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(57) ABSTRACT

A tomography duct for wind tunnels includes a plurality of
light sources and sensors displaced around a support struc-
ture. The light sources are cycled and sensor measurements
are made from sensors opposite the light sources. Tomo-
graphic algorithms are used to determine an extinction map
from the sensor measurements. The extinction map provides
details about particles in a cross-section of the air flow
through the tomography duct.
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flows. In the wind tunnel, a sprayer such as spraybars 104
inject particles into the air flow directed into an engine 106
that is under test.

Turning now to FIGS. 2 and 3, in an embodiment a
tomography duct 200 includes a support frame 202, a set of
light sources 204 that are distributed around the support
frame 202, and a set of optical detectors 206 that are
distributed around the support frame 202. The optical
tomography system also includes a control system (not
shown) configured to illuminate the light sources 204 in a
desired illumination pattern, a detections system (not
shown) configured to collect measurements from the optical
detectors 206, a processing system (not shown) to recon-
struct an extinction map from the measurements on the
optical detectors 206. The control system (not shown) can be
further configured to provide a user interface and coordinate
the illumination and measurement functions.

The support frame 202 is nominally circular to conform to
the wall of the wind tunnel in which the frame is to be
mounted. In some embodiments the support frame 202
becomes part of the wall of the wind tunnel. In other
embodiments, the support frame 202 can be inserted into the
wind tunnel and mounted within the wind tunnel. The
system of the subject disclosure can be configured to work
in any size wind tunnel provided the support frame 202 is
suitably scaled to the size of the wind tunnel. The support
frame can be made of metal or other advanced structural
materials, as would be understood in the art. The light
sources 204 and optical detectors can be mounted onto the
support frame 202. For example, the light sources 204 and
optical detectors 206, along with any optics, can be flush
mounted so as not to interfere with the flow being measured.

Referring also to FIG. 4, in other embodiments a support
frame 400 can have a non-circular cross-section. For
example, if the system of the subject disclosure were to be
used in the NiSA-Glenn Icing Research Tunnel, the support
frame would have a rectangular cross-section similar to the
support frame 400 shown in FIG. 4. The inner circle 402
designates the region for which accurate imaging is desired
and the small dots 404 represent candidate positions of light
sources and optical detectors according to an embodiment of
the disclosure.

Refer now to the light sources 204 of FIGS. 2, 3, and 4.
Because the purpose of the system is to reconstruct particle
density by measuring optical extinction, bright light sources
204 are distributed around the support frame 202. The
extinction along rays from each light source 204 is measured
on one or multiple optical detectors 206. In an embodiment,
the light sources 204 are lasers, the illumination of which
can be precisely controlled by electrical signals. For
example, as shown in FIG. 3, a laser controller 302 can pulse
the laser light sources 204 in accordance with an illumina-
tion pattern. Although lasers are used in this embodiment,
other intense light sources 204 could also be used as would
be understood in the art, including but not limited to light
emitting diodes. In an embodiment, one or more light
sources 204 can be placed in the controller 302 and coupled
to the support frame 202 via an optical waveguide such as
a fiber optic cable. It can be desirable for the extinction
model to use monochromatic light. In an embodiment the
lights sources 204 emit monochromatic light. In an embodi-
ment spectral filters can also be used with the light sources
204 to produce monochromatic light. As would be under-
stood in the art, the system can use any suitable frequency
or frequencies of electromagnetic radiation, including but
not limited to the optical light, infrared light, ultraviolet
light, and so forth. Therefore the light sources 204 can be

6
configured to emit electromagnetic radiation of one or more
desired frequencies while the optical detectors 206 can be
configured to detect electromagnetic radiation of one or
more desired frequencies.

5 In the present embodiment, it is desired to reconstruct
particle density along a plane roughly transverse to the flow
through the wind tunnel. Accordingly, it is desirable to focus
the energy along an illumination half -plane. For example,
this can be accomplished with collimation, such as is

io described in U.S. Pat. No. 6,184,989, filed Apr. 26, 1999 and
titled "Laser sheet tomography apparatus for flow field
statistics". In the present disclosure, the subject system
provides an improved solution through the use of optical
elements configured to focus the light energy onto a half

15 plane and disperse the energy as evenly as possible among
all directions from the source into the half -plane. In embodi-
ments, due to practical construction requirements, it can be
necessary to shift the sources slightly off the plane of
reconstruction. This configuration will have the effect of

20 reducing illumination onto detectors located close to the
source. This configuration should not have a major impact
on reconstructed particle density.

The optical detectors 206 are sensors mounted along the
support frame 202 which are sensitive to light. The optical

25 detectors 206 measure the optical extinction along each path
from the light sources 204 to the optical detectors 206. In a
configuration, the optical detectors 206 have wide collection
angles, and can include optics surrounding each optical
detector 206 to widen the collection angle. While in an

so embodiment the optical detectors 206 on the support frame
202 can be fiber optic cables with collection angle widening
optics, other detection options will also work. For example
suitable fiber optic waveguides, including fiber optic cables,
splitters, and so forth can be used, or individual detectors can

35 be used. In an embodiment, each end of the fiber optic cables
opposite that collecting the light from the light sources 204
is mounted so as to point directly at a known location on a
charge -coupled device (CCD) array. Thus, the light intensity
on the optical detector 206 can be measured by a CCD

4o readout. As a practical consideration, the system of the
present disclosure may have extra fibers not normally
attached to the support frame 202 which can be used as
spares to replace defective optical detectors 206 attached to
the support frame 202.

45 The optical detectors 206 are nominally distributed on the
support frame 202 in the plane of illumination. The optical
detectors 206 may be slightly off the desired plane of
reconstruction if practical mounting constraints require it. In
an embodiment, on a circular frame the optical detectors 206

5o are evenly spaced and either completely or partially inter-
laced with the light sources 204. The positions of the light
sources 204 and optical detectors 206, together, determine
the "geometry" of the acquisition. In various embodiments,
other geometries can include features such as non-uniform

55 spacing between either the light sources 204, optical detec-
tors 206, or both. In embodiments, the geometries include
light sources 204 and/or optical detectors 206 that are
slightly displaced from the measurement plane. In embodi-
ments, the geometries include evenly spaced optical detec-

60 tors 206 shifted by a fixed amount from the nominal inter-
laced geometry. One such embodiment is known as a quarter
detector shift. In an embodiment, optical detectors 206 can
be placed outside of the direct source illumination plane in
order to make measurements of scatter.

65 The measurement model has some similarity to that
arising in medical Computed Tomography (CT). However,
our application has several significant differences. In both
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medical applications and ours, the sources are in a ring
outside the object and detectors are situated on a fan across
from the source. However, in medical applications, the
object of interest occupies a relatively small region about the
center of the source ring. In the present application, the
detectors are situated on the source ring, and the region of
interest encompasses the entire interior of the cross-section,
(though the central region here is also of primary impor-
tance).

The particle density distribution is computed by measur-
ing the optical extinction along rays from the sources to the
detectors. This data is reconstructed using tomographic
algorithms to give a probability of extinction at a given
location in the cross section. Using extinction models with
expected particle size distributions, the material density can
be recovered. In the present embodiment, the extinction
model uses single particle scattering. If in other applications,
a single particle scattering model is not sufficient, diffraction
tomographic reconstruction techniques can be used instead
of the Radon inversion methods used with the single scat-
tering model.

To measure optical extinction with the preferred embodi-
ment, three steps are needed. First, the acquisition CCD is
calibrated by measuring the dark current. That is, with no
sources illuminated, data are acquired. This gives a measure
of the detection signal in the absence of stimulation, and
allows the actual measurements to be calibrated. Typically,
this does not need to be repeated frequently, as it is a
characteristic of the measurement CCD camera.

Next, data are acquired with no flow or particles present.
This gives the unextinguished light intensities. Finally, mea-
surements are taken in the presence of particles. The ratio of
the Log of intensities (after the dark current is subtracted)
gives the extinction along the optical paths from each source
to each detector. These extinction data along with the source
and detector "geometry" are input to the tomographic recon-
struction algorithms. Specifically, the model can include
detector response characteristics related to (1) the incident
angle of the source -detector line relative to the detector
surface and (2) the source -detector distance.

While performing the flow absent measurement, various
experimental anomalies can be detected. For example,
defective sources and/or detectors can be identified. Also,
detector gain levels can be calibrated to avoid saturation, or
maximize signal-to-noise ratios. Relative sensitivity profiles
can be determined and exploited in reconstruction algo-
rithms. Modifications to reconstruction algorithms to handle
missing or unreliable data from known source -detector pairs
can be incorporated. Anomalies (such as a part from the test
section protruding into the measurement plane) during the
flow -present acquisition can also be detected and handled.

Refer also to FIG. 5. In order to perform an acquisition,
the control circuitry pulses one source 502 at a time and can
be performed under computer control. With the one source
502 active, each detector 504 measures the light intensity
from that source along the connecting ray 506. In the
preferred embodiment, this light is conducted to a specific
region on a CCD in a high precision CCD camera. The
charge on the CCD sensor is read using the camera capa-
bilities. The readout time from the CCD is the limiting factor
in the timing of the source pulses. In an embodiment, by
custom design of camera readout protocols, the readout can
be restricted only to the regions of the CCD onto which
fibers have been connected. This significantly reduces read-
out time, advantageously enabling a higher repetition rate.

The source pulse -readout sequence is repeated for each
source on the support frame. After every source has been

8
pulsed, sufficient data is available for the reconstruction
engine to generate a particle density profile. The order in
which each source is pulsed is referred to as the source
pattern. Example patterns can be simply pulsing adjacent

5 sources sequentially, or pulsing in a "star illumination pat-
tern" and then sequentially using adjacent stars until all
sources have been pulsed. For example, in an embodiment
with 60 sources numbered sequentially from 1 to 60, one
five point star would be sources 1, 25, 49, 13, 37. So the

io "star" illumination pattern would be 1, 25, 49, 13, 37, 2, 26,
50, 14, 38, 3, 27, 51, 15, 39, and so forth. Other source
patterns can be used as would be understood by one of
ordinary skill in the art.

The star illumination patterns can be more robust with
15 respect to time variations in the flow during acquisition. The

illumination pattern to be used can be selected by the user
and supported by the controlling hardware and software.

Tomographic reconstruction can be the recovery of a
quantity from a collection of line integrals of the quantity or

20 from a collection of integrals of the quantity over a narrow
strip. The relevant quantity for this application is liquid
water content. For the particle sizes expected in our embodi-
ment and the optical path lengths across the measurement
section, the extinction of a beam of light passing through the

25 spray will be proportional to the line integral or strip integral
of liquid water content along the optical path.

For a single scattering model, the measurements can be
converted to samples of the Radon transform of the extinc-
tion probability per unit length. In the present embodiment,

3o novel methods, with some similarity to those used in com-
mercial CT scanners, are used to recover the profile of the
extinction probability per unit length (and hence the particle
density). However, other methods specific to this application
can also be used. For example, basis functions incorporating

35 only low spatial frequencies can be used instead of the pixel
based basis functions, as the expected particle densities do
not have profiles with sharp edges for which high spatial
frequencies are needed. Also, missing data can be handled
by projection completion or interpolation. Alternatively,

40 iterative reconstruction algorithms can also be applied. Note
that some such algorithms which are not feasible in a
medical setting are applicable here due to the reduced size
of the data set.

Because the reconstruction region extends to the source
45 ring, the standard reconstruction algorithms used in a medi-

cal setting must be modified to avoid significant artifacts.
Another difference is that our sample density is much lower,
so the available resolution in the reconstruction of the spray
will be relatively low. On the other hand, since the spray

50 itself is not expected to have sharp transitions, this is not
expected to be a problem. Moreover, this a priori informa-
tion can be exploited by modeling the spray as a superpo-
sition of low spatial frequency functions, such as Gaussian
shaped blobs.

55 In addition, as a consequence of the implementations for
some of the reconstruction methods discussed above, a
method can be employed to provide almost real-time tem-
poral updates. After data for a full image has been obtained,
each time a source has been pulsed as part of the next

6o acquisition, the data from that partial acquisition can replace
the data from the previous pulsing of the same source. Only
the new data needs to be processed to obtain an updated
image. This idea can be applied to data obtained from any
group of sources, such as a star in the star illumination

65 patterns.
As an alternative to the traditional medical -type recon-

struction, an algorithm has been developed which incorpo-
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rates this a priori knowledge to reduce the computational
complexity. It should be noted that the alternative algorithm
does not scale well to the medical setting, but is well suited
for use with the sampling densities available here. In this
algorithm, the measurements are simulated for each possible
Gaussian blob. The acquired spray measurement is fit to a
linear combination of the simulated blob measurements. The
corresponding linear combination of low spatial frequency
functions is taken as the reconstructed image. This method
is easily adapted to handle minor malfunctions in the acqui-
sition system such as a dark source, or a dead detector.

In order to reduce streaking artifacts, the sampled data can
be up-sampled from 120x60 to 480x240. This up-sampling
preserves the original bandwidth of the data. The recon-
struction is based on this original bandwidth and does not
improve the resolution, even though the reconstruction is
performed on a finer grid. Although this method does well
in the central 2/3 of the field of view, it is not as robust in the
outer ring due to the uneven coverage of source-detector
paths through the outer ring, and also because the filtered
backprojection algorithm relies on an approximation which
is less valid at reconstruction points close to the source ring.

For the rectangular frame as shown in FIG. 4, a different
reconstruction method can be successfully used. The Trun-
cated Singular Value Decomposition (TSVD) algorithm is a
well-known method for regularizing the solution for the
matrix equation, y=Rx.

In the context of the rectangular geometry, the column
vector y holds the measured data, with each element corre-
sponding to a source-detector pair. Each element of the
column vector x corresponds to the cloud density at a
position within the rectangular geometry. The matrix R
represents the integrals over each source detector pair which
takes a cloud distribution x to the measurement y.

Because the linear equation is typically both over or under
constrained, it is solved by use of the pseudo-inverse, R'.
The solution vector x=R' y, is the vector x with minimum
norm that also minimizes the size of the residual y-Rx.

Unfortunately, when R' is ill-conditioned, meaning that
some components in the data y will have a greatly magnified
influence in the solution x, it is necessary to regularize R+
as noise in the measurements (random, system, or numeri-
cal) will be amplified in the solution, swamping the recon-
struction. Regularization effectively removes this inordinate
amplification. The TSVD algorithm limits the acceptable
magnification by ignoring the components in the data which
would be unduly amplified in the solution. There is a
trade-off between reconstruction resolution and fidelity and
noise amplification which is tuneable by selection of a noise
amplification threshold.
The application of the TSVD algorithm involves a time

consuming computation of the SVD (singular value decom-
position) of the matrix R. This computation grows like the
4th power of the number of linear pixels in the reconstructed
image. Fortunately, the SVD only needs to be computed
once (offline), so it will not significantly impact cloud
reconstructions.
Raw data and reconstructed density patterns can be

archived. The subject system can include a module for
analysis of reconstructed density patterns. In particular,
temporal averaging of density patterns is available (and also
available in real time).

Referring now also to FIGS. 6A, 613, 6C, and 6D, the
subject system can include a simulator that has two (2) key
capabilities. (1) Phantom object data can be generated

10
according to specified parameters. (2) Measurement data can
be produced using a phantom object and a model of the
measurement system.
The phantom object can include cloud components or

5 geometric components. Cloud components are used, for
example, to characterize the fidelity provided by the mea-
surement system and the reconstruction. Geometric compo-
nents are used, for example, to characterize the spatial
resolution of the measurement system and the reconstruc-

io tion. In FIGS. 6A and 613, geometric simulation components
are shown. In FIG. 6A, a cross-shaped geometric simulation
component uses pins that are placed 2-inches apart, thus
there is a 1-inch gap between each pin. The pins can be
hollow as shown or solid. In FIG. 613, a circles-shaped

15 geometric simulation component uses rings of pins where
each ring is places so that the circumferential gap is 1-inch
between the 1-inch pins. The cross-shaped geometric simu-
lation component tests radial resolution and the circles-
shaped geometric simulation component will test angular

20 resolution. FIG. 6C shows the result of reconstructing the
cross-shaped geometric simulation component and FIG. 6D
shows the result of reconstructing the circles-shaped geo-
metric simulation component using one embodiment of the
reconstruction algorithm.

25 By specifying various parameters of the measurement
system, the simulator can be used to determine an effective
hardware design. The simulator advantageously aids in the
design of the reconstruction algorithm and parameters.

Referring back to FIGS. 2, and 3, an embodiment of a
30 light extinction tomography system consists of 60 equally

spaced laser diodes with sheet generating optics and diffus-
ing elements providing >300 degree coverage around the
ring and 120 fiber optically coupled detection elements
mounted every 3 degrees around a 36-inch diameter ring.

35 Each detector utilizes a flashed opal input diffuser at the fiber
entrance which is coupled to the CCD camera for simulta-
neous sampling of all 120 channels. The diffuser allows
coupling of the laser light into the fibers at a very wide input
angle of approximately +/-85 degrees with respect to the

40 fiber face. The diffusers greatly increase the acceptance
angle of the fibers at the cost of allowing only a small
amount of the incident light to be coupled into the fiber. The
laser diode sources are pulsed sequentially while the detec-
tors acquire line-of-sight extinction data for each laser pulse.

45 A custom timing/triggering circuit was built in-house and
used to control the data acquisition. Referring now also to
FIGS. 7A, 713, and 7C, optical fibers and a detection system
are illustrated. The optical fibers 702 are direct coupled to
the CCD 704 through a fiber optic faceplate 706, or fiber

50 coupling. The imaged fibers are read out as a 5x5 pixel
binned region of interest 708 in the center of the fiber which
yields a pixel per fiber or a 120 pixel image per sequential
laser scan. A controller 710 is in data communication with
the CCD 704 and receives the image. In an embodiment, the

55 timing/trigger circuit can be combined with the controller
710. In various embodiments, the controller 710 can perform
any suitable operation described above, including but not
limited to the executing the tomography algorithms. In other
embodiments, individual controllers can separately perform

6o different operations.
Using the computed tomography algorithms discussed in

the previous section the extinction data is used to produce a
plot of the relative water content in the measurement plane
with spatial resolution better than 1 inch over the central

65 75% of the measurement area.
Referring now to FIG. 8A, lines from several sources and

the corresponding projections to the detectors are illustrated.
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backprojection algorithm, a truncated singular value decom-
position algorithm, and diffraction tomographic reconstruc-
tion.
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