
Rodrigo B. Miguel, Ned Zhou, Kyle J. Daun

Department of Mechanical and Mechatronics Engineering, University of Waterloo

Optical Techniques for Measuring Flare 

Combustion Efficiency

Motivation
 Flaring safely converts methane and other unwanted hydrocarbons to carbon dioxide in order to reduce 

environmental impact, health hazard, and risk of explosion.

 Combustion efficiency (CE) is used to gauge the effectiveness of flaring. It is defined as the mass of carbon 

affixed to carbon dioxide leaving the flare divided by the total mass of carbon in the fuel stream entering the 

flare (Figure 1).

Conclusions and Future Work
 Optical gas imaging is a promising approach for monitoring flare combustion efficiency.

 Two candidate technologies: broadband MWIR cameras equipped with filter wheels; and imaging Fourier 

transform spectrometers. These approaches are evaluated using CFD-LES data of a combustion flare. 

 Established techniques for inferring local CE using the broadband camera fail to recover the LES-derived 

ground-truth. Results obtained from the IFTS are more reliable.

 Future work will focus on improving broadband analysis techniques and investigating issues with transient 

measurements.
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Simulated Combustion Efficiency Measurement
 The experiment is prototyped with a CFD-Large Eddy Simulation (LES) of a combusting flare.

 The concentration and temperature of random LOS are sampled from the LES data and used to generate 

simulated intensities, which are then contaminated with Gaussian sensor noise (s = 5%).

 Local CE is estimated with both broadband and IFTS techniques; these results are then compared with 

ground-truth CE computed from the LES data.

 While combustion efficiency is close to 100% under ideal conditions, it can be dramatically reduced by factors 

such as crosswind, jet velocity, and steam-assist.

 Recent progress in mid-infrared optics and high-performance computing enables a stand-off optical approach 

to estimate the combustion efficiency.

Measurement Technique
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Broadband camera

 The brightness of each pixel corresponds to the 

spectrally-integrated IhL for each LOS.

 Individual V-R bands for component species can be 

isolated using bandpass filters mounted on a filter wheel 

in front of the sensor.

 Four filters are used, having windows approximately 

aligned with the V-R bands of CH4, CO2, CO, and a 

reference region. A comparative analysis of these four 

images is used to estimate the local CE [1,2]. 

Imaging Fourier Transform Spectrometer (Hyper-Cam)

 The IFTS simultaneously resolves individual spectral lines over a scene, resulting in a 3D hypercube of data 

consisting of up to 5332 scenes at each wavenumber.

 A Telops MWIR Hyper-Cam is used with the following settings: 

 Spatial resolution of 320×256 px

 Spectral resolution of Dh = 0.25 cm-1

 Measurement spectrum of h  [2000-3333 cm-1]

 The camera requires up to 27 seconds to generate a single hypercube, which causes “temporal blurring” and 

complicates analysis of turbulent flows.

 The interferometer causes an apodization effect that is simulated by convolving the incident spectral intensity 

IhL with the instrument line shape function (ILS) over the entire spectrum.

Results
Broadband Camera

 The local CE is estimated using two techniques described 

in Refs. [1,2] (used in a commercial device).

 Si is the camera signal for the ith spectral band, α is the 

average absorptance of the species in the same band, and 

Ibh,i is the blackbody emission to the band at the gas 

temperature. The local CE is then given by

 Random pixels are sampled within the flare flame envelope 

(700-920 K). Figure 4 compares the estimated and ground-

truth CE. 

 Both methods fail to accurately estimate local CE (Figure 5.)

 Method 1 under-predicts the CE efficiency because it does 

not account for the spectral variation of I0h. Spectral band 3, 

responsible for detecting CO (Figure 5), is strongly 

influenced by background radiation. This leads to an over-

prediction of CO, thereby decreasing the estimated CE.

Imaging Fourier Transform Spectrometer (Hyper-Cam)

 Species concentrations and temperatures are assumed 

to obey Gaussian distributions along each LOS through 

the plume. A constant distribution width is assumed 

based on the visible size of the plume, while the peak 

values are unknown.

 These concentrations are used to compute IhL using the 

RTE (Eq. 3), which is then transformed into simulated 

IFTS data using the ILS. The distribution peak 

parameters are found through nonlinear regression to the 

data.

 The mean distribution parameters are used to compute 

species column densities, from which the local CE is 

obtained. Figure 6 shows that the local CE computed 

with the IFTS data closely matches the LES ground-truth.

Remote measurements

 Mid-wavelength infrared (MWIR) imaging exploits the fact that gases absorb and emit radiation at discrete 

wavenumbers (h = 1/l), associated with vibrational-rotational (V-R) quantum transitions of the constituent 

molecules. Each gas typically consists of 106-107 discrete lines, which are clustered into 3-4 V-R bands per 

species. MWIR images of flare combustion products are due to radiative emissions of the hot gas and the 

absorption of background (sky) radiation (Figure 2).

 Pixel brightness indicates the spectral intensity ILh incident on the camera sensor, which is related to the gas 

concentration and temperature along the pixel’s line-of-sight (LOS) by the radiative transfer equation (RTE). 

Camera Selection

Two types of commercially-available cameras are 

considered: broadband cameras with four filters, and imaging 

Fourier transform spectrometers (IFTS). 

Radiative Transfer Equation
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 Method 1: The spectral variation of Planck’s distribution is 

assumed to be negligible, which cancels out Ibhj.

 Method 2: The gas is assumed to be at 810 K (flame 

envelope temperature).

Figure 1. Flare CE

Figure 5. Broadband CE estimation

Figure 4. Combustion efficiency and chosen pixels

 Method 2 over-predicts the CE efficiency:

 Unburned methane at temperatures far lower than 

810 K is present due to incomplete combustion (poor 

local mixing).

 Since the total signal is proportional to the product of 

methane concentration and blackbody intensity, over-

estimating the blackbody emission under-estimates 

the methane concentration.

Figure 6. IFTS CE estimation 

 Neglecting the effect of soot and other hydrocarbons, the 

local CE can be approximated using the gas 

concentrations:

(1)

(2)

Figure 2. Interaction between IR and gas
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Figure 3. Gas absorption coefficient and filter bands
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