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ABSTRACT

A fuli-scale experimental study was performed to determine the effi-
ciencies of flare burners as devices for the disposal of hydrocarbon emissions
from refinery and petrochemical processes. The primary objectives of the study
were to determine the combustion efficiency and hydrocarbon destruction
efficiency for both air- and steam-assisted flares under a wide range of
operating conditions. Test results indicate that flaring is generally an
efficient hydrocarbon disposal method for the conditions as evaluated. The
study provides a data base for defining the air quality impact of flaring

-operations.

The test methodology utilized during the study employed a specially
constructed 27-foot sample probe suspended by a crane over the flare flame. The
sample extracted by the probe was analyzed by continuous emission monitors to
determine concentrations of carbon dioxide (COz), carbon monoxide (CO), total
hydrocarbons (THC), sulfur dioxide (S02), oxides of nitrogen (NOy), and oxygen
(02). In addition, the probe tip temperature, ambient air temperature, and wind
speed and direction were measured. Integrated samples of the relief gas were
collected for hydrocarbon species analysis by gas chromatograph. Particulate
matter samples were also collected during the smoking flare tests.

The rigorous test program included flare testing under thirty-four dif-
ferent operating conditions during a three-week period in June 1982. Test
variables included Btu content of the relief gas (propylene diluted with
nitrogen), relief gas flow rates, steam flow rates, and air flow rates. When
flares were operated under conditions representative of good industrial opera-
ting practices, the combustion efficiencies at the sampling probe were
determined to be greater than 98 percent. Combustion efficiencies were observed
to decline under conditions of excessive steam (steam quenching) and high exit
velocities of low Btu gases.
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SECTION 1
INTRODUCTION

This document is a report on an experimental study to determine the
efficiencies of flare burners as devices for the control of continuous
hydrocarbon emissions. The primary objectives of this study were to determine
the combustion efficiency and hydrocarbon destruction efficiency for both air-
and steam-assisted flares over a wide range of operating conditions that might
be encountered in continuous low flow industrial applications. The study
excluded abnormal flaring conditions which might represent large hydrocarbon
releases during process upsets, start-ups and shutdowns.

Both government and industry environmental officials are concerned with
the effects of flaring hydrocarbons on the air quality. However, since flares
do not lend themselves to conventional emission testing techniques, few
attempts have been made to characterize flare emissions. Flare emission
measurement problems include: the effects of high temperatures and radiant heat
on test equipment, the meandering and irregular nature of flare flames due to
external winds and intrinsic turbulence, the undefined dilution of flare
emission plume with ambient air, and the lack of suitable sampling locations due
to flare and/or flame heights, especially during process upsets when safety
problems would predominate.

Previous flare efficiency studies did not encompass the range of variables
encountered in the industrial setting. Limited test conditions of flare types,
relief gas types, Btu content, relief gas flow rate, and steam-to-relief gas
ratios were explored. This study was intended to add to the available
literature on the subject by testing the flaring of an olefin (propylene) in
both air- and steam-assisted flares with test variables of relief gas flow rate,
relief gas Btu content, and steam-to-relief gas ratio.

Separate elements of this flare efficiency study were sponsored by the U.S.
Environmental Protection Agency (EPA) and the Chemical Manufacturers Associa-
tion (CMA). Other project participants included John Zink Company who provided
flares, test facility and flare operation, and Optimetrics, Inc. who operated
the EPA's Remote Optical Sensing of Emissions (ROSE) system. Engineering-
Science, Inc. (ES) operated the extractive flare sampling and analysis systems
and prepared this report.



SECTION 2
CONCLUSTIONS

TECHNICAL SUMMARY

Figure 1 is an overview of the equipment used to operate and test the
flares. The test methodology utlized during the study employed a specially
constructed 27-foot sample probe suspended by a crane over the flare flame. The
sample extracted by the probe was analyzed by continuous emission moniters to
determine concentrations of carbon dioxide (CO2), carbon monoxide (CO), total
hydrocarbons (THC), sulfur dioxide (S02), oxides of nitrogen (NOy) and oxygen
(02). In addition, the probe tip temperature, ambient air temperature and wind
speed and direction were measured. Integrated samples of the flare plume were
collected for hydrocarbon species analysis by gas chromatograph. Particulate
matter samples were collected during the smoking flare tests. Sulfur use was
attémpted as a tracer material in an effort to determine the dilution of the
relief gas between the flare burner and the sampling probe location. However,
the implementation of this unproven sulfur balance method for determining
dilution ratios was unsuccessful.

The term "combustion efficiency" was used during this study as the primary
measure of the flares' performance. Conceptually, this term defines the
percentage of flare emissions that are completely oxidized to C02. Mathe-
matically the combustion efficiency is defined as:

Cop

% CE = X
C0p + CO + THC + Soot -

100

Where:

CO2 = parts per million by volume of carbon dioxide

CO = parts per million by volume of carbon monoxide

THC = parts per million by volume of total hydrocarbon as methane
Soot = parts per million by volume of soot as carbon®.

Table 1 summarizes the results of the flare efficiency tests. The rigorous
test program included flare testing under thirty-four different operating
conditions during a three-week period in June 1982. Test variables included Btu
content of the relief gas (propylene diluted with nitrogen), relief gas flow
rates, steam flow rates and air flow rates. . Five of the thirty-four tests were
divided into thirteen subtests for purposes of data analysis because the flare
operation did not represent steady-state conditions. The Btu content of the
relief gas was varied from 2,183 to 192 Btu/SCF for the steam-assisted flare,
and from 2,183 to 83 Btu/SCF for the air-assisted flare. The relief gas flow

* In most cases, the "soot" term was zero.
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TABLE 1. FLARE EFFICIENCY TEST RESULTS

Relief Gas
Heating Steam-to-Relief Combustion
Test Flow Value Gas Ratio Efficiency
Number (SCFM) (Btu/SCF) (Lb/Lb) (%) Comments
STEAM-ASSISTED FLARE TESTS
1 473 2183 0.688 99.96
2 464 2183 0.508 99,82
3 456 2183 0.448 99,82 Incipient smoking flare
4 283 2183 0 . 99.80* Smoking flare
8 157 2183 0 98.81* Smoking flare
7 154 2183 0.757 99.84 Incipient smoking flare
5 149 2183 1.56 949,94
67 148 2183 0.725 : - Sampling prabe in flare fiame
17 24.5 2183 0.926 99.84
50 24.4 2183 3.07 99.45
56 24.5 2183 3.45 99.70
6] 25.0 2183 5.67 §2.18 Steam-quenched flame
85 24.7 2183 6.86 68,95 Steam-quenched flare
57 703 294 0.150 99.90
1la 660 305 0 99.79
11b 599 342 0 99.86
1ic 556 364 0 99.82
59a 591 192 0 87.95
59b 496 232 0 99.33
80 334 298 0 93,92
51 325 309 0.168 98.66
16a 320 339 0 99.73 No smoke
16b 252 408 0 99.75 No smoke
16¢ 194 519 0 99.74 Incipient smoking flare
16d 159 634 0 99.78 Smoking flare
54 0.356 209 0 99.90
23 0.454 267 0 100.01
52 0.556 268 77.5 98.82
53 0.356 209 123 99.40

AIR-ASSISTED FLARE TESTS
Air Flow, Hi,
—Low, Off

26 481.6 2183 Hi 99.97 :

65 159 2183 Off 99,57~ Smoking flare; no air assistance
28 157 2183 Hi 99,94

31 22.7 2183 Low 99.17

66 639 158 off 61.94 Detached flame observed

29%a - 510 168 Low 54.13 Detached flame; no air assistance
29b 392 146 Low 64.03 Detached flame; with air assistance
64 249 282 Low 99.74

62 217 163 Low 94.18 Flame slightly detached

63 121 ’ 289 Low 99.37

33 0.714 a3 Low 98.24

32a 0.558 294 Low 95.94

32b 0.537 228 Low 98.82

* Not accounting for carbon present as soot (see Table 10).



rates ranged from 703 SCFM to 0.35 SCFM (purge flow rate) for the steam-assisted
flare, and from 639 SCFM to 0.54 SCFM (purge flow rate) for the air-assisted
flare.

CONCLUSTONS AND OBSERVATIONS
. When flares are operated under conditions which are representative of
industrial practices, the combustion efficiencies in the flare piume are

greater than 98%.

. Steam- and air-assisted flares are generally an efficient means of
hydrocarbon disposal over the range of operating conditions evaluated.

. ‘\Varying flow rates of relief gas have no effect on steam-assisted flare
(

combustion efficiencies below an exit velocity of 62.5 ft/sec. (uz-é1wiha/ivy,

§ "»1\“- kgt r_mm-_'_aﬂ‘“’:—-.f»ml,)--!l(ﬂ:v_\'“‘ahr-'_,‘w-'&- st pnn 3 ,E'tbr cmaredrnoihad w1 sdr 4 6 2 A (oo And . 4

o Varying Btu content of relief gases have no observed effect on steam-
assisted flare combustion efficiencies for relief gases above 300 Btu/SCF.
A slight decline in combustion efficiency was noted for relief gases below

300 Btu/SCF.

. Flaring low Btu content gases at high exit velocities may result in lower

combustion efficiencies for air-assisted flares.
. Smoking flares achieve high gaseous hydrocarbon destruction efficiencies.
. In many cases, where high combustion efficiencies were observed, the

carbon monoxide and hydrocarbon concentrations observed in the flare plume
were approximately equal to those found in ambient air.

. Concentrations of NOy emissions in the flare plume were observed to range

from 0.5 to 8.16 ppm.

. The combustion efficiency data were insensitive to sampling probe height
within the normal operating heights of the probe.

. Further development of a technigue to use sulfur or another material as a
tracer material to determine the flare dilution ratios is required.

. Steam-assisted flares burning relief gases with less than 450 Btu/SCF
Tower heating value did not smoke, even with zero steam assistance.

. The meanderihg of the fiame's position relative to the sampling probe with
varying wind conditions affected the continuous measurements but had no
apparent effect on the combustion efficiency values.

Higher concentrations of THC and CO were not observed during the purge
rate flare tests.

|



SECTION 3
TESTING METHODOLOGY

EXPERIMENT DESIGN AND FLARE OPERATION

The flare tests were designed to determine the combustion efficiency and
hydrocarbon destruction efficiency of flares under a variety of operating
condgitions. The tests were devised to investigate routine industrial flaring
operations. Conditions representative of emergency flaring operations were not
investigated. The primary flare operating variables were:

. Flow rate of relief gas;
. Heating value of relief gases; and
»  Steam-to-relief gas ratio (steam flare only).
The preliminary test plan called for twenty-seven tests, with each test having

a different combination of flare operating variables. The operating variables
were defined as follows:

Relief Gas Flow

High — 25 foot flame length.

Intermediate — 1/6 of high flow.

Low — 1/20 of high flow. )
The maximum practical flame length that could be tested was approximately 25

feet due to height limitations of the crane boom holding the sampling probe.
This was the limiting factor for setting the maximum relief gas flow rate.

Heating Value

High — Heatin% value of the undiluted relief gas (zero n{tfogen f]ow)
(2,200 Btu/ft7).

Intermsdiate — Twice the Tow heating value condition (300-600
Btu/ft2). ‘ .

Low — Lowest heating value that will maintain combustion (high
nitrogen flow) (less than 200 Btu/ft3).

Steam Flow

High — Steam-to-relief gas mass ratio of 1.0.
Intermediate — Steam-to-relief gas mass ratio of 0.5.
Low — Steam flow at incipient smoking,

Zero



The preliminary test plan called for determination of the vertical profile
of the plume by sampling at least four different heights above the flame. As
discussed on page 34, this was not done due to the insensitivity of combustion
efficiency to probe height. Following the vertical profile measurements, the
flare's efficiency was to be determined at the vertical point where the
combustion reactions are complete but prior to further dilution with ambient
air. :

A technical pretest meeting was held on May 6, 1982 at the John Zink Company
flare demonstration facility in Tulsa, Oklahoma to allow the project partici-
pants to finalize the test plans. During this meeting, six (6) smoking flare
test designs were adopted in addition to the 27 tests previously mentioned, for
a total of 33 planned tests. Other items discussed during this meeting
included: the division of responsibilities, lines of communication, quality
assurance procedures, safety considerations, schedules and testing sequence.

During the early stages of the test program, the participants learned more
about the characteristics of flares, and it became apparent that several of the
planned tests were not practical and/or did not represent the intended flare
operating conditions. Therefore, sixteen of the thirty-three planned tests
(numbered 1 through 33) were cancelled and a substifute group of tests

L?gmbgnﬁd_ﬂﬂ_Ihnanh_QZ) were formulated in the field and executed in their
place. The most common reason for abandoning tests was that many of the planned
incipient smoking tests and smoking steam-assisted flare tests would not smoke,
even with zero steam flow.

During each test the flows of the flare feed gases were monitored and
maintained as close as practical to the target levels. For several tests it was
not possible, due to physical constraints, to maintain all the flow rates at
constant level. This was particularly true for those tests that called for high
nitrogen flow. As the pressure in the N7 cylinder banks declined during a test,
the nitrogen flow would tend to decrease, resuiting in higher relief gas heating
values. '

Sulfur was selected as a tracer material to allow estimation of the
dilution of the relief gas from the flare burner tip to the sampling probe.
Suifur was chosen primarily because of the availability of monitoring instru-
mentation to measure part-per-billion levels of sulfur using flame photometry.
Helium was considered as a tracer material. However, this material is
difficult to quantify at levels less than several tens of parts per million and
thus, would require large quantities of gas. Additionally, helium cannot be
detected on a continuous basis as can SO2. -Sulfurhexafluoride (SFg) was also
considered as a tracer material. However, SFg is not stable at the elevated
temperatures found in a flare flame.

The sulfur in the relief gas originated from three primary sources: 1)
naturally occurring reduced sulfur in the crude propylene, 2) sulfur %added to
the propylene in the form of butyl mercaptan (approximately 1 gallon butyl
mercaptan/6,800 gallons crude propylene), and 3) sulfur dioxide gas added to the
relief gas stream. All three sources and forms of sulfur are presumably
oxidized to SO2 as the relief gas is burned. The flare emissions were then
analyzed for total sulfur as 3502 using flame photometry. _

7
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Crude propylene was selected for the relief gas because it is-relativly
difficult to burn smokelessly, as compared to paraffins. The availability of
propylene and safety considerations also influenced its selection as the relief
gas. Lower Btu content relief gases were obtained by diluting the crude
propylene with inert nitrogen. Flow rates for both the propylene and the
nitrogen were controlled by appropriately sized metering valves and rotameters.
Steam flow to the steam-assisted flares was controlled by a metering valve and
monitored by an orifice meter. Sulfur dioxide was added to the relief gas during
some of the tests to increase the levels of tracer material. The flow of SOp was
monitored and regulated by a rotameter and metering valve assembly. Figure 2 is
a schematic of the flow controls and plumbing used to operate the test flares.
Figure 3 presents photographs of the flow control manifold assembly and the
nitrogen cylinder manifold arrangement.

SAMPLING ‘AND ANALYSIS

An extractive sampling system was usedto collect the flare emission samples
and transport these samples to two mobile analytical laboratories. Figure 4 is
a diagram of the sampling and analysis system. The extractive sampling system
consisted of a specially designed 27-foot sampling probe which was suspended
over the flare flame by support cables and a hydraulic crane. This probe
consisted of a 5-foot unheated section of 1" stainless steel pipe coupled with
a 22-foot heated section of 5/8" stainless steel tubing. The heated section was
insulated and housed in a 3" pipe which provided support for the entire probe
assembly. Guy wires were attached to both ends of the 3" pipe support to
position and secure the probe from ground level. Figure 5 contains photographs
of the flare emission sampling probe.

Gaseous flare emission samples entered the sampling system via the probe
tip, passed through the particulate filter, through the heated probe section and
then were carried to ground level by a 3/8" heated FEP teflon tube sample Tine.
The sampling system temperature was maintained above 100 C to prevent the
condensation of water vapor. The flare emission sample was divided into three
possible paths. A fraction of the heated sample was passed through an EPA
Reference Method 4 sampling train to determine the moisture content of the
sample. A second fraction was directed through a moisture removal cold trap and
thence, into a sampling manifold in one of the mobile laboratories. Sample gas
in this manifold was analyzed by continuous monitors for 02, CO, CO2, NOyx and THC
on a dry-sample basis. A third fraction of the sample was directed into a heated
sampling manifold in the other mobile laboratory. Sample gas in this manifold
was analyzed for SO» and hydrocarbon species on a wet basis.

TYPES OF FLARE BURNERS TESTED -

The steam-assisted flare used for the test series was a John Zink Standard
STF-S-8 flare tip with two constant ignition pilots. Overall length was 12'-3
1/2" with the upper 7'-3" constructed of stainless steel and the lower 5'-1/2"
made from carbon steel. The maximum capacity of the tip is rated by John Zink
Company at approximately 53,300 lbs/hr for crude propylene at 0.8 Mach exit
velocity. However, the STF-S-8 would not burn this volume of gas and remain
totally smokeless. The capacity of steam flow through the flare steam manifold

8
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Nitrogen Cylinder Manifold

Figure 3. Flow control and nitrogen cylinder manifolds.
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is 10,080 1bs/hr based on steam conditions of 100 psig and 3389F. The
recommended steam flow for this flare is approximately 0.4 pounds of Steam per
pound of crude propylene. The steam jet total flow area is 1.92 in¢ and the
unobstr%cted flow area at the exit of the B 5/8" ID steam-assisted flare tip is
27.0 in

The air-assisted flare was the John Zink STF-LH-457-5 flare with two
constant ignition pilots. The overall length of this flare was 13'-2". The
upper portion of this flare's air plenum and burner are constructed of stainiess
steel and the lower portion is of carbon steel. The maximum capacity of the air-
assisted flare is approximately 23,500 1bs/hr of crude propylene, which can be
burned smokelessly through use of an air blower. The blower used for this test
series was 7 1/2 HP vane axial fan located in the base of the 18 1/4" ID air
riser. The relief gas is delivered to the tip by an 4" 0D internal riser with
the air supplied around the outside through the air riser and plenum. The relief
gas is discharged via a specially designed "spider" on the end of the internal
riser. The total area of the relief gas holes in the spider burner was 5.30 in2
for the tests on high Btu content relief gas and 11.24 in for the tests on low
Btu content gases. The air flow and air flow velocity are proprietary
information and are not included in th1s report -

Typical field 1nsta11at1ons of air-assisted flares utlize two-speed forced
draft fans. The blower normally runs at low speed with automatic advancement to
high speed upon an increased relief gas flow signal. The blower is also
automatically returned to low speed when the increased relief gas condition
subsides. Some deadband is normally provided to avoid excessive speed cycling
of the blower with oscillating flows. Normal low speed operation handles
approximately one-third of the maximum smokeless duty. The air-assisted flare
used in these tests employed an adjustable air inlet vane assembly instead of a
two-speed fan. Adjustment of the vane assembly allowed duplication of the high
and low speed air flow rates without the two-speed fan.

Two different "spider" burner tips were employed during the air-assisted
flare tests. The LH burner tip, designated at "A", was used for tests 26, 65,
28 and 31 for high Btu content gases, and the burner tip designated as "B" was
used for the low Btu content gas tests 66, 29, 64, 62, 63, 33 and 32.

John Zink Standard STF-6-2 pilots were used for both flare tips. At 15
psig, the pilots were designed to burn 300 SCFH of natural gas. The natural gas
burned in the pilots had a lower heating value of 921 Btu/SCF. Two pilots were
used on both the air- and steam-assisted flares, resulting in 552,600 Btu/hr
being supplied to the flare by the pilots.

FLARE TEST PROCEDURES

A1l key personnel invoived in the execution of the flare tests were in
communication with one another via a hard wire intercom system. This
communications system included the following: JZ test coordinator, ES
instrument operator, CMA test observer, EPA ROSE operator, steam flow operator,
rotameter operator, vaporizer operator, crane operator, propylene truck/nitro-
gen bank operator and video camera operator. All conversations between these
persons during tests were recorded on the video tape and on a.portable tape
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recorder, In addition, the two ES mobile laborator1es were in communication via
a separate intercom system

Flaring was not begun until all key personnel were at their stations and
verified that they were prepared to initiate a formal test. Then the test
coordinator would call for flare ignition and the gas flows to the flare would
be adjusted to the previously agreed nominal values. Once the flows were
stabilized the probe would be brought into position by manipulating the
hydraulic crane and guy wires.

The probe positioning objective was to place the probe tip as close as
possible to the flare flame without the probe being in the flame. The intent was
to sampie the flame emission plume as close as possible to the combustion zone
to minimize the of dilution of the plume by ambient air. The probe tip was kept
out of the flame so as not to bias the data with gases that were still undergoing
combustion reactions.

Probe positioning was directed by the JZ test coordinator. The test
coordinator's visual probe positioning was aided by observers 1located in
different quadrants surrounding the flare and the CMA observer whc was situated
on an elevated platform. Additionally, the ES instrument operator monitored the
probe tip temperature, CO, C02, and THC.

When the project participants agreed that the probe was positioned as well
as was feasible, the test coordinator announced the initiation of the test and
data collection ensued. The probe position was adjusted as required during the
test to compensate for changes in wind conditions causing movement of the flame
and the plume away from the probe tip. !These adjustments were both vertical and
lateral. The primary criteria for determining the need to adjust the probe
position was a decline in probe tip temperature. Short-term declines in
temperature (i.e. less than one minute) were common as the flare flame and plume
moved ‘with intermittent changes in the wind. However, extended temperature
declines (i.e., greater than two minutes) were regarded as a significant shift
of the wind and signaled the need to adjust the probe position.

Data collecton continued for each test for a target period of 20 minutes.
The actual test duration was dependent on a number of factors which influenced
decision of when to terminate the tests. These factors included:

1. The effects of the flare's radiant heat on buildings, personnel and
test equipment in the area;

2. The representativeness of the data from the standpoint of being able
to maintain good probe positioning during the maJor1ty of the test;
and

3. The consumption rates of propylene and nitrogen.

BACKGROUND MEASUREMENTS

Ambient air concentrations of the compounds of interest were measured in
the test area before and after each test or series of tests. These background
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measurements were collected for a minimum period of five minutes. The
background measurements collected before the tests were typically initiated
fifteen to thirty minutes before the anticipated start of the next test.
Background measurements collected after the tests were initiated as soon as all
the instruments indicated a complete return to baseline concentrations (typi-
cally five to ten minutes after test completion). On occasions when several
tests were executed in a relatively short time period (less than four hours),
the same pair of before and after background measurements were applied to more
than one test. On other occasions a set of background measurements collected
after a test would also suffice as the background data set collected before the
next test.

CONTINUOUS EMISSION ANALYZERS

Flare emission measurements of carbon monoxide (CO), carbon dioxide (C02),
oxygen (02), oxides of nitrogen (NOy), total hydrocarbons (THC) and sulfur
dioxide (S02) were measured by continuous analyzers that responded to real time
changes in concentrations. These analyzers obtained their samples from the
sample manifolds in the two mobile laboratories. Table 2 is a summary of the
instrumentation used during the tests. The operating principles of these
instruments are well known and are not discussed in detail in this report.

The instruments were operated according to the manufacturers' recom-
mendations, utilizing the primary measurement ranges listed in Table 2. The
only exceptions to this were the operation of the THC and S0y analyzers. During
some tests it was necessary to change the operating range of the THC analyzer to
higher scales due to elevated levels of these compounds. The Meloy SA 285 S0z
analyzer was modified to incorporate a 1:5 sample dilution system. This was
~ necessary in order to minimize the effect of variable 07 content in the flare
emissions on the instrument response.

A1l instruments were housed in air conditioned mobile laboratories to
minimize the effects of temperature on instrument response. However, given the
high radiant heat effects of some of the flare tests, it was not always possible
to maintain a constant temperature within the mobile labs. This factor had the
greatest effect on the NOx and SO» analyzers which employed photomultiplier
tubes in their detection systems. The effect of rising ambient temperature was
noted as a slight shift in the instrument baseline.

HYDROCARBON SPECIES ANALYSIS

Flare emission samples were collected during each test for gas chromato-
graphic analysis for hydrocarbon species. These samples were of two forms:
instantaneous samples and time integrated samples. The instantaneous samples
were periodically withdrawn directly from the sample manifold during each test
and injected into the chromatograph via a gas sample loop. The time integrated
samples were transferred from the manifold into a six liter Tedlar® bag over a
period of five to ten minutes. Subsequently, the integrated. samples were
analyzed by gas chromatograph. The analysis techniques for the integrated and
instantaneous samples were the same. Only the sampling differed. Table 3
outlines the operating conditions of gas chromatograph.
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TABLE 2. FLARE EMISSION ANALYZERS AND INSTRUMENTATION

.Make and Model

Parameter

Primary

Operating Range

Operating Principle

Thermo Electron Model 10
Horiba PIR 2000

Horiba PIR 2000

Teledyne 320 AX

Scott 116

Carle 211 Gas -
Chromatograph

Meloy SA 285 (ES Modified)

Climatronics Electronic
Weather Station

Omega Thermocodple
Assembly

NOx

co

CO2.

02

Total hydrocarbon

Hydrocarbon Species
Tracer (S02)

Wind Speed
Wind Direction
Ambient Temperature

Probe Temperature

0-25 ppm
0-1,000 ppm
0-5%

0-25%

0-100 ppm

N/A
0-5 ppm

0-50 mph
0-540
40-120°F

-300° to 2300°F

Chemiluminescence
Infrared absorption
Infrared absorption
Electro catalysis
Flame ionization

Flame ionization
Flame photometry

Photo chopper
Precision potentiometer
Thermistor

Chromel-Alumel exposed bead

thermocouple




TABLE 3. GAS CHROMATOGRAPH OPERATING CONDITIONS

Gas Chromatograph: Carle 211
Column: 4.9 foot x 1/8 in. stainless steel
Packing: n-octane/porasil C, 100/120 mesh
Oven Temperature: 35°C
Sample Loop Temperature: 35°%C
Carrier Gas: Nitrogen
Carrier Flow: 35 cc/min.
Sample Loop Size: 1 cc
Sample Valve: Carle 6 port, selonoid activation
Detector Type: Flame ionization detector
Calibration Basis: Methane equivalents (parts per million)
Lower Detection Limit: 0.05 ppmas CHg
Valving Scheme: Direct injection, no backflush

Elution Times: Minutes
Methane 1.27
Ethane/Ethylene 1.62
Propane 2.44
Propylene 2.91
Butane . 4.68
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TEMPERATURE MEASUREMENTS

The temperature at the sampling probe tip was continuously monitored
during the tests with a chromel-alumel thermocouple in conjunction with a
digita] thermometer. The thermocouple selected was an exposed bead type so as
to minimize the response time. An open end stainless steel shield protected the
thermocouple from the flame's radiant heat and still allowed free circulation of
the flare emission around the thermocouple. Thermocouples were also installed
in the heat trace line, the heated manifold and the heated probe assembly to
allow monitoring of these tempertures during the tests.

PARTICULATE ANALYSES

The probe assembly included an in-line particulate filter housed inside
the heated section of the probe about six feet from the probe tip. This in-line
particulate filter assembly served two purposes: 1) collection of particulate
samples from smoking flares for subsequent analysis, and 2) maintaining the
cleanliness of the sampiing system. The preweighed filter elements used were of
the thimble configuration and constructed of 0.3 micrometer glass fiber.

The filters were changed before and after each of the smoking flare tests.
Following the tests the filters were reweighed to determine the mass of
particulate collected. This information, combined with the measured flow rate
of sample through the probe assembly, a]]owed the calculation of the gross
particulate concentration of the flare emission at the sampling location. It
should be noted however, that these particulate samples were not collected .

1sok1net1callz and thus, represent only gross estimates “of the %art1c‘Thte
concentration. e frare particulate emissions were not isokinetically sampieq
“becCause 1t was not practical to directly measure the plume ve]oc1ty Due to

small particle sizes, the lack of isokinetic sampling conditions is probably
insignificant.

MOISTURE DETERMINATIONS

The moisture content of the sampled flare emissions were determined by the
procedures set forth in EPA's Reference Method 4 (40 CFR 60 Appendix A). A gas
sample was extracted from the heated sample line and passed through a series of
four impingers immersed in an ice bath. The impingers removed the water from the
sample stream by condensation and by adsorption on silica gel. The weight gain
of the impingers was measured to determine the moisture content of the sample.
- The only deviation from the published method required by this appication was a
reduction in the size of the sample passed through the impingers. Due to the
short duration of the test, it was not possible to sample the full 21 SCF volume
recommended in the published method. This deviation only slightly affects the
accuracy of the moisture determinations.

The purpose of collecting moisture samples was to provide data to allow
conversion of concentrations measured on a wet basis to a dry basis and vice
versa. This was believed to be important since the instrumental analyses were
conducted on both a wet and dry basis. However, the moisture determinations
revealed low levels of moisture content by weight (3.8% (volume basis) average
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for steam-assisted flare tests and 3.0% average for air-assisted flare tests).
Therefore, moisture corrections were not applied to the data because of their
low levels and questionable accuracy. It is not believed that moisture
corrections would enhance the value of the data. :

The results of the moisture determinations may be found in Section 4 of
this report.

METEOROLOGICAL MEASUREMENTS

The ambient wind speed, wind direction and temperature was monitored at the
flare test facility concurrently with the collection of flare emission data.
The meteorological sensors were situated as close as was practical to the test
flares at an elevation approximately the same as the flare tip (12 feet, 8 inches
AGL).

Due to the numerous air flow obstructions in the test area the wind data are
not expected to correspond with the prevailing Tulsa area winds. Rather, the
wind data were intended to represent the wind encountered by the subject flare
flames. '

Testing of the flares was found to be infeasible when wind velocities
exceeded 5 niiles per hour. Elevated wind velocities prevented sustained and
consistent positioning of the probe in the flare plume.

AUDIO AND VIDEO RECORDINGS

Audio and video recordings were made during the flare tests. Video
recordings were made to document the flame behavior and the probe position
relative to the flame. The video camera was positioned to have an unobstructed
view of the flame by placing it on a platform approximately 20 feet above ground
level. The distance from the flare to the camera was approximately 50 feet.

Audio recordings were made of the verbal observations of the participants
during the tests. The audio recordings were made on the same magnetic tape used
for the video recordings. The intercom system served as the source of all audio
recordings.

The audio and video recordings were made primarily as means of documenta-
tion of the tests and to allow possible future more detailed analyses of the data
with respect to flame behavior. These recordings were not generally used in the
data analysis contained in this report. The one exception to this is the use of
the recordings to identify the point at which smoking began during Test 11
relative to the increasing Btu content of the relief gas.
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SECTION 4
DATA COLLECTION AND CALCULATIONS

CONTINUOUS ANALYZERS' DATA ACQUISITION

The outputs of the continuous monitoring instruments used for this study
were analog signals that were proportional to the magnitude of the parameter
being monitored. These output signals were recorded on both a strip chart
recorder and on a data logging system. The strip chart records provided a
permanent, continuous record of the analyzer output and a graphical display that
aided in the data interpretation. The electronic data logger system provided a
convenient means to record and process a large quantity of data. Although the
data logger served as the primary means of data acquisition, the strip chart
records provided a back-up data acquisition system and documentation for the
data logger. '

The data logger employed for this project was a Monitor Labs Model 9300.
This instrument was coupled with a 9-track magnetic tape recorder (Kennedy Model
9800) and a ten-digit manual data entry system. The functions of the data logger
were as follows:

. Scan each instrument output (approximately every 12 seconds);

. Convert the analyzer's analog output to a digital value;

. Scale the digital value to a useful unit of measure (ppm, mph, etc.);
. Record the scaled instantaneous value on the 9-track magnetic tape.

. Average the instantaneous values to one-minute averages,;

. Print the one-minute averages on paper tape for on-site review; and

. Label each set of data with the time and the appropriate manually entered
status data.

The original test plan called for the data logger to scan each channel once
every six seconds. However, this was not possible given the number of input
channels to the data logger (10), the required functions, and the speed of the
instrument. Each input channel was scanned for instantaneous data approxi-
mately once every twelve seconds.

The data logger's internal clock was set as closely as possible to Central
Daylight Savings Time (CDST). This clock was used as the standard time for all
data acquisition relating to the flare tests. o

The printed paper tape output of the data logger provided means to review
the data being recorded on-site by the data logger. This data was compared with
the strip chart data to ensure integrity in the entire data acquisition system.
Likewise, the paper tape output was used to indicate the combined instrument and
data logger responses to the routine zero and span calibration gas inputs. An
example paper tape output may be found in this report's Appendix.:
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A 10-digit manual data entry system allowed the labeling of each set of
data as it was collected. This system was used to record the following:

Record

Digits ‘ Parameter

0, 1 Test number designation

2, 3, 4,5 Sampling probe height (feet and
inches)

6, 7, 8 Spare

9 Status of data
0 = Calibration data

Acceptable test data
Change in test conditions
Questionable data
Ambient background data
Trial test burn

Probe positioned in fire
.- 8 = Spare

= Disregard data

1
2
3
4
5
6
7
9

HYDROCARBON SPECIES DATA

The gas chromatography data for hydrocarbon species was recorded by a
Hewlett-Packard Model 3390 Integrator. This device accepted the analog signal
from the gas chromatograph and plotted the peaks which correspond to the
hydrocarbon species. The integrator also determined the retention time for each
peak and the peak areas which are proportional to the hydrocarbon concentration.
This data was recorded by a printer/plotter on a paper tape. The peak area values
recorded on this tape were subsequently reduced to units of parts per miilion by
volume .of methane equivalents. ;

DOCUMENTATION
The performance of these tests was documented by the following:

. Logbooks maintained by CMA project participants. These records contain a
test chronology, records of field observations, records of flow rates of
gases feeding the flare and preliminary field data records copied from the
data logger paper tape. These logbooks are stored at CMA's headquarters in
Washington, D.C.

. Logbooks maintained by ES test personnel. These records contain a
chronology of all events associated with the flare tests that are related
to the amalysis of flare plume gases. This recorded data includes records
of calibrations, zero and span checks, sampling probe heights, test
observations, moisture determination data, particulate mass loading data,
difficulties encountered and solutions offered. These logbooks are stored
at the ES Austin, Texas office.
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. Strip chart records. This includes continuous recordings of CO, C02, NOy,
THC, S0, 02, probe temperature, wind speed, wind direction, ambient
temperature and the gas chromatograph integrator. These records are
maintained at the ES Austin, Texas office.

. Video and audio recordings. These magnetic tapes include the audio
recordings of the participants' comments and observations made during each
test through the intercom system. The video tapes also include a visual
record of the flare flame during the tests. Copies of these tapes are
stored at the JZ Tulsa, OK facility; the EPA, IERL Office, Research
Triangle Park, North Carolina; and the CMA headquarters in Washington,
D.C.

. Data tapes. These paper tapes and magnetic computer tape contain all the
validated data logged by the data Togger during the tests. The paper tapes
are stored at the ES Austin, Texas office. Copies of magnetic tape are
stored at CMA headquarters, Washington, D.C., and at the ES Austin, Texas
office.

CALCULATIONS

The following calculation formulas and constants were employed to reduce
the data presented in this report.

Combustion Efficiency

CO2

% CE = 5o, 7 THC

- 100

Where: CO, COp and THC are flare plume concentrations (corrected for
background) of these parameters in parts per million by volume. (The
THC term is expressed in terms of methane equivalents corrected for
background.) Note that soot corrections were made only for Tests 4,
8, and 65 (see pages 43-46).

Gaseous Flows

% MR

Fy = 100 e MF Standard Rotameters (SCFM)
W+ 14.7 = 1% 460
29 P+l4.7 530

Fy - MR . Direct Reading Rotameters (SCFH)
MW _14.7 + 1% 480

29 P+14.7 530

Where: Ft = gas flow at time t
% MR = percent of full-scale meter reading for standard flow
MR = meter reading for direct reading rotameters
MF = flowmeter calibration factor (SCFM)
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MW = molecular weight of gas in flow meter
P = flowmeter back pressure (PSIG)
T = temperature of gas (OF)

Flow Meter Calibration Factors

Meter Designation ' Flow Meter Calibration Factor (SCFM)
699 MT 745.4
391 MT 409.5
R13M-25-3 128.8
R10M-25-3 26.04
R8M-26-2 2.13

Gas Constants

- Lower Heating Molecular
Gas Density (1bs/ft3) V.alue (Btu/ft3) Weight
Crude Propylene 0.1 2183 42.4
Nitrogen 0 /Qwa 0 28
Sulfur Dioxide 0 073 0 64

Steam Orifice Flows

3" orifice maximum flow = 2,250 l1bs/hr
1-1/2" orifice maximum flow = 600 1bs/hr
172" orifice maximum flow = 200 1bs/hr

% Chart - 20 Pg
Ft = FMax 30 . T:Ta

Where: Ft = steam flow at time t (1bs/hr)
FMax = maximum steam flow through orifice (1bs/hr)
% Chart = response of recorder coupled with flow transducer

20 = zero offset of recorder

80 = full-scale recorder response
Pg = steam pressure, (psia)
Po = base pressure, (psia)
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- Average Flows

Where: FA = average flow rate for each test
z = number of flow rate readings during each test
F

t, = flow reading numbered 1...z at time t
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SECTION 5
'REVIEW OF FLARE TEST RESULTS

The test reviews contained in this section are grouped by the experimental
variables of flow rate and Btu content of the relief gas. The test reviews
consist of a narrative description of the test conditions and the results by
test group. The measured combustion efficiency of the flare is the term which
is used in these discussions to evaluate the flare performance.

Statistical data summaries are presented on a test-by-test basis in the
appendix to this report (Appendix B). The data presented in these summaries
were calculated from the instantaneous data values (collected at approximately
12-second intervals) which have been corrected by subtracting background
concentrations. No adjustment was made for moisture. These summaries include
average values, standard deviations, number of observations and combustion
efficiency calculations for each test. The combustion efficiencies for each
test were calculated by two methods: (1) the "average combustion efficiency"
values listed in the summaries are the average values of all of the instan-
taneous combustion efficiency calculations performed on the instantaneous data
values; (2) the “overall combustion efficiency" term was calcuclated from the
average concentration values of CO, COp and THC for the entire test. The
differences between these two calculation methods are not regarded as signifi-
cant. The "overall combustion efficiency" term is used in this report for
comparison between tests.

The chronological order in which the tests were performed minimized piping
and equipment changes in the field, and this order is substantially different
from the groupings listed here. The test numbering system is not sequential
since many tests were added or deleted from the planned sequence. Tests
numbered 1 through 33 represent tests which were completed in accordance with
the planned test series. Tests numbered 50 through 67 represent test conditions
which were planned and implemented in the field in place of the deleted tests.

The results for tests numbered 11, 16, 59, 29 and 32 have been divided into
subtests (designated 11(a), 11(b), etc.). These test data were divided into
subtests for data analysis because the flare operating conditions significantly
changed during the tests. The division into subtests allowed the data to more
closely represent steady-state flare operation. All other tests were judged to
represent steady-state flare operation. The criteria for steady-state flare
operation were that all individual flow readings must be within +10% of the
average flow.

STEAM-ASSISTED FLARE TESTS
Twenty-three tests were completed on the John Zink Company (STF-S-8)

steam-assisted flare. The flare operating conditions and the results of these
tests are summarized in Table 4.
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TABLE 4. STEAM-ASSISTED FLARE SUMMARY

RELIEF GAS*
Lower )

Test Conditions Exit Heating Steam Steam-to-Relief  Combestion
Test Flaw Velocity value Propylene Flow Nitrogen Flow Flow Gas Ratio Efficiency
umber {SCFM} {ft/min) {Btu/SCF) "1TE§7Eng""IStFEI" s/hr {Ybs/hr) {1b/1b) Percent

1 473 2,523 2,183 3,138 an 3 o 2,159 0.688 99,95

2 461 2,475 2,183 1,078 264 - - 1,564 0.508 99.82
2 3 456 2,432 2,183 3,027 65 - - 1,355 0.248 99.82
o 4 263 1,509 2,183 1,875 283 - - - - 9. 80+*

£ £3 8 157 837 2,183 1,044 157 - - - - 98.81**

B 8% 7 154 82 2,163 1,019 154 - - 722 0.757 99.84

cls 5 149 795 2,183 991 149 - - 1,543 1.56 99.94

3 67 148 789 2,183 980 148 - - 711 8.725 See pg. 28.

Gy 17 24.5 131 2,183 162 24.5 - - 150 0.926 99.54

= 3 0 24.4 130 2,183 162 24.4 - - 498 3.07 99,45

“;gf;:::;sggw 56 24.5 131 2,183 163 24.5 - - 562 ' 3.45 90
S lnates 1 25.0 133 2,183 . 166 25.0 - -l dia 041 7 s5.67 82.18
5 20.7 132 2,183 164 24.7 - -ﬁu 1,125 \ 6.86 68.95 fi
57 703 3,749 294 629 9.8 Z,663 608 2,.. 497 0.150 9.0 |
11(a) 660 3,520 305 612 92.2° 2,489 568 2y.{ - - 99,93
1{b) 599 3,195 382 623 © 939 2,210 505 2% i - - 99,86
3 il{c) 556 2,965 364 616 92.8 2,028 463 >o Lr - - 99.82
“ 59{a) 591 3,152 192 345 52 2,361 530 4.0 . - 95.1
g 59(v} 496 2,645 232 350 52.7- 1,942 43 g - - 99,32
£ 60 334 1,781 @204 a2 2 1,325 0 1% - - 95.92

€lg 51 325 1,733 309 305 46 1,222 2719 25 2% 0.168 98.65

g1 16{a} 320 1,707 339 329 49.6 1,182 220 27§ - - 99,74

. 16{b} 252 1,344 408 n3 7.2 897 205 34.%1 - - 99.75

& 16{c} 194 1,035 519 07 6.2 650 uw y7r - - 99,74

16(d) 159 8a3 634 07 46.3 496 m g2 - - 99.78

54 0.356 1.9 209 ' 0.226 0,031 - 1.41 0.322 - - 99.90

, ‘23 0.494 2.63 267 0.451 0.0680 2.13 0.487 - - 100,01
g::;sg;‘gw f52 0.556 2.96 268 0.452 0.0662 2.14 0.488 201 717.5 95.82
Rates 53 0.35 1.90 w9 0.226 0.0341 1.41 0.322 201 123 99.40

* A1l values at standara conditions of 7U9F anZ 29.92 in Hg.
"% Not accounting for carbon present as soot [seze Table 10}.

**"  For purge flows the pilot cortributed greater than 95X of the total combustible gas to the flare.



High Btu Content Relief Gases

This test group addresses the steam flare's combustion efficiency while
burning high Btu content relief gases at variable flow rates and various steam-
to-relief gas ratios. Tests numbered 1, 2 and 3 examined the burning of the
crude propylene at the normal (high) rate of approximately 3,100 1bs/hr with
steam-to-relief gas ratios ranging from 0.688 to 0.448. Test 3 was run at the
steam flow which yielded incipient smoking of the flare. No significant change
in the combustion efficiency values was noted between these three high flow rate
tests. What little hydrocarbons were present were predominately methane. 4
Likewise, the average corrected CO concentrations for these tests were low, <
ranging from 3.8 to 13.8 ppm.

The COp values reported during the first minute of test 3 are lower than
those which were prevalent during the remainder of the test. The combustion
efficiency data does not appear to be influenced by this unexplained anomoly.

The background data file applied to test 3 has a negative average value for
CO (-0.4 ppm). This was caused by the physical limitations of the CO analyzer.
This instrument was operated on the lowest available range (0-1000 ppm). At
this range, the practical limit for accurately adjusting the analyzer's zero
response was +3.0 ppm. Therefore, it is not surprising that slightly negative
background CO values could be recorded during conditions of low ambient CO
concentrations.

The average corrected total hydrocarbon value reported for test 1 is -0.7
ppm. This negative value results from the measured ambient background THC
concentration being higher than the THC concentration measured above the flare
f1ame.

Tests numbered 4 and 8 were performed with crude propylene relief gas flows
of 1,875 and 1,044 1bs/hr without any steam assistance to the flare. These
conditions purposely resulted in a heavily smoking flare condition. The relief
gas flow rates for test number 4 were reduced from those used in tests 1, 2 and
3 in order to keep the filame length within the probe height constraints.

The combustion efficiencies for these two tests are reported as 98.80% and
98.81%. It should be noted that these combustion efficiency calculations do not
account for the carbon lost as soot; only carbon present as gaseous species are

~ considered (CO, CO», and THC). Higher levels of CO were observed during these
tests (61 to 75 ppm corrected) in comparison to tests 1, 2 and 3. However
elevated levels of unburned gaseous hydrocarbons were not detected. The
hydrocarbon species data shows the predominant species present tc be methane and _

acetylene.

Particulate samples of the soot were collected during these two tests.
This data is addressed later in this section.

Tests numbered 7 and 5 were designed to represent flaring of a high Btu
content gas at an intermediate flow rate. The steam-to-relief gas ratio was
1.56 for test 5 and represented the high steam flow case, while the ratio of
0.757 for test 7 yielded incipient smoking. Both of these tests at intermediate

27




flow rates yielded similar combustion efficiency results to the high flow rate
tests (1, 2 and 3).  The observed combustion efficiencies were 99.94% and 99.84%
for tests 5 and 7 respectively. Methane accounted for the major fraction of the
total hydrocarbons present in the flare emissions. The corrected CO levels for
both tests were fairly low at 4.1 ppm for test 5 and 7.9 ppm for test 7.

During test 67 the sampling probe was deliberately placed in the flare
flame. This is in contrast to the other tests which sought to sample in the
flare plume above the flame. The purpose of this short test was to demonstrate
the upscale instrument responses to the partially combusted gases in the fiame.
Concentrations of CO and THC were observed to rise sharply and offscale as the
probe was placed in the fiame. THC concentrations were observed to be greater
than 100 ppm and CO concentrations were observed to be greater than 2,280 ppm.
The data collected during this test does not represent the combustion efficiency
of the flare since the sample was collected within the flame. The average values
for THC and CO reported in the statistical summary are disregarded since these
numbers excluded the overrange observations.

Low Flow Rate, High Btu Relief Gases

Tests numbered 17, 50, 56, 61 and 55 examined the effects of increasing
steam flows on the flaring of a high Btu content relief gas at a Tow flow rate
(approximately 164 1lbs/hr). Test 17 yielded results similar to the high and
intermediate flow rate tests. The overall combustion efficiency was calculated
to be 99.84% and the corrected average concentrations of THC and CO were low at
-0.5 and 6.1 ppm, respectively. (The negative THC value resulted from the
measured concentration being Tower than the background concentration.) It was
determined during this test that a steam-to-relief gas ratio of 0.926 was
required for smokeless operation at the designated flow rate. '

Tests 50, 56, 61 and 55 were performed at increasing steam flow rates. The
steam-to-relief gas ratios used for these tests are regarded as being higher
than those that would represent good engineering practice. Steam-to-relief gas
ratios for tests 50 and 56 were 3.07 and 3.45 and yielded combustion
efficiencies of 99.45% and 99.70%. By contrast the steam-to-relief gas ratios
for tests 61 and 55 were 5.67 and 6.86 and resulted in lower observed combustion
efficiencies of 82.18% and 68.95%. This data suggests that steam-to-relief gas
ratios above 3.5 may cause inefficient.combustion. '

The total hydrocarbon and CO concentrations for tests 50 and 56 were fairly
low in keeping with the high observed combustion efficiencies. However, the
hydrocarbon specie data for these two tests show that a larger fraction of the
total hydrocarbon was present as unburned propylene (approximately 1/4 of the
total hydrocarbon for test 56 and 1/2 of the total hydrocarbon for test 50) in
comparison to the previocusly discussed tests. In tests 61 and 55, with the lower
observed combustion efficiencies, the CO and THC concentrations were elevated
and propylene represented approximately 3/4 fraction of the total hydrocarbon.

Test 61 was a repeat of Test 55. This repeat test was performed because of
uncertainties regarding probe placement during test 55. The flaring of the high
heating value relief gas at a low flow with a very high steam rate yielded a low
Tuminosity flame that prevented accurate visual placement of the probe.

28




Additionally, test 55 was conducted during variable wind conditions. Test 61
was performed at night to aid visual probe positioning and to take advantage of
stable wind conditions. The only significant difference between test 61 and
test 55 was that the steam-to-relief gas ratio for test 61 was somewhat lower
(5.7 versus 6.9). .This ratio is still regarded as being very high and not
representative of typical industrial operating practices. The effect of steam
quenching on the flare combustion efficiency is evidenced in the test data.

~

Low Btu Content Relief Gases

The flaring of low Btu content relief gases was simulated by diluting the
high Btu crude propylene with inert nitrogen. Thus, by changing the relative
flow rates of nitrogen and crude propylene to the flare, the heating value of the
relief gas could be varied. For this series of tests, the Btu content of the
relief gases ranged from 634 Btu/SCF to 192 Btu/SCF, and the relief gas flow
rates ranged from 3,292 lbs/hr to 803 1bs/hr.

The original test plan called for the series of tests involving low Btu
content relief gases to include variations in the steam flow to achieve
incipient smoking and smoking conditions. However, for most of these tests
smok ing was not observed, even with zero steam flow. Only when the Tower heating
value rose above 450 Btu/SCF during test 16 was smoking observed..

Tests numbered 11, 59 and 16 in this series were divided into subtests
because the flare operation was not steady-state during these tests. Due to
physical limitations in the nitrogen flow control system, the flow of nitrogen
decreased with respect to time causing a corresponding increase in the lower
heating value of the relief gas. The division into subtests allowed the data to
more closely represent steady-state flare operation.

Test 57 represented the highest.-flow rate of a low Btu content gas that was
tested. The flare was supplied with 3292 1bs/hr of relief gas with a lower
heating value of 294 Btu/SCF and a steam-to-relief gas ratio of 0.150 steam/1b
relief gas. Test 51, by comparison, represented flaring of a similar heating
value gas (309 Btu/SCF) with a similar steam-to-relief gas ratio (0.168), but at
a lower flow rate of 1,527 1bs/hr. Tests 57 and 51 achieved combustion
efficiencies of 99.904 and 98.66%, respectively. Corrected hydrocarbon
concentrations of 2.0 ppm and 11.5 ppm and CO concentrations of 5.0 ppm and 34,1
ppm were obtained for tests 57 and 51, respect1ve1y The slightly lower
combustion efficiency of test 51 is a]so observed in the hydrocarbon species
data. The observed hydrocarbons in test 57 were approximately 20% non-methane
spec1es, while the hydrocarbons in test 51 were comprised of 58% non-methane
species.

The flames for tests 57 and 51 were of low luminosity and visual
positioning of the orobe was difficult. These two tests were the only low Btu
flare tests where steam was supplied to the flare. The background file as
applied to test 51 (and tests 23 and 52) lists probe tip temperatures that are
higher than ambient levels. This is believed to be caused by the probe acting
as a heat reservoir from the test event that immediately preceded. This anomaly
does not effect the combustion efficiency data.
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Tests 11, 59, 60 and 16 examined the flaring of relief gases with heating
values of 192 Btu/SCF to 634 Btu/SCF at flow rates ranging from 3,101 1bs/hr to
803 1bs/hr with zero steam flow to the flare. The variations in observed
combustion efficiencies for this set of tests was fairly narrow, ranging from
99.93% to 98.11%.

Test 59 demonstrated the flaring of a Tow Btu content gas at a high flow
rate with no steam. The nitrogen flow decreased during this test from 2,453
1bs/hr to 1,726 1bs/hr due to declining pressure in the nitrogen cylinders.
This resulted in an increase in the Btu content of the relief gas from 182
Btu/SCF to 257 Btu/SCF from the beginning to the end of the test. This
corresp?n?s to a slightly Tower combustion efficiency for test 59(a) than for
test 59(b).

Tests 59(a) and 59(b) had the lowest Btu content relief gases of the group.
Likewise, these tests exhibited slightly lower combustion efficiencies. This
observation is confirmed in the hydrocarbon species data which shows test 59 to
have elevated total hydrocarbon concentrations (as compared with tests 11, 60
and 16), and non-methane hydrocarbons representing 92% of the total. These
results indicate that some unburned hydrocarbons were sampled during this test.

Test 11 was to demonstrate the flaring of low heating value gas at a flow
rate of approximately 3,100 Tbs/hr. No steam was supplied to the flare. The
flow rate of nitrogen to the flare declined somewhat during the test, thus,
causing a corresponding increase in the heating value of the flare gas.
Therefore, this test has been divided into three subtests [11(a), 11(b) and
11(c)] for purposes of data analysis. The data does not indicate any change in
the flare combustion efficiency with the change in nitrogen flow.

Test 16 was designed to be a smoking flare test utilizing an intermediate
flare gas flow with a Tow heating value gas. No steam was supplied to the flare.
As was the case with Test 11, the nitrogen flow declined during the test and
hence, the test was divided into subtests for data analysis [tests 16(a), 16(b),
16(c), 16(d)].

During the initial period of the test, when the heat content of the flare
gas was the lowest, the flare did not emit smoke. However, as the nitrogen flow
declined and the heat content of the flare gas increased, the flare began to
smoke. The smoking began approximately nine and one-half minutes from the start
of the test [during subtest 16(b)] when the heating value of the flare gas
reached approximately 450 Btu/SCF. The smoking increased with increasing Btu
content of the relief gas. The onset of smoking and the change in heating value
did not have any obvious effects on the gaseous combustion efficiency data (if
carbon lost as smoke is excluded from the combustion efficiency calculations).

Test 60 was similar to Test 16(a) except the Btu content was slightly Tower
at 298 Btu/SCF instead of 339 Btu/SCF. The flow rates for the two tests were
similar with exit velocities of 1781 and 1707 ft/min. The observed combustion
efficiency for test 60 was 98.92% as compared with 99.74 for test 16(a). As was
the case for test 59, this slightiy lower combustion efficiency is believed to
be a result of the lower Btu content of the relief gas.
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Purge Rate Relief Gas Flows

Tests 54, 23, 52 and 53 examined purge gas flare operations. Purge flows
are sometimes used in flare operations to prevent oxygen encroachment into the
flare system during the time that no relief gas is provided the flare. It should
be noted for these tests that the flow of natural gas from the flare pilots was
significantly greater than the flow of the purge gases. The two pilots burned
a total of 10 SCFM (9210 Btu/min) of natural gas as compared with purge flows of
0.56 to 0.36 SCFM (149 to 74 Btu/min). Thus, the overall combustion efficiency
measurements for these tests were primarily a measure of the flare pilots.
During these tests only an occasional flicker of flame could be observed at the
flare header.

Tests 54 and 23 were performed without the addition of steam to the flare.
These tests yielded high observed overall combustion efficiencies of 99.90% and
100.01%. The calculated combustion efficiency greater than 100% for test 23
resulted from the observed hydrocarbon level above the flare being slightly
Tower than the measured ambient background hydrocarbon concentrations. The
corrected total hydrocarbon concentration for tests 54 and 23 were 0.0 and -5.0

Ppm.

Tests 52 and 53 were similar to tests 54 and 23 except 210 1bs/hr steam was
supplied for the former. The calculated combustion efficiencies for tests 52
and 53 were 98.82% and 99.40%. This slight decline in the combustion efficiency
is believed to be due to steam quenching of the combustion process. Corrected
total hydrocarbon values observed for tests 52 and 53 are 15.2 and 10.9 ppm.
Correspondingly, the CO concentrations for tests 54 and 23 were lower than for
tests 52 and 53 (6.8 and 4.5 ppm versus 16.0 and 23.9 ppm). Likewise, non-
methane species represented a larger percentage of the total hydrocarbon for
tests 52 and 53 than for tests 54 and 23.

The probe tip temperatures during the first three and one-half minutes of
test 53 were not recorded by the data logger. This temperature data was
recovered from the strip chart record. The low, steady wind speeds that
prevailed during test 54 allowed the collection of twenty minutes of relatively
consistent data. However, during the Tatter part of the test the wind speed was
observed to increase with a corresponding decrease in probe tip temperature, COp
concentration, and 502 concentration.

AIR-ASSISTED FLARE TESTS

Eleven tests were completed on the John Zink Company STF-LH-457-5 air-
assisted flare. The flare operating conditions and results are summarized in
Table 5.

High Btu Content Relief Gases

Four tests numbered 26, 65, 28 and 31 were conducted on undiluted crude
propylene burned in the air-assisted flare. The flow of relief gas for these
tests ranged from 3,196 1bs/hr to 150.8 1bs/hr. A1l these tests achieved
observed combustion efficiencies greater than 99.0%.
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TABLE §. AIR-ASSISTED FLARE SUMMARY

REL IEF GAS*
Heating ' Combustion
' Test flow Velocit Value Propylene Flow Nitrogen Flow Efficiency
Test Conditions WNumber ({SCFM) (ft/min)  (Btu/SCF) TTEE;EFT’“'TSEFHT’ s/hr ) Air Flow (%)

L s |2 26 asl.6 13087 2183 3196 481.6 - - High - 99.97
oot 55 (483 65 159 9320 2183 105 159 - - o 99,57 ¢
X " - £9 Pua

5 |5 28 157 4266 2183 1043 157 - - High 99.94

a |4 31 2.7 617 2183 1518 22.7 - - low 99.17

66 639 8192 158 . 308 46.4 2598 593 off 61.94

o 29{a) 510 6538 RN 21.9  39.3 2062 471 ~ Low 55.14

Eloga| 20t) 302 5025 146 173 26.2 1602 366 Low - 65.65

X ////// £ [gc2 60 209 . 3192 282 214 32.2 949 217 Low 99.74
/S §.‘: 3 62 21 2782 153 101 15.3 884 202 Low 94.18
e a . 63 121 1551 289 106 16 464 105 Low 99.37
ghor® St . 33 0.4 9.1 @ 0.181  0.0272 3.01 0.687  Low 98.24
7 gég 32(a)  0.556 7.1 294 0.498  0.0750 2.10 0.481  Low 96.91
* 32(b)  0.537 6.9 228 0.374  0.0563 2.10 0.481  Low 98.86

* Al values at standard conditions of 70°F and 29.92 in Mg,

** Not accounting for carbon present as soot {see Table 10).




The hydrocarbon species data for the higher fiow rate tests 26, 65 and 28
show the bulk of the total hydrocarbon present as methane. Test 31 integrated
hydrocarbon species data shows only 14% of the total hydrocarbon present as
methane. Correspondingly test 31 has the lowest flow rate and combustion
efficiency of the group. The data collected during test 28 exhibits more
variation than usual due to the unstable wind conditions that were present.

One of the ambient background files that is applied to this data (file 32)
shows slightly higher concentrations of CO and COp and lower concentrations of
THC during the first minute of data than are prevalent during the majority of the
background period. The probable explanation for this is that the probe
temporarily was in the plume of another combustion source in the area. This
abberation does not significantly effect the test results.

Test 65 represents the combustion of a high Btu content hydrocarbon at an
intermediate flow rate and no air assistance. This test essentially represents
a repeat of test 28 without the air blower switched on. During the test, the
flame was observed to smoke.

Low Btu Content Relief Gases

Five tests were performed on Tow Btu content relief gases with the air-
assisted flare. The relief gas flows for these tests ranged from 2,906 to 570
1bs/hr and the lower heating values varied from 146 to 289 Btus/SCF.

Tests 66, 29 and 62 of this group yielded the lowest combustion effi-
ciencies observed for the air-assisted flare tests. Correspondingly, these
tests involved the Tlowest Btu content relief gases (146 to 158 Btu/SCF) that
were tested on the air-assisted flare. The flare flames for these tests were of
lTow luminosity and were observed to be detached from the flare tip. This
detached flame condition 1is not regarded as good engineering practice.
Predictably, the major portions of- the unburneéd hydrocarbons present i the
flare plume were in the form of propane and propylene. Likewise, elevated CO
concentrations were observed during tests 66, 29 and 62.

In contrast to the above low efficiency tests, the air-assisted flaring of
282 and 289 Btu/SCF relief gases during tests 64 and 63 proved to be much more
efficient. These higher Btu content relief gases were flared at lower flow
rates (1,163 and 590 1bs/hr) than the previously discussed tests and yielded
good combustion efficiencies of 99.74% and 99.37%. Methane comprised 61% of the
total hydrocarbon for test 64 and only 29% of the total hydrocarbon for the less
efficient test 63.

The €02 data from test 63 shows a three minute period in the middle of the
test with COp concentrations observed near ambient levels. This is believed to
have been caused by the flare plume shifting away from the sampling probe due to
a wind shift. This is evidenced by shifts in wind speed and direction and a
decline in probe tip temperature that corresponds to the decline in COp2
concentrations. This shift in CO» concentrations caused a corresponding
decline in the combustion efficiency data. Therefore, the average combustion
efficiency data presented for this test is regarded as conservative.
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The first thirteen minutes of data collected during test 29 was designated
as test 66. The difference between these two tests was that the air-assisted
flare's axial fan was turned off for test 66 and turned on for test 29. Both the
propylene and the nitrogen flows were observed to decrease during test 29, thus
resulting in unsteady flare operation. Therefore, the test was divided into two
subtests [29(a) 29(b)] in an effort to make the data within each subtest more
closely approximate steady-state flare operation.

Purge Rate Relief Gas Flows

Tests 33 and 32 evaluated the performance of the air-assisted flare in
burning purge rate flows of Tow Btu content gases. As was the case for the steam
flare purge gas tests, the overall efficiency of the purge gas combustion is
masked by the flare pilots.

The purge flows for tests 33 and 32 are ranged from 0.714 SCFM to 0.537 SCFM
as compared with the 10 SCFM flow of natural gas from the pilots. The lower
heating values of the purge gases for these tests ranged from 83 Btu/SCF to 294
Btu/SCF. The observed combustion efficiencies for these tests were 98.24% for
test 33 and 98.87% for test 32. These values are slightly lower than those
observed for the steam-assisted flare purge gas tests. However, the majority of
hydrocarbon measured in the flare plume was found to be methane, thus,
suggesting that incomplete combustion of the natural gas from the flare pilots
may nave caused the lower combustion efficiencies.

The flow of crude propylene to the flare did not remain constant throughout
test 32. Hence, the test data was divided into two subtests [32(a) and 32(b)]
appropriate for data analysis.

SENSITIVITY OF COMBUSTION EFFICIENCY TO PROBE HEIGHT

During the course of the test series the position of the flare sampling
probe was frequently adjusted to keep the probe tip as near as possible to the
middle of the flare plume and as close to the flame as possible without being in
the flame. These changes were necessary to compensate for changes in the wind
that occurred during the tests and resulted in changes in the flare flame
pattern and location. Not infrequently, the probe was situated at several
different locations and heights during a test. _

The vertical position of the probe did not have a definable effect on the
combustion efficiency data. Figures 6 and 7 are graphs of combustion efficiency
versus probe height that demonstrate the insensitivity of the vertical probe
position to the combustion efficiency measured at the probe tip.

EFFECT OF STEAM-TO-RELIEF GAS RATIC
ON COMBUSTION EFFICIENCY
Steam injection is a technique commonly used in flare operations to enhance

the combustion process. The steam-assisted flare tests performed in this
project included a wide range of steam flows and steam-to-relief gas ratios.
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Figure 8 is a graph of the effect of steam-to-relief gas ratios on the
measured combustion efficiencies of high Btu content relief gases. This plot
shows general tendencies for combustion efficiencies to decline at higher or
lower than normal steam flows. This data suggests that steam-to-relief gas
ratios ranging from 0.4 to 1.5 yield the best combustion efficiencies. The
smoking flare tests at zero steam flow were observed to have slightly lower
combustion efficiencies than the other comparable tests at normal steam flows.
Presumably this is due to the lack of steam-induced turbulence and reaction in
the combustion process. It should be noted that these combustion efficiency
values do not account for carbon lost as smoke.

The steam flows during the low flow rate tests were at too low a velocity
to promote good combustion. Likewise, because of the low relief gas flows the
steam to hydrocarbon ratios were greater than for the higher flow rate tests. In
the case of tests 61 and 55, the excessive steam-to-relief gas ratios are
believed to have caused steam quenching of the flame.

FLARE NO, EMISSIONS

Emissions of NOy from both steam- and air-assisted flare plumes were
measured during this test program. The NOy concentrations observed during these
tests were fairly low in comparison to other types of combustion sources.
However, the NOyx concentrations were subject to undefined dilutions of ambient
air and steam not normally encountered in other sources. Corrected NOy
concentrations ranged from 0.50 to 8.16 ppm.

The NO, mass emission rates were estimated from the 