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SUMMARY

The performance of a high-power small-scale combustion-based fluidic actuator
for high-speed flow control applications is characterized with specific focus on
comparisons between premixed and nonpremixed operating modes for the device.
Momentary (pulsed) actuation jets are produced by the ignition of a mixture of gaseous
fuel and oxidizer within a small (cubic centimeter scale) combustion chamber. The
combustion process yields a high pressure burst (1 to 3 ms in duration in the typical
configurations) and the ejection of a high-speed exhaust jet. The actuation frequency can
be continuously varied by independently controlling the flow rate of the fuel/oxidizer and
the spark ignition frequency up to a maximum determined by the operating characteristics
of the actuator. The actuator performance is characterized by both its peak thrust and net
total impulse, with increases in peak jet momentum often two to three orders of
magnitude above the baseline steady jet. Results for operation of the device in both
premixed and nonpremixed modes are presented and analyzed, with nonpremixed
operation typically yielding higher pressures and greater frequency ranges in the present

configurations.
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CHAPTER 1

INTRODUCTION

1.1 Motivation
The control of flow separation over aerodynamic surfaces can expand the
envelope of flight platforms in ways that are not feasible with conventional flaps and
mechanical surfaces. Active control of flow separation can aid in increasing aerodynamic
performance, decrease drag, and extend a system’s range of capabilities. By replacing
mechanical control surfaces with non-intrusive fluidic actuators, the overall system
performance can be improved (e.g. reduced weight, complexity, power consumption),

while opening up a new realm of aero maneuvering capabilities.

Significant ongoing research at the Georgia Institute of Technology has focused
on the development and demonstration of synthetic jet actuators for controlling shear
flows. These devices are comprised of an enclosed cavity with a simple orifice where a
jet is created by the time-periodic motion of a driver (typically a moving diaphragm) that
results in blowing and suction of fluid out of into the cavity. Synthetic jets were
extensively investigated by Smith and Glezer (1998). The use of synthetic jets for
manipulation of separated flows was demonstrated by Amitay with his work on a stalled
airfoil (Amitay 1998; Amitay, Kibens et al. 1999) and by Vukasinovic (2006) in a free
shear layer experiment. These studies differ from that of early flow control experiments

in that the dimensionless frequency of excitation was at least an order of magnitude



higher than the characteristic frequency of the flow [i.e., St > O(10)] rather than on the
same order as the characteristic frequency of the flow [i.e., St ~ O(1)]. This technique is
applicable over a broader range of flow conditions since it does not rely on coupling to

global flow instabilities.

Early work with flow control using synthetic jets or pulsed blowing techniques
demonstrated success with actuators having a momentum coefficient (C,) on the order of
107, Figure 1.1 illustrates the progression of attaching flow to a stalled wing at a high
angle of attack using synthetic jets. The outset of the actuation near the leading edge
leads to the collapse of the separated flow domain and the formation of transitory large
scale vortices followed by flow attachment. These vortical transients are of interest

because of their ability to create strong momentary aerodynamic forces on the wing.

(a) (b) (c)

Figure 1.1: Phase averaged smoke visualization images of the flow above the surface of
an airfoil (o = 15°, y = 60°). Baseline (a), Stcaet = 0.7 (b), 1.1 (c), 2.05 (d), 3.3 (e), and 10
(f). Courtesy Glezer and Amitay (2005).



The methods of flow control mentioned above have been effective for relatively
low flight speeds, which could prove useful in unmanned aerial vehicles (UAV) or micro-
UAVs, but clearly an actuator with a larger momentum flux or C, would be needed in
order to effectively operate at the higher flight speeds (transonic or supersonic). This
application spawned the development of two novel actuator designs that were
investigated by Crittenden (2003), which were a high-speed compressible synthetic jet
and the combustion-driven pulsed jet actuator. While the high-speed compressible
synthetic jet involves a motor driven piston design, the combustion-driven actuator has
no moving parts and is comprised of a combustion chamber using a spark for ignition of
fuel and oxidizer. The combustion powered actuator (COMPACT) is deemed as the most
suitable for high speed flow control due to its relative simplicity and relatively low

weight.

COMPACT is a novel actuation design which exploits the chemical energy of a
fuel/oxidizer mixture to create a high momentum jet of exhaust products following a
momentary combustion process. The COMPACT design (as illustrated in Figure 1.2)
consists of a chamber volume where fuel and oxidizer are mixed and ignited by a
continuously variable spark. The combustion of the mixture results in an increase of the
pressure within the chamber as chemical energy is released, leading to exhaust venting
out of the chamber through a simple orifice, thereby creating the high momentum jet
pulse. By periodic ignition of the gaseous mixture to create the pulsed jet, periodic

actuation may be effected which can outperform steady actuation (e.g., continuous
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Figure 1.2: Basic COMPACT prototype schematic.

blowing). Additionally, chemically based actuation presents some attractive alternatives
to conventional mechanical actuation, most notably, its low weight design, low power

input requirements, and a more rapid response to changes in the flight dynamic.

A number of investigations have confirmed the effectiveness of transitory or
pulsed actuation, where the actuation duty cycle is low. Brzozowski and Glezer (2006)
used pulsed combustion actuation near the leading edge (x/c = 0.2) of a stalled airfoil to
induce remarkably strong transitory changes in the circulation around the airfoil.
Increases in circulation of up to 25% (compared to the baseline stalled state),

accompanied by changes in the streamwise and cross stream momentum fluxes which are



associated with decreases in drag and increases in lift respectively. These tests were
conducted using a NACA 4415 airfoil at angles of attack exceeding 16° and a chord

Reynolds number of 570,000.

While the principal ideas of the pulsed combustion actuator were established in
the earlier works of Crittenden, the characteristic operating times was limited by the
internal refill process thereby affecting the operating frequency. A high operating
frequency is needed for high-speed applications. The research presented in this thesis
focuses primarily on efforts to increase the actuation frequency of the COMPACT

technology, through more controlled mixing and combustion processes.

1.2 Brief Outline

The second chapter of this thesis covers the literature review and discusses some
of the previous work on small scale combustion, particularly with
Microelectromechanical Systems (MEMS). In the area of power MEMS, it is desired to
use small-scale combustion as a source of high density power. Examples of power
MEMS applications that are under investigation include micro-gas turbines, micro-rotary
engines, and a free-piston design. Other applicable topics include a mini-pulsejet and a
resonant detonation actuator that have been built. This discussion is followed by an
overview of prior research with the pulsed combustion fluidic actuator, COMPACT, that

was developed at Georgia Institute of Technology, using a premixed fuel/oxidizer design.



The third chapter overviews the present experimental setup. This includes a detail of the
combustion chamber design, data acquisition, and the flame photography setup. The
different types of premixed and nonpremixed configurations are also explained. The
fourth chapter is dedicated to illustrating the differences in performance between the
premixed and nonpremixed COMPACT designs. It describes the difference in the
chamber configuration and elaborates on the benefit of turbulent mixing within the
chamber. The present research includes an extensive parametric investigation of the
pulsed combustion process including the effects of fuel type, equivalence ratio, exhaust
orifice diameter, chamber aspect ratio, chamber volume, flow rate, and the actuation

frequency.

Chapter 5 details several attributes of the nonpremixed pulsed combustion fluidic
actuator. Including the effects of inlet placement and modification of turbulent mixing
within the chamber, ignition location, and flow rate. Finally chapter 6 is a summery of the

findings from the present investigations.



CHAPTER 2

LITERATURE REVIEW

2.1 Overview
The focus of this thesis is to illustrate the characteristics and benefits of
nonpremixed combustion powered actuator (COMPACT) over the earlier premixed
approach. This chapter begins with an overview of small scale combustion, illustrating
problems and solutions in other investigations including MEMS combustion, pulsed
detonation actuators, and miniature pulsejets. The last section reviews earlier

investigation of a premixed COMPACT configuration.

2.2 Small Scale Combustion

In recent years, there has been considerable interest in small scale processes for
applications in micro electro mechanical systems (MEMS) (Epstein, Senturia et al. 1997).
This interest was motivated by the need for high energy density power to replace battery
packs and small-scale propulsion for micro vehicles. This research has focused on
combustion processes at scales that are on the same order as the flame thickness. The
utilization of combustion is advantageous because the high energy density available is
approximately 1000 times that of batteries (Lee, Park et al. 2001). This demand has

spawned an array of microscale heat engines modeled after classical thermodynamic



cycles. Studies at the microscale level have included gas turbines (Waitz, Gauba et al.
1996), rotary (Wankel-like) engines (Fu, Knobloch et al. 2001) and reciprocating free-
piston internal combustion engine (Lee, Park et al. 2001), pulsejets (Kiker 2005), and
rocket engines (Epstein, Senturia et al. 1997). Significant work on small-scale
combustion was performed on the MIT micro-gas turbine engine, whose research
prototype involved combustion properties, material selection, and MEMS fabrication

approach (Waitz, Gauba et al. 1996).

Combustion within a volume where the distance between the walls is on the order
of the flame quenching distance poses challenges for sustaining a flame. For quiescent
hydrogen mixture at STP, the flame quenching distance is 0.61mm near stoichiometric
mixtures and is the smallest of any other common fuel. There have been attempts to
decrease this distance in order to improve flame stability. Since the quenching distance is
proportional to the flame thickness, reducing the flame thickness can be achieved by
burning under high pressure and preheating the mixture prior to combustion. Another
problematic issue is that an increase in flow velocity and/or turbulent mixing results in an
increased flame thickness and therefore sustaining flames at small scales becomes even

more difficult (Ballal and Lefebvre 1975).

Small scale combustion is also accompanied by low thermal efficiency. A
combustion chamber hosting a relatively large surface area is more susceptible to heat
loss. When combustion chambers approach smaller volumes, the ratio of surface area to

volume, A4¢/V, increases significantly. With surface area and volume corresponding to



heat loss and to a measure of potential heat generation respectively, the higher the A/,
the harder it is to sustain a flame. When the surface area to volume ratio is excessive, heat
losses to the wall overwhelms the rate of heat production from combustion and no
detectable pressure rise occurs after ignition (Lee, Park et al. 2001). Currently, some
investigations utilize surface catalytic combustion systems as a means to improve the
reaction rate of fuel/air mixtures. The interior of the combustion chamber is coated with
platinum and heated from an external source to a temperature which ignites the mixture.
Once the mixture is ignited, the external heat source is turned off and the heat from the
flame sustains the process. Using the walls as the source of autoignition removes much of
the problems with cold wall quenching (Boyarko, Sung et al. 2004; Spadaccini, Peck et

al. 2007).

Unlike many of the power MEMS designs, COMPACT’s goal is not to sustain a
constant flame, but to repeatedly create a small transient combustion process, where
combustion is initiated and extinguished at a high frequency without the aid of
mechanical valving. The simplicity to COMPACT design enables reliability and minimal
energy inputs. Furthermore, it only allows for minimal pre-pressurization since the
combustion chamber is open to the environment at the exhaust orifice. In fact, preheating
the combustible mixture hinders COMPACT’s ability to quench flames, creating standing

flames which render the actuator ineffective and limit the actuation frequency.



2.3 Resonant Combustion Chambers

Combustion chambers which utilized the resonant frequency of the chamber and
its shape to induce pulsed combustion have been used since before the development of
the German V-1 “Buzz Bomb.” Most applications are focused on propulsion
technologies, directing the power generated from pulsed combustion through a nozzle to
create thrust. The advent of turbojet technologies quickly surpassed pulsejet in terms of
fuel efficiency and thrust improvements that far exceeded the capabilities of the pulsejet,
owing to the turbojet’s ability to improve pressurization of the incoming air before
combustion. Recent renewed interest in pulsejets has been driven by miniaturized
designs. A pulsejet combustor measuring 8 cm in length, operating at nearly 1200 Hz,
and providing a maximum average thrust of 0.19 lbs was developed by Kiker (2005).
Using scaling laws from larger pulsejet engines they were able to develop a valveless
mini-pulsejet which can function with one of three different intake configurations (Kiker
2005; Geng, Zheng et al. 2007). Kiker also mentioned an operational 4.5 cm pulsejet
which used platinum coated combustor for surface catalysis, though no data was
published on this configuration. A 2 cm reed valve operated micro-pulsejet was
investigated numerically by Wan (2005). Their findings yielded that the minimum
pressure is unaffected by the scaling which is critical to the reed valve opening, but it was
found that boundary layers from the wall occupies a significant portion of the cross-
section and affects the rarefaction wave that is critical to generate sufficiently low enough

minimum pressure to open its reed valves.
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Pulsed denotation engines (PDE) also use the concept of resonant frequency
combustion, but utilize a significant increase in power that is associated with the
formation of a denotation wave. While pulsejets are normally based on a deflagration
wave which travels subsonically, a denotation wave propagates at supersonic speed and is
a very efficient means for burning air/fuel mixture in its ability to obtain substantial
increases in pressure and temperature compared to deflagration. Numerous methods for
exploiting the power generation associated with the formation of denotation waves have
been explored. However, practical configurations have yet to be applied outside the
laboratory, and the numerical analyses have been more encouraging than experimental
results (Kailasanath 2000). Beck and Cutler (2004) and Cutler et al. (2005) reported a
combustion-based actuator which uses a PDE to create a pulsed jet at an actuation
frequency of 1500 Hz using a motor-driven rotary valve which controls the intake of
hydrogen and air. The drawback of this configuration is the large size combustion
chamber combined with high energy input for the mechanical valve which too bulky and

costly for many flow control applications.

2.4 Earlier COMPACT Development

The early COMPACT configuration that was developed at Georgia Tech was
based on premixed combustion where the fuel and oxidizer were mixed prior to injection
into the combustion chamber (Crittenden 2003). This is analogous to a carbureted
internal combustion engine where the mixing is accomplished within the intake before

the mixture is drawn into the cylinder. Much of the work done in this field was
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demonstrated in the Ph.D. thesis work of Crittenden (2003). Here, the focus was on a
proof of concept prototype that illustrates the characteristics of the premixed combustion
actuator’s performance over a range of operating parameters. Research results
summarized the effects of the fuel type, equivalence ratio, @, orifice diameter, d,
chamber aspect ratio, H/D, chamber volume, V, mixture flow rate, O, and actuation

frequency, f.

¢t (milliseconds)

Figure 2.1: Phase-averaged chamber pressure with phase-locked Schlieren images of
exhaust jet (V=1 cc, H/D = 1.27, hydrogen/air premixed @ = 0.62, d = 1.3 mm, Q = 50
cc/s, and = 30 hz)
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Figure 2.1 illustrates the evolution of the combustion cycle of the combustion
actuator where the time history of the normalized chamber pressure (P; = P/P,)
following ignition (at # = 0). This figure also contains phase-locked Schlieren images of
the exhaust jet of a 1cc combustion chamber during the cycle. The images are recorded at
t =0.44, 0.70, 1.20, 2.00, 3.00, and 4.80 ms following the spark trigger (using a 125 pus
shutter speed) and the streamwise field of view is approximately 25 orifice diameters (d =
1.30 mm). After the spark is fired, there is a sharp rise in chamber pressure, culminating
to approximately 2.8 atm at 0.7 ms. This results in a jet forming from the exhaust as soon
as the pressure is on the rise, strengthening as the pressure increases and becoming
choked once the P; is above 1.9. Shock cells can be seen in the jet during peak pressure,
signifying the sonic velocities. Following the peak, the pressure starts to decrease as the
combustion process is completed. Note that the rise time of the pressure pulse is faster
than the fall time (0.7 ms rise time compared to 1.3 ms fall). At ¢ = 2.7 ms, the chamber
pressure returns to atmospheric levels and the jet stops emanating from the orifice. At ¢ =
4.8 ms, a small vortex ring appears, followed by a low-velocity steady jet, indicating
returned flow of fuel/air mixture initiating the refilling of the chamber. The lag time
signifies the effect of the passive fluidic resistance element that is designed to stop the

flow of the fuel/air mixture during combustion.
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Figure 2.2: Generic pressure-time history of combustion powered actuator including #mix
for nonpremixed operation

The shape of the pressure curve is characterized by the peak pressure Ppay, rise
time to peak pressure fpeak, pulse duration s, and refill time #.nn (Figure 2.2). The
mixing time fmix, Which is an important characteristic of a nonpremixed combustion
actuator, is more difficult to quantify and was originally thought to be a performance

impediment of a nonpremixed actuator.
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CHAPTER 3

EXPERIMENTAL SETUP

3.1 Combustion Chamber

The combustion chamber for COMPACT is the central component of the actuator
where the mixture is injected, ignited, and expands to build enough pressure to create a
momentary high-velocity jet. As shown in Figure 3.1a-c, fuel and oxidizer (in the present
cases air) can be injected into the chamber either in a premixed or nonpremixed
configuration. For the premixed configuration (Figure 3.1a), air and fuel are mixed
upstream of the chamber, and the mixture then passes through the passive fluidic
resistance element regulating its flow during operation. There are two nonpremixed
configurations, the first uses the passive fluidic resistance element on the fuel feed line
only, and the air is injected directly into the chamber through a choked orifice with no
regulating element. The second nonpremixed configuration involves direction injection
both air and fuel through separate orifices (Figure 3.1c) without the resistance element
(where the air orifice typically choked). In the direction injection configuration, the
combustion burns all the available fuel in the chamber and the flame is then extinguished

before the incoming fuel and air can form an ignitable mixture.
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Figure 3.1: Fuel injection configurations of premixed (a), nonpremixed (b), and direct
injection (c).

The chamber can be altered in shape and size to suit the required integration of
the actuator. In the present investigation, all of the combustion chambers are cylindrical
in design (unless noted otherwise). Figure 3.2 illustrates the general dimensions that are
used to describe the combustor; chamber height, H, chamber diameter, D, exhaust orifice
diameter, d, igniter position, / (distance from exhaust plate), and inlet locations for air and
fuel, /, and /r respectively. Other system variations within the combustion chamber that
are discussed in Ch. 5 include the spark location, number of spark ignition sources, inlet
locations of air and/or fuel, and exhaust shape. Also shown in Figure 3.2 is the sintered
metal and laser cut orifice grid used for the fuel injection regulator in most
configurations. For combustors using direct injection of fuel, the sintered metal and
orifice grid are replaced with a solid lower plate and two separate orifices are used to
inject the air and fuel from opposite sides of the chamber (this configuration is discussed

in more detail in Ch. 5).
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Figure 3.2: Diagram of COMPACT combustion chamber with chamber dimensions

An assembly of interchangeable aluminum combustion chambers and exhaust
orifices was designed to attach to a common base-mount to hold the chamber during
experiments. The base-mount can be used as a feed source of reactants to the combustion

chamber, and can also house the fluidic resistance element if needed.

The two fuels tested were commercially available high purity hydrogen and
propane. Compressed air from a local building source was used as oxidizer. The flow
rates O of air and fuel were measured individually using Aalborg thermal mass
flowmeters calibrated for the specified gas (typical accuracy of 1%). Needle valves
regulate the flow of the air and fuel separately to allow for control of the equivalence

ratio, @, within the limits of the flowmeters’ accuracy. In the premixed configuration, the
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two streams are mixed upstream of the combustion chamber in a bed of glass beads and
then delivered to the combustion chamber through the integrated fluidic element. For the
nonpremixed chamber, both lines are injected into the chamber separately, and the

mixing occurs within the chamber.

The reactants are ignited by an integrated small-scale spark plug with a gap
distance of approximately 1-2 mm. In most cases, the spark plug is made of two wires
housed in separate ceramic inserts and are electrically isolated from the chamber wall. In
all cases, the spark’s orientation is normal to the axis of the chamber and the mean
direction of flow. Unless noted otherwise, a single spark was used centered about the
chamber’s axis of symmetry at elevation //H = 0.5. In the nonpremixed operation, fuel is
injected into the chamber axially opposite to the exhaust orifice through the fluidic
element and orifice grid, the air is injected within a plane that is normal to the chamber
axis, parallel to the chamber diameter at /R = 0.5, as shown in Figure 3.3. The spark is
generated by a standard automotive ignition system (Bosch ignition coil and 12V power
supply) with a commercial electronic ignition control circuit triggered by a TTL signal,

the frequency and duration of which are controlled by a digital LabVIEW interface.
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Figure 3.3: Simple air injection configuration schematic

Control of the spark duration is important when to minimize the effects of
electromagnetic noise associated with the spark. The spark TTL trigger typically has a
duty cycle of 1-5% for hydrogen. For heavier, less combustible fuel mixtures, a longer

spark duration is required to produce enough energy to initiate combustion.

3.2 Data Acquisition

The pressure within the combustion chamber is the primary measure of the
system’s performance. Dynamic pressure measurements are obtained with a high-
temperature, piezoresistive pressure transducer (Kulite model XTEH-7L-190M-100A)

with a natural frequency response of 380 kHz, an operation temperature range of -65°F to
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+750°F (-55°C to +400°C), and a compensated temperature range of +80°F to 650°F
(+25°C to +343°C). Given the high flame temperatures of hydrogen and propane (about
2400°K at stoichiometric mixtures with reactants at STP), the mean exhaust temperatures
at high operating frequencies can be as high as 720°F (380°C), thus a water-cooled
housing jacket for the pressure transducer was designed to keep it within its compensated
temperature range. The transducer output is sampled at 100 kHz with a National
Instruments analog/digital data acquisition board using the TTL spark ignition signal as a

timing reference. Each data set is phase-averaged over 50 realizations.

3.3 Flame Photography

Details of the flame propagation are captured using a 2cc, square base combustion
chamber where one wall is made of pyrex (Figure 3.4). The chamber is made of
aluminum and is black anodized. Though it is a square chamber, it was designed to
closely resemble a 2cc cylindrical chamber (similar height, H, and width, ) with the air
injection port positioned to induce swirl within the chamber. It is designed for premixed
or nonpremixed operation with the air inlet is located at /,/H = 0.8 and offset at /4 from

the center.

A standard CCD camera (768 by 464 pixels) having a shutter speed of 125 ps is

used to capture sample images of propane flame. A sequence of images captured at

different instances during the combustion cycle is created using the vertical sync signal
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from the camera and a desired time delay to trigger the spark. Propane fuel was used for
the visualization of the flame because the hydrogen fuel burns in the ultraviolet and can
not be visualized with the available camera. In addition to flame photography, the
windowed chamber shown in Figure 3.4 was also used to test the operation of micro
fabricated reed valves that were used as an alternative system of managing the inflow of

reactants.

Figure 3.4: A 2cc windowed chamber for flame photography.
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CHAPTER 4
PREMIXED AND NONPREMIXED COMBUSTOR

CONFIGURATIONS

This chapter compares the performance of premixed and nonpremixed chamber
combustor setups. Section 4.1 describes the differences in the chamber design and
discusses the effects of nonpremixed fuel and small-scale mixing in the chamber, and
consequently on the flame speed. Section 4.2 describes a parametric study that illustrates

the differences between the nonpremixed and premixed actuator designs.

4.1 Global Difference in Premixed and Nonpremixed combustors

While a premixed COMPACT design requires only one air/fuel feed-line, its
performance is limited by its burn rate of fuel. The need for using flame arrestors in the
feed line can be eliminated by separating the fuel and air lines. In the nonpremixed
combustion chamber, mixing of the fuel/air occurs within the chamber prior to ignition
and, unlike the premixed configuration, requires two feed-lines and additional time for
mixing (see section 2.4). The independent control of the flow in the nonpremixed design
allows the ability to manipulate small-scale motions within the combustion chamber by

exploiting the shear flow induced by the fuel and oxidizer streams. Thereby influencing
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the evolution of the flame front and resulting in better mixing and concurrently faster
combustion by exploiting wrinkling and lacerating of the flame front, effectively
increasing its surface area and the burn rate. This can result in higher pressures and
potentially shorter pulse duration and therefore higher actuation frequencies. Similar to
the premixed configuration, only one fluidic resistance element is needed to regulate flow

by regulating one feed line.

The flame within the combustion chamber must be initiated and extinguished
repetitively for high-speed actuator operation with adequate time to refill the chamber.
Increasing the flame speed allows faster combustion (and heat release) and therefore
effectively decreases the pulse duration, #yuse (the time from ignition until pressure is
restored near pre-combustion levels, Figure 2.2). The flame speed depends on the burn
characteristics of the mixture as well as the transport properties of the mixing. When
considering non-turbulent flame (as in much of the thesis work of Crittenden 2003) with
a laminar flame speed, Si, the flame propagation velocity depends solely on the mixture’s
thermal and chemical properties where the transport properties are controlled by
molecular diffusion through mass diffusion, momentum diffusion, and/or heat diffusion
which are inherently slow. In order to burn faster (necessary for higher actuation
frequencies), increased mixing is needed and obtained through small-scale mixing driven
by stirring between the jets of fuel and air in nonpremixed configurations. Air is injected
at sonic speeds with a Reynolds number as high as 90,000. These macro-motions created
through eddy currents increase the turbulent transport by increasing the surface area of

the mixing streams with increasing the temperature gradient between interfaces (Turns
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2000). Evidence of the “turbulent” flame front is visualized with the presence of flame

perturbation and irregular flame propagation (see Figure 4.5).

As discussed by Peters (Peters 1999), turbulent flame speed, St, can be

significantly faster than laminar flame speed, Si. (Turns 2000)
o P
S =[—2a(v+1)—F} Eq. 4.1
Pu o

Laminar flame speed is a function of the thermal diffusivity a, the flow velocity v,
unburned density p,, and the average reaction rate of the combustion process 7, . Where

as turbulent flame speed (Peters 1999)

ST _ Vims ' V‘
ra 1+C g (commonly C=3.5 and n = 0.7 for - >>1) Eq. 4.2

L L
L

also depends on the mean unburned gas velocity, vms, which contributes significantly to

the increase in velocity.

Clearing the cylinder of burned gases and filling it with a fresh mixture is also
affected by nonpremixed designs. Due to the low ignition energy of the combustible
mixture, autoignition can occur when fresh reactants enter the chamber in the presence of

hot combustion products. By venting the hot combustion products through a preferential
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internal flow path, autoignition can be reduced, leading to higher actuation frequencies

and potentially a reduction in the dilution of the fuel with combustion products.

The advantages of nonpremixed combustion configurations are illustrated in
Figure 4.1 in which the hydrogen powered combustor supplied with Q = 6 L/min at @ =
0.41 and a d = 1.78 mm with the nonpremixed configuration injects choked air at »/R =
0.25 and /,/L = 0.75. To begin with, the chamber pressure is significantly higher at P, =
4.5 for nonpremixed compared to P, = 3.4 for premixed at f= 1 Hz. These data show that
there is a noticeable increase in the rate of pressure rise due to faster flame speeds,
resulting in a lower time to peak pressure, fpeak (0.7ms nonpremixed and 1.15ms
premixed, and pulse duration, fyyse (2.4ms nonpremixed and 2.85ms premixed). The
faster rate of pressure increase is prevalent throughout the entire present operating range (

f=1Hz, 35 Hz, and 55 Hz).

Figure 4.2 charts normalized peak pressures of against normalized operating
frequencies, f/fi (normalized actuation frequency indicating the operating frequency
relative to the characteristic flow rate and chamber volume; fizQ/V), for premixed and
nonpremixed hydrogen powered combustors at Q = 12 and 6 L/min with @ = 0.41 and d
= 1.78 mm. The nonpremixed chamber’s increased performance in both peak pressure
and actuation frequency where f increases from 95 Hz (premixed) to 105 Hz

(nonpremixed) at Q = 6 L/min and from 150 Hz to 240 Hz at Q =12 L/min.

25



4.5~

4 L
\,
350 A
)
1 \
1 \
i \
3 H X
! \
[
Pr 1 B 5, 3 ~‘\
= I X
25 1: LA R
I )\
1 AN "
H AN
2+ ,' : [ R\
H H RA
H ;¥ ‘55 X
1.5 I' .': %, ."-.
r i I \\ o,
i >
£
1
| 1 | | | | | I
3.5 4 4.5 5

Figure 4.1: Premixed (—) and nonpremixed (—) pressure time history of hydrogen 2cc
chamber, 0 = 6 L/min, @ =0.41,d=1.78 mm, (—) 1 Hz, (---) 35 Hz, () 55 Hz.
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Figure 4.2: Peak pressure vs. f/fi, of hydrogen 2cc, O = 12 L/min premixed (+) and
nonpremixed (+), Q = 6 L/min premixed () and nonpremixed (¢), @ =0.41, d = 1.78 mm.
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Flame photography of premixed and nonpremixed propane combustion was taken
to illustrate the differences in flame propagation. Figure 4.3 shows the pressure time
history of this combustor used (as shown in Figure 3.4 with a square base combustion
chamber) and circular markers denotes the segments which were captured with the flame
photography. Such as the case with Figure 4.1, peak pressure increased with
nonpremixed (P; = 1.8 premixed and P, = 2.2 nonpremixed) with a decease in both #yyise
(3.7ms to 3.4ms) and fpeak (2.55ms to 2.15ms) in Figure 4.3. The sequence of flame
images from these combustion processes are shown in Figure 4.4 for premixed and
Figure 4.5 for nonpremixed. Both chamber configurations have the exhaust orifice (a
simple circular orifice) centered at the top of the image frames. The premixed
configuration (Figure 4.4) has the air/fuel mixture rising from the bottom of the frame
toward the exhaust orifice at the top. Figure 4.4 shows the flame propagation, starting
from the center and initially expanding vertically upwards and downwards at 1.8 ms
(Figure 4.4b). Then there is a clear spreading towards the edges of the chamber through
images at 2.5 ms (Figure 4.4c), 3.1 ms (Figure 4.4d), and 3.6 ms (Figure 4.4e) where the
pressure peak is achieved. At 4.0 ms (Figure 4.4f), the flame begins to extinguish. At 4.7
and 5.3 ms (Figure 4.4g & h), the flame starts to be quenched and the pressure in the
chamber drops below atmospheric level (see Figure 4.3), finally in Figure 4.4i the flame

is extinguished and new reactants begin to enter the chamber.

Figure 4.5 is the corresponding sequence of images for the nonpremixed

configuration. In this setup, the fuel flows from the bottom of the image, upwards, and air

is injected from the right-hand side of the image frame (Figure 4.5) normal to the fuel
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flow at /,/L = 0.8 from the exhaust orifice at the top. The air orifice is positioned on the
far side of the centerline, a distance of one-quarter the width of the chamber, to induce
swirl. At 1.1 ms (Figure 4.5a), the spark has already started to ignite the mixture (earlier
than the premixed chamber). At 1.8 ms (Figure 4.5b), the flame is advancing down and
away from the air intake, and is driven by the air circulation. The flame then expands
around the front of the chamber, spreading across the window at 2.5 and 3.1 ms (Figure
4.5¢ & d). Note the strong flame front at 3.1 ms (Figure 4.5d) which corresponds to the
highest pressure reading. At 3.6 and 4.0 ms (Figure 4.5¢ & f), the flame strength is
somewhat reduced as it wraps around the back of the chamber, and finally at 4.7 and 5.3
ms (Figure 4.5g¢ & h), the low pressure within the chamber (see Figure 4.3) helps

extinguish the flame and begin the refill process.

There are several significant features in the nonpremixed flame images that
illustrate the increased pressure and higher actuation frequencies. With the air flow
dominating the flame path (seen in Figure 4.5), the flame is drawn away from the
incoming reactants sooner than what is shown in the premixed case (Figure 4.4), aiding in
preventing autoignition (maximizing the distance between incoming reactants and the
evacuating flame) and therefore allowing for higher frequencies. Also notice that the
premixed flame is in contact with the walls of the chamber (Figure 4.4) longer than in the
nonpremixed case (Figure 4.5). Less contact with the wall allows for less heat transfer
loss and partly explains why there is a dramatic difference in the rate of pressure increase
from the two configurations (Figure 4.3). Both premixed and nonpremixed flames have

“wrinkles” in the flame suggesting non-laminar flame propagation. However, the
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nonpremixed flame in Figure 4.5 shows more perturbations in the flame front and

irregularity in its advancement within the chamber.

2.4~

t (ms)

Figure 4.3: Premixed (—) and nonpremixed (—) pressure time history with photograph
location; Propane, 2cc, O = 9L/min, @ =1.0,d =1.78 mm, /' = 30 Hz.
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Figure 4.4: Premixed propane flame propagation, 2cc, Q = 9/min, @ = 1.0, d = 1.78 mm, f
=30Hzat¢s=1.1 ms (a), 1.8 ms (b), 2.5 ms (¢), 3.1ms (d), 3.6 ms (e), 4.0 ms (f), 4.7 ms
(g), 5.3 ms (h), and 7.0 ms (i).
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Figure 4.5: Nonpremixed propane flame propagation, 2cc, Q = 9/min, @ = 1.0, d = 1.78

mm, f=30 Hz atz=1.1 ms (a), 1.8 ms (b), 2.5 ms (¢), 3.1ms (d), 3.6 ms (e), 4.0 ms (f),
4.7 ms (g), 5.3 ms (h), and 7.0 ms (i).
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Quenching distance is defined as the critical diameter of a tube in which the flame
extinguishes rather than propagating (Turns 2000). By igniting a premixed mixture of
fuel and oxidizer in a conical tube, it is found that the reducing radius of the tube
characteristically quenches the flame at a certain diameter, which is the quenching
distance of the fuel/air mixture. Analysis has shown that the quenching distance is on the
order of the flame thickness, and the quenching distance is a function of the fuel type,
oxygen content (or equivalence ratio), temperature, and pressure. Hydrogen possesses the
lowest of all common fuel types at 0.61 mm, Table 4.1, making it the optimal candidate

for small scale combustion.

When engineering a small scale combustion chamber, the quenching distance
becomes a key constraint. Designing a combustion chamber at the same order of
magnitude as the quenching distance inherently yields high heat transfer loss, as
discussed in Section 2.2. Basically, increased heat transfer minimizes the usable energy
for generating a jet impulse, thus increasingly small combustion chambers could become

less suitable for high speed flow control applications.

The equivalence ratio is defined as the number of moles-fuel over the number of
moles-oxidizer (in this case air), relative to the stoichiometric mixture fuel/oxidizer ratio

where @ = 1 (Heywood 1988).

AW
(fue%lir ltaich Eq 4.3
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Equivalence ratios greater than 1 specify a mixture with abundant fuel, or a rich
mixture. Equivalence ratios less than 1 indicate a mixture abundant in air, or a lean
mixture (Because rich mixtures are unlikely to be used in real applications where fuel

supply is limited, tests were typically done with @ <'1).

4.2 Parametric Study of Nonpremixed and Premixed Combustor Configuration

This section discusses the effects of several primary parameters and the
performance of COMPACT as measured by the pressure and actuation frequency. These
parameters include fuel type, equivalence ratio, @, chamber aspect ratio, H/D, and

exhaust orifice diameter, d.

4.2.1 Fuel Type and Equivalence Ratio

Perhaps the most critical system parameter is the type of fuel. Since fuel
characteristics influence the actuator’s performance and therefore may affect the design
of the combustion chamber. In addition, a given fuel ratio enables substantial variations
in the details of the combustion process and actuator performance. In the present
experiments, only two types of fuel were used namely hydrogen and propane. Although
for a given equivalence ratio the flame speed in propane/air mixture is slower than in
hydrogen/air mixture, for constant volume combustion the pressure rise in propane/air

combustion is higher than in hydrogen/air combustion. However, due to COMPACT’s

33



open exhaust design, the combustion process is neither constant volume nor constant
pressure. A hydrogen powered actuator generates more pressure than with propane fuel,
primarily due to the substantially higher flame speed of hydrogen mixtures the maximum
combustion frequency with propane is lower. These effects are evident in Figure 4.6 and
Figure 4.7 which show the time history of normalized pressure for propane and hydrogen,
respectively. These data show that for propane combustion the pressure peaks decrease
while the characteristic rise time and overall combustion duration decrease compared to
hydrogen. Additionally, the range of operable equivalence ratios is also shown. For

propane a range from 0.74 < @ < 1.31 while for hydrogen 0.32 < @ < 1.15.

t (ms)

Figure 4.6: Nonpremixed propane combustion pressure time history with @ = 0.74 (—),
0.86 (—), 1.00 (—), 1.15 (—), 1.31 (—), V'=2cc, Q =4.8 L/min, d = 0.89 mm, /= 5 Hz,
H/D=1.25.
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Figure 4.7: Nonpremixed hydrogen combustion pressure time history with @ = 0.32 (-++*),
041(-),051( ),0.62(—),0.74 (—), 0.86 (—), 1.00 (——), 1.15 (—), V'=2¢cc, Q=4.8
L/min, d = 0.89 mm, f'= 5 Hz, H/D = 1.25.

The critical combustion characteristics include: flame speed, flame temperature,
flammability limits, and quenching distance. Each of these characteristics has an
important role in the design of the actuator. Fuels with a narrow band of flammability
limits are clearly more sensitive to an appropriate equivalence ratio. The present test
results show that standard ideal flammability limits measured at STP (Table 4.1) don’t
fully match with the operational equivalence ratios in COMPACT. This mismatch is
ostensibly the result of heat losses in the combustion chamber, mixing limitations, and
variation in pressure. As shown in Table 4.1, decreases in equivalence ratio allow cooler

operation of the combustion chamber but may cause quenching. Note that for pulsed
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combustion the actuator temperature during operation is significantly lower than the
flame temperature. As shown in Table 4.1, the flame speed of the fuel mixture
characterizes the time it takes for the flame front to propagate from the spark to wall,
where it is quenched. The higher the speed, the sooner the flame is quenched and the
quicker the chamber can be refilled without autoignition. Thus, the flame speed plays an
important role in determining the actuation frequency of the actuator. The flame speed is
affected by the fuel type and the corresponding equivalence ratio in addition to pressure
and temperature. However, it is also affected by the flow field characteristics within the

chamber, in particular small-scale motions, as discussed in section 4.1.

Table 4.1: Fuel properties of Hydrogen and Propane (Turns 2000; Crittenden 2003).

Adiabatic Combustion
P =constant
Flammability [Min. ignition |Quenching |Equivalence |Flame Flame
Fuel Type [Limits Energy distance, min. |Ratio Temperature |Speed
(@, 1atm) [(10-51) (mm (@ STP) (@) (K) (S .cm/s)
1.0 2432.4 210
0.9 2340.4 190
0.8 2201.5 150
Hydrogen | 0.14-2.54 1.8 0.61 0.7 2034.9 125
0.6 1849 8 90
0.5 1648.0 60
04 1428.7 35
1.0 2395.5 44
0.9 2235.6 39
Propane 0.51-2.83 26.0 1.8 0.8 2068.2 32
0.7 1892 .4 23
0.6 1707.4 15
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Figure 4.8 illustrates the benefit of nonpremixed hydrogen combustion over
corresponding premixed combustion for different equivalence ratios. As noted in section
4.1, nonpremixed combustion is characterized by small-scale mixing, resulting in higher
flame speed and higher pressures. As also shown in Figure 4.6, and Figure 4.7, an
increased equivalence ratio results in an increased pressure with shorter #yuise and zpeak. It
is also noteworthy that while at low equivalence ratio (@ < 1) the rise time of the

nonpremixed combustion is faster, this trend reverses at higher equivalence ratios

Figure 4.8: Premixed (—) and Nonpremixed (---) pressure time history at @ = 0.32 (—),
0.41(—),0.51 (—),0.74 (—), 2cc, Q = 14L/min, d = 1.98 mm, /= 20 Hz.
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4.2.2 Combustion Frequency

COMPACT is designed such that the actuation frequency is controlled by the
ignition system, allowing for a high degree of controllability. As discussed in section 2.4,
the combustion cycle has two primary stages, combustion (during #,us.) and refill (during
trefin). For a given chamber volume, V, and flow rate, Q, the idealized time needed to refill
the chamber (or residence time) is defined as V/Q and therefore the ideal combustion
frequency is fi = Q/V. This frequency is used for comparison to the actual performance
(through the nondimensional ratio f/f;). The variation of the maximum pressure ratio with

f/fi is shown in Figure 4.9. For 0 < f/f; < 1, there is enough time for the chamber to refill

— —_——_———
e N

45+ ) AN

7f;

Figure 4.9: Peak pressure vs. normalized actuation frequency, comparing ideal
performance (---) to measured performance (¢). V' = 2cc, Q = 12 L/min, @ = 0.41, d =
1.78 mm.
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completely such that chamber pressures during combustion is close to the peak levels of a
fully replenished chamber. For f/f;> 1, only a fraction of the reactants enter the chamber,
mixing with remnants of the combustion products and lowering the effective mixture
ratio, and resulting in diminished chamber pressures. However, as shown in Figure 4.9,

the point of diminishing chamber pressures starts for f/f; < 1.

Mixing of combustion products with fresh reactants within the combustion
chamber is more prominent by the increased pulse duration relative to the cycle duration
(tpuse/7) as f increases and the response time associated to the recommencement of
reactants inflow. At low actuation frequency, the available refill time, #.s, is longer than
the pulse duration, #,use. With a typical #yuse 0f 2.5 ms, at f'= 10 Hz t..sy is nearly 40 times
greater, but at 200 Hz, f.nn is the same as the #,us. The higher actuation frequencies
result in more overfill of the chamber with new fuel and air, thus more exhaust products
are mixed with the new reactants, decreasing the effective equivalence ratio seen within
the combustion chamber. In addition to the percentage increase of the combustion time,
the flow field characteristics of the chamber play a significant role in the venting of the
exhaust gases. During the combustion pulse, the high chamber pressure cuts off the
mixture inflow and the high-velocity jet carries out some of the combustion products.
After combustion, the relatively weak inflow of reactants returns and aids in the process
of venting out the rest of the products in a process called scavenging (similar to what
occurs in a 2-stroke engine). The inflow of reactants contributes significantly to the
chamber’s flow field characteristics. Inflow velocity and the turbulent structures it creates

determine how well the exhaust gases are vented. The response time for the flow to
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resume after combustion is a large factor in the refilling of the chamber. A slow response
time may cause misfires or weak combustion from the lack of effective scavenging and

too quick of a response time can cause autoignition.

The pressure time history in Figure 4.1 illustrates the effect of increased actuation
frequency. There is a clear decrease in the peak pressure with the higher actuation
frequencies as more exhaust products combine with the incoming reactants, creating a
less powerful mixture. This leads to a decrease in the rate of pressure rise at the higher
frequencies resulting in a longer #,..« while leaving #,us relatively unchanged. The
increase In fpe 1S much more significant in the premixed configuration than the
nonpremixed configuration, as a result of a higher flame speed. Figure 4.2 shows that the
higher flame speed and preferential internal flow path of air seen in Figure 4.4 and Figure
4.5 are responsible for increased actuation frequencies for the nonpremixed compared to

the premixed configuration.

4.2.3 Chamber Volume

The chamber of the combustion powered actuator can vary with size and shape
depending on application, which is one of the attributes of this type of actuator that
makes it so versatile. The present investigation has focused primarily on cylindrical
combustion chambers because of their ease of manufacture and low surface area to
volume ratio. As discussed in Section 2.2, low 4V improves the combustion efficiency

by minimizing the amount of heat transfer loss. Table 4.2 includes Ay/V for the six
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different chambers tested and includes a spherical chamber for comparison (lowest Ay/V).
The table shows that smaller combustion chambers have increasingly higher A/V,
making it more susceptible to heat losses. For consistency, all of the combustion

chambers used in this section have an aspect ratio of H/D = 1.27.

Table 4.2: Surface area to volume ratio given various volumes and aspect ratio

V)| /D | D (em) | 4, (cmd) AV
025 1.27 0.6305 22105 8.8419
0.50 1.27 0.7944 3.5089 70178
0.75 1.27 0.9093 4.5980 6.1307
1.00 1.27 1.0008 5.5701 5.5701
2.00 1.27 1.2610 8.8419 44210
2.00 227 1.0391 9.3952 4.6976
2.00| Sphere 1.5632 7.6766 3.8383

Figure 4.10a and b shows the variation of pressure time history with combustor
volume for premixed and nonpremixed combustion chambers, respectively. The flow rate
was held at 4 L/min and the chart shows the combustion pulses at f = 10 Hz, thus the f/f;
= 0.0375, 0.075, 0.11, 0.15, 0.30 for chambers 0.25cc-2cc respectively. In the premixed
chamber (Figure 4.10a) an increase in volume yields an increase in pressure, with volume
as the total chemical energy release increases. However, this trend reverses as the
chamber volume is increased to 2cc ostensibly because of the change in f/f; (since the
replenishing frequency is kept unchanged). It is also remarkable that the rate of pressure
rise 1s relatively unaltered, leading to a slight increase in the time to peak pressure, fpeak,

with increasing volume as the pressures increases. The increase in volume also results in
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longer pulses, #yuse, because more expanding products must be vented through the

exhaust orifice.

The nonpremixed operation (Figure 4.10b) shows an increase in the peak pressure
compared to the premixed combustion for all volumes tested. However, in Figure 4.10b
the change in pressure with varying volumes is less noticeable (at least at 10 Hz). Similar
to the premixed case, there is a decrease in #yuse and fpeac With a smaller chamber volume.
However, unlike the premixed case, the decrease in #,cak 1s attributed to an increase in the
rate of pressure rise, suggesting an increase in flame speed for smaller volume chambers.
This may be possible due to turbulent mixing streams comprising a higher percentage of
the chamber when volumes decrease. These data suggest that in a low chamber volume,

small-scale mixing between the fuel and oxidizer becomes more significant.
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Figure 4.10: Pressure time history, premixed (a) and nonpremixed (b) hydrogen V =
0.25¢cc (—), 0.50cc (—), 0.75¢cc (), 1.00cc (—), 2cc (—), ignition spark is fired at 1 ms,

QO =4 L/min, ®=0.51,d=0.89 mm, f = 10 Hz.
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4.2.4 Flow Rates

The mixture flow rate, Q, is the sum of both fuel and oxidizer flow rates into the
combustion chamber. The relative fuel and oxidizer flow rates are determined by the
mixture’s equivalence ratio. Operating the actuator at higher frequencies necessitates
more frequent refill of the combustion chamber, and therefore higher flow rates. As the
flow rate increases, the gas speed within the chamber also increases, affecting the speed
of the bulk flow and the rate of mixing between the fuel and oxidizer jets that can alter

the flame’s behavior.

Figure 4.11 shows the pressure time history of an actuator at three different flow
rates for the premixed and nonpremixed configurations. These pressures are measured at f
= 10 Hz, or f/fi = 0.250, 0.167, 0.125 with respective flow rates of 4.8, 7.2, 9.6 L/min.
Increasing flow rates result in higher rates of pressure increase along with higher peak
pressures (P, = 3.75, 4.5, 4.8 for premixed and P, = 4.2, 4.7, 4.9 for nonpremixed at O =
4.8, 7.2, and 9.6 L/min respectively), as a result of higher flame speed due to the mixing
enhancement and more complete venting of combustion products. It is also possible that a
small increase in pre-pressurization of the combustion chamber contributes to the
increased pressure peak. It is also noteworthy that the nonpremixed flow appears to have
a longer pulse duration than the premixed case for this chamber design. The pulse
duration does not vary substantially at the different nonpremixed flow rates (¢puise = 2.75
ms) as it does in the premixed configuration (fyuse = 2.5, 2.3, and 2.25 ms for O = 4.8,

7.2, and 9.6 L/min respectively).
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Figure 4.11: Pressure time history of premixed (—) and nonpremixed (---) hydrogen
combustion with Q = 4.80 L/min (—), 7.20 L/min (—), 9.60 L/min (), ignition spark at
I ms, V=2cc, ®=0.51,d=1.50 mm, f= 10 Hz, H/D = 1.25.

It has been observed that with an increased in f there is a need to increase the
velocities of the inflowing reactants to maintain the flow rate. Increasing f results in an
increase in the mean back pressure observed by the passive fluidic resistance element. In

order to maintain flow rates, compensation on the upstream pressure must be made.

4.2.5 Exhaust Orifice Diameter

Changing the exhaust orifice diameter alters the flow field characteristics of the

combustion chamber by adjusting the amount of restriction and pressure drop of the
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exhaust flow. Decreasing the orifice diameter increases the flow restriction, resulting in
marginally higher pre-pressurization of the combustion chamber leading to higher peak
chamber pressures. Under these conditions, more time is required for the chamber
pressure to equalize following combustion (#usc) Which can adversely affect high

operating frequency and slow down the refill phase.

Figure 4.12 shows the pressure time history of a COMPACT using three different
exhaust orifices operating in both premixed and nonpremixed configurations. There is a
significant increase in pressure and rate of pressure increase with the nonpremixed
configuration compared to the premixed across all orifice diameters. For both
configurations, an increase in orifice diameter results in a decrease in pressure and a
decrease in fyyisc - Interestingly, the rate of pressure rise for the nonpremixed flow appears
to be less affected by changes in orifice diameter than the premixed configuration,
ostensibly as a result of the small-scale mixing and higher flame speeds within the

nonpremixed chamber.
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Figure 4.12: Pressure time history of premixed (—) and nonpremixed (---) hydrogen
combustion with d = 1.61 mm (—), 1.98 mm (—), 2.21 mm (-), ignition spark at 1 ms,

V'="2cc, Q=18 L/min, ®=0.37, f= 10 Hz, H/D =2.27.
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CHAPTER S

OPTIMIZATION OF OPERATING FREQUENCY

Earlier sections have demonstrated the advantages of nonpremixed COMPACT
configurations. For applications in high-speed flow control it is necessary for the actuator
to develop high impulse at high operating frequencies. As discussed in section 2.4, the
initial development of COMPACT resulted in substantial impulse, but at relatively low
operating frequencies. Significant frequency improvement is necessary for effective high-
speed flow control. This section focuses on the optimization of these performance criteria
in terms of the primary actuator parameters for extension of the operating frequency of

COMPACT while maintaining high impulse.

There are three primary factors that affect and can limit the actuation frequency:
mixing within the combustion chamber, misfires, and autoignition following combustion.
Misfires, or combustion failure following ignition, occurs when there is inadequate
mixture of reactants near the spark, thus hampering its ability to initiate a reaction. This is
likely to occur when the desired actuation frequency exceeds the ideal actuation
frequency or f/fi > 1 and may be caused by inefficient mixing and venting of combustion
products. Autoignition occurs when the air and fuel mixture ignites before the spark
ignition due to hot spots or hot gases that remain within the combustor (note that the
minimum ignition energy of Hy/air is 1.8E-5 J, more than 14 times smaller than CsHg/air

at 26.0E-5 J (Turns 2000)). Autoignition results in uncontrollable continuous flame and
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the actuator loses it’s time-dependent functionality. The presence of the continuous flame

heats the chamber to significantly higher temperatures than pulsed combustion.

The characteristic of the flow field affects both the global large scale transport of
fuel and oxidizer and the evolution of small-scale mixing. The ability for uniform mixing
decreases when f/f; > 1. Since the time available for mixing decreases, as a result @ varies
both spatially and temporally. The mixing process is further complicated by the presence
of combustion products which must be exhausted and can lead to local dilution of the

fuel/oxidizer mixture.

5.1 Flow Field Characteristics

5.1.1 Fuel & Equivalence Ratio

As noted in chapter 4, the two types of fuel used in the present investigation are
hydrogen and propane. At STP, hydrogen has a wider range of flammability limits than
propane (D = 0.14-2.54 vs. Dcaps = 0.51-2.83) and can burn much leaner fuel mixtures
(see Table 4.1). Figure 5.1a & b show the variation of the peak combustor pressure with
characteristic operating frequencies for propane and hydrogen, respectively, for a range
of equivalence ratios. These data show that the operating frequency for hydrogen is
inherently higher than for propane, and that even near the upper limit for propane f/f; =
0.5 the pressure peak for hydrogen is significantly higher at P, = 3.6 vs. 4.75 with

propane (@ = 1.15). Recall that while the flame temperatures of propane and hydrogen
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are comparable, the laminar flame speed of hydrogen is significantly faster than that of
propane (Table 4.1). The peak actuation frequency for hydrogen is f/fi = 3.4 at very lean

mixture (@ = 0.41) at which it reaches P, = 1.85.

It is noteworthy that at high actuation frequencies the propane mixture frequently
misfires over a wide range of equivalence ratios, while hydrogen mixtures typically
misfire only at very lean mixtures (@ < 0.51). However, hydrogen tends to autoignite for
@ > 0.51. For hydrogen, (Figure 5.1b) the pressure increases with equivalence ratio until
@ = 0.74 and 0.86 where the increasingly rich mixtures leads to some pressure loss.
Propane also experiences higher chamber pressures with higher equivalence ratios until @
= 1.31. However, note that for @ = 1.31 the propane mixture appears to achieve higher
chamber pressures at high operating frequencies than @ = 1.15. This may be attributed to
mixing with combustion products at higher frequencies which may help improve the

flammability.
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Figure 5.1: Peak pressure plot of propane mixture (a) and hydrogen mixture (b) with @ =
032 (), 0.41(+),051(),0.62(—),0.74 (—), 0.86 (), 1.00 (—), L.15 (—), V=
2cc, Q0 =4.8 L/min, d = 0.89 mm, H/D = 1.25.

51



5.1.2 Combustion Frequency

As noted in section 2.4, during a combustion cycle of a combustion powered
actuator the chamber pressure rises, exceeds the fuel line pressure and subsequently halts
the flow of fuel. Air, which enters the chamber by direct injection (at sonic speed), is less
affected by the increase in chamber pressure and continues to flow during most of this
stage helping to shape the advancement of the flame front. The fuel flow resumes shortly
after the chamber pressure drops below the line pressure and this marks the start of the
refill stage. This stage is critical to insuring the occurrence of the next combustion cycle
and the relatively low flow speed within the chamber during the refill stage can result in

incomplete mixing and low equivalence ratios.

Figure 5.2 shows the effects of an increasing operational frequency on the
complete pressure time history of a COMPACT for hydrogen with @ = 0.51. These data
show that as f increases, the peak pressure diminishes, while pulse duration and time to
peak pressure are almost invariant. Although #,c.c remains virtually unchanged, the rate of
pressure rise decreases, indicating a reduction in the burn rate. The drop in burn rate can
be attributed to the change in the mixture’s s, as more combustion products remain in

the combustion chamber at higher frequencies.
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Figure 5.2: Pressure time history at f/f; = 0.10 (- ), 0.20 (—), 0.30 (—), 0.40 (——), 0.50
(—), 0.60 (—), 0.75 (—), 0.90 (—), 1.05 (—), 1.20 (—), 1.35(—), 1.50 ( ), 1.65( ),
1.80 (—), 1.95( ), 2.10 (—), 2.25(—),2.40 (), 2.55 (—), ignition at 1 ms, V' = 2cc,
0=2.4L/min, d=0.89 mm, @ =0.51, H/D =2.27.

Since the fluidic resistance element relies on the magnitude of the chamber
pressure to stop/start the fuel flow, the decrease in peak pressure at high actuation
frequencies degrades its performance. However, at the same time the refill process can

occur faster, although an early fuel flow can result in autoignition.
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5.1.3 Variation of Actuator Impulse

The two primary parameters that affect the actuation impulse are the internal
pressure and orifice diameter. Modification of the orifice area affects the combustor flow
during both the combustion and refill stages of the cycle. A smaller orifice increases
chamber pressures and raises the mean exhaust speed, but can result in lowering impulse
and reduce the flow of the combustion products. Figure 5.3 shows how the pressure time
history is affected by varying exhaust orifice diameter. As expected, these data show that
the peak pressures increase as the exhaust orifice is reduced. However, there is also
higher pressure during the refill before and after the pulse which leads to higher pre-
ignition pressure which can affect the flame speed and reaction rate of the combustible
mixture (Peters 1999; Turns 2000). It is noteworthy that the data do not show significant
changes in the time to peak pressure and the burn rate. What is changing with the orifice
diameter is the pulse duration #,s due to the change in resistance of outward flow and

therefore for pressure relief.
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Figure 5.3: Pressure time history with d = 1.50 mm (—), 1.61 mm (), 1.78 mm (),
1.98 mm (—), 2.21 mm (—), 2.54 mm (—), spark initiated at 1 ms, V' = 2cc, Q = 18
L/min, @ =0.37, H/D =2.27, h/d =2, f= 10 Hz.
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Figure 5.4: Peak Pressure with d = 1.50 mm (—), 1.61 mm (), .78 mm (), 1.98 mm
(—),2.21 mm (—), 2.54 mm (—), V'=2cc, Q=18 L/min, @ =0.37, H/D =2.27, h/d = 2.
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Figure 5.4 shows the variation of the peak pressure with orifice diameter and
actuation frequency. These data indicate that the highest peak pressures are obtained for d
= 1.5 mm. At this diameter the rate of pressure decrease with frequency is faster than at
the larger orifice diameters. While the data in Figure 5.4 show minimal variation of the
maximum operating frequency on the jet diameter, it is important to recognize that the
diameter does have a profound effect on the actuator performance. It is found that for a
given set of operating conditions there is an optimal jet diameter. For orifices smaller
than the optimal diameter, the actuator can misfire at lower frequencies due to higher
chamber pressures that increase the lag-time for the fuel supply. While larger exhaust
orifices can lead to autoignition at lower operating frequencies as the weaker chamber
pressures reduced the lag-time, filling the chamber with fuel before the flame is

extinguished.
With the assumption of isentropic compressible flow of an ideal gas, the pressure

time history during the combustion cycle allows for an estimate of the impulse. Impulse,

J (Eq. 5.1), is defined as the force integral over time (John 1969).

J = Fdt Eq. 5.1

The thrust, F, is calculated from the pressure within the chamber denoted as the

stagnation pressure, Py, and the area of the exhaust orifice, 4 (Eq. 5.2) where M is the
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Mach number, P, is the pressure at the exit plane, and Py is the back pressure for which

the jet pulse experiences after exiting the exhaust orifice.

F=|pM*y+(P,-P,)4 Eq.5.2

For Mach number less than 1, exit plane pressure equals back pressure (Eq 5.3). Mach
numbers greater than or equal to 1, P, is directly proportional to stagnation pressure (Eq

5.4).

P.=P, M<1 Eq. 5.3
£ _ 4 5083
R M>1 Eq. 5.4

The Mach number defined in Eq. 5.5 is based on the pressure ratio of stagnation pressure

over back pressure and the specific heat ratio (y = 1.41).

e L2 BY)
y—1{ R

Eq.5.5
Using a simple exhaust orifice limits the exit velocity to the speed of sound, therefore the

Mach number, M, is held at 1 for all calculations resulting supersonic speeds when P; /Py

> 1.89 at STP (unless using a converging-diverging nozzle).
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The computed variation of peak thrust with f/f; is shown in Figure 5.5. These data
show a reversed trend of the variation with orifice diameter compared to the data in
Figure 5.4, where larger orifice diameters provide higher thrust despite the low pressures.
The corresponding impulse is shown in Figure 5.6, where the pulse duration #,us. begins
at the time of ignition and concluded during pressure decrease at a pressure that is 5% of
the peak pressure above the baseline (non-combustion) pressure. As expected, the
impulse is higher at low actuation frequencies. For this case, the 1.50 mm orifice has a

significantly higher impulse than any other orifice in this operating range

Figure 5.7 shows the gain in impulse using pulsed combustion relative to the
steady flow of mixture without combustion (J/J,). The data in Figure 5.7 are computed
over the same period (#yuisc) as in Figure 5.6. The highest percent gain is for d = 2.54 mm,

and all cases exhibit a decrease with increasing frequency.

Figure 5.8 shows the variation of the “total” impulse gain (Ji.J,) over the entire
actuation cycle 7 compared with operating frequency. The orifice d = 2.54 mm has the
highest percent gain in “total” impulse. Note that the “total” impulse increases with
frequency approaching a peak value near f/fi = 0.9. While at low frequencies the pulse
duration represents a small fraction of the cycle period and therefore results in low gain,
at high frequencies, the pulse duration is a higher fraction of the actuation period and

leads to higher gain (or higher average momentum flux).
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Figure 5.5: Peak thrust [N] with d = 1.50 mm (—), 1.61 mm (), 1.78 mm (), 1.98
mm (—), 2.21 mm (—), 2.54 mm (—), V'=2cc, Q=18 L/min, @ =0.37, H/D =2.27, h/d

=2.

x 10°
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Figure 5.6: Impulse computed during #yuse [N-s] with d = 1.50 mm (—), 1.61 mm (),
1.78 mm (), 1.98 mm (—), 2.21 mm (—), 2.54 mm (—), V"= 2cc, Q = 18 L/min, @ =
0.37, H/D =2.27, h/d = 2.
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Figure 5.7: Impulse gain during #us with d = 1.50 mm (—), 1.61 mm (), 1.78 mm (
), 1.98 mm (—), 2.21 mm (—), 2.54 mm (—), V' =2cc, Q = 18 L/min, @ = 0.37, H/D =
2.27, h/d = 2.

J

Figure 5.8: Impulse gain computed over 7 with d = 1.50 mm (—), 1.61 mm (), 1.78
mm (—), 1.98 mm (—), 2.21 mm (—), 2.54 mm (—), V' = 2cc, Q = 18 L/min, @ =
0.37, H/D =2.27, h/d = 2.
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In addition to changes in the exhaust area, the effects of some modifications of the
orifice shape on the exhaust flow are considered for a given area. These changes include
the aspect ratio (h/d, as defined in Figure 3.2), orifice convergence and/or divergence. It
is noted that for steady flow (Re = 10,000) through simple circular orifices of varying
aspect ratios the minimum discharge coefficient occurs at #/d = 2 when a closed
separation bubble forms on the inner surface of the orifice throat, and the losses
associated with flow separation at the inlet are reduced (Fried and Idelchik 1989). For A/d
> 2 the losses continue to increase due to viscous losses on the surface. Crittenden (2003)
showed that at low actuation frequencies 4/d = 2 leads to lower losses in the combustion
actuator even though the flow is unsteady. However, as the actuation frequency increases,

the effect of A4/d decreases (Crittenden 2003). Similar results were found in the present
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Figure 5.9: Circular simple orifice cross-sectional and top view (a) and converging-
diverging cross-sectional view (b).
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Figure 5.10: Pressure time history varying 4/d = 2.0 (—), 0.5 (—), 0.7 converging (),
and CD nozzle (—), V'=2cc, Q = 14 L/min, @ =0.51, d = 1.78 mm, /= 30 Hz.

7;

Figure 5.11: Peak pressure vs. normalized actuation frequency varying i/d = 2.0 (—), 0.5
(—), 0.7 converging (), and CD nozzle (—), V'=2cc, Q = 14 L/min, ® =0.51,d = 1.78
mm.
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configuration as is evident from the pressure time history in Figure 5.10. These data
demonstrate that the various orifice shapes considered here have little effect on the
performance of the actuator (h/d = 0.5, 2, 0.7 converging, and converging-diverging
nozzle CD, see Figure 5.9). This observation is also demonstrated in Figure 5.11 which
shows variation of the peak pressure with actuation frequency where the highest

frequency of f/fi = 2.5 is attained with 4/d = 2.

5.1.4 Flow Rate

Operation of the combustion actuator at higher frequency requires a higher
mixture flow rate in order to refill the combustion chamber more rapidly. Clearly, the
higher flow rates have a substantial effect on the mixing process within the combustor

and can lead to changes in the combustion properties and flame propagation.

Traces of the pressure time history in Figure 5.12 illustrate the variations with
different flow rates at the same (normalized) firing frequency f/fi = 0.5. As expected, the
figure shows higher peak pressures and greater rates of pressure rise with higher flow
rates. Although #,..c decreases with higher flow rates, #yu. 1 largely unaffected. This can
be attributed to the intensified small-scale mixing that increases the flame propagation

speed.
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Figure 5.12: Pressure time history varying Q = 18.0 (—), 16.0 L/min (—), 14.0 (—), 12.0
(—)and 10.0 (), V=1.33cc, ©=0.27,d =198 mm, H/D = 1.51, f/fi=0.5.
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Figure 5.13: Peak pressure vs. actuation frequency, f, varying Q = 18.0 (—), 16.0 L/min
(—),14.0 (—), 12.0 (—) and 10.0 (—), V'=1.33cc, ®=0.27,d =1.98 mm, H/D = 1.51.
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Figure 5.13 and Figure 5.14 show the effects of the flow rate on the actuation
frequency. In Figure 5.13 the actuation frequency is not normalized and higher flow rates
yield higher actuation frequencies as expected. The maximum actuation frequency
reached in this test is /= 550 Hz with Q = 18 L/min, whereas Q = 10 L/min yields = 400
Hz. Note that the increase leads to a frequency increase of 150 Hz, where the
corresponding change in the ideal actuation frequency is 100 Hz for the V' = 1.33cc
chamber. However, when these data are plotted versus the normalized actuation
frequency in Figure 5.14 this trend is reversed and the highest f/f; is obtained at the lowest
flow rate. Thus, the lower normalized actuation frequency at higher flow rate indicates a

loss in overall cycle efficiency.

Figure 5.14: Peak pressure vs. normalized frequency, f/f;, varying Q = 18.0 (—), 16.0
L/min (—), 14.0 (——), 12.0 (—) and 10.0 (), V'=1.33cc, ©=0.27,d = 1.98 mm, H/D =
1.51.
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5.1.5 Spark Location and Multiple Ignition Points

Three spark gaps are located in a 2cc combustion chamber that was specifically
designed for these experiments. The spark height was varied through I/H = 0.25 (upper),
I/H = 0.50 (middle), and I/H = 0.75 (lower). The aspect ratio of the chamber was 2.27, air
is injected through a choked orifice at /,/H = 0.75 and »/R = 0.50, and fuel is injected

axially via the passive fluidic element.

Changing the location of the spark alters the location of the initial flame front and
the pattern of the combustion within the chamber. The effects on the pressure time
history are shown in Figure 5.15. The initial pressure rise for the lower spark starts as the
shortest, potentially because the spark is located closer to the fuel supply, which would
have the highest localized equivalence ratio. However, the rate of increase slows (at # =
1.8ms) and results in the lowest peak pressure. It is conjectured that this is the result of
heat loss as the flame front propagates along the combustor’s side wall towards the
exhaust orifice. Additionally, the flame front propagation leads to expulsion of unburned

fuel through the orifice.
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Figure 5.15: Pressure time history comparing spark location I/H = 0.75 (—), 0.50 (—),
0.25 (), V=2cc, Q=2.4 L/min, ®=0.51,d=0.89 mm, H/D =2.27, f=2 Hz.

Under ideal conditions (for uniform mixture) it would be argued that the middle
ignition point leads to a flame that advances evenly outward from the center of the
cylinder in both axial directions and is quenched at the walls with the minimal heat
transfer loss. However, the flame front still pushes some reactants from the combustion
chamber prior to burning. While the flame propagation from the upper ignition point, is
also limited by contact with the walls, it also propagates against the direction of the
nominal flow in the chamber and therefore has a slow f.. However the flame path

allows for the maximum fuel consumption and therefore leads to the highest peak
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pressure. Note that all three cases depicted in Figure 5.15 show relatively minor changes

in the pulse duration.

The variation of the peak pressures with frequency is shown in Figure 5.16. It is
remarkable that the spark location that yields the highest pressure has the t maximum
lowest maximum frequency. It is conjectured that the reason is that it takes more time for

fresh reactants to reach an ignition point.

Figure 5.16: Peak pressure vs. normalized actuation frequency comparing spark location
I/H=0.75(—),0.50 (), 0.25 (), V'=2cc, 0 =2.4 L/min, ® =0.51, d = 0.89 mm,
H/D=2.27.
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Multiple ignition points during the combustion cycle result in multiple flame
fronts and allow for faster combustion and faster pressure rise. Figure 5.17 shows the
pressure time history for three multiple ignition configurations. It is shown that a three-
spark ignition configuration (//H = 0.25, 0.50, and 0.75) has the highest performance in
peak pressure and the shortest #,cak and #puise and therefore it may be argued that multiple
sparks can lead to higher operating frequencies. Also shown are two-spark configurations
at I/H = 0.25, 0.50 and I/H = 0.50, 0.75. Figure 5.18 shows that the three-spark
configuration leads to a somewhat higher operating frequency, but not significantly

higher than for the two-spark configuration.

t (ms)

Figure 5.17: Pressure time history comparing multiple sparks and their location I/H =
0.75 & 0.50 (—), 0.50 & 0.25 (—), 0.75 & 0.50 & 0.25 (—), V'=2cc, 0 =2.4 L/min, @ =
0.51,d=0.89 mm, H/D =2.27, f=2 Hz.
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Figure 5.18: Peak pressure comparing multiple sparks and their location /H = 0.75 &
0.50 (—), 0.50 & 0.25 (—), 0.75 & 0.50 & 0.25 (), V'=2cc, Q = 2.4 L/min, @ =0.51,d
=0.89 mm, H/D =2.27, f=2 Hz.

5.2 Chamber Size and Shape

5.2.1 Chamber Volume

Figure 5.19 and Figure 5.20 show the effect of the chamber volume on the
actuation frequency (dimensional and normalized respectively). Figure 5.19 shows that
the two most notable characteristics of increasing the volume are the increase in peak
pressure, and a decrease in the maximum attainable frequency, fmax. For V'=10.25¢cc fmax 1S
highest and the rate of pressure decrease lowest. Higher volumes show a larger change in

pressure within their operating ranges. This is somewhat misleading since Q is
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Figure 5.19: Nonpremixed peak pressure vs. actuation frequency with /= 0.25 (—), 0.50
(-),0.75( ), 1.00 (——), 2cc (—), Q=4 L/min, d = 0.89 mm, and @ = 0.51.

unchanged and therefore the ideal actuation frequency decreases. When these data are
plotted at the normalized frequency (Figure 5.20), rate of change of pressure is similar for
different volumes. Also, the maximum normalized actuation frequency is attained with
= 2cc (not V' = 0.25cc) which also has a better thermal efficiency (as measured by the
ratio of Ay/V for heat transfer loss and total potential chemical energy as discussed in

chapter 4).
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Figure 5.20: Nonpremixed peak pressure vs. normalized actuation frequency with varying
V=0.25(),0.50 (), 0.75 (), 1.00 (), 2cc (—), Q =4 L/min, d = 0.89 mm, and &
=0.51.

5.2.2 Aspect Ratio

The aspect ratio AR of the combustion chamber is defined as the ratio of the
chamber height to its diameter, H/D. Changing the aspect ratio alters the surface area of
the combustion chamber walls and alters the shape of the propagating flame, which
directly affects the chemical energy release rate and the amount of heat transfer loss. As
noted early, the chamber design with the absolute minimum surface area is spherical (see

Table 4.2). The minimum surface area achievable for a cylindrical chamber has an H/D =
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1, which also enables the flame to propagate evenly to all internal surfaces at about the
same time. With AR > 1 or < 1, the flame can reach some surface earlier than others
leading to an increased heat loss. With H/D >> 1, the combustion chamber is a tube
where the flame propagates along its axis. While H/D << 1, the chamber is shaped like a
disk and the flame propagates radially. Assuming that the flame front is at a distance of
Sit from the spark, the time rate of change for the combusted volumes can be estimated

as:

Spherical fl me front (H/D = 1) Z—V = %ﬂ(SL )3 t? Eq. 5.6
4
. oV
Radial flame front (H/D << 1) & =7H (SL )zt Eq. 5.7
4
. ov &
Dual linear flame fronts (H/D >>1) & = ED S, Eq.5.8
4

These equations give a simplified approximation to the flame propagation based
on idealized operating conditions and laminar flame speed. Fastest burn times are present
with chamber aspect ratios close to unity, then chambers with H/D < 1, and slowest burn

times with chambers having H/D > 1 (Crittenden 2003).

Figure 5.21 shows the pressure time histories of the two different aspect ratio
chamber used in these investigations (H/D = 1.27 and H/D = 2.27) with the flow
conditions V' = 2cc, Q = 4.8 L/min, d = 1.50 mm, @ = 0.51, and at f= 10 Hz. The lower

aspect ratio chamber has significantly more peak pressure at P, = 4.8 for H/D = 1.27 and
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P, =3.5 for H/D = 2.27. Pulse duration remains unchanged at nearly 4 ms, however fycax
is lower with the lower aspect ratio with #peax = 0.8 ms for H/D = 1.27 and fpeax = 1.25 ms
for H/D = 2.27. Figure 5.22 plots the peak pressures to normalized actuation frequencies
showing the H/D = 1.27 chamber obtained higher actuation frequencies (f/f; = 1.7 for H/D

= 1.27 compared to f/f; = 0.8 for H/D =2.27).

Most of the combustion chambers tested in the present work have an aspect ratio
H/D = 1.27 which is similar to chambers used in the works of Crittenden (2003) and

Crittenden, Warta et al. (2006).

¢t (ms)

Figure 5.21: Pressure time history with H/D = 1.27 (—) and H/D = 2.27 (—) for V"= 2cc,
Q=48 L/min, d=1.50 mm, @ =0.51, =10 Hz.
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Figure 5.22: Peak pressure ratio vs. normalized frequency with /D = 1.27 (—) and H/D
=227 (—) for V'=2cc, Q=4.8 L/min, d=1.50 mm, & =0.51.

5.3 Fuel/Air Injection

5.3.1 Air Inlet

This section details the variations of combustor performance when the location of
the air inlet is varied with respect to the chamber height, H. The air is injected normal to
the fuel flow at /R = 0.50 to induce swirl. Three positions where explored: closest to the
fuel intake (/l/H = 0.75), centered (l/H = 0.50), and furthest from the fuel intake ([/H =
0.25). The placement of the air inlet clearly modifies the characteristics of the flow field

within the chamber, which affects its performance in both peak pressure and operating
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frequency range. Figure 5.23 illustrates that the inlet at /,/H = 0.75 and 0.50 results in the
highest peak pressures, and longest #yuse and #ycak. The inlet at [,/H = 0.25 results in the
lowest peak pressure, and has a significant decrease in #yuise and fpeax. Figure 5.24 shows
the range of operating frequencies. The highest frequency attained is for /,/H = 0.75,
followed by /,/H = 0.25, then /,/H = 0.50. Significant reduction in the actuation frequency
for I,/H = 0.50 may be the proximity of the injection to the spark which may have
precipitated a steady flame at the low frequency. It is also speculated that air injection at
l/H = 0.25 prevents thorough mixing within the chamber because of the distance from
the fuel source. The operational limit of the other two injection location is associated with

autoignition.

t (ms)

Figure 5.23: Pressure time history with air intake /,/H = 0.25 (—), l/H = 0.50 (—), [/H =
0.75 (), V=2cc, Q=4.8 L/'min, d=0.89 mm, & =0.51, H/D=2.27, f=2 Hz, r/R =
0.50.
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Figure 5.24: Peak pressure vs. actuation frequency of three air intake /,/H = 0.25 (—),
lyH=0.50 (—), I/H=0.75 (), V=2cc, 0 =4.8 L/min, d = 0.89 mm, @ =0.51, H/D =
2.27,f=2Hz, v/R = 0.50.

5.3.2 Fluidic Element

The fluidic element used in most of the actuators is made from porous sintered
metal cut into a flat disk shape. When placed at the base of the combustion chamber, it
acts as one of the chamber’s walls and quenches the oncoming flame, but has the ability
to seep gaseous fuel into the chamber. This element is implemented as the passive fluidic
“valve” by utilizing the pressure drop across it. For nonpremixed operation, the fuel
supply line requires a relatively low line pressure in comparison to the premixed case.
This lower line pressure allows the fluidic actuator to continue to operate at higher

actuation frequencies while chamber pressure decreases.
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Figure 5.25: Pressure time history with varying sintered metal porosity level of 2 (—), 5
(—), 10 (—),20 (), 40um (—), V'=2cc, Q =2.4 L/min, d = 1.50 mm, ¢ =0.51, H/D =
2.27,and f=2 Hz.

As shown in Figure 5.25, increasing the porosity of the sintered metal affects the
chamber in much the same way as increasing the exhaust orifice diameter. Highly porous
element results in a decrease in the peak pressure, as more backflow occurs through the
sintered metal. The time to peak pressure and #yus 1S noticeable shorter. Although there is
a reduction in peak pressure and impulse with increased porosity, Figure 5.26 shows that
a substantial increase in actuation frequency can be obtained at higher porosity (e.g.

20um), but there is also a reduction in the maximum chamber pressure.
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Figure 5.26: Peak pressure with varying sintered metal porosity level of 2 (—), 5 (—), 10
(—),20(C ), 40um (—), V=2cc, 0 =2.4 L/min, d =1.50 mm, @ = 0.51, H/D =2.27.

Figure 5.27: Peak pressure with varying sintered metal porosity level of 2 (—), 5 (—), 10
(—),20 (), 40um (—), V="2cc, Q =3.6 L/min, d = 1.50 mm, @ = 0.51, H/D =2.27.
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Higher porosity is needed for higher flow, as shown in Figure 5.27 for the same
combustion chamber as in Figure 5.26. The maximum frequency (not the highest

pressure) is achieved at 40pm.

5.3.3 Reed Valves

An alternative to the sintered metal element is a passive valve based on a moving
reed that allows flow in one direction only, shutting off when downstream pressure
exceeds upstream pressure. The advantage of using reed valves in COMPACT versus
sintered metal is the potential for higher chamber pressures due to lower back flow of
combustion products. The drawback however is the addition of a moving part to the

system, possibly hindering its long term reliability.

The reed valves tested in the present work were constructed out of various shim
stock materials and were fabricated by laser cutting. Figure 5.28 shows an example of a
reed valve design including a brass orifice grid plate (Figure 5.28a) which rests on the
sintered metal facing the combustion chamber. The reed valves are placed between the
combustion chamber and the orifice grid and are aligned with the orifice plate (Figure
5.28b). When the pressure in the fuel line is greater than the chamber pressure, the reed
valve opens (Figure 5.28c) to allow flow. As the chamber pressure exceeds the line

pressure during combustion, the valve close on the orifice grid to seal off the flow of fuel.
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Figure 5.28: Reed valve design utilizing two plates, inlet orifice grid plate (a), and reed
valve plate (b and c).

Figure 5.29 shows a comparison between a conventional sintered metal element
and reed valves. Several reed valve plates manufactured from 12.7 microns thick 301
stainless steel. The reeds are 0.75 mm wide and at varying lengths. Actuators with reed
valves could achieve higher pressures, as expected. A 2 mm reed provides the highest
pressure overall. The rate of pressure rise remains unchanged among each configuration
while the £k increases slightly with the reed valve setup. Pulse duration is noticeably

longer with the actuators using reed valves.

81



3,
25+
CL:\
2,
1.5+
1 P_i( e — —
| | | | | |
0 1 2 3 4 5 6

t (ms)

Figure 5.29: Pressure time history comparing conventional reedless design (—) with reed
valve lengths of 1.40 (—), 1.75 (—), 2 mm (-—), 11 reed configuration, 12.7um thick
reeds, V'=2cc, Q=14 L/min, d = 1.78 mm, @ =0.37, f= 10 Hz, H/D = 1.27.

As expected, the maximum actuation frequency decreases when the reed valves
are used as shown in Figure 5.30. The chamber configuration without reed valves has the
highest actuation frequency. However, the use of the reed valves lead to higher chamber
pressures. The temporal performance of the reed valves can be considerably improved by
altering the material from which they are fabricated and thereby increasing the natural
frequency. The design process also considered resonance modes that could lead to

destruction of the reeds.
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Figure 5.30: Peak pressure vs. normalized frequency comparing conventional reedless
design (—) with reed valve lengths of 1.40 (—), 1.75 (—), 2 mm (), 11 reed
configuration, 12.70 pm thick reeds, V'=2cc, Q = 14 L/min, d = 1.78 mm, @ = 0.37, H/D
=1.27.

Figure 5.31 shows the pressure time history comparing the different types of reed
valve material to a configuration in the absence of reed valves. All reed valves are 2 mm
long, 0.75 mm wide, and 50.80 um thick (except the graphite foil which is of 280 pm
thick). It is remarkable that all pressure curves are fairly similar. The chamber without
reed valves had the longest time to peak pressure and the median pulse duration. The
stainless steel reed valves had the highest peak pressure and the shortest pulse duration.
For maximum actuation frequency under the same test conditions as Figure 5.31, the
titanium reed valves attained the highest f/f;i = 2.15, then spring steel at f/f; = 2.10,

stainless steel at f/f; = 2, and graphite foil and fluidic element at f/f; = 1.6.
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Figure 5.31: Pressure time history comparing conventional reedless design (—) to reeds
made of 301SS (—), Spring Steel (—), Ti (—), Graphite foil (), reed length 2 mm and
thickness 50.80 um, V' =2cc, Q = 14 L/min, d = 1.61 mm, @ = 0.37, H/D = 1.27, and f/f;
=0.17.

5.3.4 Direct Injection of Fuel and Air

A combustion chamber that operates based on fuel starvation rather than fast
fluidic element could allow for actuation frequencies that are more closely linked to
flame speed rather than pressure differentials across the fluidic element. The principle is
to design a fuel and air injection system that requires a certain amount of time before the

two gases coalesce and mix within the chamber, therefore allowing time for the
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combustion process to be complete before a combustible mixture it available. Thus the
process of converting the fuel injection system to direct injection (DI), similar to the air

injection system, is tested.

Manipulating the inflow of fuel and air within the chamber significantly affects
the mixing process within the combustion chamber, which in turn affects the flame
propagation and the performance of the actuator. Four different injection configurations
are investigated to assess their affect on performance. Figure 5.32 illustrates the
configuration tested, including the standard injection technique with sintered metal
(Figure 5.32a), direct injection with induced co-rotational swirl (Figure 5.32b), direct
injection with impinging flows and induced swirl (due to the greater mass flux of air that
controls the mean flow, Figure 5.32c), and direct injection with impinging flow without
swirl (Figure 5.32d). The chamber volume is V' = 2cc, //L and Iy/L = 0.875 for the direct
injection setup with /R = 0.875 for configurations with swirl. The air inlet diameter, d,,

at 0.79 mm and the fuel inlet diameter, df, 0.40 mm.
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Figure 5.32: Different injection configurations: standard injection with sintered metal (a),
direct injection with induced co-rotational swirl (b), direct injection with impinging flow
and swirl (¢), and direct injection with impinging flow (d).

The performance variations between the different inlet configurations are shown
in Figure 5.33 and Figure 5.34. The pressure time history in Figure 5.33 shows a pressure
curve for each type of injection technique. The sintered metal configuration yields the
lowest peak pressure (P; = 3.18), and the shortest zpuse (1.09 ms) and #yeak (0.73 ms). The
direct injection with co-rotational swirl has the highest peak pressure (P; = 3.5), but the

second longest fpuse (1.73 ms) and third longest #,cax (0.89 ms). Direct injection with
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impinging flow with swirl has the second highest peak pressure (P; = 3.38), the longest
tuise (1.82 ms) and fpeax (0.96 ms). Finally, the direct injection with impinging flows
without swirl has the second lowest peak pressure (P; = 3.3) and the second shortest #yyisc

(1.49 ms) and #yeak (0.78 ms).

0 1 2 3 4
t (ms)

Figure 5.33: Pressure time history comparing the use of sintered metal (—) with direct
injection of co-rotational swirl (—), impinging swirl (—), and impinging without swirl
(—), V'=2cc, Q =14 L/min, d = 1.98 mm, @ = 0.37, H/D = 1.27 (100 micron sintered
metal used).
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Figure 5.34: Peak pressure comparing the use of sintered metal (—) with direct injection
co-rotational swirl (—), impinging swirl (—), and impinging without swirl (—), V' = 2cc,
Q=14 L/min, d =1.98 mm, @ =0.37, H/D = 1.27 (100 micron sintered metal used).

Figure 5.34 shows the variation of peak pressure with normalized actuation
frequency of the various inlet configurations. The sintered metal configuration has the
lowest overall pressure readings on average and the second highest actuation frequency
(7/fi = 1.7). Direct injection with co-rational swirl has the highest peak pressure and the
highest actuation frequency (f//i = 2.14). This is likely due to the spacing between
injectors being the furthest apart in this configuration, allowing more time before mixing
and more mixture to be present. Direct injection with impinging flows with swirl had the

second highest peak pressure from 0 < f/f; < 0.6, but drops f/f; > 0.6 at the end of its range
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and stopping short with the lowest actuation frequency (f/fi = 1.2). This configuration has
the closest placement of the fuel and air injectors to each other, limiting both time and
mixture quantity. Lastly the direct injection with impinging flows without swirl had the
second highest actuation frequency on average and tied with the second highest actuation
frequency (f/fi = 1.7). This placement of injectors is the second closest of the

configurations, which justifies its performance.
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CHAPTER 6

CONCLUSION

The combustion powered actuator (COMPACT) is a novel and high momentum
flux fluidic actuator that can provide brief high-impulse actuation for flow control. A
robust reliable design is possible due to the absence of moving parts, and the actuator can
also be easily integrated in many flow systems because of its flexible geometry which

allows it to conform to a wide range of confined spaces and aerodynamic surfaces.

The performance of COMPACT depends primarily on the maximum actuation
frequency and peak pressure. As shown in earlier work the combustion chamber peak
pressure decreases as the actuator frequency increases. This is expected since an increase
in operating frequency reduces the amount of time in which fresh reactants can enter the
combustion chamber for the following combustion cycle. As actuation frequency
increases, more residual combustion products dilute the fuel/oxidizer mixture and
therefore the energy release per cycle decreases (although the impulse over a given

period of time can increase).

In earlier investigations of COMPACT the actuator design was based on
premixed configuration in which the fuel and oxidizer were mixed upstream of the

combustor. This configuration results in performance limitations that can be alleviated by
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using a nonpremixed configuration in which the fuel and oxidizer are mixed within the
combustion chamber and the focus of the present investigation. It is shown that
nonpremixed configuration can improve both the maximum operating frequency and the
peak pressure by taking advantage of the internal small-scale mixing within the
combustion chamber. Small-scale mixing results in higher flame speed and can be
manipulated to allow for preferential internal flow path of the combustion products. This
along with higher flame speed leads to an increased chamber pressure and shorter

actuation cycle that raises the actuation frequency.

The present work has considered the effects of several actuator parameters on

the overall performance:

Exhaust Orifice (area and shape). The size directly affects the thrust and impulse
of the exhaust jet and changes in the orifice area result in significant changes in chamber
pressure and pulse duration. In addition to its effect on the thrust, the chamber pressure
also controls the operation of the fluidic element and the fuel flow and therefore the time
delay associated with the supply of fuel to the chamber. When the chamber pressure is
low (i.e. large exhaust orifice), fuel flow into the chamber is faster and can result in
autoignition. When the chamber pressure is high (i.e. small exhaust orifice), the fuel
supply following combustion is delayed which can result in misfire. Several exhaust
orifice configurations were tested and the results indicate that a simple orifice with aspect

ratio (diameter to thickness) 2 yield the best performance.
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Mixture Flow, the flow rate of fuel and oxidizer are a crucial performance
parameter. The present results show that increasing the mixture flow rate to the
combustion chamber results in a higher ideal firing frequency, higher actuation
frequencies, and often higher chamber pressures. However, it was also found that
although high flow rates often lead to higher (dimensional) operating frequencies they

also result in lower peak normalized frequencies.

Chamber Volume. A decrease in the chamber volume increases the ideal firing
frequency, provides higher maximum actuation frequencies, but usually at lower peak
normalized frequencies. Furthermore, a reduction in chamber volume results in a

decrease of the peak chamber pressure primarily to a higher heat transfer loss.

Ignition Locations. The location of the spark source affects the flame
propagation and therefore the actuator performance. A spark at located 0.25L below the
exit plane forces the flame front to propagate upstream, opposite the direction of the
nominal gas flow, resulting in the highest peak pressure but lowest maximum actuation
frequency. When the spark is located 0.75L below the exit plan the flame front
propagates downstream with the nominal gas flow resulting in the lowest peak pressure
but the highest maximum actuation frequency. The centrally located spark (0.50L below
the exit plane) enables the flame front to propagate in both directions, optimizing the
peak pressure and maximum actuation frequency. Using multiple sparks during the
combustion cycle can improve both pressure and maximum actuation frequency by faster

fuel consumption which reduces rise time. Using three spark gaps at I/L = 0.25, 0.50, &
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0.75 provides the highest peak pressures and maximum actuation frequencies with the

shortest rise time and pulse duration.

Air Injection. The location of the injection was designed to provide swirl motion
within the combustion chamber. The injection port was varied axially to 0.25L, 0.50L,
and 0.75L below the exit plane. It was found that injection at 0.75L yielded optimal
actuation frequencies and peak chamber pressure (best performing configuration). Air

injection at 0.25L resulted in the lowest chamber pressure.

A passive fluidic element in the nonpremixed COMPACT is used to regulate the
flow of fuel while the air is injected at sonic speeds directly into the chamber. Earlier
premixed designs had to regulate the mixture of both fuel and air, using a relatively high
feed-line pressure. In the nonpremixed configuration the pressure upstream of the fluidic
element is lower, allowing the actuator to operate at lower chamber pressures. This is
extremely important at high actuation frequencies when the chamber pressure is
inherently lower. It was also found that the resistance of the fluidic element as measured
by the porosity of the sintered metal can significantly affect the performance of the
actuator. High porosity metal allows more combustion products to pass upstream through
the fluidic element during the actuation cycle, resulting in lower peak pressures and
shorter pulse durations. Of course, higher porosity is needed for high flow rates to attain

in increased actuation frequency.

93



Reed Valves. The flow of fuel was also controlled with reed valves with the
objective of increasing the chamber pressures with reduced backflow of combustion
products. It is shown that the use of reed valves results in higher jet impulse, however the
mechanical valves raise concerns regarding fatigue and therefore reliability. Additional
concern with the (thin metal) reed designs is that they retain significant heat and can lead

to premature autoignition.

Direct Fuel Injection. When the fuel inlet is changed to direct injection, the
combustor can deliver high jet impulse. However, the fuel injection system operates at
subsonic speeds while the air injection operates at sonic speed. Similar to the fluidic
element, the high chamber pressures during combustion temporarily stops the fuel flow
long enough for the flame to extinguish before re-injection (fuel injection at sonic speed
can cause autoignition). Three configurations of direct fuel and air injection were tested:
co-rotational swirl, impinging flows with swirl, and impinging flows without swirl. The
maximum actuation frequency depends on the distance between air and fuel injectors.
The furthest distance configuration (co-rotational swirl) yields the highest actuation
frequency while the shortest distance configuration (impinging flow with swirl) has the
lowest actuation frequency. The highest peak pressures and second longest pulse duration
occur during co-rotational swirl. Impinging flow without swirl results in the shortest
pulse duration and rise time with the second highest pressure levels through the
frequency range. Impinging flow with swirl had the longest pulse duration and rise time

with the lowest peak pressure levels through the operating range.
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