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A high-speed, two-color pyrometer was developed and employed to characterize the
temperature of the ejecta from pyrotechnic igniters. The pyrometer used a single objective
lens, beamsplitter, and two high-speed cameras to maximize the spatial and temporal
resolutions. The pyrometer used the integrated intensity of under-resolved particles to
maintain a large region of interest to capture more particles. The spectral response of the
pyrometer was determined based on the response of each optical component and the total
system was calibrated using a black body source to ensure accurate intensity ratios over the
range of interest.

1. Introduction

Energetic devices, such as pyrotechnic hot wire igniters, can release energy in the form of hot gases, hot high-
velocity particles, and shock waves. Understanding the role and interplay of the various forms of released energy from
such devices is linked to their performance, reliability, and safety [1]. Several methods have been developed to
characterized pyrotechnic igniters including measuring heat transfer with thermocouples [2] and shockwave outputs
using schlieren [3,4]. These methods help quantify the igniters but do not isolate the contributions of the small (order
10s of microns) hot particles moving at 100s of meters per second. Previous measurements to quantify hot particles
and their combustion gases have been developed including planar laser induced fluorescence (PLIF) [5], absolute
infra-red (IR) imaging [6], coherent anti-Stokes spectroscopy (CARS) [7], absorption spectroscopy [8], and optical
pyrometry [8—11].

This proceeding describes the development of a two-color pyrometer for spatially and temporally under-resolved
particles while covering a relatively large region of interest. In place of a pixel-wise temperature measurement, the
pixel intensities are integrated to overcome image noise and spatial and temporal blur to yield useful temperature
information.

II. Experimental Setup

The imaging setup was composed of the igniter on a three-dimensional translation stage, a single backwards facing
105 mm, f/2 Nikon objective, a Semrock 45 degree longpass imaging beamsplitter with cutoff frequencies at 765 nm,
and two Photron SA-Zs with Edmund bandpass filters selected to image the spectral regions of 700 +/- 25 nm and 900
+/- 25 nm. The schematic of the experimental setup is shown in Fig. 1a. The igniter and cameras used a single trigger,
and the delay of one camera was adjusted to reduce the jitter between frames to ~40 ns. The cameras were run at 100
kHz with an exposure of 160 ns to collect multiple images of each particle and reduce the temporal blur, respectively.
The use of two cameras increased the spatial extent of the images to collect temperature data from as many particles
as possible. The image size was 3.7 x 5.5 mm? or 312 x 512 pixels with a nominal resolution of 10.8 um per pixel.
The approximate particle size was 35 um. As such the particles were not well resolved by the imaging system and a
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pixel wise ratio would not be accurate or meaningful. Therefore, the integrated particle intensity was used to determine
the intensity ratio and thereby the temperature. To locate the same particle in both images the cameras were registered
using a dot card to correlate the images. The imaging system was calibrated using a Mikron 390 blackbody source
that varied in temperature from 1270 to 3270 K. The calibration data and fit used to determine the temperature of the
particles is shown in Fig. 1b. There is a small discrepancy in the calibration data, and the calibration will need to be
repeated for increased accuracy.
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Fig. 1 Experimental setup of the two-color high-speed imaging pyrometer (a) and the blackbody
calibration data and curve fit (b).

III. Results and Discussion

Figure 2 shows sample images of the particle field from the igniter at 700 nm (Fig. 2a) and 900 nm (Fig. 2b) and
the product of the two images (Fig 2c). The product image increased the contrast of the in-focus particles and provided
a single image to locate the particles to reduce the uncertainties of noise, blur, and camera calibration. The high-
contrast image was used to locate the particles based on the peak pixel intensities.
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Fig. 2 Sample images of the particle field at (a) 700 nm and (b) 900 nm and (c) the product image.

The particle processing routine consisted of several steps to segment and isolate the particles, determine the
background intensity, and the integrated intensity ratio for each particle. The routine started by locating the brightest
pixel in the product image. Sub images of the 700 nm (Fig. 3a) and 900 nm (Fig. 3b) images were generated around
that located pixel, the sub image size was large to fully encompass the largest particles. If the particle located was
determined to be at minimum 16 pixels in area the routine continued. An average of the two images (Fig 3c) was
generated to make the masks, such that the masks were identical for both the 700 nm and 900 nm sub images. Masks
were made to isolate the particle (Fig 3d) and the background (Fig 3e). The contrast was normalized in the averaged
image and a relative threshold of 0.4 was applied. The masked areas were enlarged by 2 pixels to encompass the
particles. The background mask located other particles in the image and blocked them. Then the background mask
was applied to the sub images and they were further cropped (Fig. 3f and 3g top), based on the size of the particle, to
determine the local background counts. The background counts were subtracted from the particle sub images, the
particle mask was applied and cropped (Figs. 3f and 3g bottom), and the image intensities were integrated. After a
particle was located and the intensity ratio determined the particle was masked from the product image and the next



brightest pixel was found and the routine started again. If the particle did not meet the size and contrast criteria, then
the area around the peak signal was masked such that the next brightest particle could be found. The potential bias in
a process based on choosing the brightest (hottest, largest, or most in-focus) particles first was accounted for by
searching for more particles than exist in the images.
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Fig. 3 Sample sub images and masks used in the particle intensity ratio routine: (a) 700 nm sub image, (b)

900 nm sub image, (c) averaged image, (d) particle mask, (e) background mask, (f) cropped and masked sub
images of 700 nm background (top) and particle (bottom), (g) cropped and masked sub images of 900 nm
background (top) and particle (bottom).

The particle integrated temperature was determined using the measured intensity ratio and the calibration from the
blackbody source. The particle’s emissivity was assumed to be constant over the spectral range of interest. The particle
temperatures were determined for each image in the time sequence provided the located particle met the size and
contrast criteria. Figure 4a shows the temperature and standard deviation of the particles located in the image sequence
from which the sample images in Fig. 2 were taken at 270 us. Figure 4b shows the particle count for each image. From
this data the particles from the igniter appear to reduce in temperature (2600 to 2300 K) the later they are ejected and
arrive within the region of interest. However, more experiments and full understanding of the measurement
uncertainties will be required to draw any conclusions.
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Fig. 4 (a) Time sequence of average particle temperatures and standard deviations, and (b) the time
sequence of the number of particles in the region of interest.



IV. Conclusions

A two-color pyrometer was developed to measure the temperature of spatially and temporally under-resolved

particles ejected from a pyrotechnic igniter. The method used the integrated intensity of the particles from both images
to estimate the temperature and the uncertainty. The pyrometer was calibrated, and preliminary results were shown of
a time sequence of particles from an igniter. A full accounting of the measurement uncertainties and more experiments
will need to be conducted to define the accuracy and precision of the pyrometer.
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