Bridgeton Landfill ..c

August 19, 2015

Ms. Darcy Bybee Via email: darcy.bybee@dnr.mo.gov
Missouri Department of Natural Resources

Air Pollution Control Program

P.O. Box 176

Jefferson City, MO 65102-0176

RE: Bridgeton Landfill, L.L.C. — Response to Request for additional background
information related to Flare Air Permitting.

Dear Ms. Bybee,

This letter is in response to the August 5, 2015, MDNR request for additional information
from Leanne Tippet Mosby to Brian Power. The letter included six (6) items of request.
This submittal addresses items 1, 5, and 6. As per your August 17, 2015 email, the response
to requested items 2, 3 and 4 will be provided by August 24, 2015.

The response letter includes the MDNR’s question for reference, followed by Bridgeton
Landfill’s response.

Q1. A copy of the power point presentation presented during the June 16, 2015,
meeting.

The requested copy is attached to this letter.

QS. Documentation of New Source Performance Standards compliance. Specifically,
data justifying Bridgeton Landfill’s alternative compliance scenario using hydrogen
values and information regarding the ability and any planned usage of assist gas.

In accordance with NSPS compliance standards (included for reference below) and as
highlighted in Bridgeton Landfill’s Title V permit, flare records are compiled each month
and included in the site’s records. See Monthly 60.18 Compliance Table attached.

The table details the lab analysis provided Hydrogen content (% vol), the LFG Net Heating
Value (Btu/scf), and the associated regulatory paragraph chosen for compliance. Since
October 2013, this has been governed by the hydrogen content. Should Bridgeton Landfill
not be able to maintain compliance under paragraph (c)(3)(i), the site has installed and has
operational ready to provide natural gas supplemental fuel to meet the heat content
specifications in of paragraph (c)(3)(ii) of the referenced 60.18 section below.
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40 CFR 8 60.18 General control device and work practice requirements.

(b) Flares. Paragraphs (c) through (f) apply to flares.

(©)

(1) Flares shall be designed for and operated with no visible emissions as determined by the methods
specified in paragraph (f), except for periods not to exceed a total of 5 minutes during any 2
consecutive hours.

(2) Flares shall be operated with a flame present at all times, as determined by the methods specified
in paragraph (f).

(3) An owner/operator has the choice of adhering to either the heat content specifications in
paragraph (c)(3)(ii) of this section and the maximum tip velocity specifications in paragraph (c)(4) of
this section, or adhering to the requirements in paragraph (c)(3)(i) of this section.

(i)

(A) Flares shall be used that have a diameter of 3 inches or greater, are nonassisted, have a hydrogen
content of 8.0 percent (by volume), or greater, and are designed for and operated with an exit velocity
less than 37.2 m/sec (122 ft/sec) and less than the velocity, Vmax, as determined by the following
equation:

Vmax=(XH2—-K1)* K2

Where:

Vmax=Maximum permitted velocity, m/sec.

K1=Constant, 6.0 volume-percent hydrogen.

K2=Constant, 3.9(m/sec)/volume-percent hydrogen.

XH2=The volume-percent of hydrogen, on a wet basis, as calculated by using the American Society for
Testing and Materials (ASTM) Method D1946-77. (Incorporated by reference as specified in § 60.17).
(B) The actual exit velocity of a flare shall be determined by the method specified in paragraph (f)(4)
of this section.

Q6. Air Model inputs files used for the May 29, 2015, report. Include additional
documentation/justification or information on the radiative heat loss value of 0.08 and
0.11.

The Air Model inputs files were provide to MDNR via email correspondence dated August 8,
2015.

The radiative heat loss, or radiative heat fraction (RF) as referred to by John Zink, utilizes a
proprietary design program based on the APl Standard 521. Their proprietary methods are
further explained in the attached article titled “Accurately Predict Radiation from Flare
Stacks, June 2006”. The article notes that RF depends highly on the flame surface emissivity
(temperature, gas composition, gas radiation, gas absorption and soot radiation). As
described, they have developed a flare specific thermal radiometer cube that provided full
scale field test data to “calibrate” the API 521 modeling to the type of waste gas and flare tip
configuration specific to the project conditions. As stated in the attached article titled
“Industrial-Scale Flare Testing, May 20067, effective tip design can have a tremendous
impact on the radiation characteristics of a flare, as the tip design can reduce the RF.

The RF values calculated by John Zink for the two Bridgeton Landfill site specific scenarios
are 0.11 and 0.08, for high flow rate and low flow rate, respectfully. These values are within
the range of values provided in APl Standard 521, Table 10, attached.
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Sincerely,

Bridgeton Landfill, LLC

w/%éf

James A. Getting, PE
Environmental Manager

P: 314.706.4558

E: jgetting@RepublicServices.com

cc: Tippett Mosby, Leanne (Leanne.TippettMosby@dnr.mo.gov) - Missouri DNR
Schmidt, Aaron aaron.schmidt@dnr.mo.gov
Hale, Kendall (kendall.hale@dnr.mo.gov) — Missouri DNR
Nagel, Chris (chris.nagel@dnr.mo.gov) - Missouri DNR
Markowski, Tom tom.markowski@dnr.mo.gov - Missouri DNR
Donegan, Kathrina (KDonegan@stlouisco.com) - St. Louis County
Weber, Rebecca (Weber.rebecca@Epa.gov) - US EPA Region 7
Bill Beck (WBeck@LATHROPGAGE.COM) - Lathrop and Gage

Eggert, Russell (REggert@lathropgage.com) - Lathrop and Gage
Lambrecths, Bob (BLambrechts@lathropgage.com) - Lathrop and Gage

Cunningham, Ally (ACunningham@lathropgage.com) - Lathrop and Gage
Phillips, Tom (Tom.Phillips@ago.mo.gov) - Missouri Attorney General’s Office
Power, Brian (BPower@republicservices.com) - Republic Services
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Bridgeton Landfill

Key Topics and Talking Points

Bridgeton Landfill — Overview & Background

* Bridgeton Reaction — Unique project conditions

* Sulfur Testing— Atypical constituents; Variability

* Gas Flow data— History & challenges with flow metering
* Sulfur Calculations - Current data review

* Control Technology- Engineering challenges and Path Forward

Document is a working DRAFT




Bridgeton Landfill Overview and Background
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Bridgeton Landfill - Movement of Reaction

L lreactionmea Lrvpicalvswianan

Bridgeton Landfill: South Quarry
Landfill Temperatures: Elevated Temperature
Settlement Rate: High Settlement Rate

Landfill Gas Composition: [EzPNeerNee;]

Landfill Gas Flow Rate Variable, High Air
content

Reaction Summary Points

North Quarry
Typical Temperature

Typical Settlement Rate

CH4, CO2

Consistent with Normal
LFG Generation Trends

* No predictive gas generation model for

South Quarry.

homogenous waste zones —causing

Reaction moves, impacting different, non KE \
4\

unpredictable variability in gas
composition.

above.

Reaction has migrated south in the general path shown

7/
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Bridgeton Landfill Gas Management

Gas Collection:

Comprehensive Coverage - Odor control objectives.

Gas system originally designed for typical Landfill
operation; significant changes to manage reaction.

Significant air component of total flow (+/-50% air),
highly variable.

Gas collection is dynamic and ever changing to
manage reaction odors.

Flare Capacity:

Flares are pollution/emission control devices.

Total Flare/Blower capacity far exceeds gas
generation capacity of landfill.

Equipment capacity is redundancy & back up
required for odor control.




Bridgeton Landfill Air Quality

Air Quality Monitoring & Modeling Results
* Air Modeling Results:
» No exceedances NAAQS identified.

» Utilized conservative emission rates.

* Ambient Air Monitoring validates modeling

results:

» Stantec — Comprehensive Air Monitoring
Program.

MDNR Monitoring Program.

EPA Ambient Air Monitoring Program.
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Bridgeton Landfill Sulfur Testing

Current approach (past 3 months+/-):
» Test location at main blower outlet (Method 1 Laminar Flow).
» Two samples 30 minute apart in summa canisters.
» Method EPA 15/16, ASTM 1946D.
» Sample collection paired with valid flow measurement (EPA method 2C/ATMO055).

The test methods utilized: ASTM 5504; EPA method 15/16.
Large variability in sample data (same day samples and different sample events).

Utilized different labs, test method and sample media (i.e. summa, tedlar bags) to
evaluate/confirm variability in TRS.

Initial sampling initiated by Bridgeton Landfill was to evaluate potential odor
control technologies. Sampling prior to March 12, 2015 were grab samples, not
validated with flow measurement data.

Document is a working DRAFT



Bridgeton Landfill Sulfur Testing

e Sulfur Compounds not typical for landfills;

. : TRS Data Variability
» H2Sin results at less than typical AP-42

values for landfills and less than values used 1,900

for permitting. 700

» DMS, DMDS, Mercaptans present at highest

1,500 —
concentrations. ﬂ
1,300
* Test result variability observed N
concentrations greater than 50% in samples 1,100 \\
taken 30-minutes apart. 900 \\ /
* Test results variability observed greater than 700

400% in samples taken on different days. 500

Sampling Events
e Determined use of averages from all
samples on test date to calculate daily TRS
concentration- eliminate spikes in data.

Document is a working DRAFT




Bridgeton Landfill Gas Flow Data

e Site historically used thermal mass flow meter - industry standard.

* Reaction Gas Issues: moisture, air intrusion, hydrogen variability, meter fouling
(excludes other meter types).

*  Meter Calibrations- Compliant with Industry BMP.

Document is a working DRAFT
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Bridgeton Landfill Gas Flow Data

Thermal Mass Flow Meters - Unadjusted Flow Jan 2007 - April 2015
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Bridgeton Landfill Gas Flow Data

*  Existing meters-discovered accuracy issue in March-Method 2 testing.
e Variability TClI meters vs. method 2- Over reporting 20% to 45%.

* Extensive evaluation; tested and purchased updated meter technology (Kurz).

Document is a working DRAFT




Bridgeton Landfill Gas Flow Test Data

Flow Data Summary
== Existing Metering System scfm == Kurz Meter dscfm === Flow dscfm (EPA Method 2, 3 & 4)
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Bridgeton Landfill Sulfur Testing Location

FL10O/EPT1

FL120,/EP12
John Zink 4000 SCFM

"Blower Qut”
Sample Location
TRS & Method 2C

Motor Blower Station
4 — 1285 HF molers/Simpeller blowers
*137 AMPS each
3570 RPM each

"Blower In” Sample Location

Heat
Dissipator

LFG In From
Wwall Field

Document is a workin




Bridgeton Landfill Sultur Calculations

Demonstration of Annual Emissions Variability Based on Current Operating
conditions:

* Logic for SO2 Emission Calculation
» Daily averages of test event sulfur data by date,
» Same test event date flow data using EPA approved method 2C for flow measurement,
»  AP-42 calculation for estimating SO, rate,

* Issues with past flow data (invalid prior to March 12, 2015),

*  ‘mix and match’ approach of using sulfur concentration data and flow data from
different days is invalid (i.e. Variability in air intrusion, spiking, gas operation),

* Assumptions with converting sulfur in LFG to SO2 (i.e. AP-42 SO2 calculation)

Document is a working DRAFT




Bridgeton Landfill Preliminary Sulfur Calculations

Controlled
"Future"
PTE (TPY)
3/12/2015 1,518 4,104 129,221 71221 268 67
3/18/2015 846 4,702 82,461 45449 171 43
3/24/2015 833 4,913 84,888 46786 176 44
4/1/2015 1,076 4,742 105,810 58318 219 55
4/8/2015 1,250 5,042 130,727 72051 271 68
4/14/2015 1,400 4,925 102,621 | 143,017 78824 296 74
4/21/2015 1,250 4,785 89,021 124,064 68378 257 64
4/28/2015 1,200 4,774 85,264 118,828 65492 246 62
5/5/2015 1,800 4,210 112,786 | 157,184 86633 326 81
5/12/2015 1,300 4,695 90,840 126,600 69776 262 66
5/19/2015 1,450 4,452 96,078 133,899 73799 277 69
5/26/2015 1,400 4,573 95,286 132,795 73191 275 69
6/2/2015 1,300 4,596 88,925 123,930 68305 257 64

DCFM UM, | TRS Flow/Input |Daily Flow Rate-

Date TRS PPMV| Method 2 (ka/yn) (bs/day) | CMso, (in TPY)

-Controlled “Future” PTE assumes 75% reduction of TRS

-CMy(, Value determination performed based on daily TRS & DSCM values. Each row should be treated independently. Values are for informational )
purposes only. Document is a working




Bridgeton Landfill SO2 Control Technology

* Initial Pilot Test- Iron Sponge/MV Technologies.
* Technology Review- Stages 1 and 2.

* Technical Challenges- No commercially available control technology.

* Second pilot test- R&D Selected candidate Technologies.

* Propose using Temporary Treatment option- continuation of larger scale pilot
system.

* Long Term control system, based on applicable air permitting requirements.

Document is a working DRAFT




Bridgeton Landfill - Closing Points
* Ambient Air Monitoring has not identified any air quality issues.
e Air Modeling Results- No NAAQS exceedances identified.
» Utilized conservative emission rates.
* Need to finalize Stage 2 pilot study
» Current data is not representative of normal operations.
» Insufficient data to estimate actual or potential emissions at this time.

» Interim controls to be potentially installed by end of Summer 2015 to control
TRS to below major source levels.

Document is a working DRAFT




Thank You

Bridgeton Landfill ..c

bridgetonlandfill.com
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Bridgeton Landfill, LLC.
Installation's Flares
MONTHLY 60.18 COMPLIANCE

SLCHD/APCP Permit No. 7840
Special Condition No. 3
FIPS ID = 189-0312

FLARE MAXIMUM AVG FLARE AVG ACTUAL COMPLIANCE
COMPLIANCE SAMPLE UNOBSTRUCTED HYDROGEN LFG NET EXIT LFG EXIT with 60.18 and MAX Q
MONTH DATE FLARE ID EXIT CROSS SECTION CONTENT HEATING VALUE APPLICABILITY VELOCITY INLET FLOW VELOCITY B o £
(MM/YYY) | (MM/DD/YYYY) AREA ) (Btu/scf) Vo] [Qud] Vacal R CTIE (scfm)
(ftz) (ft/sec) (scfm) (ft/sec) (Yes/No)
08/04/15 EP-011 (FLLOO: Flare #1) 0.674 11.0 123.0 60.180(3)(i) 64.00 0.00 Yes 2,588
08/2015 08/04/15 EP-012 (FL120: Flare #2) 0.936 11.0 127.0 60.180(3)(i) 64.00 0.00 Yes 3,594
08/04/15 EP-013 (FLL40: Flare #3) 0.936 11.0 126.0 60.180(3)(i) 64.00 0.00 Yes 3,594
08/04/15 EP-014 (FXA1212: LFG CSU Flare) 0.8332 14.0 129.0 60.180(3)(i) 102.40 0.00 Yes 5,119
07/01/15 EP-011 (FLLOO: Flare #1) 0.674 10.0 127.0 60.180(3)(i) 51.20 1592 39.37 Yes 2,071
07/2015 07/01/15 EP-012 (FL120: Flare #2) 0.936 10.0 128.0 60.180(3)(i) 51.20 1663 29.61 Yes 2,875
07/01/15 EP-013 (FL140: Flare #3) 0.936 10.0 130.0 60.180(3)(i) 51.20 1840 3276 Yes 2,875
07/01/15 EP-014 (FXA1212: LFG CSU Flare) 0.8332 10.0 110.0 60.180(3)(i) 51.20 0 0.00 Yes 2,560
06/02/15 EP-011 (FLLOO: Flare #1) 0.674 11.0 140.0 60.180(3)(i) 64.00 1435 35.49 Yes 2,588
06/2015 06/02/15 EP-012 (FL120: Flare #2) 0.936 11.0 139.0 60.180(3)(i) 64.00 1650 29.39 Yes 3,594
06/02/15 EP-013 (FLL40: Flare #3) 0.936 10.0 142.0 60.180(3)(i) 51.20 1765 31.43 Yes 2,875
06/02/15 EP-014 (FXA1212: LFG CSU Flare) 0.8332 14.0 145.0 60.180(3)(i) 102.40 740 14.80 Yes 5,119
05/05/15 EP-011 (FLLOO: Flare #1) 0.674 11.0 157.0 60.180(3)(i) 64.00 1387 34.30 Yes 2,588
05/2015 05/05/15 EP-012 (FL120: Flare #2) 0.936 11.0 158.0 60.180(3)(i) 64.00 1809 32.21 Yes 3,594
05/05/15 EP-013 (FL140: Flare #3) 0.936 11.0 159.0 60.180(3)(i) 64.00 2165 38.55 Yes 3,594
05/05/15 EP-014 (FXA1212: LFG CSU Flare) 0.8332 12.0 135.0 60.180(3)(i) 76.80 347 6.95 Yes 3,839
04/01/15 EP-011 (FLLOO: Flare #1) 0.674 10.0 1280 60.180(3)(i) 51.20 1832 4531 Yes 2,071
04/2015 04/01/15 EP-012 (FL120: Flare #2) 0.936 9.9 130.0 60.180(3)(i) 49.92 2223 39.58 Yes 2,804
04/01/15 EP-013 (FL140: Flare #3) 0.936 10.0 127.0 60.180(3)(i) 51.20 2229 39.68 Yes 2,875
04/01/15 EP-014 (FXA1212: LFG CSU Flare) 0.8332 10.0 104.0 60.180(3)(i) 51.20 467 9.34 Yes 2,560
03/12/15 EP-011 (FLLOO: Flare #1) 0.674 11.0 119.0 60.180(3)(i) 64.00 2005 49.58 Yes 2,588
03/2015 03/12/15 EP-012 (FL120: Flare #2) 0.936 10.0 117.0 60.180(3)(i) 51.20 1849 32.92 Yes 2,875
03/12/15 EP-013 (FL140: Flare #3) 0.936 11.0 1240 60.180(3)(i) 64.00 2936 5228 Yes 3,594
03/12/15 EP-014 (FXA1212: LFG CSU Flare) 0.8332 10.0 109.0 60.180(3)(i) 51.20 828 16.56 Yes 2,560
02/10/15 EP-011 (FLLOO: Flare #1) 0.674 10.0 104.0 60.180(3)(i) 51.20 1873 46.32 Yes 2,071
02/2015 02/10/15 EP-012 (FL120: Flare #2) 0.936 10.0 105.0 60.180(3)(i) 51.20 2425 43.19 Yes 2,875
02/10/15 EP-013 (FL140: Flare #3) 0.936 10.0 106.0 60.180(3)(i) 51.20 2484 44.23 Yes 2,875
02/10/15 EP-014 (FXA1212: LFG CSU Flare) 0.8332 10.0 94.3 60.180(3)(i) 51.20 672 13.44 Yes 2,560
01/02/15 EP-011 (FLLOO: Flare #1) 0.674 13.0 141.0 60.180(3)(i) 89.60 1844 45.60 Yes 3,623
01/2015 01/02/15 EP-012 (FL120: Flare #2) 0.936 13.0 139.0 60.180(3)(i) 89.60 2221 39.55 Yes 5,032
01/02/15 EP-013 (FLL40: Flare #3) 0.936 11.0 118.0 60.180(3)(i) 64.00 2890 51.47 Yes 3,594
01/02/15 EP-014 (FXA1212: LFG CSU Flare) 0.8332 12.0 128.0 60.180(3)(i) 76.80 521 10.41 Yes 3,839
12/22/14 EP-011 (FLLOO: Flare #1) 0.674 12 125.0 60.180(3)(i) 76.80 2226 55.05 Yes 3,106
12/2014 12/22/14 EP-012 (FL120: Flare #2) 0.936 12 131.0 60.180(3)(i) 76.80 2953 52.58 Yes 4,313
12/22/14 EP-013 (FLL40: Flare #3) 0.936 12 132.0 60.180(3)(i) 76.80 2613 46.53 Yes 4,313
12/22/14 EP-014 (FXA1212: LFG CSU Flare) 0.8332 12 128.0 60.180(3)(i) 76.80 0 0.00 Yes 3,839
12/12/04 EP-011 (FL100: Flare #1) 0.674 9.2 106.0 60.180(3)(i) 40.96 2338 57.81 NO-Corrective Action Needed 1,656
12/2014 12/12/04 EP-012 (FL120: Flare #2) 0.936 89 105.0 60.180(3)(i) 37.12 2711 48.27 NO-Corrective Action Needed 2,085
12/12/04 EP-013 (FL140: Flare #3) 0.936 8.0 93.4 60.180(3)(i) 25.60 3091 55.03 NO-Corrective Action Needed 1,438
12/12/04 EP-014 (FXA1212: LFG CSU Flare) 0.8332 12.0 128.0 60.180(3)(i) 76.80 650 13.00 Yes 3,839
11/03/04 EP-011 (FL100: Flare #1) 0.674 11.0 136.0 60.180(3)(i) 64.00 2018 49.89 Yes 2,588
112018 11/03/04 EP-012 (FL120: Flare #2) 0.936 11.0 135.0 60.180(3)(i) 64.00 2726 4853 Yes 3,594
11/03/04 EP-013 (FL140: Flare #3) 0.936 11.0 143.0 60.180(3)(i) 64.00 2778 49.47 Yes 3,594
11/03/04 EP-014 (FXA1212: LFG CSU Flare) 0.8332 83 95.0 60.180(3)(i) 29.44 271 5.43 Yes 1,472
10/01/14 EP-011 (FLLOO: Flare #1) 0.674 12.0 152.0 60.180(3)(i) 76.80 2365 58.47 Yes 3,106
10/2014 10/01/14 EP-012 (FL120: Flare #2) 0.936 12.0 150.0 60.180(3)(i) 76.80 3134 55.81 Yes 4,313
10/01/14 EP-013 (FLL40: Flare #3) 0.936 12.0 155.0 60.180(3)(i) 76.80 2714 48.32 Yes 4,313
10/01/14 EP-014 (FXA1212: LFG CSU Flare) 0.8332 11.0 137.0 60.180(3)(i) 64.00 573 11.46 Yes 3,199
09/03/14 EP-011 (FL100: Flare #1) 0.674 12.0 155.0 60.180(3)(i) 76.80 2104 52.03 Yes 3,106
08/2014 09/03/14 EP-012 (FL120: Flare #2) 0.936 12.0 158.0 60.180(3)(i) 76.80 3061 54.51 Yes 4,313
09/03/14 EP-013 (FL140: Flare #3) 0.936 12.0 151.0 60.180(3)(i) 76.80 3310 58.94 Yes 4,313




Bridgeton Landfill, LLC.
Installation's Flares

MONTHLY 60.18 COMPLIANCE

SLCHD/APCP Permit No. 7840
Special Condition No. 3

FIPS ID = 189-0312

FLARE MAXIMUM AVG FLARE AVG ACTUAL COMPLIANCE
COMPLIANCE SAMPLE UNOBSTRUCTED HYDROGEN LFG NET EXIT LFG EXIT with 60.18 and MAX Q

MONTH DATE FLARE ID EXIT CROSS SECTION CONTENT HEATING VALUE APPLICABILITY VELOCITY INLET FLOW VELOCITY B o £

(MM/YYY) | (MM/DD/YYYY) AREA ) (Btu/scf) Vo (Quc] Vactal Permit Cond #57 (il
(ft) (ft/sec) (scfm) (ft/sec) (Yes/No)
09/03/14 EP-014 (FXA1212: LFG CSU Flare) 0.8332 10.0 147.0 60.180(3)(i) 51.20 714 14.28 Yes 2,560
08/05/14 EP-011 (FL100: Flare #1) 0.674 13.0 162.0 60.180(3)(i) 89.60 2140 52.92 Yes 3,623
08/2014 08/05/14 EP-012 (FL120: Flare #2) 0.936 13.0 164.0 60.180(3)(i) 89.60 3278 58.36 Yes 5,032
08/05/14 EP-013 (FL140: Flare #3) 0.936 13.0 164.0 60.180(3)(i) 89.60 3679 65.52 Yes 5,032
08/05/14 EP-014 (FXA1212: LFG CSU Flare) 0.8332 17.0 191.0 60.180(3)(i) 140.80 807 16.14 Yes 7,039
07/03/14 EP-011 (FLLOO: Flare #1) 0.674 12.0 157.0 60.180(3)(i) 76.80 2187 54.09 Yes 3,106
07/2014 07/03/14 EP-012 (FL120: Flare #2) 0.936 12.0 158.0 60.180(3)(i) 76.80 3224 57.40 Yes 4,313
07/03/14 EP-013 (FL140: Flare #3) 0.936 12.0 158.0 60.180(3)(i) 76.80 3682 65.56 Yes 4,313
07/03/14 EP-014 (FXA1212: LFG CSU Flare) 0.8332 06/25/2014 EP-014 source on standby status. Operated on "as needed" basis" 630 12.61 Yes

06/04/14 EP-011 (FLLOO: Flare #1) 0.674 13.0 180.0 60.180(3)(i) 89.60 1866 46.14 Yes 3,623
06/2014 06/04/14 EP-012 (FL120: Flare #2) 0.936 12.0 180.0 60.180(3)(i) 76.80 2774 49.39 Yes 4,313
06/04/14 EP-013 (FL140: Flare #3) 0.936 13.0 180.0 60.180(3)(i) 89.60 3172 56.47 Yes 5,032
06/04/14 EP-014 (FXA1212: LFG CSU Flare) 0.8332 12.0 170.0 60.180(3)(i) 76.80 590 11.80 Yes 3,839
5/6/14 EP-011 (FL100: Flare #1) 0.674 12.0 170.0 60.180(3)(i) 76.80 1456 35.99 Yes 3,106
05/2014 5/6/14 EP-012 (FL120: Flare #2) 0.936 11.0 170.0 60.180(3)(i) 64.00 2866 51.03 Yes 3,594
5/6/14 EP-013 (FL140: Flare #3) 0.936 11.0 170.0 60.180(3)(i) 64.00 2965 52.79 Yes 3,594
5/6/14 EP-014 (FXA1212: LFG CSU Flare) 0.8332 13.0 160.0 60.180(3)(i) 89.60 636 12.71 Yes 4,479
4/4/14 EP-011 (FL100: Flare #1) 0.674 12.0 130.0 60.180(3)(i) 76.80 2108 52.12 Yes 3,106
04/2014 4/4/14 EP-012 (FL120: Flare #2) 0.936 11.0 130.0 60.180(3)(i) 64.00 1855 33.04 Yes 3,594
4/4/14 EP-013 (FL140: Flare #3) 0.936 11.0 130.0 60.180(3)(i) 64.00 2731 48.63 Yes 3,594
4/4/14 EP-014 (FXA1212: LFG CSU Flare) 0.8332 9.5 120.0 60.180(3)(i) 44.80 865 17.30 Yes 2,240
3/11/14 EP-011 (FL100: Flare #1) 0.674 12.0 150.0 60.180(3)(i) 76.80 1524 37.69 Yes 3,106
03/2014 3/11/14 EP-012 (FL120: Flare #2) 0.936 13.0 160.0 60.180(3)(i) 89.60 2251 40.08 Yes 5,032
3/11/14 EP-013 (FL140: Flare #3) 0.936 13.0 160.0 60.180(3)(i) 89.60 2459 43.78 Yes 5,032
3/11/14 EP-014 (FXA1212: LFG CSU Flare) 0.8332 8.4 140.0 60.180(3)(i) 30.72 813 16.27 Yes 1,536
2/4/04 EP-011 (FL100: Flare #1) 0.674 9.2 120.0 60.180(3)(i) 40.96 1416 35.01 Yes 1,656
02/2014 2/4/04 EP-012 (FL120: Flare #2) 0.936 9.5 120.0 60.180(3)(i) 44.80 2438 43.41 Yes 2,516
2/4/04 EP-013 (FL140: Flare #3) 0.936 9.5 120.0 60.180(3)(i) 44.80 1879 33.46 Yes 2,516
2/4/04 EP-014 (FXA1212: LFG CSU Flare) 0.8332 9.0 120.0 60.180(3)(i) 38.40 1216 24.32 Yes 1,920
01/02/14 EP-011 (FL100: Flare #1) 0.674 9.9 130.0 60.180(3)(i) 49.92 1891 46.77 Yes 2,019
o1/2014 01/02/14 EP-012 (FL120: Flare #2) 0.936 9.9 130.0 60.180(3)(i) 49.92 1892 33.68 Yes 2,804
01/02/14 EP-013 (FL140: Flare #3) 0.936 9.9 130.0 60.180(3)(i) 49.92 1988 35.39 Yes 2,804
01/02/14 EP-014 (FXA1212: LFG CSU Flare) 0.8332 11.0 150.0 60.180(3)(i) 64.00 1028 20.57 Yes 3,199
12/10/13 EP-011 (FL100: Flare #1) 0.674 8.1 110.0 60.180(3)(i) 26.88 1358 33.58| NO-Corrective Action Needed 1,087
12/2013 12/10/13 EP-012 (FL120: Flare #2) 0.936 8.5 120.0 60.180(3)(i) 32.00 2140 38.11| NO-Corrective Action Needed 1,797
12/10/13 EP-013 (FL140: Flare #3) 0.936 8.8 120.0 60.180(3)(i) 35.84 1767 31.47 Yes 2,013

12/10/13 EP-014 (FXA1212: LFG CSU Flare) 0.8332 7.4 120.0 Non Compliant 0.00 967 19.35 NO-Corrective Action Needed 0
11/20/13 EP-011 (FL100: Flare #1) 0.674 10.0 130.0 60.180(3)(i) 51.20 918 22.69 Yes 2,071
1/2013 11/20/13 EP-012 (FL120: Flare #2) 0.936 9.9 130.0 60.180(3)(i) 49.92 1763 31.39 Yes 2,804
11/20/13 EP-013 (FL140: Flare #3) 0.936 9.8 130.0 60.180(3)(i) 48.64 2059 36.66 Yes 2,732
11/20/13 EP-014 (FXA1212: LFG CSU Flare) 0.8332 8.0 140.0 60.180(3)(i) 26.11 1093 21.86 Yes 1,305
10/30/13 EP-011 (FLLOO: Flare #1) 0.674 9.6 188.0 60.180(3)(i) 46.08 1152 28.48 Yes 1,863
10/2013 10/30/13 EP-012 (FL120: Flare #2) 0.936 9.6 188.0 60.180(3)(i) 46.08 1861 33.14 Yes 2,588
10/30/13 EP-013 (FL140: Flare #3) 0.936 9.6 188.0 60.180(3)(i) 46.08 2147 38.23 Yes 2,588
10/30/13 EP-014 (FXA1212: LFG CSU Flare) 0.8332 8.4 212.0 60.180(3)(i) 30.72 1175 23.50 Yes 1,536
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John Zink Company LLC T:+1.918.234.1800
l JDHN ZINK 11920 East Apache Street F:+1.918.234.2700
™ HAMWORTHY Tulsa, Oklahoma 74116
COMBUSTION United States
International Headquarters Ingrid McKoy
11920 E. Apache Street Vapor Controls Project Manager

Tulsa, Oklahoma 74116
918/234-2917

TO: Mr. Jim Getting.

Bridgeton Landfill LLC, Environmental Manager
DATE: May 28, 2015
REFERENCE: Sales Orders 9128755 & 9136795

Elevated ZEF™ Flare Radiant Heat Fraction

John Zink Hamworthy Combustion (John Zink) has over more than 80 years of combustion experience
and has remained a global leader in emissions-control and clean-air systems, delivering next-generation
technologies backed by proven experience and expertise, along with unmatched service and support.
Since our establishment in 1929, John Zink has more installed equipment than any other manufacturer in
our industry. We have more than 250 U.S. patents (and hundreds more worldwide). Our three research
and development test centers make up the largest and most advanced combustion testing complex in the
industry. Finally, The John Zink Combustion Handbook is an industry standard reference and has been a
top-seller since 2006.

John Zink provided three Elevated ZEF Flares to Bridgeton Landfill LLC (Bridgeton Landfill), one of
which is 14” diameter, (FL-100) and the other two are 16” diameter (FL-120 and FL-140). John Zink
understands that Bridgeton Landfill is required to perform air emission modeling for these flares that, in
part, is based on the calculated radiant heat fraction of the flares.

As part of our design process, John Zink utilizes a proprietary design program that incorporates methods
based on the American Petroleum Institute (API) Standard 521 as well as our own proprietary methods.
This topic is addressed in The John Zink Combustion Handbook and the John Zink Company, Flare
Radiation paper included. The calculation method considers a number of factors including flare tip exit
area, gas composition, and gas flow rate. Our design program is proprietary and as a result we cannot
provide detailed information on the equations that are incorporated in this program. John Zink was asked
by Bridgeton Landfill to run the design program for two scenarios for each of the three flares.

johnzinkhamworthy.com



Bridgeton Landfill 05/28/15
John Zink Reference - Sales Orders 9128755 & 9136795

The following are the inputs that were entered and the resulting average radiant fraction (for determining
thermal radiation levels at a given point):

Scenario 1- Flare FL-100:
Methane (%): 28
Carbon Dioxide (%): 38
Oxygen (%): 5
Nitrogen (%): 19
Hydrogen (%): 10
Nominal Diameter (in): 14
Gas Temperature (°F): 100
Flow rate (scfm): 2,327

Calculated Average Radiant Fraction = 0.11

Scenario 1- Flare FL-120:
Methane (%): 28
Carbon Dioxide (%): 38
Oxygen (%): 5
Nitrogen (%): 19
Hydrogen (%): 10
Nominal Diameter (in): 16
Gas Temperature (°F): 100
Flow rate (scfm): 3,243

Calculated Average Radiant Fraction = 0.11

Scenario 1- Flare FL-140:
Methane (%): 28
Carbon Dioxide (%): 38
Oxygen (%): 5
Nitrogen (%): 19
Hydrogen (%): 10
Nominal Diameter (in): 16
Gas Temperature (°F): 100
Flow rate (scfm): 3,430 (exceeds maximum velocity limitation per 40 CFR 60.18)

Calculated Average Radiant Fraction = 0.11

PROPRIETARY AND CONFIDENTIAL Page | 2
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Bridgeton Landfill 05/28/15
John Zink Reference - Sales Orders 9128755 & 9136795

Scenario 2- Flare FL-100:
Methane (%): 9.11
Carbon Dioxide (%): 38.99
Oxygen (%): 8.24
Nitrogen (%): 32.52
Hydrogen (%): 11.02
Carbon Monoxide (%): 0.12
Nominal Diameter (in): 14
Gas Temperature (°F): 100
Flow rate (scfm): 955

Calculated Average Radiant Fraction = 0.08

Scenario 2- Flare FL-120:
Methane (%): 9.11
Carbon Dioxide (%): 38.99
Oxygen (%): 8.24
Nitrogen (%): 32.52
Hydrogen (%): 11.02
Carbon Monoxide (%): 0.12
Nominal Diameter (in): 16
Gas Temperature (°F): 100
Flow rate (scfm): 1,331

Calculated Average Radiant Fraction = 0.08

Scenario 2- Flare FL-140:
Methane (%): 9.11
Carbon Dioxide (%): 38.99
Oxygen (%): 8.24
Nitrogen (%): 32.52
Hydrogen (%): 11.02
Carbon Monoxide (%): 0.12
Nominal Diameter (in): 16
Gas Temperature (°F): 100
Flow rate (scfm): 1,408

Calculated Average Radiant Fraction = 0.08

PROPRIETARY AND CONFIDENTIAL Page |3
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JOHN ZINK
COMPANY

ALLLCIHINY
INTERMAYIINAL

FLARE RADIATION

LOCATION
Radiation is a Major Factor
GENERALLY
ACCEPTABLE RADIATION LEVELS
(BTU/Hr-Sqg. Ft.)
Public access areas 440 - 1000

Plants {(normal access) 1500 - 1650

Plants {(limited access) 2000+

NOTE: Due to the complexity of calculations,
we have computerized these calculations,
Please check with Tulsa for this

information.

1
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JOHN ZINK
COMPANY

ALLECHENY
INTERNANONAL

RADIATION CALCULATION METHOD

John Zink Company uses a three-point model to predict

radiation from a flare flame. This allows us to model three
distinct zones in a typical flare flame. Each zone may have
a different emissivity and a different fraction of the total

heat release. The sketch below illustrates a typical

propane fire.

ZONE 3

ZONE 2

ZONE 1

FLARE TIP

2
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JOHN ZINK
COMP%NY

ALLEGHENY
INFERNAIONAL

THEORY

Zone 1 is a clean, yellow, highly oxygenated portion of the
flame. The emissivity in this zone is approximately the
same as the average for the entire flame. The fraction of
the heat release associated with this zone depends on the
smoking tendency of the waste stream. Zone 1 size decreases

as the smoking tendency of the gas increases.

Zone 2 is a portion of the flame where much of the oxygen
inspirated in Zone 1 has been consumed. BAs a result, a
higher concentration of hot uncombined carbon causes the
flame color to change from yellow to dirty orange. The

emissivity in this zone can be nearly twice that in Zone 1.

Zzone 3 is a portion of the flame where the hot uncombined
carbon from Zone 2 has cooled to the point where it no
longer glows. The cooler uncombined carbon forms smoke.
This portion of the flame has a relatively low emissivity
due to the thick covering of smoke. The size of Zone 3

increases with the smoking tendency of the waste stream.

3
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JOHN ZINK
CDMP%NY

i hona.

Our calculation procedure uses an API type method to
calculate flame length and lean. Three points along the API
flame line are selected according to the theory outlined
previously. Each point is assigned an emissivity and a
fraction of the total heat release. The exact locations,
emissivities and fractions for these points are calculated
by a proprietary computer program. The radiation from each

point is calculated using the familiar API formula:

E__©O

RADi:: —4'.""-d_2_ 7 i= 1, 2' 3
RAD = Radiation (BTU/HR-SQ.FT)
E = Emissivity
Q = Heat Released (BTU/HR)
d = Distance to point of interest (ft)

The total radiation at the point of interest is the sum of

the contributions from the three points.

PROPRIETARY — TO BE MAINTAINED IN CONFIDENCE
JOHN ZINK COMPANY




API Standard 521 /SO 23251

Table 10 — Radiation from gaseous diffusion flames

Gas Burner diameter Fraction of heat
cm radiated
Hydrogen 0,51 0,095
0,91 0,091
1,90 0,097
4,10 0,111
8,40 0,156
20,30 0,154
40,60 0,169
Butane 0,51 0,215
0,91 0,253
1,90 0,286
4,10 0,285
8,40 0,291
20,30 0,280
40,60 0,299
Methane 0,51 0,103
0,91 0,116
1,90 0,160
4,10 0,161
8,40 0,147
Natural gas 20,30 0,192
(95 % CHa) 40,60 0,232

Several formulas for calculating flame length and approximating flame tilt are presented in the
literature [701. [94]. [96], [97], [98] Each formula has its own special range of applicability and should be used with
caution, particularly since the combined impact of several factors (radiation, radiant heat fraction, flame length
and centre and flame tilt) shall be considered.

The example in C.3 is another approach to calculating the probable radiation effects, using the more recent
method of Brzustowski and Sommer [®4l. The principal difference between these methods is the location of the
flame centre. The curves and graphs necessary to simplify the calculations are included in Annex C.

There are other methods that can be utilized to calculate radiation from flares. More sophisticated models that
consider wind velocity, exit flare gas velocity, flame shape and flame segmental analysis can be appropriate
for special cases, especially with large release systems.

Most flare manufacturers have developed proprietary radiation programs based on empirical values. The
F factor (fraction of heat radiated) values used in these programs are specific to the equations used, and
might not be interchangeable with the F factor values used in Equation (24). These programs have not been
subject to review and verification in the open literature. The user is cautioned to assess the applicability of
these methods to his or her particular situation.

6.4.3 Combustion methods

6.4.3.1 General

Disposal of combustible gases, vapours and liquids by burning is generally accomplished in flares. Flares are
used for environmental control of continuous flows of excess gases and for large surges of gases in an
emergency. The flare is usually required to be smokeless for the gas flows that are expected to occur from
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SPECIALREPORT

levated flares are commonly used in the hydrocarbon

processing industry. They are typically designed to handle

a wide range of flowrates from purge to very large emer-
gency release rates. Flare stack height has to be properly designed
to address safety considerations such as thermal radiation and
flue gas dispersion. In many cases, thermal radiation forms the
basis for determining flare stack height and location, as well as
sizing the limited-access area surrounding the flare. Overestimat-
ing flare radiation (FR) results in a taller-than-required stack
and increased costs. Underestimating FR results in a shorter-
than-required stack, which exposes personnel and equipment to
potentially dangerous radiation levels. Thus, it is very important
to predict radiation from flares as accurately as possible.

Many models exist for estimating FR.! Predicted radiation
levels at a certain location can differ by a factor of three depend-
ing on the model used.! This highlights the importance of vali-
dating models with scientifically measured data. Unfortunately,
very little reliable radiation data is available to determine which
model(s) fits the data best. Plant designers and end users should
recognize that traditional calculation methods for radiant heat
intensities are neither consistently too optimistic nor consis-
tently too conservative.?

FR prediction. Radiation from a solid body is directly related
to its emissivity and the fourth power of the absolute surface
temperature. Calculating radiation from a flare’s flame is not as
simple as calculating it for a solid surface. Because flames have
a turbulent nature, it is difficult to determine a “surface.” Even
if the surface can be defined and its temperature determined,
it is very difficult to estimate the flame’s surface “emissivity” as
it depends on the reacting volume’s temperature and composi-
tion inside the surface. In fact, FR involves gas radiation, gas
absorption and soot radiation.? Gas absorbs and emits radiation
in discrete energy bands, unlike solid surfaces that absorb and
emit radiant energy over a continuous spectrum. Predicting soot
concentration and size distribution is very difficult and currently
not practical for predicting FR.

A realistic approach to predicting radiation is to treat the
flame as a single point source or as a number of point sources,
and then use a certain “fraction” of the total heat release as the

J. HONG, J. WHITE and C. BAUKAL, John Zink

Accurately predict radiation
from flare stacks

Using this technique can take the guess work
out of design calculations and improve costs

()]

0., LL(

Flame radiation
epicenter

Radiometer
black surface
normal line

Traditional measuring method for FR where the radiometer

is aligned for maximum radiation reception.

radiant energy emitted by the flare.> A term called the radiant
fraction (RF) is used to describe all uncertainties in the theo-
retical radiation calculation in an absorbing-emitting-scatter-
ing medium. Although selecting a flame shape model is also
important, radiation prediction is only as accurate as the radiant
fraction, no matter which theoretical model is used.

It is well known that some waste gases tend to have higher
RFs than others. For example, propylene tends to have a higher
RF than propane under similar flow conditions. In the past,
researchers have attempted to correlate RFs with individual fuel
gases, lower heating value, molecular weight or the waste gas
mixture’s hydrogen/carbon ratio.>® However, these previous
studies failed to consider many other factors influencing the RE.
These include, but are not limited to, gas pressure at the flare
exit, the flare tip’s size, the amount of air or steam supplied if
the flare is assisted and the flare tip’s geometry. Due to the RF’s
convoluted nature, it is very difficult to predict. The most reli-
able model needs to be based on RF values measured in full-scale
tests with a sophisticated radiation measurement system.

HYDROCARBON PROCESSING JUNE 2006
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Phased array radiometer cube consisting of three

radiometer sensors strategically placed at certain angles
to measure the incident radiation HF vector components.

Radiation measurement. A radiometer measures thermal
radiation. It usually has a transducer that converts heat flux (HF)
into an electrical signal. The transducer is often a thermopile
which is an array of tiny thermocouples, embedded in a thin
cross-section with a blackened surface. It is important that only
radiation is measured and not any forced convection caused by
ambient air blowing over the detector’s surface. Radiation predic-
tion models do not include any convective cooling, which means
that it would need to be subtracted out of or excluded from the
measurement. Since forced convection can also be relatively com-
plicated, it is better to exclude it from the measurement.

Historically two approaches have been used to minimize or
eliminate the effects of convective cooling. One is to place the
detector in a cavity, without any window covering the opening. The
cavity is thought to mitigate the convective cooling effect of ambi-
ent air blowing over the detector. The cavity’s actual effectiveness in
minimizing convective cooling is not well understood, especially on
windy days. Caution should be used with this radiometer type mak-
ing sure the flare flame is well within the radiometer’s viewing field.
Otherwise, some of the incident radiation may be inadvertently
shielded by the relatively narrow cavity opening.

The second approach to mitigating convective cooling is to
use a cover adjacent to the black surface. Caution should be used
in selecting cover material. Most common materials, such as
window glass, are not suitable. It appears transparent to human
eyes but is partially or completely opaque in the infrared range,
which is the dominant region for FR. This means that some por-
tion of the radiation is absorbed by the window before reaching
the detector. The actual FR would then be under predicted.

A radiometer suited for solar radiation is not necessarily
appropriate for FR. The sun’s effective surface temperature is
much higher than a flare’s flame temperature. A large portion of

@ Pressure-assisted flare before firing (left) [note one of the
tripod mounted radiometer cubes on the ground]. Same
flare firing natural gas at a relatively low pressure (right).

energy from solar radiation is distributed in the short wavelength
range up to the visible range.” In contrast, FR is predominantly
infrared, which is in the longer wavelength range. One may
argue that a partially opaque cover can be calibrated for FR
measurements. However, flare flames differ from each other in
terms of spectral distribution. The cover material’s transmissiv-
ity may vary according to the flame’s spectral distribution, and
its value for the specific flare under precise conditions is often
unknown to the user. Therefore it is important to use the right
cover material for the radiometer sensor.

Traditionally, radiation intensity has been measured by aiming
a radiometer at the flare’s flame as shown in Fig. 1. The radiom-
eter is manually scanned across the flame in an up-and-down,
left-and-right motion. The maximum measured radiant HF is
then recorded. This manual scanning requires a trained person to
stand at the point of interest, which could be a hazardous location
due to potential exposure to high thermal radiation. The person
must often wear personal protection equipment, which makes the
manual data recording difficult. If the waste gas flowrate is fluc-
tuating, or if the wind causes the flare’s flame to move, it becomes
much more challenging to find the maximum radiant HE Also,
it is important that the radiometer is perpendicular to the flame
at the point of maximum radiation. Otherwise, the measured
radiation HF will be less than the actual value by a factor of cosf.
Fortunately, this deviation is relatively small for small angles.

Radiometer cube. After testing various commercially-available
devices used to measure thermal radiation, numerous deficiencies
were found. Thus a device was developed to automate FR measure-
ments. It utilizes a phased array of radiometers to measure vector
components of the incident radiation HE Three radiometers are
strategically placed at certain angles to measure certain fractions of
incident radiant HE These vector components are used to calculate
the total radiation HF from the radiation epicenter, as well as the
direction of the radiation HE There is no need to scan the radiome-
ter or place a person in a hazardous location. The radiometer system
can be equipped with data acquisition equipment to continuously
record thermal radiation HF readings. The radiometer cube (Fig. 2)
uses single radiometer sensors covered with special polished optical
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in a hazardous situation to operate equipment.
It also significantly reduces the uncertainty in

22,000 determining these two key parameters.
Failure to properly estimate the radiation
20,000 from a flare could result in a flare that is either
taller or shorter than required. This means that
< o the flare system could cost more tl.lan neces-
S e sary or expose personnel and equipment to
g = potentially dangerous thermal radiation levels.
= 16,000 2 Accurate flare prediction requires a proven and
é S reliable technique for estimating the parameters
E — 14,000 E used in the model which are dependent on the
£ 10 § specific flare design and operating conditions.
= {12,000 It is recommended that these parameters be
determined from validated experimental data
20— Radiant fraction 10,000 because of their importance in the overall flare

~c Flowrate Ib/hr system design. HP
0 ] ] 1 | 8,000
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material. If the flare waste gas flowrate and composition are also
known, the RF can be estimated from the measured total radiant
HF by using one radiometer cube.

The radiometer cube not only measures total radiant HE
but also the HF’s direction. By using two radiometer cubes in
different locations, the radiation epicenter can be calculated,
by intersecting the two beams of incident radiation toward the
two cubes, using a sophisticated mathematical manipulation.
If the flowrate and waste gas composition are also known, the
RF and flame epicenter can be calculated simultaneously in real
time. The RF and radiation epicenter location are the two key
parameters in the API 521 radiation model.? This device helps
reduce uncertainties in estimating these two parameters.

Test results. Two phased array radiometers were used to mea-
sure the radiation epicenter and RF from a pressure-assisted flare
(Fig. 3). Before the test started, the coordinates of the radiometers
and the flare tip were determined by using a laser range finder and
surveying equipment. The flare tip and the two radiometer cubes’
coordinates, along with the orientation angles for the radiometer
cubes, were then entered into a computer. During the test, the
HF readings and the waste gas flowrate were sent to the computer
for data processing. The total heat release was computed from the
measured flowrate and known waste gas composition. The radia-
tion epicenter coordinates were computed in real time. Then, the
RF was computed in real time. The RF and flowrate as a func-
tion of time is shown in Fig. 4. The RF increased as the flowrate
decreased because the flame became less aerated and produced
more soot due to reduced turbulence.

Overview. A new device has been developed to simultane-
ously determine an industrial flare’s RF and flame epicenter.
These are both needed to use the API 521 model for calculating
FR. The device does not require any manual scanning, thus
reducing measurement errors and avoiding placing personnel
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3 Guide for Pressure-Relieving and Depressuring Systems,
Recommended Practice 521, Third Edition, The American
Petroleum Institute, Washington, D.C., 1990.

4 Kent, G. R., “Practical design of flare stacks,” Hydrocarbon Processing &
Petroleum Refiner, Vol. 43, No. 8, pp. 121-125, 1964.

> Tan, S. H., “Flare system design simplified,” Hydrocarbon Pracessing, Vol. 46,
No. 1, pp. 172-176, 1967.

® Manual on Disposing of Refining Wastes, Volume on Atmospheric Emissions,
Chapter 15: Flares, Publication 931, The American Petroleum Institute,
Washington, D.C., 1977.

7 Siegel, R. and J. R. Howell, Thermal Radiation Heat Transfer, Third Edition,
Taylor and Francis, p. 25 and p. 34, 1992.

Jianhui Hong holds a BS degree from Tsinghua University,
Beijing, China, and a PhD degree from Brigham Young University,
both in chemical Engineering. He has been working as a research
and development engineer at John Zink Co., LLC, Tulsa, Oklahoma,
L since 2000. Mr. Hong has several US patents including the ultra-
stable WindProof flare pilot, low NO, incinerator apparatus and control method,
innovative medium-assisted flares, and flare control apparatus and methods. His
other contribution areas include kinetic simulation involving NO,, SO, and soot;
global optimization of steel stack structure; and thermal radiometers phased array
for measuring the flame epicenter location and RF of industrial flares.

Jeff White is the senior flare design consultant at John Zink Co.,
LLC, Tulsa, Oklahoma. He has worked in the field of flare system
design at John Zink Co. for nearly 25 years. Mr. White has a MS in
mechanical engineering from The University of Texas at Austin. He
has published two articles, one on FR methods and the other on
flow measurement by ASME nozzles.

Charles E. Baukal, Jr., is the director of the John Zink Insti-
tute which is part of the John Zink Co., LLC, Tulsa, Oklahoma.
He has 25 years of experience in the fields of heat transfer and
industrial combustion and has authored more than 80 publica-
tions in those fields, including authoring/editing six books. Mr.
Baukal has a PhD in mechanical engineering from the University of Pennsylvania, is
a licensed PE in Pennsylvania, has been an adjunct instructor at several colleges and
holds ten US patents.

Printed in U.S.A.

Not to be distributed in electronic or printed form, or posted on a Website, without express written permission of copyright holder.



Reprinted with permission from CEP (Chemical Engineering Progress),
May 2006. Copyright © 2006 American Institute of Chemical Engineers.

Environmental Management

Industrial-Scale
Flare Testing

Advanced flare testing at full-scale can help

JiANHUI HONG ensure that the system operates as designed.
E::':;ETSSE::I:V';':LTZ This article explains what’s involved
MAHMOUD FLEIFIL and the parameters that should be

JOHN Zink Co. measured and evaluated to demonstrate
performance, reliability and safety.

systems than ever before. Chemical and petroleum

processing plants depend on flares to burn hydro-
carbons, such as propane, propylene, ethylene, butadiene,
butane and natural gas, found in waste gases. Landfills and
wastewater treatment plants, oil-and-gas exploration and
production facilities, and loading terminals also use flares
to destroy potentially harmful gases.

In each case, the flare system must separate the gases
from any liquids present, ignite the gases, and provide the
stable combustion necessary for destruction, while mini-
mizing smoke, thermal radiation and noise. And, it must
operate reliably and safely under a wide range of operating
conditions, including weather extremes.

With a greater demand for increased smokeless capaci-
ties, higher turndown and more-efficient plant production,
a flare failure can carry a big price tag. Factor in the
essential role flares play in the safe and environmentally

Today’s process industries expect more from flare

acceptable disposal of waste gases produced from industri-
al operations (1, 2), and it’s easy to understand why pro-
cessing industries can benefit from flare testing as a safe-
guard against unexpected problems in the field. Testing a
flare before installation is a proactive measure to minimize
the uncertainty of flare performance, emission levels, and
the expense of repairs in the event of a problem.

But testing flares in the field is generally difficult or
impossible for several reasons. Operating flares usually do
not have the instrumentation required for assessing per-
formance. Operating conditions are not easily modified or
controlled, and taking the plant off-line to test the flare is
impractical. In addition, flares are nearly impossible to test
under critical design conditions once installed.

Characterizing flare performance for reliability and safe-
ty requires comprehensive, accurate testing at full-scale and
under controlled conditions to collect and analyze critical
data. Although flare performance might be estimated based
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on scaled-down experimentation and empirical data, industri-
al-scale testing is the most reliable method due to the com-
plexity of the process. While testing custom-designed burn-
ers for process heaters has been common for decades, that
has not been true for large industrial flares, primarily due to
the lack of adequate testing facilities. With the advent of
state-of-the-art flare test facilities, large-scale flare testing is
recommended to ensure proper performance.

Advanced flare testing

Just as flares have evolved into modern-day, technology-
based systems, flare test facilities must also mature into
state-of-the-art, full-scale operations, offering extensive
capabilities with sophisticated tools and instrumentation.
While flare manufacturers view these flare test facilities as
the vehicle for developing cleaner, more-efficient flare
innovations, global industries and environmental agencies
recognize them as a valuable resource to measure flare per-
formance, system reliability and environmental compliance.

In the past, industry lacked the ability to test flares in a com-
prehensive manner. Today’s test facilities (such as in Figures 1
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and 2) should offer industrial-scale testing and measurement of
smokeless capacity, required purge rate, blower horsepower or
steam requirements for assisted flares, radiation and noise. To
properly characterize flare performance, a test facility must
have the capability and flexibility to evaluate a wide range of
ground, enclosed and elevated flares, including a variety of
flare sizes, operating conditions at full-scale, fuel compositions,
flowrates, assist media and other factors. Advanced flow con-
trol and data acquisition systems are required to control the
tests and ensure accurate measurements.

Safety is one of two critical features of a world-class
flare test facility. In addition to in-plant safety protocols,
equipment safety features and trained specialists, a test
facility should include exhaustive, redundant safety meas-
ures within its controls, automation software and operating
procedures to protect against potential problems.

The second critical feature is flexibility. A test facility
should support a wide range of fuel flowrates and test fuels,
such as propane, propylene, ethylene, butane, natural gas, and
blends of these, including inerts such as nitrogen. Higher
flowrates can be achieved with a storage vessel filled with fuel
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gases at an elevated pressure to increase the available
hydraulic capacity. A compressor can circulate the gases in the
storage vessel to ensure that blends are well-mixed. The fuel
flows should be accurately controlled and measured before
going to the flare. Multiple metering runs of different sizes
can significantly increase the available flow range. Between
tests, the lines should be purged with an inert gas for safety
and to prevent fuel contamination in subsequent tests.

A test facility should offer a variety of flare testing venues
to accommodate virtually every flare size and type used in
industry. In Figure 2, flare-testing venues are in place to test
enclosed flares, multi-point ground flares, air-assisted flares,
steam-assisted flares, high-pressure flares, and flare pilots.

A facility should have the capability of testing flares
with capacities up to 300,000 1b/h or more of fuel. Flare-
pilot test stands should be capable of simulating wind
speeds in excess of 150 mph (blowing against both the pilot
and the pilot mixer) and rain at more than 30 in./h (3).

Because many flares use some type of assisting media,
typically steam or air, to meet the specified smokeless
capacity, a test facility must be able to provide adequate
quantities of both media. For flares that do not require any
assisting media, such as high-pressure flares, the facility
should be able to produce the higher gas pressures
encountered in those applications.

Test parameters

Depending on the information required, the variables
typically measured during a flare test include flame length,
smokeless capacity, blower horsepower for air-assisted
flares, steam consumption for steam-assisted flares, and
cross-lighting distance for multi-point flares. Two types of
measurements are taken — inputs and outputs.

Inputs are the controlled parameters set by the test

objectives. These include, for example, the gas flowrates,
fuel pressures and compositions specified by the test pro-
tocol. For assisted flares, the steam or air flowrate to the
flare is generally controlled for a given test point.
Atmospheric conditions (wind speed and direction, ambi-
ent temperature and pressure, and relative humidity),
while not controllable, need to be measured because they
may have a significant effect on flare performance.

Outputs, on the other hand, include noise, thermal radi-
ation, flame stability, smokeless capacity and flame quali-
ty. Some of these measurements (e.g., flame stability) are
subjective and require the expertise of qualified engineer-
ing staff, while others (e.g., noise) can be measured with
appropriate instrumentation.

To ensure data accuracy and to minimize testing costs,
the facility’s flow control system must be capable of
reaching the target flowrate very quickly and maintaining
that rate. This is best accomplished with automatic con-
trols (Figure 3). Because a wide range of flows may be
tested — from purge rates up to the maximum hydraulic
capacity of a large flare tip — multiple sets of flow meter-
ing and control runs are recommended to ensure accuracy
and controllability for both extremes.

Thermal radiation

Thermal radiation is one of the most important consid-
erations in flare design. Stack height is often chosen so the
flare is tall enough to meet certain radiation heat-flux cri-
teria at specified locations. Effective tip design, however,
can have a tremendous
impact on the radiation
characteristics of a flare,
as it can reduce the radi-
ation fluxes from the
flame and make it possi-
ble to use a shorter flare
stack, which reduces the
cost of the flare system.

To test a flare’s radia-
tion flux, multiple
radiometers (Figure 4)
are recommended to
measure the radiation
field, which is typically
non-uniform due to
wind effects and varies
with distance from the
flare. Through sophisti-
cated mathematical
analysis, the measured
radiant fluxes can be

M Figure 4. This radiometer is
used, as part of an array,

to determine the radiation field
from a flare.
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used to determine the coordinates of the effective epicen-
ter of the flame and the radiant fraction (i.e., the fraction
of heat released from combustion that is emitted as ther-
mal radiation).

Numerous calculation methods have been proposed for
estimating the radiation from a flare. Predictions can vary
over a wide range, depending on which model is used and
what assumptions are made (4). Overestimating radiation
results in a flare stack that is taller and more costly than
necessary. Underestimating radiation means the radiant

M Figure 6. This microphone is part of the sound measurement
system used for flare testing.

flux at the ground will be higher than desired, which may
be dangerous to personnel and equipment in the area dur-
ing a flaring event.

Figure 5 is a plot of constant radiation lines (isoflux
lines) at ground level for a high-pressure flare test. This
plot was generated using measurements from an array of
radiometers positioned at various distances and angles
from the flare.

Noise

Noise from a flare must be adequately controlled to
protect personnel in the vicinity of a flare event. To study
the effects of noise from flares, a test facility requires a
sound measurement system that includes multiple micro-
phones, such as the one shown in Figure 6. The duration
of measurements, microphones, type of data recorded, and
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type of spectrum analyzers used are among
the numerous conditions that can be varied
for noise testing.

Figure 7 illustrates the sound pressure
data recorded by two microphones at differ-
ent locations during a typical flare test. The
spikes at 0 s and 10 s are not related to flare
noise, but represent noise from the safety
horn alerting personnel in the area of an
impending flare test. In this example, there
is a rapid rise in the sound level at the start
of the test, followed by a steady decline as
the fuel flowrate is reduced according to
the test plan.

Collecting accurate data for measure-
ment and analysis requires a sophisticated
data-acquisition system. In the control room
pictured in Figure 8, three time-synchro-
nized computers capture critical test infor-
mation, which is recorded on a single test
record. The first computer collects general
data, such as ambient conditions, fuel tem-
perature and flowrates, tip pressure, radia-
tion fluxes, and locations of radiometers
and microphones. Another computer records
digital video from multiple cameras strate-
gically positioned at various locations,
while the third computer records noise data.

A new era in problem-solving

In the past, flares have been designed
using semi-empirical and simplified analyti-
cal models that can sometimes produce less-
than-optimum results. This has primarily
been due to the inability to gather compre-
hensive experimental data from industrial-
scale flares and the lack of industrial-scale
flare testing capabilities. Today, industrial-
scale test facilities should provide important
data for greatly improving flare design and
in-field performance of existing flares.

The quest for flare knowledge has
taken many leaps forward with the
advancement of these test facilities, and
hydrocarbon and chemical processing
industries will benefit from this progress.
Through a better understanding of com-
bustion science, full-scale testing and real-
world simulation, cleaner, more-reliable
flare performance can stay a step
ahead of industry requirements.
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M Figure 7. Sound levels decrease as flowrate is reduced during a flare test.

M Figure 8. Data acquisition during tests is monitored from the control room.
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