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Both PhD students working on this project will conclude their work by the end of this year.  This report is an update on both projects.
Ashwin Yerasi
Final Status Update
	Since beginning work on this project less than two years ago, Ashwin has made significant progress in his efforts to model the performance of airborne DIAL systems as they are used to measure natural gas leaks. He has studied several different sources of error that may influence DIAL retrievals of methane concentration, both random and systematic. He has also researched some of the technology used to generate and detect lidar signals at different wavelengths. After encouragement from experts he met at some of the conferences he attended, he has incorporated Gaussian plume modeling into his analysis. By doing so, he was able to determine a way to theoretically quantify natural gas leak rates from DIAL data. Given information about the DIAL system design and the environment surrounding the leak, it is possible to estimate the precision and accuracy of the leak rate retrievals and thus evaluate the quality of the system performance.
	Ashwin is currently organizing his ideas into a paper that he plans to publish. In this paper, he compares the theoretical performances of UAV-based DIAL systems operating near 1.65 µm and 3.3 µm. These hypothetical systems feature laser technology similar to that of the ALDL-NG by Ball Aerospace and the ALPIS by LaSen respectively. Although Ashwin still needs to meticulously scrutinize his analysis to confirm that it is correct, he has noted some findings that are worth mentioning.
	The baseline target for a leak in Ashwin’s simulations is currently 50 SCFH in a neutrally stable atmosphere at sea level with a wind speed of 5 m/s. The atmosphere is assumed to have background mixing ratios of 1.85 ppm for methane, 400 ppm for carbon dioxide, and 7750 ppm for water vapor. The UAV platform flies at an altitude of 300 ft and a speed of 50 kn in the same direction as the wind (and therefore the natural gas plume). It features a cross-track scanning mechanism that oscillates at a rate of 10 Hz and scans at angles of 2° off-nadir in the direction perpendicular to the flight path. The ground surface type is set to clay loam soil for which the reflectivity spectrum was obtained from the ASTER Spectral Library. The solar radiance values were obtained from the libRadtran software package with the Sun positioned at zenith. For both DIAL systems, the receiver telescope is set to have a diameter of 3 in and a field-of-view of 50 mrad. The net efficiency of the receiver telescope plus the internal optical components is assumed to be 25% for both systems. Right now, the efficiencies of the lasers are unknown, so it is assumed that both the 1.65 µm and the 3.3 µm system can transmit online and offline laser signals at 500 mW each given a 100 W budget from the UAV power supply.
The detector and transimpedance amplifier (TIA) elements are set to the same as those of the ALDL-NG for the 1.65 µm system and the ALPIS for the 3.3 µm system. In order to protect the intellectual property of Ball Aerospace and LaSen, the models of the parts will not be specifically identified in this document. But it can be said that the ALDL-NG uses an InGaAs photodiode while the ALPIS uses an InSb photodiode. The paragraph above described the environmental parameters as well as the design characteristics and assumptions that are the same for the two DIAL systems. The table below lists the properties of the transmitted laser signals that are specific to the individual systems, like the detector and TIA properties.
	DIAL System Design Characteristic
	1.65 µm System Value
	3.3 µm System Value

	Online Wavelength
	1645.54 nm
	3312.5 nm

	Offline Wavelength
	1645.33 nm
	3311.5 nm

	Laser Linewidth
	0.1 nm
	1 nm

	Pulse Repetition Frequency
	2 kHz
	200 Hz

	Transmitted Pulse Length
	30 ns
	20 ns

	Bandwidth
	11 MHz
	22 kHz

	Detector Responsivity at Laser Wavelengths
	0.987 A/W
	2.094 A/W

	Detector Dark Current
	55 nA
	110 µA

	Detector Capacitance
	100 pF
	6 nF

	TIA Current Noise Spectral Density
	2.2 pA/Hz1/2
	0.13 pA/Hz1/2

	TIA Voltage Noise Spectral Density
	2.8 nV/Hz1/2
	12 nV/Hz1/2

	TIA Feedback Resistance
	10 kΩ
	360 kΩ

	TIA Feedback Resistor Temperature
	25 °C
	25 °C



	The 1.65 µm system was found to generally have higher SNRs than the 3.3 µm system. Although the 3.3 µm system has a lower pulse repetition frequency, which leads to transmitted pulses with higher energy, and a much lower bandwidth, which leads to a lower noise current, its laser signals get more heavily attenuated by the methane and its reflectivity off of the soil is not as high. Thus, the received signals are actually quite weak. However, the differential absorption between the online and offline wavelengths in the 3.3 µm band is much greater than that of the 1.65 µm band. This greater difference in absorption compensates for the weaker signals. So ultimately, the 3.3 µm system can estimate leak rates with greater precision.
	Preliminary results suggest that the 3.3 µm UAV-based DIAL system can be designed to measure this type of leak with a precision of ~2.5% from a single cross-track scan transect, while the 1.65 µm system only has a precision of ~15%. Everything else being equal, the 3.3 µm system does perform better in that regard. However, many pipeline operators may not be concerned with such high precision and would be satisfied with a lower value. So, if it turns out that a 3.3 µm DIAL system is too expensive or even impossible to practically downsize to a UAV, a 1.65 µm system might be sufficient.
	Ashwin has also studied some of the systematic errors associated with methane DIAL retrievals. Because the studied DIAL systems feature cell-calibration, the biases involving wavelength and power jitter are automatically corrected. Also, because the atmospheric methane is subtracted away from the DIAL retrievals to estimate natural gas leak rates, the biases caused by the interfering greenhouse gases get canceled out. One systematic error that is being explored though is the temperature (and consequently pressure according to the ideal gas law) difference between the methane in the cell and the atmosphere. Because a gas’s ability to absorb light at a certain wavelength is dependent upon its temperature and pressure, the differential absorption reference measurements from the cell may not be a proper representation of the methane in the air. However, preliminary results seem to suggest that these concerns are minor as seen in the figure below. Even in extreme scenarios in which the gas cell temperature is 10 °C different from the atmosphere at sea level, the 3.3 µm system would misestimate the leak rate by only ~4.5% and the 1.65 µm system misestimates it by only ~2%.
[image: ]
	It should be emphasized that Ashwin’s analysis is still ongoing. The numbers and results presented in this document are only where they stand at the time of its writing. It is possible that some of them may change very soon as more pertinent information is acquired. However, the general patterns are expected to stay the same.

Schedule to Completion
Ashwin will explain the details of the methodology and results of his investigation in his paper. The plan is to submit it to a remote sensing journal in mid to late September for peer review. Ashwin now intends to defend his dissertation at the end of this semester in December. Because the content of the paper will comprise a significant part of his dissertation, it should be doable. Ashwin will also include some discussion about other potential sources of error in DIAL that were not included in the paper as well as validation of his modeling efforts using the ALDL-NG and ALPIS data provided by Ball Aerospace and LaSen.
Bill Tandy
1. I successfully submitted a peer reviewed paper on the importance of wavelength dependent reflectivity for gas detecting instruments. It was published in the SPIE Journal of Remote Sensing under the title "Analysis of the impact of wavelength separation on reflectivity error for differential absorption lidar using the ASTER spectral library."

2. I am wrapping up my dissertation with an expected defense date the end of September. The report discusses how to simulate instrument performance before it is built. One of the highlights is integrating a Gaussian plume model so developers can determine the smallest visible leak rates at different wind speeds. This could help the next generation of instruments get started in the right direction. Many other topics from hardware selection to optic optimization are covered.

3. I have recently submitted a second paper to the Optical Society of America on correlating data from Ball Aerospace's methane instrument to simulations. Peer reviewers have it now. This topic isn't really in their focus area, but they requested something from Ball and I was asked to help provide content. I should find out soon what happens next. If they do not accept the topic then I have another journal lined up for submittal.

4. I'm looking forward to graduating and getting back to work full time on the remote detection of gas and oil leaks. I expect that most of my career will be focused on this topic.





2

image1.png
Multiplicative Bias in Retreivals

1.05

1.04

1.03

1.02

101

0.99

098

097

Leak Rate Retrieval Systematic Eror

—— 165 um
——33um

6 4 -2 0 2 4 6 8
Cell Temperature Minus Air Temperatures [C]

10




