combustor-
pressure oscillations by approximately 83%. Varying the triggering delay over the first
half of the misfire-and-recovery event seems to have little effect upon the variance. There
does appear to be a significant minimum at 0.04 s after whicﬁ the variance begins to
increase dramatically with increased triggering delay. When the initiation of control is
delayed for the full extent of the misfire-and-recovery event, control is only capable of
reducing the magnitude variation by approximately 62%. This reduction in the effective-
ness of control for long triggering delays is believed to be due to the inability to predict
the behavior of nonlinear systems far into the future.

In this example, the minimum number of control actions is required for triggering
delays ranging from 0.01 to 0.02 ms with control being active approximately 14% of the
time. As with the magnitude variance, varying the triggering delay over the first half of the
misfire-and-recovery event seems to have little effect. Control actions are required more
frequently when they are initiated during recovery with control being active approximately
21% of the time. As the triggering delay approaches the period of the misfire-and-recovery
event, the fraction of time that control actions are required decreases, approaching the
value required when control is initiated without delay.

The effects of triggering delay upon control effectiveness observed for this particular
operating condition are roughly similar for other conditions. At most operating conditions,
control appears most effective and requires the fewest perturbations when the control ac-

tion is initiated during misfire when the pressure oscillations are at their weakest (i.e., the

triggering delay is in the range of 0.03-0.04 s). Without knowing the length of the injection
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delay, it is impossible to be certain as to how control is modifying the combustor dynam-
ics; however, it is speculated that the control perturbation enters the combustor while the

fuel concentration is low, hastening the restocking process and subsequent recovery.

6.3 Effectiveness of control

The control scheme has proven to be effective in reducing the cyclic variability in the
combustor;pressure magnitude caused by the combustion instabilities and lowering UHC
emission levels. 'Figure 6.3(a) shows time-series segments of the combustor pressure and
control signal collected while the pulsed combustor operates at an equivalence ratio of
¢ = 0.427 and a flow time of T =75 ms. At this operating condition, the pulsed combustor
experiences frequent and severe misfire and will eventually flame out unless control is
applied. The controller is turned on at time # = 0 with a trigger level of 50% of the
average cycle maximum, a triggering delay of 42 ms and a pulse duration of 33 ms. The
controller enters a brief learning period to determine the average cycle maximum before
any control actions can be applied. The uncontrolled behavior is apparent in the time
series in Figure 6.3(a) during the learning period (from ¢t =0 to t = 1.2 s).

The first control action is initiated at ¢ ~ 1.2 s, momentarily driving the system into
an erratic, low-amplitude behavior from which the combustor quickly recovers. Initially,
control actions are frequent resulting in an effective equivalence ratio of ¢ ~ 0.61. Within
4 s, combustor performance is already improving, as evidenced by the slightly longer
periods of stable operation without misfire. As the combustor becomes entrained in a

more stable operating mode, the wall temperature increases, thereby further stabilizing the

behavior. Control actions are required less frequently and within 90 s are only occasionally
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Figure 6.3: Time-series segments of combustor pressure showing the application of con-
trol and the effect of injecting an equivalent amount of fuel via the primary-fuel supply.
Control variables used in this example: trigger level = 50%; delay = 42 ms; pulse dura-
tion = 33 ms.

I




6.3 Effectiveness of control 100

necessary to keep the system entrained in the stable operating mode indefinitely. At this
point, the injections of supplemental fuel result in an effective equivalence ratio of ¢ ~
0.45. There are still low-frequency fluctuations in the magnitude of the combustor pressure
due to the combustion instabilities, but the magnitude of the fluctuations have been greatly
reduced and misfire has been all but eliminated.

It is important to note that the behavior of the pulsed combustor is much more effi-
cient with control than if the mass flow rate of primary fuel were increased to yield a
similar equivalence ratio. Figure 6.3(b) shows a combustor-pressure time-series segment
collected at an equivalence ratio of ¢ = 0.450. The enhanced combustion quality with
control is readily evident. At ¢ = 0.450, the behavior of the combustor is not noticeably
different than the uncontrolled behavior at an equivalence ratio of ¢ = 0.427, and flameout
still occurs. With control, the UHC emission levels are greatly reduced from 1600 ppm at
¢ = 0.450 to approximately 80 ppm with ¢ = 0.45.

When control is terminated, the system remains entrained in the stable operating mode
briefly as seen in Figure 6.4. At this operating condition, the combustor returns to charac-
teristic misfire-and-recovery behavior within 4 s after control is turned off and will usually
flame out within a few minutes.

Figure 6.5 demonstrates the effectiveness of the control algorithm in reducing the
severity of the fluctuations in combustor-pressure magnitude at various equivalence ra-
tios. At ¢ = 0.665 (Figure 6.5(a)), the fluctuations in magnitude are greatly reduced
with control; however, the system is occasionally pushed into a low-amplitude oscillation,
suggesting that further optimization of the control variables is needed. After control is ter-
minated, the system remains entrained in the stable operating mode for some time before

slowly diverging. Similar results are obtained at ¢ = 0.629 (Figure 6.5(b)). The reduction
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Figure 6.4: Time-series segments of combustor pressure showing the deactivation of
control at time t = 0 and the resultant degradation of system behavior.

in magnitude fluctuation is slightly less, but the system is less frequently driven toward the
low-amplitude oscillation. In both cases, the amount of supplemental fuel required once
the system has stabilized only increases the effective equivalence ratio by approximately
1-2%. At lower equivalence ratios (Figures 6.5(c) and 6.5(d)), control is less effective.
Even though flameout is prevented, magnitude fluctuation is only slightly reduced, and
misfires occur rather often. Furthermore, the amount of supplemental fuel injected in-
creases the effective equivalence ratio by approximately 5-7%. Still, the behavior with
control is often more efficient than if the same amount of fuel were added via the primary
fuel supply. Furthermore, without control, the pulsed combustor would flame out at these
conditions. This is evident in Figures 6.5(c) and 6.5(d) in which the combustor quickly
flames out once control is deactivated as indicated by the last few data points in those data
records which fall upon the x-axis indicating that the combustor-pressure oscillation have

zero amplitude (i.e., , combustion is not occurring).

Table 6.1 demonstrates the effectiveness of the controller in reducing UHC emission
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Table 6.1: UHC emission levels with and without control.

(a) T=150 ms
UHC emission levels UHC emission levels
¢ | without control (ppm) o with control (ppm)
0.665 340+50 0.687 100420
0.647 5404100 0.669 100120
0.629 - 870£100 0.663 125+10
0.611 11504100 0.656 130+10
0.593 1550+200 0.672 130120
0.575 17504200 0.688 160130
0.558 2100£300 0.670 190+40
0.540 2300+300 0.653 220450
0.522 — 0.635 400£150
(b)t=75ms
UHC emission levels UHC emission levels
¢ | without control (ppm) 0 with control (ppm)

0.487 105420 0.487 60120

0.469 9804200 0.469 60£10

0.452 1600£300 0.452 160430

0.435 16004300 0.450 125425

0.418 — 0.435 2504200
0.400 — 0.430 5004200
0.382 — 0.425 7004100
0.366 — 0410 850+100
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levels at lean conditions. For a flow time of T = 50 ms, it is clear that the controller
significantly reduces the UHC emission levels. For example, at an equivalence ratio of
¢ = 0.647, the UHC emission levels are reduced from 540 & 100 ppm without contrpl to
100 £20 ppm with control while the effective equivalence ratio is only raised to ¢ = 0.669.
Comparing this value to the UHC emission levels for the uncontrolled case for ¢ = 0.665,
it is clear that the controller provides a greater reduction in UHC emission levels than
would be achieved were the same amount of fuel introduced at a steady rate through the
primary fuel supply.

As the equivalence ratio is reduced further, even greater reductions in UHC levels
are seen. For example, at an equivalence ratio of ¢ = 0.540, UHC emission levels are
reduced by a factor of ten with control. At this condition, control actions are required
more frequently which greatly increases the effective equivalence ratio (to ¢ = 0.653 in
this example); however, the reduction in UHC emission levels is still about twice that
which would be achieved by injecting a similar amount of fuel at a steady rate through the
primary fuel supply (based interpolation from data at ¢ = 0.665 and ¢ = 0.647).

The reductions are even more dramatic at a flow time of T =75 ms. At an equiva-
lence ratio of ¢ = 0.452, the UHC emission levels are reduced by a factor of ten using
control perturbations which are required so infrequently that there is no measurable in-
crease in effective equivalence ratio. With control, the operating regime of the pulsed
combustor can be extended further lean to equivalence ratios at which the system would
otherwise flame out. For example, with control, the combustor will operate at an equiva-
lence ratio of ¢ = 0.366. While the UHC emission levels are quite high at this condition

(850 4 100 ppm), note that the combustor would flame out were an equivalent amount of

fuel injected through the primary fuel supply. The effectiveness of control at low mass
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flow rates, where poor mixing has been shown produce a stratified mixture, suggests that
injecting the fuel in such a way as to produce a locally stratified region in the combustion

chamber could prove to be a very effective technique.




Chapter 7

Conclusions

It has been shown that the behavior of the pulsed combustor is driven by two different
mechanisms. Large-amplitude pressure oscillations which occur at the acoustic frequency
of the system are the result of acoustic coupling with the tailpipe. These oscillations are
nonlinear in nature due to interactions with the combustion reaction and turbulent mixing
effects. In addition to the acoustically driven oscillations, the nonlinear nature of the
combustion reaction leads to a bifurcation in system dynamics as the equivalence ratio of
the fresh mixture approaches the lean flammability limit.

At near-stoichiometric and moderately lean operating conditions, the behavior of the
combustor is fairly regular. The combustion quality is similar for each cycle except for
small, random fluctuations due to turbulent mixing effects. The combustion quality of the
current cycle seems to have no effect upon the quality of subsequent cycles.

As the equivalence ratio approaches the lean flammability limit, the system dynamics
undergo a bifurcation due to the highly nonlinear behavior of the combustion reaction at

very lean conditions. At these conditions, the combustion quality of the current cycle has

a sighiﬁcant effect upon the quality of several subsequent cycles. High-quality combus-
107
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tion events consume the available fuel inventory which must then be restocked. During
the restocking process, the combustion events are of poor quality, and at extremely lean
conditions, the combustor will misfire. If the restocking process is too slow, the combustor
walls and ceramic flameholder will begin to cool until self-sustained combustion can no
longer be maintained and the pulsed combustor flames out.

A control strategy has been developed which monitors the peak pressure of each cycle
to detect when the available fuel inventory has been consumed and the pulsed combustor
begins to experience poor-quality combustion events while the fuel inventory is restocked.
The controller then injects a small amount of supplemental fuel to hasten the restocking
process and push the system back toward the stable operating mode. The control strategy
has proven to be very effective at dampening the combustion instabilities and thereby
reducing the UHC emission levels and extending the operating regime of the combustor
further toward the lean flammability limit.

There are several opportunities for further work with this system. Poor mixing at low
mass flow rates in the current design has limited the ability to explore the effects of flow
rate upon the behavior of the pulsed combustor. Redesigning the combustor so that the
air and fuel are premixed should allow better determination of the effects of flow rate
and should also reduce the amount of cyclic variability in the combustion quality at near-
stoichiometric conditions.

It has been shown both experimentally and analytically that the rate of heat transfer
from the combustor to the surroundings has a significant effect upon the performance of
the pulsed combustor. This would be of great concern were the combustor to be used in an
engineering application such as heating or drying. Active control of the combustor-wall

temperature with a coolant flow would allow further investigation of these effects.
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Changes in the behavior of the pulsed combustor can readily be detected by the human
ear. Recent work (Teh 2000) suggests that an acoustic sensor could be used to make non-
intrusive measurements of the performance of the pulsed combustor, thus eliminating the
need for the pressure transducer and pressure tap.

The trial-and-error method used to choose the control variables in this study is far from
efficient. A néural-network algorithm could be developed to improve selection of the
control variables and refine control. Using this method, it is suspected that control would
be more efficient near the lean flammability limit.. This method would require a much
faster computer than the 486-33MHz PC currently being used.

Finally, in addition to the reduction in UHC emission levels, it is suspected that con-
trol reduces emission levels of pollutants such as NO,. Reducing the variation in the
magnitude of the combustor-pressure oscillations also reduces the magnitude of temper-
ature excursions inside the combustion chamber. Limiting the size of these temperature
excursions should reduce the production rate of thermal NO,. Access to NO,-detection

equipment would allow exhaust-gas analysis to test this theory.
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Appendix A

Nomenclature
Abbreviations
A/D analog to digital
DAC data acquisition and control
FID flame ionization detector
GUI graphical user interface
METC the former Morgantown Energy Technology Center, Morgantown, WV,
currently the National Energy Technology Laboratory in part
ODE ordinary differential equation
PC personal computer
PSD power spectral density
RMS root-mean-square
SA standard air
UHC unburned hydrocarbon(s)
UTK The University of Tennessee, Knoxville
Variables
Roman
‘ a speed of sound
‘ Al pre-exponential term in Arrhenius rate law
A, cross-sectional area of the taipipe, METC model
Ag surface area of.the combustor
A, cross-sectional area of the tailpipe/pressure tap
AF *air-to-fuel ratio
C variable used to simplify determination of uncertainty in flow time
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HESSRNTanmme

specific heat at constant pressure

specific heat at constant volume

diameter of critical-flow orifice

tailpipe diameter, METC model

internal energy

resolution error in measurement of orifice diameter

energy

rate of energy exchange

activation energy

friction factor, METC model

acoustic frequency for a Helmholtz combustor

enthalpy

datum/cycle index

specific-heat ratio

length of the tailpipe/pressure tap

length of the tailpipe, METC model

mass

Mach number

mass flow rate

rate of fuel consumed by the combustion reaction

order of Arrhenius rate law in terms of oxidizer
combustor pressure, i.e., pressure inside the combustion chamber
non-dimensional pressure, METC model, P/P,
peak-to-trough magnitude of the combustor-pressure oscillations
supply pressure required to choke the critical-flow orifice
pressure at the entrance of the tailpipe, METC model
supply pressure (or ambient pressure, METC model)
root-mean-square of the combustor pressure during one cycle
heat generated during combustion reaction

heat loss from combustor to surroundings

species-specific ideal-gas constant

universal gas constant

difference symbolization statistic

specific gravity of the mixture

time

temperature of the mixture inside the combustion chamber
non-dimensional temperature, METC model, T /T,
non-dimensional activation temperature, METC model
temperature at the entrance of the tailpipe, METC model
supply temperature (or ambient temperature, METC model)
approximate temperature of the combustor wall
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Twau
T.

Uatm

Ugye

pPssL
Po

TA

Tc
Tf
THT
1T

o1

measured combustor-wall temperature, METC notation

ambient temperature

uncertainty

uncertainty in supply-pressure measurement due to fluctuations in atmo-
spheric pressure

uncertainty in diameter of critical-flow orifice due to averaging measure-
ments of non-circular orifice

uncertainty in supply-pressure measurement due to fluctuations in the sup-
ply line

overall instrument error in supply-pressure measurement

heat transfer coefficient

non-dimensional velocity at tailpipe entrance, METC model, tailpipe ve-
locity divided by cold-flow velocity

internal volume of combustion chamber, METC model

internal volume of combustion chamber

mass fraction

ratio of mass flow rate to combustion chamber volume, METC model

enthalpy of reaction

non-dimensional temperature, T'/T..

non-dimensional activation temperature

non-dimensional mass fraction of fuel, Y /Yy

non-dimensional time, ¢/7

density of mixture in combustion chamber

density of air at standard sea-level conditions

ambient density, METC model

characteristic flow time; defined as the approximate time that the mixture
resides in the combustion chamber

characteristic time related to the rate of fuel consumption

characteristic combustion time, METC model

characteristic time related to the rate of energy release by combustion
characteristic flow time, METC model

characteristic heat transfer time, METC model

characteristic time related to the rate of energy transport from the combus-
tor

equivalence ratio based upon the mass flow rates of air and primary fuel
effective equivalence ratio; defined as the equivalence ratio which would
exist were an amount of fuel equivalent to that introduced by the control
perturbations injected at a steady rate via the primary fuel supply
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Subscripts

a

actual
e

f

i

in

o

out
stoich
te

X

air

actual operating conditions
exit

fuel

inlet

in to the control volume
oxidizer

out of the control volume
stoichiometric conditions
tailpipe entrance, METC model
dummy variable, either a or f




Appendix B

Referenced electronic hypertext

documents

The Internet has developed into a rich source of information; however, at the time of this
writing, those sources are still often fleeting — changing and disappearing daily. For this
reason, the electronic hypertext documents referenced in this work are included in this Ap-
pendix for future reference. All material included herein is considered to be copyrighted

by the relevant party and is credited as such.

B.1 Lennox

The following is a transcript of a hypertext document found at www . davelennox. com,

© Copyright Lennox Industries Inc., 1999:

Lennox History:
1980-1995

A Strong Pulse
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B.2 Curtis Dyna-Fog

The following is a transcript of a hypertext document found at www .dynafog.com,

© Copyright Curtis Dyna-Fog, 1998:

COMPANY HISTORY AND ACTIVITIES

Curtis Dyna-Fog, Ltd. was founded in 1947 in Dayton, Ohio by Russell R.
Curtis and his father W.H. Curtis. Originally named Curtis Automotive De-
vices, the company specialized in manufacturing valves for the automotive
and aircraft industry. Before joining his father in business, Russell Curtis
attended the University of Cincinnati where he graduated in Aeronautical En-
gineering and later completed a cooperative work program at Wright Airfield
(now Wright Patterson Air Force Base) At the time, Wright Airfield was the
center of all aircraft technology. In 1952 Curtis Automotive Devices moved
to Bedford, Indiana to be closer in proximity to its major customers. The
company began producing other types of components for the aircraft indus-
try and began doing some development work using acquired Pulse-Jet Engine
Technology. During Russell Curtis’ employment at Wright Airfield in Dayton
he was first exposed to a Pulse-Jet Engine, a unique device used to power the
German VI rockets during the war. The Pulse-Jet was comprised of the basic
technology that would later be the foundation for his companies future.

Russell and his father continued working on the possibilities of producing a
pulse-jet fogger for use in commercial applications. One of the first pulse-jet
products they produced was the Dyna-Jet “Red Head” miniature engine for
use in model rocketry. Initially developed in 1945 by a long time associate
of Russell Curtis, William Tenny of Aeromarine Company, the Dyna-Jet once
held the American Modelers Association land speed record at 179+ MPH! A
speed amazing at the time, especially when only standard grade gasoline was
available. ‘

After years of refining existing designs, by 1954 the first commercially avail-
able pulse-jet mosquito fogger (The Curtis Junior Model) was being produced.
In the first year more than 500 machines were sold throughout the country. By
1956, demand grew to the point where more than 4000 machines were being
produced each year. As a result of increasing demand for the pulse-jet ma-
chines, Russell Curtis moved the company in 1958 into a newly constructed



www.dynafog.com

B.2 Curtis Dyna-Fog

20,000 square foot facility in Westfield, Indiana. By this time the company
was producing several different equipment models including the very first pro-
duction “Cold Fog” sprayer. It was the machine that pioneered the way for
what is known today as ULV technology.

In 1964, mainly due to no longer producing products specifically for the au-
tomotive industry, the company name was changed to Curtis Dyna-Products
Corp. During the next several years many new products were developed and
the facility was expanded. In 1992, the group of Curtis employees who were
already managing the company purchased it and the name was changed to
Curtis Dyna-Fog, Ltd.

Today, still located in Westfield, Indiana Curtis Dyna-Fog, Ltd. produces a
complete line of spraying and fogging products. With the latest in manufac-
turing technology in its 80,000 square foot facility, Curtis is renowned as a
world leader in manufacturing and distribution. Curtis supplies its products
through distributors around the United States and throughout the world in
over 60 different countries. All products are manufactured in the one facil-
ity in Indiana to help assure a high level of product quality that has been the
cornerstone of Dyna-Fog equipment.

Curtis Dyna-Fog, Ltd. strives to identify the requirements of the market place
and react quickly to market demand. Dyna-Fog’s worldwide distributor net-
work assures rapid response to all customers. All service shipments of stock
items are made within 48 hours by air or sea freight. The sale of Dyna-Fog
products are supported with comprehensive literature and a complete techni-
cal staff equipped with the latest laboratory testing facilities. Presentations on
recent developments are continuously made to all world markets as well as
the scientific community.

Some recent examples are:

e Application of deodorants in small droplets: International Conference
on Air Pollution from Ag. Operations, Feb 1996, Kansas City, MO USA

e A new tool for ULV Applications. American Mosquito Control Associ-
ation Meeting, March 1996, Norfolk, VA, USA.(Dyna-Fog Twister)

e The use of Thermal Fogging as a technique for the total eradication of
Fire Ant colonies. USDA Imported Fire Ant Research Conference, April
1997, Gainesville, FL,, USA. (Dyna-Fog Ant Bear)

Other scientific publications available:

e Newcastle Disease in Commercial Turkeys (Dyna-Fog Hurricane)
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Effects of pressure and flow rate on VMD (Dyna-Fog Cyclotronic Maxi-
Pro)

Understanding LVM (Dyna-Fog Nighthawk)

Effect of droplet size on adulticide efficiency (Dyna-Fog Cyclotronic
(Maxi-Pro)

A summary of Ultra-Low-Volume Technology

The Proper Application of Modern ULV Technology

A Blueprint For The Control of Nuisance Birds in the Airport Environ-
ment

Aerosol, Fog, and ULV: Perceptions and Realities in Maintenance Uses
Curtis Dyna-Fog, Ltd. is present at many major exhibitions both in the
USA and worldwide either exhibiting alone or in conjunction with local
distributors.
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| Kevin Dean Edwards was born on a cold December morning in 1969 shortly before one

of the largest snowfalls in the recorded history of Jefferson City, TN (pop. 5494, 1990

| census). After twelve years in the fine Jefferson County school system, Dean enrolled
at the University of Tennessee, Knoxville (UTK), for the fall semester of 1988. After a
couple of years of slacking off, he got a wake-up call in Doc Hodgson’s Thermodynamics I
course. After retaking the course under Doc during the summer at the insane hour of
7:40 AM. (and making an “A” I might add), Dean reapplied himself toward achieving a
degree in aerospace engineering under the fine tutelage of Dr. Harvey Joe Wilkerson. Dean
graduated with a B.S. in aerospace engineering in 1992; however, due to the poorly-timed
(at least for Dean) fall of the Soviet Union, the end of the Cold War and the subsequent
complete and utter lack of jobs in aerospace engineering, Dean decided to continue his
education by going to graduate school along with his good friends Scott Hale and Chris
Widner.

In the summer of 1992, Dean began work with Dr. Ke Nguyen at UTK studying the
ignition and combustion of aluminum agglomerates by igniting them with a 100-W CO,
laser. During this time Dean came to work for the Mechanical and Aerospace Engineering
Department as a teaching assistant which he found he strar-lgely enjoyed. It was also during

this time that Dean’s hobby of birding began to take on a life of its own. Formerly just

128

o




Vita 129

a way to relieve stress by getting out into the woods and away from engineering, birding
quickly became an obsession. After two years, during which he remarkably failed to injure
himself seriously with the infra-red, 100-W laser, Dean finished his thesis entitled Effects
of Initial Diameter and Ambient Pressure on the Ignition and Combustion of Laser-igm"ted
Aluminum Agglomerates in 1994 and graduated from UTK once again, this time with an
M.S. in mechanical engineering.

Having found that he liked teaching, Dean decided that he might someday wish to
teach at a university. So, once again, Dean (“Dino” to his frignds), Scott (a.k.a. “Frank”)
and Chris (also a.k.a. “Frank”) returned to UTK in 1994 to pursue Ph.D.s in mechanical
engineering. Once again Dean worked with Dr. Ke Nguyen, this time as part of the Chaos
Research Group at UTK. After spending some time playing with a pulsed-combustion
hot-water heater and some horrible nightmares involving a Rijke tube, Dean finally set-
tled upon a research project which invol\}ed designing, building, testing and controlling
a pulsed combustor. After several arduous years, during which time Dean continued to
teach several courses (including, ironically, Thermodynamics I at 7:40 A.M. in the morn-
ing — the pleonasm is intentional for emphasis) and the Big Orange won several national
championships in women’s basketball and one in football, Dean finally stopped birding
long enough to finish his research and graduate from UTK for the third time in 2000 with
a Ph.D. in mechanical engineering. Woohoo!

Dean’s future has yet to be written. Whether he will join (soon to be Dr.) Scott and
Dr. Chris in the “real world” or pursue a teaching career or take up alpaca wrangling with
Dr. Charles Finney or emulate Kenn Kaufman by hitchhiking around the country looking

for birds is uncertain. One thing is for certain, however: Dean has vowed never again to

seek another degree.
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