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2010 TCEQ Flare Study 
Flare Test Plan 

 
Test Series No. S1: Varying Steam Assist, 2,342 lb/hr Waste Gas Flow, LHV = 2,149 Btu/scf 
 

Test  
Point 
No. 

Waste 
Gas 
Flow 

Waste Gas 
Composition

Steam/Waste Gas 
Ratio 

Actual Exit 
Velocity 
(*) per 40 
CFR 60.18 

(fps) 

Notes 

S1.5 1 1 Incipient Smoke 
Point 

1.00  

S1.5 
to 

S1.6 

1 1 Increase steam from 
value in Test Pt. 
S1.5 to value for 

Test Pt. S1.6 

1.00 **As 
Needed 

S1.6 1 1 < Snuff 1.00  
 
 

Test Series No. S2: Varying Steam Assist, 937 lb/hr Waste Gas Flow, LHV = 2,149 Btu/scf 
 

Test  
Point 
No. 

Waste 
Gas 
Flow 

Waste Gas 
Composition

Steam/Waste Gas 
Ratio 

Actual Exit  
Velocity 
(*) per 40 
CFR 60.18 

(fps) 

Notes 

S2.1 2 1 Incipient Smoke 
Point 

0.40  

S2.1 
to 

S2.2 

2 1 Increase steam from 
value in Test Pt. 
S2.1 to value for 

Test Pt. S2.2 

0.40 **As 
Needed 

S2.2 2 1 < Snuff 0.40  
 

(*) Exclusive of center steam 
 
Waste Gas Flow Legend 
1 – 0.25% (nominally) of flare design capacity or 2,342 lb/hr for 36 inch steam-assisted flare 
burner 
2 – 0.1% (nominally) of flare design capacity or 937 lb/hr for 36 inch steam-assisted flare burner 
 
Waste Gas Composition & Lower Heating Value (LHV) Legend 
1 – 100% Propylene, LHV = 2,149 Btu/scf 
2 – 20/80 ratio Tulsa natural gas to propylene diluted with nitrogen to a LHV = 350 Btu/scf  
3 – 20/80 ratio Tulsa natural gas to propylene diluted with nitrogen to LHV = 600 Btu/scf 

2010 TCEQ Flare Study  
The University of Texas at Austin A - 2 May 23, 2011 
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Test Series No. S3: Varying Steam Assist, 937 lb/hr Waste Gas Flow, LHV = 350 Btu/scf 
 

Test  
Point 
No. 

Waste 
Gas 
Flow 

Waste Gas 
Composition

Steam/Waste Gas 
Ratio 

Actual Exit 
Velocity 
(*) per 40 
CFR 60.18 

(fps) 

Notes 

S3.0 2 2 0 0.57  
S3.1 2 2 Incipient Smoke 

Point 
0.57 **1st cycle 

only, less for 
2nd & 3rd 

S3.1  
to  

S3.2 

2 2 Increase steam from 
Incipient Smoke 
Point Value to 

<Snuff 

0.57  

S3.2 2 2 < Snuff 0.57  
S3.2  

to  
S3.3 

2 2 Change steam from 
value in Test Pt. 

S3.2 to value in Test 
Pt. S3.3 

0.57  

S3.3 2 2 2/3 between ISP and 
snuff ratios 

0.57  

S3.3 
 to 

S3.4 

2 2 Change steam from 
value in Test Pt. 

S3.3 to value in Test 
Pt. S3.4 

0.57  

S3.4 2 2 1/3 between ISP and 
snuff ratios 

0.57  

 
(*) Exclusive of center steam 
 
Waste Gas Flow Legend 
1 – 0.25% (nominally) of flare design capacity or 2,342 lb/hr for 36 inch steam-assisted flare 
burner 
2 – 0.1% (nominally) of flare design capacity or 937 lb/hr for 36 inch steam-assisted flare burner 
 
Waste Gas Composition & Lower Heating Value (LHV) Legend 
1 – 100% Propylene, LHV = 2,149 Btu/scf 
2 – 20/80 ratio Tulsa natural gas to propylene diluted with nitrogen to a LHV = 350 Btu/scf  
3 – 20/80 ratio Tulsa natural gas to propylene diluted with nitrogen to LHV = 600 Btu/scf 
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Test Series No. S4: Varying Steam Assist, 2,342 lb/hr Waste Gas Flow, LHV = 350 Btu/scf 
 

Test 
Point 
No. 

Waste 
Gas 
Flow 

Waste Gas 
Composition 

Steam/Waste Gas 
Ratio 

Actual Exit 
Velocity 
(*) per 40 
CFR 60.18 

(fps) 

Notes 

S4.0 1 2 0 1.42  
S4.1 1 2 Incipient Smoke 

Point 
1.42 **1st cycle 

only, less for 
2nd & 3rd 

S4.1  
to  

S4.2 

1 2 Increase steam from 
Incipient Smoke 
Point Value to 

<Snuff 

1.42  

S4.2 1 2 < Snuff 1.42  
S4.2  

to  
S4.3 

1 2 Change steam from 
value in Test Pt. 

S4.2 to value in Test 
Pt. S4.3 

1.42  

S4.3 1 2 2/3 between ISP and 
snuff ratios 

1.42  

S4.3 
 to 

S4.4 

1 2 Change steam from 
value in Test Pt. 

S4.3 to value in Test 
Pt. S4.4 

1.42  

S4.4 1 2 1/3 between ISP and 
snuff ratios 

1.42  

 
(*) Exclusive of center steam 
 
Waste Gas Flow Legend 
1 – 0.25% (nominally) of flare design capacity or 2,342 lb/hr for 36 inch steam-assisted flare 
burner 
2 – 0.1% (nominally) of flare design capacity or 937 lb/hr for 36 inch steam-assisted flare burner 
 
Waste Gas Composition & Lower Heating Value (LHV) Legend 
1 – 100% Propylene, LHV = 2,149 Btu/scf 
2 – 20/80 ratio Tulsa natural gas to propylene diluted with nitrogen to a LHV = 350 Btu/scf  
3 – 20/80 ratio Tulsa natural gas to propylene diluted with nitrogen to LHV = 600 Btu/scf 
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Test Series No. S5: Varying Steam Assist, 937 lb/hr Waste Gas Flow, LHV = 600 Btu/scf 
 

Test 
Point 
No. 

Waste 
Gas 
Flow 

Waste Gas 
Composition 

Steam/Waste Gas 
Ratio 

Actual Exit 
Velocity 
(*) per 40 
CFR 60.18 

(fps) 

Notes 

S5.0 2 3 0 0.55  
S5.1 2 3 Incipient Smoke 

Point 
0.55 **1st cycle 

only, less for 
2nd & 3rd 

S5.1  
to  

S5.2 

2 3 Increase steam from 
Incipient Smoke 
Point to < Snuff 

0.55  

S5.2 2 3 < Snuff 0.55  
S5.2  

to  
S5.3 

2 3 Change steam from 
value in Test Pt. 

S5.2 to value in Test 
Pt. S5.3 

0.55  

S5.3 2 3 1/3 between ISP and 
snuff ratios 

0.55  

S5.3 
 to 

S5.4 

2 3 Change steam from 
value in Test Pt. 

S5.3 to value in Test 
Pt. S5.4 

0.55  

S5.4 2 3 2/3 between ISP and 
snuff ratios 

0.55  

 
(*) Exclusive of center steam 
 
Waste Gas Flow Legend 
1 – 0.25% (nominally) of flare design capacity or 2,342 lb/hr for 36 inch steam-assisted flare 
burner 
2 – 0.1% (nominally) of flare design capacity or 937 lb/hr for 36 inch steam-assisted flare burner 
 
Waste Gas Composition & Lower Heating Value (LHV) Legend 
1 – 100% Propylene, LHV = 2,149 Btu/scf 
2 – 20/80 ratio Tulsa natural gas to propylene diluted with nitrogen to a LHV = 350 Btu/scf  
3 – 20/80 ratio Tulsa natural gas to propylene diluted with nitrogen to LHV = 600 Btu/scf 
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The University of Texas at Austin A - 5 May 23, 2011 
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Test Series No. S6: Varying Steam Assist, 2,342 lb/hr Waste Gas Flow, LHV = 600 Btu/scf 
 

Test 
Point 
No. 

Waste 
Gas 
Flow 

Waste Gas 
Composition 

Steam/Waste Gas 
Ratio 

Actual Exit 
Velocity 
(*) per 40 
CFR 60.18 

(fps) 

Notes 

S6.0 1 3 0 1.36  
S6.1 1 3 Incipient Smoke 

Point 
1.36 **1st cycle 

only, less for 
2nd & 3rd 

S6.1  
to  

S6.2 

1 3 Increase steam from 
Incipient Smoke 
Point to < Snuff 

1.36  

S6.2 1 3 < Snuff 1.36  
S6.2  

to  
S6.3 

1 3 Change steam from 
value in Test Pt. 

S6.2 to value in Test 
Pt. S6.3 

1.36  

S6.3 1 3 1/3 between ISP and 
snuff ratios 

1.36  

S6.3 
 to 

S6.4 

1 3 Change steam from 
value in Test Pt. 

S6.3 to value in Test 
Pt. S6.4 

1.36  

S6.4 1 3 2/3 between ISP and 
snuff ratios 

1.36  

 
(*) Exclusive of center steam 
 
Waste Gas Flow Legend 
1 – 0.25% (nominally) of flare design capacity or 2,342 lb/hr for 36 inch steam-assisted flare 
burner 
2 – 0.1% (nominally) of flare design capacity or 937 lb/hr for 36 inch steam-assisted flare burner 
 
Waste Gas Composition & Lower Heating Value (LHV) Legend 
1 – 100% Propylene, LHV = 2,149 Btu/scf 
2 – 20/80 ratio Tulsa natural gas to propylene diluted with nitrogen to a LHV = 350 Btu/scf  
3 – 20/80 ratio Tulsa natural gas to propylene diluted with nitrogen to LHV = 600 Btu/scf 
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Extra Test Series: Constant Steam Assist, Varying Waste Gas Flow Rate 
 

Test Series No. S7: Constant Steam Assist, Waste Gas Flow Varies from 2342 to 937 lbs/hr, 
LHV = 350 Btu/scf 

 
Test 
Point 
No. 

Waste 
Gas 
Flow 
lbs/hr 

Waste Gas 
Composition 

Steam Assist Actual Exit 
Velocity 
(*) per 40 
CFR 60.18 

(fps) 

Notes 

S7.1 2342 2 525 lbs/hr upper, 
500 lbs/hr center 

-  

S7.2 1850 2 525 lbs/hr upper, 
500 lbs/hr center 

-  

S7.3   
 

1400 2 525 lbs/hr upper, 
500 lbs/hr center 

-  

S7.4 937 2 525 lbs/hr upper, 
500 lbs/hr center 

-  

 
Test Series S7 would be repeated up 2 more times. 
(*) Exclusive of center steam 
 
Waste Gas Flow Legend 
1 – 0.25% (nominally) of flare design capacity or 2,342 lb/hr for 36 inch steam-assisted flare 
burner 
2 – 0.1% (nominally) of flare design capacity or 937 lb/hr for 36 inch steam-assisted flare burner 
 
Waste Gas Composition & Lower Heating Value (LHV) Legend 
1 – 100% Propylene, LHV = 2,149 Btu/scf 
2 – 20/80 ratio Tulsa natural gas to propylene diluted with nitrogen to a LHV = 350 Btu/scf  
3 – 20/80 ratio Tulsa natural gas to propylene diluted with nitrogen to LHV = 600 Btu/scf 
4 – 20/80 ratio Tulsa natural gas to propane diluted with nitrogen to LHV = 600 Btu/scf 

2010 TCEQ Flare Study  
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Extra Test Series: Constant Steam Assist, Varying Waste Gas Flow Rate 
 

Test Series No. S8: Constant Steam Assist, Waste Gas Flow Varies from 2342 to 937 lbs/hr, 
LHV = 350 Btu/scf 

 
Test 
Point 
No. 

Waste 
Gas 
Flow 
lbs/hr 

Waste Gas 
Composition 

Steam Assist Actual Exit 
Velocity 
(*) per 40 
CFR 60.18 

(fps) 

Notes 

S8.1 2342 2 525 lbs/hr upper, 
0 lbs/hr center 

-  

S8.2 1850 2 525 lbs/hr upper, 
0 lbs/hr center 

-  

S8.3   
 

1400 2 525 lbs/hr upper, 
0 lbs/hr center 

-  

S8.4 937 2 525 lbs/hr upper, 
0 lbs/hr center 

-  

 
(*) Exclusive of center steam 
 
Waste Gas Flow Legend 
1 – 0.25% (nominally) of flare design capacity or 2,342 lb/hr for 36 inch steam-assisted flare 
burner 
2 – 0.1% (nominally) of flare design capacity or 937 lb/hr for 36 inch steam-assisted flare burner 
 
Waste Gas Composition & Lower Heating Value (LHV) Legend 
1 – 100% Propylene, LHV = 2,149 Btu/scf 
2 – 20/80 ratio Tulsa natural gas to propylene diluted with nitrogen to a LHV = 350 Btu/scf  
3 – 20/80 ratio Tulsa natural gas to propylene diluted with nitrogen to LHV = 600 Btu/scf 
4 – 20/80 ratio Tulsa natural gas to propane diluted with nitrogen to LHV = 600 Btu/scf 
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Extra Test Series: Constant Steam Assist, Varying Waste Gas Flow Rate 
 

Test Series No. S9: Constant Steam Assist, Waste Gas Flow Varies from 2342 to 937 lbs/hr, 
LHV = 350 Btu/scf 

 
Test 
Point 
No. 

Waste 
Gas 
Flow 
lbs/hr 

Waste Gas 
Composition 

Steam Assist Actual Exit 
Velocity 
(*) per 40 
CFR 60.18 

(fps) 

Notes 

S9.1 2342 2 1025 lbs/hr upper, 
0 lbs/hr center 

-  

S9.2 1850 2 1025 lbs/hr upper, 
0 lbs/hr center 

-  

S9.3   
 

1400 2 1025 lbs/hr upper, 
0 lbs/hr center 

-  

S9.4 937 2 1025 lbs/hr upper, 
0 lbs/hr center 

-  

 
(*) Exclusive of center steam 
 
Waste Gas Flow Legend 
1 – 0.25% (nominally) of flare design capacity or 2,342 lb/hr for 36 inch steam-assisted flare 
burner 
2 – 0.1% (nominally) of flare design capacity or 937 lb/hr for 36 inch steam-assisted flare burner 
 
Waste Gas Composition & Lower Heating Value (LHV) Legend 
1 – 100% Propylene, LHV = 2,149 Btu/scf 
2 – 20/80 ratio Tulsa natural gas to propylene diluted with nitrogen to a LHV = 350 Btu/scf  
3 – 20/80 ratio Tulsa natural gas to propylene diluted with nitrogen to LHV = 600 Btu/scf 
4 – 20/80 ratio Tulsa natural gas to propane diluted with nitrogen to LHV = 600 Btu/scf 

 

2010 TCEQ Flare Study  
The University of Texas at Austin A - 9 May 23, 2011 
The Center for Energy & Environmental Resources 



Extra Test Series: Constant Steam Assist, Varying Waste Gas Flow Rate 
 

Test Series No. S10: Constant Steam Assist, Waste Gas Flow Varies from 2342 to 937 
lbs/hr, 

LHV = 350 Btu/scf 
 

Test 
Point 
No. 

Waste 
Gas 
Flow 
lbs/hr 

Waste Gas 
Composition 

Steam Assist Actual Exit 
Velocity 
(*) per 40 
CFR 60.18 

(fps) 

Notes 

S10.1 2342 2 825 lbs/hr upper, 
0 lbs/hr center 

-  

S10.2 1850 2 825 lbs/hr upper, 
0 lbs/hr center 

-  

S10.3  
 

1400 2 825 lbs/hr upper, 
0 lbs/hr center 

-  

S10.4 937 2 825 lbs/hr upper, 
0 lbs/hr center 

-  

 
(*) Exclusive of center steam 
 
Waste Gas Flow Legend 
1 – 0.25% (nominally) of flare design capacity or 2,342 lb/hr for 36 inch steam-assisted flare 
burner 
2 – 0.1% (nominally) of flare design capacity or 937 lb/hr for 36 inch steam-assisted flare burner 
 
Waste Gas Composition & Lower Heating Value (LHV) Legend 
1 – 100% Propylene, LHV = 2,149 Btu/scf 
2 – 20/80 ratio Tulsa natural gas to propylene diluted with nitrogen to a LHV = 350 Btu/scf  
3 – 20/80 ratio Tulsa natural gas to propylene diluted with nitrogen to LHV = 600 Btu/scf 
4 – 20/80 ratio Tulsa natural gas to propane diluted with nitrogen to LHV = 600 Btu/scf 
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Extra Test Series: Constant Steam Assist, Varying Waste Gas Flow Rate 
 

Test Series No. S11: Constant Steam Assist, Waste Gas Flow Varies from 2342 to 937 
lbs/hr, 

LHV = 350 Btu/scf 
 

Test 
Point 
No. 

Waste 
Gas 
Flow 
lbs/hr 

Waste Gas 
Composition 

Steam Assist Actual Exit 
Velocity 
(*) per 40 
CFR 60.18 

(fps) 

Notes 

S11.1 2342 2 525 lbs/hr upper, 
300 lbs/hr center 

-  

S11.2 1850 2 525 lbs/hr upper, 
300 lbs/hr center 

-  

S11.3  
 

1400 2 525 lbs/hr upper, 
300 lbs/hr center 

-  

S11.4 937 2 525 lbs/hr upper, 
300 lbs/hr center 

-  

 
(*) Exclusive of center steam 
 
Waste Gas Flow Legend 
1 – 0.25% (nominally) of flare design capacity or 2,342 lb/hr for 36 inch steam-assisted flare 
burner 
2 – 0.1% (nominally) of flare design capacity or 937 lb/hr for 36 inch steam-assisted flare burner 
 
Waste Gas Composition & Lower Heating Value (LHV) Legend 
1 – 100% Propylene, LHV = 2,149 Btu/scf 
2 – 20/80 ratio Tulsa natural gas to propylene diluted with nitrogen to a LHV = 350 Btu/scf  
3 – 20/80 ratio Tulsa natural gas to propylene diluted with nitrogen to LHV = 600 Btu/scf 
4 – 20/80 ratio Tulsa natural gas to propane diluted with nitrogen to LHV = 600 Btu/scf 

2010 TCEQ Flare Study  
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Extra Test Series: Constant Steam Assist, Varying Waste Gas Flow Rate 
 

Test Series No. S12: Constant Steam Assist, Waste Gas Flow Varies from 2342 to 937 
lbs/hr, 

LHV = 350 Btu/scf 
 

Test 
Point 
No. 

Waste 
Gas 
Flow 
lbs/hr 

Waste Gas 
Composition 

Steam Assist Actual Exit 
Velocity 
(*) per 40 
CFR 60.18 

(fps) 

Notes 

S12.1 2342 5 525 lbs/hr upper, 
500 lbs/hr center 

-  

S12.2 1850 5 525 lbs/hr upper, 
500 lbs/hr center 

-  

S12.3  
 

1400 5 525 lbs/hr upper, 
500 lbs/hr center 

-  

S12.4 937 5 525 lbs/hr upper, 
500 lbs/hr center 

-  

 
(*) Exclusive of center steam 
 
Waste Gas Flow Legend 
1 – 0.25% (nominally) of flare design capacity or 2,342 lb/hr for 36 inch steam-assisted flare 
burner 
2 – 0.1% (nominally) of flare design capacity or 937 lb/hr for 36 inch steam-assisted flare burner 
 
Waste Gas Composition & Lower Heating Value (LHV) Legend 
1 – 100% Propylene, LHV = 2,149 Btu/scf 
2 – 20/80 ratio Tulsa natural gas to propylene diluted with nitrogen to a LHV = 350 Btu/scf  
3 – 20/80 ratio Tulsa natural gas to propylene diluted with nitrogen to LHV = 600 Btu/scf 
4 – 20/80 ratio Tulsa natural gas to propane diluted with nitrogen to LHV = 600 Btu/scf 
5 – 20/80 ratio Tulsa natural gas to propane diluted with nitrogen to LHV = 350 Btu/scf 
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Extra Test Series: Constant Steam Assist, Varying Waste Gas Flow Rate 
 

Test Series No. S13: Constant Steam Assist, Waste Gas Flow Varies from 2342 to 937 
lbs/hr, 

LHV = 350 Btu/scf 
 

Test 
Point 
No. 

Waste 
Gas 
Flow 
lbs/hr 

Waste Gas 
Composition 

Steam Assist Actual Exit 
Velocity 
(*) per 40 
CFR 60.18 

(fps) 

Notes 

S13.1 2342 5 525 lbs/hr upper, 
300 lbs/hr center 

-  

S13.2 1850 5 525 lbs/hr upper, 
300 lbs/hr center 

-  

S13.3  
 

1400 5 525 lbs/hr upper, 
300 lbs/hr center 

-  

S13.4 937 5 525 lbs/hr upper, 
300 lbs/hr center 

-  

 
(*) Exclusive of center steam 
 
Waste Gas Flow Legend 
1 – 0.25% (nominally) of flare design capacity or 2,342 lb/hr for 36 inch steam-assisted flare 
burner 
2 – 0.1% (nominally) of flare design capacity or 937 lb/hr for 36 inch steam-assisted flare burner 
 
Waste Gas Composition & Lower Heating Value (LHV) Legend 
1 – 100% Propylene, LHV = 2,149 Btu/scf 
2 – 20/80 ratio Tulsa natural gas to propylene diluted with nitrogen to a LHV = 350 Btu/scf  
3 – 20/80 ratio Tulsa natural gas to propylene diluted with nitrogen to LHV = 600 Btu/scf 
4 – 20/80 ratio Tulsa natural gas to propane diluted with nitrogen to LHV = 600 Btu/scf 
5 – 20/80 ratio Tulsa natural gas to propane diluted with nitrogen to LHV = 350 Btu/scf 

2010 TCEQ Flare Study  
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Extra Test Series: Constant Steam Assist, Varying Waste Gas Flow Rate 
 

Test Series No. S14: Constant Steam Assist, Waste Gas Flow Varies from 2342 to 937 
lbs/hr, 

LHV = 350 Btu/scf 
 

Test 
Point 
No. 

Waste 
Gas 
Flow 
lbs/hr 

Waste Gas 
Composition 

Steam Assist Actual Exit 
Velocity 
(*) per 40 
CFR 60.18 

(fps) 

Notes 

S14.1 2342 5 525 lbs/hr upper, 
0 lbs/hr center 

-  

S14.2 1850 5 525 lbs/hr upper, 
0 lbs/hr center 

-  

S14.3  
 

1400 5 525 lbs/hr upper, 
0 lbs/hr center 

-  

S14.4 937 5 525 lbs/hr upper, 
0 lbs/hr center 

-  

 
(*) Exclusive of center steam 
 
Waste Gas Flow Legend 
1 – 0.25% (nominally) of flare design capacity or 2,342 lb/hr for 36 inch steam-assisted flare 
burner 
2 – 0.1% (nominally) of flare design capacity or 937 lb/hr for 36 inch steam-assisted flare burner 
 
Waste Gas Composition & Lower Heating Value (LHV) Legend 
1 – 100% Propylene, LHV = 2,149 Btu/scf 
2 – 20/80 ratio Tulsa natural gas to propylene diluted with nitrogen to a LHV = 350 Btu/scf  
3 – 20/80 ratio Tulsa natural gas to propylene diluted with nitrogen to LHV = 600 Btu/scf 
4 – 20/80 ratio Tulsa natural gas to propane diluted with nitrogen to LHV = 600 Btu/scf 
5 – 20/80 ratio Tulsa natural gas to propane diluted with nitrogen to LHV = 350 Btu/scf 
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Test Series No. A1: Varying Air Assist, 937 lb/hr Waste Gas Flow, LHV = 2,149 Btu/scf 
 

Test  
Point 
No. 

Waste 
Gas 
Flow 

Waste Gas 
Composition

Air/Waste Gas Ratio Actual Exit 
Velocity 
(*) per 40 
CFR 60.18 

(fps) 

Notes 

A1.1 1 1 Incipient Smoke 
Point 

0.22  

A1.1 
to 

A1.2 

1 1 Increase air from 
value in Test Pt. 
A1.1 to value for 

Test Pt. A1.2 

0.22 **As 
Needed 

A1.2 1 1 Maximum fan air 
flow 

0.22  

 
 

Test Series No. A2: Varying Air Assist, 359 lb/hr Waste Gas Flow, LHV = 2,149 Btu/scf 
 

Test  
Point 
No. 

Waste 
Gas 
Flow 

Waste Gas 
Composition

Air/Waste Gas Ratio Actual Exit 
Velocity 
(*) per 40 
CFR 60.18 

(fps) 

Notes 

A2.1 2 1 Incipient Smoke 
Point 

0.54  

A2.1 
to 

A2.2 

2 1 Increase air from 
value in Test Pt. 
A2.1 to value for 

Test Pt. A2.2 

0.54 **As 
Needed 

A2.2 2 1 < Snuff 0.54  
 

(*) Exclusive of air assist  
 
Waste Gas Flow Legend 
1 – 0.65% (nominally) of flare design capacity or 937 lb/hr for 24 inch air-assisted flare burner 
2 – 0.25% (nominally) of flare design capacity or 359 lb/hr for 24 inch air-assisted flare burner 
 
Waste Gas Composition & Lower Heating Value (LHV) Legend 
1 – 100% Propylene, LHV = 2,149 Btu/scf 
2 – 20/80 ratio Tulsa natural gas to propylene diluted with nitrogen to a LHV = 350 Btu/scf  
3 – 20/80 ratio Tulsa natural gas to propylene diluted with nitrogen to LHV = 600 Btu/scf 
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Test Series No. A3: Varying Air Assist, 937 lb/hr Waste Gas Flow, LHV = 350 Btu/scf 
 

Test 
Point 
No. 

Waste 
Gas 
Flow 

Waste Gas 
Composition 

Air/Waste Gas 
Ratio 

Actual Exit 
Velocity 
(*) per 40 
CFR 60.18 

(fps 

Notes 

A3.0 1 2 0 0.77  
A3.1 1 2 Incipient Smoke 

Point air flow rate 
0.77 **1st cycle 

only, less for 
2nd & 3rd 

A3.1  
to  

A3.2 

1 2 Increase air from 
Incipient Smoke 

Point air flow rate 
in Test Pt. A3.1 to 
maximum fan air 

flow rate 

0.77  

A3.2 1 2 Maximum fan air 
flow 

0.77  

A3.2  
to  

A3.3 

1 2 Change air from 
flow rate in Test Pt. 
A3.2 to air flow rate 

in Test Pt. A3.3 

0.77  

A3.3 1 2 1/3 between ISP 
and maximum fan 

air flow rates 

0.77  

A3.3 
 to 

A3.4 

1 2 Change air from 
flow rate in Test Pt. 
A3.3 to air flow rate 

in Test Pt. A3.4 

0.77  

A3.4 1 2 2/3 between ISP 
and maximum fan 

air flow rates 

0.77  

 
(*) Exclusive of air assist  
 
Waste Gas Flow Legend 
1 – 0.65% (nominally) of flare design capacity or 937 lb/hr for 24 inch air-assisted flare burner 
2 – 0.25% (nominally) of flare design capacity or 359 lb/hr for 24 inch air-assisted flare burner 
 
Waste Gas Composition & Lower Heating Value (LHV) Legend 
1 – 100% Propylene, LHV = 2,149 Btu/scf 
2 – 20/80 ratio Tulsa natural gas to propylene diluted with nitrogen to a LHV = 350 Btu/scf  
3 – 20/80 ratio Tulsa natural gas to propylene diluted with nitrogen to LHV = 600 Btu/scf 
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 Test Series No. A4: Varying Air Assist, 937 lb/hr Waste Gas Flow, LHV = 600 Btu/scf 
 

Test 
Point 
No. 

Waste 
Gas 
Flow 

Waste Gas 
Composition 

Air/Waste Gas Ratio Actual Exit 
Velocity 
(*) per 40 
CFR 60.18 

(fps) 

Notes 

A4.0 1 3 0 0.74  
A4.1 1 3 Incipient Smoke 

Point air flow rate 
0.74 **1st cycle 

only, less for 
2nd & 3rd 

A4.1  
to  

A4.2 

1 3 Increase air from 
Incipient Smoke 

Point air flow rate in 
Test Pt. A3.1 to 

maximum fan air 
flow 

0.74  

A4.2 1 3 Maximum fan air 
flow rate 

0.74  

A4.2  
to  

A4.3 

1 3 Change air from 
flow rate in Test Pt. 
A3.2 to air flow rate 

in Test Pt. A3.3 

0.74  

A4.3 1 3 1/3 between ISP and 
maximum fan air 
flow air flow rate 

values 

0.74  

A4.3 
 to 

A4.4 

1 3 Change air from 
flow rate in Test Pt. 
A3.3 to air flow rate 

in Test Pt. A3.4 

0.74  

A4.4 1 3 2/3 between ISP and 
maximum fan air 

flow rates 

0.74  

 
(*) Exclusive of air assist  
 
Waste Gas Flow Legend 
1 – 0.65% (nominally) of flare design capacity or 937 lb/hr for 24 inch air-assisted flare burner 
2 – 0.25% (nominally) of flare design capacity or 359 lb/hr for 24 inch air-assisted flare burner 
 
Waste Gas Composition & Lower Heating Value (LHV) Legend 
1 – 100% Propylene, LHV = 2,149 Btu/scf 
2 – 20/80 ratio Tulsa natural gas to propylene diluted with nitrogen to a LHV = 350 Btu/scf  
3 – 20/80 ratio Tulsa natural gas to propylene diluted with nitrogen to LHV = 600 Btu/scf 
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Test Series No. A5: Varying Air Assist, 359 lb/hr Waste Gas Flow, LHV = 350 Btu/scf 
 

Test 
Point 
No. 

Waste 
Gas Flow

Waste Gas 
Composition 

Air/Waste Gas 
Ratio 

Actual Exit 
Velocity 
(*) per 40 
CFR 60.18 

(fps) 

Notes 

A5.0 2 2 0 0.31  
A5.1 2 2 Incipient Smoke 

Point air flow rate 
0.31 **1st cycle 

only, less for 
2nd & 3rd 

A5.1  
to  

A5.2 

2 2 Increase air from 
Incipient Smoke 

Point air flow rate 
in Test Pt. A5.1 to 

<Snuff 

0.31  

A5.2 2 2 < Snuff 0.31  
A5.2  

to  
A5.3 

2 2 Change air from 
flow rate in Test Pt. 
A5.2 to air flow rate 

in Test Pt. A5.3 

0.31  

A5.3 2 2 1/3 between ISP 
and snuff air flow 

rates 

0.31  

A5.3 
 to 

A5.4 

2 2 Change air from 
flow rate in Test Pt. 
A5.3 to air flow rate 

in Test Pt. A5.4 

0.31  

A5.4 2 2 2/3 between ISP 
and snuff air flow 

rates 

0.31  

 
(*) Exclusive of air assist  
 
Waste Gas Flow Legend 
1 – 0.65% (nominally) of flare design capacity or 937 lb/hr for 24 inch air-assisted flare burner 
2 – 0.25% (nominally) of flare design capacity or 359 lb/hr for 24 inch air-assisted flare burner 
 
Waste Gas Composition & Lower Heating Value (LHV) Legend 
1 – 100% Propylene, LHV = 2,149 Btu/scf 
2 – 20/80 ratio Tulsa natural gas to propylene diluted with nitrogen to a LHV = 350 Btu/scf  
3 – 20/80 ratio Tulsa natural gas to propylene diluted with nitrogen to LHV = 600 Btu/scf 
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Test Series No. A6: Varying Air Assist, 359 lb/hr Waste Gas Flow, LHV = 600 Btu/scf 
 

Test 
Point 
No. 

Waste 
Gas 
Flow 

Waste Gas 
Composition 

Air/Waste Gas 
Ratio 

Actual Exit 
Velocity 

per 40 CFR 
(*) 60.18 

(fps 

Notes 

A6.0 2 3 0 0.30  
A6.1 2 3 Incipient Smoke 

Point air flow rate 
0.30 **1st cycle 

only, less for 
2nd & 3rd 

A6.1  
to  

A6.2 

2 3 Increase air from 
Incipient Smoke 

Point air flow rate 
in Test Pt. 6.1 to 

<Snuff 

0.30  

A6.2 2 3 < Snuff 0.30  
A6.2  

to  
A6.3 

2 3 Change air from 
flow rate in Test Pt. 
A6.2 to air flow rate 

in Test Pt. A6.3 

0.30  

A6.3 2 3 1/3 between ISP 
and snuff air flow 

rate values 

0.30  

A6.3 
 to 

A6.4 

2 3 Change air from 
flow rate in Test Pt. 
A6.3 to air flow rate 

in Test Pt. A6.4 

0.30  

A6.4 2 3 2/3 between ISP 
and snuff air flow 

rates 

0.30  

 
(*) Exclusive of air assist  
 
Waste Gas Flow Legend 
1 – 0.65% (nominally) of flare design capacity or 937 lb/hr for 24 inch air-assisted flare burner 
2 – 0.25% (nominally) of flare design capacity or 359 lb/hr for 24 inch air-assisted flare burner 
 
Waste Gas Composition & Lower Heating Value (LHV) Legend 
1 – 100% Propylene, LHV = 2,149 Btu/scf 
2 – 20/80 ratio Tulsa natural gas to propylene diluted with nitrogen to a LHV = 350 Btu/scf  
3 – 20/80 ratio Tulsa natural gas to propylene diluted with nitrogen to LHV = 600 Btu/scf 
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Extra Test Series: Propane/TNG 
 

Test Series No. A7: Varying Air Assist, 359 lb/hr Waste Gas Flow, LHV = 350 Btu/scf 
 

Test 
Point 
No. 

Waste 
Gas 
Flow 

Waste Gas 
Composition 

Air/Waste Gas 
Ratio 

Actual Exit 
Velocity 

per 40 CFR 
(*) 60.18 

(fps 

Notes 

A7.0 2 5 0 0.30  
A7.1 2 5 Incipient Smoke 

Point air flow rate 
0.30 **1st cycle 

only, less for 
2nd & 3rd 

A7.1  
to  

A7.2 

2 5 Increase air from 
Incipient Smoke 

Point air flow rate 
in Test Pt. 7.1 to 

<Snuff 

0.30  

A7.2 2 5 < Snuff 0.30  
A7.2  

to  
A7.3 

2 5 Change air from 
flow rate in Test Pt. 
A7.2 to air flow rate 

in Test Pt. A7.3 

0.30  

A7.3 2 5 1/3 between ISP 
and snuff air flow 

rate values 

0.30  

A7.3 
 to 

A7.4 

2 5 Change air from 
flow rate in Test Pt. 
A7.3 to air flow rate 

in Test Pt. A7.4 

0.30  

A7.4 2 5 2/3 between ISP 
and snuff air flow 

rates 

0.30  

 
(*) Exclusive of air assist  
 
Waste Gas Flow Legend 
1 – 0.65% (nominally) of flare design capacity or 937 lb/hr for 24 inch air-assisted flare burner 
2 – 0.25% (nominally) of flare design capacity or 359 lb/hr for 24 inch air-assisted flare burner 
 
Waste Gas Composition & Lower Heating Value (LHV) Legend 
1 – 100% Propylene, LHV = 2,149 Btu/scf 
2 – 20/80 ratio Tulsa natural gas to propylene diluted with nitrogen to a LHV = 350 Btu/scf  
3 – 20/80 ratio Tulsa natural gas to propylene diluted with nitrogen to LHV = 600 Btu/scf 
4 – 20/80 ratio Tulsa natural gas to propane diluted with nitrogen to LHV = 600 Btu/scf 
5 – 20/80 ratio Tulsa natural gas to propane diluted with nitrogen to LHV = 350 Btu/scf 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Appendix B 
 

Flare Test Facility Description 



Flare Test Facility and Instrumentation 
 
Once the test plan was developed, UT Austin worked with ARI and Zink to design the test 
facility and instrumentation needed to make measurements of all the operational parameters and 
emissions in the flare plume. The test facility and instrumentation are described in this appendix. 
Additonal information on all test facility measurements and instrumentation is included in 
Appendix C – Data Quality Objectives. Information about and the actual calibration of 
instruments is included in Appendix K – Quality Assurance Documentation for Test System and 
Instrumentation Used During Field Tests. 
 
The flare test facility was composed of two major systems: the flare test system (Figure B-1) and 
the flare plume sampling system (Figure B-2). The flare test system consisted of the flare burners 
(air- and steam-assisted), the vent gas supply system, the air- or steam-assist system and the flare 
control room. The flare plume sampling system consisted of the sample collector, the eductor, 
global positioning system, crane, meteorology system, and the sampling probes and lines. 
 
 

 
 
Figure B-1. Overall view of Flare Test System 
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Figure B-2. Flare Plume Sampling System During Morning Start-up Routine 
 
Flare Test System 
Operating parameters for the flare burners (Figure B-3) were controlled by Zink personnel and 
monitored using their standard process and control instrumentation (Figures B-4 and B-5) for 
steam delivery and vent gas supply with additional instrumentation and sampling ports added for 
this study where necessary. Please refer to Zink drawings (Fuel Metering PandID and Steam 
Metering PandID) at the end of this appendix and in Appendix K – the John Zink Final Report 
for piping, instrumentation and calibration details.  Zink recorded all flare operating data in a 
data acquisition system in the flare control room (Figures B-8 and B-10). To verify the actual 
composition of the vent gas being used during each test, a stack testing company, TRC, was 
employed to provide semi-continuous measurements (two measurements per test run, 5 minutes 
apart) of the vent gas composition prior to entering the flare burner. TRC also made semi-
continuous measurements of propylene, methane and ethane in the flare plume as a backup to 
ARI’s primary determination of DRE. 
 
The exits of the steam- and air-assisted flare burners were 13 and 33 feet above ground level, 
respectively (Figure B-3). Please refer to Zink drawings LHTS-24 and QS-36 of the air flare and 
steam flares, respectively, for design details. The steam flare had a nominal diameter of 36 
inches and a design capacity (propylene) of 937,000 lb/hr. 
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Figure B-3. Flare Burners – Air-assisted on left and steam-assisted on right 
 
 
It has center and upper steam assist (Figures B-4 and B-5). John Zink recommends 300 lb/hr as 
the minimum continuous flow rate of center steam and 525 lb/hr minimum flow rate of upper 
steam for this flare. The steam flare has 3 pilots (Figure B-6) each rated at 75,000 Btu/hr. Steam- 
and air-assist flow rates were measured by Zink and controlled at the flare control room. 
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Figure B-4. Steam lines for the steam-assisted flare burner. 
 

 
 
Figure B-5. Steam-assisted flare burner with upper steam assist line on left and center steam 
assist line on right. Steam control station is to the right of the steam lines. 

2010 TCEQ Flare Study 
The University of Texas at Austin B - 5 May 23, 2011 
The Center for Energy & Environmental Resources  



 

 
 

Figure B- 6. Typical pilot (left) and upper steam ring with nozzles. 
 
 
The air flare had a nominal diameter of 24 inches and a design capacity (propylene) of 144,000 
lb/hr. A fan (Figure B-7) with a variable frequency drive motor provided air assist to the base of 
air flare. The air flare had vent gas separators (Figure B-8) that provided parallel flow paths for 
the air and vent gas through the flare burner. This flare also had three pilots also rated at 75,000 
Btu/hr each. 
 
Vent gas supply (Figure B-9) flow rates of nitrogen, propylene or propane, and Tulsa Natural 
Gas (TNG) were individually controlled and measured before being blended at the vent gas 
supply station and sent via underground piping to the flare. The temperature of the vent gas was 
measured immediately before it entered the base of each flare. 
 
All of the flare operations were controlled in the Zink flare tests control room (Figure B-9). Only 
Zink, UT Austin, TCEQ, ARI, TRC and LSI personnel were allowed in the control room during 
the flare tests. The UT Austin team would prescribe the test conditions to be run and Zink 
personnel would operate the flare as prescribed using direct controls in the control room and/or 
via radio communications with Zink personnel at their stations. Zink provided a data acquisition 
system in the control room where all their control and measurement data were recorded. 
 
All ARI measurements of the plume sample were sent to the control (Figure B-11) where they 
could be displayed in real time (Figure B-12) along with the Zink operating data and the LSI and 
UT video images. UT Austin recorded an image of the flame exiting the flare tip for all tests 
using a Sony digital high definition (720p) camera with a film speed of 60 frames per second. 
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Figure B-7. Air supply for air-assisted flare burner 
 

 
 

Figure B-8. Air Flare tip with vent gas separators.

2010 TCEQ Flare Study 
The University of Texas at Austin B - 7 May 23, 2011 
The Center for Energy & Environmental Resources  



 

 
 
Figure B-9. Control room (with glass windows) and vent gas supply system (center background) 
 
 

 
 
Figure B-10. Piping for flow control, mixing and measurement of the vent gas supply 
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Figure B-11. Control room for the Flare Test System 
 

 
 
Figure B-12. Monitor in Control Room displaying Zink measurement of flare operating 
parameters (top left), LSI’s FLIR and IR video (right half) and ARI’s flare emissions 
measurements (bottom left) 
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Flare Plume Sampling System (Figure B-13) 
The sample collector (Figure B-14) was moved into position so that it was located approximately 
at the midpoint of the flare plume at a position far enough downwind from the flare tip to ensure 
that combustion reactions had ceased and with the face of the inlet oriented perpendicular to the 
travel of the plume.  (A detail drawing of the sample collector is included in Appendix B – JZ 
Specialized Sample Hood). The method used as the gauge to know that the collector inlet was 
past the combustion zone was to position the inlet to the sample collector so that the plume 
temperature at the inlet was 250°F or less, as measured by three thermocouples in the inlet to the 
sample collector.  The position of the sample collector at the midpoint of the plume was 
facilitated using the visual, FLIR and IR video camera images (Figure B-15) and the temperature 
of the flare plume as it entered the sample collector. 
 
The eductor (Figure B-14) of the sample collector would continuously draw approximately 1950 
cfm of flare plume through the collector. A mixing and flow conditioning section at the entrance 
to the sample collector would prepare the flow prior to reaching ARI’s and TRC’s sampling 
probes. Samples (approximately 1 liter per minute for vent gas sample line and 8 liters per 
minute for plume sample line) would be continuously drawn through the sample lines to the 
analyzers and instruments in each company’s mobile laboratory trailers. 
 
The position of the sample collector was tracked through the use of the global positioning system 
(Figure B-16) on the sample collector and manually by using a graduated chain attached to the 
sample collector inlet. After any change in height, Zink personnel would report this height to the 
control room where it would be logged. They would also report the radial distance from the inlet 
to the sample collector to the center of the flare burner. 
 
TRC used gas chromatography to analyze both flare stack and plume gases (methane, ethane and 
propylene) semi-continuously (two measurements per run, 5 minutes apart). Flare plume 
constituents (CO, CO2, O2, speciated VOCs, HCHO, NOx, particulate matter and THC) were 
measured continuously (1 Hz) by ARI using their mobile laboratory, which has two dual 
quantum cascade laser instruments and several LiCOR non-dispersive infrared sensor 
instruments. Destruction removal and combustion efficiencies (DRE and CE) were calculated 
based on the measurements of TRC (vent gas) and the ARI (flare plume) measurements using the 
carbon content of the constituents in the flare plume and the composition of the vent gas. Please 
refer to Appendix I for a detailed explanation of the method used to determine the DRE and CE 
using the extractive sampling system. 
 
Meteorology measurements were needed for multiple purposes, including determining the speed 
and direction of the cross wind at the exit of the flare burners. These measurements (Figure B-
17) were made by ARI. 
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Figure B-13. Flare Plume Sampling System making measurements of flare plume while held in 
position by crane and ground crew. 
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Figure B-14. Sample Collector at Near Ground Level – Collector inlet is at foreground and 
eductor is at far end.  In photo, Zink personnel make adjustments to heated transfer line supports. 
Shackles and cable at center allow crane to lift and position Sample Collector. 
 

 
 

Figure B-15. Sony Handycam – for visible light (left), thermal infrared – for heat (center), and 
GasFind infrared – for hydrocarbons (right) cameras 
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Figure B-16. Global Positioning System mounted on Sample Collector 
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Figure B-17. Meteorology System 

2010 TCEQ Flare Study 
The University of Texas at Austin B - 14 May 23, 2011 
The Center for Energy & Environmental Resources  













 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Appendix C 
 

Measurement Data Quality Objectives 
 



Measurement Data Quality Objectives

Measurement 
Location Parameter/Instrument Species Measured/Units Detection Limit Precision Accuracy Company

Flare Flue Gas

Pulsed Quantum Cascade 
Tunable Infrared Laser 
Differential Absorption 

Spectrometer (QC-TILDAS)

CO (Carbon Monoxide)/ 
ppt 600 ppt (1-second) 300 ppt (1-s rms) 4% Aerodyne

Flare Flue Gas QC-TILDAS
NO2 (Nitrogen Dioxide)/ 

ppt
700 ppt (1 second) 350 ppt (1-s rms) 5% Aerodyne

Flare Flue Gas QC-TILDAS

HCHO 
(Formaldehyde),CH3CHO(

acetaldehyde)      
HC2H(Acetylene)/ ppt

700 ppt (1 second) 350 ppt (1-s rms) 6% Aerodyne

Flare Flue Gas QC-TILDAS HCOOH (Formic Acid)/ 
ppb 1 ppb (1 second) 500 ppt (1-s rms) 8% Aerodyne

Flare Flue Gas QC-TILDAS
CH4(Methane),C2H4 

(Ethylene),C3H6 

(Propylene)/ ppb
7 ppb (1 second) 3.5 ppb (1-s rms) 4% Aerodyne

Flare Flue Gas ThermoElectron 42i NO (Niitrogen Oxide)/ ppb 0.4 ppb (1 second) 0.2 ppb (1-s rms) 5% Aerodyne

Flare Flue Gas LiCor
CO2 (Carbon Dioxide)/ 

ppb
0.7 ppm (1 second) 350 ppb (1-s rms) 5% Aerodyne

Flare Flue Gas 2B Tech 205 O3 (Ozone)/ ppb 1 ppb (2 second) 0.5 ppb (2-s rms) 2% Aerodyne
Flare Flue Gas Auto GC EPA TO-14 Analytes 3 ppb 0.5 ppb 1% Aerodyne

Flare Flue Gas PTR-MS
Oxygenated/Aromatic and 

selected olefinic VOC/ 
ppb

0.2 - 6 ppb (1 second) 0.1 - 3 ppb (1-s rms) 20% Aerodyne

Flare Flue Gas Aerosol Mass Spectrometer
Size-resolved chemical 
composition and mass 
loadings of PM1/ ng/m3

100 ng/m3, 30 - 800 nm 
(10 s) N/A 12% Aerodyne

Flare Flue Gas Multi-Angle Absorption 
Photometer (MAAP) Black Carbon/ µg/m3 5 μg/m3 (1.5 s) 5 μg/m3 (1.5 s) 15% Aerodyne

Flare Flue Gas Scanning Mobility Particle Sizer 
(SMPS) PM Size Distribution nm 15 - 600 nm ( 1 min) N/A

mode 
uncertainty 
depends on 
distribution

Aerodyne

Flare Flue Gas Condensate Particle Counter 
(CPC)

Particle Number 
(Dp>7nm)/ nm 7 nm - 2.5 μm N/A 2% reading Aerodyne
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Measurement Data Quality Objectives

Measurement 
Location Parameter/Instrument Species Measured/Units Detection Limit Precision Accuracy Company

Flare Flue Gas Dustrak
Particle Mass (80 nm < Dp 

< 2.5 µm)/ ng/m3 50 ng/m3 (60 s) Zero Stability 2 ng/m3 15% Aerodyne

Flare Test Facility Meteorology Wind Speed/ mph 0.2 m/s 0.1 m/s 5% Aerodyne

Flare Test Facility Meteorology Wind Direction/ ° azimuth 1º 0.5 º 5% Aerodyne

Flare Test Facility Meteorology Ambient Temperature/ °F NA 0.2 degree (1 sec) 5% Aerodyne

Flare Test Facility Meteorology Relative Humidity/ % NA 1% RH 5% Aerodyne

Flare Test Facility Meteorology Barametric Pressure/ 
mmHg NA 0.5 Torr 3% Aerodyne

Flare Flue Gas TECO 55C TNMHC 3 ppb ± 15% ± 20 %, monitor Aerodyne

Flare Stack Gas Chromatograph (GC) concentrations of methane in 
flare gas/ ppmV 0.01 % (100 ppmv) 5% ±200 ppmv TRC

Flare Flue Gas Gas Chromatograph (GC) concentrations of methane in 
flare plume/ ppmV 0.01 % (100 ppmv) 5% ±200 ppmv TRC

Flare Stack Gas Chromatograph (GC) concentrations of ethane in 
flare gas/ ppmV 0.01 % (100 ppmv) 5% ±200 ppmv TRC

Flare Flue Gas Gas Chromatograph (GC) concentrations of ethane in 
flare plume/ ppmV 0.01 % (100 ppmv) 5% ±200 ppmv TRC

Flare Stack Gas Chromatograph (GC) concentrations of propylene 
in flare gas/ ppm 0.01 % (100 ppmv) 5% ±200 ppmv TRC

Flare Flue Gas Gas Chromatograph (GC) concentrations of propylene 
in flare plume/ ppm 0.01 % (100 ppmv) 5% ±200 ppmv TRC

Flare Flue Gas Calculation mass emission rates/ lb/hr N/A 5% 5% TRC

Flare Test Facility Meteorology Wind Speed/ mph 2.2 mph 0.5 mph ± 0.6 mph John Zink Co. LLC

Flare Test Facility Meteorology Wind Direction/                ° 
Azimuth 1° 0.5° ± 3° John Zink Co. LLC

Flare Test Facility Meteorology Ambient Temperature/    
° F N/A N/A ± 0.54°F John Zink Co. LLC
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Measurement Data Quality Objectives

Measurement 
Location Parameter/Instrument Species Measured/Units Detection Limit Precision Accuracy Company

Flare Test Facility Meteorology Relative Humidity/ % 1% 1% per year ± 2% John Zink Co. LLC

Flare Test Facility Meteorology Barametric Pressure/ psia ± 0.005 psi ± 0.001 psi ± 0.008 psia John Zink Co. LLC

Flare System Orifice Plate Propylene Flow/ lb/hr N/A N/A ± 27 Lb/hr John Zink Co. LLC
Flare System Orifice Plate Natural Gas Flow/ lb/hr N/A N/A ± 1 Lb/hr John Zink Co. LLC
Flare System Orifice Plate N2 (Nitrogen) Flow/ lb/hr N/A N/A ± 19 Lb/hr John Zink Co. LLC

Flare System Pressure Transmitter Pilot Gas Pressure/ Psig N/A N/A ± 0.158 Psig John Zink Co. LLC

Flare System Ultrasonic Flow Meter Total Steam Flow/ lb/hr 0.1 Ft/sec ± 0.2% of reading ± 0.2% of 
reading * John Zink Co. LLC

Flare System Thermocouple Center Steam 
Temperature/ °F N/A ± 0.18 °F ± 2.7 °F John Zink Co. LLC

Flare System Pressure Transmitter Center Steam Pressure/ 
Psig N/A ± 0.158 Psig John Zink Co. LLC

Flare System Thermocouple Upper Ring Steam 
Temperature/ °F N/A ± 0.18 °F ± 2.7 °F John Zink Co. LLC

Flare System Pressure Transmitter Upper ring pressure/ Psia N/A N/A ± 0.158 Psig John Zink Co. LLC

Flare System Thermal Mass Flow Meter Air Flow/ lb/hr N/A ± 184 Lb/hr
± (1.3% of 

reading + 459) 
Lb/hr

John Zink Co. LLC

Flare System Thermocouple Mixed Fuel Temperature/ 
°F N/A ± 0.18 °F ± 2.7 °F John Zink Co. LLC

Flare System Thermocouple Flare Flue Gas 
Temperature/ °F N/A ± 0.18 °F ± 2.7 °F John Zink Co. LLC

Flare Flue Gas I-FTIR Butane 20 ppm*m 7 ppm*m 7 ppm*m Telops
Flare Flue Gas I-FTIR Ethylene 0.5 ppm*m 0.2 ppm*m 0.2 ppm*m Telops
Flare Flue Gas I-FTIR Propylene 2 ppm*m 0.7 ppm*m 0.7 ppm*m Telops
Flare Flue Gas I-FTIR Formaldehyde 20 ppm*m 7 ppm*m 7 ppm*m Telops
Flare Flue Gas I-FTIR Formic Acid 0.4 ppm*m 0.1 ppm*m 0.1 ppm*m Telops
Flare Flue Gas I-FTIR CO2 (Carbon Dioxide) 4000 ppm*m 1000 ppm*m 1000 ppm*m Telops
Flare Flue Gas I-FTIR H20 3000 ppm*m 1000 ppm*m 1000 ppm*m Telops
Flare Flue Gas I-FTIR O3 (Ozone) 2 ppm*m 0.7 ppm*m 0.7 ppm*m Telops
Flare Flue Gas I-FTIR SO2 (Sulfur Dioxide) 20 ppm*m 7 ppm*m 7 ppm*m Telops
Flare Flue Gas A-FTIR CO2(Carbon Dioxide) 1 ppm ~5% ±15% IMACC
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Measurement Data Quality Objectives

Measurement 
Location Parameter/Instrument Species Measured/Units Detection Limit Precision Accuracy Company

Flare Flue Gas A-FTIR Acetylene 1 ppm ~5% ±15% IMACC
Flare Flue Gas A-FTIR CO (Carbon Monoxide) 0.1 ppm ~5% ±15% IMACC
Flare Flue Gas A-FTIR Plume Temperature 100° C ± 10° C ± 50°C IMACC
Flare Flue Gas A-FTIR Hydrocarbon Continuum 1 ppm ~5% ±15% IMACC
Flare Flue Gas A-FTIR Isobutane 0.2 ppm ~5% ±15% IMACC
Flare Flue Gas A-FTIR Methane 1 ppm ~5% ±15% IMACC
Flare Flue Gas A-FTIR Ethane 1 ppm ~5% ±15% IMACC
Flare Flue Gas A-FTIR Propane 1 ppm ~5% ±15% IMACC
Flare Flue Gas A-FTIR Butane 0.5 ppm ~5% ±15% IMACC
Flare Flue Gas A-FTIR H2O (Water ) ambient ~5% ±15% IMACC
Flare Flue Gas A-FTIR Propylene 0.4 ppm ~5% ±15% IMACC
Flare Flue Gas P-FTIR Acetylene 5 ppm Not Available Not Available IMACC
Flare Flue Gas P-FTIR Plume Temperature 100° C ± 10° C ± 50°C IMACC
Flare Flue Gas P-FTIR CO (Carbon Monoxide) 0.5 ppm Not Available Not Available IMACC
Flare Flue Gas P-FTIR CO2 (Carbon Dioxide 0.5 ppm Not Available Not Available IMACC
Flare Flue Gas P-FTIR Ethane 2 ppm Not Available Not Available IMACC
Flare Flue Gas P-FTIR Hydrocarbon Continuum 2 ppm Not Available Not Available IMACC
Flare Flue Gas P-FTIR Isobutane 0.45 ppm Not Available Not Available IMACC
Flare Flue Gas P-FTIR Methane 2 ppm Not Available Not Available IMACC
Flare Flue Gas P-FTIR Ethane 2 ppm Not Available Not Available IMACC
Flare Flue Gas P-FTIR Propane 2 ppm Not Available Not Available IMACC
Flare Flue Gas P-FTIR H2O (Water ) ambient Not Available Not Available IMACC
Flare Flue Gas P-FTIR Propylene 0.9 ppm Not Available Not Available IMACC
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Summary of Data from All Steam Flare Test Series and Runs 
 

 



 

Definition of Column Titles for Table D-1 
 
Column Name Definition 
Test Point Test series test point name from Test Plan 
Run Number Run number of test point 
Date  Date of test in month/date/year format 
Time 
 Start Local time for start of test 
 End  Local time for end of test 
 Elapsed Elapsed time from start of test to end of test 
Actual Vent Gas (VG) Flow Rates 
 Propylene (lb/hr) Flow rate of propylene per Appendix G 
 TNG (lb/hr) Flow rate of Tulsa Natural Gas per Appendix G 
 Nitrogen (lb/hr) Flow rate of nitrogen as measured by Zink 
 Total (lb/hr) Sum of propylene, TNG and nitrogen flows above 
Actual Vent Gas 
 LHV (Btu/scf) Calculated lower heating value of vent gas based on 

Actual Vent Gas (VG) Flow Rate composition 
 Mol Wt (lb/lb-mole) Calculated molecular weight of vent gas based on 

Actual Vent Gas (VG) Flow Rate composition 
 Exit Velocity* (fps) Vent Gas Exit Velocity (includes center steam 

assist) per 40 cfr 60.18 (f) (4) 
Combustion Zone HV (Btu/scf) Combustion Zone Gas Net Heat Value as calculated 

by Equation 5.1 in the report 
Actual Steam Flow Rates 
 Center (lb/hr) Time averaged center steam flow during test point 

run as calculated from Zink steam flow 
measurements 

 Upper (lb/hr) Time averaged upper steam flow during test point 
run as calculated from Zink steam flow 
measurements 

 Total (lb/hr) Sum of center and upper steam flows above 
Assist Ratio – Steam/VG Flow Rate Ratio of Actual Total Steam flow to Actual Vent 

Gas flow rates 
Wind 
 Speed (mph) Time averaged wind speed during test point run as 

calculated from ARI continuous wind speed 
measurements 

 Direction (Degrees) Time averaged wind direction during test point run 
as calculated from ARI continuous wind direction 
measurements 

Ambient Temperature (Degrees F) Time averaged ambient temperature during test 
point run as calculated from ARI continuous 
ambient temperature measurements 
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Baro Pressure (psia) Time averaged barometric pressure during test point 
run as calculated from ARI continuous ambient 
temperature measurements 

DRE (Propene) and/or CE  
 Telops 
  Avg CE (%) Average combustion efficiency for test point run as 

reported by Telops 
  σ Standard deviation for Telops CE for test point run 
 
 IMACC – AFTIR  
  Avg CE (%) Average combustion efficiency for test point run as 

reported by IMACC AFTIR 
  σ Standard deviation for IMACC AFTIR CE for test 

point run 
 IMACC – PFTIR (%)  
  Avg CE (%) Average combustion efficiency for test point run as 

reported by IMACC PFTIR 
  σ Standard deviation for IMACC AFTIR CE for test 

point run 
 ARI 
  CE (%) Combustion efficiency for test point run as reported 

by ARI 
  DRE (%) Destruction and removal efficiency for test point 

run as reported by IMACC 
 
 



Table D-1. Summary of Data from All Steam Flare Test Series and Runs

Test Run Date Times Actual Vent Gas (VG) Flow Rates Combustion Assist Ratio Wind Ambient Baro
Point Number Start End Elapsed Propylene TNG Nitrogen Total LHV Mol Wt Exit Velocity* Zone HV Center Upper Total Steam / Speed Direction Temp Pressure

m/dd/yy lb/hr lb/hr lb/hr lb/hr Btu/scf lb/lb-mole fps Btu/scf lb/hr lb/hr lb/hr VG Flow Rate MPH Degrees Degrees F psia Avg CE (%) σ Avg CE (%) σ Avg CE (%) σ CE (%) DRE (%)

S1.5 1 9/20/2010 10:45 10:54 0:09 2337 0.0 0 2,337 2,145 42.00 1.52 405 526 3,794 4,320 1.85 8.0 176 79.6 14.44 93.3 2 100.0 0.0 99.9 0.0 99.9 99.9

S1.6 1 9/20/2010 11:00 11:11 0:11 2341 0.0 0 2,341 2,149 42.07 1.52 344 521 4,765 5,286 2.26 6.9 171 81.2 14.44 NMR - 100.0 0.0 99.9 0.0 99.6 99.9

S1.7 1 9/20/2010 11:17 11:35 0:18 2341 0.0 0 2,341 2,148 42.06 1.51 293 514 5,850 6,364 2.72 8.1 176 84.2 14.43 NMR - 99.9 0.2 99.8 0.2 99.2 99.7

S1.8 1 9/20/2010 11:42 11:52 0:10 2338 0.0 0 2,338 2,146 42.02 1.50 252 506 7,044 7,550 3.23 8.6 167 86.7 14.43 90.7 3 95.7 3.6 98.5 0.3 95.7 97.8

S1.9 1 9/20/2010 11:56 12:06 0:10 2337 0.0 0 2,337 2,144 41.98 1.50 228 505 7,939 8,444 3.61 8.8 158 87.8 14.43 NMR - 76.6 6.3 94.7 0.7 85.1 89.1

S2.1 1 9/16/2010 14:43 14:51 0:08 937 0.1 0 937 2,124 41.58 0.94 341 541 1,602 2,142 2.29 10.8 28 90.4 14.42 NMR - n/a n/a 99.1 0.5 99.1 99.5
S2.1 2 9/16/2010 15:34 15:41 0:06 937 0.0 0 937 2,113 41.38 0.94 329 538 1,694 2,232 2.38 7.2 29 90.3 14.42 NMR - n/a n/a 99.5 0.1 97.0 98.4
S2.1 3 9/16/2010 16:18 16:26 0:08 937 0.0 0 937 2,111 41.33 0.95 346 543 1,554 2,097 2.24 6.8 58 83.1 14.42 NMR - n/a n/a 99.5 0.1 99.6 99.8
S2.1 Averages 937 0.0 0 937 2,116 41.43 0.95 339 540 1,617 2,157 2.30 8.3 39 88.0 14.42 NMR - n/a n/a 99.4 0.2 98.6 99.2
S2.1% Std Dev NMR n/a 0.2 1.4 0.8

S2.2 1 9/16/2010 15:02 15:12 0:09 937 0.0 0 937 2,103 41.18 0.95 100 542 7,770 8,311 8.87 10.8 25 89.6 14.43 77 46 14.4 7.0 23.7 12.7 20.6 24.2
S2.2 2 9/16/2010 16:04 16:12 0:07 937 0.1 0 937 2,125 41.60 0.95 108 545 7,081 7,626 8.14 9.5 60 85.2 14.43 65 35 43.1 11.7 56.4 1.9 23.8 28.2
S2.2 3 9/16/2010 16:46 16:51 0:05 937 0.1 0 937 2,133 41.76 0.95 104 544 7,413 7,957 8.49 9.6 26 84.1 14.42 70 40 29.2 10.9 57.3 2.6 22.0 25.6
S2.2 Averages 937 0.1 0 937 2,120 41.51 0.95 104 544 7,421 7,965 8.50 10.0 37 86.3 14.42 71 40 28.9 9.9 45.8 5.8 22.1 26.0
S2.2% Std Dev 8.5 49.7 41.8 7.3 7.7

S2.3 1 9/16/2010 15:15 15:26 0:11 937 0.1 0 937 2,049 40.11 0.96 172 545 4,097 4,642 4.95 9.6 39 89.7 14.42 98.6 0 33.6 14.2 74.4 5.2 52.1 55.9
S2.3 2 9/16/2010 15:46 16:00 0:13 937 0.0 0 937 2,112 41.36 0.95 144 546 5,095 5,641 6.02 8.0 42 88.7 14.42 89.7 4 38.1 20.2 92.1 3.9 28.9 32.2
S2.3 3 9/16/2010 16:29 16:41 0:11 937 0.0 0 937 2,122 41.56 0.94 152 539 4,761 5,301 5.66 7.6 32 84.8 14.42 87.0 4 23.6 15.1 83.9 9.6 40.5 44.2
S2.3 Averages 937 0.0 0 937 2,094 41.01 0.95 156 543 4,651 5,195 5.54 8.4 38 87.7 14.42 91.8 2.7 31.7 16.5 83.5 6.2 40.5 44.1

% Std Dev 6.6 23.4 10.6 28.7 26.9

S3.1 1 9/17/2010 10:08 10:28 0:20 194 18.9 717 930 349 29.70 1.1 134 540 430 970 1.04 2.6 178 75.0 14.45 68.6 12 26.7 16.4 23.5 20.8 42.9 46.6

S3.2 2 9/17/2010 11:42 11:54 0:12 193 19.5 710 922 350 29.68 0.6 180 52 518 570 0.62 7.5 168 85.0 14.44 87.9 9 71.2 6.7 88.0 2.1 88.5 90.6

S3.5 1 9/17/2010 10:31 10:41 0:10 191 18.6 711 920 346 29.68 0.7 227 109 217 326 0.35 7.2 151 77.7 14.45 NMR - 96.6 0.5 97.1 1.8 95.0 95.8
S3.5 2 9/17/2010 11:22 11:39 0:17 197 19.6 715 932 355 29.72 0.6 219 76 307 383 0.41 7.5 167 82.4 14.45 91.3 10 95.7 2.4 96.3 0.8 96.4 97.2
S3.5 Averages 194 19.1 713 926 350 29.70 0.7 223 92 262 354 0.38 7.3 159 80.0 14.45 91 10 96.1 1.5 96.7 1.3 95.7 96.5

S3.6 1 9/17/2010 10:42 10:49 0:07 189 18.4 705 913 346 29.68 0.6 357 0 0 0 0.00 7.4 160 79.0 14.45 NMR - 97.3 0.7 99.1 0.1 99.7 99.9

S3.7 1 9/17/2010 11:03 11:14 0:11 191 18.9 716 926 346 29.67 0.6 255 0 228 228 0.25 7.1 133 80.4 14.45 NMR - 97.8 0.9 98.5 0.3 99.2 99.5

S4.1 1 9/17/2010 14:05 14:17 0:12 489 45.5 1,802 2,336 348 29.72 2.0 207 567 439 1,005 0.43 7.0 124 91.3 14.42 91.7 4 91.6 3.0 94.0 1.3 97.3 98.1
S4.1 2 9/17/2010 15:00 15:08 0:08 484 45.2 1,801 2,330 346 29.71 2.0 198 564 524 1,089 0.47 4.9 163 97.7 14.41 NMR - 89.6 6.7 94.5 1.3 94.6 96.0
S4.1 3 9/17/2010 15:54 16:01 0:07 491 45.0 1,800 2,335 350 29.72 2.0 200 560 536 1,096 0.47 5.6 146 98.3 14.41 NMR - 89.3 4.9 94.6 0.9 95.0 96.4
S4.1 Averages 488 45.2 1,801 2,334 348 29.72 1.97 202 564 500 1,063 0.46 5.8 144 95.8 14.41 91.7 4.0 90.2 4.9 94.4 1.2 95.6 96.8
S4.1% Std Dev NMR 1.4 0.3 1.5 1.2

S4.2 1 9/17/2010 14:20 14:30 0:10 490 45.2 1,804 2,338 349 29.72 2.0 229 565 207 773 0.33 4.6 152 94.0 14.42 NMR - 94.7 0.7 97.7 0.5 98.2 98.7
S4.2 2 9/17/2010 15:13 15:22 0:09 483 45.6 1,801 2,330 345 29.69 2.0 227 562 209 771 0.33 4.1 170 98.2 14.41 NMR - 94.1 3.9 97.3 0.6 97.7 98.3
S4.2 3 9/17/2010 16:04 16:15 0:11 490 44.9 1,801 2,335 349 29.72 2.0 241 555 111 666 0.29 4.8 189 98.0 14.40 89.8 3 98.0 1.0 98.1 0.6 98.8 99.2
S4.2 Averages 487 45.2 1,802 2,335 348 29.71 1.97 232 561 176 736 0.32 4.5 171 96.7 14.41 89.8 3.0 95.6 1.9 97.7 0.6 98.2 98.7
S4.2% Std Dev NMR 2.2 0.4 0.5 0.4

S4.3 1 9/17/2010 14:40 14:54 0:14 485 45.0 1,802 2,332 346 29.71 2.0 129 567 1,879 2,447 1.05 5.2 180 97.4 14.41 NMR - 19.8 10.3 34.9 18.3 21.6 27.3
S4.3 2 9/17/2010 15:32 15:46 0:14 479 45.8 1,800 2,324 343 29.68 2.0 95 564 3,228 3,792 1.63 5.4 189 98.4 14.41 84.7 8 15.4 5.1 0.0 0.0 16.3 21.7
S4.3 3 9/17/2010 16:28 16:39 0:11 500 46.6 1,802 2,349 355 29.75 2.0 114 628 2,447 3,075 1.31 6.6 163 97.7 14.40 NMR - 17.4 6.3 0.0 0.0 15.9 21.9

DRE (Propylene) and/or CEActual Steam Flow RatesActual Vent Gas
Telops IMACC - AFTIR IMACC - PFTIR ARI
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Table D-1. Summary of Data from All Steam Flare Test Series and Runs

Test Run Date Times Actual Vent Gas (VG) Flow Rates Combustion Assist Ratio Wind Ambient Baro
Point Number Start End Elapsed Propylene TNG Nitrogen Total LHV Mol Wt Exit Velocity* Zone HV Center Upper Total Steam / Speed Direction Temp Pressure

m/dd/yy lb/hr lb/hr lb/hr lb/hr Btu/scf lb/lb-mole fps Btu/scf lb/hr lb/hr lb/hr VG Flow Rate MPH Degrees Degrees F psia Avg CE (%) σ Avg CE (%) σ Avg CE (%) σ CE (%) DRE (%)

DRE (Propylene) and/or CEActual Steam Flow RatesActual Vent Gas
Telops IMACC - AFTIR IMACC - PFTIR ARI

S4.3 Averages 488 45.8 1,801 2,335 348 29.71 2.00 113 586 2,518 3,105 1.33 5.7 177 97.8 14.41 84.7 8.0 17.5 7.2 11.6 6.1 17.9 23.6
% Std Dev NMR 12.8 173.2 17.9 13.4

S4.4 1 9/17/2010 16:49 17:03 0:14 516 47.5 1,808 2,372 363 29.79 1.4 299 0 327 327 0.14 5.9 159 93.6 14.40 NMR - 97.9 1.7 97.2 1.7 97.6 98.3

S4.5 1 9/21/2010 14:01 14:11 0:10 510 49.3 1,806 2,365 360 29.76 1.9 212 517 524 1,041 0.44 16.0 180 93.7 14.36 NMR - 92.9 4.3 92.6 1.3 90.3 92.3

S4.6 1 9/21/2010 14:21 14:31 0:10 514 49.4 1,813 2,376 362 29.77 1.8 281 324 112 436 0.18 17.0 178 89.8 14.36 NMR - 99.7 0.3 96.1 1.3 97.3 98.1

S4.7 1 9/21/2010 14:39 14:48 0:09 511 49.4 1,810 2,370 361 29.76 1.9 193 513 772 1,285 0.54 17.7 178 91.3 14.35 NMR - 87.3 5.3 86.5 3.1 88.3 90.6

S4.8 1 9/21/2010 14:51 15:01 0:10 509 48.7 1,809 2,367 360 29.76 1.9 178 487 1,021 1,508 0.64 12.8 180 91.8 14.35 33 66 70.7 7.0 78.4 0.0 83.3 86.4

S4.9 1 9/21/2010 15:04 15:12 0:08 510 49.8 1,811 2,371 360 29.75 1.9 164 498 1,261 1,759 0.74 18.0 176 91.6 14.35 25 34 60.2 10.6 70.0 3.9 75.9 79.8

S4.10 1 9/21/2010 15:17 15:26 0:09 511 51.1 1,814 2,376 361 29.74 1.9 154 489 1,498 1,987 0.84 16.2 178 89.2 14.35 90 15 48.2 11.4 65.3 3.6 66.0 70.5

S4.11 1 9/21/2010 15:43 15:57 0:14 515 49.8 1,816 2,381 362 29.76 1.9 134 513 1,988 2,501 1.05 12.7 178 84.3 14.35 NMR - 24.3 7.3 48.6 10.6 22.1 27.2

S5.1 1 9/21/2010 8:38 8:48 0:10 320 33.7 586 940 594 30.81 1.0 253 488 280 768 0.82 8.0 194 62.4 14.39 NMR - 97.4 1.0 99.2 0.5 97.9 98.3
S5.1 2 9/21/2010 10:16 10:27 0:11 314 32.3 578 924 592 30.83 1.0 251 479 281 759 0.82 10.3 178 78.2 14.39 NMR - 97.4 2.1 93.3 2.7 94.8 95.9
S5.1 3 9/21/2010 11:24 11:32 0:08 309 31.6 574 915 588 30.81 1.0 248 473 287 760 0.83 10.7 178 83.3 14.38 NMR - 98.0 1.6 94.8 2.2 93.7 95.0
S5.1 Averages 314 32.5 579 926 591 30.82 1.02 251 480 283 763 0.82 9.7 183 74.6 14.39 NMR - 97.6 1.6 95.8 1.8 95.4 96.4

% Std Dev NMR 0.3 3.2 2.3 1.8

S5.2 1 9/21/2010 8:53 9:03 0:10 320 33.8 585 938 595 30.81 1.0 130 454 1,580 2,035 2.17 10.2 191 64.8 14.39 73 24 25.2 6.2 48.1 5.7 32.2 38.1

S5.3 1 9/21/2010 9:08 9:16 0:08 318 32.6 583 934 594 30.84 1.0 180 480 813 1,293 1.38 12.0 182 67.9 14.39 NMR - 74.5 9.5 87.4 1.3 87.3 89.9
S5.3 2 9/21/2010 10:48 10:57 0:09 312 31.7 578 922 590 30.82 1.0 181 482 783 1,264 1.37 9.3 178 80.8 14.38 NMR - 77.5 4.5 88.1 2.3 86.6 89.2
S5.3 3 9/21/2010 11:58 12:06 0:08 307 31.6 572 911 588 30.79 1.0 171 465 885 1,349 1.48 10.6 180 86.1 14.38 91 26 81.6 7.7 80.1 3.0 84.7 87.7
S5.3 Averages 313 32.0 578 922 590 30.82 1.01 177 475 827 1,302 1.41 10.6 180 78.2 14.38 91.0 26.0 77.9 7.2 85.2 2.2 86.2 88.9

% Std Dev NMR 4.6 5.2 1.6 1.3

S5.4 1 9/21/2010 9:57 10:07 0:10 318 32.2 579 929 595 30.86 1.0 147 484 1,221 1,705 1.83 10.9 180 75.8 14.39 NMR - 50.9 13.4 60.1 4.7 63.4 68.4
S5.4 2 9/21/2010 11:07 11:17 0:10 311 31.3 576 918 589 30.82 1.0 142 475 1,277 1,752 1.91 9.8 178 81.9 14.39 NMR - 43.3 7.8 64.6 2.3 60.4 65.6
S5.4 3 9/21/2010 12:14 12:25 0:11 304 31.2 567 901 586 30.79 1.0 141 474 1,249 1,723 1.91 14.3 174 87.5 14.37 94 3 42.7 9.0 75.9 6.0 59.5 65.2
S5.4 Averages 311 31.6 574 916 590 30.82 1.01 143 478 1,249 1,727 1.88 11.7 177 81.7 14.38 94 3 45.6 10.1 66.8 4.3 61.1 66.4

% Std Dev NMR 10.1 12.2 3.4 2.6

S5.5 1 9/21/2010 9:23 9:32 0:09 318 32.3 582 932 594 30.85 1.0 197 485 648 1,133 1.22 9.4 193 71.3 14.39 NMR - 87.8 6.8 90.2 1.4 92.2 93.9

S5.6 1 9/21/2010 9:38 9:51 0:13 317 32.2 581 930 593 30.84 1.0 214 484 510 994 1.07 9.6 193 73.4 14.39 NMR - 91.0 4.9 94.2 2.4 94.0 95.4
S5.6 2 9/21/2010 10:33 10:42 0:09 312 31.8 577 921 590 30.82 1.0 218 491 463 954 1.04 9.6 180 80.4 14.38 NMR - 93.8 3.6 93.1 1.9 92.6 94.1
S5.6 3 9/21/2010 11:39 11:47 0:08 308 31.9 571 912 590 30.80 1.0 216 492 463 955 1.05 10.3 180 84.4 14.38 98 2 95.7 3.2 91.4 3.3 92.5 94.1
S5.6 Averages 312 32.0 577 921 591 30.82 1.02 216 489 479 968 1.05 9.8 184 79.4 14.38 98 2 93.5 3.9 92.9 2.5 93.0 94.5

% Std Dev NMR 2.5 1.5 0.9 0.8

S6.1 1 9/20/2010 8:56 9:08 0:12 826 79.1 1,456 2,361 609 30.96 1.9 291 518 1,003 1,521 0.64 8.8 180 66.1 14.44 NMR - 99.1 2.0 98.7 0.9 99.2 99.5
S6.1 2 9/20/2010 14:29 14:39 0:10 834 74.1 1,472 2,380 607 31.02 1.9 288 522 1,032 1,554 0.65 7.5 173 94.4 14.39 98 6 99.9 0.1 99.0 0.3 99.1 99.5
S6.1 3 9/20/2010 16:11 16:22 0:11 871 79.0 1,473 2,423 625 31.09 1.9 301 510 1,019 1,529 0.63 7.5 174 89.5 14.38 NMR - 100.0 0.1 99.2 0.2 98.8 99.3
S6.1 Averages 844 77.4 1,467 2,388 613 31.02 1.90 293 517 1,018 1,535 0.64 7.9 176 83.4 14.40 98 6 99.7 0.7 98.9 0.5 99.1 99.4

% Std Dev NMR 0.5 0.3 0.2 0.1

S6.2 1 9/20/2010 9:26 9:41 0:15 785 79.4 1,452 2,316 590 30.82 1.9 147 503 3,616 4,119 1.78 6.2 172 69.5 14.44 NMR - 11.0 3.2 64.4 10.9 29.3 33.3
S6.2 2 9/20/2010 15:51 16:06 0:15 855 78.9 1,473 2,408 617 31.04 1.9 158 507 3,617 4,125 1.71 8.1 170 91.4 14.38 90 0 11.8 5.4 63.3 28.4 35.7 40.2
S6.2 3 9/20/2010 17:10 17:22 0:12 878 80.7 1,480 2,439 627 31.09 1.9 158 488 3,743 4,231 1.73 12.2 178 82.5 14.37 NMR - 13.1 3.5 65.0 22.3 30.2 35.3
S6.2 Averages 840 79.7 1,469 2,388 611 30.99 1.88 154 499 3,659 4,158 1.74 8.8 173 81.1 14.39 90.0 0.0 12.0 4.0 64.3 20.6 31.7 36.3

% Std Dev NMR 8.6 1.3 10.9 9.8

S6.3 1 9/20/2010 14:15 14:25 0:10 808 72.9 1,472 2,353 594 30.94 1.9 212 517 1,982 2,499 1.06 6.3 170 95.4 14.40 NMR - 93.2 4.2 96.0 0.8 96.1 97.6
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Table D-1. Summary of Data from All Steam Flare Test Series and Runs

Test Run Date Times Actual Vent Gas (VG) Flow Rates Combustion Assist Ratio Wind Ambient Baro
Point Number Start End Elapsed Propylene TNG Nitrogen Total LHV Mol Wt Exit Velocity* Zone HV Center Upper Total Steam / Speed Direction Temp Pressure

m/dd/yy lb/hr lb/hr lb/hr lb/hr Btu/scf lb/lb-mole fps Btu/scf lb/hr lb/hr lb/hr VG Flow Rate MPH Degrees Degrees F psia Avg CE (%) σ Avg CE (%) σ Avg CE (%) σ CE (%) DRE (%)

DRE (Propylene) and/or CEActual Steam Flow RatesActual Vent Gas
Telops IMACC - AFTIR IMACC - PFTIR ARI

S6.3 2 9/20/2010 14:58 15:09 0:11 845 77.5 1,473 2,395 612 31.02 1.9 226 517 1,886 2,403 1.00 7.8 156 92.9 14.39 NMR - 94.1 3.6 96.9 1.2 96.3 97.6
S6.3 3 9/20/2010 16:37 16:47 0:10 861 79.7 1,477 2,417 619 31.04 1.9 233 506 1,849 2,355 0.97 8.5 180 87.6 14.37 96.7 3 94.5 3.7 96.4 1.0 96.1 97.4
S6.3 Averages 838 76.7 1,474 2,388 608 31.00 1.90 224 513 1,906 2,419 1.01 7.5 169 92.0 14.38 96.7 3 93.9 3.8 96.4 1.0 96.2 97.5

% Std Dev NMR 0.7 0.5 0.1 0.1

S6.4 1 9/20/2010 9:52 10:02 0:10 816 78.8 1,453 2,347 604 30.94 1.9 176 496 2,888 3,383 1.44 4.7 176 72.6 14.44 NMR - 34.9 9.2 77.1 4.9 70.6 74.6
S6.4 2 9/20/2010 15:33 15:45 0:12 863 78.4 1,473 2,414 621 31.07 1.9 191 509 2,673 3,182 1.32 8.4 178 92.3 14.38 NMR - 65.6 7.6 86.9 3.2 84.8 88.8
S6.4 3 9/20/2010 16:54 17:05 0:11 859 79.6 1,479 2,418 618 31.04 1.9 188 505 2,744 3,248 1.34 8.9 178 84.0 14.37 98.7 1 58.0 3.7 85.4 3.4 82.2 86.6
S6.4 Averages 846 78.9 1,468 2,393 614 31.02 1.89 185 503 2,768 3,271 1.37 7.3 177 83.0 14.39 98.7 1 52.8 6.8 83.1 3.8 79.2 83.3

% Std Dev NMR 30.3 6.3 9.6 9.1

S6.5 1 9/20/2010 14:42 14:51 0:09 832 74.8 1,473 2,379 606 31.00 1.9 249 524 1,477 2,001 0.84 7.8 150 94.3 14.39 NMR - 99.0 0.9 98.7 0.5 98.2 98.9

S6.6 1 9/20/2010 15:18 15:28 0:10 845 77.5 1,471 2,394 613 31.02 1.9 199 510 2,423 2,933 1.23 7.7 159 93.1 14.38 NMR - 74.1 5.5 90.3 1.1 86.4 90.2

S7.1 1 9/28/2010 9:25 9:33 0:08 499 52.6 1,810 2,362 356 29.70 1.9 208 513 540 1,053 0.45 6.1 334 53.3 14.38 98 3 NM - -- -- 92.4 93.3
S7.1 2 9/28/2010 10:44 10:51 0:07 499 47.9 1,806 2,353 354 29.73 1.9 207 515 541 1,056 0.45 10.1 33 64.4 14.39 NMR - NM - 93.9 1.4 89.6 89.9
S7.1 Averages 499 50.3 1808 2357 355 29.72 1.9 207 514 540 1054 0.45 8.1 184 58.9 14.38 98 3 NM - 93.9 1.4 91.0 91.6

S7.2 1 9/28/2010 9:39 9:47 0:08 392 39.5 1,443 1,874 350 29.69 1.6 185 514 545 1,059 0.57 6.2 333 56.0 14.38 98 4 NM - 89.3 3.1 84.4 85.2
S7.2 2 9/28/2010 11:11 11:18 0:07 398 39.9 1,425 1,863 359 29.73 1.6 188 508 553 1,062 0.57 9.7 18 70.0 14.39 NMR - NM - 88.7 2.3 91.2 91.9
S7.2 3 9/28/2010 11:33 11:40 0:07 379 39.0 1,420 1,838 346 29.65 1.6 181 515 541 1,057 0.57 10.1 320 74.5 14.39 NMR - NM - 82.2 12.0 86.5 86.7
S7.2 Averages 390 39.5 1,429 1,858 352 29.69 1.64 185 513 547 1,059 0.57 8.6 224 66.8 14.39 98 4 NM - 86.7 5.8 87.4 87.9

% Std Dev NMR NM 4.5 4.0 4.0

S7.3 1 9/28/2010 9:53 10:01 0:08 286 29.8 1,083 1,399 343 29.63 1.4 158 518 527 1,046 0.75 7.4 332 57.3 14.38 80 50 NM - 77.6 5.2 76.4 76.5
S7.3 2 9/28/2010 11:22 11:29 0:07 297 29.9 1,084 1,410 353 29.70 1.4 162 516 538 1,054 0.75 7.9 329 71.9 14.39 NMR - NM - 73.9 4.3 71.3 71.3
S7.3 Averages 291 29.9 1083 1405 348 29.66 1.4 160 517 533 1050 0.75 7.6 330 64.6 14.39 80 50 NM - 75.7 4.7 73.9 73.9

S7.4 1 9/28/2010 10:09 10:25 0:16 182 19.7 728 930 329 29.54 1.1 120 532 521 1,053 1.13 7.6 28 59.1 14.38 98 1 NM - 38.6 14.5 28.6 28.5

S7.5 1 9/28/2010 10:30 10:37 0:07 234 25.4 921 1,180 334 29.57 1.2 139 524 543 1,067 0.90 9.2 332 62.3 14.39 NMR - NM - 66.5 8.5 61.0 60.5

S7.6 1 9/28/2010 10:59 11:06 0:07 639 65.1 2,324 3,028 354 29.70 2.3 229 501 536 1,038 0.34 10.8 326 68.2 14.39 NMR - NM - 95.5 0.7 94.6 95.2

S8.1 1 9/28/2010 13:02 13:10 0:08 510 50.6 1,838 2,399 356 29.72 1.5 264 0 534 534 0.22 12.6 330 79.5 14.37 87 7 NM - 95.1 1.8 97.4 98.1

S8.2 1 9/28/2010 13:13 13:20 0:07 389 38.1 1,435 1,862 349 29.70 1.1 242 0 529 529 0.28 12.7 322 80.2 14.37 80 86 NM - 93.3 2.8 97.2 98.0

S8.3 1 9/28/2010 13:26 13:33 0:07 293 29.3 1,089 1,411 348 29.68 0.9 219 0 541 541 0.38 12.4 328 78.4 14.37 50 83 NM - 86.5 12.7 95.7 96.8

S8.4 1 9/28/2010 13:40 13:46 0:06 199 19.7 730 949 351 29.70 0.6 187 0 547 547 0.58 11.7 322 78.4 14.36 NMR - NM - 90.6 1.8 93.5 95.3

S8.5 1 9/28/2010 14:00 14:07 0:07 165 15.8 562 743 373 29.82 0.4 175 0 549 549 0.74 11.8 308 77.6 14.36 NMR - NM - 86.5 5.0 92.7 94.8

S9.1 1 9/28/2010 14:25 14:32 0:07 490 49.2 1,824 2,364 347 29.67 1.4 207 0 1,007 1,007 0.43 12.2 321 80.3 14.35 82 15 NM - 92.2 2.6 92.9 94.4

S9.2 1 9/28/2010 14:37 14:44 0:07 398 41.7 1,438 1,877 356 29.69 1.1 193 0 1,007 1,007 0.54 10.7 324 79.6 14.35 80 78 NM - 89.5 2.7 92.3 93.9

S9.3 1 9/28/2010 14:54 15:01 0:07 306 29.9 1,089 1,425 359 29.75 0.9 173 0 976 976 0.68 11.4 327 80.1 14.35 NMR - NM - 84.9 2.4 86.7 89.5

S9.4 1 9/28/2010 15:13 15:20 0:07 207 19.9 717 944 368 29.80 0.6 138 0 1,007 1,007 1.07 10.8 332 79.6 14.34 84 13 NM - 76.6 2.8 75.8 79.9

S9.5 1 9/28/2010 14:14 14:20 0:06 163 15.4 560 739 369 29.81 0.4 122 0 974 974 1.32 12.9 328 79.8 14.36 NMR - NM - 70.8 9.2 71.3 76.3

S10.1 1 9/28/2010 16:02 16:11 0:09 494 49.3 1,804 2,348 353 29.70 1.4 226 0 834 834 0.36 10.9 328 76.2 14.34 NMR - NM - 94.7 0.6 94.7 95.8

S10.2 1 9/28/2010 15:51 15:59 0:08 396 39.4 1,441 1,877 354 29.71 1.1 208 0 837 837 0.45 11.7 327 77.3 14.34 NMR - NM - 94.9 1.7 93.4 94.8

S10.3 1 9/28/2010 15:39 15:47 0:08 305 29.9 1,087 1,422 359 29.74 0.9 186 0 845 845 0.59 9.4 313 77.0 14.34 80 63 NM - 92.9 1.2 91.4 93.4
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Table D-1. Summary of Data from All Steam Flare Test Series and Runs

Test Run Date Times Actual Vent Gas (VG) Flow Rates Combustion Assist Ratio Wind Ambient Baro
Point Number Start End Elapsed Propylene TNG Nitrogen Total LHV Mol Wt Exit Velocity* Zone HV Center Upper Total Steam / Speed Direction Temp Pressure

m/dd/yy lb/hr lb/hr lb/hr lb/hr Btu/scf lb/lb-mole fps Btu/scf lb/hr lb/hr lb/hr VG Flow Rate MPH Degrees Degrees F psia Avg CE (%) σ Avg CE (%) σ Avg CE (%) σ CE (%) DRE (%)

DRE (Propylene) and/or CEActual Steam Flow RatesActual Vent Gas
Telops IMACC - AFTIR IMACC - PFTIR ARI

S10.4 1 9/28/2010 15:26 15:35 0:09 206 19.8 716 942 367 29.79 0.6 154 0 835 835 0.89 8.4 323 78.3 14.34 95 4 NM - 84.7 2.6 84.1 87.7

S11.1 1 9/28/2010 16:17 16:25 0:08 498 50.5 1,806 2,354 355 29.71 1.7 228 286 542 827 0.35 10.5 329 75.8 14.34 NMR - NM - 95.4 1.3 95.1 96.1

S11.2 1 9/28/2010 16:32 16:40 0:08 396 40.2 1,430 1,866 356 29.71 1.4 209 273 558 831 0.45 9.8 328 74.5 14.34 75 74 NM - 93.9 2.6 93.0 94.3

S11.3 1 9/28/2010 16:46 16:53 0:07 297 29.9 1,085 1,412 353 29.70 1.1 183 211 624 835 0.59 10.2 328 73.5 14.34 80 270 NM - 91.7 0.8 87.9 90.0

S11.4 1 9/28/2010 17:02 17:10 0:08 202 20.3 724 946 358 29.72 0.8 153 204 618 823 0.87 11.7 25 70.9 14.34 67 33 NM - 82.7 6.8 81.5 84.2

Test Run Date Times Actual Vent Gas (VG) Flow Rates Combustion Assist Ratio Wind Ambient Baro
Point Number Start End Elapsed Propane TNG Nitrogen Total LHV Mol Wt Exit Velocity* Zone HV Center Upper Total Steam/ Speed Direction Temp Pressure

m/dd/yy lb/hr lb/hr lb/hr lb/hr Btu/scf lb/lb-mole fps Btu/scf lb/hr lb/hr lb/hr VG Flow Rate MPH Degrees Degrees F psia Avg CE (%) σ Avg CE (%) σ Avg CE (%) σ CE (%) DRE (%)
S12.1 1 9/29/2010 8:33 8:47 0:14 501 53.9 1,808 2,363 364 29.94 1.9 212 504 545 1,049 0.44 2.9 17 50.6 14.38 NMR - NM - 98.4 0.4 99.3 97.5
S12.1 2 9/29/2010 9:33 9:41 0:08 500 61.0 1,807 2,368 366 29.90 1.9 214 493 548 1,041 0.44 1.7 17 65.8 14.37 84 54 NM - 98.6 0.5 98.9 97.3
S12.1 Averages 501 57.5 1,807 2,366 365 29.92 1.9 213 499 547 1,045 0.44 2.3 17 58.2 14.38 84 54 NM - 98.5 0.5 99.1 97.4

S12.2 1 9/29/2010 8:51 9:00 0:09 382 44.9 1,420 1,847 357 29.87 1.6 187 500 553 1,054 0.57 1.1 17 55.7 14.38 NMR - NM - 96.5 2.1 97.7 91.3
S12.2 2 9/29/2010 9:46 9:52 0:06 392 47.1 1,426 1,865 364 29.89 1.6 191 486 566 1,052 0.56 0.9 17 68.2 14.37 87 7 NM - 96.7 0.6 97.8 93.1
S12.2 Averages 387 46.0 1,423 1,856 360 29.88 1.6 189 493 560 1,053 0.57 1.0 17 61.9 14.38 87 7 NM - 96.6 1.4 97.7 92.2

S12.3 1 9/29/2010 9:04 9:13 0:09 278 33.7 1,083 1,394 344 29.78 1.3 158 498 540 1,038 0.74 1.1 17 59.2 14.38 NMR - NM - 89.9 1.4 94.6 78.3
S12.3 2 9/29/2010 9:57 10:05 0:08 292 36.6 1,078 1,406 360 29.86 1.3 164 483 577 1,060 0.75 5.4 334 69.7 14.37 0 91 NM - 86.8 3.0 94.2 75.3
S12.3 Averages 285 35.2 1,080 1,400 352 29.82 1.3 161 491 558 1,049 0.75 3.2 175 64.4 14.38 0 91 NM - 88.3 2.2 94.4 76.8

S12.4 1 9/29/2010 9:21 9:28 0:07 191 22.9 726 940 350 29.83 1.1 128 500 548 1,047 1.11 0.7 17 63.0 14.37 75 68 NM - 48.4 18.9 82.4 39.8

S13.1 1 9/29/2010 11:54 12:00 0:06 521 58.6 1,814 2,394 375 29.99 1.7 239 300 546 846 0.35 5.2 180 85.5 14.36 75 223 NM - 98.4 0.3 99.3 98.3

S13.2 1 9/29/2010 11:33 11:44 0:11 396 46.6 1,431 1,874 365 29.92 1.4 214 307 525 832 0.44 3.2 192 83.3 14.37 87 9 NM - 97.8 0.5 98.4 95.3

S13.3 1 9/29/2010 10:08 10:18 0:10 292 34.7 1,077 1,404 359 29.87 1.1 184 298 555 853 0.61 0.5 325 71.1 14.37 90 8 NM - 93.9 1.6 97.0 88.4

S13.4 1 9/29/2010 10:26 11:00 0:34 176 22.4 721 919 331 29.69 0.9 137 310 539 849 0.92 1.3 284 73.4 14.37 NMR - NM - 59.4 17.1 85.8 42.1
S13.4 2 9/29/2010 11:01 11:11 0:10 179 22.2 720 922 336 29.72 0.9 138 321 534 855 0.93 4.3 240 78.8 14.37 81 9 NM - 68.4 7.3 87.8 48.4
S13.4 3 9/29/2010 12:38 12:44 0:06 191 22.1 734 947 368 29.82 0.9 164 310 446 756 0.80 1.8 34 88.4 14.36 NMR - NM - 86.3 1.4 91.8 61.8
S13.4 Averages 182 22.2 725 929 345 29.74 0.87 147 314 506 820 0.88 2.5 186 80.2 14.37 81 9 NM - 71.3 8.6 88.4 50.8

% Std Dev NMR NM 19.2 3.4 19.8

S13.5 1 9/29/2010 11:18 11:27 0:09 250 29.4 928 1,207 357 29.86 1.0 172 313 517 830 0.69 3.4 37 81.7 14.37 NMR - NM - 90.9 1.2 95.6 84.7

S14.1 1 9/29/2010 12:05 12:13 0:08 499 57.5 1,814 2,370 385 29.91 1.4 283 0 540 540 0.23 4.7 250 87.3 14.36 0 216 NM - 99.1 0.2 99.6 99.1

S14.4 1 9/29/2010 12:21 12:30 0:09 193 22.6 726 942 377 29.87 0.6 201 0 533 533 0.57 7.2 17 88.8 14.36 80 47 NM - 94.0 1.2 98.3 96.0

NM = No measurements made. Instrument was not used on this test run.
NMR = No measurement reported.
* Includes Center Steam

Actual Vent Gas Actual Steam Flow Rates DRE (Propane) and/or CE
Telops IMACC - AFTIR IMACC - PFTIR ARI
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Table D-2. Summary of Data from Steam Flare Tests for CE >= 80%

Test Run
Point Number ARI

Avg CE (%) Telops - ARI Avg CE (%) IMACCA - ARI Avg CE (%) IMACCP - ARI CE (%)
S1.5 1 93.3 -6.6 100.0 0.1 99.9 0.0 99.9
S3.6 1 NMR NMR 97.3 -2.5 99.1 -0.6 99.7
S1.6 1 NMR NMR 100.0 0.4 99.9 0.3 99.6

S14.1 1 0 -99.6 NM NM 99.1 -0.5 99.6
S2.1 3 NMR NMR n/a n/a 99.5 -0.1 99.6

S13.1 1 75 -24.3 NM NM 98.4 -1.0 99.3
S12.1 1 NMR NMR NM NM 98.4 -0.9 99.3
S3.7 1 NMR NMR 97.8 -1.4 98.5 -0.8 99.2
S6.1 1 NMR NMR 99.1 -0.1 98.7 -0.5 99.2
S1.7 1 NMR NMR 99.9 0.8 99.8 0.6 99.2
S6.1 2 98 -1.1 99.9 0.8 99.0 -0.2 99.1
S2.1 1 NMR NMR n/a n/a 99.1 0.1 99.1

S12.1 2 84 -14.9 NM NM 98.6 -0.3 98.9
S6.1 3 NMR NMR 100.0 1.1 99.2 0.4 98.8
S4.2 3 89.8 -9.0 98.0 -0.7 98.1 -0.7 98.8

S13.2 1 87 -11.4 NM NM 97.8 -0.6 98.4
S14.4 1 80 -18.3 NM NM 94.0 -4.3 98.3
S6.5 1 NMR NMR 99.0 0.7 98.7 0.4 98.2
S4.2 1 NMR NMR 94.7 -3.5 97.7 -0.5 98.2
S5.1 1 NMR NMR 97.4 -0.5 99.2 1.4 97.9

S12.2 2 87 -10.8 NM NM 96.7 -1.1 97.8
S4.2 2 NMR NMR 94.1 -3.6 97.3 -0.4 97.7

S12.2 1 NMR NMR NM NM 96.5 -1.2 97.7
S4.4 1 NMR NMR 97.9 0.3 97.2 -0.5 97.6
S8.1 1 87 -10.4 NM NM 95.1 -2.3 97.4
S4.1 1 91.7 -5.6 91.6 -5.7 94.0 -3.3 97.3
S4.6 1 NMR NMR 99.7 2.4 96.1 -1.2 97.3
S8.2 1 80 -17.2 NM NM 93.3 -4.0 97.2
S2.1 2 NMR NMR n/a n/a 99.5 2.4 97.0

S13.3 1 90 -7.0 NM NM 93.9 -3.0 97.0
S3.5 2 91.3 -5.1 95.7 -0.7 96.3 -0.1 96.4
S6.3 2 NMR NMR 94.1 -2.2 96.9 0.6 96.3
S6.3 1 NMR NMR 93.2 -3.0 96.0 -0.2 96.1
S6.3 3 96.7 0.6 94.5 -1.6 96.4 0.3 96.1
S1.8 1 90.7 -5.0 95.7 0.0 98.5 2.8 95.7
S8.3 1 50 -45.7 NM NM 86.5 -9.2 95.7

S13.5 1 NMR NMR NM NM 90.9 -4.7 95.6
S11.1 1 NMR NMR NM NM 95.4 0.3 95.1
S4.1 3 NMR NMR 89.3 -5.7 94.6 -0.4 95.0
S3.5 1 NMR NMR 96.6 1.6 97.1 2.1 95.0

Mean Difference Mean Difference Mean Difference
17.2 1.7 1.4

Standard Deviation Standard Deviation Standard Deviation
29.6 2.4 2.2

N = 17 N = 23 N = 40 N = 40

Measured CE (%)
Telops IMACC - AFTIR IMACC - PFTIR
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Table D-2. Summary of Data from Steam Flare Tests for CE >= 80%

Test Run
Point Number ARI

Avg CE (%) Telops - ARI Avg CE (%) IMACCA - ARI Avg CE (%) IMACCP - ARI CE (%)

Measured CE (%)
Telops IMACC - AFTIR IMACC - PFTIR

S5.1 2 NMR NMR 97.4 2.7 93.3 -1.5 94.8
S10.1 1 NMR NMR NM NM 94.7 -0.1 94.7
S12.3 1 NMR NMR NM NM 89.9 -4.8 94.6
S4.1 2 NMR NMR 89.6 -5.0 94.5 -0.1 94.6
S7.6 1 NMR NMR NM NM 95.5 0.9 94.6

S12.3 2 0 -94.2 NM NM 86.8 -7.4 94.2
S5.6 1 NMR NMR 91.0 -3.0 94.2 0.2 94.0
S5.1 3 NMR NMR 98.0 4.3 94.8 1.2 93.7
S8.4 1 NMR NMR NM NM 90.6 -3.0 93.5

S10.2 1 NMR NMR NM NM 94.9 1.6 93.4
S11.2 1 75 -18.0 NM NM 93.9 1.0 93.0
S9.1 1 82 -10.9 NM NM 92.2 -0.7 92.9
S8.5 1 NMR NMR NM NM 86.5 -6.2 92.7
S5.6 2 NMR NMR 93.8 1.2 93.1 0.4 92.6
S5.6 3 98 5.5 95.7 3.2 91.4 -1.0 92.5
S7.1 1 98 5.6 NM NM  --  -- 92.4
S9.2 1 80 -12.3 NM NM 89.5 -2.7 92.3
S5.5 1 NMR NMR 87.8 -4.3 90.2 -1.9 92.2

S13.4 3 NMR NMR NM NM 86.3 -5.5 91.8
S10.3 1 80 -11.4 NM NM 92.9 1.5 91.4
S7.2 2 NMR NMR NM NM 88.7 -2.5 91.2
S4.5 1 NMR NMR 92.9 2.6 92.6 2.3 90.3

Mean Difference Mean Difference Mean Difference
22.5 3.3 2.2

Standard Deviation Standard Deviation Standard Deviation
86.0 4.0 3.1
N = 7 N = 8 N = 21 N = 22

S7.1 2 NMR NMR NM NM 93.9 4.3 89.6
S3.2 2 87.9 -0.6 71.2 -17.3 88.0 -0.5 88.5
S4.7 1 NMR NMR 87.3 -1.0 86.5 1.8 88.3

S11.3 1 80 -7.9 NM NM 91.7 3.7 87.9
S13.4 2 81 -6.8 NM NM 68.4 19.4 87.8
S5.3 1 NMR NMR 74.5 -12.8 87.4 0.1 87.3
S9.3 1 NMR NMR NM NM 84.9 1.8 86.7
S5.3 2 NMR NMR 77.5 -9.1 88.1 1.6 86.6
S7.2 3 NMR NMR NM NM 82.2 4.3 86.5
S6.6 1 NMR NMR 74.1 -12.3 90.3 3.9 86.4

S13.4 1 NMR NMR NM NM 59.4 26.4 85.8
S1.9 1 NMR NMR 76.6 -8.5 94.7 9.6 85.1

Mean Difference Mean Difference Mean Difference
5.1 10.2 6.4

Standard Deviation Standard Deviation Standard Deviation
7.4 12.4 10.6

N = 3 N = 6 N = 12 N = 12
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Table D-2. Summary of Data from Steam Flare Tests for CE >= 80%

Test Run
Point Number ARI

Avg CE (%) Telops - ARI Avg CE (%) IMACCA - ARI Avg CE (%) IMACCP - ARI CE (%)

Measured CE (%)
Telops IMACC - AFTIR IMACC - PFTIR

S6.4 2 NMR NMR 65.6 -19.2 86.9 2.0 84.8
S5.3 3 91 6.3 81.6 -3.1 80.1 -4.6 84.7
S7.2 1 98 13.6 NM NM 89.3 4.9 84.4

S10.4 1 95 10.9 NM NM 84.7 0.6 84.1
S4.8 1 33 -50.3 70.7 -12.7 78.4 -4.9 83.3

S12.4 1 75 -7.4 NM NM 48.4 -33.9 82.4
S6.4 3 98.7 16.5 58.0 -24.3 85.4 3.1 82.2

S11.4 1 67 -14.5 NM NM 82.7 1.3 81.5
Mean Difference Mean Difference Mean Difference

17.1 14.8 6.9
Standard Deviation Standard Deviation Standard Deviation

23.8 19.4 13.3
N = 7 N = 4 N = 8 N = 8
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Appendix E 
 

Summary of Data from All Air Flare Test Series and Runs 
 
 
 



Definition of Column Titles for Table E-1 
 
Column Name Definition 
Test Point Test series test point name from Test Plan 
Run Number Run number of test point 
Date  Date of test in month/date/year format 
Time 
 Start Local time for start of test 
 End  Local time for end of test 
 Elapsed Elapsed time from start of test to end of test 
Actual Vent Gas (VG) Flow Rates 
 Propylene (lb/hr) Flow rate of propylene per Appendix G 
 TNG (lb/hr) Flow rate of Tulsa Natural Gas per Appendix G 
 Nitrogen (lb/hr) Flow rate of nitrogen as measured by Zink 
 Total (lb/hr) Sum of propylene, TNG and nitrogen flows above 
Actual Vent Gas 
 LHV (Btu/scf) Calculated lower heating value of vent gas based on 

Actual Vent Gas (VG) Flow Rate composition 
 Mol Wt (lb/lb-mole) Calculated molecular weight of vent gas based on 

Actual Vent Gas (VG) Flow Rate composition 
 Exit Velocity* (fps) Vent Gas Exit Velocity per 40 cfr 60.18 (f) (4) 
Air Assist Flow Rate 
 SCFM Time averaged air assist flow rate (SCFM) during 

test point run as calculated from Zink airflow 
measurements 

 lb/hr Time averaged air assist flow rate (SCFM) during 
test point run as calculated from Zink airflow 
measurements converted to mass flow rates (lb/hr) 

Excess Air – Actual A/F Ratio of Actual Air Assist (lb) to the Theoretical 
Air Required (lb) per pound of Fuel (Fuel, lb, in the 
Actual Vent Gas) 

Wind 
 Speed (mph) Time averaged wind speed during test point run as 

calculated from ARI continuous wind speed 
measurements 

 Direction (Degrees) Time averaged wind direction during test point run 
as calculated from ARI continuous wind direction 
measurements 

Ambient Temperature (Degrees F) Time averaged ambient temperature during test 
point run as calculated from ARI continuous 
ambient temperature measurements 

Baro Pressure (psia) Time averaged barometric pressure during test point 
run as calculated from ARI continuous ambient 
temperature measurements 
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DRE (Propene) and/or CE  
 Telops 
  Avg CE (%) Average combustion efficiency for test point run as 

reported by Telops 
  σ Standard deviation for Telops CE for test point run 
 
 IMACC – PFTIR (%)  
  Avg CE (%) Average combustion efficiency for test point run as 

reported by IMACC PFTIR 
  σ Standard deviation for IMACC AFTIR CE for test 

point run 
 ARI 
  CE (%) Combustion efficiency for test point run as reported 

by ARI 
  DRE (%) Destruction and removal efficiency for test point 

run as reported by IMACC 
 



Table E-1. Summary of Data from All Air Flare Test Series and Runs

Test Run Date Times Actual Vent Gas (VG) Flow Rates Actual Vent Gas Wind Ambient Baro 
Point Number Start End Elapsed Propylene TNG Nitrogen Total LHV Mol Wt Exit Velocity Excess Air Speed Direction Temp Pressure

m/dd/yy lb/hr lb/hr lb/hr lb/hr Btu/scf lb/lb-mole fps SCFM lb/hr Actual A/F MPH Degrees Degrees F psia Avg CE (%) σ Avg CE (%) σ CE (%) DRE (%)
A1.1 1 9/22/2010 9:51 9:58 0:07 919 0 0 919 2,108 41.27 1.4 33,075 149,173 11.0 12.7 178 75.6 14.42 NMR − 92.7 1.4 96.7 98.1

A2.1 1 9/22/2010 10:07 10:14 0:07 352 0 0 352 2,108 41.28 0.5 18,433 83,136 15.9 12.2 178 79.7 14.42 NMR − 93.7 1.7 96.5 97.8
A2.1 2 9/22/2010 10:50 11:05 0:15 355 0 0 355 2,125 41.61 0.5 18,584 83,818 15.9 12.8 174 81.5 14.42 NMR − 92.0 1.0 95.5 97.2
A2.1 3 9/22/2010 11:32 11:41 0:09 355 0 0 355 2,126 41.63 0.5 18,622 83,990 16.0 14.1 180 81.9 14.42 NMR − 93.6 1.8 94.7 96.6
A2.1 Averages 354 0 0 354 2,120 41.51 0.5 18,546 83,648 16.0 13.0 177 81.0 14.42 NMR - 93.1 1.5 95.6 97.2

% Std Dev NMR 1.0 1.0 0.6

A2.3 1 9/22/2010 10:17 10:25 0:08 352 0 0 352 2,108 41.28 0.5 19,687 88,791 17.0 10.1 180 79.9 14.42 NMR − 91.4 1.5 94.0 96.2

A2.4 1 9/22/2010 10:29 10:37 0:08 353 0 0 353 2,113 41.36 0.5 32,992 148,799 28.5 10.0 185 79.4 14.42 NMR − 81.6 6.8 87.6 92.3
A2.4 2 9/22/2010 11:21 11:31 0:10 354 0 0 354 2,120 41.51 0.5 32,938 148,556 28.3 9.9 185 79.4 14.42 NMR − 80.3 4.0 87.4 92.1
A2.4 3 9/22/2010 11:55 12:01 0:06 354 0 0 354 2,120 41.51 0.5 32,869 148,245 28.3 10.4 180 83.9 14.42 NMR − 84.5 1.0 90.7 94.8
A2.4 Averages 354 0 0 354 2,118 41.46 1 32,933 148,533 28.4 10.1 183.6 80.9 14.4 NMR - 82.1 3.9 88.6 93.0

% Std Dev NMR 2.7 2.1 1.6

A2.5 1 9/22/2010 10:42 10:47 0:05 355 0 0 355 2,124 41.58 0.5 26,513 119,580 22.8 13.3 174 80.8 14.42 NMR − 88.3 2.7 91.8 95.1
A2.5 2 9/22/2010 11:09 11:20 0:11 353 0 0 353 2,115 41.40 0.5 26,487 119,462 22.8 10.2 183 81.2 14.42 NMR − 87.3 4.0 91.1 94.4
A2.5 3 9/22/2010 11:42 11:53 0:11 355 0.1 0 355 2,124 41.59 0.5 26,399 119,067 22.7 13.1 178 84.8 14.42 NMR − 86.9 2.5 93.2 95.9
A2.5 Averages 354 0 0 354 2,121 41.52 0.5 26,467 119,370 22.8 12.2 178 82.2 14.42 NMR - 87.5 3.1 92.1 95.1

% Std Dev NMR 0.8 1.2 0.8

A3.1 1 9/22/2010 14:14 14:23 0:09 183 18.4 701 903 339 29.64 1.9 4,077 18,386 6.1 13.4 176 89.3 14.40 NMR - 97.4 1.7 97.1 98.0
A3.1 2 9/22/2010 16:10 16:18 0:08 181 18.8 703 903 339 29.62 1.9 4,298 19,387 6.5 10.3 178 82.3 14.38 NMR - 98.0 1.0 99.1 99.6
A3.1 3 9/22/2010 16:38 16:47 0:09 181 18.6 702 902 339 29.63 1.9 4,732 21,342 7.2 10.4 168 84.8 14.38 NMR - 96.6 1.8 98.3 99.0
A3.1 Averages 182 18.6 702 903 339 29.63 1.9 4,369 19,705 6.6 11.4 174 85.5 14.39 NMR - 97.4 1.5 98.2 98.9
A3.1 % Std Dev NMR 0.7 1.0 0.8

A3.2 1 9/22/2010 14:56 15:05 0:09 181 17.9 699 898 329 29.58 1.9 29,303 132,164 44.6 12.3 176 93.1 14.39 NMR - 54.0 14.4 57.7 65.2
A3.2 2 9/22/2010 15:55 16:08 0:13 181 18.8 702 902 337 29.61 1.9 29,360 132,420 44.5 12.8 178 86.6 14.39 NMR - 38.4 8.7 60.2 67.5
A3.2 3 9/22/2010 17:11 17:18 0:07 181 18.6 702 902 336 29.61 1.9 29,324 132,256 44.4 10.5 167 87.5 14.38 NMR - 51.7 3.9 56.9 64.2
A3.2 Averages 181 18 701 901 334 29.60 1.9 29,329 132,280 44.5 11.9 173 89.1 14.39 NMR - 48.0 9.0 58.3 65.6
A3.2 % Std Dev NMR 17.5 2.9 2.5

A3.3 1 9/22/2010 15:06 15:17 0:11 181 18.4 701 900 334 29.60 1.9 13,330 60,121 20.2 11.1 169 90.1 14.39 NMR - 74.3 3.5 84.7 88.1

A3.4 1 9/22/2010 15:19 15:29 0:10 181 18.3 701 900 337 29.62 1.9 21,276 95,958 32.3 11.8 176 87.9 14.39 NMR - 58.7 4.0 71.6 77.1
A3.4 2 9/22/2010 16:29 16:36 0:07 181 18.5 704 903 337 29.63 1.9 21,312 96,121 32.3 10.4 170 82.0 14.38 NMR - 57.8 4.3 71.3 76.7
A3.4 3 9/22/2010 17:00 17:08 0:08 181 18.5 702 902 338 29.62 1.9 21,288 96,011 32.3 12.7 178 87.2 14.38 NMR - 60.5 4.5 71.0 76.6
A3.4 Averages 181 18.4 702 902 338 29.63 1.9 21,292 96,030 32.3 11.6 175 85.7 14.38 NMR - 59.0 4.2 71.3 76.8
A3.4 % Std Dev NMR 2.4 0.4 0.4

A3.5 1 9/22/2010 15:31 15:43 0:12 181 18.4 701 901 336 29.61 1.9 7,927 35,754 12.0 10.6 167 86.2 14.39 NMR - 89.2 3.0 95.1 96.5

A3.6 1 9/22/2010 15:45 15:52 0:07 181 18.6 701 901 339 29.63 1.9 10,832 48,856 16.4 12.1 161 85.9 14.39 NMR - 81.5 2.9 89.0 91.7
A3.6 2 9/22/2010 16:19 16:27 0:08 181 18.8 704 904 338 29.62 1.9 10,530 47,494 15.9 11.9 170 80.4 14.38 NMR - 79.4 3.6 88.9 91.7
A3.6 3 9/22/2010 16:49 16:57 0:08 181 18.2 702 901 337 29.63 1.9 10,183 45,927 15.5 13.1 178 86.7 14.38 NMR - 82.1 2.8 85.6 89.2
A3.6 Averages 181 18.5 702 902 338 29.62 1.9 10,515 47,426 15.9 12.4 169 84.4 14.38 NMR - 81.0 3.1 87.8 90.9

Air Assist Measured DRE (Propylene) and/or CE
Flow Rate IMACC - PFTIR ARITelops
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Table E-1. Summary of Data from All Air Flare Test Series and Runs

Test Run Date Times Actual Vent Gas (VG) Flow Rates Actual Vent Gas Wind Ambient Baro 
Point Number Start End Elapsed Propylene TNG Nitrogen Total LHV Mol Wt Exit Velocity Excess Air Speed Direction Temp Pressure

m/dd/yy lb/hr lb/hr lb/hr lb/hr Btu/scf lb/lb-mole fps SCFM lb/hr Actual A/F MPH Degrees Degrees F psia Avg CE (%) σ Avg CE (%) σ CE (%) DRE (%)

Air Assist Measured DRE (Propylene) and/or CE
Flow Rate IMACC - PFTIR ARITelops

A3.6 % Std Dev NMR 1.8 2.2 1.6

A4.1 1 9/23/2010 9:04 9:17 0:13 315 31.6 591 937 584 30.82 1.9 11,482 51,785 10.0 9.1 172 68.6 14.40 NMR - 94.9 1.1 97.2 98.1
A4.1 2 9/23/2010 9:50 10:00 0:10 299 32.2 591 922 564 30.69 1.9 11,134 50,216 10.2 12.4 178 71.1 14.40 NMR - 95.9 0.9 96.2 97.4
A4.1 3 9/23/2010 10:33 10:41 0:08 298 30.3 594 923 560 30.68 1.9 10,854 48,956 10.0 10.0 178 76.3 14.40 97 3 95.6 0.9 97.4 98.3
A4.1 Averages 304 31.4 592 927 569 30.73 1.9 11,157 50,319 10.1 10.5 176 72.0 14.40 97 3 95.5 1.0 96.9 97.9
A4.1 % Std Dev NMR 0.5 0.7 0.5

A4.2 1 9/23/2010 8:40 8:55 0:15 299 30.3 591 920 563 30.69 1.9 33,207 149,772 30.6 9.2 178 66.4 14.40 94 5 71.4 4.8 78.2 83.4

A4.3 1 9/23/2010 9:18 9:28 0:10 300 30.6 592 922 564 30.69 1.9 14,988 67,600 13.7 9.2 175 69.8 14.40 NMR - 90.9 0.9 94.5 96.1
A4.3 2 9/23/2010 10:01 10:09 0:08 299 30.3 591 920 563 30.70 1.9 14,738 66,472 13.6 10.7 180 71.1 14.40 NMR - 89.1 1.9 91.5 93.8
A4.3 3 9/23/2010 10:43 10:50 0:07 298 30.5 593 921 561 30.68 1.9 14,302 64,507 13.2 15.2 178 77.8 14.40 99 1 91.9 1.3 94.0 95.9
A4.3 Averages 299 30.5 592 921 563 30.69 1.9 14,676 66,193 13.5 11.7 177 72.9 14.40 99 1 90.6 1.4 93.3 95.3
A4.3 % Std Dev NMR 1.5 1.7 1.4

A4.4 1 9/23/2010 9:29 9:38 0:09 301 30.6 594 926 564 30.69 1.9 18,237 82,253 16.7 9.8 178 71.1 14.40 NMR - 86.5 2.0 88.3 91.2
A4.4 2 9/23/2010 10:11 10:19 0:08 297 30.4 591 919 561 30.68 1.9 18,055 81,432 16.7 9.6 180 72.3 14.40 NMR - 86.8 2.4 87.7 90.9
A4.4 3 9/23/2010 10:52 11:01 0:09 297 30.7 595 923 559 30.66 1.9 18,042 81,375 16.7 14.3 178 77.4 14.40 NMR - 86.3 1.8 88.7 91.7
A4.4 Averages 299 30.6 594 923 561 30.68 1.9 18,111 81,686 16.7 11.2 178 73.63 14.40 NMR 86.5 2.0 88.2 91.3
A4.4 % Std Dev NMR 0.3 0.5 0.5

A4.5 1 9/23/2010 9:41 9:49 0:08 299 30.1 592 922 563 30.70 1.9 24,859 112,119 22.9 9.5 178 71.7 14.40 NMR - 76.9 4.8 83.9 87.9
A4.5 2 9/23/2010 10:20 10:30 0:10 300 30.3 594 924 562 30.69 1.9 24,824 111,960 22.8 10.4 180 75.0 14.40 NMR - 77.9 2.5 83.6 87.5
A4.5 3 9/23/2010 11:05 11:16 0:11 299 30.9 595 925 561 30.68 1.9 24,743 111,596 22.7 14.5 180 77.1 14.40 75 16 78.1 2.7 84.7 88.7
A4.5 Averages 299 30.4 594 924 562 30.69 1.9 24,809 111,892 22.8 11.4 179 74.6 14.40 75 16 77.6 3.3 84.1 88.0
A4.5 % Std Dev NMR 0.9 0.7 0.7

A4.6 1 9/23/2010 11:17 11:27 0:10 297 30.3 594 921 559 30.67 1.9 6,692 30,184 6.2 16.3 180 79.4 14.40 NMR - 98.7 1.1 98.7 99.4

A5.1 1 9/27/2010 10:12 10:21 0:09 73 7.6 275 356 344 29.64 0.8 1,940 8,750 7.3 2.7 342 56.4 14.47 NMR - 99.4 0.6 94.3 94.8
A5.1 2 9/27/2010 11:15 11:24 0:09 75 7.4 273 355 351 29.70 0.8 1,759 7,933 6.5 3.8 333 68.5 14.47 NMR - 98.8 1.1 96.5 97.1
A5.1 3 9/27/2010 11:47 11:56 0:09 71 7.6 272 351 341 29.60 0.8 1,848 8,333 7.1 7.2 333 71.0 14.46 NMR - 99.3 0.8 96.8 97.5
A5.1 Averages 73 7.6 274 354 345 29.65 0.8 1,849 8,339 7.0 4.6 336 65.3 14.47 NMR - 99.2 0.8 95.9 96.4
A5.1 % Std Dev NMR 0.3 1.4 1.5

A5.2 1 9/27/2010 10:30 10:37 0:07 72 7.7 274 354 343 29.62 0.8 16,660 75,140 63.1 2.1 359 59.5 14.47 NMR - 34.3 20.8 62.5 69.2

A5.3 1 9/27/2010 10:39 10:49 0:10 72 7.5 274 354 342 29.63 0.8 8,243 37,175 31.4 2.8 346 61.6 14.47 NMR - 60.5 8.4 77.7 81.4
A5.3 2 9/27/2010 11:35 11:44 0:09 72 7.5 273 352 344 29.65 0.8 9,155 41,289 34.8 5.3 339 70.0 14.46 NMR - 72.1 10.9 84.3 87.4
A5.3 3 9/27/2010 12:13 12:22 0:09 71 7.5 271 350 342 29.62 0.8 7,289 32,876 28.0 2.5 302 75.0 14.46 NMR - 68.6 10.1 78.4 82.3
A5.3 Averages 72 7.5 273 352 343 29.63 0.8 8,229 37,113 31.4 3.5 329 68.9 14.46 NMR - 67.1 9.8 80.2 83.7
A5.3 % Std Dev NMR 8.9 4.5 3.9

A5.4 1 9/27/2010 10:52 11:00 0:08 72 7.5 274 354 340 29.62 0.8 6,758 30,479 25.8 4.4 324 64.1 14.47 NMR - 78.2 6.3 80.5 83.8

A5.5 1 9/27/2010 11:01 11:10 0:09 72 7.6 274 353 340 29.62 0.8 5,137 23,169 19.6 4.0 65 66.1 14.47 NMR - 86.2 7.1 90.3 92.3
A5.5 2 9/27/2010 11:25 11:34 0:09 71 7.4 273 352 341 29.62 0.8 5,122 23,101 19.7 2.7 340 68.8 14.47 NMR - 91.4 2.3 92.4 94.0
A5.5 3 9/27/2010 12:01 12:12 0:11 72 7.5 272 351 342 29.63 0.8 5,338 24,074 20.4 5.6 49 72.7 14.46 NMR - 93.6 1.4 94.3 95.5
A5.5 Averages 72 7.5 273 352 341 29.62 0.8 5,199 23,448 19.9 4.1 151 69.2 14.47 NMR - 90.4 3.6 92.3 93.9
A5.5 % Std Dev NMR 4.2 2.2 1.7

2010 TCEQ  Flare Study
The University of Texas at Austin
The Center for Energy and Environmental Resources Page E - 5 May 23, 2011



Table E-1. Summary of Data from All Air Flare Test Series and Runs

Test Run Date Times Actual Vent Gas (VG) Flow Rates Actual Vent Gas Wind Ambient Baro 
Point Number Start End Elapsed Propylene TNG Nitrogen Total LHV Mol Wt Exit Velocity Excess Air Speed Direction Temp Pressure

m/dd/yy lb/hr lb/hr lb/hr lb/hr Btu/scf lb/lb-mole fps SCFM lb/hr Actual A/F MPH Degrees Degrees F psia Avg CE (%) σ Avg CE (%) σ CE (%) DRE (%)

Air Assist Measured DRE (Propylene) and/or CE
Flow Rate IMACC - PFTIR ARITelops

A6.1 1 9/23/2010 13:58 14:09 0:11 118 11.9 221 351 584 30.80 0.7 2,528 11,404 5.9 15.9 180 85.9 14.37 NMR - 99.0 0.7 99.3 99.7
A6.1 2 9/23/2010 15:24 15:34 0:10 118 12.3 221 352 586 30.79 0.7 2,470 11,141 5.7 16.0 180 86.0 14.36 NMR - 98.3 2.2 99.3 99.6
A6.1 3 9/23/2010 16:01 16:07 0:06 118 12.3 222 352 584 30.77 0.7 2,795 12,606 6.5 13.8 178 80.4 14.35 NMR - 97.9 2.5 99.0 99.4
A6.1 Averages 118 12.2 221 351 585 30.78 0.7 2,598 11,717 6.0 15.2 179 84.1 14.36 NMR 98.4 1.8 99.2 99.6
A6.1 % Std Dev NMR 0.6 0.2 0.1

A6.2 1 9/23/2010 14:10 14:18 0:08 118 12.1 221 352 586 30.79 0.7 5,561 25,083 12.9 15.1 176 83.8 14.37 96 3 92.7 2.9 91.4 94.8

A6.3 1 9/23/2010 14:19 14:32 0:13 118 12.1 221 351 584 30.79 0.7 3,959 17,856 9.2 15.2 178 82.6 14.37 NMR - 93.4 3.2 96.9 98.0
A6.3 2 9/23/2010 15:37 15:46 0:09 118 12.2 221 351 585 30.78 0.7 3,771 17,009 8.8 15.6 180 84.2 14.35 NMR - 91.8 3.5 94.3 96.5
A6.3 3 9/23/2010 16:08 16:16 0:08 119 12.4 221 353 588 30.81 0.7 4,004 18,057 9.2 15.1 177 81.2 14.35 97 3 93.5 3.0 94.8 96.8
A6.3 Averages 118 12.2 221 352 586 30.79 0.7 3,911 17,641 9.1 15.3 178 82.7 14.36 97 3 92.9 3.2 95.3 97.1
A6.3 % Std Dev NMR 1.0 1.5 0.8

A6.4 1 9/23/2010 14:34 14:47 0:13 118 12.1 221 351 585 30.79 0.7 8,998 40,584 20.9 14.1 180 83.9 14.36 NMR - 91.4 3.1 86.3 90.8
A6.4 2 9/23/2010 15:48 16:00 0:12 118 12.4 222 352 586 30.78 0.7 8,965 40,436 20.8 15.4 176 81.8 14.35 NMR - 90.2 3.2 90.1 94.2
A6.4 3 9/23/2010 16:17 16:23 0:06 119 12.4 221 352 587 30.79 0.7 9,009 40,631 20.8 12.3 180 82.9 14.35 NMR - 94.4 4.0 90.3 94.4
A6.4 Averages 118 12.3 221 352 586 30.79 0.7 8,991 40,550 20.8 14.0 179 82.9 14.36 NMR - 92.0 3.4 88.9 93.2
A6.4 % Std Dev NMR 2.3 2.5 2.2

A6.5 1 9/23/2010 14:48 14:59 0:11 118 12.1 221 351 584 30.79 0.7 12,548 56,594 29.2 15.5 185 84.9 14.36 NMR - 87.0 7.6 81.6 88.3

A6.6 1 9/23/2010 15:06 15:23 0:17 119 12.4 221 352 588 30.79 0.7 32,436 146,295 75.0 15.0 176 87.1 14.36 96 2 72.1 8.2 72.7 82.8

Test Run Date Times Actual Vent Gas (VG) Flow Rates Actual Vent Gas Wind Ambient Baro 
Point Number Start End Elapsed Propane TNG Nitrogen Total LHV Mol Wt Exit Velocity Excess Air Speed Direction Temp Pressure

m/dd/yy lb/hr lb/hr lb/hr lb/hr Btu/scf lb/lb-mole fps SCFM lbs/hr Actual A/F MPH Degrees Degrees F psia Avg CE (%) σ Avg CE (%) σ CE (%) DRE (%)
A7.1 1 9/27/2010 14:00 14:16 0:16 81 8.3 280 370 376 30.04 0.8 2,020 9,109 6.7 3.6 326 83.0 14.44 NMR - 99.3 0.7 99.5 98.7
A7.1 2 9/27/2010 15:00 15:09 0:09 76 8.1 281 365 356 29.91 0.8 1,579 7,123 5.5 3.8 37 72.3 14.42 NMR - 99.1 0.6 99.8 99.8
A7.1 Averages 79 8.2 281 367 366 29.98 0.8 1,799 8,116 6.1 3.7 181 77.6 14.43 NMR - 99.2 0.7 99.7 99.3

A7.2 1 9/27/2010 14:17 14:25 0:08 76 8.0 280 364 357 29.93 0.8 5,010 22,597 17.6 5.0 314 80.4 14.43 NMR - 98.6 0.3 97.8 93.6
A7.2 2 9/27/2010 15:10 15:19 0:09 76 7.5 281 364 356 29.94 0.8 4,339 19,569 15.3 5.1 41 75.8 14.42 NMR - 95.9 3.2 97.3 92.6
A7.2 Averages Averages 76 7.7 280 364 357 29.93 0.8 4,674 21,083 16.4 5.0 178 78.1 14.43 NMR 97.3 1.8 97.5 93.1

A7.3 1 9/27/2010 14:27 14:35 0:08 75 8.5 281 364 355 29.89 0.8 9,050 40,819 31.8 5.1 25 76.3 14.43 NMR - 96.4 1.0 94.7 82.9
A7.3 2 9/27/2010 15:22 15:31 0:09 76 8.0 281 365 356 29.92 0.8 8,047 36,293 28.2 3.3 59 77.3 14.42 NMR - 94.0 1.9 93.1 80.1
A7.3 Averages 76 8.2 281 365 356 29.91 0.8 8,549 38,556 30.0 4.2 42 76.8 14.43 NMR - 95.2 1.5 93.9 81.5

A7.4 1 9/27/2010 14:36 14:44 0:08 75 9.4 281 365 356 29.90 0.8 14,930 67,337 52.1 4.4 24 73.4 14.43 NMR - 90.7 1.4 87.0 65.9

A7.5 1 9/27/2010 14:50 14:58 0:08 76 8.0 282 366 356 29.91 0.8 6,334 28,569 22.2 5.8 28 70.4 14.43 NMR - 94.6 2.5 96.1 88.4

NMR = No measurement reported.

Measured DRE (Propane) and/or CE
Flow Rate Telops IMACC - PFTIR ARI

Air Assist
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Table E-2. Summary of Data from Air Flare Tests for CE >= 80%

Test Run
Point Number ARI

Avg CE (%) Telops - ARI Avg CE (%) IMACCP - ARI CE (%)
A7.1 2 NMR NMR 99.1 -0.8 99.8
A7.1 1 NMR NMR 99.3 -0.1 99.5
A6.1 1 NMR NMR 99.0 -0.4 99.3
A6.1 2 NMR NMR 98.3 -0.9 99.3
A3.1 2 NMR NMR 98.0 -1.0 99.1
A6.1 3 NMR NMR 97.9 -1.1 99.0
A4.6 1 NMR NMR 98.7 0.0 98.7
A3.1 3 NMR NMR 96.6 -1.6 98.3
A7.2 1 NMR NMR 98.6 0.9 97.8
A4.1 3 97 -0.4 95.6 -1.8 97.4
A7.2 2 NMR NMR 95.9 -1.4 97.3
A4.1 1 NMR NMR 94.9 -2.3 97.2
A3.1 1 NMR NMR 97.4 0.3 97.1
A6.3 1 NMR NMR 93.4 -3.5 96.9
A5.1 3 NMR NMR 99.3 2.5 96.8
A1.1 1 NMR NMR 92.7 -4.0 96.7
A2.1 1 NMR NMR 93.7 -2.9 96.5
A5.1 2 NMR NMR 98.8 2.3 96.5
A4.1 2 NMR NMR 95.9 -0.2 96.2
A7.5 1 NMR NMR 94.6 -1.5 96.1
A2.1 2 NMR NMR 92.0 -3.6 95.5
A3.5 1 NMR NMR 89.2 -5.9 95.1

Mean Difference Mean Difference
0.4 1.8

Standard Deviation Standard Deviation
0.4 2.5

N = 1 N = 22 N = 22

Telops IMACC - PFTIR
Measured CE (%)
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Table E-2. Summary of Data from Air Flare Tests for CE >= 80%

Test Run
Point Number ARI

Avg CE (%) Telops - ARI Avg CE (%) IMACCP - ARI CE (%)
Telops IMACC - PFTIR

Measured CE (%)

A6.3 3 97 2.2 93.5 -1.3 94.8
A2.1 3 NMR NMR 93.6 -1.1 94.7
A7.3 1 NMR NMR 96.4 1.7 94.7
A4.3 1 NMR NMR 90.9 -3.6 94.5
A5.1 1 NMR NMR 99.4 5.1 94.3
A5.5 3 NMR NMR 93.6 -0.7 94.3
A6.3 2 NMR NMR 91.8 -2.5 94.3
A2.3 1 NMR NMR 91.4 -2.7 94.0
A4.3 3 99 5.0 91.9 -2.1 94.0
A2.5 3 NMR NMR 86.9 -6.3 93.2
A7.3 2 NMR NMR 94.0 0.9 93.1
A5.5 2 NMR NMR 91.4 -1.0 92.4
A2.5 1 NMR NMR 88.3 -3.5 91.8
A4.3 2 NMR NMR 89.1 -2.4 91.5
A6.2 1 96 4.6 92.7 1.3 91.4
A2.5 2 NMR NMR 87.3 -3.7 91.1
A2.4 3 NMR NMR 84.5 -6.2 90.7
A5.5 1 NMR NMR 86.2 -4.1 90.3
A6.4 3 NMR NMR 94.4 4.1 90.3
A6.4 2 NMR NMR 90.2 0.1 90.1

Mean Difference Mean Difference
4.0 2.7

Standard Deviation Standard Deviation
5.1 3.3

N = 3 N = 20 N = 20
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Table E-2. Summary of Data from Air Flare Tests for CE >= 80%

Test Run
Point Number ARI

Avg CE (%) Telops - ARI Avg CE (%) IMACCP - ARI CE (%)
Telops IMACC - PFTIR

Measured CE (%)

A3.6 1 NMR NMR 81.5 -7.5 89.0
A3.6 2 NMR NMR 79.4 -9.5 88.9
A4.4 3 NMR NMR 86.3 -2.4 88.7
A4.4 1 NMR NMR 86.5 -1.8 88.3
A4.4 2 NMR NMR 86.8 -0.9 87.7
A2.4 1 NMR NMR 81.6 -6.0 87.6
A2.4 2 NMR NMR 80.3 -7.2 87.4
A7.4 1 NMR NMR 90.7 3.7 87.0
A6.4 1 NMR NMR 91.4 5.0 86.3
A3.6 3 NMR NMR 82.1 -3.6 85.6

Mean Difference Mean Difference
NMR 4.8

Standard Deviation Standard Deviation
NMR 5.7
N = 0 N = 10 N = 10

A4.5 3 75 -9.7 78.1 -6.6 84.7
A3.3 1 NMR NMR 74.3 -10.4 84.7
A5.3 2 NMR NMR 72.1 -12.2 84.3
A4.5 1 NMR NMR 76.9 -7.0 83.9
A4.5 2 NMR NMR 77.9 -5.6 83.6
A6.5 1 NMR NMR 87.0 5.4 81.6
A5.4 1 NMR NMR 78.2 -2.3 80.5

Mean Difference Mean Difference
9.7 7.1

Standard Deviation Standard Deviation
9.7 8.3

N = 1 N = 7 N = 7
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Appendix F 
 

Description of Conventional Flare Emissions Calculations 
 



Emission Estimates Using Conventional Methods 
 

 
Zephyr Environmental Corporation (Zephyr) was tasked with describing the procedure that 
would be employed and then to calculating hourly emission rates of NOX, CO, total VOCs, total 
hydrocarbons, and speciated hydrocarbons based on conventional methods and eight sets of 
nominal flare operating data provided by UT.  This Appendix summarizes their work performed 
in support of this task.  
 
Zephyr’s emission calculations are provided in Table F-1 of this appendix. 
 
UT Austin provided the following information for each data set: 

• Flare type, 
• Waste gas total mass flow rate (lb/hr), 
• Waste gas volumetric flow rate (scf/hr), 
• Waste gas temperature (deg F), 
• Waste gas pressure (psia), 
• Waste gas lower heating value, LHV (Btu/scf), and 
• Speciated waste gas mass flow rates (lb/hr) for four species. 

 
This data is included in Table F-2 of this appendix. 
 
The two conventional methods used are: 

1. TCEQ Air Permit Division’s Technical Guidance Document for Flares and Vapor 
Oxidizers (RG-109, dated October 2000), and 

2. EPA’s AP-42 factors for flare emissions (Table 13.5-1 of AP-42). 
 
Emission factors for each method are provided on the sheet labeled Table F-3: “TCEQ and EPA 
Emission Factors” in the attached workbook. 
 
A detailed description of the emission calculations, using each methodology, is provided below. 
Zephyr completed the emission calculations using conventional flare methodologies with the 
assumption that the 40 CFR 60.18 (New Source Performance Standards) requirements were met 
(i.e., flare tip velocity) based on discussions with UT. Actual test data in this report (see 
Appendices D and E) show compliance (air-assisted maximum allowed exit velocities of 58.9 fps 
for the 350 Btu/scf vent gas and 80.5 fps for the 600 Btu/scf vent gas and steam-assisted 
maximum allowed exit velocities of 68.5 fps for the 350 Btu/scf vent gas and 134.8 fps for the 
600 Btu/scf vent gas) with this requirement. 
 
Emissions of fuel-bound NOX were not calculated since data did not indicate the presence of any 
fuel bound nitrogen. Furthermore, PM emissions were not calculated as TCEQ requires flares to 
be smokeless and EPA’s soot factor is zero for smokeless flares.  None of the tests conducted as 
part of the Test Plan (see Appendix A) for this study involved smoking flares. Finally, SO2 
emissions were not calculated since sulfur compounds were not identified in the waste gas or in 
the Tulsa Natural Gas (TNG) stream analysis. 
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I.  TCEQ Conventional Method 
 
NOx and CO Emissions 
 
Zephyr calculated hourly emissions of NOX, and CO based on Texas Commission on 
Environmental Quality’s (TCEQ) technical guidance package for flares (TCEQ document RG-
109).  Emission factors for NOX and CO were obtained from Table 4 of TCEQ’s guidance 
package.  The TCEQ provides emission factors for steam-assist flares and other flares for both 
high BTU and low BTU gases.  High BTU gases are defined as those with greater than 1,000 
BTU/scf.  Zephyr selected the appropriate NOX and CO emission factor for each test run, based 
on the provided flare type and LHV value of the waste gas.   
 
a.) Emissions of NOX were calculated as follows: 
 

NOX emission rate (lb/hr) = [waste gas volumetric flow rate (scf/hr) x LHV (BTU/scf) x 
emission factor for NOX (lb/MMBTU)] / (106 BTU/MMBTU) 

 
b.) Emissions of CO were calculated as follows: 
 

CO emission rate (lb/hr) = [waste gas volumetric flow rate (scf/hr) x LHV (BTU/scf) x 
emission factor for CO (lb/MMBTU)] / (106 BTU/MMBTU) 

 
Speciated Hydrocarbon Emissions 
 
Speciated hydrocarbon emission rates were calculated for each species using a selected 
destruction and removal efficiency (DRE) and the given species mass flow rate in the vent gas.   
 
The compound labeled “TNG” is Tulsa Natural Gas.  UT provided Zephyr with analytical data 
for the TNG stream and Zephyr calculated weight fractions of each hydrocarbon in the TNG 
stream using the most detailed set of analytical data provided by UT.  Analytical data and weight 
fraction calculations for species in the TNG stream are provided in Table 3 of this appendix.  
Using the species’ weight fraction and the known mass flow rate of the TNG stream (in the vent 
gas), Zephyr calculated mass flow rates for each TNG hydrocarbon species. 
 
A VOC destruction and removal efficiency (DRE) of 99% was selected for compounds 
containing no more than three carbons (pursuant to Table 4 of the TCEQ guidance document), 
while a DRE of 98% was selected for other hydrocarbon compounds.   
  
Emissions of hydrocarbon species were calculated as follows: 
 

Hydrocarbon Species emission rate (lb/hr) = species mass flow rate in waste gas (lb/hr) 
x ((100 – VOC DRE %) / 100), 

 
where VOC DRE% is the selected VOC destruction and removal efficiency for the hydrocarbon 
species. 
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Total VOC Emission Calculations  
 
Emissions of total VOC were calculated by summing the emission rates of hydrocarbon species 
classified as VOCs (methane and ethane are not considered VOCs). 
 

II.  EPA Conventional Method based on AP-42 Factors 

Zephyr calculated emissions of total hydrocarbons (Total HC), NOX and CO using the 
Environmental Protection Agency’s (EPA) AP-42 emission factors.   
 
a.) Emissions of Total HC were calculated as follows: 
 

Total HC emission rate (lb/hr) = [waste gas volumetric flow rate (scf/hr) x LHV (BTU/scf) x 
emission factor for Total HC (lb/MMBTU)] / (106 BTU/MMBTU) 

 
b.) Emissions of NOX were calculated as follows: 
 

NOX emission rate (lb/hr) = [waste gas volumetric flow rate (scf/hr) x LHV (BTU/scf) x 
emission factor for NOX (lb/MMBTU)] / (106 BTU/MMBTU) 

 
c.) Emissions of CO were calculated as follows: 
 

CO emission rate (lb/hr) = [waste gas volumetric flow rate (scf/hr) x LHV (BTU/scf) x 
emission factor for CO (lb/MMBTU)] / (106 BTU/MMBTU) 

 
The calculations and results presented in this appendix used eight nominal test runs to illustrate 
the conventional methods used estimate emissions. This same approach was used to calculate the 
estimated emissions using these conventional methods for each of the runs using actual vent gas 
flow rates and compositions. These results are tabulated in Appendix F and are summarized in 
Section 8 of this report. 



Table F-1: Flare Emission Calculations

UT Task 3 - Emissions Estimates using Conventional Methods
UT Comprehensive Flare Study Project
UT Project: 582-8-86245-FY09-04, PGA4

Flare Test Data, Provided by UT ‐ CEER: 

Zephyr ID for UT 
Data Sets

Waste Gas to Flare1 Waste Gas Composition to Flare

Flare Type 
Total Mass
(lb/hr)

Volume 
(scf/hr)*

°F psia
LHV 

(Btu/scf)
Species 1
(Name)

Mass 1
(lb/hr)

Species 2

(Name) 2
Mass 2
(lb/hr)

Species 3
(Name)

Mass 3
(lb/hr)

Species 4
(Name)

Mass 4
(lb/hr)

A Steam 2342 21,466 68 14.696 2149 Propylene 2342
B Steam 2342 30,437 68 14.696 350 Propylene 481.87 TNG 48.77 Nitrogen 1811.36
C Steam 2342 29,287 68 14.696 600 Propylene 794.83 TNG 80.45 Nitrogen 1466.72
D Steam 2342 30,202 68 14.696 350 TNG 46.53 Nitrogen 1812.76 Propane 482.71

E Air 937 8,596 68 14.696 2149 Propylene 937
F Air 937 12,178 68 14.696 350 Propylene 192.79 TNG 19.51 Nitrogen 724.7
G Air 937 11,717 68 14.696 600 Propylene 318 TNG 32.19 Nitrogen 586.81
H Air 359 4,630 68 14.696 350 TNG 7.13 Nitrogen 277.87 Propane 73.99

* T=68°F, P=14.696 psia

Notes:
1) 10/27/2010 conversation with Vince & Ed (UT CEER) mass flow rates are in units of lb/hr
2) 10/29/2010 email from Ed (UT CEER),  "TNG" = Tulsa Natural Gas with analytical data showing no presence of sulfur; therefore no sulfur emission calculations needed

Zephyr Emission Calculations: 
NOX, CO and Total Hydrocarbon Emission Calculations

Zephyr ID for UT 
Data Sets

Emissions Calculated via TCEQ RG‐109 Table 4 Emissions Calculated via EPA's AP‐42 Table 13.5‐1

NOX Emission 

Factor3 

(lb/MMBTU)

NOX

(lb/hr)
CO Emission Factor

(lb/MMBTU)
  CO 

(lb/hr)

Total hydrocarbons 
Emission Factor 
(lb/MMBTU)

Total Hydrocarbons 
(lb/hr)

CO Emission Factor 
(lb/MMBTU)

CO (lb/hr)
NOX Emission Factor 

(lb/MMBTU)
NOX (lb/hr)

A 0.0485 2.237 0.3503 16.159

0.14

6.458

0.37

17.068

0.068

3.137
B 0.0680 0.724 0.3465 3.691 1.491 3.942 0.724
C 0.0680 1.195 0.3465 6.089 2.460 6.502 1.195
D 0.0680 0.719 0.3465 3.663 1.480 3.911 0.719

E 0.1380 2.549 0.2755 5.089 2.586 6.835 1.256
F 0.0641 0.273 0.5496 2.343 0.597 1.577 0.290
G 0.0641 0.451 0.5496 3.864 0.984 2.601 0.478
H 0.0641 0.104 0.5496 0.891 0.227 0.600 0.110

Speciated Emission Rate Calculations

Zephyr ID for UT 
Data Sets

Waste Gas Species 
Number:

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

Total VOCs5

Species Name: Propylene Nitrogen Propane TNG ‐ Methane TNG ‐ Ethane TNG ‐ Propane TNG ‐ Isobutane TNG ‐ n‐butane
TNG ‐ 

isopentane
TNG ‐ n‐pentane TNG ‐ Benzene TNG ‐ Toluene

TNG ‐ m,p 
Xylenes

TNG ‐ C6's TNG ‐ C8's TNG ‐ C9's TNG ‐ C10's

Species‐Specific 

VOC % DRE4:
99% N/A 99% 99% 99% 99% 98% 98% 98% 98% 98% 98% 98% 98% 98% 98% 98% N/A

Speciated Emission Rates6 (lb/hr):

A 23.420 23.420
B 4.819 Non‐HC 0.4025 3.042E‐02 5.635E‐03 8.647E‐04 2.307E‐03 4.069E‐04 4.147E‐04 8.408E‐06 1.488E‐05 5.714E‐06 3.148E‐04 2.025E‐04 1.102E‐04 3.057E‐05 4.829
C 7.948 Non‐HC 0.6639 5.018E‐02 9.296E‐03 1.426E‐03 3.806E‐03 6.712E‐04 6.840E‐04 1.387E‐05 2.454E‐05 9.426E‐06 5.192E‐04 3.340E‐04 1.818E‐04 5.043E‐05 7.965
D Non‐HC 4.827 0.3840 2.903E‐02 5.376E‐03 8.250E‐04 2.201E‐03 3.882E‐04 3.956E‐04 8.022E‐06 1.419E‐05 5.452E‐06 3.003E‐04 1.932E‐04 1.052E‐04 2.917E‐05 4.837

E 9.370 9.370
F 1.928 Non‐HC 0.1610 1.217E‐02 2.254E‐03 3.459E‐04 9.229E‐04 1.628E‐04 1.659E‐04 3.364E‐06 5.952E‐06 2.286E‐06 1.259E‐04 8.100E‐05 4.410E‐05 1.223E‐05 1.932
G 3.180 Non‐HC 0.2656 2.008E‐02 3.720E‐03 5.708E‐04 1.523E‐03 2.686E‐04 2.737E‐04 5.550E‐06 9.820E‐06 3.772E‐06 2.078E‐04 1.336E‐04 7.276E‐05 2.018E‐05 3.187
H Non‐HC 0.740 0.0588 4.448E‐03 8.239E‐04 1.264E‐04 3.373E‐04 5.949E‐05 6.062E‐05 1.229E‐06 2.175E‐06 8.354E‐07 4.602E‐05 2.960E‐05 1.612E‐05 4.470E‐06 0.741

Notes:
MMBTU = 1,000,000 BTU (British Thermal Units).

3) Thermal NOX only.  Emission factor selected for appropriate flare type (steam assist, or other) and conditions (low or high BTU).  
 Fuel‐bound NOX is not calculated since ammonia is absent in the waste gas stream.
4) VOC Destruction and Removal Efficiency (DRE) can be 99% for hydrocarbon compounds containing no more than 3 carbons and methanol, ethanol, propanol, ethylene oxide, and propylene oxide.  DRE = 98% for all other hydrocarbon compound
5) Total VOC emission rate is the sum of the emission rates of each VOC species.  Note that methane and ethane are not classified as VOC compounds
6) Emission rates of each species and total VOC are in units of pounds per hour
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Table F-2: Nominal Flare Data Provided by UT

UT Task 3 - Emissions Estimates using Conventional Methods
2010 TCEQ Flare Study

UT Project: 582-8-86245-FY09-04, PGA4

Flare 
Type

Total 
Mass
(lb/hr)

Volume 
(scf/hr)*

°F psia
LHV 

(Btu/scf)
Species 1
(Name)

Mass 1
(lb/hr)

Species 2
(Name)

Mass 2
(lb/hr)

Species 3
(Name)

Mass 3
(lb/hr)

Species 4
(Name)

Mass 4
(lb/hr)

Steam 2342 21,466 68 14.696 2149 Propylene 2342
Steam 2342 30,437 68 14.696 350 Propylene 481.87 TNG 48.77 Nitrogen 1811.36
Steam 2342 29,287 68 14.696 600 Propylene 794.83 TNG 80.45 Nitrogen 1466.72
Steam 2342 30,202 68 14.696 350 TNG 46.53 Nitrogen 1812.76 Propane 482.71

Air 937 8,596 68 14.696 2149 Propylene 937
Air 937 12,178 68 14.696 350 Propylene 192.79 TNG 19.51 Nitrogen 724.7
Air 937 11,717 68 14.696 600 Propylene 318 TNG 32.19 Nitrogen 586.81
Air 359 4,630 68 14.696 350 TNG 7.13 Nitrogen 277.87 Propane 73.99

Waste Gas to Flare Waste Gas Composition to Flare

* T=68°F, P=14.696  psia
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Table F-3: Flare Emission Factors

UT Task 3 - Emissions Estimates using Conventional Methods
2010 TCEQ Flare Study

UT Project: 582-8-86245-FY09-04, PGA4

Steam assist 
high BTU 

Steam assist 
low BTU 

Air assist 
high BTU 

Air assist 
low BTU 

Thermal Nox 
(lb/MMBTU):

0.0485 0.068 0.138 0.0641

CO (lb/MMBTU): 0.3503 0.3465 0.2755 0.5496

Fuel NOx 

(wt% of inlet N)

Emissions Factors from EPA AP‐42 Table 13.5‐1
HC (Total 

Hydrocarbons)
(lb/mmBTU)

CO 
(lb/mmBTU)

NOx 

(lb/mmBTU)
Soot1

0.14 0.37 0.068 0 to 274
Note:
1) Soot emission factor is 0 for non-smoking flares.
2) "MMBTU" = 1,000,000 BTU (British Thermal Units)

0.50

Emissions Factors from TCEQ RG‐109 Table 4

2010 TCEQ Flare Study
The University of Texas at Austin
The Center for Energy Environmental Resources Page F-7

Zephyr 11/10/2010

May 23, 2011



Table F-4. Emissions Measured During Steam Flare Tests and Estimated Using Conventional Methods

Test Run Actual Vent Gas (VG) Flow Rates

Point Number Propylene TNG Nitrogen Total LHV Mol Wt Vol Flow Rate NOx CO Propylene (99)Methane (99) Ethane (99) T-Propane (99) TNG Balanc (98)Total VOCs THC NOx CO Propylene Methane Ethane Other VOCs TVOC THC CO ARI

lbs/hr lbs/hr lbs/hr lbs/hr Btu/scf lbs/lb-mole SCF/hr lbs/hr lbs/hr lb/hr lb/hr lb/hr lb/hr lb/hr lb/hr lb/hr lb/hr lb/hr lb/hr lb/hr lb/hr lb/hr lb/hr lb/hr lb/hr DRE (%)

S1.5 1 2337.48 0.00 0.00 2337.48 2145.11 42.00 21442 2.23 16.11 23.37 0.00 0.00 0.00 0.00 23.37 6.44 3.13 17.02 1.37 0.18 0.01 0.26 1.63 1.83 1.31 99.9

S3.6 1 189.09 18.42 705.09 912.60 346.09 29.68 11845 0.28 1.42 1.89 0.16 0.01 0.00 0.00 1.89 0.57 0.28 1.52 0.13 0.02 0.00 0.02 0.15 0.17 0.12 99.9

S1.6 1 2341.38 0.00 0.00 2341.38 2148.69 42.07 21442 2.23 16.14 23.41 0.00 0.00 0.00 0.00 23.41 6.45 3.13 17.05 2.95 0.39 0.03 0.57 3.51 3.93 1.76 99.9

S2.1 3 937.00 0.00 0.00 937.00 2111.02 41.33 8734 0.89 6.46 9.37 0.00 0.00 0.00 0.00 9.37 2.58 1.25 6.82 1.87 0.25 0.02 0.36 2.23 2.50 0.90 99.8

S1.7 1 2341.15 0.00 0.00 2341.15 2148.48 42.06 21442 2.23 16.14 23.41 0.00 0.00 0.00 0.00 23.41 6.45 3.13 17.05 7.16 0.94 0.07 1.38 8.54 9.55 2.95 99.7

S6.1 2 834.08 74.06 1472.02 2380.16 606.73 31.02 29561 1.22 6.21 8.34 0.65 0.05 0.01 0.01 8.35 2.51 1.22 6.64 3.82 0.50 0.04 0.74 4.56 5.10 1.54 99.5

S3.7 1 191.29 18.95 715.51 925.74 345.54 29.67 12020 0.28 1.44 1.91 0.17 0.01 0.00 0.00 1.92 0.58 0.28 1.54 0.90 0.12 0.01 0.17 1.07 1.20 0.36 99.5
S2.1 1 937.00 0.13 0.00 937.13 2123.64 41.58 8683 0.89 6.46 9.37 0.00 0.00 0.00 0.00 9.37 2.58 1.25 6.82 4.45 0.59 0.05 0.86 5.31 5.94 1.63 99.5
S6.1 1 826.42 79.13 1455.62 2361.16 608.89 30.96 29381 1.22 6.20 8.26 0.70 0.05 0.01 0.01 8.28 2.50 1.22 6.62 4.31 0.57 0.04 0.83 5.14 5.75 1.70 99.5
S6.1 3 871.03 79.02 1473.44 2423.49 624.83 31.09 30028 1.28 6.50 8.71 0.69 0.05 0.01 0.01 8.72 2.63 1.28 6.94 6.29 0.83 0.06 1.21 7.50 8.39 2.33 99.3
S4.2 3 489.63 44.86 1800.83 2335.32 348.88 29.72 30270 0.72 3.66 4.90 0.40 0.03 0.00 0.00 4.90 1.48 0.72 3.91 4.04 0.53 0.04 0.78 4.82 5.39 1.47 99.2
S6.5 1 831.52 74.80 1472.64 2378.95 605.52 31.00 29566 1.22 6.20 8.32 0.66 0.05 0.01 0.00 8.33 2.51 1.22 6.62 8.75 1.15 0.09 1.17 9.93 11.17 3.06 98.9
S4.2 1 489.61 45.22 1803.56 2338.39 348.54 29.72 30311 0.72 3.66 4.90 0.40 0.03 0.00 0.00 4.90 1.48 0.72 3.91 6.35 0.84 0.07 0.85 7.20 8.10 2.18 98.7
S2.1 2 937.00 0.02 0.00 937.02 2113.31 41.38 8725 0.89 6.46 9.37 0.00 0.00 0.00 0.00 9.37 2.58 1.25 6.82 15.37 2.03 0.16 2.06 17.43 19.62 4.70 98.4
S5.1 1 319.83 33.65 586.19 939.67 594.25 30.81 11751 0.47 2.42 3.20 0.30 0.02 0.00 0.00 3.20 0.98 0.47 2.58 5.35 0.70 0.05 0.72 6.06 6.82 1.81 98.3
S4.4 1 515.55 47.53 1808.50 2371.58 362.68 29.79 30671 0.76 3.85 5.16 0.42 0.03 0.00 0.00 5.16 1.56 0.76 4.12 8.76 1.15 0.09 1.17 9.93 11.18 2.93 98.3
S4.2 2 482.97 45.63 1801.38 2329.98 345.48 29.69 30234 0.71 3.62 4.83 0.41 0.03 0.00 0.00 4.84 1.46 0.71 3.86 8.26 1.09 0.08 1.11 9.37 10.54 2.76 98.3
S4.6 1 513.94 49.43 1812.60 2375.97 361.80 29.77 30753 0.76 3.86 5.14 0.43 0.03 0.00 0.00 5.15 1.56 0.76 4.12 9.66 1.27 0.10 1.29 10.95 12.32 3.21 98.1
S4.1 1 488.84 45.46 1801.73 2336.04 348.48 29.72 30282 0.72 3.66 4.89 0.40 0.03 0.00 0.00 4.90 1.48 0.72 3.90 9.21 1.21 0.09 1.23 10.44 11.75 3.05 98.1
S8.1 1 509.92 50.60 1838.47 2398.99 356.14 29.72 31099 0.75 3.84 5.10 0.45 0.03 0.01 0.00 5.11 1.55 0.75 4.10 9.92 1.31 0.10 1.33 11.25 12.66 3.30 98.1
S8.2 1 389.13 38.13 1434.58 1861.84 349.44 29.70 24153 0.57 2.92 3.89 0.33 0.03 0.00 0.00 3.90 1.18 0.57 3.12 7.88 1.04 0.08 1.06 8.94 10.06 2.61 98.0
S1.8 1 2338.40 0.00 0.00 2338.40 2145.96 42.02 21442 2.23 16.12 23.38 0.00 0.00 0.00 0.00 23.38 6.44 3.13 17.03 51.99 6.85 0.53 6.96 58.95 66.34 15.50 97.8
S6.3 1 807.57 72.95 1472.07 2352.59 593.68 30.94 29293 1.18 6.03 8.08 0.64 0.05 0.01 0.01 8.09 2.43 1.18 6.43 19.43 2.56 0.20 2.60 22.03 24.80 6.30 97.6
S6.3 2 844.59 77.47 1472.58 2394.63 612.36 31.02 29745 1.24 6.31 8.45 0.69 0.05 0.01 0.01 8.46 2.55 1.24 6.74 20.41 2.69 0.21 2.73 23.14 26.04 6.63 97.6
S6.3 3 860.57 79.71 1476.60 2416.88 619.21 31.04 29993 1.26 6.44 8.61 0.70 0.05 0.01 0.01 8.62 2.60 1.26 6.87 22.09 2.91 0.23 2.96 25.05 28.19 7.15 97.4
S3.5 2 197.47 19.62 715.16 932.26 354.81 29.72 12087 0.29 1.49 1.97 0.17 0.01 0.00 0.00 1.98 0.60 0.29 1.59 5.46 0.72 0.06 0.73 6.19 6.96 1.77 97.2
S8.3 1 293.36 29.34 1088.53 1411.23 348.02 29.68 18319 0.43 2.21 2.93 0.26 0.02 0.00 0.00 2.94 0.89 0.43 2.36 9.43 1.24 0.10 1.26 10.70 12.04 3.03 96.8
S4.1 3 490.50 44.96 1799.74 2335.20 349.58 29.72 30266 0.72 3.67 4.91 0.40 0.03 0.00 0.00 4.91 1.48 0.72 3.91 17.76 2.34 0.18 2.38 20.14 22.66 5.62 96.4
S11.1 1 497.63 50.55 1806.17 2354.35 354.61 29.71 30534 0.74 3.75 4.98 0.44 0.04 0.01 0.01 4.99 1.52 0.74 4.01 19.60 2.58 0.20 2.63 22.22 25.01 6.23 96.1
S4.1 2 483.89 45.24 1801.32 2330.44 345.73 29.71 30224 0.71 3.62 4.84 0.39 0.03 0.00 0.00 4.85 1.46 0.71 3.87 19.21 2.53 0.20 2.57 21.78 24.51 6.05 96.0
S5.1 2 313.97 32.25 578.26 924.49 591.75 30.83 11553 0.46 2.37 3.14 0.28 0.02 0.00 0.00 3.15 0.96 0.46 2.53 12.89 1.70 0.13 1.73 14.62 16.45 4.09 95.9
S10.1 1 494.23 49.30 1804.44 2347.96 352.71 29.70 30460 0.73 3.72 4.94 0.44 0.03 0.00 0.00 4.95 1.50 0.73 3.98 20.64 2.72 0.21 2.77 23.40 26.34 6.53 95.8
S3.5 1 190.53 18.61 711.06 920.19 345.92 29.68 11945 0.28 1.43 1.91 0.16 0.01 0.00 0.00 1.91 0.58 0.28 1.53 7.96 1.05 0.08 1.07 9.03 10.16 2.51 95.8
S5.6 1 316.81 32.17 581.49 930.47 592.94 30.84 11623 0.47 2.39 3.17 0.28 0.02 0.00 0.00 3.17 0.96 0.47 2.55 14.55 1.92 0.15 1.95 16.50 18.57 4.58 95.4
S8.4 1 198.91 19.73 730.04 948.68 350.97 29.70 12307 0.29 1.50 1.99 0.17 0.01 0.00 0.00 1.99 0.60 0.29 1.60 9.35 1.23 0.10 1.25 10.60 11.93 2.93 95.3
S7.6 1 639.00 65.09 2324.08 3028.16 354.08 29.70 39279 0.95 4.82 6.39 0.57 0.05 0.01 0.01 6.40 1.95 0.95 5.15 30.87 4.07 0.32 4.13 35.00 39.39 9.69 95.2
S5.1 3 309.12 31.60 574.04 914.76 588.35 30.81 11439 0.46 2.33 3.09 0.28 0.02 0.00 0.00 3.10 0.94 0.46 2.49 15.58 2.05 0.16 2.09 17.67 19.88 4.88 95.0
S10.2 1 396.38 39.41 1441.44 1877.23 353.78 29.71 24347 0.59 2.98 3.96 0.35 0.03 0.00 0.00 3.97 1.21 0.59 3.19 20.69 2.73 0.21 1.99 22.67 25.61 6.45 94.8
S8.5 1 165.26 15.79 561.58 742.63 372.82 29.82 9594 0.24 1.24 1.65 0.14 0.01 0.00 0.00 1.66 0.50 0.24 1.32 8.66 1.14 0.09 0.83 9.49 10.72 2.69 94.8
S9.1 1 490.48 49.22 1824.18 2363.87 347.44 29.67 30692 0.73 3.69 4.90 0.43 0.03 0.01 0.00 4.91 1.49 0.73 3.95 27.31 3.60 0.28 2.62 29.93 33.81 8.49 94.4
S11.2 1 395.78 40.21 1430.40 1866.39 355.89 29.71 24204 0.59 2.98 3.96 0.35 0.03 0.00 0.00 3.97 1.21 0.59 3.19 22.49 2.96 0.23 2.16 24.65 27.85 6.99 94.3
S5.6 3 308.41 31.93 571.20 911.53 589.69 30.80 11402 0.46 2.33 3.08 0.28 0.02 0.00 0.00 3.09 0.94 0.46 2.49 18.20 2.40 0.19 1.75 19.95 22.54 5.65 94.1
S5.6 2 312.17 31.82 577.17 921.16 590.08 30.82 11516 0.46 2.35 3.12 0.28 0.02 0.00 0.00 3.13 0.95 0.46 2.51 18.43 2.43 0.19 1.77 20.20 22.82 5.72 94.1
S5.5 1 317.96 32.26 581.76 931.98 594.22 30.85 11639 0.47 2.40 3.18 0.28 0.02 0.00 0.00 3.19 0.97 0.47 2.56 19.37 2.55 0.20 1.86 21.23 23.98 5.99 93.9
S9.2 1 397.65 41.70 1438.14 1877.49 356.39 29.69 24363 0.59 3.01 3.98 0.37 0.03 0.00 0.00 3.98 1.22 0.59 3.21 24.43 3.22 0.25 2.35 26.78 30.25 7.58 93.9
S10.3 1 304.93 29.93 1086.70 1421.56 359.36 29.74 18415 0.45 2.29 3.05 0.26 0.02 0.00 0.00 3.06 0.93 0.45 2.45 20.15 2.66 0.21 1.94 22.08 24.95 6.18 93.4
S7.1 1 499.37 52.57 1809.62 2361.57 355.71 29.70 30632 0.74 3.78 4.99 0.45 0.04 0.01 0.01 5.01 1.53 0.74 4.03 33.43 4.41 0.34 3.21 36.64 41.39 10.31 93.3
S4.5 1 509.71 49.25 1806.49 2365.45 360.42 29.76 30623 0.75 3.82 5.10 0.43 0.03 0.00 0.00 5.11 1.55 0.75 4.08 39.20 5.17 0.40 3.76 42.97 48.54 11.88 92.3
S7.2 2 398.41 39.86 1425.13 1863.41 358.53 29.73 24145 0.59 3.00 3.98 0.35 0.03 0.00 0.00 3.99 1.21 0.59 3.20 32.35 4.26 0.33 3.11 35.45 40.05 9.80 91.9
S4.7 1 510.99 49.35 1809.91 2370.25 360.62 29.76 30686 0.75 3.83 5.11 0.43 0.03 0.00 0.00 5.12 1.55 0.75 4.09 47.80 6.30 0.49 4.59 52.39 59.19 14.28 90.6
S3.2 2 192.67 19.51 709.51 921.70 350.40 29.68 11962 0.29 1.45 1.93 0.17 0.01 0.00 0.00 1.93 0.59 0.29 1.55 18.13 2.39 0.19 1.74 19.87 22.45 5.44 90.6
S6.6 1 845.38 77.53 1471.14 2394.05 613.15 31.02 29732 1.24 6.32 8.45 0.69 0.05 0.01 0.01 8.47 2.55 1.24 6.75 82.61 10.89 0.85 7.93 90.55 102.28 24.49 90.2
S11.3 1 297.04 29.91 1084.73 1411.68 352.69 29.70 18312 0.44 2.24 2.97 0.26 0.02 0.00 0.00 2.98 0.90 0.44 2.39 29.61 3.90 0.30 2.84 32.46 36.67 8.84 90.0
S5.3 1 318.41 32.58 583.42 934.42 593.79 30.84 11673 0.47 2.40 3.18 0.28 0.02 0.00 0.00 3.19 0.97 0.47 2.56 32.20 4.24 0.33 3.09 35.29 39.87 9.61 89.9
S7.1 2 498.98 47.95 1806.34 2353.27 354.31 29.73 30496 0.73 3.74 4.99 0.42 0.03 0.01 0.00 5.00 1.51 0.73 4.00 50.61 6.67 0.52 4.86 55.48 62.67 15.02 89.9
S9.3 1 305.63 29.89 1089.47 1424.99 359.10 29.75 18456 0.45 2.30 3.06 0.26 0.02 0.00 0.00 3.06 0.93 0.45 2.45 32.19 4.24 0.33 3.09 35.28 39.86 9.54 89.5
S5.3 2 312.28 31.73 577.98 921.99 589.58 30.82 11525 0.46 2.35 3.12 0.28 0.02 0.00 0.00 3.13 0.95 0.46 2.51 33.68 4.44 0.35 3.23 36.91 41.70 9.99 89.2
S1.9 1 2336.64 0.00 0.00 2336.64 2144.34 41.98 21442 2.23 16.11 23.37 0.00 0.00 0.00 0.00 23.37 6.44 3.13 17.01 254.00 33.48 2.61 24.39 278.39 314.48 68.10 89.1
S6.4 2 862.70 78.38 1473.24 2414.31 620.88 31.07 29938 1.26 6.44 8.63 0.69 0.05 0.01 0.01 8.64 2.60 1.26 6.88 96.89 12.77 1.00 9.31 106.19 119.96 28.36 88.8
S5.3 3 307.39 31.63 571.96 910.98 587.70 30.79 11398 0.46 2.32 3.07 0.28 0.02 0.00 0.00 3.08 0.94 0.46 2.48 37.84 4.99 0.39 3.63 41.48 46.86 11.11 87.7
S10.4 1 206.33 19.77 716.15 942.25 366.64 29.79 12186 0.30 1.55 2.06 0.17 0.01 0.00 0.00 2.07 0.63 0.30 1.65 25.46 3.36 0.26 2.45 27.91 31.52 7.42 87.7
S7.2 3 378.86 39.02 1420.11 1837.99 345.75 29.65 23881 0.56 2.86 3.79 0.34 0.03 0.00 0.00 3.80 1.16 0.56 3.06 50.35 6.64 0.52 4.84 55.18 62.34 14.67 86.7
S6.4 3 859.11 79.61 1479.13 2417.85 617.79 31.04 30012 1.26 6.42 8.59 0.70 0.05 0.01 0.01 8.60 2.60 1.26 6.86 115.48 15.22 1.19 11.09 126.57 142.97 33.27 86.6
S4.8 1 509.18 48.75 1809.12 2367.05 359.57 29.76 30647 0.75 3.82 5.09 0.43 0.03 0.00 0.00 5.10 1.54 0.75 4.08 69.44 9.15 0.71 6.67 76.11 85.98 20.03 86.4
S7.2 1 391.82 39.54 1442.53 1873.89 350.38 29.69 24316 0.58 2.95 3.92 0.34 0.03 0.00 0.00 3.93 1.19 0.58 3.15 57.81 7.62 0.59 5.55 63.36 71.57 16.61 85.2
S11.4 1 201.60 20.29 724.01 945.91 357.52 29.72 12261 0.30 1.52 2.02 0.18 0.01 0.00 0.00 2.02 0.61 0.30 1.62 31.77 4.19 0.33 3.05 34.82 39.34 9.06 84.2

MeasuredActual Vent Gas TCEQ Conventional Method EPA Conventional
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Table F-4. Emissions Measured During Steam Flare Tests and Estimated Using Conventional Methods

Test Run Actual Vent Gas (VG) Flow Rates

Point Number Propylene TNG Nitrogen Total LHV Mol Wt Vol Flow Rate NOx CO Propylene (99)Methane (99) Ethane (99) T-Propane (99) TNG Balanc (98)Total VOCs THC NOx CO Propylene Methane Ethane Other VOCs TVOC THC CO ARI

lbs/hr lbs/hr lbs/hr lbs/hr Btu/scf lbs/lb-mole SCF/hr lbs/hr lbs/hr lb/hr lb/hr lb/hr lb/hr lb/hr lb/hr lb/hr lb/hr lb/hr lb/hr lb/hr lb/hr lb/hr lb/hr lb/hr lb/hr DRE (%)

MeasuredActual Vent Gas TCEQ Conventional Method EPA Conventional

S9.4 1 207.44 19.92 717.01 944.37 367.83 29.80 12211 0.31 1.56 2.07 0.17 0.01 0.00 0.00 2.08 0.63 0.31 1.66 41.64 5.49 0.43 2.10 43.75 49.66 11.43 79.9
S4.9 1 510.46 49.84 1810.68 2370.97 360.39 29.75 30702 0.75 3.83 5.10 0.44 0.03 0.00 0.00 5.11 1.55 0.75 4.09 103.30 13.62 1.06 5.22 108.51 123.19 28.35 79.8
S7.3 1 286.10 29.82 1083.02 1398.94 343.24 29.63 18189 0.42 2.16 2.86 0.26 0.02 0.00 0.00 2.87 0.87 0.42 2.31 67.24 8.86 0.69 3.40 70.64 80.19 18.11 76.5
S9.5 1 163.10 15.43 560.37 738.90 369.31 29.81 9549 0.24 1.22 1.63 0.14 0.01 0.00 0.00 1.63 0.49 0.24 1.30 38.66 5.10 0.40 1.95 40.61 46.11 10.30 76.3
S6.4 1 815.60 78.85 1452.93 2347.37 604.33 30.94 29227 1.20 6.12 8.16 0.69 0.06 0.01 0.01 8.17 2.47 1.20 6.54 206.82 27.26 2.13 10.44 217.26 246.65 54.47 74.6
S7.3 2 296.76 29.92 1083.58 1410.26 352.77 29.70 18295 0.44 2.24 2.97 0.26 0.02 0.00 0.00 2.97 0.90 0.44 2.39 85.20 11.23 0.88 4.30 89.50 101.61 21.93 71.3
S4.10 1 511.28 51.12 1813.55 2375.95 360.85 29.74 30775 0.76 3.85 5.11 0.45 0.04 0.01 0.00 5.12 1.55 0.76 4.11 150.59 19.85 1.55 7.60 158.19 179.59 38.49 70.5
S5.4 1 317.61 32.17 579.44 929.22 595.36 30.86 11602 0.47 2.39 3.18 0.28 0.02 0.00 0.00 3.18 0.97 0.47 2.56 100.47 13.24 1.03 5.07 105.54 119.82 25.25 68.4
S5.4 2 310.83 31.26 576.22 918.31 588.73 30.82 11478 0.46 2.34 3.11 0.27 0.02 0.00 0.00 3.11 0.95 0.46 2.50 106.97 14.10 1.10 5.40 112.37 127.57 26.26 65.6
S5.4 3 303.55 31.25 566.59 901.39 586.40 30.79 11278 0.45 2.29 3.04 0.27 0.02 0.00 0.00 3.04 0.93 0.45 2.45 105.61 13.92 1.09 5.33 110.94 125.94 25.90 65.2
S7.5 1 234.32 25.43 920.56 1180.31 333.72 29.57 15379 0.35 1.78 2.34 0.22 0.02 0.00 0.00 2.35 0.72 0.35 1.90 92.44 12.19 0.95 4.67 97.11 110.25 21.89 60.5
S2.3 1 937.00 0.11 0.00 937.11 2048.52 40.11 9002 0.89 6.46 9.37 0.00 0.00 0.00 0.00 9.37 2.58 1.25 6.82 413.62 54.52 4.25 20.89 434.51 493.28 84.38 55.9
S3.1 1 194.24 18.88 716.54 929.65 349.10 29.70 12060 0.29 1.46 1.94 0.17 0.01 0.00 0.00 1.95 0.59 0.29 1.56 103.64 13.66 1.07 5.23 108.88 123.60 21.33 46.6
S2.3 3 937.00 0.00 0.00 937.00 2122.50 41.56 8687 0.89 6.46 9.37 0.00 0.00 0.00 0.00 9.37 2.58 1.25 6.82 523.12 68.95 5.38 26.42 549.53 623.86 95.32 44.2
S6.2 2 855.36 78.87 1473.49 2407.72 617.47 31.04 29882 1.25 6.39 8.55 0.69 0.05 0.01 0.01 8.57 2.58 1.25 6.83 511.16 67.38 5.26 25.81 536.98 609.61 98.01 40.2
S5.2 1 319.81 33.78 584.67 938.26 595.36 30.81 11733 0.48 2.42 3.20 0.30 0.02 0.00 0.00 3.20 0.98 0.48 2.58 198.12 26.11 2.04 10.00 208.12 236.27 37.57 38.1
S6.2 3 878.24 80.68 1480.31 2439.23 626.56 31.09 30224 1.29 6.56 8.78 0.71 0.05 0.01 0.01 8.80 2.65 1.29 7.01 568.04 74.87 5.84 28.68 596.73 677.44 103.19 35.3
S6.2 1 784.90 79.41 1452.18 2316.49 589.70 30.82 28953 1.16 5.92 7.85 0.70 0.05 0.01 0.01 7.86 2.39 1.16 6.32 523.33 68.98 5.38 26.43 549.75 624.11 93.77 33.3
S2.3 2 937.00 0.00 0.00 937.00 2112.42 41.36 8728 0.89 6.46 9.37 0.00 0.00 0.00 0.00 9.37 2.58 1.25 6.82 635.64 83.78 6.54 32.10 667.74 758.06 101.65 32.2
S7.4 1 181.86 19.71 728.01 929.58 328.64 29.54 12124 0.27 1.38 1.82 0.17 0.01 0.00 0.00 1.82 0.56 0.27 1.47 130.06 17.14 1.34 6.57 136.63 155.11 22.17 28.5
S2.2 2 937.00 0.08 0.00 937.08 2124.73 41.60 8678 0.89 6.46 9.37 0.00 0.00 0.00 0.00 9.37 2.58 1.25 6.82 672.84 88.69 6.92 33.98 706.81 802.42 102.66 28.2
S4.3 1 485.21 45.05 1801.62 2331.88 346.37 29.71 30240 0.71 3.63 4.85 0.40 0.03 0.00 0.00 4.86 1.47 0.71 3.88 352.87 46.51 3.63 17.82 370.69 420.83 58.40 27.3
S4.11 1 515.37 49.77 1816.01 2381.16 362.14 29.76 30820 0.76 3.87 5.15 0.44 0.03 0.00 0.00 5.16 1.56 0.76 4.13 375.36 49.48 3.86 18.95 394.31 447.65 62.24 27.2
S2.2 3 937.00 0.12 0.00 937.12 2133.06 41.76 8645 0.89 6.46 9.37 0.00 0.00 0.00 0.00 9.37 2.58 1.25 6.82 696.82 91.85 7.16 35.19 732.01 831.02 103.02 25.6
S2.2 1 937.00 0.01 0.00 937.01 2103.14 41.18 8767 0.89 6.46 9.37 0.00 0.00 0.00 0.00 9.37 2.58 1.25 6.82 709.82 93.56 7.30 35.84 745.67 846.52 103.10 24.2
S4.3 3 500.38 46.62 1802.14 2349.14 355.19 29.75 30423 0.73 3.74 5.00 0.41 0.03 0.00 0.00 5.01 1.51 0.73 4.00 390.64 51.49 4.02 19.73 410.36 465.87 60.43 21.9
S4.3 2 478.50 45.79 1799.82 2324.12 343.22 29.68 30164 0.70 3.59 4.79 0.40 0.03 0.00 0.00 4.79 1.45 0.70 3.83 374.83 49.41 3.85 18.93 393.76 447.02 57.89 21.7
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Table F-5. Emissions Measured During Air Flare Tests and Emissions Estimated Using Conventional Methods

Test Run Actual Vent Gas (VG) Flow Rates
Point Number Propylene TNG Nitrogen Total LHV Mol Wt Vol Flow Rate NOx CO Propylene (99) Methane (99) Ethane (99) T-Propane (99)TNG Balanc (98 Total VOCs THC NOx CO Propylene Methane Ethane Other VOCs TVOC THC CO ARI

lbs/hr lbs/hr lbs/hr lbs/hr Btu/scf lbs/lb-mole SCF/hr lbs/hr lbs/hr lb/hr lb/hr lb/hr lb/hr lb/hr lb/hr lb/hr lb/hr lb/hr lb/hr lb/hr lb/hr lb/hr lb/hr lb/hr lb/hr DRE (%)
A6.1 1 117.80 11.86 221.21 350.87 583.73 30.80 4389.2 0.16 1.41 1.18 0.10 0.01 0.00 0.00 1.18 0.36 0.17 0.95 0.34 0.05 0.00 0.07 0.41 0.46 0.16 99.71
A6.1 2 118.29 12.28 220.95 351.52 586.46 30.79 4398.5 0.17 1.42 1.18 0.11 0.01 0.00 0.00 1.19 0.36 0.18 0.95 0.43 0.06 0.00 0.08 0.51 0.57 0.19 99.64
A3.1 2 181.23 18.77 702.55 902.55 338.67 29.62 11737.6 0.25 2.18 1.81 0.16 0.01 0.00 0.00 1.82 0.56 0.27 1.47 0.79 0.10 0.01 0.15 0.94 1.06 0.33 99.56
A6.1 3 117.81 12.35 221.66 351.82 583.73 30.77 4405.3 0.16 1.41 1.18 0.11 0.01 0.00 0.00 1.18 0.36 0.17 0.95 0.68 0.09 0.01 0.13 0.81 0.91 0.26 99.42
A4.6 1 296.98 30.25 593.95 921.18 558.79 30.67 11573.1 0.41 3.55 2.97 0.27 0.02 0.00 0.00 2.97 0.91 0.44 2.39 1.73 0.23 0.02 0.34 2.07 2.32 0.67 99.42
A3.1 3 181.23 18.57 702.18 901.98 339.03 29.63 11726.6 0.25 2.19 1.81 0.16 0.01 0.00 0.00 1.82 0.56 0.27 1.47 1.81 0.24 0.02 0.35 2.17 2.42 0.65 99.00
A4.1 3 298.11 30.27 594.31 922.69 559.96 30.68 11586.7 0.42 3.57 2.98 0.26 0.02 0.00 0.00 2.99 0.91 0.44 2.40 5.05 0.67 0.05 0.98 6.03 6.75 1.70 98.31
A4.1 1 314.81 31.59 590.85 937.26 583.82 30.82 11716.1 0.44 3.76 3.15 0.27 0.02 0.00 0.00 3.15 0.96 0.47 2.53 5.86 0.77 0.06 1.14 7.01 7.84 1.96 98.14
A1.1 1 918.88 0 0 918.88 2107.7 41.3 8578.6 2.50 4.98 9.19 0.00 0.00 0.00 0.00 9.19 2.53 1.23 6.69 17.86 2.35 0.18 3.48 21.34 23.88 5.38 98.06
A3.1 1 183.48 18.37 701.40 903.25 339.49 29.64 11739.5 0.26 2.19 1.83 0.16 0.01 0.00 0.00 1.84 0.56 0.27 1.47 3.64 0.48 0.04 0.71 4.35 4.86 1.21 98.02
A6.3 1 117.94 12.05 221.49 351.48 583.97 30.79 4398.3 0.16 1.41 1.18 0.11 0.01 0.00 0.00 1.18 0.36 0.17 0.95 2.34 0.31 0.02 0.46 2.80 3.13 0.78 98.01
A2.1 1 352.16 0 0 352.16 2108.3 41.3 3286.8 0.96 1.91 3.52 0.00 0.00 0.00 0.00 3.52 0.97 0.47 2.56 7.58 1.00 0.08 1.02 8.59 9.67 2.26 97.85
A5.1 3 71.15 7.64 272.26 351.06 340.86 29.60 4568.8 0.10 0.86 0.71 0.07 0.01 0.00 0.00 0.71 0.22 0.11 0.58 1.81 0.24 0.02 0.24 2.05 2.31 0.59 97.46
A4.1 2 298.82 32.21 591.12 922.15 564.15 30.69 11576.6 0.42 3.59 2.99 0.27 0.03 0.00 0.00 3.00 0.91 0.44 2.42 7.83 1.03 0.08 1.05 8.88 10.00 2.56 97.38
A2.1 2 355.02 0 0 355.02 2125.4 41.6 3286.8 0.96 1.92 3.55 0.00 0.00 0.00 0.00 3.55 0.98 0.48 2.58 10.11 1.33 0.10 1.36 11.47 12.91 2.96 97.15
A5.1 2 74.59 7.43 273.42 355.43 351.38 29.70 4610.6 0.10 0.89 0.75 0.06 0.01 0.00 0.00 0.75 0.23 0.11 0.60 2.20 0.29 0.02 0.29 2.49 2.80 0.71 97.06
A6.3 3 119.17 12.36 221.49 353.02 588.46 30.81 4414.8 0.17 1.43 1.19 0.11 0.01 0.00 0.00 1.19 0.36 0.18 0.96 3.85 0.51 0.04 0.52 4.36 4.91 1.24 96.77
A2.1 3 355.12 0 0 355.12 2126.0 41.6 3286.8 0.96 1.93 3.55 0.00 0.00 0.00 0.00 3.55 0.98 0.48 2.59 11.95 1.58 0.12 1.60 13.55 15.25 3.47 96.63
A3.5 1 181.23 18.40 701.25 900.88 335.87 29.61 11720.2 0.25 2.16 1.81 0.16 0.01 0.00 0.00 1.82 0.55 0.27 1.46 6.25 0.82 0.06 0.84 7.09 7.98 2.00 96.55
A6.3 2 118.01 12.15 221.19 351.35 584.91 30.78 4397.5 0.16 1.41 1.18 0.11 0.01 0.00 0.00 1.18 0.36 0.17 0.95 4.13 0.54 0.04 0.56 4.69 5.28 1.32 96.50
A2.3 1 352.14 0 0 352.14 2108.2 41.3 3286.8 0.96 1.91 3.52 0.00 0.00 0.00 0.00 3.52 0.97 0.47 2.56 13.40 1.77 0.14 1.80 15.20 17.10 3.86 96.19
A4.3 1 299.83 30.62 591.73 922.17 564.08 30.69 11574.5 0.42 3.59 3.00 0.27 0.02 0.00 0.00 3.00 0.91 0.44 2.42 11.67 1.54 0.12 1.57 13.23 14.89 3.71 96.11
A2.5 3 354.73 0.117106 0 354.84 2124.4 41.6 3286.8 0.96 1.92 3.55 0.00 0.00 0.00 0.00 3.55 0.98 0.47 2.58 14.56 1.92 0.15 1.95 16.51 18.58 4.17 95.90
A4.3 3 297.69 30.49 592.80 920.97 560.58 30.68 11565.2 0.42 3.56 2.98 0.27 0.02 0.00 0.00 2.98 0.91 0.44 2.40 12.23 1.61 0.13 1.64 13.88 15.61 3.88 95.89
A5.5 3 71.55 7.49 271.78 350.82 342.32 29.63 4561.8 0.10 0.86 0.72 0.07 0.01 0.00 0.00 0.72 0.22 0.11 0.58 3.23 0.43 0.03 0.43 3.67 4.12 1.02 95.48
A2.5 1 354.71 0 0 354.71 2123.5 41.6 3286.8 0.96 1.92 3.55 0.00 0.00 0.00 0.00 3.55 0.98 0.47 2.58 17.41 2.29 0.18 2.34 19.75 22.22 4.94 95.09
A5.1 1 72.93 7.59 275.43 355.96 343.84 29.64 4627.1 0.10 0.87 0.73 0.07 0.01 0.00 0.00 0.73 0.22 0.11 0.59 3.78 0.50 0.04 0.44 4.21 4.75 1.18 94.82
A6.2 1 118.43 12.09 221.35 351.87 585.94 30.79 4402.9 0.17 1.42 1.18 0.11 0.01 0.00 0.00 1.19 0.36 0.18 0.95 6.17 0.81 0.06 0.71 6.88 7.76 1.93 94.79
A2.4 3 354.11 0 0 354.11 2120.0 41.5 3286.8 0.96 1.92 3.54 0.00 0.00 0.00 0.00 3.54 0.98 0.47 2.58 18.58 2.45 0.19 2.15 20.73 23.37 5.25 94.75
A6.4 3 118.70 12.38 221.37 352.46 587.19 30.79 4409.6 0.17 1.42 1.19 0.11 0.01 0.00 0.00 1.19 0.36 0.18 0.96 6.60 0.87 0.07 0.76 7.37 8.30 2.06 94.44
A2.5 2 353.22 0 0 353.22 2114.6 41.4 3286.8 0.96 1.91 3.53 0.00 0.00 0.00 0.00 3.53 0.97 0.47 2.57 19.82 2.61 0.20 2.29 22.11 24.93 5.57 94.39
A6.4 2 118.33 12.36 221.52 352.21 585.67 30.78 4408.2 0.17 1.42 1.18 0.11 0.01 0.00 0.00 1.19 0.36 0.18 0.96 6.84 0.90 0.07 0.79 7.63 8.60 2.13 94.22
A5.5 2 71.49 7.44 273.08 352.01 340.67 29.62 4578.6 0.10 0.86 0.71 0.07 0.01 0.00 0.00 0.72 0.22 0.11 0.58 4.28 0.56 0.04 0.50 4.77 5.38 1.33 94.02
A4.3 2 298.74 30.30 591.10 920.14 562.91 30.70 11548.7 0.42 3.57 2.99 0.27 0.02 0.00 0.00 2.99 0.91 0.44 2.41 18.62 2.45 0.19 2.15 20.78 23.42 5.75 93.77
A5.5 1 71.67 7.56 274.20 353.43 340.40 29.62 4596.6 0.10 0.86 0.72 0.06 0.01 0.00 0.00 0.72 0.22 0.11 0.58 5.54 0.73 0.06 0.64 6.18 6.96 1.69 92.27
A2.4 1 352.87 0 0 352.87 2112.6 41.4 3286.8 0.96 1.91 3.53 0.00 0.00 0.00 0.00 3.53 0.97 0.47 2.57 27.32 3.60 0.28 3.16 30.49 34.37 7.52 92.26
A2.4 2 354.13 0 0 354.13 2120.1 41.5 3286.8 0.96 1.92 3.54 0.00 0.00 0.00 0.00 3.54 0.98 0.47 2.58 28.14 3.71 0.29 3.26 31.39 35.39 7.73 92.06
A3.6 1 181.23 18.65 700.84 900.72 338.99 29.63 11712.1 0.25 2.18 1.81 0.16 0.01 0.00 0.00 1.82 0.56 0.27 1.47 14.97 1.97 0.15 1.73 16.70 18.82 4.57 91.74
A3.6 2 181.23 18.76 704.18 904.17 337.55 29.62 11761.8 0.25 2.18 1.81 0.16 0.01 0.00 0.00 1.82 0.56 0.27 1.47 14.98 1.97 0.15 1.73 16.71 18.84 4.57 91.73
A4.4 3 297.42 30.67 595.34 923.43 558.66 30.66 11601.7 0.42 3.56 2.97 0.27 0.02 0.00 0.00 2.98 0.91 0.44 2.40 24.70 3.26 0.25 2.86 27.56 31.07 7.49 91.69
A4.4 1 300.94 30.65 594.11 925.69 563.90 30.69 11619.0 0.42 3.60 3.01 0.27 0.02 0.00 0.00 3.01 0.92 0.45 2.42 26.42 3.48 0.27 3.06 29.48 33.24 7.98 91.22
A4.4 2 297.15 30.42 591.26 918.84 560.88 30.68 11538.7 0.41 3.56 2.97 0.27 0.02 0.00 0.00 2.98 0.91 0.44 2.39 27.17 3.58 0.28 3.14 30.31 34.17 8.18 90.86
A6.4 1 118.06 12.08 221.25 351.40 584.89 30.79 4397.4 0.16 1.41 1.18 0.11 0.01 0.00 0.00 1.18 0.36 0.17 0.95 10.84 1.43 0.11 1.25 12.09 13.63 3.26 90.82
A3.6 3 181.23 18.23 701.75 901.21 337.45 29.63 11718.8 0.25 2.17 1.81 0.16 0.01 0.00 0.00 1.82 0.55 0.27 1.46 19.49 2.57 0.20 2.26 21.75 24.52 5.80 89.25
A4.5 3 299.10 30.86 595.32 925.27 560.90 30.68 11619.4 0.42 3.58 2.99 0.27 0.02 0.00 0.00 3.00 0.91 0.44 2.41 33.92 4.47 0.35 3.93 37.84 42.66 10.03 88.66
A6.5 1 117.85 12.08 221.11 351.04 584.44 30.79 4393.0 0.16 1.41 1.18 0.11 0.01 0.00 0.00 1.18 0.36 0.17 0.95 13.81 1.82 0.14 1.60 15.40 17.36 4.07 88.29
A3.3 1 181.23 18.37 700.60 900.20 333.86 29.60 11715.7 0.25 2.15 1.81 0.16 0.01 0.00 0.00 1.82 0.55 0.27 1.45 21.52 2.84 0.22 2.49 24.01 27.06 6.28 88.13
A4.5 1 299.37 30.10 592.30 921.76 562.77 30.70 11567.7 0.42 3.58 2.99 0.26 0.02 0.00 0.00 3.00 0.91 0.44 2.41 36.32 4.79 0.37 4.20 40.52 45.69 10.65 87.87
A4.5 2 299.87 30.31 594.30 924.48 562.21 30.69 11604.4 0.42 3.59 3.00 0.27 0.02 0.00 0.00 3.00 0.91 0.44 2.41 37.38 4.93 0.38 4.33 41.71 47.02 10.94 87.53
A5.3 2 72.29 7.47 272.52 352.28 344.17 29.65 4577.8 0.10 0.87 0.72 0.06 0.01 0.00 0.00 0.72 0.22 0.11 0.58 9.08 1.20 0.09 1.05 10.14 11.43 2.66 87.43
A5.4 1 71.72 7.52 274.31 353.55 340.42 29.62 4598.7 0.10 0.86 0.72 0.07 0.01 0.00 0.00 0.72 0.22 0.11 0.58 11.60 1.53 0.12 1.34 12.95 14.60 3.31 83.82
A4.2 1 298.68 30.32 590.83 919.82 563.04 30.69 11546.2 0.42 3.57 2.99 0.27 0.02 0.00 0.00 2.99 0.91 0.44 2.41 49.45 6.52 0.51 5.72 55.17 62.20 14.02 83.44
A6.6 1 118.55 12.44 220.68 351.66 588.07 30.79 4400.2 0.17 1.42 1.19 0.11 0.01 0.00 0.00 1.19 0.36 0.18 0.96 20.34 2.68 0.21 2.35 22.69 25.58 5.76 82.84
A5.3 3 71.26 7.55 271.37 350.18 341.87 29.62 4554.9 0.10 0.86 0.71 0.07 0.01 0.00 0.00 0.71 0.22 0.11 0.58 12.60 1.66 0.13 1.46 14.05 15.84 3.56 82.32
A5.3 1 72.09 7.48 274.18 353.75 341.82 29.63 4599.9 0.10 0.86 0.72 0.07 0.01 0.00 0.00 0.72 0.22 0.11 0.58 13.40 1.77 0.14 1.55 14.95 16.85 3.75 81.42
A3.4 1 181.23 18.34 700.78 900.35 337.27 29.62 11708.9 0.25 2.17 1.81 0.16 0.01 0.00 0.00 1.82 0.55 0.27 1.46 41.45 5.46 0.43 2.55 44.00 49.89 11.20 77.13
A3.4 2 181.23 18.45 703.57 903.25 337.36 29.63 11745.7 0.25 2.18 1.81 0.16 0.01 0.00 0.00 1.82 0.55 0.27 1.47 42.15 5.56 0.43 2.59 44.74 50.73 11.40 76.74
A3.4 3 181.23 18.48 702.05 901.76 338.00 29.62 11727.1 0.25 2.18 1.81 0.16 0.01 0.00 0.00 1.82 0.55 0.27 1.47 42.45 5.60 0.44 2.61 45.06 51.10 11.47 76.58
A5.2 1 72.29 7.69 274.41 354.39 342.86 29.62 4609.4 0.10 0.87 0.72 0.07 0.01 0.00 0.00 0.72 0.22 0.11 0.58 22.28 2.94 0.23 1.37 23.65 26.82 5.67 69.18
A3.2 2 181.23 18.78 701.50 901.51 336.94 29.61 11729.2 0.25 2.17 1.81 0.16 0.01 0.00 0.00 1.82 0.55 0.27 1.46 58.97 7.77 0.61 3.63 62.60 70.97 14.75 67.46
A3.2 1 181.23 17.89 699.05 898.17 328.93 29.58 11697.7 0.25 2.11 1.81 0.16 0.01 0.00 0.00 1.82 0.54 0.26 1.42 63.07 8.31 0.65 3.88 66.95 75.91 15.07 65.20
A3.2 3 181.23 18.65 702.37 902.25 336.50 29.61 11739.3 0.25 2.17 1.81 0.16 0.01 0.00 0.00 1.82 0.55 0.27 1.46 64.86 8.55 0.67 3.99 68.85 78.06 15.78 64.21

Actual Vent Gas TCEQ Conventional Method EPA Conventional Measured
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Appendix G 
 

Method of Determining Vent Gas Composition and Flow Rate



Method Used to Determine Actual Vent Gas Composition and Flow Rate 
 
The test matrix was designed so that changes in the vent gas composition and flow rate occurred 
only when desired, i.e., between test runs when there was sufficient time for the vent gas flow to 
reach stable conditions before the next test run began or at the start or end of the day when no 
tests were occurring.  The design of the instrumentation used to measure these two parameters 
was also critical so that accurate data could be provided for the carbon balance analysis. The vent 
gas composition was always composed of a combination of either propylene or propane and 
Tulsa natural gas and nitrogen. Therefore the method used determines the actual concentration 
and flow rate of each component. 
 
Composition 
To determine the composition of the flow to the flare, a sampling line (1/16” internal diameter) 
continuously extracted 1 liter per minute from the vent gas flow line. The sample extraction line 
was connected to the vent gas line immediately prior to the vent gas entering the base of the 
flare. The sample line was insulated and shielded to prevent heating from the flare. The sampling 
line went to the TRC mobile laboratory. The sample was not diluted in the line. Once every five 
minutes during a test, this sample line was directed to a gas chromatograph (GC) in the TRC 
mobile laboratory dedicated to analysis of the vent gas for this study. The GC would provide two 
analyses of the vent gas flow during each test run. The average of these two analyses were used 
to calculate the vent gas composition for each test run. These analyses provided volume 
concentrations of propylene or propane, methane and ethane. 
 
In addition to the TRC GC gas analyses, a sample of the Tulsa natural gas (TNG) was taken and 
analyzed by J-W Measurement Company, a local analytical laboratory in Tulsa, Oklahoma every 
day that natural gas was used for a test run. The GC analysis conducted by the J-W Measurement 
Company provided mol percent concentrations for constituents in the TNG, which included 
methane, ethane, propane, butanes, pentanes, hexanes, nitrogen, and carbon dioxide. The TNG 
analyses were used to determine the ratio of the mol percent of the other components in the 
natural gas to the mol percent of ethane in the natural gas. Since the ethane volume concentration 
in the vent gas flow was measured by TRC, the ratios of the mol percents of the other 
components in the natural gas were used to determine the volume concentrations of the other 
TNG constituents in the vent gas flow using Equation G.1. 
 

olume Concentration (X)VG =
mol % (X)TNG

mol % (ethane)TNG

×Volume Concentration (ethane)VG 

 

V

  Eq. G.1 
 
where 
 
Volume Concentration (X)VG = the volume concentration (%) of species X in the vent gas flow 
mol % (X)TNG = the mol % of species X per the TNG analysis of J-W Measurement Company 
mol % (ethane)TNG = the mol % of ethane per the TNG analysis of J-W Measurement Company 
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Volume Concentration (ethane)VG = the volume concentration (%) of ethane in the vent gas flow 
as measured by TRC 

 
Once the volume concentrations of propylene or propane, methane, ethane (from TRC), and each 
of the species listed in the TNG analysis were determined using Equation G.1, the volume 
concentration of nitrogen was then assumed to be the balance of the flow since it was the only 
other component in the vent gas. 
 
Vent Gas Flow Rate 
The John Zink Company measured the flow rates of propylene, propane, TNG and nitrogen 
using orifice plates. The accuracies of these plates were: propylene/propane = ± 27 lb/hr, TNG = 
± 1 lb/hr and nitrogen = ± 19 lb/hr. The most accurate of these orifice plates for the range of 
flows that would be used was the nitrogen plate with accuracies ranging from 8.6% at the low 
nitrogen flow rate of 221 lb/hr and 1.1% at the higher flow rates of 1800 lb/hr. Since the nitrogen 
flow always represented the largest flow rate of the constituents in the vent gas, the nitrogen flow 
rate was used for the nitrogen flow and the flow rate of the other constituents, which contained 
the carbon compounds, would be determined using the ratio of their volume concentration to that 
of nitrogen using Equation G.2. 
 

Flow rate (X)VG =
Vol % (X)VG

Vol % (Nitrogen)VG

×  
MW (X)

MW (Nitrogen)
×  Flow rate (Nitrogen)VG  Eq. G.2 

 
 
where 
 
Flow rate (X)VG = flow rate of vent gas component X, lb/hr 
Vol % (X)VG = volume concentration (%) of vent gas component X as determined from either 

Eq. G.1 or as measured by TRC 
Vol % (Nitrogen)VG = volume concentration (%) of nitrogen as determined above 
MW (X) = molecular weight of component X, lb/lb-mol 
MW (Nitrogen) = molecular weight of nitrogen, lb/lb-mol 
Flow rate (Nitrogen)VG = flow rate of nitrogen, lb/hr, measured by John Zink Company 
 
Using this approach, the carbon fractions used would be those measured directly using GC 
analysis and the flow rates would be proportional to the vent gas component with the largest flow 
rate. 
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Estimation of Uncertainty in Vent Gas Flow Rates 
 
In order to assess the propagation of errors in estimating the make-up of waste and carrier/diluent 
gases comprising the vent gas going to the flare, the following steps were taken.  First, an 
assumption was made that the vent gas would be composed only as follows: 

• Tulsa natural gas (TNG), propane waste gas, and nitrogen diluent gas; or 
• TNG, propylene (propene) waste gas, and nitrogen diluent gas. 

The mass flows are shown in Figure G-1.  Note that propane will always be in the mass flow as a 
small constituent of TNG, and propylene (propene) will only be introduced from the propylene 
standard. In addition, the mass flow for the nitrogen diluent will always exceed the combined 
mass flow for TNG and propane or propene. 
 
The uncertainty in flow estimates was incorporated as follows.  The measured flow rate of 
nitrogen was assumed to be accurate to ±19 lb/hour, regardless of actual flow rate.  This 
confidence interval was assumed to be interpretable as saying that if the programmed mass flow 
is set at N lbs/hour, then we believe that the probability is at least 95 percent that the actual mass 
flow is no more than 19 lbs/hour higher or lower of the value N lb/hour.  The auto-GC 
measurements of propane (or propylene) and the TNG species (methane, ethane, and other 
alkanes) were assumed to be accurate to either ±10 percent of the measured concentration as per 
the stated compliance with EPA method 18 (VOC by GC), or ± 200 ppm for each species based 
on TRC’s quality assurance work.  As described above, ± 200 ppm 95 percent confidence 
interval for, say, ethane, means one is 95 percent confident that the true ethane concentration is 
within 200 ppm of the measured ethane concentration.  
 
A further assumption was that the assessment of the TNG composition from J-W Measurement 
Company was known with no uncertainty.  An example of TNG composition on a molar basis, is 
shown in Table G-1. The mole percentages may have varied from sample to sample, but the 
example shown in Table G-1 was used for this assessment.  Because nitrogen gas was used as a 
diluent, and the mass flow for nitrogen gas diluent always exceeded the combined flow for TNG, 
the contribution of nitrogen from TNG to the total mass flow for nitrogen was small.  One lb of 
TNG has 0.5 mol of N2, and one lb of N2 diluent has 16.2 mol of N2, so given one lb of each the 
TNG contributes less than 3 percent.  Recall, however, that the amount of N2 diluent always 
exceeds TNG, further constraining the N2 contribution from TNG.  Similarly, because propane 
was used as a test gas, it is assumed that if it was employed in a test run it always exceeded the 
mass flow for propane in TNG, so the contribution of propane from TNG to the total mass flow 
for propane was small.  One lb of TNG has 0.09 mol of propane, and one lb of propane gas has 
10.29 mol of propane, so given one lb of each the TNG contributes less than 1 percent. 
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Figure G-1. Mass flow model for TNG, propane (or propylene), and nitrogen gas 

 

 
Table G-1. Tulsa natural g po rcentage as com

Mol % 

sition by mol pe

Mol in 1lb TNGSpecies 

methane  93.7933  2  5.03717
ethane  3.5259  0.94120 
propane  0.3448  0.09204 
iso‐butane  0.0189  0.00505 
n‐butane  0.0488  0.01303 

iso‐pentane  0.0053  0.00141 
n‐pentane  0.0068  0.00182 
hexanes  0.0103  0.00275 
CO2  0.3114  0  .08313
N2  1.9345  0  .51640

Total  100.0000 26.69 
 
Equations G.1 and G.2 were coded into a Monte Carlo simulation program that stepped through 
five N2 flow rates, four propane (or propene) volume percent concentrations, and four ethane 
volume percent concentrations (representing TNG) in the Figure G-1 scenario.  The trial N2 flow 
rates and hydrocarbon volume percent concentrations are in Table G-2.  The uncertainty in N2 
flow rate was treated during each iteration in the simulation by adding a random shock value 
from a standard normal distribution with mean zero and standard deviation of 9.69 lb/hour.  This 
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was based on the assumed 19 lb/hour 95 percent confidence interval, which implies one standard 
deviation of 19/1.96 = 9.69 lb/hour.  Similarly, the ± 10 percent uncertainty in the propane, 
propene, and ethane concentrations as measured by the TRC auto-GC were treated in the 
simulation by adding a random shock value from a standard normal distribution with mean zero 
and standard deviation of 5.1 percent based on the 10 percent 95 percent confidence interval 
(10/1.96 = 5.10).  The ± 200 ppm uncertainty posited by TRC is addressed separately at the end 
of this section. 
 

 
Table G-2. Base flow and base volume percentages (before random shocks) 

Level 
N2 

lb/hour 
Propane 

% 
Propene 

% 
Ethane 

%  
1  560  0.0 0.0 0.0
2  1,001  12.73 14.32 0.1132
3  1,442  13.77 20.43 0.1865
4  1,883  14.81 26.54 0.2598
5  2,324       

 
The Monte Carlo simulation results are probability distributions for the mass flow rates for the 
various species created for each of the 80 different combinations of N2, propane, and ethane, and 
for each of the 80 different combinations of N2, propene, and ethane.  The statistical summary of 
each distribution provides a heuristic estimation of the results of having propagated the errors in 
nitrogen diluent flow estimation and the TRC auto-GC hydrocarbon measurement.  The 
simulations were run for 1,000 trials at each combination of a hydrocarbon level and a nitrogen 
level from Table G-2 in order to estimate the resulting mass flow in lb/hour for each species 
under each of the combinations.  The sample statistics on species mass flow were then 
calculated, and the resulting means and standard deviations have been graphed in Figures G-2, 
G-3, and G-4.  The mean value for each combination of species represents the expected value for 
the mass flow under that combination, and the standard deviation represents the uncertainty 
imparted by the earlier described uncertainty in N2 mass flow and hydrocarbon auto-GC 
measurements.  Figure G-2 shows the regression fit for the standard deviation for 1,000 trials at 
80 combinations of N2, propane, and ethane (which implies TNG) from Table G-2.  The figure 
shows a near perfect straight line fit for sample standard deviation as a function of sample mean 
for propane lbs/hour mass flow rate.  Similar results appear in Figures G-3 (for propene) and 4 
(for ethane).  The results for ethane were more scattered with propane than with propene, so the 
propane related fit is used.  The results for ethane are directly extendable to the other natural gas 
hydrocarbons.  A summary of the results appears in Table G-3. 
 
Figures G-2, G-3, and G-4 show the results of fitting a variable representing the spread of values 
(STD) against the average value for mass flow (MEAN) at 80 different points described above.  
Additional statistics for the fit of the line using ordinary least squares (OLS) also appear in the 
figures.  The Model Equation in each figure provides the best fit linear equation for STD as a 
function of MEAN.  Under the Summary of Fit, the Mean of Response is the average value of 
STD across all 80 observations.  In Figure G-2, the model is STD = 0.1414 + 0.595 MEAN.  One 
can think of the difference between the left and right sides of this equation being the error in the 
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model fit at a given point.  The Root MSE (mean square error) is the standard deviation of this 
error calculated from the model, so the smaller the value, the better the fit.  R-Square is 
percentage of the amount of variation in the y-variable that is reduced by the line fit – i.e., 1 
minus the ratio of the variance of the residuals in the regression to the actual variance in the y-
value.  A perfect fit has R-Square = 1.0.  The Adj R-Sq applies a factor in more complicated 
models, but is equal to R-Square in this one-variable regression model.  The Parameter 
Estimates table shows the statistical significance for the slope and intercept in the linear model.  
The t Stat is the number of standard deviations away from a “no effect” response for a parameter, 
and it is directly related to the p-Value representing the probability that “no response” would 
generate a parameter value as large as the one calculated.  Thus, a low p-value (< 0.05) suggests 
the probability of observing a slope as large as 0.0595, in Figure G-2, if there really is no 
relationship between STD and MEAN, is very small, in this case < 0.0001.  In contrast, the t Stat 
or the intercept is small, and the p-value is > 0.05, suggesting the intercept is not statistically 
ignificantly different from zero. 

f
s
 
 

 
 
Figure G-2. Regression fit for the standard deviation of random-shocked propane mass 
low lb/hour as a function of the mean expected mass flow. Slope = 1/16.6, 95% C.I. = ± 
1.8% 
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Figure G-3. Regression fit for the standard deviation of random-shocked propylene mass 
low lb/hour as a function of the mean expected mass flow. Slope = 1/14.6, 95% C.I. = ± 
3.4% 
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l
 

igure G-4. Regression fit for the standard deviation of random-shocked ethane mass flow 
b/hour as a function of the mean expected mass flow. Slope=1/17.4, 95% C.I.=±11.3% 

Table G-3. Summary results from slopes in Figures G-2, G-3, and G-4 converted to 95 percent 
confidence intervals on mass flow lb/hour 

 
Species  Slope 1/slope  95% C.I. 
propane  0.0899 16.8  11.7% 
propene  0.1059 14.6  13.4% 
ethane  0.0814 17.4  11.3% 

methane, butanes, pentanes, 
hexanes  0.0814 17.4  11.3% 

 
 
As was mentioned above, TRC’s stated accuracy of the auto-GC instrument is expressed in 
absolute concentration terms of ± 200 ppm for each species.  Also, as stated above, it was 
assumed that the composition of TNG was known with zero uncertainty.  These two assumptions 
allow one to determine the mass flow uncertainty for all TNG species based on the measurement 
of methane, which is the largest component of TNG, and propane (or propene) and the mass flow 
measurement of the diluent.  During the project, the measured volume percent of methane in 
mass flow ranged from 3.1106 to 6.2855 percent by volume.  This related directly to a 
concentration range of 31,106 ppm to 62,855 ppm.  A ± 200 ppm 95 percent confidence interval 
on the low end of this range is 0.645 percent.  Thus, any of the TNG species concentrations 
would have confidence interval of less than 1 percent, and uncertainty for mass flow would be 
dominated by the uncertainty in the N2 mass flow.  At N2 mass flow of 560 lb/hour, with 
uncertainty ±19 lb/hour, the diluent uncertainty represents 3.3 percent uncertainty in mass flow.  
At most 1 percent additional uncertainty is introduced based on independent error in the methane 
concentration, combining to produce an approximate ±5 percent uncertainty for species with 
fixed, known ratio to methane. 
 
When propane or propylene are added to the mixture, and measured to ± 200 ppm 95 percent 
confidence interval by the auto-GC, then an error in mass flow can be assessed as follows.  The 
volume concentration of propane ranged from 12.7291 to 14.8143 percent by volume, and 
propene ranged from 14.3194 to 26.5419 percent by volume.  At 12.7291 percent of propane one 
has 12,729 ppm, with ± 200 ppm presenting 1.57 percent uncertainty, and at 14.3194 percent of 
propene one has 14,319 ppm, with ± 200 ppm presenting 1.40 percent uncertainty.  Thus, 
assuming the ±200 ppm auto-GC accuracy and ±19 lb/hour N2 flow accuracy, worst case mass 
flow for individual hydrocarbon species would likely be in range of ± 5 percent uncertainty (95 
percent confidence interval). 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Appendix H 
 

Daily Variation in Tulsa Natural Gas (TNG) 
 



 

Prior to the start of the test series, a question was raised about the variation in Tulsa Natural Gas 
(TNG) composition. To account for any variation in the TNG composition, a sample of the 
natural gas was collected around midday on every day that TNG was used in the vent gas 
mixture by a local natural gas analysis laboratory and analyzed. The results of these analyses are 
plotted in Figure H-1. The results of the sample analyses are shown in Table H-1. Copies of the 
data sheets from the laboratory, including chain of custody documentation, are included in 
Appendix J in the John Zink Final Report section. The actual concentrations from the analyses 
results in Table H-1 are used in the vent gas composition analyses in the report. 

 
 
 
 
 
 

 
 
 

Figure H-1. Results of Tulsa Natural Gas Analyses 
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Table H-1. Analysis of Tulsa Natural Gas 

 
Date  9/15  9/17  9/20  9/21  9/22  9/23  9/27  9/28  9/29     

Component  Mol %  Average 
Std 
Dev 

Methane  93.8225  93.7742  93.7933  93.8344  93.7714  93.8128  93.6768  93.9737  93.4638  93.769  0.138 

Ethane  3.5835  3.6694  3.5259  3.4991  3.5098  3.6351  3.7635  3.4597  3.7681  3.602  0.114 

Propane  0.3447  0.3476  0.3448  0.3541  0.3751  0.3681  0.3535  0.3896  0.4759  0.373  0.042 

Iso‐Butane  0.0119  0.0141  0.0189  0.017  0.0185  0.0141  0.0178  0.0167  0.0277  0.017  0.005 

Normal‐Butane  0.0365  0.0415  0.0488  0.0415  0.0454  0.0443  0.0435  0.0554  0.0739  0.048  0.011 

Iso‐Pentane  0  0  0.0053  0.007  0.0044  0  0.0047  0.0109  0.0105  0.005  0.004 

Normal‐Pentane  0  0.0063  0.0068  0.0058  0  0.0085  0.0058  0.0145  0.0107  0.006  0.005 

Hexanes++  0.0056  0.0085  0.0103  0.0145  0.0079  0.0104  0.0053  0.0141  0.018  0.011  0.004 

Nitrogen  1.8457  1.8451  1.9345  1.8452  1.932  1.8115  1.8516  1.747  1.8332  1.850  0.057 

Carbon‐Dioxide  0.3497  0.2932  0.3114  0.3814  0.3324  0.2954  0.2772  0.3182  0.3183  0.320  0.032 

Oxygen  0  0  0  0  0  0  0.0004  0  0   0  0  

Totals (%)  100.000  100.000  100.000  100.000  99.997  100.000  100.000  100.000  100.000  100.000  0.001 
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Method to calculate flare characteristics from time series 
analysis of in-situ sampled composition 
 
The overall goal of the project was to determine flare performance characteristics using a 
combination of in-situ extractive composition measurements as well as open path 
methodologies for several operational parameters.  The primary hydrocarbon of interest 
for the majority of the tests was propene and so it is specifically named in the discussion 
below.  For the tests where other hydrocarbon species were measured, analogous 
relationships were computed.  The flare performance characteristic quantities of interest 
include the destruction and removal efficiency (DRE) and combustion efficiency (CE) 
defined below.  These are the same formula that have appeared in various sections of the 
report.  This derivation is repeated here with additional discussion. 

 

DRE = 1 - propeneout

propenein

⎛

⎝
⎜

⎞

⎠
⎟×100    (I-1) 

 

CE = CO2 (exhaust)
CO2 (exhaust) + CO(exhaust ) + hydrocarbons∑ (exhaust)

⎛

⎝
⎜
⎜

⎞

⎠
⎟
⎟×100    (I-2) 

 
 

The methodology for computing flare performance characteristics using the extractive 
sampling time series data is outlined in following material.  The description focuses on 
the derivation and assumptions used to compute the DRE for propene but similar 
procedures are used for other hydrocarbons or combustion performance characteristic 
quantities.   
 
The quantities, propeneout and propenein, in the DRE definition in (I-1) may take the form 
of different units (e.g. pounds of propene per hour) depending on the usage context.  For 
the purposes of this discussion here, we initially define them simply as moles of propene.   
 
 

DRE = 1 - propeneout (moles)
propenein (moles)

⎛

⎝
⎜

⎞

⎠
⎟×100    (I-1a) 

 
Carbon is not created or destroyed during combustion and as a result the total number of 
carbon atoms going into the flare will be equal to the number of carbon atoms emitted to 
the atmosphere following some extent of combustion.  At various other points in the 
report, the terminology, “carbon balance” has been used to describe the conservation of 
carbon.  Because Cin = Cout, the numerator and denominator of the propene ratio in (1a) 
can be divided by Cout and Cin without changing the expression.  The unit conversion of 
propene moles to moles of carbon is also performed below. 



 

2010 TCEQ Flare Study 
The University of Texas at Austin I - 4 May 23, 2011 
The Center for Energy & Environmental Resources 

DRE/100 = 1 -

propeneout (moles)
Cout (molesC)

× 3 (molesC) as propene
mole of molecular propene

propenein (moles)
Cin (molesC)

× 3 (molesC) as propene
mole of molecular propene

    (I-3) 

 
The numerator and denominator in the propeneout/propenein term can be expressed as the 
fraction of carbon in the subscripted phase (in or out) that exists in the form of propene.   
 

DRE/100 = 1 -

propeneout (molesC)
Cout (molesC)

⎡

⎣
⎢

⎤

⎦
⎥

propenein (molesC)
Cin (molesC)

⎡

⎣
⎢

⎤

⎦
⎥

 =1- CF propene (out)
CFpropene (in)

   (I-4) 

 
When considering the propene “carbon fraction” for the vent gas, the “in” portion, or 
CFpropene(in), it is known that the vent gas is well mixed.  Thus, sampling a particular 
volume will be indicative of all volumes.  When each of the moles of carbon expressions 
in the CFpropene(in) term are divided by a volume, simple unit conversion converts moles 
of carbon to parts per million by volume of carbon (ppmC).  In this case, the CF can be 
computed as follows;  

 
 

CFprope ne (in ) =
propene(ppmC)

propene(ppmC) + other carbon (ppm C)∑
 (I-5). 

 
In (I-5) the total carbon term Cin has been broken into two terms, the contribution to total 
carbon by propene and the sum of all other contributions. 
 
When considering the propene carbon fraction for the exhaust gas, there are several 
important considerations and assumptions that warrant discussion, here and further 
examination in the dataset, later.  This form of combustion is unconstrained by physical 
boundaries.  The turbulent diffusion flame is likely to have more combustion 
inhomogeneities than other forms of premixed or internal combustion.  The 
measurements are conducted on real world flares, subject to real atmospheric forces.  
When computing CFpropene(out) the sample volume implicit in the expression noted below 
is a dynamic variable.  This can be observed by looking at the time series of sample boom 
temperature and combustion CO2. 
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Figure I-1 Time Series of boom temperature and CO2 mixing ratio on the dilution probe 
for S4.5R1.  In the upper panel, the temperature of the three thermocouples on the inlet 
sample boom (discussed in Section 4 and Appendix B) are in the listed pastel colors.  An 
average of these three is also shown in the grey trace.  The CO2 time series measured on 
the dilution probe is depicted in the lower panel in red. 
 
For the depicted time series in Figure I-1, there are ~ 10 periods where the sample 
volume is more influenced by the flare combustion and ~8 periods where the sample 
volume is less influenced by the flare combustion.  Note that the thermal mass of the 
sample boom relative to its ability to shed heat is less than the volumetric flow rate that 
ventilates the sample collector.  This is why the temperature is seen to ‘tail’ relative to the 
faster tracer of combustion, in this case CO2.  
          
 

CFprope ne (out ) =
prope ne(ppmC)

propene(ppmC) + CO 2 + CO + other carbon (ppm C)∑
 (I-6a) 

 
 

CFprope ne (out ) =
propene(ppmC)/CO

propene(ppmC)/CO + CO2/CO + 1+ other carbon (ppm C)/CO∑
 (I-6b) 

 
 
The quantities noted in (I-6a) are assumed to be the quantities strictly due to combustion 
and not the entrainment of ambient carbon species.  The derivation of how the quantity 
CFpropene (out) will be computed during the extractive sampling will be continued, but 
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first it is important to discuss how the quantities in (I-6a and 6b) will be computed so 
they are the post-combustion-flare-plume values and are not contaminated by whatever 
the ambient levels may be.    
 
 
The method used to distinguish the flare plume constituents from the ambient is based on 
time series analysis.  The measurement at each of the continuous instruments will be a 
comprised of a mixture of flare combustion and ambient mixing ratios. 
 
  [X]measured = f ×[X]post−combustion−plume + (1− f )×[X]ambient  (I-7) 
 
In expression (I-7), let f represent the time dependent volume fraction of exhaust that is 
being sampled.  The quantity f(t) is modulated by the sampling scheme or the combustion 
phenomenon itself under most circumstances.  Should f(t) be zero for an entire sampling 
period, there will be no capacity to estimate [X]post-combustion-plume with the dataset.   
 
To illustrate how (I-7) can be used to deduce [X]post-combustion-plume the time series for two 
real measured quantities (during the flare testing), labeled “vector a” and “vector b” are 
depicted in Figure I-2.  The apparent baseline magnitudes for each of these species are 
equivalent to the values measured when the flare is off and no process gas is being 
directed to the flare.  The increases in both of vector a and b occur during time periods 

when the infrared camera suggests that hot exhaust, beyond the visible luminous flame 
front are being sucked into the sample collector (see description of experiment 
schematic).  The thermocouples mounted on the inlet of the sample collector also register 
elevated temperatures (rising from ~80 °F to 110 °F) suggesting the sample collector is 
entraining a mixture of ambient and combustion exhaust.  The data depicted in Figure I-2 
is characterized by plume encounters that last ~5 to 12 seconds from the initial onset to 
an apparent return to near ambient levels.   
 
Using equation (I-7) for compounds a and b, it can be shown that for a time series 
containing time periods from non zero values of f(t) the relationship between two species 
in the exhaust can be determined by, 

 
Figure I-2 Time series of sampled concentrations for two different species. 
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 [a]measured −[a]ambient

[b]measured −[b]ambient

= 
[a]post−combustion−plume −[a]ambient

[b]post−combustion−plume −[b]ambient

= m  (I-8) 

 
If the time response of both species a and b are matched in time and any potential lag 
between the two measurements accounted for, when the measurement of a is plotted 
against the measurement of b, for a time interval that contains non-zero f(t) a linear fit of 
the correlation plot will yield a slope, m, in (I-8). 
 
 
If the time series of the measurement of compound a and b placed on the same time base 
are plotted against one another (Figure I-3), the slope is related to the desired quantity, 
the ratio of a to b in the post-combustion-exhaust by (I-9). 
 
[a]post−combustion−plume

[b]post−combustion−plume

= m 1− [b]ambient

[b]post−combustion−plume

⎛

⎝
⎜⎜

⎞

⎠
⎟⎟+ [a]ambient

[b]post−combustion−plume

 (I-9) 

 
The left hand term in (I-9) is the quantity needed in order to compute the terms in (6b).  
During the process of computing 
CFpropene(out), only species such 
as CO and CO2 are used.  As a 
result, the ratios of ambient to 
undiluted post combustion 
exhaust values in (I-9) are small 
numbers.  The error introduced by 
assuming [b]ambient/[b]post-

combustion-plume is much less than 
one and that [a]ambient//[b]post-

combustion-plume is much less than 
m will be discussed in the 
result section.  Under the least 
favorable circumstances of the 
test the difference between m 
and [a]post-combustion-plume/[b]post-

combustion-plume is less than 2%. 

 
Figure I-3 The time series in the example data 
for this derivation are plotted against one 
another. 
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The ratio of carbon containing species in the flare plume to CO is determined by 
fitting the time series of data for the stable period of the test to a line where the 
dependent variable is the mixing ratio of the compound in question and the 
independent variable is CO.  The collection of flare plume ratios for all species 
monitored is used to compute the DRE, however as has been illustrated in the 
main report, the dominant species that contain carbon are; propene, methane, CO 
and CO2.  For the supplemental tests where propane was used a total ppmC 
measurement was performed by passing the sample into a catalytic converter and 
monitoring CO2 that was produced.  The total ppmC measurements compare 
favorably with the combination of the CO2, CO and the results from the flame 
ionization detection (FID) of hydrocarbons during the propane tests. 
 
Several of the time series depicted here and elsewhere in the report, show that the 
sample collector was modulating the extent of plume capture with a characteristic 
time of 5-20 seconds.  During the modulation the flare plume would modulate “in” 
and f (defined in I-7) would peak for few seconds and then drop to zero (implying 
the measurement is strictly ambient).  When the concomitant increase of all 
species was invariant regardless of the time window (10’s of seconds as a 
minimum) this is an indication that the sample collector system was working as 
designed to mix a large volume and blur any spatial/temporal inhomogeneity in 
the flare plume.   
 
In order to characterize the variability the following procedure was used.  Rather 
than use the standard error of the slope parameter in the fit as a basis for error bars, 
the tabulated error attempts to quantify the test condition variability.  The 1-Hz 
residuals in the ratio of propene to CO was computed for the fit to all data during 
the test point.  The residuals were used to produce two dataset populations, the 
points that had a positive residual and those that had a negative residual, 
corresponding to a dataset that had relatively more propene to CO than the total 
dataset trendline and a second dataset that was relatively deficient in propene to 
CO.  These two populations were then fit independently through all flare plume 
ratios and used to compute an upper and lower limit in the observations.  In this 
manner, the intratest variability is quantified by a common metric.  This is referred 
to as the propene-CO tendency in some of the discussion in Section 7. 
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Quality Assurance Documentation for Analytical Methods 
 
This section describes the results of the quality assurance procedures for the TCEQ 
Comprehensive Flare Study (2010).  The sections will begin with the measurement of the 
hydrocarbon fuel components (e.g. propene (propylene), Tulsa Natural Gas (methane 
plus other compounds), and propane).  The subsequent sections will describe the partial 
products of combustion, ethyne (acetylene), ethene (ethylene), formaldehyde and other 
oxygenated species.  It will describe the quality assurance procedures for the 
measurement of black carbon soot mass in the particle phase, particle number 
measurements and the chemical composition of the particulate measurements.  The 
results of the quality control procedures for the measurement of molecular oxygen, O2 
will be described.  Finally the quality assurance documentation for the higher products of 
combustion carbon monoxide, water and carbon dioxide will be discussed. 
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Quality Assurance for the Measurements of Propene 

Propene Part 1: Gas Chromatographic Separation/Flame Ionization 
Detector 
 
This section includes a technical overview and calibration methods used for the 
measurement of propene by the SRI-8610C gas chromatograph with a flame ionization 
detector (GC-FID) deployed to the TCEQ Comprehensive Flare Study in September of 
2010.  The chromatograph was deployed with a 6 foot porapak-Q packed column. 
Propene was calibrated using two different cal standards (50 ppmv and 100 ppmv) 
provided by TRC. Calibrations were taken by either over blowing the GC-FID inlet with 
the cal gas or having the GC-FID sample from a known dilution of a cal gas fed through 
the entire Aerodyne Mobile Lab gas phase manifold. Figure QA-1 is a sample 
chromatogram of a propene calibration and shows the elution time for propene (~5.8 
minutes).   
 
 

 
Figure QA-1. Flare chromatogram from 9/28/2010 12:20:16 and Calibration 
chromatogram. 
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Figure QA-2  Comparison of PTR-MS propene values (ppb) to GC-FID propene (ppm) 
over three days of testing.   
 
Figure QA-2 shows that the GC-FID agrees with the PTR-MS measurement of propene 
within 2%.  The 1-Hz PTR data was averaged to produce a single value during the 30 
second collection time in the GC data.  Some of the observed variability in this 
comparison plot is due to uncertainty in the time offset between the two instrument data 
records.  Although the data acquisition time stamp was rigorously aligned, there is some 
uncertainty (±2 s) in the relative flow sample time.  Despite this limitation, the data 
suggest that the quantification procedures used to quantify the flare plume propene 
content using the PTR are quite good compared to the GC methodology.  This result is 
based on comparing the chromatograms that were collected with sample data points and 
is an indicator that the PTRMS method can accurately quantify propene in the flare 
plume matrix. 
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Propene Part 2: Proton Transfer Reaction Mass Spectrometry, 
overview and GC-PTR description 
Method Overview 
 
Proton transfer reaction mass spectrometry (PTR-MS) is a chemical ionization mass 
spectrometry technique that utilizes H3O+ as the principal reagent ion.  H3O+ reagent ions 
are generated in an external hollow cathode ion source through direct ionization of water 
vapor.  These reagent ions are electrostatically injected into a drift tube reaction region 
where they merge with the gas to be sampled that has been reduced in pressure (~ 2 
mbar).  The drift tube reaction region is formed by a series of concentric stainless steel 
rings compressed between Teflon o-rings, which serve to electrically isolate the drift 
rings and provide a vacuum seal.  The drift rings are electrically connected via a series of 
resistor.  An electric potential applied to the top of the drift tube forms a uniform electric 
field which transports any positive ions through the drift tube.  H3O+ reagent ions within 
the drift tube are pulled through the sample gas by the electric field where they will react 
upon collision with any molecule having a proton affinity greater than that of water.  It is 
important to note that the primary components of air: N2, O2, Ar, CO2, and the alkanes all 
have proton affinities less than water and thus do not react with H3O+.   Most other 
organic substances except for acetylene and ethene react with H3O+ via a proton transfer 
reaction, reaction 1. 
 

                                          (R1)    
 
The proton transfer reaction forms the protonated molecule RH+, which is a stable 
reaction product in many cases. Fragmentation of the RH+ ion does occur in the case of 
propene and leads to multiple product ions.  The drift tube reaction region is terminated 
by a plate that contains a small aperture through which a fraction of the unreacted reagent 
ions and product ions are extracted, focused into a quadrupole mass spectrometer and 
detected using a secondary electron multiplier.  The resulting mass spectrum contains 
quantitative information regarding the composition of the gas sample, providing that the 
composition of the sample is known or can be deduced.   The next sections discuss these 
key points. 
 
Quantification  
 
Quantification of the PTR-MS ion signals is possible directly from first principles, but is 
most reliably done via calibration with certified gas standards.  In this test the 
concentrations reported for propene, acetaldehyde, benzene and methanol were evaluated 
from calibrated response factors.  Minor combustion by-products for which gas standards 
were not available were quantified using estimated sensitivity factors.   
 
The standard equation for quantifying a target compound, designated generically as (R) is 
shown in equation PTR-1.    
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                  [R] =
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                               (PTR-1) 

The term [R] represents the concentration of R in ppbv.  SR is the sensitivity factor 
expressed as normalized counts per second (ncps) per ppbv.  The term 

I
RH + •10 6

I
H 3 O + + XR I

H3 O + (H 2O )

⎛ 

⎝ 

⎜ 
⎜ 

⎞

⎠

⎟
⎟
 represents the product ion response expressed in ncps, which is the 

mass spectral intensity of RH+ measured in cps per 1-million reagent ions.  This 
normalization step accounts for any variation in the product ion intensity resulting from 
changes in the reagent ion intensity.  The intensity of H3O+ is too large to measure 
directly and its intensity is determined by measurement of the O-18 isotope of this ion 
detected at m/z 21, which is then multiplied by 500 to correct for the isotopic dilution. 
Measurement of the intensity of H3O+(H2O) is measured directly at m/z 37.  Some 
components react with both H3O+ and H3O+(H2O) while others do not.  The XR term is a 
factor between 0-1 that accounts for the reactivity difference between H3O+(H2O) and 
H3O+ towards R.   
 
Most applications of the PTR-MS are for trace level detection where the substrate 
concentrations are low, < 1 ppmv.  Under these conditions the reagent ion population 
(intensity) is not significantly altered by Reaction 1 and can be considered to remain at a 
constant level.  During the Comprehensive Flare Test, however, the propene 
concentration was often very high > 10 ppmv and reached levels where the reagent ion 
intensity was notably depleted.  Under these measurement conditions Equation PTR-1 is 
not valid and a modified formula most be used for accurate quantification.  This modified 
equation is shown in Equation PTR-2. 
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The only new term in this equation is the I

R i H +∑ term, which reflects the sum of all 
product ions.  This equation reduces to Eq PTR-1 when the sum of the product ion 
intensity becomes small relative to the total reagent ion intensity.  All of the 
concentrations reported using the PTR-MS in this project were computed using PTR-2.  
While this equation mathematically corrects for the affect of reagent ion depletion, it 
should be noted that reported concentrations determined when reagent ion depletion 
occurs will be lower than the true concentration.  The reported concentrations are lower 
because the product ion count rate reaches such a high level that it exceeds the linear 
dynamic range of the secondary electron multiplier detector.  At this point the detector 
begins to count multiple ions as a single event leading to a lower measured count rate.  
 
Calibration 
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Calibrations were performed by dynamically diluting certified gas standards with dry N2 
obtained from the headspace of liquid N2.  Several gas standards were employed.  
Propene calibrations were performed using single component standards borrowed from 
TRC.  Sensitivity factors for all other components were evaluated using a multi-
component standard (Apel-Reimer) owned by MSU.  The stated accuracy of standards is 
+/- 5%. Table 1 provides composition information on the gas standards used.   
 

Table 1 Gas standards employed in the calibration of the PTR‐MS and GC/FID 
during the Comprehensive Flare Study 
Gas Standard Identifier  Components  Concentration 
TRC‐50  propene in N2  50.06 ppmv 
TRC‐100  propene in N2  99.99 ppmv 
MSU‐multicomponent  methanol in N2  520 ppbv 
  acetonitrile in N2  520 ppbv 
  propene in N2  480 ppbv 
  acetaldehyde in N2  490 ppbv 
  acetone in N2  500 ppbv 
  isoprene in N2  440 ppbv 
  methacrolein in N2  410 ppbv 
  benzene in N2  510 ppbv 
  toluene in N2  500 ppbv 
  styrene in N2  480 ppbv 
  p‐xylene in N2  480 ppbv 
  1,3,5‐trimethylbenzene in 

N2 
480 ppbv 

  alpha pinene in N2  410 ppbv 
 
Flows of the gas standards and the N2 dilution gas were controlled using mass flow 
controllers.  The outflow from the mass flow controllers was mixed together and 
delivered to the sample inlets of the two PTR-MS instruments and GC/FID.  On several 
occasions, calibration experiments were performed by adding the calibration gases at the 
sample inlet.  These experiments were conducted to verify that there were no sample line 
perturbations.  In all cases, the two PTR-MS instruments and the GC/FID were all 
calibrated using the same gas mixtures.   Representative calibrations are depicted in 
figure shown below. 
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Figure QA‐3.  Representative calibration curve 
for propene. The slope of plot represents the 
PTR‐MS sensitivity factor for propene.  Error 
bars reflect and uncertainty of +/‐ 10%  

Figure QA‐4.  Representative results from 
calibrations performed at the sample tip of the 
extraction probe.  The solid grey line represents 
average concentration with the dotted lines 
showing the +/‐ 10% uncertainty level.  The solid 
black line reflects the propene concentration 
delivered to the sample line. 

 
Calibration checks on the PTR-MS were performed daily.  On most days calibration 
checks were made prior to the start of testing, between the morning and afternoon tests 
and after the conclusion of the tests.  There were problems with calibration experiments 
conducted on 9/17/2010 and these results have been omitted.  Figure QA-5 shows the 
results for the propene calibrations over the course of the study.  Day to day variations 
are attributed to statistical variability of the method and an average sensitivity factor, 
shown as the dotted line, was employed to compute the reported concentrations.  The 
calibration factors employed in this study are reported in Table 2. 
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 Estimation of Uncertainty 
 
The PTR-MS technique does 
not have any official adopted 
protocol for evaluation of 
measurement uncertainty.  
Measurement uncertainty 
arises from two main sources: 
1) the measured ion intensities 
and 2) the calibration factors 
SR and XR.  The precision of 
the sensitivity factors derived 
from the individual calibration 
experiments generally falls 
within the +/-10% level.  
Evaluation of the uncertainty 
in the ion intensity 
measurements requires 
defining a specific time base.  
A single 1-second 
measurement will have a 
greater uncertainty than a time 
averaged series or ensemble 
of data points.  Rather than 
specifically deriving an uncertainty value it is more appropriate to provide an estimate.  
Inspection of the PTR-MS response in Figure QA-4 indicates that the variability of signal 
is on the order of +/- 10%.  Since Poisson statistics governs the variability in the ion 
intensity measurements the noise in the ion signal scales in proportion to the magnitude 
of the response.  This means the relative uncertainly remains essentially constant and 
independent of sample concentration.  Assuming a 10% uncertainty to both the ion 
intensity measurements and the calibration factors leads to an overall uncertainty of 
approximately 15%.   
 

Table 2.  PTR‐MS calibration factors used in the Comprehensive Flare Study  
Compound  ion quantified  SR 

(ncps/ppbv) 
XR  

propene  m/z 43  9.66  0 
methanol  m/z 33  19.6  1 
acetaldehyde  m/z 45  25.0  1 
acetone  m/z 59  37.8  1 
benzene  m/z 79  20.1  0.1 

  
 

 
Figure QA‐5.  Record of propene sensitivity factors for the PTR‐
MS evaluated during the Comprehensive Flare Study.  Error 
bars reflect +/‐ 10%.  The average value of all the calibrations, 
shown as the dotted line, was employed to compute the 
reported concentrations. 
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Verification of compound identity 
 
The PTR-MS technique detects and records the response associated with ions at a 
specified mass-to-charge (m/z) ratio.  For instance, propene is detected at m/z 43 while 
benzene is detected at m/z 79.  While it is easy to establish via standards what ions are 
formed via the proton transfer reaction a more difficult task is confirming that a given ion 
is unique to a specific compound.  During the Comprehensive Flare Study a second PTR-
MS was deployed that had an associated GC.  The GC/PTRMS system allows us to 
determine whether there are any other components present in the flare emissions that 
form an ion an m/z 43.   
 
The GC/PTR-MS system was operated in parallel to the primary PTR-MS.  Both 
instruments sampled off the same sample line.  The GC/PTR-MS could be operated as 
either a normal PTR-MS or as the detector for the GC.  A brief description of how this 
second instrument was operated in the GC-PTR mode is given here.  When instructed a 
portion of the sample is pulled through a Teflon loop that is immersed in liquid N2, which 
traps the condensable components in the sample.  The trapping time is variable but 
usually lasts for 2 minutes.  At the conclusion of the trapping cycle, 6-way valve is used 
to sweep the contents trapped within the sample loop onto the chromatographic column.  
Immediately after a 6-way valve is switched the sample loop is withdrawn from the liquid 
N2 and is immersed in hot water to desorb the condensable components within the sample 
loop.  A 3-way valve on the PTR-MS is switched so that the instrument samples the 
outflow from the GC instead of the normal sample line.  The GC oven temperature is 
ramped from 40 – 100 oC.  A typical GC run lasts about 7 minutes.   
 
Propene – m/z 43 
 
Figure QA-6 shows two m/z 43 chromatograms, a reference standard generated during a 
calibration and a study sample taken during test point A6.1. Both chromatograms show a 
single peak at the same retention time that corresponds to the presence of propene.  This 
result confirms that the signal measured at m/z 43 has only one source and that source is 
propene.  A total of 75 chromatographic runs under a variety of operational flare 
conditions were conducted during the study.   In all cases the m/z 43 chromatogram 
exhibited only a single peak, which had a retention time corresponding to propene.  On 
the basis of this result, it is concluded that m/z 43 signal is due solely to the presence of 
propene and that are no other compounds present in the flare emission matrix that 
interfere with this measurement.       
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Figure QA‐6.  Chromatograms for m/z 43 for a propene reference standard and for 
an air flare sample.  These chromatograms demonstrate that the m/z 43 signal is 
comprised of a single component, which is propene. 
 
The GC/PTR-MS monitored 6 other ion signals; m/z 33, m/z 45, m/z 55, m/z 57, m/z 59 
and m/z 79.  Several general statements can be made for these species, which are valid 
except for conditions under where extremely high (>100 ppm) propene concentrations 
were encountered.  The signals measured at m/z 33 (methanol), m/z 45 (acetaldehyde) 
and m/z 79 (benzene) showed only a single peak in their respective chromatograms, 
which had retention times consistent with the neutral component identified in 
parentheses.   The remaining ion signals m/z 55, m/z 57 and m/z 59 all showed multiple 
peaks in the respective ion chromatograms.  The identities of all of these peaks have not 
been confirmed, but several of the peaks have been tentatively assigned.  These are 1,3-
butadiene (m/z 55), butene (m/z 57), acrolein (m/z 57), propylene oxide (m/z 59), 
propanal (m/z 59) and acetone (m/z 59).  For these compounds their distribution is 
dependent on combustion condition and any further interpretation must be made on a 
case-by-case basis.      
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Quality Assurance: GC-FID for other compounds at the Flare 
Study 
This section discusses the SRI 8610C GC-FID deployed to the TCEQ Comprehensive 
Flare Study in September and October of 2010 and its measurements of methane, ethane, 
ethene, ethyne, and propane.  The GC-FID was calibrated for the above species using a 
100 ppm alkane (methane, ethane, propane, butane) cal standard provided by TRC as 
well as a cal standard with methane, ethene, and ethyne provided by Aerodyne 
Reasearch. Calibrations were taken by either over blowing the GC-FID inlet with the cal 
gas or having the GC-FID sample from a known dilution of a cal gas fed either through 
the entire Aerodyne Mobile Lab gas phase manifold. Figure QA-7 shows the retention 
times for the above species from a flare sample as well as calibration chromatograms.   
 

 
Figure QA-7. Flare Chromatogram with calibration chromatograms overlaid.   
 
A calibration curve for the GC-FID was created by first converting all calibration 
concentrations from ppmv to ppmC.  A calibration curve, Figure QA-8 was then created 
to convert peak integration to ppmC, and eventually ppmv.  Peak integrations were 
calculated by the SRI gas chromatogram software, Peak Simple.   
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Figure QA-8 Calibration ppmC vs GC-FID integration for different standards used during 
the TCEQ comprehensive flare study.   
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Figure <QA-10 Experimental spectrum with 210 m pathlength, 
30 Torr, and CH4 mixing ratio of 1870 ppb with an averaging 
time of 30 s. The upper panel shows experimental spectrum 
(points) and fit (solid line) to the data using HITRAN spectral 
lines for 12CH4 (peak absorbance 0.07) and 13CH4 (peak 
absorbance 0.0022). The lower panel shows the residuals to the 
fit with a root-mean-square deviation of 10-5 absorbance units. 

Quality Assurance: QCL Methane and Ethyne 
 
This section includes a technical description of the methane isotope & ethyne 
spectrometer deployed to the TCEQ Comprehensive Flare Study in September and 
October 2010 as well as the results of the in-field calibration as part of the QA/QC 
procedures for the project. This section will also account for the details of an analogous 
instrument that uses the same analytical approach to determine the ethene (or Ethylene) 
mixing ratio in the sample stream. 
 
The instruments documented in this section employ Tunable Infrared Laser Differential 
Absorption Spectroscopy (TILDAS) as the fundamental analytical method for 
quantifying trace compounds. Although TILDAS methods using tunable diode lasers 
have been widely used for a variety of trace gas measurements [Sachse, et al., 1987; 
Bergamaschi et al., 1994; Zahniser, et al., 1995] the requirement for cryogenic cooling of 
lasers and detectors and the uneven quality of lead salt diode lasers has limited wider 
application of TILDAS methods. Improvements in engineering led to the development of 
the instrument deployed to the flare study, a robust and portable instrumentation that can 
operate without cryogenic cooling 
of the laser [Herndon et al., 2007; 
Jimenez et al., 2005; McManus et 
al., 2005; Nelson et al., 2004; 
Nelson et al., 2002]. Applications to 
detection of isotopes of CO2 
[Nelson et al., 2008; Tuzson et al., 
2008a; Tuzson et al., 2008b] 
demonstrate the ultimate in 
precision using this technique. 
 
During the TCEQ Comprehensive 
flare study deployment, the first of 
two lasers in this dual CWRT1 laser 
system was used to measure 13CH4 
and 12CH4.  An example spectrum is 
depicted in the inset (Figure QA-
10).   
   
The deployed optical system uses 
direct absorption to measure 13CH4 
and 12CH4 using spectral lines around 1294 cm–1 [Zahniser et al, 2009]. The experimental 
spectrum using the 210 m pathlength absorption cell is shown in QA-10. There is 
excellent agreement between the fit based on the HITRAN database and the experimental 
data as shown by the low residual deviation between the data and fit. Even in the region 

                                                 
1 continuous wave room temperature 
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of the strong 12CH4 line, the residual deviation is less than 1% of the absorbance (0.07) of 
the major peak. The rms noise in a 1 second data stream under these conditions 
corresponds to 3 ppb for the 13CH4 peak or 1.4 ‰ of ambient mixing ratio. 
 
The TCEQ Comprehensive Flare Study required sensitive, selective and fast 
measurements of potentially uncombusted methane at potentially higher than ambient 
mixing ratios.  As a result, calibrations were performed at various times to check the 
instrument performance with known standard concentrations.  The data depicted in 
Figure QA-11 shows the calibration performance check of the instrument using a diluted 
standard.  
 

 
When it was apparent that the concentrations that would occasionally be encountered 
during the test were greater than the mixing ratio that the dilution/calibration system in 
the mobile laboratory could routinely generate, alternate calibration methods were 
performed.  The data in Figure QA-11 shows results of two calibrations; the red triangles 
using the flow meter pair in the dilution box and the orange diamonds using two 
gilibrator measurements of flow to determine dilution levels.  The agreement between 

 
Figure QA-11.  The results from the QCL measurement of methane are plotted vs. the 
expected mixing ratio determined by dilution of the methane standard.  The dilution levels 
for the points noted as orange diamonds were generated using two gilibrator based flow 
measurements.  The dilution levels for the points noted by the red triangles were determined 
using the in-lab dilution and calibration system. 
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both methods is excellent and values of methane measured with the spectrometer have 
not been adjusted by the factor 1.02 suggested by the calibration procedure.  This 
provides a citable calibration based strictly on the well-researched and documented 
spectroscopy behind the HITRAN database (Rothman et al., 2008).  The overall 
systematic uncertainty in the methane instrument is estimated to be 6%, based in part on 
the linestrength literature for these methane absorption lines and in part on the agreement 
with the independent calibration performance check documented here. 
 
The second laser system employed in the CWRT instrument was used to measure ethyne.  
The figure QA-12 depicts the HITRAN simulations showing the rotation-vibration 
spectroscopy for the known absorbers in this narrow region of the 7.5 µm wavelength 
region.  Absorption lines of water, methane, sulfur-dioxide are all important in this 
wavelength band.  Isolated, reasonably strong, absorption lines for acetylene also are 
present.  The figure depicts contrast and resolution needed to measure acetylene when the 
exhaust matrix also contains SO2 and CH4.  
 

Figure QA-12 Spectroscopic simulation of methane, SO2 and acetylene rotation-vibration 
absorption lines near 1342 cm-1.  
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Analogous to the description of the methane calibration, the ethyne calibration depicted 
in Figure QA-13 was conducted using two different dilution systems.  The standard used 
contained both methane and ethyne so these calibration results are discussed together.  
The literature is not as certain on the absolute spectroscopy for ethyne and as a result the 
systematic certainty of this measurement is conservatively estimated at 10%. 

 
Figure QA-13. The measured ethyne mixing ratios are plotted vs the concentration of the 
diluted standard.  The two sets of points represent two different dilution schemes (green 
triangles = dual gilibrator dilution; red circles = automatic dilution calibration system)   
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Quality Assurance: QCL HCHO, CO, and Ethylene 
Ethylene (ethene), formaldehyde, and carbon monoxide were measured using different 
QCL instrument chassis.  The ethene instrument employed a pulsed laser device (as 
opposed to the continuous wave used for methane and ethyne).  The primary ethene 
absorption lines at 951.372 cm-1 were used in a 76 meter cell.  The CO/HCHO QCL 
instrument also utilizes a 76 meter cell and the primary absorption lines for CO and 
HCHO are 1764.902 and 2169.20 respectively. 
 
The accuracy of the HCHO measurement (using QC-TILDAS) is checked by sampling 
the output of a well-characterized permeation tube at a known dilution rate. This was 
done on 7/25/2010 during an ARI field experiment in Berkeley, CA. 
 
The permeation flow was diluted into a total flow of 3.11 LPM as measured with a 
recently calibrated gilibrator flow meter. The reported concentration at cell pressures of 
both 26 Torr and 14 Torr was 17.73 ppbv. The calculated mixing ratio, based on a 
permeation rate of 62 ± 8 ng/min, atmospheric pressure of 735 Torr and ambient 
temperature of 298 K, is 
 
{1.24E15 molecules/min / 3.11 liters/min} × {1 liter/1000 cm3} / 2.38E9 molecules/cm3  
= 1.675E-8, or 16.75 ppb.  
 
The different of 0.98 ppbv out of 16.75 ppbv is 5.9%, well within the uncertainty of the 
HCHO permeation rate (12.9%). 
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Figure QA-14  The “top-hat” appearance of the time-series data shown in the figure 
above results from sudden introductions of the permeation tube flow (HCHO standard) 
into the total instrument flow. 
 
The same compressed gas cylinder contained the standards for methane, acetylene, and 
ethylene, thus calibrations for all three species were executed simultaneously. Figure  
QA-15 shows the excellent agreement (1%) between the QCL instrument’s internal 
spectroscopic quantification of ethene and the calibration mixture prepared from the 
standard cylinder. 

 
 
The CO measurement was calibrated in a similar fashion to the ethene/methane/ethyne 
calibrations but using a separate gas standard. Unlike the other species, a significant 
correction (16%) is required to have the spectroscopic quantification match the tank-
based standard (see figure QA-16). 
 

 
Figure QA-15. The measured ethene mixing ratios are plotted vs the concentration of the 
diluted standard.  The two sets of points represent two different dilution schemes (gray squares 
= dual gilibrator dilution; red triangles = automatic dilution calibration system)   
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Figure QA-16  In field calibration procedure used for CO.   
 
 The correction indicated by similar calibrations using the same laser and same 
calibration source over the past several years have slowly increased in value (from 3% to 
16%), indicating that either the laser is undergoing a slow deterioration or that the 
concentration of CO in the standard is decreasing. This second possibility is unlikely due 
to the stability and inertness of CO, but was investigated during the July 2010 campaign 
in Berkeley, CA (in which a 14% correction was used for the CO data). Our collaborators 
from the University of California, Berkeley used a CO standard cylinder from Scott-
Marin (a supplier) with a NIST-traceable uncertainty of 1%. QCL measurements 
(incorporating the 14% correction indicated by calibrations with our CO source) of a 
sample of their 10.21 ppm calibration gas read 10.35 ppm – a difference of only 1%. This 
supports the accuracy of our calibrated CO measurements and implicates imperfections in 
our laser. These pulsed quantum cascade lasers have a broader linewidth compared to the 
cw lasers, and a lineshape is not always symmetric. Any multi-mode character in the laser 
would also contribute to the QCL measurement being low.  
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Quality Assurance Description for the Particulate Measurements 

 
The SP-AMS is a real-time instrument and therefore does not require sample handling 
and storage procedures. A record of all SP-AMS activities was kept in notes on the SP-
AMS computer. 
 
The methods for collecting data from AMS instruments (including SP-AMS that was 
used for this project) has been extensively developed and tested and is published in the 
scientific literature (e.g. basic principles – [Jayne, et al., 2000]; size-resolved chemistry – 
[Jiménez, et al., 2003]; calibrations and error analysis – [Allan, et al., 2003]; chemical 
analysis methods – [Allan, et al., 2003]; particle beam characterization – [Huffman, et al., 
2005]; TOF-AMS principles – [Drewnick, et al., 2005]; high resolution analysis – 
[DeCarlo, et al.]).  AMS data gathering methods used followed the standards established 
in the published literature.   
  
Data obtained using an AMS in MS and PTOF modes of operation consist of average 
mass spectra that are converted into particulate mass loadings and size-dependent mass 
spectra that are converted into particulate mass distributions.  Thus, the two finished data 
streams generated are chemically-speciated mass loadings and mass distributions.  The 
calibrations and quality control procedures of these data (e.g. flow rate calibration, m/z 
calibration, peak tuning, size, and ionization efficiency calibrations) have been published 
(Allan et al., 2003; Jayne et al., 2000; Jiménez et al., 2003).  
 
For this project, the deployed AMS will be a high resolution instrument that can operate 
as a standard HR-TOF-AMS and in a new mode for black carbon particle detection with 
the intracavity laser operating (SP-AMS) [Onasch et al., 2010].  Both AMS operational 
modes (HR-AMS and SP-AMS) operate in the same manner, with the only difference 
being the particle vaporization techniques.  The standard HR-AMS utilizes a heated 
tungsten vaporizer that flash vaporizes impacting particles.  The SP-AMS utilizes an 
intense intracavity laser that is absorbed by sampled black carbon particles, causing the 
absorbing particles to volatilize.  The SP-AMS deployed for this study will have both 
vaporization techniques installed.  When the intracavity laser is OFF, the SP-AMS 
operates as a standard HR-AMS and when the laser is ON, the SP-AMS provides an 
additional measure of the black carbon mass loading and size distributions.  
Discriminating between the organic and inorganic chemical species measured by an AMS 
(SP-AMS with laser OFF) and the new refractory carbon mass spectral information 
provided by the SP-AMS (with laser ON) is accomplished using high resolution Mass 
Spectral analysis software developed for standard HR-AMS analysis [DeCarlo, et al., 
2006].  The SP-AMS was operated with a 50% duty cycle of laser ON/OFF for the first 
two weeks then was changed to ~80% for the final week. 
 
The calibrations and quality control procedures of the SP-AMS data are very similar to 
the standard HR-AMS data (e.g. flow rate calibration, m/z calibration, peak tuning, size, 
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Figure QA-17  Ammonium Nitrate Calibration.  The AMS 
mass signal response is plotted vs the CPC instrument 
based determination of the prepared mass standard.  The 
data depicted in this calibration is applied to AMS signals 
to compute nitrate-equivalent mass loadings. 
 

and ionization efficiency calibrations), which have been extensively described in peer-
reviewed literature [Allan, et al., 2003; Jayne, et al., 2000; Jiménez, et al., 2003].  Thus, 
the SP-AMS sensitivity can be calibrated using the standard AMS procedures with the 
addition of a relative ionization efficiency calibration for black carbon.  The SP-AMS 
mass spectra and size distribution data are acquired and analyzed using the copyrighted 
software: Aerodyne Aerosol Mass Spectrometer Control, Data Acquisition, Analysis, and 
Display Software, © 2003 and updates. The ionization efficiency of particles in the SP-
AMS must be calibrated in order for the instrument to report quantitative information. In 
these calibrations a 
known concentration of 
aerosol is sampled into 
the SP-AMS and the 
resulting ion signal is 
measured and referenced 
to the sampled mass 
concentration.  
Calibration particles are 
generated by atomizing a 
dilute NH4NO3 solution 
and a dilution dispersion 
of black carbon particles 
suspended in water.  A 
known mass 
concentration of these 
particles is then generated 
by size selecting with a 
differential mobility 
analyzer (DMA) and 
counting with 
condensation particle 
counter (CPC) or directly 
measured using the 
MAAP.  An example of this procedure is depicted in Figure QA-17.  The ammonium 
nitrate calibration provides the quantitative ionization efficiency calibration, whereas the 
direct comparison with the MAAP provides the relative ionization efficiency of the SP-
AMS to sampled black carbon particles.  Calibrations were performed in the field before, 
during and after the three weeks of measurements.   
 
The quantification of uncertainties in AMS measurements are published by Allan et al. 
[Allan, et al., 2003] and detection limits for different AMS configurations are published 
by DeCarlo et al. [DeCarlo, et al., 2006].  The major uncertainty in AMS measurements 
is due to the particle collection efficiency.  The collection efficiency of standard AMS 
measurements (particle bounce off the heated vaporizer prior to detection) is discussed in 
detail by Huffman et al. [Huffman, et al., 2005] and Matthews et al. [Matthew, et al., 
2008].  The collection efficiency issue specific to the SP-AMS is quantifying the overlap 
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region between the intracavity laser and the sampled particle beam (compared with 
overlap with the heated vaporizer) [Onasch et al., 2010].  This overlap can be determined 
by conducting particle beam walk and beam width probe (wire) experiments.  Both of 
these procedures were developed for standard AMS instruments and described in the 
literature [Huffman, et al., 2005].  These overlap tests were done prior to the start of the 
campaign.   
The most direct quantification of the collection efficiency is through in situ comparisons 
with other instruments.  Thus, in addition to instrument specific QC procedures, the 
measurements from the SP-AMS will be rigorously compared with other, simultaneous 
measurements of particle mass (e.g. MAAP).  Chemical composition evaluation will have 
to be performed using the instrument response factors derived from campaigns where 
additional dataset were available to ensure data quality and consistency (Takegawa et al., 
2005).  Essentially, the particulate instrumentation suite did not collect alternative forms 
of chemical composition during the flare testing.  Thus, the SP-AMS dataset is the single 
metric for deducing the chemical composition of the particulate matter during this test.  
The data will be compared to other SP-AMS datasets for consistency. 
 
Key data parameters for the major fine PM measurements (the SP-AMS and MAAP) are 
measured mass loadings of specific PM components expressed in μg/m3 or ng/m3 along 
with estimated uncertainties based on measurement precision as determined by standard 
deviations from known particle calibration measurements and estimates of systematic 
errors of the specific measurement.  However, for the TSI Condensation Particle Counter 
(CPC) instrument, the key data parameter is the number density of particles within the 
instruments measurement range (~10 to 1000 nm diameter) expressed as particles/cm3. 
 
The commercial TSI CPC and Thermo Environmental MAAP instruments are factory 
calibrated and are periodically returned for refurbishment and recalibration. 
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Quality Assurance: Molecular Oxygen 
 
This section is a technical overview of the oxygen sensor deployed to the TCEQ 
Comprehensive Flare Study in September and October of 2010.  The sensor deployed 
was a California Analytical Instruments CAI600P oxygen sensor.  The reported 
resolution of the instrument is 0.1% of full scale.   
 
The instrument was calibrated using a 100% oxygen tank diluted through a Thermo 
Electron Model 146i Dynamic Gas Calibrator.  The O2 sensor inlet was then overblown 
with the dilution gas.  The calibration range spanned from 0 to 3% oxygen, which 
completely covered the sampling concentrations.  The sample concentrations  depended 
on the extent of dilution used for the particular experiment. 

 
Figure QA-18. Calibration Curve for CAI600P oxygen sensor 
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Quality Assurance Description for Carbon Dioxide  
 
This section includes a technical description of the different carbon dioxide measurment 
instruments deployed in the TCEQ Comprehensive Flare Study in September and 
October of 2010.  Three different measurements of carbon dioxide were made; one in the 
gas phase sample line, one in the particle line manifold, and the last as part of a total 
carbon measurement.   
 
Three different carbon dioxide instruments, a LiCor 820, LiCor 6262, and LiCor 7000 
were deployed at the TCEQ Comprehensive Flare Study.  The LiCor instruments are non-
dispersive infrared gas analyzers and have precisions under 1 ppm for the 820 and 6262, 
and 0.16 ppm for the 7000.  Zeroes and spans were taken by overblowing the inlet to the 
instrument with either N2 or Span gas.  The data shown in Table <CO2 Span> shows the 
zeros and spans of the CO2 instruments.  The instruments were corrected to the span 
values after the readings were taken.  All spans, except for the initial setup calibration, 
were within 1% of the span value, which was gas taken from a tank certified to 1000 ± 20 
ppm by the manufacturere (Scott Specialty Gases) and certified to 994 ppm by an ARI 
absolute CO2 measurement (accurate to 1%). Intercomparisons of this CO2 standard with  
a 1% accuracy tank (Scott Marin gases) owned by University of California, Berkeley 
showed that both standards agreed within 0.7%.    
 
Table <CO2 Span>. Spans and readings of the three LiCor CO2 measurements.  All 
values are measured in ppm.  

Date Span PM LiCor 6262 PM LiCor 820 Gas LiCor 6262 
9/14/10 14:40 0 2 1.3 1 
9/14/10 14:40 994 979 992 992 
9/16/10 13:20 0     -1.9 
9/16/10 14:06 994 999 985 994 
9/24/10 12:30 0 -1.2 -4 -1.2 
9/24/10 12:30 994 994 999 994 

 
 

 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Appendix J 
 

Wind Speed and Direction Variation for Test Series S3, S4, S5, S6, A3, A4, A5, and A6 
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Wind Speed and Wind Direction Variation 
 
The ambient wind speed and direction for each of the core test run periods are graphed on the 
following pages. The graphs plot 11 second averages, i.e., the average for each eleven second 
period. The 11 second averages are plotted at the center of the 11 second period. The average 
wind speed and direction for the each test run is tabulated with the other test data in Appendices 
D and E, Tables D-1 and E-1.  
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Steam Flare Tests Graphs 
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Figure J-1a. Wind Speed vs Time for Steam Flare Test S3.1R1 
 

 

 
 

Figure J-1b. Wind Direction vs Time for Steam Flare Test S3.1R1 
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Figure J-2a. Wind Speed vs Time for Steam Flare Test S3.2 R2 
 
 

 
 

Figure J-2b. Wind Direction vs Time for Steam Flare Test S3.2 R2 
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Figure J-3a. Wind Speed vs Time for Steam Flare Test S3.5 R1 
 
 

 
 

Figure J-3b. Wind Direction vs Time for Steam Flare Test S3.5 R1 
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Figure J-4a. Wind Speed vs Time for Steam Flare Test S3.5 R2 
 
 

 
 

Figure J-4b. Wind Direction vs Time for Steam Flare Test S3.5 R2 
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Figure J-5a. Wind Speed vs Time for Steam Flare Test S3.6 R1 
 
 

 
 

Figure J-5b. Wind Direction vs Time for Steam Flare Test S3.6 R1 
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Figure J-6a. Wind Speed vs Time for Steam Flare Test S3.7 R1 
 
 

 
 

Figure J-6b. Wind Direction vs Time for Steam Flare Test S3.7 R1 
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Figure J-7a. Wind Speed vs Time for Steam Flare Test S4.1 R1 
 
 

 
 

Figure J-7b. Wind Direction vs Time for Steam Flare Test S4.1 R1 
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Figure J-8a. Wind Speed vs Time for Steam Flare Test S4.1 R2 
 
 

 
 

Figure J-8b. Wind Direction vs Time for Steam Flare Test S4.1 R2 
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Figure J-27b. Wind Direction vs Time for Steam Flare Test S5.1 R2 

2010 TCEQ Flare Study 
The University of Texas at Austin J - 39 May 23, 2011 
The Center for Energy & Environmental Resources 
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Figure J-29a. Wind Speed vs Time for Steam Flare Test S5.2 R1 
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Figure J-36b. Wind Direction vs Time for Steam Flare Test S5.5 R1 

2010 TCEQ Flare Study 
The University of Texas at Austin J - 48 May 23, 2011 
The Center for Energy & Environmental Resources 
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Figure J-39a. Wind Speed vs Time for Steam Flare Test S5.6 R3 
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Figure J-75a. Wind Speed vs Time for Air Flare Test A4.3 R1 
 
 

 
 

Figure J-75b. Wind Direction vs Time for Air Flare Test A4.3 R1 

2010 TCEQ Flare Study 
The University of Texas at Austin J - 88 May 23, 2011 
The Center for Energy & Environmental Resources 
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Figure J-80a. Wind Speed vs Time for Air Flare Test A4.4 R2b 
 
 

 
 

Figure J-80b. Wind Direction vs Time for Air Flare Test A4.4 R2b 

2010 TCEQ Flare Study 
The University of Texas at Austin J - 93 May 23, 2011 
The Center for Energy & Environmental Resources 
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Figure J-83a. Wind Speed vs Time for Air Flare Test A4.5 R2 
 
 

 
 

Figure J-83b. Wind Direction vs Time for Air Flare Test A4.5 R2 
 

2010 TCEQ Flare Study 
The University of Texas at Austin J - 96 May 23, 2011 
The Center for Energy & Environmental Resources 
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Figure J-98a. Wind Speed vs Time for Air Flare Test A6.1 R1 
 
 

 
 

Figure J-98b. Wind Direction vs Time for Air Flare Test A6.1 R1 
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Figure J-99a. Wind Speed vs Time for Air Flare Test A6.1 R2 
 
 

 
 

Figure J-99b. Wind Direction vs Time for Air Flare Test A6.1 R2 
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F  igure J-100a. Wind Speed vs Time for Air Flare Test A6.1 R2lo
 
 

 
 

F  
 

igure J-100b. Wind Direction vs Time for Air Flare Test A6.1 R2lo
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Figure J-101a. Wind Speed vs Time for Air Flare Test A6.1 R3 
 
 

 
 

Figure J-101b. Wind Direction vs Time for Air Flare Test A6.1 R3 
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Figure J-102a. Wind Speed vs Time for Air Flare Test A6.2 R1 
 
 

 
 

Figure J-102b. Wind Direction vs Time for Air Flare Test A6.2 R1 
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Figure J-103a. Wind Speed vs Time for Air Flare Test A6.3 R1 
 
 

 
 

Figure J-103b. Wind Direction vs Time for Air Flare Test A6.3 R1 
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Figure J-104a. Wind Speed vs Time for Air Flare Test A6.3 R1lo 
 
 

 
 

F  igure J-104b. Wind Direction vs Time for Air Flare Test A6.3 R1lo
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Figure J-105a. Wind Speed vs Time for Air Flare Test A6.3 R2 
 
 

 
 

Figure J-105b. Wind Direction vs Time for Air Flare Test A6.3 R2 
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igure J-106a. Wind Speed vs Time for Air Flare Test A6.3 R2lo 
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igure J-106b. Wind Direction vs Time for Air Flare Test A6.3 R2lo

2010 TCEQ Flare Study 
The University of Texas at Austin J - 119 May 23, 2011 
The Center for Energy & Environmental Resources 



 
 

Figure J-107a. Wind Speed vs Time for Air Flare Test A6.3 R3 
 
 

 
 

Figure J-107b. Wind Direction vs Time for Air Flare Test A6.3 R3 
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Figure J-108a. Wind Speed vs Time for Air Flare Test A6.4 R1hi 
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igure J-108b. Wind Direction vs Time for Air Flare Test A6.4 R1hi
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Figure J-109a. Wind Speed vs Time for Air Flare Test A6.4 R1lo 
 
 

 
 

Figure J-109b. Wind Direction vs Time for Air Flare Test A6.4 R1lo 
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Figure J-110a. Wind Speed vs Time for Air Flare Test A6.4 R2 
 
 

 
 

Figure J-110b. Wind Direction vs Time for Air Flare Test A6.4 R2 
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Figure J-111a. Wind Speed vs Time for Air Flare Test A6.4 R2lo 
 
 

 
 

F  igure J-111b. Wind Direction vs Time for Air Flare Test A6.4 R2lo
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Figure J-112a. Wind Speed vs Time for Air Flare Test A6.4 R3 
 
 

 
 

Figure J-112b. Wind Direction vs Time for Air Flare Test A6.4 R3 
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igure J-113a. Wind Speed vs Time for Air Flare Test A6.5 R1hi 
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igure J-113b. Wind Direction vs Time for Air Flare Test A6.5 R1hi
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Figure J-114a. Wind Speed vs Time for Air Flare Test A6.5 R1lo 

 
 

 
Figure J-114b. Wind Direction vs Time for Air Flare Test A6.5 R1lo 
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Figure J-115a. Wind Speed vs Time for Air Flare Test A6.6 R1 
 
 

 
 

Figure J-115b. Wind Direction vs Time for Air Flare Test A6.6 R1 
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Figure J-116a. Wind Speed vs Time for Air Flare Test A6.6 R1b 
 
 

 
 

Figure J-116b. Wind Direction vs Time for Air Flare Test A6.6 R1b 
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