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A mid-infrared laser absorption sensor is designed and used for time-resolved fuel concentration measurements in
pulse detonation engines. A 3.39 um helium-neon laser is fiber coupled to the engine, enabling optical absorption
measurements for engine firing rates ranging from 5 to 40 Hz. Individual components (e.g., fiber-coupling lenses,
optical fiber, and detectors) are optimized to minimize the effects of vibration and thermal emission. Fiber-coupling
enables delicate components to be isolated from engine vibration and detonation pressure waves. The first-
generation design is used to measure ethylene concentration with a single-cycle signal-to-noise ratio of ~7 for fired
tests. The sensor is redesigned and measurements are performed on a different engine at multiple axial locations to
extract fuel time of flight and concentration. Ethylene and propane concentration measurements were made,
demonstrating the versatility of the sensor for multiple fuels. Single-cycle measurements of ethylene for fired tests
have a signal-to-noise ratio of ~6 whereas measurements of propane have a signal-to-noise ratio of ~80, reflecting the
larger absorption coefficient of propane at this wavelength. Comparison of fired and unfired tests reveals the effects
of cycle-to-cycle interactions for the fired tests. Time-resolved fuel concentration measurements are shown to be
crucial for understanding engine dynamics in high-repetition-rate pulse detonation engines.

Nomenclature
Ageector = detector area
aiy = spot size (1/e radius) of a beam that is being
focused
Armin = diffraction-limited focused spot size (1/e radius)
D = fiber diameter
Dppnues = annulus outer diameter
Core = inner diameter of annulus
D* = detector responsivity
f = lens focal length
(I/1,); = fractional transmission at wavelength A
L = path length, cm
N = number of transverse modes of a collimated beam
NA = numerical aperture of an optical fiber
P = total static pressure, atm
P; = partial pressure of species i
Picicenn = optical power incident on a detector
eident = optical power per unit area incident on a detector
X; = mole fraction of species i
o = absorbance
B = absorption coefficient, cm™! - atm™!
Af = detector frequency bandwidth
A = absorbance difference
A = wavelength

1. Introduction

UEL concentration measurements are critical for propulsion
applications because stoichiometry affects pollutant emissions,
power output, fuel efficiency, and engine stability. Additionally,
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research engines require accurate fuel diagnostics to improve
understanding of the complex physical processes that govern the
mixing and combustion of the fuel and oxidizer. One type of research
engine, the pulse detonation engine (PDE), has recently received
great attention in the aeropropulsion community because of its
potential for increased thermodynamic efficiency and reduced
mechanical complexity [1,2]. Simply stated, a PDE is a tube closed at
one end and open at the other. The tube is filled with a fuel/air mixture
that is ignited at the closed end. A combustion wave forms, starting
out as a deflagration and quickly evolving into a detonation. As the
detonation wave exits the open end of the tube, the exhaust gases exit
the tube at high velocities, creating thrust. This cycle is repeated, to
provide continuous thrust.

Whereas the most basic PDE is a simple device, it can be
challenging to maintain stable and efficient engine operation at high
firing rates. It has been shown that overall fuel stoichiometry and
axial fuel distribution are both critical parameters for PDE operation
[3]. Thus, accurate and time-resolved fuel diagnostics are needed to
aid understanding of the effects of fuel loading and distribution on
PDE operation at high repetition rates.

Optical absorption of near-infrared (near-IR) laser light has
previously been used to study the time history of ethylene
concentration in a PDE. That earlier work illustrated the usefulness
of time-resolved fuel measurements to optimize and control fuel
valve timing [4]. However, because the near-IR light probes the first
overtone of the C—H vibrational stretching modes, the absorption
coefficients are small. Larger hydrocarbon species (e.g., propane, jet
fuel), have even smaller absorption coefficients in the near-IR, hence
limiting usefulness of near-IR fuel sensing. Clearly, a more universal
fuel sensor is needed for PDE research [3,6].

Mid-IR absorption at ~3.4 um is approximately 100 times
stronger than near-IR absorption because this mid-IR light accesses
the fundamental frequencies of the C—H stretch while absorption in
the near-IR accesses overtone frequencies. The 3.39 um HeNe laser
is an inexpensive mid-IR source that is well-suited for optical
absorption measurements of hydrocarbons. This laser has been
demonstrated for fuel detection in several practical devices including
a gas turbine combustor [7], an internal combustion engine [§8], and
an unfired PDE [9,10].

We have designed a fiber-coupled mid-IR diagnostic using a
3.39 um HeNe to measure time-resolved fuel concentration in a fired
PDE. We demonstrate this sensor by measuring ethylene and
propane concentrations in a PDE. The robust design of this sensor
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enables precise fuel concentration measurements, despite severe
vibration of the PDE. This same sensor is applicable to many
hydrocarbon fuels [11,12].

First, the optical engineering used to select the individual
components of the sensor is described (i.e., the optical fiber, detector,
and other optical components). The sensor layout is described for
demonstration measurements in an ethylene-fueled PDE, where it is
used to record fuel time of arrival and concentration. Improvements
are then made to the sensor to reduce interference from thermal
emission and the second-generation sensor is used to measure both
ethylene and propane in a fired PDE. These measurements confirm
that the sensor is robust, providing the capability to measure time-
resolved fuel concentration in the harsh environments typical of
ground test applications.

II. Fuel Sensor Design

We begin the discussion of fuel sensor design with a review of
Beer’s law of optical absorption, which relates fractional
transmission of a monochromatic source to the concentration of an
absorbing species. We then describe how single-mode and
multimode beams are focused and collimated and how this affects the
fiber selection. Subsequently, we discuss detector characteristics and
the criteria that were used to choose our detector. Finally, we describe
the detailed design of our first-generation fiber-coupled fuel sensor.

A. Optical Absorption by a Gaseous Mixture

Optical absorption is a line-of-sight technique that can be used to
measure the mole fraction of a target species. Beer’s law describes
absorption of a monochromatic source, with wavelength A, in a
uniform gaseous mixture with a single absorbing species:

(1) —ewcprxn=ewe-prn W
0/ &

The quantity 8, P;L is known as the absorbance and in this paper is
given the symbol «. Measurements of the fractional transmission can
be used to calculate mole fraction of the absorbing species if the total
pressure, path length, and absorption coefficient are known.

In our measurements, the pressure is approximately atmospheric
and the path length was measured. It should be noted that the
absorption coefficient f; can be a function of pressure and
temperature. For the fuels used in the present work (i.e., ethylene and
propane), the pressure dependence can be neglected. However,
temperature dependence must be considered. For the room-
temperature measurements of propane, we used an absorption
coefficient of 8.2 cm™'-atm™'; for ethylene, the absorption
coefficient was 0.193 cm™!-atm™! at room temperature and
0.2 cm™' - atm™! at 430 K. The small temperature dependence of the
ethylene absorption coefficient simplifies the interpretation of the
data for conditions with uncertainty in the gas temperature.

B. Design Considerations

‘When designing a fiber-coupled sensor for harsh environments, it
is critical to optimize the individual components. The fuel sensor,
schematically shown in Fig. 1, can be divided into three sections:
1) the fiber-coupling section, 2) the test section, and 3) the detection
section. The HeNe laser is coupled into a fiber that routes the beam to
the engine. The beam passes through the engine and is collected into
the detection section and measured with a mid-IR detector. Here we
discuss selection of the sensor components that need to be optimized,
including fiber-coupling lenses, optical fiber, and mid-IR detectors.

The choice of optical fibers depends strongly on the minimum spot
size of the beam. For a beam with a single Gaussian transverse mode,
the diffraction-limited spot size (1/e radius), a.,,, is given by the
following equation [13]:

fA
Amin =
Td;,

2

Thus, a lens with a short focal length can be used to minimize the
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Fig. 1 Fuel sensor schematic: 1) fiber-coupling section, 2) test section,
and 3) detection section.

focused spot size. For a beam with a multiple number of transverse
modes N, the focused spot size scales in proportion to NfA /a;,. For
our sensor, we selected a plano-convex lens with 1 cm focal length,
and for our multimode laser, the beam was focused from a measured
spot size of ~650 um (1/e diameter ~1.3 mm) to a spot size of
~31 pum (1/e diameter ~62 mm).

The diameter of the optical fiber is also an important design
parameter because it directly affects the ease and efficiency of
coupling into the fiber as well as the quality of the beam exiting the
fiber. Light is more easily coupled into a large-diameter fiber.
However, large-diameter fibers support more transverse modes. A
collimated beam with a large number of transverse modes suffers
from greater divergence and has a larger focused spot size.
Additionally, small movements of the fiber cause the energy in the
individual modes to be redistributed randomly. The energy from
each mode must be collected with equal efficiency or this
redistribution will result in a phenomenon known as “mode noise.”
The number of transverse modes that can be propagated in a fiber is
given by the following equation [14]:

nD(NA)) 2

. 3

N:0.5(

Thus, to minimize the number of transverse modes, the fiber diameter
and numerical aperture should be small. However, a large fiber
diameter and numerical aperture enable easier optical alignment and
less sensitivity to misalignment. For our sensor, we chose a
200-um-diam fiber with numerical aperture of 0.27. This fiber
diameter enabled easy coupling of our HeNe beam and allowed some
misalignment between the laser, coupling lens, and fiber while
maintaining a high coupling efficiency.

Optical fibers that transmit in the mid-IR are made from a variety
of materials including fluoride glass, chalcogenide, sapphire, and
silver halide. Sapphire fibers are unattractive for this application
because they are expensive, brittle, and only available in short
lengths (<2 m). Silver halide fibers are undesirable because they are
expensive and their transmission properties are optimized for longer
wavelengths (~6—14 pum). Chalcogenide and fluoride glass fibers
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are both viable choices for this application. Fluoride glass fibers were
selected because they are less expensive than chalcogenide fibers and
provide lower reflection losses at the surfaces due to the lower
refractive index of fluoride glass.

Like mid-IR optical fibers, mid-IR detectors use a variety of
materials. These detectors can be divided into two main categories:
1) photo-voltaic (PV) and 2) photo-conductive (PC). A PV detector
generates a current (or voltage) when light within the proper
wavelength range is incident on it. In a PC detector, the electrical
conductivity of the material is a function of the amount of light
incident on it. PV detectors are preferred because PC detectors
exhibit more “1/ fnoise” where the detector noise is concentrated at
low frequencies (i.e., the noise is not “white”).

Having limited our selection to PV detectors, several choices are
still possible including InSb, InAs, and HgCdTe detectors. An InSb
detector is typically mounted in a large Dewar and requires cryogenic
cooling, which makes it more difficult to mount to a vibrating PDE.
InAs and HgCdTe detectors, however, are both available in compact,
thermoelectrically cooled packages. In our testing, the HgCdTe
detectors have exhibited spatially nonuniform response, making
them more susceptible to mode noise and beam misalignment. Thus a
thermoelectrically cooled InAs detector was chosen for our first-
generation sensor.

Detectors are commonly characterized by a quantity known as the
detectivity D*, which is related to the noise equivalent power (NEP)
through the following equation [15]:

Adetector Af
NEP

D* = )

The NEP is the amount of incident power required to equal the
magnitude of detector noise. Thus, the laser intensity signal-to-noise
ratio (SNR) is given by

SNR = Pincident _ PincidemD* (5)
NEP Vv Adeteclnr Af

For our first-generation sensor, an integrating sphere was used to
homogenize the light that was incident on the close-coupled detector.
The effect was that the laser power exiting the integrating sphere was
uniform across the sphere exit aperture, which was much larger than
the detector element. In this case, the amount of light incident on the
detector increases with detector area and the calculation of SNR
changes to

/" 7
SNR = PincidemAdeleclor — PincidemD * Adeleclor (6)

NEP JAT

[Note that if the integrating sphere exit aperture was smaller than the
detector area, the incident power would be independent of the
detector area and the SNR would be calculated by Eq. (5)]. Thus, the
detector SNR is increased with large detectivity and detector area,
but small frequency bandwidth. Our detector (Judson Technologies
model J12-TE2-66D-R02M) was a two-stage thermoelectrically
cooled InAs detector witha D* of 4 x 10'® cm - Hz!/2 - W~ and a 2-
mm-diam detection element. For the typical 30 uW of power
incident on the detector and frequency bandwidth of 1 MHz, the SNR
is ~6600 and detector noise can be neglected for this measurement.

C. Fuel Sensor Design for a PDE

The fuel sensor system (Fig. 1) is composed of three components:
1) the fiber-coupling section, 2) the test section, and 3) the detection
section. The fiber-coupling section is composed of the hardware and
optics necessary to couple the 3.39 um laser into the fiber and
transmit the light to the engine. The test section is a modified engine
section that provides optical access to the PDE. The optics and
hardware that collect the transmitted beam from the test section and
convert the light into a voltage signal are contained in the detection
section. The design of each of these sections is described in more
detail in the following paragraphs.

The first component of the fiber-coupling section is the 3.39 um
HeNe laser. The HeNe laser is a relatively inexpensive, widely
available gas laser. Our laser is a Spectra-Physics model SP-124B
HeNe laser with a power output of ~5 mW at 3.39 um and
measured intensity noise of ~0.3% (one standard deviation). We
found that our laser emits laser light at both 3.39 pm and 1.15 pm.
Whereas some of the 1.15 pum light was coupled into the fiber, an
optical filter in the detection section removed the 1.15 pum light,
leaving only the 3.39 pm component.

As a means of isolating the HeNe laser from the vibration of the
engine, it was coupled into a fluoride glass fiber with core diameter of
200 um, numerical aperture of 0.27, and length of 7 m
(transmission = 80% @3.39 pum). The beam was reflected off two
1-in.-diam mirrors before being focused into the fiber. Each mirror
was affixed to a 2-degree-of-freedom (DOF) rotating mount,
allowing the beam to be precisely coupled into the small-diameter
fiber. The beam was coupled into the fiber using a 6-mm-diam fused-
silica plano-convex lens with a 8.7 mm nominal focal length
(Avantes model Col-UV/Vis). The focused 1/e beam diameter with
this lens is ~62 pum, enabling efficient coupling of the beam with
some latitude for misalignment and vibration. Although the fused-
silica lens absorbs light at 3.39 pum, it is sufficiently thin to transmit
~80% of the beam, including reflection losses at the lens surfaces.
These lenses were preferred over standard IR lenses because they
have a short focal length, they are mounted to fiber-coupling
hardware, and the absorption losses are comparable to reflection
losses of uncoated IR-grade optics.

In the test section, the light from the mid-IR fiber was collimated,
and then transmitted across the diameter of the tube, through the test
gas, and into the detection section. The beam was collimated using a
second collimating lens (8.7 mm focal length). The collimating lens
was rigidly attached to the engine, maintaining optical alignment as
the engine was fired. Two tapered sapphire windows (1.25 cm clear
aperture, 1.25 cm thickness) provided optical access to the engine.
The taper was such that the pressure spikes behind the detonations
forced the windows into the window mounts, insuring that the
windows remained secure during engine operation.

From the test section the beam entered the detection section which
was rigidly attached to the engine. In this section, the beam is first
focused into an integrating sphere. The diffusely reflected light exits
the integrating sphere, passes through a band-pass optical filter and
onto the detector. The beam was focused into the integrating sphere
using a sapphire plano-convex lens (2.54 cm diameter, 2.54 cm focal
length). This lens was mounted in a 2-DOF X-Y translation stage so
that the focal point of the lens could be precisely centered on the
integrating sphere entrance aperture. The focused beam diameter at
this point was ~500 pum, which is sufficiently small to be easily
coupled into the 6.35-mm-diam integrating sphere aperture.
Between the detector and the integrating sphere, an optical band-
pass filter (Spectrogon model NB-3390-060 nm) was used to reject
thermal emission and the unwanted 1.15 um radiation from the
laser. The filter transmits ~88% at 3.39 um and has a 60 nm
transmission band (FWHM) centered at 3.39 pm. The gold-coated
integrating sphere has a 2.54 cm diameter and 6.35 mm ports
(SphereOptics model SPH-1-4). Using this integrating sphere, only
~2% of the light coupled into the sphere is incident on the detector.
However, this sacrifice in power was acceptable because the
integrating sphere renders the detection section insensitive to beam
misalignment.

III. Fuel Measurements in a PDE

The first-generation fiber-coupled sensor was used to measure
ethylene concentration in a high-repetition-rate PDE where the data
were used to report fuel time of arrival and concentration. From these
experiments, design changes were made to the sensor, leading to the
second-generation fuel sensor. This sensor was subsequently used to
measure ethylene and propane in a different PDE. Time-resolved fuel
measurements in this latter engine revealed residual unburned fuel
that could not be detected by standard ground testing
instrumentation, but must be included in models of PDE
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Fig. 2 Schematic of the PDE at the Naval Postgraduate School.

performance. Hence, the laser absorption diagnostic proved to be a
valuable tool for optimizing engine performance and investigating
cycle-to-cycle interactions.

A. PDE Description

A diagram of the air-breathing PDE is shown in Fig. 2 and is
described in detail in [16]. The optical ports are located ~2.5 cm
downstream of the initiator exit. The engine is mounted on a thrust
stand that allows it to travel ~5 cm during a fired test, thus a free-
space beam would not provide a useful measurement and fiber
coupling is necessary.

Upstream of the test section, the engine is divided into two
sections: an outer annulus and an inner core. An ethylene/air mixture
flows through the outer annulus, and this mixture comprises ~93%
of the mass flow supplied to the engine. The ethylene/oxygen/air
mixture in the inner core is responsible for initiating combustion and
accelerating the transition from deflagration to detonation. The outer
annulus of the engine (outer diameter = 7.3 cm, inner diameter=
4.45 cm) supplies a constant supply of vitiated air at ~430 K (i.e.,
the air supply is valveless). Ethylene is injected into this airstream by
four pulsed fuel injectors. Stoichiometry is controlled by the ethylene
pressure supplied to these injectors. Air constantly flows through the
initiator core (diameter = 4.45 cm) at a small flow rate. Before
ignition, pulsed injectors in the initiator inject a small amount of
ethylene and oxygen. The oxygen-enriched mixture in the initiator is
then ignited with a spark plug, consuming the fuel/air mixture in the
initiator and creating a combustion wave that passes into the main
combustion chamber of the engine. For this engine design, the timing
of the fuel injection relative to the ignition event is critical for
detonation formation. Furthermore, control of overall stoichiometry
and axial fuel distribution is crucial for efficient and stable operation.
Thus, a time-resolved fuel diagnostic was anticipated to be a valuable
tool for development of this PDE.

B. Fuel Measurements from the First-Generation Sensor

Ethylene concentration measurements were made for fired tests at
repetition rates ranging from 10 to 40 Hz. Our measurements
provided the time of arrival of the fuel as well as the fuel
concentration. The temperature dependence of the ethylene
absorption coefficient at the vitiator temperature of 430 K is small
(~5% change in B between 298 and 430 K) so that uncertainty in
temperature of the vitiated air did not affect our measurements. The
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Fig. 3 Ethylene absorbance measurements for 40 Hz fired PDE tests.

measured fuel concentration was then used to calibrate the main
combustor stoichiometry as a function of the fuel supply pressure.

Single-cycle measurements for 40 Hz operation are shown in
Fig. 3. Measurements made at other repetition rates yielded similar
results that are not shown here. Data were plotted after 1 s of
operation so that steady-state operation could be observed. The
stages of the operating cycle for this PDE can be observed and an
idealized fuel concentration profile is shown as a dashed line to aid
interpretation of the data. The cycle begins when the fuel injector is
commanded to open (i.e., at 1000, 1025, 1050 ms). At this point in
the cycle, the main combustor has been purged, so there is no
absorption of the beam. After ~5 ms, the fuel arrives at the
measurement location (1). Subsequently, the absorbance reaches an
initial plateau value. At ~12 ms into the cycle, a second increase of
absorbance is observed due to arrival of the fuel injected in the
initiator (2). A second plateau is observed, and then, after about
19 ms into the cycle, the detonation wave passes by the measurement
station, consuming the fuel (3). For ~5 ms following the detonation
wave, broadband emission is detected, creating noise that appears as
negative absorbance (4). However, the hot exhaust gases are quickly
purged from the system, and the cycle begins again.

For the ethylene measurements, the absorption coefficient at
3.39 pum is low (0.19 cm™! - atm™' at 430 K), resulting in a peak
absorbance of ~0.10 for X¢pyiene = 7.2%. The dominant source of
noise and measurement uncertainty results from the optical fiber
vibrating while the engine is firing. While the fiber was constrained
everywhere possible, the ~0.7% intensity noise (for one standard
deviation) from the vibrating optical fiber resulted in an absorbance
SNR of ~7 for the main combustor (i.e., the first plateau in Figs. 3
and 4) and a resultant measurement uncertainty of ~14%. In
comparison, before the first detonation event, the intensity noise was
only 0.3%.

To improve the SNR of our measurement, we used a 10-cycle
average of the measured absorbance, which reduced the measure-
ment uncertainty to ~5%. This enabled us to calculate accurate
concentrations for the two observed plateaus in fuel concentration.
Because our sensor was only one initiator diameter downstream of
the initiator exit plane, the fuel/air mixtures from the core and annular
regions were not fully mixed. Using the two plateau absorbance
values from Fig. 4, the fuel concentration in the initiator and main
combustor can be calculated using Egs. (7) and (8):
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Fig. 4 Ten-cycle average of ethylene absorbance for 40 Hz fired PDE
tests.
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Because the fuel entering the main combustor passes only through
the annular section, the diameter of the core must be subtracted as it
contains only air during the first fuel plateau. To calculate the fuel
concentration in the initiator, the change in absorbance between the
first and second plateaus is used:

Q)

XMainCombuslor =

A(xlz
ﬁk PDCore

The fuel mole fraction of the initiator was held constant at ~7.5%
(¢ =1.2) for our tests, while the stoichiometry of the main
combustor was varied. The fuel sensor was then used to measure the
dependence of the main combustor equivalence ratio on the ethylene
pressure supplied to the fuel injectors, thereby calibrating the fuel
injection system. The absorption sensor was used to calibrate the
fuel/air stoichiometry as a function of fuel delivery pressure, as
shown in Fig. 5. The error bars indicate one standard deviation of the
measured equivalence ratio during the first plateau period and are an
indication of the axial nonuniformity of the fuel concentration. Thus,
the first generation of the mid-IR fuel sensor successfully captured
the fuel time of arrival relative to the fuel injection timing and has
enabled a stoichiometry calibration for the fuel system in the Naval
Postgraduate School PDE. This calibration is useful for continued
studies of engine performance, after the laser diagnostic has been
removed from the engine.

®)

Xlnitiamr =

C. Design Modifications for the Second-Generation Sensor

Testing of the first-generation mid-IR sensor revealed
interferences from emission by the postcombustion gases and
sensitivity to mechanical vibration of the optical fiber. The sensor
was redesigned to reduce these effects and additional modifications
were made to improve overall compactness and ease of installation.
A schematic of the redesigned sensor is shown in Fig. 6. The fiber-
coupling and detection sections are located in an electronics bunker
whereas the test section is attached to the engine. In the redesigned
sensor, a second optical fiber routed the beam back to an electronics
bunker where the detection apparatus had been relocated. This
modification isolated the detector from the engine vibration and
allowed the use of a cryogenically cooled InSb detector. This
detector provided better stability of the background signal and was
more sensitive at our laser wavelength. Additionally, by replacing
the large-aperture integrating sphere with a small-diameter optical
fiber (D ~ 480 pum), we eliminated the thermal emission from the
hot exhaust gases without exhibiting sensitivity to beam steering and
misalignment.

In the redesigned sensor, a higher SNR was desired to eliminate
the need for cycle averaging. One way to obtain a higher SNR would
be to reduce the amount of noise contributed by fiber vibration.
However, because fiber noise was comparable for all the fibers we
tested and the fiber was already constrained from vibration as much
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Fig. 6 Schematic of the second-generation fuel sensor for fuel
measurements in a PDE.

as possible, no improvements were achieved in this regard. A second
method to increase the SNR during the fuel-filling process is to use a
combination of laser wavelength and fuel with a higher absorption
coefficient. A significantincrease in SNR was achieved when the fuel
was changed from ethylene (absorption coefficient ~0.193 cm™! -
atm™! at 298 K and 3.39 um) to propane (absorption coefficient
~8.2 cm™! - atm™! at 298 K and 3.39 pum).

The fiber-coupling optics were modified to reduce the spatial
footprint of the sensor. Instead of using two adjustable mirrors, as in
the previous design, the coupling lens was mounted in a 5-DOF
translation/rotation mount. This single mount performed the task of
the two adjustable mirrors and enabled sensitive alignment of the
lens/fiber/laser combination while reducing the amount of space
required by the sensor and reducing the amount of time required for
alignment.

With the exception of the fiber-coupling scheme, all of the other
optics and hardware for the fiber-coupling and test sections remained
unchanged. However, several changes were made to the detection
section. The beam was coupled from the test section into a second
optical fiber (480 pm diameter, 2 m length), significantly reducing
the amount of diffuse thermal radiation that was coupled into the
detection section. This smaller aperture required a smaller focused
spot size and more sensitive alignment than was previously
implemented. To reduce the focused spot size, the 2.5 cm focal length
lens was replaced with a 8.7 mm focal length lens, resulting in a
focused spot size of ~200 pm compared to the ~500 pm spot size
with the previous lens. The lens was mounted in a lockable 5-DOF
translation/rotation stage so that the fiber-coupling optics could be
easily aligned on the engine and bolted down during testing.

The fiber transmitted the beam to an adjacent electronics bunker,
isolating the detector from the engine vibration and pressure waves.
The beam exiting the optical fiber was collimated with another
8.7 mm focal length collimating lens, then focused onto a 2-mm-
diam cryogenically cooled InSb detector (Judson Technologies
model J10) using a sapphire plano-convex lens with a focal length of
2.5 cm and a resulting focused spot size of 640 yum. A band-pass
filter (60 nm FWHM) was used to reject unwanted radiation.

D. Fuel Concentration Measurements with the Second-Generation
Sensor

The second-generation sensor was demonstrated in an ethylene-
and propane-fueled PDE. The engine, schematically shown in Fig. 7,
has a 5 cm diameter and a total length of 147 cm. In the top
configuration, the test section is located near the head of the engine.
In the bottom configuration, the test section is located near the tail of
the engine. The room-temperature air flows continuously while the
fuel is valved. Measurements were made with the sensor located
either 5 or 117 cm downstream of the igniter. For this engine, the fuel
and air were combined into one tube upstream of the test section,
resulting in a mixture that was more uniform than for the previous
engine. Propane was measured for fired and unfired tests with a 5 Hz
repetition rate. Although the absorption coefficient of propane is
sensitive to temperature, the uncertainty in the room-temperature
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Fig. 7 PDE schematic for measurements made by the second-
generation fuel sensor.

fuel/air mixture is small and concentration errors associated with this
uncertainty are less than 1% of the measured concentration. Ethylene
was measured for fired and unfired tests with firing rates between 5
and 20 Hz and with each experiment lasting 1 s. The sensor
performance for 10 Hz engine operation is typical of performance at
other frequencies. Measurements made at each of the two locations
for equivalent operating conditions enabled calculation of bulk
velocity of the test gas.

Single-cycle measurements had an SNR of ~6. A nine-cycle
average was used to improve the SNR of the measurement, resulting
in an SNR of ~17, with a corresponding measurement uncertainty of
~6%. Each experiment lasted for 1 s (i.e., 10 cycles for 10 Hz
operation), but the first cycle was not used in the ensemble because it
did not reflect steady-state operation of the engine. Fuel partial
pressure was calculated using Eq. (1) and the measured fractional
transmission of our sensor. Sample measurements for 10 Hz
operation are plotted in Fig. 8. The dashed line indicates a
stoichiometric mixture of ethylene and air at 1 atm.

There are several things to note about these data. First, the time-of-
flight between the two measurement locations is ~20 ms, indicating
a bulk velocity of ~55 m/s. The bulk velocity can be used to
calculate the amount of time required to partially or completely fill
the engine with a fresh mixture. Knowledge of this filling time could
allow optimization of the spark timing and enable characterization of
engine performance as the amount of fresh mixture is varied.

Second, the detonation wave appears to arrive at the tail sensor
before arriving at the head sensor. Because there was only one
sensor, the measurements at the head and tail were obtained for
different tests, but for identical operating conditions. Thus, the
difference in time of arrival of the detonation wave is an artifact of the
variability in detonation wave speed from test to test.
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Fig. 8 Ethylene partial pressure measurements with the sensor located
at a) the head end and b) the tail end.
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Fig. 9 Propane partial pressure measurements for 5 Hz fired and
unfired tests.

Finally, after the detonation wave passes, a second burst of
residual, unburned fuel is seen exiting the tube (note that this residual
fuel appeared at the beginning of the subsequent cycle when the
sensor was mounted at the tail of the engine and therefore appears as
early fuel arrival). This residual fuel is a result of the pressure waves
interacting with the fuel system, and it is desired that this fuel not be
included in engine performance calculations. The standard fuel flow
meters that are used in ground testing would not have identified this
burst of unburned fuel, but our time-resolved diagnostic was capable
of detecting the unburned pulse of fuel. Thus, the time-resolved fuel
measurements have revealed some important flow dynamics and
have enabled more accurate calculations of specific thrust, based on
the amount of fuel that is actually burned in the engine and not on the
total amount of fuel being supplied to the engine. This information is
critical when comparing measured engine performance to PDE
simulations [17] because specific thrust is inversely proportional to
the amount of fuel used and accurate comparison to performance
models requires that only the fuel burned inside the engine should be
considered.

Experiments were also performed using propane as the fuel rather
than ethylene. When compared to most hydrocarbon fuels, the
absorption coefficient of ethylene at 3.39 um is atypically small.
Measurements of propane in a fired experiment illustrate how the
sensor would perform for most other hydrocarbon fuels. The PDE
was run at 5 Hz for both fired and unfired cases and the resulting fuel
measurements are compared in Fig. 9. The dashed line indicates the
partial pressure of propane required for a stoichiometric mixture at
1 atm. In the unfired tests, the propane partial pressure is shown to
increase, reach a plateau, and then decrease after the fuel injection
event has ended. In the fired tests, the propane partial pressure begins
to increase, but before the plateau value is reached, the detonation
wave passes and consumes the fuel. This indicates that the engine is
underfilled. Because of the large absorption coefficient of propane,
cycle averaging was not required to get an SNR of ~80. The primary
source of measurement uncertainty in this case is no longer the fiber
noise. Instead, our uncertainty is dominated by the ~3% uncertainty
in absorption coefficient, which translates directly to uncertainty in
fuel concentration.

From Fig. 9 we see that the mid-IR sensor exhibits a very high
SNR for propane. Whereas the primary source of noise still comes
from fiber movement, the absorption signal is significantly stronger,
resulting in an improved SNR of ~80. We also note that the residual
burst of unburned fuel is observed for the fired case, but not the
unfired case, confirming the role of postdetonation flow dynamics in
producing the pulse of fuel.

Use of the fixed-wavelength 3.39 um HeNe laser is attractive
because it provides an inexpensive source for sensing hydrocarbons,
but it lacks wavelength tunability. Fortunately, tunable mid-IR
technology is currently becoming available that will enable
wavelength optimization for any hydrocarbon fuel, including
ethylene and propane [18]. The modular design of this sensor would
allow the HeNe laser to be replaced with one of these tunable sources,
resulting in even higher SNR through wavelength optimization.
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IV. Conclusions

A mid-IR (3.39 um) fiber-coupled sensor was developed to
measure fuel concentration in fired pulse detonation engines. A
compact and rugged design provided time-resolved fuel measure-
ments for firing rates ranging from 5 to 40 Hz. The first-generation
design provided fuel concentration and time-of-arrival data and
enabled calibration of the pressure regulator that controls the fuel
loading. This demonstration illustrates the potential of optical fuel
sensing to improve ground test instrumentation.

An improved second-generation sensor eliminated the effects of
background emission and also improved the ruggedness and
compactness of the sensor. Fuel concentration and bulk velocity
were obtained from the measurements in the second PDE. Single-
cycle measurements of ethylene concentration had an SNR of ~6
whereas measurements of propane had an SNR of ~80. The
improvement in SNR for propane is due to the larger absorption
coefficient of propane. Our measurements revealed a residual burst
of fuel that was present in the fired tests, but not in the unfired tests,
illustrating that cycle-to-cycle interactions were causing some of the
fuel to leave the engine unburned. It is crucial that these dynamic
interactions be identified and characterized so that performance
models can properly account for all of the fuel supplied to the engine.
This discovery underscores the advantage of optical absorption
diagnostics to provide time-resolved fuel concentration measure-
ments during fired PDE tests. Furthermore, the simple, rugged design
of our fiber-coupled sensor shows the potential for optical
diagnostics in practical-scale test applications.
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