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surements. Because of excessive viscous diffusion, the k-e equa-
tions generated no leading-edge vortex and therefore compared
poorly with the data. For a higher pitch rate, however, the k-e solu-
tion agreed with the algebraic result. When M,, = 0.4, the k-e model
compared more favorably with the experiment than did the alge-
braic formulation.

Both the k-e and Baldwin-Lomax solutions were fully turbulent
from the airfoil leading edge. No attempt was made to simulate
transition. This was unlike the experiment in which the transition
location developed naturally and moved forward toward the lead-
ing edge as the angle of attack increased.

Neither model was entirely successful in predictive capability.
Generally, the algebraic model produced less diffusion than was
seen physically, whereas the k-e equations produced more. These
results clearly indicate that even for this restricted class of flows,
the accuracy of simulation was highly case dependent and there-
fore evidences a need for turbulence models which better represent
the fluid physics.
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~ Intensified Array Camera Imaging of
Solid Surface Combustion Aboard
the NASA Learjet
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Introduction
LAME spread over a paper surface in reduced gravity has
received extensive study in drop tower facilities and has
recently been observed in experiments aboard the Shuttie.!™* A
common feature of flames produced in a reduced-gravity environ-
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ment at the investigated oxygen concentrations is a low-level blue
luminosity which makes it difficult to record the flame shape and
position on cine film. Thus, there is a need to improve the visual-
ization system for these experimental studies.

Most reduced-gravity work on solid surface combustion has
been performed at the NASA Lewis drop towers, which offer 2.2
or 5 s of microgravity, but have high g-level impacts measured
from 30 to 100 g and more. The power for all equipment is usually
supplied by batteries onboard the experimental package. Aircraft
flying Keplerian trajectories offer a longer test time, 10 to 15 s, of
reduced gravity and eliminate the shock loadings, but the g levels
are not as low as in the drop towers. Residual g levels of +0.01—
0.02 g are common and effects on flame behavior due to the g jitter
also may be seen, but have not been quantified. Aircraft offer a
more hospitable environment than the drop tower for the use of
sensitive, delicate, and expensive instrumentation with regards to
shock impact, power availability, and operator interaction.

This Note summarizes the results of six experiments conducted
aboard the NASA Lewis Learjet. These flights were undertaken
primarily to demonstrate the use of a commercial, intensified array
camera to detect a flame from a solid surface combustion experi-
ment in reduced gravity. The intensified array camera is able to
detect light levels several orders of magnitude less than that
detected by film or other nonintensified cameras. The remainder of
the Note contains a description of the experimental apparatus and
camera, the images obtained during the fiights, and a brief compar-
ison of the flame spread rates to previous drop tower measure-
ments.

Experimental Approach

The combustion apparatus is described in more detail else-
where.* The combustion chamber is an engineering model of the
solid surface combustion experiment first flown aboard STS-41 in
October 1990. The paper samples are 100 mm X 30 mm. Two
types of paper are used: ashless filter paper of thickness 0.19 mm
and laboratory wipers of thickness 0.076 mm. For each flight, one
sample is loaded into a metal holder and placed in the 39-1 cham-
ber. The vertical orientation of the paper corresponds to the z direc-
tion. The x-, y-, and z-axis outputs from an accelerometer mounted
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Fig. 1 Series of flame images for ashiess filter paper burning in 21%
oxygen.
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near the center of gravity of the aircraft provide an indication of
the g levels at the combustion chamber. The chamber is evacuated
overnight to dry the paper and then filled with an oxygen/nitrogen
mixture to 1 atm prior to flight. A current pulse through a wire
woven onto the top end of the sample ignites the paper during a
low-gravity trajectory.

The intensified array camera (Xybion ISG-207) is a charge
injection device (CID). This camera contains a Generation IT Red
intensifier with a maximum luminous gain of 18,000. The photo-
cathode has a spectral response range from 400 to 900 nm, and has
a minimum faceplate sensitivity of 2 X 107 lux but at a signal-to-
noise ratio of 1. The amplified, monochromatic image is transmit-
ted by a bonded, tapered fiber optic to a CID array containing 242
V x 388 H pixels. Ghosting of the images due to persistence of the
P20 phosphor is not a problem. The camera body is ruggedized for
durability in the presence of vibration or shock. A 28-mm focal
length camera lens operating at {2 is used to image the edge of the
paper and the flame through a window in the chamber. The depth
of focus is approximately 30 mm and the camera field-of-view is
measured to be 105 mm V X 140 mm H. The camera is operated
nongated, i.e., an exposure time of 16.7 ms per video field. For one
test, a narrowband interference filter centered at 431 nm is placed
before the lens to reject emission from soot and char and transmit
emission from the CH radical. The camera video output is re-
corded by a videocassette recorder and viewed on a monitor during
the experiment. The automatic gain control is not used in the cam-
era. The camera gain is varied manually by the experimenter by
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Fig. 2 Series of flame images for a laboratory wiper burning in 21%
oxygen.
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Fig. 3 Flame position vs time from ignition for ashless filter paper
and laboratory wiper samples burning in 21% and 18% oxygen. The
distance is a relative measurement.

adjusting the voltage level on the microchannel plate of the cam-
era. A computer digitizes and records data on the plate voltage
readout signal, which is converted into the microchannel plate
voltage. (This data for two of the flights were not recorded, but the
potentiometer positions during most of the experiment were
noted.) This data is needed if the camera automatic brightness con-
trol limits the microchannel plate voltage to a value below what
the experimenter has chosen. From this data, the camera gain may
be determined by calibration. For a more complete description of
the camera's performance compared to film, the reader is referred
to Ref. 5.

The videotaped flame images are digitized frame by frame and
electronically transferred to a workstation for analysis using com-
mercial visual data analysis software. Flame positions at the lead-
ing edges are measured at every 0.1 s. Polaroid photographs of the
images are taken from a monitor for display here.

Flame Images

The intensified array camera observes flames for both types of
paper samples burning in 21 and 18% oxygen without being at its
highest gain. The spread rates for the flames could be measured
and are discussed in the next section. An image sequence from the
ashless filter paper sample burning in 21% oxygen is shown in
Fig. 1. The flame burns steadily for the first 10 s, but then dimin-
ishes in intensity and almost extinguishes at 16 s. When the aircraft
begins its 2-g pullup, the flame flares brightly. The 18% oxygen,
ashless filter paper flame, not shown here, also burns throughout
the reduced-gravity period. The intensified array camera gains are
at 18 and 72 for most of the time during these two experiments.
Little detail is seen in the images, partially due to the limited reso-
lution of the detection array, but also because the CID array may
be saturated. The problem of how to set the gain to provide the cor-
rect exposure is evident. Currently, the experimenter manually sets
the gain while observing the image on the video monitor, as the
autogain of the camera tends to overexpose the flame when it is
observed against a black background.

For the remaining four flights, faster burning laboratory wiper
samples are used. A series of flame images for the laboratory wiper
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sample burning in 21% oxygen is shown in Fig. 2. The flame burns
the length of the sample in 11 s. The camera detects small glowing
pieces shooting out from the flame and some of the char glowing
and folding over into the flame. The width of the flame on each
side of the paper changes during the burn. During this time, the lat-
eral g level crosses from one direction to the other. The 18% oxy-
gen, laboratory wiper flame, not shown here, burns to completion
in the reduced-gravity period. The intensified array camera gains
for these two flames are 72 and 1800. The flames would have been
difficult to detect using film or conventional color CCD cameras.
An additional test using 18% oxygen, with the narrowband inter-
ference filter, produced inconclusive results. Because the filter
bandwidth of 1 nm is too narrow compared to the CH spectral
bandwidih of 10-15 nm at flame temperatures, the image appears
dim. The laboratory wiper sample in 15% oxygen appear to ignite
but extinguishes quickly. No flame is detected after 5 s with the
camera at its highest gain.

Flame Spread Rates

Measurements of the flame spread rates are useful for an order-
of-magnitude comparison to other reduced-gravity measurements,
although the induced flows due to buoyancy are not known. For
each flame, the leading edge is specified to occur at a gray level
chosen by eye, e.g., 60 out of 255, and its position is measured for
each frame. The relative flame positions vs time from ignition for
four tests are shown in Fig. 3. After the first few seconds of igni-
tion and stabilization, the flames spread steadily over the paper
samples.

The average flame spread rates for the ashiess filter paper burn-
ing in 21% oxygen and 18% oxygen are 0.16 cm/s and 0.09 cm/s,
respectively. The approximate z-axis g level for the 18% oxygen
test oscillates between £0.02 g. The flame position advances and
retreats on a timescale of seconds and appears to correlate, as does
the flame standoff, with positive and negative g levels. As the
flame advances, the leading edge narrows and approaches the
paper; as the flame retreats, the leading edge widens. Both flames
move little during the reduced-gravity time and may be influenced
by the presence of the ignitor. There is littie data obtained in
reduced gravity for this fuel with which to make a comparison.
Some unpublished data, obtained in the NASA Lewis Zero Gravity
facility, show that ashless filter paper samples burning in a 1 atm,
30% oxygen—70% nitrogen, quiescent environment have a spread
rate of approximately 0.12 cm/s.5 The flame images are dim blue
and difficult to analyze. The flame spread rate observed here for
ashless filter paper in 21% oxygen is higher than that measured in
the quiescent, 30% oxygen drop tower test, probably due to the
induced buoyant flow from the residual g level.

The laboratory wiper samples burn faster than the ashless filter
paper samples. The average flame spread rates for the laboratory
wiper in 21% oxygen and 18% oxygen are 0.8 cm/s and 0.5 cmy/s,
respectively. Previous drop tower experiments using this fuel show
a spread rate of 0.54 cm/s at the molar oxygen extinction limit of
21% for quiescent flame spread.? When a slow opposed flow or
concurrent flow on the order of 5-7 cm/s is imposed, the flame
spread rate increases above the quiescent flame spread rate.>* The
flame spread rate for the laboratory wiper in 21% oxygen observed
here is higher than the quiescent drop tower measurement, but is
consistent with the presence of induced flows on the order of those
studied in the forced-flow experiments in the drop tower. Like-
wise, the flame spread rate for a laboratory wiper in 18% oxygen
observed here is similar to those measured using a siow opposed
flow or concurrent flow in the drop tower.>3

Conclusions

An intensified array camera has successfully imaged weakly
Iuminous flames spreading over thermally thin paper samples in a
reduced-gravity environment aboard the NASA Learjet. The resid-
ual g level of the aircraft affects the flammability, flame shapes,
and spread rates. The flammability and measured flame spread
rates for the laboratory wipers in 21 and 18% oxygen for these
“quiescent” aircraft experiments are similar to those obtained in

forced-flow drop tower experiments, suggesting substantial in-
duced flows due to the residual g levels are present.
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Introduction
HE lower-upper (LU) algorithm!? is a highly efficient method
for obtaining numerical solutions to the “compressible” Euler
and Navier-Stokes (N-S) equations. So far, when using the LU
algorithm to analyze the N-S equations, the diffusion terms have
usually been treated explicitly.>- This is because the LU algorithm
factors according to the signs of eigenvalues associated with the
Jacobians of the flux vectors, and such eigenvalues do not exist for
the diffusion terms. When diffusion terms are treated explicitly, the
robustness of the LU algorithm can be degraded. In fact for three-
dimensional problems, numerical experiments have indicated that
the LU algorithm can become unconditionally unstable if the
residual is dominated by diffusion terms.®
In this Technical Note, a method is presented which allows dif-
fusion terms to be treated implicitly in the LU algorithm in order
that its good stability properties will not be impaired. The method
presented generalizes the concept of LU factorization from that
associated with the signs of eigenvalues to that associated with
backward- and forward-difference operators without regard to
eigenvalues.
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