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BACKGROUND

There have been over 200 documented cases of jet engine
power loss events during flight at high altitudes due to
ingestion of ice particles. The events typically occur at
altitudes above 22,000 feet and near deep convective sys-
tems, often in tropical regions. It is recognized in the
industry that supercooled liquid water does not exist in large
quantities at these high altitudes and therefore it is expected
that the events are due to the ingestion of ice particles.

Based on this recent interest in ice particle threat to
engines in flight, the NASA Glenn Research Center (GRC)
installed the capability to produce ice crystal and mixed
phase water clouds in the Propulsion Systems Laboratory
(PSL) Test Cell 3. The ice crystal cloud operational param-
eters, developed with input from industry, were Median
Volumetric Diameter (MVD) from 40 to 60 pm and Total
Water Content (TWC) from 0.5 to 9.0 gm3. The PSL is
currently the only engine test facility that can simulate both
altitude effects and an ice crystal cloud. It is a continuous
flow facility that creates the temperature and pressure inlet
conditions that propulsion systems experience in high-
speed, high-altitude flight. Specifically for the icing system,
the total temperature can be controlled between +45 to -60
F, pressure altitude from 4,000 to 40,000 feet (facility limit
is 90,000 feet), and Mach from 0.15 to 0.8 (facility limit is
Mach 3.0).

Within this facility, there was a specific need to develop
a non-intrusive system to measure the conditions of a cloud
that enters an aircraft engine in the PSL. The system should
(1) have the capability to be operated remotely, (2) have
minimal optical access, (3) no moving parts, (4) fast acqui-
sition and (5) good resolution in a pipe that can structurally
support an aircraft engine in close proximity. An earlier
study of this problem is described in “Application of the
Radon Transform to Calibration of the NASA-Glenn Icing
Research Wind Tunnel,” by Izen, S H, and Bencic, T J, in
Contemporary Mathematics, Vol. 278, 2001, pp. 147-166.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic drawing of a wind tunnel depicting
the location of a tomography duct relative to spray bars and
an engine to be tested according to an embodiment of the
disclosure.

FIG. 2 is a first view of a representation of a light
extinction tomography system installed in the NASA/Glenn
Propulsion Systems Lab (PSL) at the tomography duct pipe
exit according to an embodiment of the disclosure.

FIG. 3 is a second view of the light extinction tomography
system of FIG. 2 illustrating cabling, laser sources, and
optical detectors according to an embodiment of the disclo-
sure.

FIG. 4 is a schematic illustration of a rectangular icing
research tunnel.

FIG. 5 is a schematic illustration of the optical path for
one laser source and the detectors that receive useful signals
from that source according to an embodiment of the disclo-
sure.

FIG. 6A is an illustration of an ideal cross image.

FIG. 6B is an illustration of an ideal circles image.

FIG. 6C is an illustration of a cross image reconstructed
by a reconstruction algorithm according to an embodiment
of the disclosure.

FIG. 6D is an illustration of a circles image reconstructed
by a reconstruction algorithm according to an embodiment
of the disclosure.
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FIG. 7A is an illustration of a detection system that
includes a fiber coupling, associated optical fibers, and a
camera element according to an embodiment of the disclo-
sure.

FIG. 7B is an illustration of a fiber coupling for commu-
nicating light to a camera element according to an embodi-
ment of the disclosure.

FIG. 7C is an illustration of a sample data image of light
collected by 120 fibers of the detection system of FIG. 7A.

FIG. 8A is an illustration of the coverage provided by the
projections of multiple light sources to detectors according
to an embodiment of the disclosure.

FIG. 8B is an illustration of a phantom image for use in
demonstrating resolution quality differences between the
center ring and the outer regions near the wall of the ring
according to an embodiment of the disclosure.

FIG. 8C is an illustration of resolution quality provided by
the detection system according to an embodiment of the
disclosure.

FIG. 9 is an illustration of a tomography ring for mea-
suring the density of a water spray according to an embodi-
ment of the disclosure.

DETAILED DESCRIPTION

The systems and methods disclosed herein are described
in detail by way of examples and with reference to the
figures. It will be appreciated that modifications to disclosed
and described examples, arrangements, configurations, com-
ponents, elements, apparatuses, devices methods, systems,
etc. can suitably be made and may be desired for a specific
application. In this disclosure, any identification of specific
techniques, arrangements, etc. are either related to a specific
example presented or are merely a general description of
such a technique, arrangement, etc. Identifications of spe-
cific details or examples are not intended to be, and should
not be, construed as mandatory or limiting unless specifi-
cally designated as such.

The systems and methods disclosed herein describe a light
extinction tomography system for use in detecting small
liquid and solid (ice) water particles in various spray con-
ditions. Visible light laser diodes are pulsed across an area
of interest and the extinction or loss of light intensity is
measured at many different directions. The attenuated light
projections across the field of view can be reconstructed to
yield an image of the particles that crossed the plane of light.
This is analogous to Computed Tomography (CT) in the
medical imaging field in which slices of density through the
body can generate images in the interior. Although the
disclosed system and method are described below with
regard to visible light and water particles, the system and
method also can be used with any suitable electromagnetic
emitters and detectors, and any suitable solid, fluid, or gas as
would be understood in the art.

The optical tomography system and method determines
particle density detection. An example application consid-
ered here is the measurement of ice or ater particle density
in a cross section of a flow through a wind tunnel, though
other applications of the disclosure are also contemplated,
for example as detailed below.

Turning to FIG. 1, in an embodiment a tomography duct
102 is integrated into the walls 108 of a wind tunnel 100 so
as not to impede or otherwise interfere with the air flow
being measured. The tomography duct 102 generally sur-
rounds an internal space, or cavity, through which the air
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This gives some indication about the expected resolution as
the area near the wall has a minimal amount of line crossing
in multiple directions. Referring now to FIG. 8B, a resolu-
tion study was performed to determine the expected reso-
Iution across the duct plane using simulated phantom data of
1 inch circles. Referring now to FIG. 8C, a reconstruction
was performed of the simulated line projection information.
The reconstruction of the 60 source, 120 detector configu-
ration is shown in FIG. 8C illustrates the loss of resolution
with increasing radial distance from the center of the duct.
The 1 inch circles are clearly evident in the inner two rings
which represent approximately a 12 inch diameter. The third
ring of circles from the center are now turned into ovals
which shows a loss of angular resolution but each dot can
still be recognized, this corresponds to a diameter of
approximately 20 inches. The outermost dots are completely
blended together at approximately a 30 inch diameter. This
study was performed using a high spatial frequency model
because of the abrupt high contrast of the dots on the black
background. This high spatial resolution leads to reconstruc-
tion artifacts which can be ignored since the intent of the
study is to confirm the expected resolution and not to
minimize the reconstruction noise.

The subject system and method can be used as a particle
density detection system for a number of suitable applica-
tions, including but not limited to the following. In an
embodiment, the system and method can be used to measure
the density of ice or water particles inside a wind tunnel in
real time and provide an archival record of particle density.
In particular, spray patterns can be visualized. Anomalies in
spray patterns, such as inoperative or malfunctioning
nozzles or spray hot spots, can be detected. The system and
method can be used for engineering desired sprays and spray
patterns.

In an embodiment, the system and method can be used as
part of a wind tunnel instrumentation, for example to pro-
vide feedback and control for spray settings, both automatic
or manually with human intervention.

In an embodiment, the system and method can provide
measurement of a general spray system such as paint or
water, for example in an industrial setting as illustrated in
FIG. 9, which also possibly can include a control element.

In an embodiment, the system can be mounting in the
intake of a jet engine to provide real time and archival
records of flight conditions. Upon detection of dangerous
icing conditions, a system could alert the pilot and/or adjust
engine parameters to ensure safe operation.

In an embodiment, the system and method can be used to
measure atmospheric particulate density, for example vol-
canic ash or from other sources of emissions.

In an embodiment, the system and method can be used to
compare historical data for repeatability and to determine
trends for sources, detectors and sprays, including individual
nozzles.

In an embodiment, the system and method can be used for
analyzing smoke stack emissions. The frequencies used for
the electromagnetic emitters can be configured to absorption
peaks of the effluents or particles being detected.

While certain embodiments have been described, these
embodiments have been presented by way of example only,
and are not intended to limit the scope of the inventions.
Indeed, the novel embodiments described herein may be
embodied in a variety of other forms; furthermore, various
omissions, substitutions and changes in the form of the
embodiments described herein may be made without depart-
ing from the spirit of the inventions. The accompanying
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claims and their equivalents are intended to cover such
forms or modifications as would fall within the spirit and
scope of the inventions.
What is claimed is:
1. A system, comprising:
a support frame at least partially surrounding a cavity
through which a flow of air can pass without substantial
interference;
a plurality of electromagnetic emitters displaced along the
support frame and configured to emit electromagnetic
radiation toward the cavity to illuminate at least a
cross-section of the flow of air;
a plurality of electromagnetic detectors displaced along
the support frame and configured to detect the electro-
magnetic radiation emitted from the electromagnetic
emitters; and
a controller configured to
cycle on-and-off each of the plurality of electromag-
netic emitters in an illumination pattern,

acquire a measurement from each of one or more
selected electromagnetic detectors during each on-
cycle of an electromagnetic emitter,

reconstruct, from a plurality of acquired measurements,
an extinction map of the cross-section of the flow of
air using a tomography algorithm, and

determine one or more characteristics of particles in the
flow of air from the reconstructed extinction map.

2. The system of claim 1, wherein the electromagnetic
emitters and the electromagnetic detectors are displaced
along the support structure in an interleaved configuration.

3. The system of claim 1, wherein each electromagnetic
emitter is selected from the group consisting of an optical
light emitter, a monochromatic light generating emitter, a
light emitter coupled with a spectral filter to emit mono-
chromatic light, a light emitting diode, a laser, and a light
emitter coupled to a fiber optic waveguide.

4. The system of claim 1, wherein each electromagnetic
detector is selected from the group consisting of a pixel of
a charge coupled device, one or more pixels of a charge
coupled device, and a fiber optic waveguide coupled to at
least a portion of a charge coupled device.

5. The system of claim 1, further comprising:

a fiber coupler, associated with the electromagnetic emit-
ters, configured to couple a plurality of fiber optic
waveguides to a charge coupled device sensor.

6. The system of claim 1, further comprising:

a plurality of collection widening optics in communica-
tion with one or more of the electromagnetic emitters or
electromagnetic detectors.

7. The system of claim 1, wherein the support frame

substantially surrounds the cavity.

8. The system of claim 1, further comprising:

a wind tunnel configured to generate the flow of air;

a sprayer configured to inject particles into the flow of air;

an engine mount for positioning an engine under test in
the wind tunnel; and

a tomography duct displaced in the wind tunnel between
the sprayer and the engine mount, the tomography duct
comprising the support frame and at least a portion of
the electromagnetic emitters and the electromagnetic
detectors.

9. The system of claim 1, wherein the particles are
selected from the group consisting of water, supercooled
water, and ice.

10. The system of claim 1, wherein the tomography
algorithm includes an algorithm selected from the group
consisting of an iterative reconstruction algorithm, a filtered
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