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TECHNICAL PAPER

Validation of a new method for measuring and continuously monitoring the
efficiency of industrial flares
Yousheng Zenga, Jon Morrisa, and Mark Dombrowskib

aProvidence Photonics, LLC, Baton Rouge, Louisiana, USA; bSurface Optics Corporation, San Diego, California, USA

ABSTRACT
A new method has been developed for a direct and remote measurement of industrial flare
combustion efficiency (CE). The method is based on a unique hyper-spectral or multi-spectral
Infrared (IR) imager which provides a high frame rate, high spectral selectivity and high spatial
resolution. The method can be deployed for short-term flare studies or for permanent installation
providing real-time continuous flare CE monitoring.

In addition to the measurement of CE, the method also provides a measurement for level of
smoke in the flare flame regardless of day or night. The measurements of both CE and smoke level
provide the flare operator with a real-time tool to achieve “incipient smoke point” and optimize
flare performance.

The feasibility of this method was first demonstrated in a bench scale test. The method was
recently tested on full scale flares along with extractive sampling methods to validate the method.
The full scale test included three types of flares – steam assisted, air assisted, and pressure
assisted. Thirty-nine test runs were performed covering a CE range of approximately 60-100%.
The results from the new method showed a strong agreement with the extractive methods
(r2=0.9856 and average difference in CE measurement=0.5%).

Implications: Because industrial flares are operated in the open atmosphere, direct measure-
ment of flare combustion efficiency (CE) has been a long-standing technological challenge.
Currently flare operators do not have feedback in terms of flare CE and smoke level, and it is
extremely difficult for them to optimize flare performance and reduce emissions. The new method
reported in this paper could provide flare operators with real-time data for CE and smoke level so
that flare operations can be optimized. In light of EPA’s focus on flare emissions and its new rules
to reduce emissions from flares, this policy-relevant development in flare CE monitoring is
brought to the attention of both the regulating and regulated communities.
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Introduction

Industrial flares are widely used primarily as safety
devices in chemical process industries (e.g., petroleum
refineries, chemical plants, etc.) and oil and gas fields.
Waste process gases, particularly gases released due to
process upset or emergency, are vented to flares to be
safely combusted over the flare tips, avoiding industrial
accidents and reducing air pollution. Although com-
prehensive emission inventories of flares and their
associated emissions are not readily available, some
anecdotal information is available to provide a sense
of scale for the emission of volatile organic compounds
(VOC) and greenhouse gases (GHG) from flares due to
imperfect combustion. In the Fact Sheet for the
Proposed Petroleum Refinery Sector Risk and
Technology Review and New Source Performance
Standards, the U.S. Environmental Protection Agency

(EPA) states that the proposed new standards for flares
will reduce VOC emissions from flares in this sector by
33,000 tons per year (EPA, 2014). In the same Fact
Sheet, the total VOC emission reductions for all
affected sources in this proposed rule are projected to
be 52,000 tons per year. The flare portion accounts for
63% of the total reductions. There are more flares in
chemical and petrochemical sectors. In 2007, the Texas
Commission on Environmental Quality (TCEQ) con-
ducted a special emission inventory of Highly Reactive
Volatile Organic Compounds (HRVOC) in Harris
County for the period from February 1, 2006 to
January 31, 2007. HRVOC is a subset of VOC that
represents the most potent ozone precursors. Results
of this special emission inventory showed that the
HRVOC emissions from flares were 1,469.5 tons out
of a total HRVOC emission inventory of 2,433.4 tons in

CONTACT Yousheng Zeng youshengzeng@providenceeng.com Providence Photonics, LLC, 1201 Main Street, Baton Rouge, LA 70802, USA.
Color versions of one or more of the figures in the article can be found online at www.tandfonline.com/uawm.

JOURNAL OF THE AIR & WASTE MANAGEMENT ASSOCIATION
2016, VOL. 66, NO. 1, 76–86
http://dx.doi.org/10.1080/10962247.2015.1114045

© 2016 Providence Photonics

http://www.tandfonline.com/uawm


Harris County, Texas; that is, flare emissions accounted
for 60.8% of total HRVOC emissions (ENVIRON,
2008).

Emissions from flares also represent a significant
contribution to GHG emissions. According to a report
by GE Energy, approximately 150 billion cubic meters
of natural gas are flared in the world each year, roughly
the same as the annual household consumption for the
entire United States. The flaring of 150 billion cubic
meters of natural gas produces 400 million tons per
year of carbon dioxide (CO2), equivalent to annual
emissions from 77 million cars (34% of the U.S. fleet)
(Farina, 2011). The GHG impact for 1 lb of methane
emissions is equivalent to 21 lb of CO2 emissions. Since
the amount of methane emission is a function of flare
combustion efficiency (CE), estimation of CE for these
flares has a large impact on these GHG emission
estimates.

Current practice is to assume that flares control 98%
of the hydrocarbons (largely VOC) fed to flares, pro-
vided that some surrogate parameters (e.g., heat con-
tent of the vent gases and exit velocity of gases at the
flare tip) are within established ranges. Field studies
and modeling analyses conducted in Texas (e.g., Texas
Air Quality Study of 2000, and Texas Air Quality Study
II in 2006) have demonstrated that these assumptions
regarding flare CE may be inaccurate, and total flare
emissions in this airshed could be significantly under-
estimated. The uncertainty introduced into emission
inventories due to flare CE assumptions could be sig-
nificant enough to alter the outcome of large-scale air
quality management decision making. Despite its
importance, determining flare CE (and therefore emis-
sion rates) remains a technological challenge. Unlike
other emission sources, the combustion for an indus-
trial flare occurs in open air, leaving no practical
method for capturing postcombustion gases. As a
result, it is not possible to routinely apply traditional
methods (such as extractive sampling) for analysis of
the postcombustion gases or determination of control
efficiency. Flare operations typically involve a drastic
“turn-down ratio,” that is, changes in the volume of
gases sent to flares in a very short period of time when
an upset or emergency release occurs. The sharp
changes in throughput can significantly disrupt the
proper steam or air to fuel ratio and therefore alter
flare efficiency. Due to these factors, determination of
flare CE and destruction and removal efficiency (DRE)
is extremely difficult. In 2009, TCEQ contracted with
the University of Texas Austin (UT) to conduct a
comprehensive study on flare CE and DRE (Allen and
Torres, 2011). Results from this study (hereafter
referred to the TECQ 2010 flare study) are very

valuable in characterizing flare CE and DRE under
the test conditions, and they have had a lasting impact
on flare operations and flare management programs.
One of the findings demonstrated that even if a flare is
operated in accordance with the federal regulation 40
CFR §60.18, it still may not achieve assumed 98% CE.
A reduction in CE from 98% to 90% represents a
fivefold increase in flare emissions.

While the TCEQ 2010 flare study was a major
undertaking, it demonstrated that realistic operating
conditions can result in a large variability in flare CE.
In many cases flare operators do have the means to
optimize flare operating conditions (e.g., changing the
steam to vent gas ratio, adding supplemental fuel, etc.).
However, their ability to optimize the flare to achieve a
high flare CE is severely limited by the lack of a real-
time measurement of flare CE. Currently there is no
technology that can provide real-time autonomous and
direct measurement of flare CE.

A new flare CE measurement and monitoring
method has been proposed by Zeng et al. (2012). This
method utilizes a multispectral infrared (IR) imager to
simultaneously measure the relative concentrations of
combustion products, carbon dioxide (CO2), and
unburned hydrocarbon (HC) at a pixel level. The rela-
tive concentrations of CO2 and HC levels measured at
each pixel are used to calculate the CE for that pixel,
which represents a path-averaged CE for a column of
combustion gases represented by the pixel. A CE value
representing the flare at any given moment is calculated
by averaging CE values of the pixels that represent the
outer layer of the combustion zone of the flare. The
imager has a high frame rate (11–30 frames per second)
that results in a data acquisition cycle of 91–33 msec.
The short data acquisition cycle means that the path
length through the plume depth can be considered
constant for each measurement (frame). This addresses
the significant limitation of other imaging based tech-
nologies with long data acquisition cycles (e.g., 1 sec).
As the data acquisition cycle increases, the uncertainty
due to the changing conditions (plume depth) increases
and the accuracy of the method will suffer. The pro-
posed method provides the first practical, autonomous,
real-time measurement of flare CE.

An experiment was conducted using full-scale flares
to validate this new method. The experiment setup and
results are presented in this paper.

Experiment setup

Flare CE is determined by the following equation
(Allen and Torres, 2011):
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CE %ð Þ ¼ C½ �CO2P
i ni C½ �HCi þ C½ �CO þ C½ �CO2

� 100 (1)

where CE(%) is the combustion efficiency, as a per-
centage; [C]CO2 the volume concentration of CO2 in the
plume once combustion has ceased; [C]CO the volume
concentration of carbon monoxide (CO) in the plume
once combustion has ceased; [C]HCi the volume con-
centration of the ith HC compound remaining in the
plume once combustion has ceased; ni the number of
carbon atoms in the ith HC compound; and i the ith
hydrocarbon compound in the flare vent gas. When
there is only one compound, i = 1.

When there is no unburned HC ([C]HCi = 0) and no
product of incomplete combustion such as CO in the
plume ([C]CO = 0), the combustion is complete and
CE = 100%. Strictly speaking, there may be other
products of incomplete combustion (such as soot),
which are generally at trace levels and ignored. Under
most common conditions, the concentration of CO as a
product of incomplete combustion is orders of magni-
tude lower than either CO2 or HC. For this experiment,
CO is also neglected in the CE calculation. Therefore,
eq (1) becomes eq (2):

CE %ð Þ ¼ C½ �CO2P
i ni C½ �HCi þ C½ �CO2

� 100 (2)

Because eq (2) directly compares unburned HC and
its ultimate combustion product (CO2), the CE calcu-
lated by eq (2) can also be used as approximation of
destruction and removal efficiency (DRE) for HC, that
is, how much HC is destroyed regardless of how much
is in the CO stage.

The experiment was conducted in November 2014 at
the flare test facility of Zeeco, Inc., located near Tulsa,
OK. Three full-scale fares were tested: a 16-inch steam
assisted flare (Zeeco model QFS), a 10-inch air-assisted
flare (Zeeco Model AFDS), and a multipoint sonic flare
(also referred to as a pressure assisted flare and used as
a ground flare; Zeeco model MPGF). Figure 1 is a
picture of these three flares used in the experiment.

The experiment setup is illustrated in Figure 2. For
this experiment, a hyperspectral infrared (IR) imager
(model SOC750 by Surface Optics Corp.) was used to
image flares at a distance of 300 ft from the base of the
flare stacks. The optics of SOC750 includes a 50 mm
lens with a field of view (FOV) of 8.8 degrees. The
SOC750 is a “staring” hyperspectral imager with 42
spectral bands in the wavelength of 2–5 µm. The spec-
tral resolution is approximately 73 nm. As a staring
imager, it has high frame rate. It is radiometrically
calibrated. Its sensor is a 256 × 240 cooled midwave
infrared (MWIR) focal plane array. For this

experiment, the SOC750 was operated to acquire and
process spectral imagery at a rate of approximately 11
data cubes (256 × 240 pixels × 42 bands) per second.
For each test run, SOC750 acquired data for 30 sec,
generating 325 cubes for each test run.

In order to validate this new method, an extractive
sampling system was used (see Figure 2). An inductor
with a sampling hood was suspended over the flare
using a crane. A portion of the gases captured by the
inductor was extracted and transported via a heated
sampling line to the monitoring trailer. Inside the trai-
ler, a contracted stack tester continuously analyzed
samples for combustion products carbon dioxide
(CO2) and carbon monoxide (CO), unburned hydro-
carbon (HC), and oxygen (O2). The analyzers used for
CO2, CO, HC, and O2 measurements were Servomex
model 1440, ThermoFisher Scientific model 48C, VIG
model 210, and Servomex model 1440, respectively.
The test methods and procedures used were consistent
with standard EPA methods for stack testing.

Thirty-nine test runs were completed (test numbers
0–39; test number 33 was aborted because the imager
was not ready). The test conditions are summarized in

Figure 1. Three flares used in the experiment: (a) QFS steam-
assisted flare; (b) AFDS air-assisted flare; and (c) MPGF multi-
point sonic flare.

Figure 2. Experiment setup. (a) SOC750 hyper-spectral imager;
(b) extractive sampling apparatus; and (c) gas monitoring
trailer.
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Table 1. The flares were operated by Zeeco personnel
and the information in Table 1 was provided by Zeeco,
except for the notes added by the authors based on
observation. As discussed earlier, three types of flares
were tested: air-assisted (AFDS), steam-assisted (QFS),
and pressure-assisted (MPGF). Four types of fuels were
used in the test: propane, propane/nitrogen blend (50:50),
propylene, and natural gas. For the air-assisted flare, air-
flow rates are provided in Table 1 with the unit of standard
cubic feet per minute (SCFM). Based on the fuel flow, the
amount of air supplied was also expressed as a percentage
of stoichiometric air needed for the combustion. In addi-
tion to the supplied air, combustion can occur utilizing air
from the atmosphere. For the steam-assisted flare, both
steam rates and steam to HC ratio (on a mass basis) are
provided in Table 1. Table 1 also provides combustion
zone net heating values (CZNHV) for air-assisted and
steam-assisted flares, an important parameter used by
EPA for these types of flares.

Among the 39 test runs, 28 were designed to validate
this method using the data from the extractive

sampling system. The remaining 11 of the 39 test runs
were designed to test the capability of this method
under some extreme conditions. Among these 11
runs, four of them (test numbers 0, 14, 15, and 16)
had heavy smoke. Five of them (test numbers 10, 11,
19, 20, and 35) were operated at extremely low vent gas
rates (very small flame footprints). Two of them (test
numbers 12 and 13) had no vent gas and were designed
to test the imager’s capability to image the pilot at the
300-ft distance.

Results and discussion

As described in the previous section, in total, 325 data
cubes were acquired by the SOC750 hyperspectral ima-
ger for each of the 39 test runs. For each test run, an
average data cube was derived by averaging the 325
cubes temporally. The reason for this averaging was to
reduce the number of data sets to be processed manu-
ally in this study to a more manageable numbers. This
averaging was appropriate because the flare was

Table 1. Flare test conditions.

Test
No.

Flare
Type Fuel

Fuel Flow Rate
(lb/hr) Air Rate (SCFM) Stoichio-metric Air

Steam Rate
(lb/hr)

Steam
/HC
(lb/lb)

CZNHV
(Btu/SCF) Notes

0 AFDS Propane (100%) 7,994 0 Heavy smoke
1 AFDS Propane (100%) 7,994 9,107 33.29% 259
2 AFDS Propane (100%) 7,994 9,107 33.29% 259
3 AFDS Propane (100%) 7,994 9,107 33.29% 259
4 AFDS Propane (100%) 6,670 9,107 39.89% 221
5 AFDS Propane (100%) 6,670 9,107 39.89% 221
6 AFDS Propane (100%) 5,278 9,107 50.42% 178
7 AFDS Propane (100%) 5,278 9,107 50.42% 178
8 AFDS Propane (100%) 3,063 9,107 86.87% 107
9 AFDS Propane (100%) 3,063 9,107 86.87% 107
10 AFDS Propane (100%) 237 9,107 1122.75% 9 Very small flame footprint
11 AFDS Propane (100%) 237 9,107 1122.75% 9 Very small flame footprint
12 AFDS None Pilot only
13 AFDS None Pilot only
14 QFS Propane (100%) 5,105 0 0 2,316 Heavy smoke
15 QFS Propane (100%) 5,105 0 0 2,316 Heavy smoke
16 QFS Propylene (100%) 4,891 0 0 2,183 Heavy smoke
17 QFS Propylene (100%) 4,910 2,350 0.48 1,031
18 QFS Propylene (100%) 4,910 2,350 0.48 1,031
19 QFS Propylene (100%) 539 2,350 4.36 195 Very small flame footprint
20 QFS Propylene (100%) 539 2,350 4.36 195 Very small flame footprint
21 MPGF Propane (100%) 5,079
22 MPGF Propane (100%) 5,079
23 MPGF Propylene (100%) 4,952
24 MPGF Propylene (100%) 4,952
25 MPGF Propane/N2 (50/50) 2,448
26 MPGF Propane/N2 (50/50) 2,448
27 MPGF Natural Gas (100%) 3,300
28 MPGF Natural Gas (100%) 3,300
29 QFS Propane (100%) 4,640 2,350 0.52 1,035
30 QFS Propane (100%) 4,640 2,350 0.52 1,035
31 QFS Propane (100%) 1,879 2,350 1.25 571
32 QFS Propane (100%) 1,879 2,350 1.25 571
33 QFS Propane (100%) Imager not ready; test aborted.
34 QFS Propane (100%) 1,537 2,350 1.53 489
35 QFS Propane (100%) 1,537 2,350 1.53 489 Very small flame footprint
36 QFS Propane (100%) 1,537 2,350 1.53 489
37 QFS Propane (100%) 1,537 2,350 1.53 489
38 QFS Propane (100%) 3,328 2,350 0.71 850
39 QFS Propane (100%) 3,328 2,350 0.71 850
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operated under a steady-state condition during each
30-sec test run and the images were inspected to ensure
there was no significant change in the pattern of the
flare flame. When this method is deployed in a mon-
itoring instrument and data analysis is automated, this
temporal averaging step will be eliminated to preserve
the short analytical cycle in rapidly changing flare con-
ditions. The final flare CE values can be averaged over a
period of time desired by flare operators.

For each pixel of the average data cube, relative
concentrations of CO2 and HC, which were represented
by the IR intensities in their respective spectral bands,
were used in eq (2) to calculate CE for that pixel. There
were 256 × 240 pixels. For the pixels that represent the
flare flame (“flame pixels”), the IR intensity was high
and the CE calculation was carried out. The rest of the
256 × 240 image is background scene where the IR
intensity registered by the imager was virtually zero.
For these nonflame, background-scene pixels (“back-
ground pixels”), no CE values were calculated.

Within the flame pixels, there was a subset of pixels
that represented an outer combustion envelope where
combustion ceased. Inside the combustion envelope the
combustion is still progressing, unburned hydrocarbon
concentrations tended to be high (particularly at the
center of the flame near the flare tip), and CE values at
the pixel level tended to be low. The pixels inside the
combustion envelope do not represent the CE of the
flare; rather, the pixels on the outer combustion envel-
ope represent the true CE. Therefore, only the pixels
representing the outer combustion envelope were aver-
aged to derive a single CE value, which was used to
represent the flare CE during the 30-sec test run. The
same approach could be used for different temporal
intervals, for example, 10, 20, or 60 sec, and the result-
ing CE values would provide corresponding time-aver-
aged CE for the flare being monitored.

Once the CE value was calculated using the new
method, it was compared to the CE value determined
by the extractive method. The extractive method gen-
erated concentrations of CO2 and HC at a 1-sec time
interval. From these second-by-second CO2 and HC
data, CE was calculated using eq (2) in the same way
as the new method. The time stamps of both the new
method and the extractive method were synchronized,
and the 30-sec test period of the new method was
matched with the corresponding time window in the
continuous data stream generated by the extractive
method. Figure 3 is an example showing how the two
data sets are matched for test numbers 36–39. The CE
values generated by the extractive method during each
30-sec data cube were averaged and compared with the
CE result from the new method.

Results from 28 CE validation tests

The results of the 28 CE validation tests are summar-
ized in Table 2. The first seven columns of data in
Table 2 show the flare operating data (provided by
Zeeco) that were presented in Table 1 and are repeated
in Table 2 for convenience. The “CE-extractive
method” and “CE-new method” are the results from
the two methods, and the column labeled “CE differ-
ence” is the difference between the two methods. The
column labeled “Smoke Index” is discussed in a later
section. The last column is the 30-sec average of oxygen
in the extracted sample. If the value in this column is
close to 21%, it suggests that the extracted sample was
significantly diluted by ambient air, possibly due to
positioning of the extraction hood in relation to the
changing flare plume or a small flare plume. It is ideal
to capture as much of the flare combustion gases as
possible with minimum ambient air dilution. For this
experiment, extractive sampling data points with an
oxygen level less than 19.5% are considered to be a
higher quality data, that is, better plume extraction
and less ambient air dilution. Among the 28 tests in
Table 2, 18 are in this category.

Overall, the CE values measured by the new
method agree well with the CE values measured by
the extractive method. The average difference between
the two methods is 0.50% when all 28 tests are
included. The average difference is smaller (0.10%)
when only the 18 higher quality extractive data points
are considered. In addition to the extractive sampling
data quality, the CE level appears to play a role in the
accuracy of the method. The difference between the
two methods is larger when the CE is low (e.g., test
numbers 32, 34, and 36, with their CE being 67.48%,
59.99%, and 70.57%, respectively). Under these low
CE conditions, the new method tends to overestimate
the CE when compared to the extractive results. The

Figure 3. Example O2, CO2, and CE data from extractive
method overlaid with imager test time for test numbers 36,
37, 38, and 39.
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two methods correlate well with an r2 of 0.9856.
However, the projected regression line does not pass
through the origin (see Figure 4), which is consistent
with the positive bias of the new method in the low CE
region. It should be noted that the flares are not
designed to operate with such a low CE. However,

low CE conditions may occur, for example, over-
steaming (Allen and Torres, 2011). Currently there is
no practical means to alert flare operators the presence
of low CE operating conditions. The new method
should be capable of providing real-time CE to flare
operators so that low CE (i.e., high emission) condi-
tions can be detected and rectified.

As the CE level in these tests increased, the hydro-
carbon level decreased significantly and became par-
ticularly small in comparison to the level of CO2. For
the tests that had high CE values, the hydrocarbon
level was very low for both methods. In many of
these tests, the hydrocarbon concentration in the
extracted samples was in 0.05–1 ppm range, which
was fairly close to the hydrocarbon analyzer baseline
and significantly lower than the span of gas concen-
tration of the analyzer. Similarly, the hydrocarbon
peak in the imager spectral data was barely recogniz-
able. This challenge generally exists in any instru-
ment attempting to measure both extremely high
and low concentrations at the same time. This factor
could be a contributor to the difference between the
two methods at high CE levels.

Duplicate test runs were conducted to provide a
measure of repeatability for the new method used.
Out of the 28 validation tests listed in Table 2, 26

Table 2. Flare CE validation test results.

Test
No.

Flare
Type Fuel

Fuel Flow
Rate (lb/hr)

Stoichio-metric
Air

Steam
/HC
(lb/lb)

CZNHV
(Btu/SCF)

CE-Extractive
Method

CE-New
Method

CE
Difference

Smoke
Index

Avg. O2 in
Extracted
Sample

1 AFDS Propane (100%) 7,994 33.29% 259 99.94% 97.40% -2.54% 2.85 21.13%
2 AFDS Propane (100%) 7,994 33.29% 259 99.99% 98.80% -1.19% 2.46 19.45%
3 AFDS Propane (100%) 7,994 33.29% 259 99.98% 98.70% -1.28% 4.58 19.37%
4 AFDS Propane (100%) 6,670 39.89% 221 99.99% 98.80% -1.19% 2.87 17.63%
5 AFDS Propane (100%) 6,670 39.89% 221 99.97% 98.60% -1.37% 2.70 18.84%
6 AFDS Propane (100%) 5,278 50.42% 178 99.97% 99.20% -0.77% 2.66 19.83%
7 AFDS Propane (100%) 5,278 50.42% 178 99.95% 99.20% -0.75% 2.50 20.03%
8 AFDS Propane (100%) 3,063 86.87% 107 99.33% 99.00% -0.33% 0.72 20.53%
9 AFDS Propane (100%) 3,063 86.87% 107 99.77% 98.70% -1.07% 1.44 18.94%
17 QFS Propylene (100%) 4,910 0.48 1,031 99.86% 99.00% -0.86% 3.99 19.93%
18 QFS Propylene (100%) 4,910 0.48 1,031 99.90% 99.10% -0.80% 2.24 19.98%
21 MPGF Propane (100%) 5,079 100.00% 99.90% -0.10% 0.24 18.77%
22 MPGF Propane (100%) 5,079 100.00% 99.70% -0.30% 0.27 18.07%
23 MPGF Propylene (100%) 4,952 100.00% 99.90% -0.10% 1.41 17.92%
24 MPGF Propylene (100%) 4,952 100.00% 99.90% -0.10% 1.36 17.38%
25 MPGF Propane/N2 (50/50) 2,448 99.97% 99.30% -0.67% 0.23 19.48%
26 MPGF Propane/N2 (50/50) 2,448 99.99% 99.80% -0.19% 0.35 18.19%
27 MPGF Natural Gas (100%) 3,300 100.00% 99.80% -0.20% 0.26 17.03%
28 MPGF Natural Gas (100%) 3,300 100.00% 99.90% -0.10% 0.32 15.76%
29 QFS Propane (100%) 4,640 0.52 1,035 99.99% 98.70% -1.29% 0.56 19.91%
30 QFS Propane (100%) 4,640 0.52 1,035 99.97% 99.10% -0.87% 0.70 17.60%
31 QFS Propane (100%) 1,879 1.25 571 97.75% 97.50% -0.25% 0.46 19.90%
32 QFS Propane (100%) 1,879 1.25 571 67.48% 77.20% 9.72% 0.83 20.24%
34 QFS Propane (100%) 1,537 1.53 489 59.99% 73.60% 13.61% 0.17 19.94%
36 QFS Propane (100%) 1,537 1.53 489 70.57% 76.60% 6.03% 0.15 18.75%
37 QFS Propane (100%) 1,537 1.53 489 83.15% 85.10% 1.95% 0.21 18.38%
38 QFS Propane (100%) 3,328 0.71 850 99.67% 99.10% -0.57% 0.40 17.38%
39 QFS Propane (100%) 3,328 0.71 850 99.82% 99.40% -0.42% 0.46 18.86%

Average CE difference between the two methods - all 28 tests: 0.50%
Number of tests with oxygen < 19.5% (indication for good extraction): 18

Average CE difference between the two methods - 18 tests with oxygen < 19.5%: -0.10%

Figure 4. Flare CE measured by extractive method and by new
method in 28 validation test runs.

JOURNAL OF THE AIR & WASTE MANAGEMENT ASSOCIATION 81



tests were paired with a duplicate result with flare
conditions held as steady as possible. Only test num-
bers 1 and 34 did not have a paired test. The absolute
difference between the 13 paired tests was calculated
separately for the extractive method and the new
method. The results are summarized in Table 3.
Tests 31–37 were designed to create low CE condi-
tions by oversteaming. As a result, it was difficult to
hold the flare condition constant between two dupli-
cated tests for the desired amount of time. For two of
the 13 paired tests (test numbers 31 and 32 and test
numbers 36 and 37), the CE values were not repea-
table. It should be noted that the difference between
the extractive method and the new method in the
contemporaneous time frame among these four tests
actually agreed reasonably well. Excluding these two
pairs that were not actually paired, the average dif-
ference in the measured CE is 0.07% and 0.20% for
the extractive method and the new method, respec-
tively. These differences suggested strong repeatability
for the new method.

Results for heavy smoke conditions

Flares should not be operated with visible smoke.
There are regulatory limits on opacity for flare opera-
tions. Flare technology has progressed over the dec-
ades with flare manufacturers designing flares that can
achieve smokeless operations by means of assisting the
flare with steam, air, or pressure. One of the major
findings of the 2010 TCEQ flare study is that flare CE
can be severely reduced when oversteaming occurs,
and the best CE is achieved when the flare is operated
at an “incipient smoke point”—the condition where
the steam is reduced to a point just before smoke is
observed (Allen and Torres, 2011). In practice, it is

difficult to operate a flare at an incipient point without
some measure of the level of smoke in the flare plume.
Relying on the operator’s visual observation of smoke
is generally impractical and will be technically infea-
sible at night.

In addition to continuous and autonomous CE mea-
surements, the newly proposed method can detect and
measure the presence of aerosols. In the case of flare
combustion, the aerosol represents soot or smoke in the
flare plume. A unitless metric called the “smoke index”
has been developed to measure the level of smoke, as
illustrated in Figure 5. An optically transparent flare
plume results in a smoke index (SI) of zero, and the SI
progressively increases as the smoke level in the flare
plume increases. It is anticipated that flare operators
can observe the flare smoke condition in conjunction
with the SI provided by this new monitoring method to
establish an operational SI range. When the flare is
operated within this range, no visible smoke is
expected. For this particular study, no visible smoke
was observed when the smoke index was below 6.
However, there was not a sufficient number of tests
designed to cover the transition from smoke to non-
smoke conditions. Therefore, the upper limit for the
operational SI range may be less than 6. Nevertheless,
SI = 6 is used as a preliminary dividing line between
smoke and smokeless conditions. In future tests, the
flare opacity determined using EPA Method 9 can be
recorded simultaneously with the SI generated by this
method. If the two metrics exhibit a close correlation,
the SI can be used quantitatively as a flare operational
control parameter or even as a surrogate to opacity
monitoring for flares.

Because the new CE measurement method is an
optically based method, it was expected that a signifi-
cant level of smoke or soot in the flare might interfere
with the CE measurement. The experiment included

Table 3. Repeatability - duplicated tests.
CE-Extractive Method CE-New Method

Flare Paired Absolute Absolute
Type Test Nos. 1st Test 2nd Test Difference 1st Test 2nd Test Difference

AFDS 2 & 3 99.99% 99.98% 0.01% 98.80% 98.70% 0.10%
4 & 5 99.99% 99.97% 0.02% 98.80% 98.60% 0.20%
6 & 7 99.97% 99.95% 0.02% 99.20% 99.20% 0.00%
8 & 9 99.33% 99.77% 0.44% 99.00% 98.70% 0.30%

QFS 17 & 18 99.86% 99.90% 0.04% 99.00% 99.10% 0.10%
29 & 30 99.99% 99.97% 0.02% 98.70% 99.10% 0.40%
31 & 32 97.75% 67.48% 30.27% 97.50% 77.20% 20.30%
36 & 37 70.57% 83.15% 12.58% 76.60% 85.10% 8.50%
38 & 39 99.67% 99.82% 0.15% 99.10% 99.40% 0.30%

MPGF 21 & 22 100.00% 100.00% 0.00% 99.90% 99.70% 0.20%
23 & 24 100.00% 100.00% 0.00% 99.90% 99.90% 0.00%
25 & 26 99.97% 99.99% 0.02% 99.30% 99.80% 0.50%
27 & 28 100.00% 100.00% 0.00% 99.80% 99.90% 0.10%

Average, excluding (31 & 32) and (36 & 37) 0.07% 0.20%
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test conditions to study this assumption. Four tests
were conducted under heavy smoke conditions and
the test results are summarized in Table 4. During
these four tests, air assist (test number 0) or steam
assist (test numbers 14–16) was turned off, resulting in
heavy smoke. In some cases, the extractive hood had
to be positioned further away to avoid black smoke, as
indicated by relatively high oxygen levels in the
extracted samples in Table 4. The extracted samples
were filtered by a sample conditioning system in the
test trailer to remove soot, and the results indicated
good CE values. As expected, the new method did not
agree with the extractive method as well as it did
under smokeless conditions in Table 2, especially for
test number 15. For test number 16, the smoke was
overwhelming (also see Figure 5d), and the data was
inadequate for CE calculation. From a practical view-
point, bringing the flare into a smokeless condition
would be a higher priority for the flare operators than

getting more accurate CE readings under such a heavy
smoke condition. The data from the extractive method
showed that the CE was high during this heavy smoke
condition.

The significance of the SI is that it can provide a
meaningful metric for flare operators to gauge the level
of smoke in a flare plume from the control room day
and night. The combination of the two parameters, CE
and SI, in real time can provide flare operators the
information needed to optimize flare operations.

Flare flame size and imager optics

Four of the 39 test runs (test numbers 10, 11, 19,
and 20) were conducted when the flare was operated
at very low fuel rates (see Table 1), This resulted in
very small flame sizes in the IR images captured by
the SOC750 at 300 ft ground distance. The results of
these tests are summarized in Table 5, in the upper

Figure 5. Examples of smoke level and smoke index: (a) test 29, smoke index = 0.56; (b) test 18, smoke index = 2.24; (c) test 14,
smoke index = 7.41; and (d) test 16, smoke index = 8.89.

Table 4. Flare CE tests with smoke conditions.

Test
No.

Flare
Type Fuel

Fuel Flow
Rate (lb/hr)

Stoichio-metric
Air

Steam
/HC
(lb/lb)

CZNHV
(Btu/SCF)

CE-Extractive
Method

CE-New
Method

CE
Difference

Smoke
Index

Avg. O2 in
Extracted
Sample

0 AFDS Propane (100%) 7,994 0.00% 99.70% 97.00% -2.70% 6.14 20.27%
14 QFS Propane (100%) 5,105 0 2,316 97.38% 95.90% -1.48% 7.41 19.46%
15 QFS Propane (100%) 5,105 0 2,316 99.83% 86.60% -13.23% 7.44 20.66%
16 QFS Propylene (100%) 4,891 0 2,183 99.86% (a) (a) 8.89 19.83%

Note: (a) smoke level was too high and CE calculation could not be performed.
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portion. To provide a perspective of the flame image
sizes, both an IR image from one spectral band of
SOC750 (i.e., image corresponding to one spectral
slice of the 30-sec average data cube) and a snapshot
visible image of test 19 (fuel rate: 237 lb/hr) are
provided in Figure 6, along with similar IR and
visible images of test 18 (fuel rate: 4,910 lb/hr, nearly
10 times higher than test 19). The images of tests 10,

11, 19, and 20 are so small at this distance and with
this lens that there are only 1–4 pixels on the outer
combustion envelope (see Table 5, column labeled
“Number of usable pixels”). Consequently, the CE
results derived from such a small number of pixels
are not very consistent with the CE results from the
extractive sampling, and they are considered unreli-
able. Under these conditions, even the extractive

Table 5. Flare CE tests at very low fuel rates and small flame sizes.

Test
No.

Flare
Type Fuel

Fuel Flow
Rate (lb/hr)

Stoichio-metric
Air

Steam
/HC
(lb/lb)

CZNHV
(Btu/SCF)

CE-
Extractive
Method

CE-New
Method

CE
Difference

No. of
Usable
Pixels

Avg. O2 in
Extracted
Sample

10 AFDS Propane (100%) 237 1122.75% 9 94.94% 97.60% 2.66% 1 20.75%
11 AFDS Propane (100%) 237 1122.75% 9 93.89% 97.10% 3.21% 4 20.64%
19 QFS Propylene (100%) 539 4.36 195 46.62% 75.80% 29.18% 3 20.62%
20 QFS Propylene (100%) 539 4.36 195 89.30% 71.10% -18.20% 2 20.87%

34 QFS Propane (100%) 1,537 1.53 489 59.99% 73.60% 13.61% 251 19.94%
35 QFS Propane (100%) 1,537 1.53 489 20.38% 78.40% 58.02% 1 20.55%
36 QFS Propane (100%) 1,537 1.53 489 70.57% 76.60% 6.03% 627 18.75%
37 QFS Propane (100%) 1,537 1.53 489 83.15% 85.10% 1.95% 203 18.38%

Figure 6. Images of small flare sizes and pilot: (a) IR image of Test 19; (b) visible image of test 19; (c) IR image of test 18; (d) visible
image of test 18; and (e) IR image of test 13—no vent gas, lit pilot only.
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sampling system may not produce reliable results
because the flame is small and the hood may not
capture a representative sample of combustion gases.
This speculation is supported by the fact that oxygen
levels in the four extracted samples were very close
to the ambient air oxygen level. It should be noted
that the new method made measurements based on
what was in the combustion zone, whereas the
extractive method was based on what was extracted.
The two might not have been the same under
unstable, poor combustion conditions.

Tests 34–37 were operated at high steam, low fuel
conditions. The CE measured by the extractive
method were low, 20.38–83.15% (see the lower por-
tion of Table 5). Particular attention was given to test
35, which was problematic for both methods. This
test had very low CE and the flame size was so small
that only 1 pixel was usable for CE calculation in the
new method. It also had a near ambient air oxygen
level, indicating that the extractive sampling method
had poor plume extraction due to the small flame
size. The discussions in the preceding paragraph are
applicable to test 35. For these reasons, test 35 was
excluded from validation test shown in Table 2 and
Figure 4. The remaining three tests in this group (test
numbers 34, 36, and 37) had a higher CE measured
by the extractive method, better extraction indicated
by oxygen levels, and most importantly more than
200 usable pixels in the SOC750 images to make CE
calculations. The results of these three tests are
included in Table 2 and Figure 4, along with other
validation tests.

The issue of small flame size as it relates to the
number of usable pixels in the new method (as indi-
cated in Table 5 and discussed earlier) should be viewed
in the context of the distance from the imager to the
flare and the optics of the imager. If a lens with a longer
focal length and narrower field of view (FOV) is used,
the flare image will be magnified and the number of
usable pixels will increase, resulting in a suitable num-
ber of pixels for this new method. Similarly, positioning
the imager closer to the flare may also yield a suitable
number of usable pixels for small flame sizes. An ele-
gant solution will be an imager equipped with two
optical paths, a wider FOV when the flare is operated
at high rates and a narrower FOV when the flare is
operated at low rates.

Tests 12 and 13 were designed to test if the pilot
of the flare could be imaged by SOC750 at this
distance when there was no flame other than the
small flame of the lit pilot (see Table 1). No CE
measurement was made by extractive method.
However, the SOC750 was used to capture the same

30 sec of IR images as in other tests. The CE calcula-
tion was not performed because the pilot flame was
too small to be represented by a sufficient number of
usable pixels for the method. The image of the pilot
was detected by the SOC750 (see Figure 6e), which
allowed for the detection of the lit pilot based on the
concentration of the pilot flame combustion product
(CO2). The same result was observed during test 12.
Collectively, test numbers 12 and 13 suggest that the
new method can be used to confirm the presence of a
lit pilot, which is a critical piece of information for
flare operators.

Conclusion

Operation of an industrial flare is a very dynamic
process and the combustion efficiency (CE) of the
flare is of utmost importance. Currently there is no
method to directly measure flare CE in real time and
to provide feedback for control and optimization of
such a dynamic process. The experiment conducted
on three of the most common types of flares (steam-
assisted, air-assisted, and pressure-assisted flares) has
demonstrated the technical feasibility of using a hyper-
spectral or multispectral staring infrared imager to
directly and remotely measure flare CE. Thirty-nine
tests were conducted using this new method and a
conventional extractive method simultaneously to eval-
uate the capability and validity of the new method.
While the extractive method is not practical for routine
operations due to the cumbersome and manual extrac-
tion process, it does serve the purpose of providing
validation for the new method. The 28 validation tests
have shown strong agreement between the two meth-
ods with an average difference of 0.50% in CE measure-
ment, and strong correlation with an r2 of 0.9856. In 11
pairs of duplicated tests conducted under steady flare
operating conditions, the average absolute difference
between duplicated tests is 0.20% while the same mea-
surement is 0.07% for the extractive method, indicating
good repeatability for both methods.

The new method utilizes an imager to collect data.
The entire flare is imaged and the data from the outer
combustion envelope are used to determine the
combustion efficiency. Unlike path-based optical mea-
surement techniques, the imaging capability of this
new method eliminates the need for aiming the optical
path at certain regions of the flare plume where the
combustion has completed and it can tolerate varia-
bility of the flare influenced by atmospheric
conditions.

The new method also provides a metric called the
smoke index, which serves as an indicator for level of
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smoke in the flare plume. The smoke index is a unitless
metric derived from the IR characteristics of soot in the
flare plume, and it should monotonically vary with the
level of smoke. In a future study, it will be worthwhile
to explore the relationship between the smoke index
and the opacity of the flare.

Recent studies have concluded that performance is
the best when the flare is operated near the incipient
smoke point. To achieve this optimal operating condi-
tion, flare operators need to strike a balance between
CE and the level of smoke, and both these parameters
are currently not available to operators. The new
method will provide both metrics continuously and in
real time.

The new method can be applied to various sizes of
flares. Although the method needs a reasonable number
of pixels representing the flare plume, this requirement
can be met by combination of imager’s optics (i.e., field
of view or magnification power) and the distance
between the flare and the imager.
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