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ABSTRACT

We investigated a simultaneous temporaly and spatially resolved 2-D velocity field
above a burning circular pan of alcohol using particle image velocimetry (PIV). The
results obtained from PIV were used to assess a thermal particle image velocimetry
(TPIV) agorithm previously developed to approximate the velocity field using the
temperature field, simultaneously captured by an infrared (IR) thermal camera. By
tracing “thermal particles,” which were assumed to be virtual particles that corresponded
to pixels of temperature values in successive IR images, the TPIV algorithm estimated a
larger scale instantaneous velocity field than either a single-point velocity measurement
(e.g., LDV) or the area velocity measurement such as PIV. Instantaneous velocity fields
obtained from both methods are presented. Time series vertical velocity profiles and
time-averaged velocity vector fields are compared. The comparison demonstrates the
applicability and performance of the TPIV algorithm in wildfire research.
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INTRODUCTION

Fire spread in wildland fuelsis sustained by the combined effects of energy release due to
fuel combustion, convective heat transfer, flame and ember radiation heat transfer, and
energy transfer through mechanical advection effects such as rolling embers and spotting.
Intense fire vortices on the scale of meters that promote convective heat transfer have
been hypothesized to play a fundamental role in the physics of fire spread [1-3]. Fendell
[4] presented an aternative hypothesis to vortices to describe unburned strips in large
fires known as “crown streets.” McRae and Flannigan [5] describe fire vortices that in
one case were observed to rip out and loft standing trees. Clarke et . [6] observed afire
vortex rising more than 3 km above ground level with flaming materials that were visible
from a distance of about 2 km. Therefore, fire vortices not only pose a hazard to nearby
firefighters, but are potentially an important fire spread mechanism through both local
fire dynamics and the ability to loft flaming objects into areas well removed from the
original fire front. Although there is limited data existing to describe fire spread rate and
some qualitative aspects of wildfire behavior, there is no data to reveal the small temporal
and spatial scale involved in the convective processes that help determine fire spread [6].
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Particle image velocimetry (PIV) technique has been widely used in non-reacting flows
[7] and combustion environments to measure flow velocities [8-14] at laboratory scales.
It provides a shorter acquisition time and increased measurement area compared to
single-point measurement techniques such as Laser Doppler Velocimetry (LDV). An
important aspect of PIV isits ability to measure the vorticity field and spatial correlations
[15-16]. The utility of PIV islimited by factors such as the ability to seed particles of the
right size in the flow, the limited image size, and the camera framing rate. These
limitations potentially restrict the usefulness of PIV in wildfire field research.

Infrared (IR) thermal cameras have been used successfully to detect and map the
temperature field within wildfires [6, 17-21]. With increasingly sensitive image
converters and improvement of software, large scale, high resolution and high frequency
IR images are available now and offer some useful advantages to fire researchers. An IR
image represents a sheet of data in the x-z plane with the y (depth coordinate) varying
over the image. It allows investigation of physical mechanisms involving fire spread rate
through use of image flow analysis. We recently developed a thermal particle image
velocity (TPIV) agorithm for nonintrusively estimating flow velocities within the
vicinity of a flame through IR camera [22]. TPIV follows the method established in
gradient-based algorithms [6], and uses the basic idea of the PIV technique. By tracing
“thermal particles’ across successive IR images, the TPIV algorithm can provide a larger
scale instantaneous velocity measurement area than either a single-point velocity
measurement [23-24] or the area velocity measurement such as PIV. In TPIV, the seed
particles are represented by “thermal particles,” which are assumed as virtual particles
that correspond to pixels of temperature values resolved in IR images. The signal from a
“thermal particle’ isthe irradiance measured by an IR thermal camera. It is assumed that
“thermal particles’ rotate and trandate behaving like fluid particles and their
temperatures are conserved over the short time step between images that is required for
analysis. For details of the technique, see Zhou et al. [22]. However, they did not directly
validate the TPIV method, even though the results appeared promising.

The objective of this paper is to measure two-dimensional instantaneous velocity fieldsin
flames above a cylindrical container filled with alcohol using the PIV technique. The
results obtained from PIV were then used to assess the estimates of the velocity from IR
images, simultaneously captured by an IR camera.

EXPERIMENTAL SETUP

Infrastructure

A schematic of the experimental setup is shown in Fig. 1. An auminum fuel pan
(diameter 88 mm, depth 53 mm) was placed in the middle of a0.6 mMx 0.6 mx 1 m
enclosure to protect the flame from ambient air disturbances. Two of the lateral sides of
the enclosure were aluminum sheets painted with hi-heat black paint to prevent laser light
reflection. Tempered glass was installed on one side of the enclosure to receive the laser
sheet. IR emission from the fire passed through a surface covered by polyethylene film
for flame temperature detection by the IR camera. The top of the enclosure was
connected to a fume hood so that the combustion products eventually discharged into the
atmosphere. The hood was connected to an exhaust fan running a a low speed to keep
the flame steady. The bottom of the enclosure was made of a hard metal screen to hold
the fuel container and to permit seeded particles to pass through. In order to make the
seed particles and fresh air entrain the flame as uniformly as possible, a fine aluminum
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screen was placed at the bottom of the enclosure with a 20 cm gap between the bottom
and the screen.

1. Enclosure

§ -~ 2. IR thermal camera
o 3. CCD camera
x - 4. Nd: YAG Laser head
5. Laser control box

6. Synchronizer

7. PC workstation
8.1BM laptop

9. Cyclone aerosol

y

Fig. 1. Schematic of experimental setup.

PIV System

A double-pulsed Nd: YAG laser (Big Sky Laser Technolgies, Inc, model CFRA400)
operating at a wavelength of 532 nm (230 mJ per pulse) and a pulse rate of 15 Hz was
used in our PIV measurement. The laser beam was expanded into a 567 mm high by
0.212 mm thick sheet to illuminate the particles in the test section. The overlapped core
beams were expanded into a 20-degree diverging light sheet using focusable sheet-
forming optics, which includes a spherical lens (2000 mm focal length) and a cylindrica
lens (15 mm focal length). A high resolution POWERVIEW 2M CCD camera (TSI Inc.,
1660x1200 pixels array, 30 Hz with 12 bit digital output) with a 50 mm /1.8 Nikkor lens
recorded particle image pairs without image-order ambiguity alowing for the use of
cross-correlation methods to determine velocity vectors. To reduce the luminosity of the
flame, a bandpass filter (532 nm center, 1.5nm bandwidth) was placed in front of the
camera lens. A LASERPUL SE Synchronizer (TSI Inc.) triggered the laser pulse and the
camera with correct sequences and timing through a 2.66 GHz dual-processor
workstation (Intel® Xeon™). The time difference between laser pulses was 1000 ps,
yielding a maximum particle displacement of 25% of the square interrogation area length.
INSIGHT™ 3.5 software package (TSI Inc.) was used to find the average velocity
displacement in each interrogation area (32x32 pixels, 50% overlap) of the image by
means of FFT-based cross-correlation algorithms. The data was collected in a
600 mm x 420 mm domain (or 1600x1192 pixels) and the images were processed to
yield avelocity vector field of 99x73 pixels.

Al,O5 particles with nominal diameter of 1 um (Fig. 2a) were chosen as seed particles for
their high refractive index and high melting point (=2345 °K) [25]. Compressed air
(outlet flow velocity =0.05 m/s) was seeded with Al,O; particles gathered from a cyclone
aerosol generator and injected vertically upwards into the enclosure (Fig. 2b). The
generator, which insured uniform distribution of particles, was based on the design by
Glass et al. [26]. A compressed air line was attached to the bottom of this generator so
that the particles could be continuously dispersed. The aerosol was drawn from the top of
the generator.
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Fig. 2. Photographs of Al,O; particles with (a) and without (b) alcohol flame illuminated
by dual-pulse Nd: YAG laser. Figure 2b was acquired with a bandpass filter.

IR Camera System

Temperature images were captured by a FLIR ThermaCAM SC500 with an uncooled
microbolometer 320x240 pixel focal plane array sensitive to the 7.5 to 13 pm spectral
range. Temperature changes as small as 0.1 °C can be detected and the maximum frame
rate 60 Hz was used in our experiments. An overall flame emissivity of 0.7 was used
based on the temperature estimate measured by a 24 gauge (0.51 mm bead diameter)
type K thermocouple above the fuel bed. ThermaCAM Researcher 2001 software (FLIR
systems) was used to display and analyze instantaneous temperature images of the entire
flame on a laptop computer. Three successive temperature images were then used as
input for the TPIV agorithm to estimate the velocity field associated with the central
image [22]; this resulted in an effective frame rate of 20 Hz for the calculated
instantaneous velocity field, In our experiment, the TPIV agorithm utilized a patch size
of 21x21 pixels on a sequence of temperature images to derive the velocity field.

Combination of the PIV and IR Systems

The PIV and IR systems were combined to obtain the coupled instantaneous velocity-
temperature information. The digitized images captured from the CCD and IR cameras
were transferred to computers for storage and post processing. One disadvantage of the
current configuration is different capture planes from laser sheet and IR imagery. The
laser sheet of PIV system was aligned vertically along the diameter of the fuel pan, while
the IR imagery represented an average temperature over asignificant depth into the flame
front and corresponding derived velocity components are representative for similar
depths (see Fig. 3). Due to flame symmetry, we assumed the derived-velocity field from
TPIV agorithm had similar motions as that obtained from PIV system. This assumption
was key to verification of the accuracy of the results of the TPIV algorithm which, in turn
determined the potential application of the TPIV agorithm to wildland fire research. The
base of the fuel container blocked seed particles from entering the flame zone resulting in
alow density of seed particles close to the fuel surface, making velocity measurementsin
this region via PIV particularly difficult. Thus image analysis focused on the upper part
of the flame. The image area extended from 100 mm to 400 mm downstream of the
container mouth (Fig. 4). Figure 4a shows an example of infrared image of the
temperature field of the alcohol fire captured by IR camera and the numbers denote
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temperature values of contours in degrees Kelvin. Figure 4b shows an example of the
instantaneous velocity field obtained from the PIV system at the same time. The black
circle marks the location of measurement shown in Fig. 5 and Fig. 7. The outline of the
fuel container is sketched at the bottom of Fig. 4b. Because PIV and IR data were
acquired with different detectors, frame rates and resolution, suitable scaling, cropping
and matching of the images were performed. The physical scale is determined from the
ruler markers captured in the image. The matched image spans a 150 mm x 300 mm
region of flame. As there was no external triggering option to synchronize the IR and PIV
systems, the velocity field, which is measured by PIV at arate of 15 Hz, and IR images
recorded at 60 Hz frame rate cannot be recorded at the same time instances. We recorded
PIV and IR images before starting the experiment and synchronized their first images by
post processing the results separately.

YAG

Fig. 3. Schematic view of the pool firein the experiment.

Analysis of Combined M easurements

Data used for analysis was collected during the quasi-steady puffing state of the fire.
Cetegen and Ahmed [27] summarized the puffing frequencies f in sec, as a function of
container diameter D in meters, of afire and a good approximation can be written as

f=1.5D"? (1)

Analysis of successive temperature data obtained from the IR camera suggested a puffing
frequency of 6 Hz (see Fig. 5). The location of the temperature data is described as a
black circle in Fig. 4. Three seconds of recording yielded 45 frame images from the CCD
camera and 180 frame images from the IR camera providing sufficient data used for
detailed analysis and calculation of time-averaged velocity fields. The instantaneous and
time-averaged velocity fields obtained from PIV and the TPIV algorithm are presented in
the next section. Two time series of vertical velocity at about mid flame height from PIV
and the TPIV agorithm are compared.
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Fig. 5. Temperature time history (a), and corresponding frequency spectrum (b).
RESULTSAND DISCUSSION

I nstantaneous Vel ocity Field

In column 1 and 2 of Fig. 6, we show successive velocity vector fields obtained from PIV
and the TPIV agorithm respectively over one puff cycle, and in column 3 the
temperature images captured by the IR camera corresponding to the velocity vector fields
in column 2 are presented. The three rows represent three evenly spaced time slices
during the puff cycle and the first row corresponds to the low value of the vertica
velocity at ~1 sin Fig. 7. The second row occurs 0.07 s later and represents the velocity
field at one third phase of the cycle. The last row occurs 0.07 s later, and represents the
velocity field at two third phase of the cycle. The velocity fields in column 1 obtained
from the PIV system are the original images processed from INSIGHT™ 3.5 software,

944



while the velocity fields in column 2 estimated from the TPIV agorithm are post
processed images based on the IR temperature images in column 3. Clearly, the images
obtained by both methods all show high acceleration and large vertical structures.
However, because of the entrainment of cold air at the edge of the fire plume, the
temperature is relatively uniform, and consequently, the velocity estimated by the TPIV
algorithm in the non-flame region isinaccurate [22].

Time Series Vertical Velocity Data

For further detailed comparison, successive instantaneous velocity images obtained from
both methods were converted into time series at the position of x = 280 mm and y =
200 mm. The measurement point is marked in Fig. 4b with ablack circle, and the result is
displayed in Fig. 7. The puff numbers noted in Fig. 7 correspond to the PIV data while
the dashed line shows an extra puff found from the TPIV data. Even though the periods
of the puff cycles vary dlightly from cycle to cycle, on average, acycle occurs every 0.2 s
(5 puffs per second) based on PIV data, which is consistent with the empirical correlation
(see Eqg. 1 and [27]). However, the frequency (6 Hz) obtained from TPIV data is about
20% higher. Overal From Fig. 7, the vertical velocity data estimated from the TPIV
algorithm and the PIV system show similar motion trends, but the data from TPIV
algorithm gives higher fluctuation in amplitude than that obtained from the PIV system
and the averaged vertical velocity from the TPIV algorithm is 0.75 m/s, which is a little
lower than that from PIV system (0.81 m/s). These discrepancies may be attributable to
several reasons. Even though the frame rate of velocities estimated by TPIV algorithm is
20 Hz which is comparable to 15 Hz from PIV calculation, each frame of the velocity
field obtained from PIV was calculated based on laser pulses of 1000 us, which is far
higher than the spacing between consecutive IR images (1/60 s) used to estimate
velocities from TPIV algorithm. The relatively large time difference between consecutive
images definitely will affect the accuracy of the velocity estimation from TPIV
algorithm. Also the particle number density utilized in the PIV system cannot be
controlled very well which aso affects velocity calculation from PIV system. A more
detailed analysisis clearly required.

Time-averaged Velocity Field

Figures 8a and 8b show a comparison of the time-averaged velocity vectors over
3 seconds obtained from the PIV system and that estimated from the TPIV algorithm.
Figure 8c shows the corresponding time-averaged temperature contour obtained from the
IR camera. A comparison with the instantaneous velocity fieldsin Fig. 6 shows that time
averaging smears the vertical nature of the flow and yields a symmetric distribution in the
observed region. Overall, the TPIV estimate isin reasonable agreement with the PIV. The
peak vertical velocity calculated from the PIV system is 1.02 m/s, which is somewhat
higher than 0.83 m/s estimated from the TPIV agorithm. Figure 9 shows redia profiles
of time-averaged vertical velocity obtained from PIV and TPIV algorithm at the vertical
height of 200 mm. Overall, the profiles appear to be Gaussian, but PIV data appears
smoother than TPIV data. TPIV algorithm currently is only a basic version, there are no
filters or other statistical methods used to improve results and based on the discussion in
Zhou et a. [22], the low IR frame rate also affects the estimated velocity [28]. We do not
expect that the TPIV algorithm will provide more accurate velocity estimates than PIV.
We only want to demonstrate that the TPIV algorithm is a feasible tool to rapidly
estimate velocitiesin awildland fire.
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SUMMARY AND CONCLUSION

We investigated the velocity field in afire plume by using a PIV technique and a TPIV
algorithm. The TPIV agorithm uses instantaneous temperature fields captured by an IR
camerato estimate corresponding instantaneous velocity fields. Velocity and temperature
data are recorded at different framing rates, with different detectors and at different
spatial locations. Time series data obtained from the same spatial location in each method
was analyzed. By observing instantaneous velocity vector fields, comparing time series
vertical velocity profiles and time-averaged velocity fields over 3 seconds from these two
methods, we found that the velocities estimated by the TPIV agorithm appear
reasonable, although the data appears a little bit lower than that measured by the PIV
system. The possible reasons for this discrepancy were discussed. Further experimental
investigation needs to be carried out to quantify the discrepancies. Overall TPIV
algorithm provided us a relatively simple, inexpensive, and non-intrusive method to
estimate velocitiesin afire. It is expected that this method will prove useful in describing
the temporal and spatial components of fire vortices that influence wildland fire spread.
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