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(1) Design basis:

Design pressure....... +43" w.c. (1.6 psi)
Hydrostatic........... 14' liquid

Specific Gravity...... 1.2

Differential pressure on decks.... 20" w.c. (0.75 psi)
Deposit on upper deck....eevvevsen 10 pst

Slurry level on lower deck........ 6" (50psf)

Weight of gas spargers............ 20 lbs. ea.
Deposit on gas spargers........... 20 lbs. ea.

Total weight of gas spargers..... 40 lbs. ea.

(2) Design factors of safety:

(a) Operating loads strength limited.... 10 to 1 factor of safety
(b) Operating l;ads strain limited...... 0.001 in./in. max. strain
(c) Operating loads critical in buckling... 5 to 1

(d) Wind loads....... 5 to 1

(e) Seismic loads.... 3 to 1l



(3) Laminate properties:

(a) Filament Wound Shell:

0 to 10! Thickness....... t = 1.10"
Hoop modulus.... Eh = 3017000 psi
Axial modulus... Ea = 939500 psi
10' to 20 Thickness...... t = 0.94"
Hoop modulus... Eh = 2911000 psi
Axial modulus.. Ea = 997300 psi
20' to 28'-6" Thickness...... t = 0.82"
Hoop modulus... Eh. = 2961000 psi
Axial modulus.. Ea = 915600 psi

28'-6" to 36'-6" Thickness...... t =0.74"
Hoop modulus... Eh = 2888000 psi
Axial modulus.. Ea = 949800 psi

Note: Detailed laminate calculations are shown
on the following computer printouts.

(b) Contact Mclded Laminates:
Reference: Ashland Chemical technical data sheet for
Hetron FR 992 vinyl ester resin, May 1989

Tensile Strength...... 25200 psi

Tensile Modulus....... 1380000 psi

Compressive Strength.. 22500 psi



12-19-1991 09:47:07
YTLE/COMMENTS: Southern Companies Services

ER E1ll E22 Gliz2

. NUliz2 NU21 ANGLE THICE
2 PSI PSI PST DEG IN
1, C GLASS 5.00E+05 5.00E+05 4.00E+05 0.200 0.200 0.0 0.010
2. 1.5 0Z. MAT 9.00E+05 9.00E+05 4.00E+05 0.200 0.200 0.0 0.043
3. 1.5 0Z. MAT 9.00E+05 9.00E+05 4.00E+05 0.200 0.200 0.0 0.043
4, FW 90/113YLD 4.30E+06 5.00E+05 4.00E+05 0.200 0.023 90.0 0.031
5. 4,30E+06 5.00E+05 4.00E+05 0.200 0.023 -90.0 0.031
6. .75 0Z. MAT 9.00E+05 9.00E+05 4.00E+05 0.200 0.200 0.0 0.015
7 FW 90/113YLD 4,30E+06 5.00E+05 4.00E+Q5 0.200 0.023 90.0 0.031
3. ' 4.30E+C6 5.00E+05 4.00E+05 0.200 0.023 =-90.0 0.031
9. .75 0Z. MAT 9.00E+05 9.00E+05 4.00E+05 0.200 0.200 0.0 0.015
10. FW 90/113YLD 4.30E+06 5.00E+05 4.00E+05 0.200 0.023 90.0 0.031
11. 4,30E+06 5.00E+05 4.00E+05 0.200 0.023 -90.0 0.031
12. .75 0Z. MAT 9.00E+05 9.00E+05 4.00E+05 0.200 0.200 0.0 0.015
13. 15.6 UNI/FW 4.30E+06 6.00E+05 2.00E+05 0.100 0.014 0.0 0.030
14. .75 0Z. MAT 9.00E+05S 3.00E+05 4.00E+05 0.200 0.200 0.0 0.015
15. FW 90/113YLD 4.30E+06 5.00E+05 4.00E+05 0.200 0.023 90.0 0.031
16. 4.30E+06 5.00E+05 4.00E+05 0.200 0.023 -90.0 0.031
17. .75 0Z. MAT 9.00E+05 9.00E+05 4.00E+05 0.200 0.200 0.0 0.015
18. FW S$0/113YLD 4,.30E+06 5.00E+05 4.00E+05. 0.200 0.023 90.0 0.031
19. 4 .30E+06 5.00E+05 4.00E+05 0.200 0.023 =-90.0 0.031
20. .75 0Z. MAT 9.00E+05 9.00E+05 4.00E+05 0.200 0.200 0.0 0.015
21. TFTW 90/113YLD 4 .30E+06 5.00E+05 4.00E+05 0.200 0.023 90.0 0.031
22. 4,.30E+06 5.00E+05 4.00E+05 0.200 0.023 -90.0 0.031
R .75 0Z. MAT 9.00E+05 9.00E+05 4.00E+05 ¢.200 0.200 0.0 0.015
4. 15.6 UNI/FW 4,30E+06 6.00E+05 2.00E+05 0.100 0.014 0.0 0.030
25. .75 02. MAT 9.00E+05 9.00E+05 4.00E+05 0.200 0.200 0.0 0.015
26. FW 90/113YLD 4,.30E+06 5.00E+05 4.00E+05% 0.200 (0.023 90.0 0.031
27. 4 .30E+06 5.00E+05 4.00E+05 0.200 0.023 -90.0 0.031
28. .75 0Z. MAT  S.00E+05 9.00E+05 4.00E+05 0.200 0.200 0.0 0.015
29. TW 90/113YLD 4,.30E+06 5.00E+05 4.00E+05 0.200 0.023 90.0 0.031
30. ’ 4.30E+06 5.00E+05 4.00E+05 0.200 0.023 -90.0 0.031
31. .75 0Z. MAT 9.00E+05 9.00E+05 4.00E+05 0.200 0.200 0.0 0.015
32. FW 90/113YLD 4.30E+06 5.00E+05 4.00E+05 0.200 0.023 90.0 0.031
33. 4,30E+06 5.00E+05 4.00E+05 0.200 0.023 -90.0 0.031
34, .75 0Z. MAT 9.00E+0Q5 9.00E+05 4.00E+05 0.200 0.200 0.0 0.015
35. 15.6 UNI/FW 4,.30E+06 6.00E+05 2.00E+05 0.100 0.014 0.0 0.020
36. .75 0Z. MAT 9.00E+05 9.00E+05 4.00E+085 0.200 0.200 0.0 0.015
37. FW ¢0/113YLD 4,30E+06 S.0Q0E+0Q5 4.00E+05 0.200 0.023 90.0 0.031
38. 4.30E+06 5.00E+05 4.00E+05 0.200 0.023 -%0.0 0.031
39. .75 0Z. MAT 9.00E+Q5 9.00E+05 4,00E+05 0.200 0.200 0.0 0.015
40, FW 90/113YLD 4.30E+06 5.00E+05 4.00E+05 0.200 0.023 90.0 0.031
41. 4.30E+06 5.00E+05 4.00E+05 0.200 0.023 -90.0 0.031
42. .75 0OZ. MAT S.00E+05 9.00E+05 4.00E+05 0.200 0.200 0.0 0.015
43, .75 0Z. MAT 9.00E+05 9.00E405 4.00E+05 0.200 0.200 0.0 0.015



n2-19-1991
TTLE/COMMENTS: Southern Companies Services

TOTAL LAMINATE THICKNESS = 1.0930 IN.
AXIAL TENSILE MODULUS .. = 9.395E+05 PSI
HOOP TENSILE MODULUS ... = 3,017E+06 PSI
POISSON RATIO (XY¥) ..... = 0.130

POISSON RATIO (Y¥X) ..... = 0.040

AXTAL FLEXURAL MODULUS

]

8.472E+05 PSI

]

HOOP FLEXURAL MODULUS .. 2.709E+06 PSI
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09:47:07

_TTTLE/COMMENTS: Southern Companies Services
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02-19-1991 10:00:42
TTLE/COMMENTS: Southern Companies Services '

"ER Ell E22 G12 NU12 NU21 ANGLE THIC
= PST PST PSI DEG IN
1. C GLASS 5.00E+05 5.00E+05 4.00E+05 0.200 0.200 0.0 0.01
2. 1.5 0Z. MAT 9.00E+05 - 9.00E+05 4.00E+05 0.200 0.200 0.0 0.04
3. 1.5 0Z. MAT 9.00E+05 9.00E+05 4.00E+05 0.200 0.200 0.0 0.04
4. FW 90/113YLD 4.30E+06 5.00E+05 4.00E+05 0.200 0.023 90.0 0.03
5 4.30E+06 5.00E+05 4.00E+05 0.200 0.023 =90.0 0.03
6 .75 0Z. MAT 9.00E+05 9.00E+05 4,00E+05 0.200 0.200 0.0 0.01
7. FW 90/113YLD 4.30E+06 5.00E+05 4.00E+05 0.200 0.023- 90.0 0.03
8. 4.30E+06 5,00E+05 4.00E+05 0.200 0.023 -90.0 0.03
9. .75 OZ. MAT 9.00E+05 9.00E+05 4.00E+05 0.200 -0.200 0.0 0.01
10. FW 90/113YLD 4.30E+06 5.00E+05 4.00E+05 0.200 0.023 90.0 0.03
11. 4.30E+06 5.00E+05 4.00E+05 0.200 0.023 =-90.0 0.03
12. .75 OZ. MAT 9.00E+05 9.00E+05 4.00E+05 0.200 0.200 0.0 0.01
13. 15.6 UNI/FW 4.30E+06 6.00E+05 2.00E+05 0.100 0.014 0.0 0.03
14. .75 OZ. MAT 9.00E+05 9.00E+05 4.00E+05 0.200 0.200 0.0 0.01
15. FW 90/113YLD 4.30E+06 5.00E+05 4.00E+05 0.200 0.023 90.0 0.03
16. 4.30E+06 5.00E+05 4,00E+05 0.200 0.023 -90.0 0.03
17. .75 0Z. MAT 9.00E+05 9.00E+05 4.00E+05 0.200 0.200 0.0 0.01
18. FW 90/113YLD 4.30E+06 5.00E+05 4.00E+05. 0.200 0.023 90.0 0.03
19. 4.30E+06 5.00E+05 4.00E+05 0.200 0.023 -90.0 0.03
20. .75 OZ. MAT 9.00E+05 9.00E+05 4.00E+05 0.200 0.200 0.0 0.01
21. 15.6 UNI/FW 4.30E+06 6.00E+05 2.00E+05 0.100 0.014 0.0 0.03
22. .75 O%Z. MAT 9.00E+05 9.00E+05 4.00E+05 0.200 0.200 0.0 0.01
~3, FW 90/113YLD 4.30E+06 5.00E+05 4.00E+05 0.200 0.023 90.0 0.03:
. 4.30E+06 5.00E+05 4.00E+05 0.200 0.023 -90.0 0.03
25. .75 OZ. MAT 9.00E+05 9.00E+05 4.00E+05 0.200 0.200 0.0 0.01!
26. FW 90/113YLD 4.30E+06 5.00E+05 4.00E+0S5 0.200 0.023 90.0 0.03:
27. 4.30E+06 5.00E+05 4.00E+05 0.200 0.023 -90.0 0.03:
28. .75 0Z. MAT 9.00E+05 9.00E+05 4.00E+05 0.200 0.200 0.0 0.01f
29. 15.6 UNI/FW 4.30E+06 6.00E+05 2.00E+05 0.100 0.014 0.0  0.03(
50. .75 0Z. MAT 9.00E+05 9.00E+05 4.00E+05 0.200 0.200 0.0 0.01
31. FW 90/113YLD 4.30E+06 5.00E+05 4.00E+05 0.200 0.023 90.0 0.03
32. 4.30E+06 5.00E+05 4.00E+05 0.200 0.023 =-90.0 0.03
33. .75 0Z. MAT 9.00E+05 9.00E+05 4.00E+05 0.200 0.200 0.0 0.0l
34. FW 90/113YLD 4.30E+06 5.00E+05 4.00E+05 0.200 0.023 90.0 0.03:
35. : 4,30E+06  5.00E+05 4.00E+05 0.200 0.023 -90.0 0.03:
36. .75 0Z. MAT 9.00E+05 9.00E+05 4.00E+05 0.200 0.200 0.0  0.01f
37. .75 0Z. MAT  9.00E+05 9.00E+05 4.00E+05 0.200 0.200 0.0 0.01f



02-19-1991
TTLE/COMMENTS: Southern Companies Services

TulAL LAMINATE THICKNESS

|

0.9390 IN.

AXIAL TENSILE MODULUS .. 9.973E+05 PSI

]

HOOP TENSILE MODULUS ... 2.911E+06 PSI

L]

POISSON RATIC (XY) ..... = 0,123

POISSON RATIO (¥X) ..... = 0.042

AXIAL FLEXURAL MODULUS 8.361E+05 PSI

HOOP FLEXURAL MODULUS .. = 2.62BE+06 PSI
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. ‘'TTLE/COMMENTS: Southern Companies Services
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72-19~1991 10:43:51
"TLE/COMMENTS: Southern Companies Services

YER Eil E22 Gl2 NU1l2 NU21 ANGLE THICK

3 psI PSI PSIT DEG IN
1. C GLASS 5.00E+05 5.00E+05 4.00E+05 0.200 0.200 0.0 0.010
2. 1.5 0Z. MAT 9.00E+05 9.00E+05 4.00E+05 0.200 0.200 0.0 0.043
3. 1.5 0Z. MAT 9.00E+05 9.00E+05 4.00E+05 0.200 0.200 0.0 0.043
4. FW 90/113YLD 4 .30E+06 5.00E+05 4.00E+05 0.200 0.023 90.0 0.031
5. 4.30F+06 5.00E+05 4.00E+05 0.200 0.023 -90.0 0.031
6. .75 QZ. MAT 9.00E+05 9.00E+05 4.00E+05 0.200 0.200 0.0 0.015
7. FW 90/113YLD 4.30E+06 5.00E+05 4.00E+05 0.200 0.023 90.0 0.031
8. 4,30E+06 5.00E+05 4.00E+05 0.200 ©6.023 -90.0 0.031
9. .75 0Z. MAT 9.00E+05 9.00E+05 4.00E+05 0.200 0.200 0.0 0.015
10. FW 90/113YLD 4.30E+06 5.00E+05 4.00E+05 0.200 0.023 90.0 0.031
11. 4,30E+06 5.00E+0S 4,.00E+05 0.200 0.023 -%90.0 0.031
12. .75 02. MAT 9.00E+05 9.00E+0S 4.00E+05 0.200 0.200 0.0 0.015
13. 15.6 UNI/FW 4.30E+06 6.00E+05 2.00E+D5 0.100 0.014 0.0 0.030
14. .75 0Z. MAT 9.0Q0E+Q5 S .00E+Q5 4.00E+05 0.200 0.200 Q.0 0.015
15. FW 90/113YLD 4.30E+06 5.00E+05 4.00E+05 0.200 0.023 90.0 0.031
16. 4.30E+06 5.00E+05 4.00E+05 0.200 0.023 -90.0 0.031
17. .75 02. MAT 9.00E+05 9.00E+05 4.00E+Q5 0.200 0.200 0.0 0.015
18. FW 90/113YLD 4.30E+06 5.00E+05 4.00E+05 0.200 0.023 90.0 0.031
19. 4 .30E+06 5.00E+05 4.00E+05 0.200 0.023 =-90.0 0.031
20. .75 0Z. MAT 9.00E+05 9.00E+05 4.00E+05 0.200 0.200 0.0 0.015
21. FW 90/113YLD 4.30E+06 5.00E+0Q5 4.00E+05 0.200 0.023 90.0 ¢.031
22. 4.30E+06 5.00E+05 4.00E+05 0.200 0.023 =-90.0 0.031
~3. .75 0Z. MAT 9.00E+05 9.00E+05 4.00E+05 0.200 0.200 0.0 0.015
3. 15.6 UNI/FW 4, 30E+06 6.00E+05 2.00E+05 0.100 0.014 0.0 0.030
25. .75 0Z2. MAT 9.00E+05 9.00E+05 4.00E+05 0.200 0.200 0.0 0.015
26. FW 90/113YLD 4.,30E+06 5.00E+05 4.00E+05 0.200 0,023 9%0.0 0.031
27. 4.30E+06 5.00E+05 4.00E+05 0.200 0.023 -90.0 0.031
28. .75 0Z. MAT 9.0QE+05 9.00E+03 4.00E+05 0.200 0.200 0.0 0.015
29, FW 90/113YLD 4.30E+06 5.00E+05 4.00E+05 0.200 0.023 90.0 0.031
30. ' 4 .30E+06 5.00E+05 4.00E+05 0.200 0.023 =-90.0 0.031
31. .75 0Z. MAT 9.00E+05 9.00E+05 4.00E+05 0.200 0.200 0.0 0.015
32. .75 QZ. MAT 9.00E+05 9.00E+05 4.00E+05 0.200 0.200 0.0 0.015

TOTAL LAMINATE THICKNESS = 0.8170 IN.

AXIAL TENSILE MODULUS .. = 92,156E+05 PSI

HOQP TENSILE MODULUS ... = 2.961E+06 PSI

POISSON RATIO (XY} ..... = 0.136

POISSON RATIO (Y¥X) ..... = 0.042

AXIAL FLEXURAL MODULUS = B8.129E+05 PsI

20P FLEXURAL MODULUS .. = 2.560E+06 PSIT



-19-1991

.TTLE/COMMENTS: Southern
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72-19«1991 10:48:54
"ITLE/COMMENTS: Southern Companies Services

YER Ell E22 Glz NU12 NU21 ANGLE THIC
7 PSI PSI PST ‘ DEG IN
1. C GLASS 5.00E+05 5.00E+05 4.00E+05 0.200 0.200 0.0 0.01
2. 1.5 0Z. MAT 9.00E+05 9.00E+05 4.00E+05 0.200 0.200 0.0 0.04
3. 1.5 0Z. MAT 9.00E+05 9.00E+05 4.00E+05 0.200 0.200 0.0 0.04
4. TFW 90/113YLD 4.30E+06 5.00E+05 4,00E+05 ©0.200 0.023 90.0 0.03
5. 4.30E+06 5.00E+05 4.00E+05 0.200 0,023 =~90.0 0.03:
6. .75 QZ. MAT 9.0QE+0S 9.00E+05 4.00E+05 0.200 0,200 ¢g.0 0.01!
7. FW 90/113YLD 4.30E+06 5.00E+05 4,.00E4+05 0.200 0.023 ¢<0.0 0.03:
8. 4 .30E+06 5.00E+05 4.00E+05 0.200 0.023 -%0.0 0.03:
9. .75 QOZ. MAT 2.00E+Q5 9.00E+05 4,00E+05 0.200 0.200 0.0 0.01!
10. FW 90/113YLD 4.30E+06 5.00E+05 4.00E+05 0.200 0.023 90.0 0.03:
11. 4.30E+06 5.00E+05 4.00E+05 0.200 0.023 -90.0 0.03:
12. .75 0Z. MAT 9.00E+05 S.00E+05 4.00E+05 0.200 0.200 0.0 0.01:
13. 15.6 UNI/FW 4.30E+06 6.00E+05 2.00E+05 0.100 0.014 0.0 0.03(
14. .75 0Z. MAT 92.00E+05 9.00E+05 4.00E+05 0.200 0.200 0.0 0.01:
15. FW 90/113YLD 4.30E+06 5.00E+05 4,00E+05 0.200 0.023 90.0 0.03:
1s. 4.30E+06 5.00E+05 4.00E+05 0.200 0.023 -90.0 0.03°
17. .75 0Z. MAT 9.00E+05 9.00E+05 4.00E+05 0.200 0.200 0.0 0.01:
18. FW S0/113YLD 4.30E+06 S.00E+05 4.0GE+05. 0.200 0.023 50.0 0.031
19. 4 .30E+06 5.00E+05 4.00E+05 0.200 0.023 -90.0 0.031
20. .75 OZ. MAT 9.00E+Q5 9.00E+05 4,00E+05 0.200 0.200 Q.0 0.01:
21. 15.6 UNI/FW 4.30E+06 6.00E+05 2.00E+05 0.100 0.014 0.0 0.03¢
22. .75 OZ. MAT 9.00E+05 9.00E+0S 4.00E+05 0.200 0.200 0.0 0.01¢
"3. FW %90/113YLD 4.30E+086 5.00E+05 4.00E+05 0.200 0.023 90.0 0.031
1. 4 .30E+06 5.00E+05 4.00E+05 0.200 0.023 -90.0 0.031
25. .75 0Z. MAT 9.00E+05 9.00E+05 4.00E+05 0.200 0.200 0.0 0.01%
26. FW 90/113YLD 4.30E+06 5.00E+05 4.00E+05 0.200 0.023 90.0 0.031
27. 4.30E+06 5.00E+05 4.00E+05 0.200 0.023 -90.0 0.031
28. .75 0Z. MAT 9.00E+05 9.00E+05 4.00E+05 0.200 0.200 0.0 0.015
29. .75 OZ. MAT 9.00E+05 9.00E+05 4.00E+05 0.200 0.200 0.0 0.015
TOTAL LAMINATE THICKNESS = 0.7400 IN.

AXIAL TENSILE MODULUS ..

9.498E+05 PSI
HOOP TENSILE MODULUS ...

]

2.88BE+06 PSI

POISSON RATIO (XY) ..... 0.132

POISSON RATIO (¥X) .....

0.043

AXTAL FLEXURAL MODULUS

1l

7.992E+05 PSI

HOOP FLEXURAL MODULUS

2.501E+06 PSI



~19=-1991

ITTLE/COMMENTS: Southern

All
7.0283E+05

Bll
-3.9063E-03

D11l
2.6987E+04

All*
1.4310E-06

Bll=*
7.9926E-04

D11%
3.7429E-05

10:48:54
Al2
9.2500E+04

B12
2.6877E+03

D12
4.7676E+03

Al2*
-6.1926E~-08

Bl2*
3.7207E-04

D12*
~2.1125E-06

Companies Services

Ale6
0.0000E+00

Bl6
-5.2147E-04

D16
1.1459E~05

AlG>*
0.0000E+00

Blé*
3.9426E-10Q

D16*
-1.6463E-14

A22
2.1374E+06

B22
-5,7735E+03

D22
B.4472E+04

A22%
4.7053E-07

B22% -
5.4076E-10

D22 *
1.1957E-05

A26
0.0000E+0Q0D

B26
-4.4790E-03

D26
9.8420E-05

A26%
0.0000E+00

B26*
3.6719E-11

D26*
-8.5877E-14

A66
2.8400E+05

B66
5.2840E+03

D66
1.3422E+04

AG6*
3.5211E-06

B66*
1.8925E-04

Dee*
7.4504E-05



(4) Operating Loads:

Design Pressure.......

Maximum liquid level...
Specific gravity......

Nxodig
a o

Dished Cover: Crown

(a)

Re
Tc

2

Radius..-.....
Thickness.....

420
0.61

1= 43 in. W.C.
1= 0.03613-P
= 1.5536 psi
1= 16 in.
= 1.2
Knuckle
in Rz := 25.25 in
in Tk := 0.61 in

Allowable stress for contact molded laminates is.....

25200
= 2520 psi (10 to 1 factor of safety)
10
P-Rc e ,
Stress in crown: gc 1= — | oc = 534.8425 < 2520 psi!
2-Te
Stress in knuckle: (Ref. ASME Section VIII)
0.885 P-Rc
ok 1= ———— | ok = 946.6712 < 2520 psi!

Tk

Check for buckling of knuckle (Ref. Structural Analysis Of Shells
by Baker,Kovalevsky and Rish pg. 258 )

t := 0.61 in A := 103 in B := 252 in
t A
- = 0.0059 - = 0.4087
A B

From fig. 10-41 of the referenced work, the ratioc of critical
buckling pressure to modulus is:

-6
Pcr/E = 13X10

The critical pressure is

The factor of safety is...

6

E := 1.38-10
-6
cae Pcr := 13-10 -E
Pcr = 17.94 psi
17.94
=:11.5742 > 5 to 1!
1.55



(b) Vessel Shell: Radius... R := 252 in

Component weights:

COVEY . cevrvecrarassnnnna Cesenesena Wc := 10000 lbs
shell (0 to lo')..--.;----:.--.--. Wl := 16000
Shell (10 to 20')........ evenerene W2 t= 14000
Shell (20 £0 28') cerereciecenavens W3 := 12000
Shell (28 t0 36")e.e.cticeesoannans W4 := 11000
Upper deck ( + DEPOSit).vcerecenss Wa := 25000
Lower deck ( + Liquid + Spargers). Wl := 133000
Gas RiSers....cececeerencsnccacnns Wr := 8500
Grating deck-........J..I...l.".l Wg = 7000
Hoop stress at vessel base: t :=1.10 in
Hydrostatic pressure.. Ph := 0.03613 -H-SG

Ph = 7.2838 psi
Total pressure........ Pt := P + Ph

Pt = 8.8374 psi

Pt:R
Hoop stress......... ces ch := ——— ch = 2024.5675 psi
t
Hoop modulusS.......... Eh := 3017000 psi
oh :
Hoop strain........... ¢€h = — €¢h = 0.0007 < 0.001 in/ini
Eh
Axial leoad...... Wi=Wec + WL + W2+ W3 + W4 +Wu+ WL + Wr + Wg
W = 2386500 lbs

W

Axial stress.... ga 1= —— ga = 135.787 psi
T-2-R- Tt

Critical buckling stress (Ref. Formulas for Stress and Strain by
Roarke and Young 4th Ed. pg 555 case 15

Axial modulus....... Ea := 939500 psi
0.3-Ea-t
Buckling stress... ocr 1= —m—— ogcr = 1230.2976 psi
R
ocr
Factor of safety...... — ={9.0605 >5 ¢l

ga



(4b} Continued:

Stress at 10' above base: £t = 0.,94 Eh := 2811000

Ea := 997300 H = 48

Pt := P + 0.03613-H-SG Pt = 3.6347

‘R

Hoop stressS..... ch = — oh = 974.403 psi

t

oh
Hoop strain..... €h = — ¢h = 0.0003 < 0.001 in/in|

Eh

Axial load...... Wei=Wec+ W2+ W3+ W4 £Wu+ WL+ Wr + Wg
W = 220500 lbs e

W
Axial stress..... ga 1= ———— ga = 148.1495 psi
m2-Rt ‘
0.3-Ea-t
Buckling stress.. 0Cr 1= ———— gcr = 1116.0262 psi
R
gcr
Factor of safety.... —— =l7.5331 >5 to 1
oa
Stress at 20' above base: t := 0.82 Eh := 2961000
Ea := 915600
P-R
Hoop stress... oh 1= — oh = 477.4447 psi
t
oh r
Hoop strain... €h := — | eh = 0.0002 < 0.001 in/in ‘
' Eh

Axial load... Wei=Woc+ W3 + W4 + Wu + WL + Wr
W 199500 lbs

W
Axial stress.. ga 1= ——— ca = 153.6557 psi
T 2-R-t
0.3-Ea't .
Buckling stress... gCr 1= —m——— gor = 893.8 Psl
R
gcr
Factor of safety... -— =i5.8169 >5 to1 !

Jga



(4b) Continued:

Stress at 28! above bhase:

P-R
Hoop stress... ch := =——
t
: oh
Hoop strain... eh 1= —
Eh
Axial lecad... W = We +
W = 54500
Axial stress... ga :=
Buckling stress... ocr

Factor of safety...

(5) Finite Element Analysis of

{(a) Load on upper deck:

Differential pressure...

t :=0.74 Eh := 2888000
Ea := 949800
ogh = 529.0604 psi
len = 0.0002 < 0.001 in/inl
W4 + Wu + Wr '
lbs
w -
ga™= 46.5141 psi
7 2Rt '
0.3-Ea' t
i gcr = 836.7286 psi
R.
ocr l
—— =117.9887 >5 to 1 ‘
oa

Deck System:

+0.72 psi

(ignore weight of liquid on upper deck which acts in a
negative direction and counteracts the pressure load)

(b) Load on gas risers:

(¢) Load on lower deck:
Differential pressure.
50 psf slurry load....
Spargers and build up.

Total load

-0.73 psi

. =0.73 psi
-0.35
=-0.30

-1.40 psi

(@) Temperature lcad: 95 deg F differential



{5) Load on support posts

(a} Main post: Inside dia. ID := 18 in
Thickness t :=0.78 in

Qutside dia OD :=ID + 2-t in

0D = 19.56 in

Modulus E :=21000000 psi

Length L :=7219 in

The maximum loads as determined by the ANSYS model were:

+8200 1bs
-21500 1lbs
8200 - :
Tensile stress: ot := ot=1185,907 < 2520
7 ID- t
Compresive buckling: r [ 4 4
I:=-— 10D -1ID
"84
Critical load (One end pinned):
2
™ -E-IX 5
Fer = -——— Fer = 1.046-10 lbs
2
4-L
Fer
Factor of safety: =14.774 (approx. 5 to 1) !
21900

- (OK since grating deck provides lateral support)!

(b} Secondary posts: ID := 14 1in
OD := 15.02
Maximum loads: +4716 ~5200
4716 :
ot 1= —— lot = 210.245 < 2520
T-ID-t _ d
2 T‘L\;q'\b
T 4 4 + E- X
I := — [OD =~ ID Fer := For = 04610
64 2 22121
4-L
Factor of safety: Fer ,
—— ={20.107 > 5 to 1

5200



(5) Continued:

(A) A linear analysis was run using the Algor program.

Type 6 plate/shell elements were used in a quarter symetric
model. Since the vessel shell was not modeled, the outer
circumference of the decks were simply supported and the beam
ends fixed. Contact molded physical properties were used for the
decks and beams. The lower perforated deck was modeled as a
solid plate with reduced stiffness calculated from STRESS ANALYSIS
OF THICK PERFORATED PLATES BY Thomas Slot. The beams were fixed
in the vertical direction at the locations of the internal
suppport posts. The temperature differential was not applied
because the edges of the deck were restrained.

The follow1ng plots show the principle stress, stress in thw X direction
and stress in the Y direction on the top and bottom surfaces of
both the upper and lower decks.

The design maximum stress for these components is 2520 psi.
The design maximum deflection is 1/350 of the rafter (beam)
span per the Chiyocda specification. )

The maximum stress level is approximately 1400 psi and is
generally in the 1000 psi level in the deck plates away from
the beams. The maximum deflection is 0.4"

Enclosed are two disks which contain the Algor JBR deck
model (File name JBRDECK7)

(B) A rough model was made of the perforated lower deck to
approximate the stress concentration around the 5.59" dia.

holes. A half symtetric model of the lower deck plate bounded

by the deck support beams was modeled. The outter edge of the deck
was fixed as was the 22" dia. gas riser tube. A -1.4 psi

pressure locad was applled The maximum stress was 2038 psi

next to the gas riser tube. The Algor model is enclosed on

two disks (File name PERFDEC)



(6) Seismic design:

Per section 2312 of the Uniform Building Code (1988)

Seismic Zone Factor (Table 23-E Z = 0.15 (2one 22)
Importance Factor (Table 23-L) I :=1.25 (Essential)
Coefficient (Table 23-Q) RwW := 4
Coefficient (Section 2312(e)2A) C 1= 2.75 {Maximum)
Shear Force (Eq. 12-~1) V = (ZIC/RW) W

W = Component Weight

Component Weights and Moment Distances:

Cover.. Wc := 10000 1lbs. Distance.. Hc := 40 ft.
Upper Deck.. Wu = 25000 Hu := 28 B
Gas Risers.. Wr := 8500 Hr := 24
Vessel Shell.. Ws := 53000 Hs := 0.67-36 (Eq. 12.8 of UBC)
lower Deck.. Wl := 133000 Hl := 20
Grating.. Wg := 7000 Hg := 15
Operating Liquid Ievel (14 ft.)
2 6
Liquid Weight.. Ww 1= 721 -14-62.4-1.2 Ww = 1.4524-10 lhs.

Distance.. Hw := 0.67-14 (Eg. 12.8 of UBC)



(6) Continued:

Seismic Moments at Each Thickness

(a) At Vessel Base: Thickness.. t := 1.10 in.

Axial Modulus.. Ea := 939500

Vessel Inside Diameter.. ID := 504 in.
Vessel OQutside Diameter OD := 506.2 in.
Distance to Neutral Axis c := 283.1 in.
Shell Moment of Inertia T 4 4

Is = |— op - ID

64
SR 4
Is = 5.5666-10 in.

Seismic Moment...

Rw

psi

Z-L-C - '
M= [ ]-(Wc-Hc + Wu-Hu + Wr-Hr + Ws-Hs + W1l -Hl + Wg-Hg + Ww-Hw)

6

M 2.4454.10 ft.~1lbs.
M:=12'M 7
M= 2.9345.10 in.-1bs.

c
Total Awxial Stress: g = [M-——] + 138% g = 269.4274

Is
0.3-Ea-t
Critical Buckling Stress: oCc 1= ——————— gc =
- r
oc
Factor of Safety: — =/4.5663 >3 to 1l |
o
{b) At 10 ft. above bhase: Thickness t := 0.
Axial Medulus Ea :=
Qutside Diameter oD =
Neutral Axis c =
Moment of Inertia: T 4 4
Is t= }—|-|OD - ID
64
7 4

Is = 4.7524-10 in.

psi

1230.297¢

94 in.

997300 psi

505.88
252.94

in.

psi



(6) Continued:

Weight of Liquid Above 10 ft.: 2
Ww := m-21 -4-62.4-1.2
Ww = 414967.6957 1bs.
H¥ := 0.67-43 Hw = 2,68 ft.
Weight of Shell Above 10 ft.: Ws := 37000 1lbs.
Hs :1= 0.67- 26 Hs = 17.42 ft.
Hc := 30 Hu := 18"  Hr := 14 Hl := 10 Hg := 5
c SR - )
M := |2 I-—| - (Wc-Hc + Wu-Hu + Wr-Hr +Ws-Hs + Wl -Hl + Wg Hg + Ww- Hw)
Rw .
M = 514420.168 ft.-1bs. M:=12-M
6 , =
M= 6.173.10 in.lbs. We + W+ Wr + Ws + W1 + Wg
ca := :
. 72t
ga = 148.1495 psi
Mc '
Total Axial Stress: g 1= — + ca g = 181.0051 psi
Is
0.3-Ea-t
Critical Buckling Stress: gc 1= ——— occ = 1116.0262 psi
r
agc ) :
Factor Of Safety: — =:6.1657 >3 to 1 |
g
(c} At 20 ft. Above Base: Thickness t := 0.82 in.
Axial Modulus Ea := 915600 psi
Outside Diameter oD := 505.64 in.
Neutral Axis c = 252.82 in.
T 4 4
Moment of Inertia: Is = |—}-|OD - 1ID
64
7 4

Is = 4.1427-10

in.



(6) Continued:

Weight of Shell Above 20 ft.

Ws := 23000
Hs := 0.67-16
He := 20 Hu := 8 Hr := 4
c
M:= |Z-I-—{ (Wc-HC + Wu-Hu + Wr-Hr + Ws'Hs)
Rw
M = 87728.4375 ft.-1lbs M:= 12-M 6
M= 1.0527-10 in.-lbs
Axial Stress: We + Wu + W1 + Wr + Ws
ga = —- ga = 153.6557
T2'rt
Total Axial Stress c
o 1= |M-~—| + ca .0 = 160.0803 psi
Is -~ T
: 0.3'Ea-t
Critical Buckling Stress: gg = —————— gc 3 893.8 psi
r =
oc
Factor of Safety: — =/5.5834 >3 to 1l
a
(d) At 28 ft. Above BRase: Thickness t = 0.74 in.
Axial Modulus Ea := 949800 psi
Qutside Diameter QD := 505.48 1iin.
Neutral Axis ¢ := 252.74 in.
Moment of Inertia T 4 4
Is := |=={-i10D - ID
64 i
7 4
Is = 3.7368.10 in.
Weight of Shell Ws := 11000 lbs.
Hs := 0.67-8 ft.
He := 11

c
Moment ¢ M := [Z-I--—]-(Wc-Hc + Ws- Hs)

Rw



M = 21780 Ft.-1lbs, M= 12 M
= 261360 in.=-1lbs.
WC + Ws + Wu + Wr
Axial Stress ga := ca = 46.5141

T 2-rt

c .
Total Axial Stress g = [ -—~] + ga o = 48,2818

Is
003'Ea‘t
Critical Buckling Stress ac 1= = gc = 836.7286
r--
Factor of Safety cc .
— ={17.3301 >3 tol |
o

(7) Wind load Design:

Per section 2311 of the Uniform Building Code (1988)

Height,Exposure and Gust Factor Ce := 1.3 Table 23-G
Pressure Coefficiemt Cqg := 0.8 Table 23-H
Stagnation Pressure Qs := 17 Table 23-F
Importance Factor I := 1.15 . Per 2311 (i)

Design Wind Pressure:

P :=Ce CqgQs I (Eq. 11-1) P =20.332
Uniform Wind Load r
12
W
W o= — W= 71.162 1bs./in.
12

Moment At Base: H := 36.5-12

2 ~
M := 0.5-W-H 6
M= 6.826-10 in.-lbs
Moment at 10 ft. H = 26-12
2
M:= 0.5 WH 6
M = 3.4636-10 in.-1bs.

psi



(7) Continued

Moment at 20 ft.

Moment at 28 ft.

M :=0.5-WH

6 in.-lbs.

2
M :=0.5-WH

M = 327914.496

in.=-1lbs.

i\ At 20 and 28
| seismic moment:

ft. the wind load moment is larger than the |

]
1
L

At 20 ft.: total Axial Stress
252.82
g = |131170Q- ————{ + 148 g = 154.978
47524000
Factor of Safety 894
— =:5.7677 >5 to 1
155
At 28 ft. Total Axial Stress
327914- 252.74
g = + 48 o = 50.2179 psi
37368000
Factor of Safety 837
— =]16.74 >5tol |
50 '

(8) Anchor Bolt and Hold Down Design

Anchor bolts and anchor dog design is shown on the next using the

psi

base seismic moment 29345000 in.-lbs. Only the shell and cover
weight is considered to resist this moment.



Design of Base Ring & Anchor Dog
Load on Anchor Bolt

Inside diameter of vessel (in)......... d := 504
Ioad diameter (in).......... ceaaen casan D := 507.2
load Radius (in)..ccvveeeeen cecenacsnan R := 253.6
Bolt Circle (IN).ieeseceevovescoonnssoan BC := 512
Distance from lcad to bolt (in)........ a:=2.0
Distance from bolt to "A" (in).....ce.. b t= 5
Bending moment at base {in*lb)......... M := 29345000
Shell weight (1b)eiiciieriirennacsnnnans W := 63000
Design Pressure (PSi)....... csesasvases p := 1.55
Number of anchor degs . ..cveeennccnsens N := 42
D Mt ' 2
Msr := W-- Mt := M - Msr o 1= — 1 Where: S :=7-tR a
2 ’ s

Mt ‘jlg Mt d
Therefore: g = o If: &t = X Then W 1= — Y :=p--
- 2 4

2 R
Tt R T R
3.14-D- (X + Y) . P-(a + b)
P := - F = ————— = -
N : R o - ‘ *
. . -7 :r-j:- -, ._ . 7
TOtal mommt at Base (h*lb).o--oo.oct- : - Ht = 1-34‘10
Ioad in bolt (1b)eeececccrocnnnceveesns T F = 13880.34
Load per anchor dog (1b/dod)...ceqeccss _ P = 9914.53
Allowable load for 1.0" bolt is 3%700 LBS.
Bending in anchor dog )
Width of base of Dog (in).......... B := 1.5 (2 ea. 0.75 "plts.)
= -
Height of dog {(in)...viverieveennnns _ H = 2.5
b 2
F-a- , e M
M= S = ngw o - ad 3= -
a+b il T - 8
Section modulus (in"3) * ' . 8§ = 1,56
Bending moment (in*1b)............. M = 19829.06
Bending stress (psi)....... creriana od = 12690.6
Allowable stress for steel is 36000 psi
Shear on anchor ledge
Ledge Height (in).......c...... feens h :=6
Dog Width (in)....... frreaseccnanas Bl := 4
A :=Bl'h + h-h P
T o= -
A
Shear Area {(in"2)..c.veinrnenan O A= 60
Shear on anchor ledge (psi)........ T = 165.24

Allowable shear is 250 psi per PS-15-69%
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TECHENICAL 2ATA

i, ) o
Ashiand Chemicals HETRON® FR 982
- Vinyi Ester Resin
m
ASHLAND CHEMICAL COMPANY e OIVISION OF ASHLAND OIL, INC. cete: May 1989
BOX 2219, COLUMBUS. OHIO 43216 * (614} 889-3333

FLAME RETARDANT, CORROSION RESISTANT, VINYL ESTER RESIN

DESCRIPTION: HETRON FR 992 resin is a low viscosity, unpromoted, flame retardant, vinyl ester resin
containing styrene. Laminates made with HETRON FR 982 resin exhibit a flame spread of <25 (ASTM
E84) when 3% antimony trioxide is added and a flame spread of =75 without antimony trioxide.

PERFORMANCE: * Excetlent flame retardancy.
» Excelient corrosion resistance to acidic and alkaline environments.
* High strength characteristics. T
* Excellent impact strength and toughness.
* Fast wet-out, low drainage.

SUGGESTED USES: Corrosion resistant, reinforced thermosstting plastic equipment inctuding filament
wound, hand lay-up and spray-up tanks, pipes, duct, stacks, scrubbers, linings or other equipment
handling corrosive gases, vapors or liquids where a high degree of flame retardancy is required.

ALTERNATIVE PRODUCTS: HETRON 922 non-flame retardant vinyl ester resin and HETRON 980

non-flame retardant vinyl ester resin for applications requiring higher operating temperatures and greater
resistance to organics.

TYPICAL LIQUID PROPERTIES AT 779F (259C)

Percent Sciids 60

Viscosity — Brookfield, cps 400

Appearance Clear

Color, Gardner 5 max %
Acid Value (Solids) 12

Pounds per Gallon 9.7

DOT Flash Point Range, °F 73-100

STANDARD PACKAGE: Nonreturnable 55 gallon drums, 500 Ib net.
DOT Label Redquired: Flammable Liguid

CODE: 566-621
*Registered trademark, Ashland Qil, inc.

HOTICE: Ashiang maxes no warraniv or redresentalion as [0 the suitability ot the proouct 33 spacitied herewn for any particular appncation. The
Jeterminanon cr 1he suitadility of tne anave specification tor any particitidt Use 13 soilely the responsiditity of the user.

All precaunionary :a08is ana NOTICes SnOLIC BE read And Anerataan nuo =i m i .



HETRON FR 992 Resin (continued)

TYPICAL PERFORMANCE DATA

(for guidance only)

TYPICAL SPI CURING CHARACTERISTICS (2.0% Luperco' ATC Paste Catalyst):

Gel Time, minutes 17
Total Time, minutes 25
Peak Exctherm, °F 380

TYPICAL CURING CHARACTERISTICS:

% Promoters Catalyst? . Temperature Gel Time,
6% Cobait Naphthenate DMA (1.25 Lupersol DDM-9) °F {(min)
0.30 0.10 1.25 60-70 10- 20
0.30 0.075 1.25 70-80 10-20
0.30 0.05 1.25 T 80-90 10-20
0.30 0.075 1.25 60 -70 20-30
0.30 0.05 1.25 70 - 80 20 - 30
0.20 0.05 1.25 80 - 80 20-30
0.20 0.075 1.25 60-70 30-40
0.20 0.025 1.25 70-80 30-40
0.10 0.05 1.25 80-90 30 - 40

CAUTION: Thoroughly mix promoters with resin before adding catalyst.

% Promoter % Catalyst Temperature. Gel Time,
DMA Luperco! ATC Paste (°F) {min)
.3 2.0 77 10-15
2 2.0 77 20-25
.15 2.0 77 30-35

For all surfaces that will be exposed to air during fabrication (top-coating, lining, patching, exterior surfaces,
etc.), the addition of 0.4% paraffin wax to the final resin layer is recommended. A waxed surface may
- interfere with secondary bonding adhesion.

Flame retardant vinyl ester resins do not demonstrate equivalent uitraviclet stability of non-halogenated
vinyl ester resins. Ultraviolet stability may be improved by adding 1.0% Cyasorb® UV-9 ultraviolet screener
1o the exierior exposed surfaces where aesthetic appearance is desired.

'Trademark, Pennwalt Corparation. Available from Lucidol Division, Pennwalt Corporation.
Witco Chemical Hi Point 90 Catalyst. Hi Point is a trademark of Witco Chemical Co.
3Trademark, American Cyanamid Co.



Ashiand Chemicals
-—

TECHNICAL D,
HETRON FR ¢
Resin
(continuec

TYPICAL PHYSICAL PROPERTIES OF CURED CASTINGS AT 77°F

(1/8-inch)

Test

Barco!l Hardness

Specific Gravity

Tensile Strength, psi

Tensile Modulus x 1075, psi
Tensile Elongation, %

Flexural Strength, psi

Flexural Modulus, 108, psi

Heat Defiection Temperature, °F

Formuia: HETRON FR 992 Resin 100 parts
0.1 parts
1.0 parts

DMA
BPO

Value

35
1.24
11,700
5.2
4,75
20,000
5.43"
223

Test Method

ASTM D-2583

ASTM D-638
ASTM D-638
ASTM D-638
ASTM D-790
ASTM D-790
ASTM D-648

Cure: Post cured 2 hours at 100°C

TYPICAL MECHANICAL PROPERTIES OF
HETRON FR 992 RESIN AT VARIQUS TEMPERATURES

Approx. Flexural Tensiie Comprassive
Test Thickness Glass Strengtn, Maduijus, Strength, Madulus, Strangth,
Temp. Inch Structure* psi psi x 108 psi psi x 10° psi
25°C 1/8 V.2M, Vv 16,000 .79 12.500 1.0 26,500
(77°F) .14 Vv, 2M, MRM 25.000 1.08 17.200 1.28 28,500
s V. 2M. A(MR} M 37.300 1.38 22.250 1.56 34,000
12 V., 2M, 3(MR) M, MRM 31,500 1.29 22,500 1.59 30.000
93°C 1/8 V.2M, V 19,000 .61 12,200 .79 20,000
{200°F) 14 v, 2M, MRAM 26,000 94 13,200 1.20 21,000
38 V. 2M, 3IMR) M 37,800 1.24 24000 137 - 25,500
[ 142 V, 2M, 3{MR) M, MRM 31,500 108 25,200 1.38 22.500
121°%C 18 V,2M, vV 5,200 19 9,000 A4 14,500
(250°F) 1/4 V. 2M. MRM 11,200 49 14,500 83 18,500
38 V. 2M. 3(MR)} M 12,500 .68 17,000 .96 19,000
12 V, 2M, 3(MR) M, MBRM 16,000 .90 18,500 Q9 15,000
V = 10 mil C Glass Surfacing Veit Formula: HETRON FR 992 Resin 100 parts
M = 1.5 oz Choppea Strand Mat 6% Cobalt Naphthenate 0.3 pants
R = 24 oz Woven Raving DMA .05 panis
Hi Poim2 90 Catalyst 1.50 pants

‘Glass Content

1/8" . 25%
114" . 0%
3/8" . 37%
142" - 400%

Cure: Post cured 2 hours at 250°F

NOTICE: Ashiand makes no watranty or represantation as to the suitability of the product as scecitied herwin tor any particuiar appitcation. The
determmation gt the Suitability ot the sbove specitication for any particular use is solely the resoonsibility of the user.

All DrECRUTIONAIY 13015 ANG NOUCER ThAnit he rasd 3R mdnmsane = ad o



HETRON FR 992 Resin
(continued)

TYPICAL FLAME RETARDANCY OF HETRON FR 992 RESIN FRP LAMINATES?®

ASTM E84
Resin Class Flame Spread

HETRON FR 992 Resin

With 3% antimony trioxide [ 25

With 5% antimony trioxide | 18

Without antimony trioxide o 75
CONTROL *

Cement Asbestos Board | 0

Red Oak i ' 100

51/8" thick laminate with approximately 27% glass content. i

HANDLING: HETRON FR 992 resin contains ingredients which could be harmful if mishandled. Contact
with skin and eyes should be avoided and necessary protective equipment and clothing should be worn.

For important heaith, safety and handling information, consult Ashland's Materiat Safety Data Sheet
before using this product.

RECOMMENDED STORAGE: Drums — Store at temperatures below 80°F. Storage life decreases with
increasing storage temperature. Avoid exposure to heat sources such as direct sunlight or steam pipes.
Keep containers sealed to prevent moisture pickup and monomer loss. Rotate stock.

Bulk -— Store in stainiess stee! tanks or tanks lined with epoxy or phenotic coatings. Observe precautions

against heat and moisture (see above). Dry air sparge may be desirable to keep inhibitors activated
with oxygen.

SHELF LIFE: This product has a limited shelf life. When stored in accordance with the above conditions
this product has a minimum life of three months.
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STRUCTURAL ANALYSIS -
OF SHELLS

E. H. BAKER L. KOVALEVSKY F. L. RISH

Professor of Mechanical Member of the Technicdl Staff Member of the Technical Staff
Engineering, California Rockwell Intemacional Corp, Rockwell International Corp.
State Polytechnic College North American Aircarft Group Space System Group

at San Luis Obitpo

ROBERT E. KRIEGER PUSLISHING COMPANY
HUNTINGTON, NEW YORK
1981
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158 - Structural Analysic of Shells

Uniform internai Pressure, Complete Oblate Spheroidal Shelis

When the radius ratio A{B of an oblate spheroid is less than V272,
internal pressure produces compressive stresses in the sheil and hence
allows instability to occur. Theoretical vaiues of the critical internaj
pressures are shown in Fig. {0-38. No experimental resuits are available,

T A R - Ay
.3 ¢ =100
I =
P3flg T _ _
it e N1 11000 figure 10-38  Theoretical buckling pressures
\_ Axis of revorten v | -~ 4 of oblate spheroids under intermal pressure
al 2 ‘ % 1 (= 0.3
o = :

© 0l 02 03 04 05 06 o7
A
B

but the study of imperfection sensitivity indicates that there should be

good agreement between theory and experiment for shells with
0.5 < 4/B < 0.7.

internat Pressure, Ellipsoidal and Toroidal Bulkheads

Clamped oblate spheroidal {ellipsoidal) bulkheads {Fig. [0-39) may
have the ratio of length of minor and major axes /B less than 22
without buckling under internal pressure, provided that the thickness
=xceeds a certain critical vajue. This problem is investigated in
Ref. 10-39. Nonlinear bending- theory is used to determine the pre-
buckling stress distribution. The regions of stability are shown in
Fig. 10-40; the caiculated variation of buckling pressure with thickness

20107 \_‘\
P
1= !
Sars ot 2 '
revoiuton —ig [ ] , \

I 3 N :
5 k‘ f oy 'f " | | \ |
i a P i
! 4 NN I
. 3 i - ] H - x
2 : 7 3750z T3 6a 05 Gs :
i 3 :
figure 10.39 Clamped etlipsordal bulk- figure 10-40 Region o stability for el
head under iternof fressure, lipsoidal closures subjected to intermal

pressure o o= 0.3

1s shown in Fig. 10-41. The theory has not been verified bv experimental
resuits, however, and should be used with caution.
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Stability of Unstiffened Shells
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Elastic Stability
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SUMMARY AND RECOMMENDATIONS

An Acoustic Emission (AE) test was performed on a scrubber tank
known as the JBR (Jet Bubbling Reactor) tank for Southern Company
Services, Yates Plant. This test used the Recommended Practice for
Acoustic Emission Testing of Fiberglass Reinforced Plastic Resin
(RP) Tanks/Vessels, published by the Committee on Acoustic
Emission from Reinforced Plastics (CARP) of the Society of the
Plastics Industry.

A total of 50 AE sensors, configured as shown in Figure 1, were
used to meonitor the tank. Analysis of the data, after taking
account of known noise incidents, showed that the tank exhibited

acoustic emission data well in excess of the CARP acceptance
criteria.
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1.0 INTRODUCTION

The CARP recommended practice consists of subjecting FRP equipment
to increasing lcads while being monitored by sensors that are
sensitive to acoustic emission (transient stress waves) caused by
growing flaws. The sensors are connected to instrumentation that
is capable of recording and analyzing AE signals. The CARP
recommended practice alsc provides guidelines to determine the
location and severity of structural flaws with acceptance criteria
as a basis to assess the structural integrity of the FRP equipment.
The CARP criteria are shown in section 8 of this report.

The AE test method is designed to detect structurally significant

defects and damage in FRP equipment. The damage mechanisms that
are detected in FRP are as follow:

a. resin cracking
b. fiber debonding
c. fiber pullout
d. fiber breakage
e. delamination

£. bond failure in assembled joints (for example, nozzles,
manways, etc.)

For a more detailed description of the test set-up and procedure
see section 2 through 8 of this report. Figure 3 and appendix 1

and 2 contains data listings and activity graphs that were used to
perform the final data analysis.

2.0 TANK DESCRIPTION

Vessel/Component Tested: JBR (Jet Bubble Reactor) Tank

Description: Field Erected FRP, 156F Max Temp., SPG=1.2, 80MPH
Max wind lcad, Empty weight 235,000 pounds,

Dimension: 42 FT Diam, 28 FT High,

Insulated: NO

Capacity: 145,000 US qgallons at 14 foot level.

Material of construction: Liner and structural resin: HT-992FR

Manufacturer: Ershigs, Bellingham, WA: SN D-90079 3095,
PO$# C-90-2148.

Data of Mfg.: April 1991



Maximum Test Level: 17 Feet

Test Medium: Water

Filled From: Pumped through nozzles, 18 inches above floor

3.0 AE TEST EQUIPMENT

AE INSTRUMENTATION MFG.: Physical Acoustics Corp.
AE INSTRUMENTATION TYPE: PAC 58 CH SPARTAN-AT
SENSOR TYPE: RI151 RESONANT FREQ.: 150 Khz
PREAMP TYPE: Integral

‘FREQUENCY BANDPASS: 100-300 Khz (Band Pass)

SENSOR ATTACHMENT METHOD: Hot Glue

-

4.0 INSTRUMENT SET-UP FARAMETERS

DETECTION THRESHOLD

: 48 dB
PREAMP GAIN : 40 dB
INSTRUMENT GAIN : 20 dB
PDT : 200 us
HDT :+ 200 us
HLT :

500 us

5.0 AE TEST SET-UP

Attenuation: (AE source

0.5mm Pentel lead breaks)

Sensor #5% on 6n 12* ig"
IN LINE 96 dB 83 dB 70 &B 57 &B
45 Deq. 93 aB 75 dB 65 dB 55 aB

24"

52 dB
41 dsB

Prior to the monitoring period, the complete AE system was checked
to assure proper performance by injecting a signal on the surface
of the tank at each sensor location with a Pentel pencil containing
0.5mm HB lead. The average amplitude of this signal was recorded
by the test operator and is listed in Table 1. Under the CARP
procedure, all channels should lie within 6dB of the grand average.



TABLE 1

Senser # dB Sensor # dB Sensor # dB
1l 77 17 75 33 73
2 81 18 81 34 76
3 87 19 74 3is 84a
4 85 20 79 36 78
5 78 21 79 37 88
6 77 22 B85 38 83
7 74 23 76 39 77
8 81 24 80 40 77
9 68 25 80 41 74

10 80 26 77 42 85
11 77 27 76 43 63
12 78 28 81 44 77
13 77 29 81 45 77
14 78 30 80 46 80
15 81 31 80 47 76
16 82 32 83 49 88
Grand Average 79 4B

Number of channels: 48
Number of sensors : 48
Sensor configuration: See Figure 1

Background noise level and character: Sporadic low level, from
all channels.

Count Criterion: N = 7,735 Total counts from 130 Pentel lead
breaks at a distance that gives an amplitude
midway  between the threshold of AE

detectibility and the reference amplitude
threshold.)

Threshold of AE Detectability: 48 4B
Reference Amplitude Threshold: 75 dB

NOTE: Two additional sensors were attached to drain lines which
penetrate the tank floor and exit through the concrete pad. The
intention was to identify leaking at the tank wall interface. This
data is outside the carp procedure and will not be evaluated in

this report. It will be evaluated in a future report exploring
advanced analysis techniques

6.0 TEST PROCESS

A loading schedule, that followed CARP guidelines, was provided
to operating persconnel prior to the test. The proposed sequence
included stepped loading with hold periods at 50%, 75%, 87.5%

4



and 100% of maximum fill height (see Figure 2). Maximum fill height
was 17 FT.

The method of filling was through two 4 inch pipes located 18
inches above the tank floor.

The rise in liquid level was monitored by measuring head pressure
from a pressure transducer located on a flange low on the tank
wall. Hold periods were initiated as close as possible to the pre-
planned levels. The operator recorded in his test log the time at
the beginning and end of each hold period, and other significant

events. The following is an excerpt from the test log maintained
by the operator as the test was in process.

TIME LOAD COMMENT
LOCAL TEST (Sec.) $ OF MAX.

16:58:42 1620 50% End hold period.
Continue loading to 75%

17:27:12 1800 75% Hold at 75%

18:15:30 930 75% End hold period. :
Continue loading to 87.5%

18:32:13 1800 87.5% Hold at 87.5%

19:08:29 870 87.5% End holad period.
Continue loading to 100%

19:23:33 1830 100% Hold at 100%

49:30:00 4% 100% End hold, terminate
test.

Acoustic emission detected during these loadings is shown in the
three graphs of Figure 3. All three graphs have time on the x-
axis. 1In the lower graph, each dot shows one detected acoustic
emission event. The vertical height of the dot shows the amplitude
(size) of the event. The middle graph shows the emission rate.
"Counts" is a measure of AE activity, used for evaluating the tank.
The upper graph shows which channels are detecting the emission

activity. This gives information on the locations of the emission
sources.

7.0 DATA INTERPRETATION

Data interpretation is the process of separating relevant from non-
relevant indications, i.e. separating genuine AE from noise.



In this test, the operator identified no background noise sources

outside of the tank. Components inside of the tank may have
produced background noise.

Based on these identifications, the data was not filtered to remove
noise before commencing with structural evaluation.

Note: A leaking nozzle was detected using advanced analysis
techniques. This leak was not detected using the CARP analysis.

Results of advanced analysis techniques will be described in a
future report.

8.0 DATA EVALUATION

The final analysis of the data acquired during this test was

conducted in the Lawrenceville, NJ., offices of the PHYSICAL
ACOUSTICS CORPORATION.

Data was analyzed according to the CARP procedure, after excluding
noise and background activity as far as possible, with the
pass/fail criteria given below.

Acceptance .
Criterion Significance Criteria Results
1. Hits during holds Measure of Continuing FAIL-1,499
None beyond 2 Min. damage.
2. Felicity ratio Measure of the severity of FAIL-0O
Greater than 0.95. previously induced damage.
3. Total counts less Measure of the overall FAIL-429,966
than N/2 (3868). damage during a load cycle.
4. Hits above 75 dB Measure of high energy FAIL- 9
less than 5. microstructural damage.

The above data summarizes the situation for the whole tank.
Following the recommendations of the CARP procedure, the tank
should be examined using other NDT methods, including visual, to
determine the reason for the high emission levels. Visual
examination of the outside wall areas which produced high levels of
emission resulted in the following observations:

1) Manway, positioned between sensors 16, 17 and 1; This
area produced high activity but there are no visual indications of
delanination or damage. The inside of the manway should be
examined carefully at the next opportunity. Note that high
stresses on bolts that attach the manway can cause slipping. In

the future, bolts should be tightened to the manufacturers
recommendations.

2) The lower portion of the tank wall, in the area of sensors

6



1, 2, 3 and 4; This area produced a great deal of emission. This
may be the result of a recently applied patch in the tank floor
adjacent to the knuckle. The tank floor and knuckle in this area
should be examined from the inside.

3) The small manway adjacent to sensor 8 produced significant
activity. There is no indication of damage on the outside. The
noise may have been produced by weakness in the secondary bond or
possibly by loose and slipping bolts. This area should be examined
visually from the inside at the next opportunity.



3 3 1 2 17 18 19 2 21

13
0o
=Manway, N=nozzle, I-IeTTNe, P=pipe
=areas oh high emission

n n 18 4 4] 42 43 4

A2 & 24 i 26 2 28 29

10 L} 12

FIGURE 1
Tank Sketch and Sensor Location Map
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SUMMARY AND RECOMMENDATIONS

An Acoustic Emission (AE) test was performed on a limestone slurry
tank for Southern Company Services, Yates Plant. This test used
the Recommended Practice for Acoustic Emission Testing of
Fibverglass Reinforced Plastic Resin (RP) Tanks/Vessels, published
by the Committee on Acoustic Emission from Reinforced Plastics
(CARP) of the Society of the Plastics Industry.

A total of 33 AR sensors, configured as shown in Figure 1, were
used to monitor the tank. Analysis of the data after taking
account of known noise incidents showed that the tank exhibited
Acoustic Emission data well in excess of the CARP acceptance
criteria.
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1.0 INTRODUCTION

The CARP recommended practice consists of subjecting FRP equipment
to increasing loads while being monitored by sensors that are
sensitive to acoustic emission (transient stress waves) caused by
growing flaws. The sensors are connected to instrumentation that
is capable of recording and analyzing AE signals. The CARP
recommended practice alsc provides guidelines to determine the
location and severity of structural flaws with acceptance criteria
as a basis to assess the structural integrity of the FRP equipment.
The CARP criteria are shown in section 8 of this report.

The AE test method is designed to detect structurally significant

defects and damage in FRP equipment. The damage mechanisms that
are detected in FRP are as follow:

a. resin cracking
b. fiber debonding
c. fiber pullout
d. fiber breakage
e. delamination

£. bond failure in assenbled joints (for example, nozzles,
manways, etc.)

For a more detailed description of the test set-up and procedure
see section 2 through 8 of this report. Figures 3 and appendix 1,

2 contains data listings and activity graphs that were used to
perform the final data analysis.



2.0 TANK DESCRIPTION ‘

Vessel/Component Tested: Limestone Slurry Storage Tank

Description: Field Erected FRP, 110F Max Temp., SPG=1.14, 80MPH
Max wind load, Empty weight 30,250 pounds,

Dimension: 28 FT Diam, 27 FT High

Insulated: NO

Capacity: 124,365 US gallons.

Material of construction: Liner and structural resin: AROPOL 7334

Manufacturer: Ershigs, Bellingham, WA: SN D-90081 3095,
PO# SCS 90-C-2148

Data of Mfg.: March 1591
Maximum Test Level: 24 Feet

Test Medium: Water

Filled From: Fire Hydrant, Through low nozzle

3.0 AE TEST EQUIPMENT
AE INSTRUMENTATION MFG.: Physical Acoustics Corp.
AE INSTRUMENTATION TYPE: PAC 58 CH SPARTAN-AT

SENSOR TYPE: RI15I RESONANT FREQ.: 150 kHz
PREAMP TYPE: Integral

FREQUENCY BANDPASS: 100-300 kHz (Band Pass)

SENSOR ATTACHMENT METHOD: Hot Glue

4.0 INSTRUMENT SET-UP PARAMETERS

DETECTION THRESHOLD

: 48 dB
PREAMP GAIN : 40 dB
INSTRUMENT GAIN 1 20 dB
POT T 100 us
HDT : 200 us
HLT : 500 us



5.0 AE TEST SET-UP

Attenuation: (AE source = 0.5mm Pentel lead breaks)
Sensor 5 o4 6" 12" ian 24"
IN LINE 97 dB 87 dB 70 4B 67 dB 61 dB
45 Deg. 95 dB 72 dB 67 dB 59 dB 50 dB

Prior to the monitoring period, the complete AE system was checked
to assure proper performance by injecting a signal on the surface
of the tank at each sensor location with a Pentel pencil containing
0.5mm HB lead. The average amplitude of this signal was recorded
by the test operator and is listed in Table 1. Under the CARP
procedure, all channels should lie within 6dB of the grand average.

TABLE 1
Sensor # dB Sensor # dB Sensor § dB
1 80 17 83 33 73
2 67 18 85 34 -
3 68 19 75 35 -
4 76 20 76 36 -
5 70 21 77 37 -
6 68 22 76 38 -
7 69 23 77 39 -
8 73 24 71 40 -
9 72 25 72 41 -
10 77 26 79 42 -
11 77 27 68 43 et
12 83 28 73 44 -
13 84 29 80 45 -
14 78 30 76 46 -
15 81 31 75 47 -
16 74 32 79 49 -
Grand Average 75 dB

Number of channels: 33

Number of sensors : 33

Sensor configuration: See Figure 1

Background necise level and character: Sporadic low level, from all

channels

Count Criterion: N = 7,96% Total counts from 130 Pentel lead
breaks at a distance that gives an amplitude
midway between the threshold of AE
detectibility and the reference amplitude
threshold.)

Threshold of AE Detectability: 48 dB

Reference Amplitude Threshold: 75 dB



6.0 TEST PROCESS

A loading schedule, that followed CARP guidelines, was provided
to operating personnel prior to the test. The proposed sequence
included stepped loading with hold periods at 50%, 75%, 87.5%

and 100% of maximum £ill height (see Figure 2). Maximum fill height
was 24FT.

The method of £illing was through a fire hydrant into an existing
nozzle located approximately 18 inches off of the floor.

The rise in liquid level was monitored by measuring head pressure
from a pressure transducer located on a flange low on the tank
wall. Hold periods were initiated as close as possible to the pre-
planned levels. The operator recorded in his test log the time at
the beginning and end of each hold period, and other significant
events. The following is an excerpt from the test log maintained
by the operator as the test was in process.

TIME LOAD COMMENT
LOCAL TEST (Sec.) % OF MAX.

#44 2:23:28 50% End hold period.
Continue loading to 75%

44 00:11:33 75% Hold at 75%

84 01:04:41 75% End hold period.
Continue loading to 87.5%

#4% 00:10:04 B87.5% Hold at 87.5%

#44 00:52:41 87.5% Enad hold period.

Continue loading to 100%

B4# 00:30:19 100% Hold at 100%

Acoustic emission detected during these loadings is shown in the
three graphs of Figure 3. All three graphs have time on the x-
axis. In the lower graph, each dot shows one detected acoustic
emission event. The vertical height of the dot shows the amplitude
(size) of the event. . The middle graph shows the emissicon rate.
"Counts" is a measure of AE activity, used for evaluating the tank.
The upper graph shows which channels are detecting the emission

activity. This gives information on the locations of the emission
sources.



7.0 DATA INTERPRETATION

Data interpretation is the process of separating relevant from non-
relevant indications, i.e. separating genuine AE from noise.

In this test, the operator identified background noise from
operaticn of an ultrasonic level detector located on the walkway
over the tank.  The level detector was disconnected for the
duration of the test. No other background noise sources outside of

the tank could be identified. Components inside of the tank may
have produced background noise.

8.0 DATA EVALUATION

The final analysis of the data acquired during this test was
conducted in the Lawrenceville, NJ., offices of the PHYSICAL
ACOUSTICS CORPORATION.

Data was analyzed according to the CARP procedure, after excluding

noise and background activity as far as possible, with the
pass/fail criteria given bhelow.

Acceptance
Criterion Significance Criteria Results
1. Hits during holds Measure of Continuing FAIL-2221
None beyond 2 Min. damage.
2. Felicity ratio Measure of the severity of FAIL-0
Greater than 0.95. previously induced damage.
3. Total counts less Measure of the overall FAIL-90,856
than N/2 (3868). damage during a load cycle.
4. Hits above 75 dB Measure of high energy PASS~2
less than 5. microstructural damage.

The above data summarizes the situation £for the whole tank.
Following the recommendations of the CARP procedure, the tank
should be examined using other NDT methods, including visual, to
determine the reason for the high emission levels. Visual
examination of the outside wall areas which produced high levels of
emission resulted in the following observations:

1} Manway, positioned between sensors 11, 12 and 1; This
- area produced high activity but there are no visual indications of

delamination or damage. The inside of the nanway should be
examined carefully at the next opportunity. Note that high
stresses on bolts that attach the manway can cause slipping. In

the future, bolts should be tightened teo the manufacturers
recommendations.



Examination of the inside of the tank prior to the test indicated
possible high stress areas including;

1) Baffels positioned at 22 foot intervals; One baffle is
aligned with sensors 16 and 17. This area produced excessive

emission and 1t is suggested that the baffle may be weak or coming
loose from the wall.
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FIGURE 1
Tank Sketch and Sensor Location Map
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I oD N

Southern Company has recently constructed large fiber reinforced plastic (FRP) vessels at
Plant Yates (Georgia Power Company). These FRP vessels are used as the primary parts
of the CT-121 flue gas desulfurization (FGD) process. FRP was primarily selected because
it provided an economic advantage over other more conventional choice of materiais. To
verify the integrity of the FRP construction, QC/QA testing was sought. According 1o the
previous experience of FRP equipment users, Acoustic Emission (AE) monitoring of FRP
vessels provides the most promising diagnostic tool for FRP vessels. Accordingly, Physical
Acoustics Corporation (PAC) was contracted to perform the required testing and verify the
integrity of the FRP vessels and their construction. To reach this goal, hydro-testing was
scheduled during the pre-operation phase of the Flue gas desulfurization (FGD) process on

both the Limestone Slurry (LS) and the Jet Bubble Reactor (JBR) vessels. The primary
goal of the hydro-tests were:

a) Detect, locate and classify emission sources;

b) Evaluate the effectiveness of AE, if active sources are detected, distinguish emissions
due to fiber cracking, fiber debonding/pull-out, resin cracking, delamination,
secondary bond failures, background noise from loose parts, rubbing, etc.

c) Provide an AE baseline for both the Jet Bubble Reactor (JBR) and Limestone Slurry
(LS) vessels for future AE testing.



BACKGROUND INFORMATION

/
The acoustic emission test personnel From Physical Acoustics (PAC) were David Kesler
(AE level III), Bruce Gilbert and Donald Pointer (AE level IT). The acoustic emission (AE)
testing equipment was supplied by Physical Acoustics Corporation (PAC). It consisted of
a 72 channel SPARTAN AT mated to an IBM PC compatible 386 host computer. The data
acquisition system emploved 100-300 kHz bandpass filters and was calibrated just prior to
shipment to the Yates facility. The threshold for acquisition was set at a fixed value of 35
dB for all tests and later filtered to reject any signal below 47 dB. The software used was
SA-LOC version 3.03 dated 1/24/91. The sensors used for this test were PAC model R151
piezoelectric sensors with an integral preamplifier and 150 kHz resonant frequency.
Attenuation studies were done on each vessel to determine the sensor spacing and signal
attenuation. The sensor locations on the vessels can be seen in Figures 1 & 2 of Appendix
F. All sensors were mounted to the structure using 2 hot melt glue. Some sensors were
used as guards to reject extraneous noise. Lead break calibrations were also performed just

prior to each test using a Hsu-Nielsen source to verify the sensor’s acoustic coupling to the
strucrure,

Stressing of the vessels was acomplished using water at atmospheric pressure and
temperature. Prior to loading, a 30 minute background noise check was performed. During
this time, no appreciable data was recorded and no sources of extraneous data were
identified. Stressing was accomplished at a somewhat controlled rate through a fire hose
mated to the bottom of the vessel. After the initial portion of the loading, it was verified
that the turbulence were not a factor during this testing. Stressing of the vessels was
accomplished following standardized atmospheric vessel stressing sequences. Stress level

hold periods were performed at approximately 509, 75% & 100% of H,0 test heights for
greater than 5 minutes to evaluate the integrity of the vessels.

The stressing of the JBR marked the first hydrostatic loading of the vessel. Due to the
internal complexity of this vessel, and its intended operation scheme, it was impossible 10
apply a stressing sequence that would subject the entire vessel 1o a proof load. As such,

only the lower level of the vessel was subjected to hydrostatic loading. This level could be
stressed hydrostatically and evaluated using acoustic emission.

In April, 1991 the Limestone Slurry (LS) vessel was tested by PAC using acoustic emission
NDT. Based on the findings of this initial testing, extended hold periods at the 100% stress
levels were adopted for this AE testing, These extended holds were incorporated to further
evaluate the response of the vessel over time. Further resuits of the initial testing can be
found in the final report dated July 7, 1991 to Dr. Kamyer Vakhsoorzadeh.

Of importance to this testing was the repiacement of the Limestone Slurry (LS) tank floor
following the AE test in April. Initially this floor had been installed in prefabricated
secgions which were glassed together to form the final floor. The removal of the floor was
initiated after warpage was realized under load. The removai was accomplished by cutting



out the majority of the floor leaving only the rim which joined the knuckle joint. The new
floor was formed by spraving a cut fiber composite onto the concrete base, thus allowing the

new floor to cure onto the concrete. This situation introduced the potential for extraneous
AE during testing.

A final point references the post test findings from the work performed in April. During
visual inspection of the LS, it was noted that some of the baffles in the LS tank had partially
delaminated from the walls. Figure 3 of Appendix F, depicts this situation. To repair these
anomalies, the baffles were regiassed at their connection points to the vessel walls. Another
repair to the LS was made at a nozzle on the lower section of the wall. This area was also

found to contain delaminations in the region of sensor number 10. A drawing of this area
can be found in Figure 1 of Appendix F.



TEST 1L.OG

PAC personnel arrived at Plant Yates Monday morning, 9/30/91. An initial coordination
meeting was held in which the testing plans were reviewed by key personnel from Ershigs,
Georgia Power, Plant Yates and PAC. Following this meeting the equipment was setup in
the trailer adjacent to the JBR vessel. Attenuation measurements were taken on the JBR.
Throughout the remainder of Monday the sensors were mounted and calibrated in
preparation for the first of two AE hydrotests on the JBR.

Filling of the JBR began at approximately 9:00am Tuesday morning. Since this test was
initiated by Ershigs to check for leaks coming from the vessel bottom and since work was
being performed on the vessel during the loading phase; no AE was taken during the load-
up portions of the test. During this time the remainder of the AE channels were installed
and calibration procedures completed. Figure 2 of Appendix F shows the sensor layout.

During the load-hold periods however, work on the vessel was terminated so that useful AE
data could be collected. AE data was recorded during all load hold periods for at least 30

minutes. At the 1009 swress level AE was recorded for an 11 hour period. This extended
hold period was required by Ershigs.

On Wednesday morning the load hold at 100% on the JBR was completed and the JBR was
drained. Following this, attemtion was directed to the Limestone Slurry (LS) tank where
attenuation measurements were made. Subsequently all sensors were mounted in
preparation for the loading of the LS tank. Figure 1 of Appendix F shows the sensor layout.
Filling of the LS tank was initiated at 3:00 thar afternoon. As prescribed, load-hold periods
with AE data acquisition were performed at 50%, 75% and finally at 100%. The 100%
level on the LS tank was reached at 9:00pm that evening. An extended hold period was
initiated which lasted until 2:00pm on Thursday afternoon. Based on the initial findings of
this hold it was decided that further evaluate of the LS tank as a function of time was
~warranted. Accordingly, the LS tank was left at the 100% level.

During the remainder of Thursday, the JBR was refitted with sensors for the second AE
test. The sensor locations for this test were in the identical locations as specified in the first
test. All sensors were calibrated and prepared for the test, which was scheduled to
commence on Friday morning. Since the AE system was to be idle for the evening, it was
decided to outfit the LS with a limited mumber of sensors in the regions of high AE activity.
The sensor used were in positions 2,9,10&13. To further the evaluation, and also investigate
the possibility of AE initiating from portions of the vessel near the 1st wall seam, two
additional sensors were mounted above sensors 9& 10. These sensors were numbered 21&22
accordingly. Their locations can be visualized Figure 1 of Appendix F. Following the setup
this second test of the LS at 100% was run for greater than six hours until the following

morning. Following this termination of this test, the LS tank was again left at the 100% fill
level.

Immediately following the LS testing, the AE system was reconfigured for the second



loading of the JBR. At 9:00am the JBR filling was initiated. AE data was recorded at 50%,
75%, 87.5% and finally 100% stress-hold levels. The 1009% level was reached at 5:30pm on
Friday evening and maintained for over one hour. Following the closing of this file the JBR
remained at the 1009% level. Subsequently the LS tank was refitted with sensors in positions
2,9,10&13 to continue the evaluation. Over the next 12 hours both the JBR and LS vessels
were monitored for acoustic emission simuitaneously. The distinction between sensor
arrangements and test tanks was recorded within the computer. On Saturday morning the
datafiles were closed and all testing terminated. Drainage of both vessels ensued.

For the remainder of Saturday and Sunday data analysis was performed off site. By Monday
morning both vessels were drained and opened for visual examination. Portions of the

visual examination are inciuded in this report. Later on Monday a debriefing meeting was
held to discuss the resuits.



RESULTS AND DISCUSSION

The evaluation of both the Jet Bubble Recovery (JBR) and Limestone Slurry (LS) vessels
was based on their ability to acoustically stabilize over time. Simply put, a stable vessel will
appear acoustically dormant over time. The ability of the vessel to stabilize is contrasted
by continuing or even exponentally increasing AE activity at increased stress levels. The
AE technique is best applied during holding periods in the stressing schedule. It is during
this time when background effects and transient phenomenona are at a2 minimum. One of
the best ways to evaluate the data, and ultimately the integrity of the vessel, is through
graphical displays. By carrelating intensities of the dataset graphically an analysis of the

JBR and LS vessels was possible and it is from these graphs that the results and conclusions
were developed. |

JET BUBBLE REACTOR (JBR)

The JBR vessel was loaded and held at the 100% stress level twice during the AE
monitoring. From these loadings, two datafiles were acquired that were appropriate for
analysis. The data files were both post test filtered for a fixed threshold of 47dB and any
extraneous noise was eliminated. The resulting data files each vielded greater than 11 hours
of hold at 100%. Figures generated for the JBR analysis can be found in Appendix A.

Figures 3 through 23 of Appendix A afford a comparison of these 2 data files. For
comparison purposes similar graphs between datafiles have been included on the same page.
The odd numbered plots represent the 1st load-hold while the even numbered plots
represent the 2ad load-hold. For simplicity, the axis on each graph have been fixed.

Figures 3 and 4 of Appendix A show the distribution of hits among the channels. Among
the most active channels during the first hold period are channels 1, 6, 8, 15, 25 and 49. It
can be seen from Figure 4 of Appendix A that the activity for all channels has reduced
significantly when compared to the first loading shown in Figure 3 however all channels
remain active. Figures 3 and 6 of Appendix A show the amplitudes that were recorded
during each hold period. During the first test there were a significant number of hits over
80dB. During the second test the amplitudes were slightly lower but still maintain values
above 70dB. From Figures 7 and 8 of Appendix A it is apparent that the hit rates remains
relatively constant after their initial decays. Although the decay in rate was present, the
vessel never completely stopped emitting. Also of interest is the "spike” data found during

the first loading. This type of emission is indicative of sudden releases of energy
characteristic of damage propagation within the FRP.

Figures 9 and 10 of Appendix A indicate the energy rate recorded during the hold periods.
As previously noted, the spike emission is of great concern. These spikes are from hits of
middle 10 upper amplitudes (60 - 80 dB) and relatively long durations. Figures 11 and 12
of Appendix A show the amplitudes for all channels as a function of time. As can be seen
{rom these plots, the amplitude levels remained relatively consistent throughout the hold



period. Figures 13 and 14 of Appendix A represent the individual channei activity versus
time. From this plot it is sometimes possible to note pattern in channel activity. Figures
15 and 16 of Appendix A show the individual hit durations as a function of channel. Figure
15 appears to dominate these two plots however Figure 16 shows durations reaching 30
milliseconds which are also relatively high. A synopsis of the above graphs would highlight
the long duration, and burst type emissions. The burst type emission was heavily noted
during the first hold. This emission pattern decayed during the second hold however the
continuing emission throughout this hold was disconcerting.

To further investigate the final status of the vessel, the last hour of data from the second
hold period was scrutinized. Figures 17 through 23 of Appendix A represent this data. The
figures generated for this analysis were the same as reviewed above with the exception of
increased resolution to aid in the analysis. From Figure 17 it can be seen that the activity
was relatively limited and scattered among the channels. Figure 19 of Appendix A indicates
that the emission was also scattered as a function of time. From Figures 18 and 20 it can
be seen that the amplitude ranged up to almost 60dB. The remaining figures serve to
support the observation of continuing low level emission as a function of time.

To put these seemingly iow levels of emission into perspective, it should be recalled that
each of the data files ran for greater than 11 hours each. The standardized hold period for
such a test allows a minimum of 30 minutes for vessel stabilization.

LIMESTONE SLURRY (LS)

In this section the data taken on the Limestone Slurry (LS) tank was analyzed. Comments
are made on the activity of the vessel during the load-up portion of the test. Data analysis
is performed on the intermediate hold periods approaching 100% and also the 60 hour hold
at 100%. For analysis purposes, the data was filtered at a threshold of 47dB. This threshold
was consistent with various portions of the previous report from April, 1991. Figure 1 of
Appendix F shows the initial AE sensor lavout for the LS vessel. As can be seen, the
bottom portion of the vessel wall was heavily covered with sensors in an attempt to evaluate

the knuckle joint. The decision to concentrate on this region also came as a resuit of the
first test back in April.

- LOAD-UP OF LIMESTONE SLURRY TANK

During the load-up portion of the stressing sequence AE is not typically recorded; however
is certain situations useful reaitime information can be gained about the vessel during these
times. To evaluate this, AE requires that each individual AE channels’ activity light (on the
front panel of the SPARTAN AT) be scrutinized. By determining which sensers activity
lights are active, a feel for the vessel can be gained on a per channel basis. This
information may ultimately be used during the load-hold evaluation of the stored data.

Almost from the onset of loading, channel 3 was extremely active. After assessing the fill



rate and the lack of turbulence during fill, it was speculated that the cause of this emission
could be related to the separation of the tank bottom from the cement foundation or maybe
the baffle attachment to the wall. Over time the activity from this sensor decreased,
however at no point during the load-up did channel 3 ever discontinue emitting. As the
stress level increased, the number of active channels, as well as AE rate, continued to
increase for all channels. By the time that the 1009 stress level was reached, the level of
AE activity on channel 3 was no longer distinct from the other channels.

INITIAL L.OAD HOLD OF LIMESTONE SLURRY AT 100%

The data taken during this initial hold period represents greater than 17 hours of continuous
acquisition. For reference, the standard evaluation time for an FRP vessel is 30 minutes.

Figure 1 of Appendix B shows the hits vs. time for all sensors during this load hold. As can
be seen, the AE data rate follows the anticipated exponential decay with time. With time
however the AE should completely decay and as portrayed in Figure 1, it does not. Further,
“the intersperced periods of burst tvpe emission is of particular interest as it represents
instantaneous releases of AE energy. To investigate which channels were responsibie for
this, Figure 22 of Appendix B was generated to display the hits vs. channel. As can be seen,
sensors 2, 9, 10 and 13 were higher in activity than the remaining sensors. From this, Figure
1 through 4 of Appendix B were generated which show the hits, counts, energy and
amplitude vs. time for these 4 sensors combined. Knowing which sensors were responsible
for the emission it was practical to look at the AE from each channel individually. Figures
5 through 21 of Appendix B represent the hits, counts, energy and amplitudes vs. time for
each of these sensor separately. It should be noted that the y-axis scales for each of these
graphs was set to allow the maximum resolution for comparison purposes. When comparing
like graphs between different sensors, this fact should be maintained.

From these figures it can be seen that sensors 2 and 13 are responsible for the continuing
emission while sensor 9 and 10 are responsible for the burst type emission. Referring to

Figures 23 and 24 of Appendix B it is apparent that channel 9 is responsible for this section
of burst emission.

Referring back to Figure 1 of Appendix B (hits vs. time) it can be seen that there is a
definite increase in AE activity towards the end of the figure. Upon referring back to the
start of test and interpolating, it is found that the point of increase in the background rate
corresponds to the time of morning which is the sunrise. From this it can be referred that
the heat from the sun initiates a second stress on the vessel in the form of a thermal
gradient. This gradient serves to increase the continuing AE activity thus reinforcing the
notion that the AE being recorded is stress related and not just of a background effect.

SECOND HOLD OF LIMESTONE SLURRY AT 100%

Following the activity seen above, it was determined that the LS vessel should be left at the



1007 stress level in order to further evaluate the continuing AE. Since the JBR was being
setup for a test, the continuing efforts on the LS were scheduled as best as possible The
time period between the ending of the first data collection period and the initiation of this
session was about 10 hours. Following the setup on the JBR, only the 4 most active sensors
(2,9,10&13) were refitted on the LS for acquisition. To artempt to investigate the location
of the AE sources on the vessel, 2 additional sensors were mounted on the LS. Their
locations can be seen in Figure 1 of Appendix F. These sensors were labeled channel 21
and 22 accordingly and are positioned above 2 of the 4 initial sensors which have remzined
in their initial position. In this manner, the sources of emission could begin to be located
on the vessel using arrival time. As can be seen from Figure 1 of Appendix C, shows the
hits vs. channel as being primarily based around the region of the four original sensors.
Referring to Figure 2 of this section it is observed than the emission once again does not
completely died out with time. Although the data rates are fairly low, the fact remains that
each of these hits was greater that the analysis threshold of 47dB. To further investigate the
magnitude of these hits, Figures 3, 4 & S were created to look at the amplitude, count and
energy distribution during this time period. From these figures we can see that there were
definite periods of burst type AE activity on top of the continuing emission. Of concern are
the amplitudes in the 70dB range. Figures 6 through 21 of Appendix C show the hits,
counts, energy, and amplitude distribution for channels 2, 9, 10 and 13 plotted separately.

From these figures, again there appears bath periods continuing activity and burst type
emission.

FINAL HOLD OF LIMESTONE SLURRY AT 100%

Based on the information gained above it was reasoned to once again leave the vessel at the
1007 level and time permitting, continue to acquire data. Since the main concentration at
this point in the schedule was to concentrate on the JBR tank, it was not until 14 hours later
that the LS tank was again monitored. Both tanks were monitored for a period of greater
than 15 hours through Friday evening and into Saturday morning. Due to rain on Saturday

morning some of this data was filtered out. As such however, greater than 12 hours of data
were considered acceptable for analvsis.

The details of the acquisition are as follows; after the loading sequence up to 100% was
completed on the JBR, the LS was once again outfitted with 4 sensors in positions 2, 9, 10
& 15. It was reasoned that both the JBR and the LS could be simultaneously monitored
with AE at the 100% stress level. As such the AE channels used on the computer to
monitor the LS were no longer 2, 9, 10 & 13 but now respectively 33, 54, 59 & 60. This was
due to channels 2, 9, 10 & 13 now being used for the JBR. This in no way jeapordized the

resuits on the LS data since the same locations on the LS were used throughout the entirety
of the testing.

Figure 1 through 16 of Appendix D show the hits, counts. energy and amplitudes for each
of the four channels. Once again the levei of AE activiry has not completely stopped and
as before, there remains transient type activity. Since the time that this file was initiated



was almost 9:00pm it is inconceivable that this AE is related to the sun and the potential
temperature gradient. Referring to Figures S through 9 of this section, we can see the
counts, duration and amplitude plots for channel 54 (semsor location 9 on the vessel).
Referring to approximately 10-11 hours into this test it is observed that a "spike” can be
seen. This spike is of extremely high duration and relatively iow amplitude. Due to the

magnitude of these emissions it is obvious that the vessel is actively readjusting to the stress
level.

Referring to the plots of amplitude and duration for the remaining three channels, varying
trends can be seen. The origin of these sources differ greatly based on the variations in
amplitude and duration. As referred to earlier, the point of this acquisition period was to
determine whether the AE would evenmally decay to nothing after this greatly extended

hold at 1009 stress level. As can be seen from the data, the emission continued and there
were even burst type emissions recorded.

COMBINED DATAFILE EVALUATION OF LIMESTONE SLURRY AT 100%

To give a clear representation of the data taken from the Limestone Slurry tank over the
entire 60 hour period, all of the data files have been combined to form one continuous file.

The appropriate time offsets have been included between files so that the time axis on these
plots is representative of the actual AE occurrances.

From this file, Figures 1 through 4 of Appendix E have been generated which show the hits,
counts, energy and amplitude for the entire hold period at 100%. As can be seen from
these plots, the acoustic emission activity decayed during the initial portion of the hold
period, however at no point died out completely, As before, the burst type emission
encountered throughout the hold period was particularly troubling due to the high amplitude
AE hits and also the long duration hits. As stated above, the contrast between the high
amplitude and long duration hits noted from different hits represent two different
phenomenon within the vessel. Both of these occurrance can be considered detrimental to
the integrity of the vessel and/or the internal structures. As stated before, the emission

continued up to and through the final hold period some 60 hours after the initial hoid at
100% was reached.

A further point of interest is the increased emission during daylight periods. These periods
in time are marked on the appropriate figures. They are indicative of the increased thermal
effect on the tank and its special ultraviolet protective coating. This thermal effect serves
to further support the argument thart the vessel is still actively adjusting 10 the stress state
applied. An argument could be generated to the effect that the vessel is constantly
readjusting to the thermal effect. The basis for this is explained by the movement of the
tank base as the source of the emission. To discredit this hypothesis are the distinct changes
in emission level noted at sunrise and again at sundown which are more indicative of a

prompt adjustment to the stress. This reasoning.therefore precludes the notion of
continuous readjustment of the tank to stress.
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CONCLUSIONS

Jet Bubble Recovery

During the testing of the JBR, two AE datafiles were primarily interpreted for resuits.
These files contained over 11 hours each of continuous emission during two monitoring
periods. Based on the emissions recorded during both of these load hold periods, it was
evident that the JBR continued to emit up to, and including the last portion of the final
load-hold period. Since a standardized threshold level was used for evaluation, and since
the JBR was not subject to any appreciable external stresses other than the hydorstatic
stress, it can be concluded that the vessel was continuing to emit due to increasing
degredation of the vessel and/or internal structure at the vessel wall. Due to the sensitive
nature of the AE technique, it should be noted that the levels and intensities of the emission
were in no way indication of immeidate or catastrophic failure. Due to the inability of the
vessel to completely stabilize over time, it can be concluded that the vessel was dynamically
and adversely readjusting to the stress level. To support this conviction was the post test
visual analysis of the inside of the JBR. Of interest to the AE analysis were the various
portions where the internais to the JBR were attached to the vessel wall. In several areas
it was noted that internal delaminations had occurred at these connection point. It is felt
that the continuing AE is directly related to this phenomenon. This conclusion is further

supported by the low amplitude, long duration hits that are characteristically indicative of
delaminations in FRP vessels.

Limestone Slurry

Testing of the LS tank offered a unique opportunity to evaluate the vessel at the 100%
stress level over a period of greater than 60 hours. During this time a large amount of data
was taken to chart the response of the vessel to this constant stress level. As was the case
with the JBR, the LS did not completely acoustically stabilize over time. This was
confirmed not only through low level continuing emissions, but also through burst tvpe
emussions. A case in point would refer to the AE experienced by channel 54 (sensor #9 on
the vessel) which was extremely long duration and realtively low amplitude. This occurrance
was experienced almost S0 hours into the hold period at 100%. Once again, the conclusion
being that both the low level continuing emission, in combination with the burst type
emission are indicative of a vessel which is actively seeking an equilibrium state. It is

anticipated that this vessel would continue to emit until such time as the entirety of the
stress relief was completed.

11
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Figure 1. Sensor arrangement for Jet Bubble Reactor (JBR)
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Figure 2. Sensor arrangement for Jet Bubble Reactor (JBR)
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Executive Summary

Two on-site fabricated Fiber Reinforced Plastic (FRP) vessels were tested using
Acoustic Emission (AE) Non-Destructive Testing (NDT). Physical Acoustics Corporation
was contracted by the Southern Company Services to perform the tests during an initial
hydro test. The vessels are located at Plant Yates of the Georgia Power Company and are
components in the CT-121 Flue Gas Desulfurization (FGD) process.

Both vessels were extensively tested using acoustic emission which proved its
feasibility for providing "real time" monitoring of the structural integrity during proof
loading. Acoustic emission also detected areas of delamination around the internal
structure-to-vessel wall interface. The data obtained shows continuous emission during the
testing which is indicative of a structure seeking equilibrium. An extensive data baseline has

been saved for future testing of the vessels. This baseline will be compared with data
obtained at a later date.
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1. Introduction

Southern Company Services has recently constructed two large Fiber Reinforced
Plastic (FRP) vessels at Plant Yates of the Georgia Power Company. The FRP vessels
are components in the CT-121 Flue Gas Desulfurization (FGD) process. To verify the
integrity of the FRP, on-site construction, some form of structural testing was required.
Physical Acoustics Corporation (PAC) was contracted to perform structural integrity
testing using Acoustic Emission (AE) testing techniques. The AE testing was performed
in conjunction with previously scheduled hydro tests.

Acoustic emission is a wide-area, nondestructive technique that "listens" to a
structure as it responds to an applied stress. Acoustic emissions are high frequency stress
waves which are given off by anomalies within a structure as it undergoes stress. In this
instance, the stress is applied to the vessel by filling it with water. By using a global
array of piezoelectric sensors, the structure as a whole can be monitored, as opposed to
the local scanning techniques of traditional NDT methods.

The CT-121 system includes two FRP vessels; the Limestone Slurry (LS) tank and
the Jet Bubble Reactor (JBR). The primary goals of the AE tests were:

a) Detect, locate and classify acoustic emission sources.

b)  Evaluate the effectiveness of AE in distinguishing between acoustic emissions
generated by fiber breakage, fiber debonding/puli-out, resin cracking,
delaminations, secondary bond failures, background noise caused by internal

structures, rubbing, etc.

<) Provide an AE baseiine for both the Jet Bubble Reactor (JBR) and Limestone
Slurrv (LS) tank for future AE testing.

d) Develop quality control for this portion of FRP development/procedure.

e) Transfer of AE technology to the Southern Company research group.



2. Approach

The acoustic emission test personnel from Physical Acoustics were:

Bruce Gilbert (AE level II)
Donald Pointer (AE level II)
David Kesler (AE level III)

The acoustic emission test equipment was supplied by Physical Acoustics and consisted
of a PAC 72 channel SPARTAN-AT controlled by an IBM-PC compatible 386 host
computer. The data acquisition system employed 100-300 kHz bandpass filters and the
threshold for all tests was set at a fixed value of 35 dB. The software used was SA-LOC
version 3.03 dated 1/24/91. The sensors used for this test were PAC model R151

piezoelectric transducers with integral 40 dB gain preamplifiers. Sensors were resonant
at 150 kHz.

Auenuation studies were performed on each vessel to determine AE wave
propagation characteristics. From this information, a sensor spacing pattern was
calculated. The sensor locations on the vessels can be seen in Figures 1a & 1b of
Appendix A, immediately following the text. Sensors were mounted using a hot glue
adhesive (per ASTM E-650); this also doubled as the couplant. Some sensors were used
as guards to detect extraneous noise. Lead break calibrations (per ASTM E-976) were

performed just prior to each test using 2 Hsu-Nielsen source to verify the sensor’s
acoustic coupling to the structure.

Stressing of the vessels was accomplished using water at atmospheric pressure and
temperature. Prior to loading, a 30 minute background noise check was performed.
During this time, no appreciable data was recorded and no sources of extraneous data
were identified. Vessel stressing was accomplished by filling the tanks from a fire hose
attached to the bottom of the vessel. At approximately the 10% level, it was verified
that the water turbulence would not be a source of background AE. Stressing of the
vessels was accomplished following standardized atmospheric vessel stressing sequences
(ASME Section 5, Article 11). Load-hold periods were performed at approximately

50%, 75% and 100% of the vessel test capacity. The ioad-holds lasted for greater than 3
minutes.

The stressing of the JBR marked the first hydrostatic loading of the vessel. Due
to the complexity of the vessel, it was not possible to apply a stressing sequence that
would subject the entire vessel to a proof load. Only the lower 509 of the vessel was
subjected to hydrostatic loading and acoustic emission evaluation,

In April 1991, the Limestone Slurry (LS) tank was tested by PAC using acoustic
emission. The LS vessel was retested during the second visit, along with the JBR.



3. Results

Test Notes for the Jet Bubble Reactor:

Physical Acoustics personnel arrived at Plant Yates Monday morning, 9/30/91.
An initial coordination meeting was held in which the testing plans were reviewed by key
personnel from Ershigs (the vessel manufacturer), Georgia Power, Plant Yates, Southern
Company Services and PAC. Following this meeting the equipment was setup in the
trailer adjacent to the JBR. Atutenuation measurements were taken on the JBR.
Throughout the remainder of Monday the sensors were mounted and calibrated in
preparation for the first of two AE/hydro tests on the JBR.

Filling of the JBR began at approximately 9:00 AM Tuesday morning. This test
was initiated by Ershigs to check for leaks. Since work was still being performed on the
vessel during this loading phase, no AE data was taken. During this period the
remaining AE sensors were installed and calibrated per ASTM E-976 (see Figure 1b for
sensor locations). At the load-hold periods, work on the vessel was terminated so that
useful AE data could be collected. AE data was recorded at each load-hold period.
Each load-hold lasted at least 30 minutes. At the 100% load-hold level, AE data was
recorded for 11 hours. This extended hold period was required by Ershigs. On

Wednesday morning the load-hold at 100% on the JBR was completed and the JBR was
drained.

On Thursday, October 3, the JBR was refitted with sensors for the second AE
test. The sensor locations for this test were in the identical locations as specified in the

first test. All sensors were calibrated and prepared for the test. The test was scheduled
to commence on Friday morning.

A second loading of the JBR began Friday, October 4, at 9:00 AM. AE data was
recorded at 50%, 75%, 87.5% and finally 100% load-hold levels. The 100% level was
reached at 5:30 PM on Friday evening and maintained for over one hour. Upon
completion of this test, the JBR remained at the 100% level.

Test Notes for the Limestone Slurrv Tank:

On Wednesday morning, October 2, 1991, the AE retest of the LS tank began.
Sensors were mounted (see Figure 1a for locations) and calibrated per ASTM E976.
Filling of the LS tank was begun at 3:00 PM that afternoon. AE data was acquire at the
50%, 75% and 1009 load-hold periods. The 100% level was reached at 9:00 PM that
evening. An extended hold period was initiated which lasted until 2:00 PM on Thursday
afternoon. On the basis of the initial findings of this hold, it was decided that further
evaluation of the LS tank was warranted. The LS tank was left at the 100% level. The
LS was refitied with a limited number of sensors in the regions of high AE activity. The
sensors used were in locations 2, 9, 10 and 13. To further the evaluation, and also
investigate the possibility of AE initiating from portions of the vessel near the Ist wall
seam. two additional sensors were mounted above sensors 9 and 10. These sensors were



numbered 21 and 22 (see Figure 1a). Following setup, the second test of the LS tank
began at the 100% load-hold level. This ioad-hold lasted for greater than six hours.

Following the termination of this test, the LS tank was again left at the 100% load-hold
level.

Test Notes for Simultaneous testing of the JBR and LS:

The LS tank was refitted with sensors in positions 2, 9, 10 and 13 to continue the
evaluation. Over the next 12 hours, the JBR and LS vessels were monitored
simultaneously for acoustic emissions. The distinction between sensor arrangements and
test vessels was recorded within the computer. On Saturday morning, October 3, all
testing terminated.

For the remainder of Saturday and Sunday data analysis was performed off site.
By Monday morning both vessels were drained and opened for visual examination. Later
on Monday, a debriefing meeting was held to discuss the results.

4. Discussion

Evatuation of the Jet Bubble Reactor and Limestone Slurry tank was based on
their ability to become acoustically stabilized. At a fixed load, a structuraily stable vessel
will be acoustically dormant. An unstable vessel will continually generate acoustic
activity. Towards failure, this activity may increase exponentially. This AE evaluation
technique is best applied during load-hold periods in the stressing schedule. Tt is during
these periods when background noise and transient phenomenon are at a minimum.
One of the best ways to evaluate the data, and ultimately the integrity of the vessel, is
through graphical displays. By graphicailv correlating intensities of the data set, an

analysis of the JBR and LS vessels is possible. Test results and conclusions were
developed from these graphs.

Jet Bubble Reactor:

The JBR vessel was loaded and held at the 100% stress level twice during the AE
monitoring. From these loadings, two data files were acquired. The data files were post
test filtered at a fixed threshold of 47dB to eliminate any extraneous background noise.

The resulting files provided more than 11 hours of data. Figures generated for the JBR
analysis can be found in Appendix A. o

Figures 3 through 23 of Appendix A provide a graphical analysis of the 2 data
files. For comparison purposes simiiar graphs between data files have been included on
the same page. The odd numbered plots represent the 1st load-hold while the even
numbered plots represent the 2nd load-hold. The axis on each graph has been fixed.

Figures 3 and 4 of Appendix A show the distribution of hits among the channels.



The most active channels during the first hoid period are channels 1, 6, 8, 15, 25 and 49.
It can be seen from Figure 4 of Appendix A that the activity for all channels was
reduced significantly when compared to the first loading shown in Figure 3. However,
all channels still remained active during the second loading. Activity during the second
100% load-hold indicates a Felicity Ratio of less than 1.

Figures 5 and 6 of Appendix A show the amplitudes that were recorded during
each hold period. During the tirst test there were a significant number of hits over
80dB. During the second test the amplitudes were slightly lower but still maintain values

above 70dB. Activity above the 60dB level are indications of delamination and fiber
breakage.

From Figures 7 and 8 of Appendix A it is apparent that the hit rates remains
relatively constant after their initial decays. Although a decay in rate was present, the

vessel never completely stopped emitting, This acoustic instability indicates a continued
~redistribution of the stress within the vessel.

Of interest in the first Joading, is the "spike" data that occurred at approximately 5
hours (18K seconds). This rvpe of emission is indicative of sudden releases of energy
characteristic of damage propagation within the FRP.

Figures 9 and 10 of Appendix A indicate the energy rate recorded during the hold
periods. As previously noted, the spike emission is of great concern. These spikes are
from hits of middle to upper amplitudes (60 - 80 dB) and relatively long duration.

Figures 11 and 12 of Appendix A show the amplitudes for all channels as a

function of time. It can be seen from these plots that the amplitude levels remained
relatively consistent throughout the hold period.

Figures 13 and 14 of Appendix A represent the individual channel activity versus
time. From this plot it is sometimes possible to note pattern in channel activity.

Figures 15 and 16 of Appendix A show the individual hit duration as a function of
channel. These graphs indicate long duration, burst type emissions. The burst type
emission was heavily noted during the first hold. This emission pattern decayed during

the second hold. The continuing long duration emission throughout the second load-hold
is indicative of delimitation growth.

~ To further investigate the status of the vessel, the last hour of data from the
second hold period was scrutinized. Figures 17 through 23 of Appendix A represent this

data. The figures generated for this analysis were the same as reviewed above with the
exception of increased resolution.

Figure 17 indicates that the activity was relatively limited and scattered among the
channels. From figure 18 it can be seen that hits reached a maximum amplitude of
6bOdB. Figure 19 indicates that the emissions were also scattered throughout the hour.
The remaining figures serve to support the observation of continuing low level emission
as 4 function of time. Although activity rates and intensitv have decreased significantly,



AE is still being generated. Accepted industry standards do not allow any unidentified
AE activity during the first 30 minutes of the 100% load-hold.

Limestone Slurrv Tank:

Comments are based on the activity of the vessel during the load-up portion of
the test and the 60 hour load-hold at 1009%. For analysis purposes, the data was filtered
at a threshold of 47dB. This threshold was consistent with the previous test in April
1991. Figure 1a of Appendix A shows the initial AE sensor layout for the LS vessel.
The bottom portion of the vessel wall was heavily covered with sensors in an attempt to
evaluate the knuckle joint. The decision to concentrate on this region came as a result

of the first test in Aprif 1991. Appendix B contains a summary of graphs generated for
this phase of analysis.

Load-up of Limestone Slurry Tank:

AE is not typically recorded during the load-up portion of the stressing sequence.
However, in certain situations useful real-time information can be gained about the
vessel. To take advantage of the loading transitions, the individual AE channel activity
lights (on the front panel of the SPARTAN-AT) must be monitored. By determining
which sensor activity lights are active, an understanding of how the vessel is

redistributing the load can be obtained. This information may ultimately be used in
conjunction with the load-hold data.

Almost from the onset of loading, channel 3 was extremely active. After insuring
that the fill rate was not generating turbulence, it was speculated that the cause of this
emission could be related to the separation of the tank bottom from the cement
foundation. As the filling proceeded, activity from this sensor decreased. At no point
during the ioad-up did channel 3 become completely quiet. As the stress level increased,
the number of active channels, as well as AE rate per channel, continued to increase. By
the time the 100% load-hold level was reached, AE activity from channel 3 was no
longer distinguishable from other AE channels.

Initial Load-Hold of Limestone Slurry Tank at 1009%:

The data taken during the initial load-hold represents more than 17 hours of
continuous acquisition. For comparison, a standard evaluation time for an FRP vessel at
the 100% load-hold level is 30 minutes (ASME Section 3. Article 11).

Figure 5 of Appendix B was generated to display a hit driven channel verse’s time
graph art the 1009 load-hold. This graph indicates that sensors 2, 9, 10 and 13 were
higher tn activity than the remaining sensors. From this. Figure 1 through 4 were
generated which show the hits. counts, energy and amplitude verse's time for the 4
sensors combined. The AE darta rate initially follows the anticipated exponential decay
with time. For a vessel 10 be considered structurally stable. the AE rate should



completely decay. Figure 1 of Appendix B also shows burst AE activity occurring about
every 2 hours. This tvpe of activity typically represents instantaneous releases of AE
energy associated with fiber breakage and delamination propagation.

Figures 5 through 21 of Appendix B represent the hits, counts, energy and
amplitude verse’s time for each of the 4 sensors separately. The x-axis of the hit graphs
for channels 2 and 13 (figure 6 and 18) display a continuous low level AE activity rate.
While the hit graphs for channels 9 and 10 (figure 10 and 14} lack the continuous low
level activity. Burst activity denominate these graphs. From these figures it can be seen
that the area adjacent to sensors 2 and 13 are responsible for the continuing emission
while sensor 9 and 10 are responsible for the burst type emission. It should be noted
that the computer was allowed to vary the y-axis scales for maximum resolution.
Consider the scaling factor when comparing like graphs from different sensors.

Referring back to Figure 1 of Appendix B (hits verse’s time) it can be seen that
there is a definite increase in AE activity towards the end of the figure. Upon referring
back to the start of test and interpolating, it is found that the point of increase in the
background rate corresponds to approximately the time of sunrise. From this it can be
referred that the heat from the sun introduced a second form of stress on the vessel.
This thermal gradient serves to increase the continuing AE activity and reinforcing the
notion that the AE being recorded is stress related.

Second Load-Hold of Limestone Slurry at 100%:

Following the activity above, it was determined that the LS vessel should be left
at the 100% stress level in order to further evaluate the continuing AE. The continued
tests of the LS were scheduled around the test of the JBR. There was about a 10 hour
delay berween the end of the first LS test and the start of the second. Only the 4 most
active sensors (2, 9, 10 & 13) were refitted on the LS. To assist in isolating the location
of the AE sources, 2 additional sensors were mounted on the LS. These sensors were
labeled channels 21 and 22 and positioned above sensors 9 and 10 (see Figure la
Appendix A). On the basis of this sensor pattern, the sources of acoustic emission could

be located using the stress wave time of arrival. Graphs generated for this procedure
can be found in Appendix C.

Figure 1 of Appendix C shows the hits verses channel for the region around the
four original sensors. Referring to Figure 2 of Appendix C, it can be seen that the
emissions do not completely die out with time. Although the data rates are fairly low,
these hits are still greater that the analysis threshold of 47dB.

To investigate the magnitude of these hits. Figures 3. 4 & S were created to look
at the amplitude, counts and energy distribution during this period. From these figures
we can see that there are definite periods of burst type AE activity on top of the
continuing emission. Of concern are hits in the 70dB amplitude range.

Figures 6 through 21 show the hit, counts. energy, and amplitude distribution for
1

channels 2. 9. 10 and 13. These individual channel figures provided additional detail for
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both periods continuing activity and burst type emission.

Final Load-Hold of Limestone Slurry at 100%:

Based on the information gained in the second load-hold, it was decided to leave
the vessel at the 100% level and continue to acquire data. The main effort at this point
in the schedule was to concentrate on the JBR. It was not until 14 hours later that the
monitoring of the LS tank resumed. Starting Friday evening, both the JBR and the LS
tanks were monitored simultaneously. The SPARTAN-AT software allows for
simultaneous independent data acquisition. Both vessels were monitored for more than
15 hours. Due to rain on Saturday morning, some of the data had to be post filtered
from the data set. Even with the removal of this data, the file provided more than 12
hours of data for analysis.

Figure 1 through 16 of Appendix D show the hits, counts, energy and amplitudes
for each of the four channels. Once again the level of AE activity has not completely
stopped. Since monitoring began at about 9:00 PM, potential AE generated by a solar
thermal gradient is not considered a factor.

Figures 5 through 9 display the hits, counts, energy and amplitude plots for
channel 54 (sensor location 9 on the LS vessel). At approximately 12 hours into the test,
a large "spike" is observed. This spike is of extremely long duration and relatively low

amplitude. Due 1o the magnitude of these emissions it is obvious that the vessel is still
actively readjusting to the stress level.

Varying trends are observed in to the amplitude and duration plots of the
remaining three channels (53, 39 and 60). Based on the variations in amplitude and
duration, the origins of this AE activity differ greatly. The point of this acquisition
period was to determine whether the AE would eventually decay below the test
threshold. After this greatly extended hold at the 100% stress level, the fow level
continuous and high level burst emission continued.

Overall Behavior and Evaluation of the Limestone Slurry Tank at 100%:

To give a clear representation of the data taken from the LS tank over the entire
60 hour period. all of the data files have been combined to form one continuous file.
The appropriate ume offsets have been included between files so that the time axis on
these plots is representative of the actual AE occurrences.

From this file, Figures 1 through 4 of Appendix E were generated. These figures
show the hits, counts, energy and amplitude verse’s time for the entire 100% load-hold
period. The figures indicate that the acoustic emission activity decaved during the initial
portion of the load-hold, but at no point died out completely. Due to the high

amplitude and long duration. the burst tvpe emission experienced throughout the load-
hold was particularly troubling.

Q



The high amplitude and long duration hits are typical signatures of two different
failure mechanisms. Both of these occurrences can be considered detrimental to the
integrity of the vessel and/or the internal structures. These emissions continued up to
and through the final load-hold period. After 60 hours at the 100% load-hold level, the
vessel was still reacting adversely to the applied load.

A further point of interest is the increased emission during periods of daylight.
These emissions are indications of the increased thermal stress on the tank and its
special ultraviolet protective coating. The additional stress applied by the thermal effects
are another indication of the vessel’s inability to support the a load under routine
operating conditions.

On the basis of the results from the initial test, an extended hold period at the
100% stress level was needed. This extended hoid was incorporated to further evaluate

the response of the vessel. Results of the initial test can be found in PAC Project 5-343
final report dated July 7, 1991.



5. Conclusions

Jet Bubble Reactor:

During the testing of the JBR, the two 100% load-hold AE data files were used to
interpret results. Each file contained over 11 hours of data. On the basis of the
emissions recorded during the load-hold periods, it was evident that the JBR continued
to emit AE up to, and including the last portion of, the final load-hold. Since a
standardized threshold level was used for evaluation, and since the JBR was not subject
to any appreciable external stresses other than the hydrostatic stress, it can be concluded
that the vessel was continuing to emit due to increasing degradation. The inability of the
vessel to completely stabilize indicates that it was dynamically and adversely readjusting
to the stress level. A post test visual analysis of the inside of the JBR supported this
contention. Of interest to the AE analysis were the various positions where the internal
structure of the JBR was attached to the vessel wall. In several areas it was noted that
internal delaminations had occurred at these connection points. It is felt that the
continuing AE is directly related to this phenomenon. This conclusion is further

supported by the low to mid amplitude, long duration hits that are characteristics of
delaminations in FRP vessels.

Limestone Slurry Tank:

Testing of the LS tank offered a unique opportunity to evaluate the vessel at the
100% stress level over a period of greater than 60 hours. During this time, a large
amount of data was taken to chart the response of the vessel to this constant stress level.
As was the case with the JBR. the LS did not become acoustically stable with time. This
was confirmed through burst npe and low level continuing emissions. An indication of
this problem is provided by channel 54 (sensor #9 on the vessel). Extremely long
duration and relatively low amplitude signals were received throughout the test. This
occurrence was experienced almost 50 hours into the 100% load-hold. Once again, the
conclusions indicate that both the low level continuing emission and the burst type
emission are indicative of a vessel that is actively seeking a state of equilibrium. It is
anticipated that this vessel would continue to emit until the entire structure was stress
relieved. Once again. upon visual inspection, the internal attachments (baffle plates)
showed discolorations at the wall interface, indicative of delaminations. The
delaminations found in the LS tank were more pronounced than the indications found in

the JBR. A detailed sketch of these areas are included in the report as Figure 3 of
Appendix A.

A general summarization of the tests performed on the on-site fabricated FRP
vessels follows. The general conclusions are:

1. Acoustic emission is 4 viable method to use for the detection, location and
classification of acoustic emission sources.

2. Acoustic emission is etfective in distinguishing delaminations and



background noise.

3. A baseline of acoustic emission data from both vessels has been attained
for future AE tests.

4. Acoustic emission results show internal structure (baffle plates etc.),
mounted to the vessel wall, may cause significant breakdown of the
bonding material at the wall/internal structure interface upon loading.

S. After extended hold periods at the 100% level, both vessels continued to
emit acoustic signals.

6. The photoelastic plates are not a significant source of acoustic emission as
was first thought in the initial test and report.

1. It appears that the ambient temperature change during a tvpical day can
influence the AE results.

6. Recommendations

Load-hoid periods on both vessels exceeded accepted industry standards by many
hours. At no time was there a 30 minute period that either vessel could be considered
acoustically silent. However, the extended hold periods should continue until more is
learned about this type of construction. In addition, water was used as the primary
stressing medium. During operation, the vessels will contain a mixture of water and
limestone, This difference is specific gravity will add additional stress to the vessels. It
is recornmended that both vessels be monitored very closely for any visual signs of
degradation. In addition, it is strongly recommended that a 6 month, but no more than I
vear, AE test interval be established. The test would concentrate on those areas
identified in this report as being acoustically active.
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INTRODUCTION

Southern Company has recently embarked on the construction of large fiber reinforced
plastic (FRP) structures and pressure vessels at Plant Yates (Georgia Power Company).
These FRP components are used as the primary parts of the CT-121 flue gas desulfurization
(FGD) process. FRP was primarily selected because it provided an economic advantages
over other more conventional choices of materials. To verify the integrity of the FRP
construction, QC/QA testing was sought. According to the previous experience of FRP
equipment users, Acoustic Emission (AE) monitoring of FRP vessels provides the most
promising diagnostic tool for FRP vessels. Accordingly, Physical Acoustics Corporation
(PAC) was contacted to perform the required testing and verify the integrity of the FRP
vessel and its construction. To reach this goal, a hydro-test was scheduled during the pre-
operation phase of the Flue gas desulfurization (FGD) process. The primary goal of the
hydro-tests were:

a) Detect, locate, and classify emission sources;

b) Evaluate the effectiveness of AE, if active sources are detected, for distinguishing
emissions due to fiber cracking, fiber debonding/pull-out, resin cracking,
delamination, secondary bond failures, background noise from loose parts, rubbing,
etc.



TESTING

The vessel in question was constructed on-site by Ershigs using FRP materials to a size
approximately 28'dia x 27'high. The vessel was tested under atmospheric pressure using
water at ambient conditions. Prior to filling the vessel a 30 minute background noise check
was performed. Loading of the vessel was accomplished with a standardized load-hoid
schedule. Hold periods were performed at approximately 50%, 75% & 100% fill levels for
greater than 5 minutes to insure the integrity of the vessel.

The AE equipment was supplied by PAC and consisted of a 36 channel SPARTAN AT
mated to an IBM compatible 386 host computer. The AE system was certified to be in
calibration at the factory just prior to shipment to the job site. Sensors used for this test
were PAC R15I's which were also calibrated just prior to shipment. Software used was SA-
LOC version 3.03 dated 1/24/91. A sketch of the vessel and the approximate sensor
location is included in figure 1. Operators from PAC were Dave Kessler (AE level III),
Bruce Gilbert (AE level II) and Terry Tamutus.

The testing of the vessel was performed from 4/13 - 4/16/91. Setup was accompiished on
4/13 while actual data acquisition was accomplished on 4/15 and 4/16. Prior to actual
loading with atmospheric water a 30 minute background noise check was performed.
During this time no appreciable data was recorded and no sources of extraneous data were
identified. Following this, loading was initiated at a somewhat controlled pace through a
fire hose mated to the bottom of the vessel. After the initial portion of the loading it was
verified the turbulence wérd not a factor during this testing. Loading up to and inciuding
the 50% hold period showed no signs of significant AE, nor were there any burst type
emissions which required further consideration.

Loading through 75% showed a similar response. Following this it was decided to load to
87% however for various reasons this loading step was overlooked. Once the water level
reached 100% a data file was initiated. This file was intended to run for the entirety of
the hoid at 100% however there was extraneous noise from various construction and plant
personnel to contend with. Within 30 minutes the disruptions to the vessel were concluded
and another data file was initiated. This file ran for the next 14 hours until the test was
concluded '
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DATA ANALYSIS AT 100% LOAD

The evaluation of this vessel was based on its’ ability to acoustically stabilize over time, thus
indicating a reliable vessel. By insuring this simple point it was possible to competently
survey the vessel. The ability of the vessel to acoustically stabilize is contrasted to an
exponential increase in AE activity during high load - hold periods which indicate a
defective vessel and potential failure.

To determine the integrity of the vessel a graphical display of the data was employed. This
included 14 graphs which represent the data in either hit based or event based plots. The
plots based on hits show any data which crossed the thresheld. The event based plots are
developed by linking the AE sensors according to their location on the vessel. Using event
based plotting it is possible to determine which sensor was closest to the source of the
emission. In this manner only the first hit sensor’s (the one closest to the source of the AE)
data is plotted.

To understand the analysis of the data, each of the 14 graphs will be described. Graph #1
represents the energy of the first hit sensor (event graph) as a function of time. This graph
is useful for determining the integrity of the vessel based on its ability to remain acoustically
quiet and therefore sustain the load applied. An increase of energy released with time
would indicate a defective vessel. Graph #2 is similar to #1 except that it shows the energy
for all AE channels (hits) as opposed to graph #1 which is only for the first hit sensor
(event). This graph is also useful, in the same manner, for evaluating the integrity of the
vessel. Graph #3 shows the amplitude of the first hit sensor as a function of time. This
plot shows the peak size of the first hit and helps to determine the severity of the AE
activity. Graph #4 is very similar to #3 except that it is for all AE activity (hits) and not
just the first hit. Graph #3 shows the number of first hit (event based) counts as a function
of channel. This plot is useful for determining which channels are most active and also
which are closest to the source of the AE). Graph #6 shows the counts as a function of
channel for all hits. It is useful for determining the AE activity at a given sensor. Graph
#7 shows the number of events as a function of channel. This graph is used to determine
the number of times thar a given channel was acoustically nearest the source of the AE.
This is a very important graph for the vessel evaluation. Graph #8 shows the number of
hits for a given channel and shows which channels were the most acoustically active during
a test. Graph #9 shows the event based counts as a function of time. It is useful for
determining in time when the activity occurred and its relative magnitude. This plot is aiso
useful for determining the integrity of the vessel. Graph #10 is the cumnulative hit based
counts as a function of time. It is useful for determining the rate of count release within
the vessel and helps to determine whether the vessel will ultimately be able to sustain the
loads applied to the vessel over time. Graph #11 shows the events as a function of time.
It tells when in time the activity occurred. It is different from #1 or #9 in that this graph
does not relate to the magnitude or strength of the signal. but only to the number of
occurrences of activity. Graph #13 represents the first hit channels as a function of time.
[t shows which channels were responsible for the AE activity and when they occurred in
time. Graph #14 shows the channel activity as a function of time. It shows which channels
were active during which periods of a test.
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Since the AE data was recorded in two data files which covered the first 30 minutes and
then an additional 14 hours, the graphical analysis was performed on two data files. The
first analysis will focus on the initial 30 minutes.

1st 30 minutes at 100%

Two groups of data are included with this section of the report. The first represents the
data which was filtered at the 47dB level and is included in Appendix A; the second
remains at the threshold level used during the test, which was 40dB and is included as
Appendix B. Both groups reveal the same trends, however the absolute numbers for each
section differ. The graphs indicate that AE activity was prevalent during the entire 30
minute hold period at 100%. Further there were two periods of time where large bursts
of AE were realized. This information is revealed in graphs number 1,2,9,11&12 of
appendix A or B. From graphs #13&14 it is difficult to tell which channel is the source of
the activity. From graphs #3&4 we can tell that the burst type activity was realized at
levels up to approximately 80dB. Using graphs #6&8 it is apparent that sensors number
4 and 23 are the most active. However from graphs #5&7 (which show the first hit
channeis only) we can see that sensors number 4,9&11 are closest to the source of the
emission.

next 14.5 hours at 100%

Following the first 3G minute period, AE data was acquired for an additional 14.5 hours.
The data was taken unattended and overnight with a threshold of 40dB. Included with the
section of the report are three different groupings of the data using the previously discussed
14 graphs. What differs between the three groups is the minimum threshold for analysis.
The first group, included as Appendix C, has the acquisition threshold of 40dB and
represents the entirety of the data taken. The second group uses a threshold of 47dB and
is seen in Appendix D, while the third group contains only data with a minimum threshold
of 60dB and which occurred during a period of burst activity. The last file is included as
Appendix E and was used primarily to investigate the source of the data in more detail.

The data analysis for the 14.5 hours is identical to that taken during the initial 30 minute
hold period at 1009%. In support of this conclusion refer to graphs #5&7 of appendix C or
D in which sensors 4 and 9 are again in the region of most of the AE activity. Reviewing
the remainder of the graphs it is apparent that a number of regions of burst type activity
exist. It is this burst type activity that was of concern during the long term hold at 100%
and was the main topic of evaluation for this data file, Since the magnitude of this data
is unclear, due to the scattering of amplitudes found in graphs #13&14, it was decided to
filter the data at an amplitude level of 60dB. From the majority of the graphs developed
as a function of time at the 60dB filtering level, it was revealed that there are 5 sections
of data in which burst type activity of substantial amplitude and energy were realized. To
simplifv the analysis of there 5 sections, the data was further filtered such that the
remaining data contained information only greater than 60dB and only during the time of
the bursts. From :his data file a number of plots were generated for evaluation and
included in appendix E. The hand writing on graph #2 of appendix E indicates the time
and energy at whicn these bursts occurred. Graph #7 reveals that sensors 4 and 9 were
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responsible for the majority of this data. Comparing graphs #3&4 which in this case show
the amplitude distribution as a function of time for events(#3) and hits(#4), it is revealed
that the highest amplitude for a given burst is not necessarily the first hit. This information,
along with a desire to further investigate the origin of this activity lead to the next group
of printouts. This information is the numerical data found in the data file that was used
to generate the previous plots. Looking at the times that these burst occurred and referring
to the numerical data printouts it can be verified that the labeled sensors on graph #2 were
first hit. As eluded to earlier, there are always a number of smalier, precursors to the high
energy & count, long duration activity. This explains why the first hit on the graphs was not
necessarily the highest amplitude. The overall conclusion to the analysis was again that
sensors 4 and 9 were responsible for the noteworthy AE activity.
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DISCUSSION

The response of the vessel to the 100% load level was characterized with random AE
throughout the hold, as well as periods of burst type activity. The arbitrary, low level
activity was not of immediate concern due to its randomness. Of concern however were
those periods of burst type AE activity during the overnight hold period. As was conveyed
from the results, sensors #4,9&11 were the most active, and responsible for the majority
of the AE. With this in mind the vessel schematic released to PAC was reviewed in
conjunction with the sensor placement. Although this layout was not identical to the vessel
which was tested, it had enough detail to reveal that at least some of sensors #4,9&11 were
mounted in the region of vessel fittings. Further, it was found that each of the active
sensors were mounted at locations where photoelastic plates were. (Recall that the
photoelastic plates were being used as part of testing which was being done independent
of the AE work). Suspicion was raised at this point to the following facts:

1.}  there were exactly three photoelastic plates mounted on the vessel and each
happened to be in the region of the sensors with the highest activity level,

2) there was relatively no sensor pattern associated with the random continuing activity,

3.)  there existed a limited amount of burst type activity generated during the 14 hour
hold period which directly related to only those three sensors.

From these facts, it was inferred that the AE generated during this burst mode was
probably from the photoelastic equipment. However, there were a number of points to
contest the plates as being the source:

1)  the greater than 85dB amplitudes,

2.)  durations up to 50 milliseconds combining with secondary hits 10 form AE activity
clusters which ran for seconds at a time, all from a single source,

3) the fact that almost 90% of the sensors were hit by these single sources.

These fact tend to support that a phenomenon other than the adhesive which bonds the
photoelastic plates to the vessel could be the source.



L)

2)

3)

4.)

5.)

1)

3)

CONCLUSIONS

Sensors #4,9& 11 were identified as being the source of relatively high levels of AE
activity. As such the immediate area surrounding these sensors, according to figure
1, should be further investigated using an alternative inspection method.

The coincidence between the three most active sensors being in the region of the
three photoelastic plates makes it highly likely that at least some, if not all, of the
AE was generated from the photoelastic plates.

The high levels of AE activity generated during the periods of burst type activity
make it possible that a source other than that identified in point 2, could be the
source of the AE. Mainly, a phenomenon associated with the degradation of the
vessel.

The random level of AE associated with this vessel at the 100% hold period did not
completely decay as anticipated. Although the level of this activity was relatively
low, there still remained an ample amount of AE such that standardized inspection
criteria could not be applied to this vessel.

The burst type AE that was realized during the hold period overnight would not have
been obtained if standard inspection periods had been followed.

RE MENDATION

During future efforts in which AE is employed, the photoelastic plate effects must
be addressed. Potential avenues include performing the photoelastic effort at an
alternate time or insuring that no AE is generated from the plate attachments.

As identified above the personnel employed to fill the tank, check for leakage,
observe the test, perform the photoelastic measurements, etc. were a source of
potential AE. It was not until the overnight hold period that the data was
considered to be free of human intervention. In future testing, the area immediately
surrounding the vessel must be secured so that human intervention is avoided.

To gain further information about the vessel. the Kaiser effect and the Felicity Ratio,
a second loading should be emploved. This ioading could be applied approximately
12 hours after the 100% level was removed. By decreasing the water level to 50%
during for 12 hours and then reloading to 1009, much information could be gained
for charting the integrity of the vessel over time.
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Executive Summarv

The implementation of tighter environmental controls on sulfur dioxide (SO, ) gases has required many
atilities to retrofit existing fossil fuel generating plants with scrubbers capable of reducing the stack
emissions.

Georgia Power’s Plant Yates Unit 1 was selected as a joint project with the DOE to construct a full-scale
demonstration project utilizing the Chiyoda reduction process to remove the SO» gases. The Chiyoda
process involives the “wet scrubbing” of the waste gas, and to facilitate this process, the primary vessels
are required to be corrosive resistant. Therefore. the primary process vessels, the Jet-Bubbling Reactor
Vessel (JBR) and the Limestone Shurry Tank were both constructed of a filament-wound fiber reinforced
plastic (FRP) composite material which is basically inert to the corrosive environment of the Chivoda
chemical process.

As part of the demonstration of this technology, the structural integrity of the FRP vessels was requested
to determine the suitability of the matenial for the designated design duty. Strain testing was adopted as
one of the methods to quantifv the behavior of the primary vessels for the loadings 10 be applied during
the operating life of the vessels.

This testing proved to be beneficial in ¢alibrating the design practice and quality assurance of the field
constructed vessel and structures. Various hydrostatic tests were conducted both prior to and at the
completion of the demonstration period. 10 qualify the integrity of the vessel structure initially, and after
the required operating demonstration period.

Results of the testing include the comparison of the design hydrostatic stresses to the experimentally
determined stresses. a means of quantification of the safety factors used in design, and discussions on the

behavior of the FRP material . These discussions provided insight on life ¢ycle creep which may occur in
FRP vessels.

The results and research which occurred in reduction of the data and review of matenial performance. also

demonstrated the importance of unique information applicable for each FRP material. Industry

experience has suggested that engineering data and properties of FRP constructed material require a

much more comprehensive requirement on the part of the owner to specify carefully many aspects of the

design process, quality assurance requirements. and construction requircments. In addition, performance
_testing of the completed structure is very important to compreherisively test the (otal system.

The strain testing was successful is providing comprehensive data during the hvdro tests and providing
insight into the time and duty affects on the FRP vessels. This experimental test data correlated very well
with theoretical stresses utilizing the design material properties.

The strain testing provided a full scale verification of the structural integrity of the vessel. In addition. the
strain testing provides a tool for the trending of the performance of the stnictural composite materiat.

The test data from the hydrostatic tests on the Plant Yates Jet-Bubbling Reactor and Limestone Slurry
Tank compared well with the predicted stress levels and inaterial properties provided in the manufacturers
design calculations. In addition. the test data provided some valuable insight into the long term behavior
of the material propertics. This strain testing provides a rational ineans to evaluate the life cycle behavior
of a FRP vessel both at initial loading and a rending too} over time.



Background

In 1991, the Yates/Doe Scrubber Demonstration project was selected as a candidate for quality assurance
of the structural integrity of the Fiber-Reinforced Plastic (FRP) vessels at Georgia Powers Plant Yates.
Based on the corrosive environment of the chemicals and slurry utilized in the Chiyoda Scrubber process,
Fiber-Reinforced Plastic (FRP) was selected as the primary construction material based on its resilience
and durability to the "scrubbing” process. Quality assurance of the primary process vessels was deemed to
be an important aspect of the evaluation process and strain monitoring was suggested as a logical means
to accomplish this activity.

Structural integrity testing included strain gage monitoring, photoelastic menitoring, and acoustic
emission testing during hydrostatic loadings in October 1991, This testing provided a mechanism of
simulating some of the operating loadings due to be encountered during full-scale operation, expected in
mid-1992, '

The size and volume of the Chiyoda process in this application at Plant Yates required the primary vessel
constructor and designer. Ershigs, Inc. to design and construct one of the largest FRP vessels using a
filament winding construction technique. The Jet-Bubbling Reactor (JBR). the primary process vessel,
was fabricated as a "wound"” cylindrical vessel at the plant site. This process involved winding fiberglass
filaments and "mating” on a cvlindrical mandret while turning at a siow speed. The filaments were
applied circumferentially in a helical pattern as the mandrel was turning. and thus produced a smooth
cylindrical vessel.

Quality assurance requirements, specified in the original contracts for the fiber-reinforced plastic FRP
structures, mandated that strain monitoring and testing would be included over the time span of the
construction, implementation and operational cycle of the Chivoda process.



Project Ph—otogmnhs

Phato 1 : Construction Photograph of Jet-Bubbling Reactor
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Phato 2 ¢ Photograph of Limestone Slurey Vessel prior to Piping



Photo 3 : Representative Photograph of Strain Gage Installation

Photo 4 : Representative Photograph of Photoclastic Laminant



Purpose
TEST OBJECTIVES

The primary objectives in the strain monitoring of the FRP structures was to address the following aspects
of the design, construction. and operation of the fiber-reinforced vesscls:

¢ Determine flaws. if any. in the construction of the FRP vessels

¢  Measure strains induced by hydrostatic loading of the JBR and Limestone Slurry Tank using the

photolaminant plates and strain gages. and to compare these values to design calculations prepared by
the vessel constructor, Ershigs, Inc.

« Identify areas of structural concern within the FRP vessels. which can be associated with any design
or construction anomolie.

HYDRO TESTING

To provide for structural acceplance. a hydrostatic test was determined to produce a realistic operational
loading for the Jet-Bubbling Reactor and Limestone Sturry Tank. This technique provided several
advantages including the structural integrity leak-tight testing as wetl as providing a mechanism to
simulate operational sirain ievels in a manner similar to that of the fully-loaded vessel.

Both the JBR and the Limestone Slurry vessel were hydrotested to a safe level as documented in the
original design calculations. The hydrotest procedure was established by Rescarch and Environmental
Affairs. The hydrotesting occurred the weck of September 30, 1991, with the first JBR hydro occurring
on October 1. 199! and the second test . '

The purposc of the hydrotest was again two [old:

¢ To evaluate the structural integrity through leak detection.

e 10 collect strain data and acoustic emission data of the vessels under design loadings.

"



Instrumentation

Strain Gages

Conventional strain-gaging was selected as one of the suitable techniques for strain monitoring of the
process vessels during acceptance hydrodynamic testing and also for long-termn trending of strain. The
appropriate strain gages were sclected for the FRP materials, accounting for the environmental effects of
humidity, temperature and corrosion as well.

Figure 1

Schematic of Strain Gage
Photo Laminants

Photoelasticity. an optical method of quickly evaluating strain conditions was also sclected as an
additional technique for quantification of the strain statc of the FRP structures. Photoelastic laminants
generally provide a more continuous representation of the strain contour, which provides for examinatton
of discontinuities. or imperfections. which may not normally be evident through the use of strain gages
alone. Photoelasticity provides an optical strain contour through which strains can be visually identified.
particularly at the points of maximum strain.

Strain Gage Testing

Strain gages. of the "bonded resistance " type were sclected for the FRP material, expected strain rates,
and life-cyvcle duty of the strain gage testing. The gages sclected consisted of both uniaxial and strain
rosettes. The unixial gages provide only a strain component in the single direction of placement. The
strain rosette provides a three direction pianar grid with uniaxial gages in the 45, 90. and 135 degree
directions. The actual goges used were 120 olun resistance gages produced by Micro Measurements, Inc.
and of a npe to thermally grow with the structure. This type of strain gage. sclf-temperature-
compensating {STC) provides for a more stable signal and climinates sighal noise.

The strain condition measured for the hvdro testing of the JBR and limestone slurry vessel. included only
static strain measurcments. The primary instrumentation for the collection and interpretation of the strain
field data was composed of a single channel wide-range strain- indicator. and a 10 channel switch and
balance unit. Both of these componcents were manufactured by Micro Measurements. Inc. of Raleigh, NC.
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Gage selection and protective coatings were also bascd on the environmental effects of temperature,
humidity, and corrosion resistance. Both rosettes and single gages were applied on the JBR and
Limestone Slurry Tank. The strain rosctte provides the full sirain condition measurement at the point of
attachment to the vessel. Figure 6 provides a closc-up vicw of a strain gage rosette grid pattern and the
associated relationship of the measured strain with that of the classic Mohr's Circle of Stress.

The gages selected for this project were purchased with lead wires preattached to the gage solder dots, to
minimize the amount of heat typically present during the soldering of the lead wires to strain gage. A
photograph of a typical strain gage installation is provided in Photo 3. The in-situ surface of the fiber-
reinforced vessels was cleaned. sanded and desensitized to allow for proper adhesion of the strain gage.
Surface prepartion is a vital step to insure the success of the strain gage testing.

Coatings/Wiring

Another important aspect of the gage installation included the coating of the gages after all soldering and
wiring was complete, This coating is important to insure that the gages stay intact during the project life.
The harsh environment of the Chivoda scrubbber process is an unknown and many precautions were taken
to insure long-term service of the strain gages and instrumentation. The strain gage wiring was
terminated at a plastic junction box away from the gage site to allow for a terminal point to connect the
Jjunction wiring.

A trailer, during the hyvdrostatic testing, was temporary used at the plant site for sheltering of the strain
gage equipment. This allowed the test materials. including the strain gage equipment. to be protected and
environmentally controlled to presenve the testing control conditions of the strain gage hardware. All
strain gage measurements were monitored and collected from this location adjacent to the FRP vessels.

Photolaminant Testing

Photoelasticity was used in harmony with the strain gage testing. The photolaminant plates were applied
to the external surfaces of the JBR and Limestone Slurry Tank at locations deemed appropriate for
quantification of strain statc and contour. Figures 2 and 3 and Figures 4 and 5 provide the locations of the
photolaminants on the Limestone Slurry and JBR vessels respectively.

The photolaminant plates during prepartion. were required 10 be contourcd to conform to the uneven
surface of the fiber-reinforced vessels. The photolaminants are composed of an epoxy-resin mixture
which is mixed at the photolaminam test site and applied as a pliablc sheet 10 the test surface. After 24
hours, the sheet becomes rigid and can be adhered to the vessel surface with a special reflective adhesive,
This adhesive bonds the photolaminant to the vessel surface as well as provides a reflective background
underneath the transparcent photofaminant plate.

The photolaminant plates are viewed through a reflection polariscope, which is used to observe and
measure the surface strains on the photoclastically coated part. The surface strains cause the photoelastic
coating to deform. The strains in the photociastic coating produce proponional optical effects which
appear as isochromatic fringes when viewed with a reflection polariscope.

The reflection polariscope provides a quantitative method of determining the directions of the principal
strains and ultimalely stresscs at all points on the photoclastic coating, The magnitude and sign of the
difference between the principal maximum and minimum strain at any selected point on the coated
surface is possible using this photoctastic methoed.



Test Setuy
TEST CONSIDERATIONS

The FRP structures at Plant Yates are massive, complex structures. each with its own unique design and
operational characteristics. The selection process of strain monitoring required scveral considerations,

based on construction schedules. weather. review of design documents and limitations of test matertals
and resources.

To aid in the determination of the location of the strain gages and photoelastic plates, the original design
calculations, including design details and finite-element models were reviewed. These tools hetped to
focus in on those areas of the process vessels that would produce the highest strain patterns as well as the
most predictable. The selection was also based on those areas that would be the most important with
respect to long-term durability of the finished vessel. The partial goal was to measure the strain on the
vessel and structures in-situ. under hydrostatic and operational loading. and (o corrclate with design
information, the actual strains and corresponding stresses in the foaded structures,

This information directly can provide insight into any degradation or change in the structures over time
that may have occurred or is likely to occur. This determination provides an important aspect of the

completed project. knowing with reasonable assurance the actual strain and stress loadings at selected
locations within the structure,



Test Scope and Instrumentation

After initial review of the drawings and calculations provided by Ershigs [nc.. it was decided that the
structures to be included in the strain monitoring and testing would be the limestone slurry vessel and the

jet-bubbling reactor. Based on the various construction schedules for each structure determinations were
made on the the best period of testing and instrumentation.

Figure 2
YATES CHIYODA SCRUBBER PROJECT

JET-BUBBLING REACTOR
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Figure 4

YATES CHIYOOA SCRUBBER PROJECT
LIMESTONE SLURRY TANK
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Description of Structures

Limestone Slurrv Tank

The limestone slurry vesscl is a sccondary stucture which produces the limestone slurry liquid necessary in
the "scrubbing” process. The limestone slurry tank was instrumented with both photolaminants and
strain-gages as shown in Figures 4 and 3,

Jet-Bubbling Reactor (JBR)

The jet-bubbling reactor JBR as it is commonly known, required the largest portion of planning and study
with respect to the strain-gage monitoring and photolaminant testing. The JBR is more than a fiber-
reinforced pressure vessel which contains the process chemicals,

The JBR is indeed a compiex rcactor. made-up of a cylindrical tank. with numereous piping penetrations
and a complex internal structure, providing support for associated process piping and equipment. The
IBR. includes a interstitial section. compased of small sparger tubes whidh transport and mix hot fiue

gases and process chemicals. Also, a large mixing vane is located symmetrically in the center of the IBR
vessel, which promotes the mixing process.

The JBR was instrumented with both photolaminants and strain-gages. at locations on the external surface
of the vessel. Figures 2 and 3 provide some details and locations associated with the strain monitoring.

Test Configurations

Water Levels

Several water levels were used throughout the sequence of the testing that occurred between 1991 and
1994. The water levels for the limestone slurry tank ranged from 24 fi. in 1991 10 24.5 ft. in 1994, The
JBR levels ranged from {4 ft. in 1991 to 16.6 ft. in 1994,

Rate of Loading

The rate of water loading was generally dependent on the flow rates of the putping equipment during the
“hydro testing. In general, the toading rate for the limestone and JBR was around 8 to 12 hours for the full
respective herghts of the two vessels.

Hold Periods

Generally, the vessels were filled and left overnight to hold. The strain measurements were collected
during the filling process and heid overnight. The straim measurements were 1aken just at a filled
condition and after a hold period. prior to unfoading. ‘

Hydro Dates

The limestone slurry tank and JBR were first hvdrostatically testing in Sepiember and October of 1991,
The latest hydro tests were performed in November of 1994, The vessels have been in operation between
these dates. with full operating conditions. comtaining slurries denser than walter.

11



Strain Gage Results

The results of the strain gaging are provided in several spreadsheets. tables. and figures. The strain gage
measurements are presented in several formats. including the raw strain measurements. the resulting
principal strains and corresponding angles of principal strain and the corresponding hoop and
longitudinal stresscs at discrete measurement locations.

Strain Gage Sign Convention

Figure 6
STRAIN GAGE ROSETTE
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Princinalr Strains

The principal strains are obtained from the free-ficld strain measurements. The three element roseite
provides the raw data to describe the principal strain magnitude and principal axis.

The principal strains were calculated using the following formulaes.

_ € +&,

1 2 2
€,4 -—Z——iji‘\@—ez) +{e, ~£,)
and

L f(e.-&)-(e —¢:)
¢.ﬂ.q =Etan ' S‘I _83'

(0] a represents the reference angle from the strain gage grid line (gage 1) to one of the principal

strain axis. The reference to this angie is arbitrarily determined from this equation. and depending on the
magnitude of the component strains, the lecation of the maximum principal strain can be determined.

The principal strains values are {isted in Tables | and 2. The sign convention for the listed principal
strains are oriented according to Figure 6 and 7. Note that the angle computed in Tables 1 and 2 is the

negative value of @ , . as derived above. The location of the major principal strain axis is oriented from

the reference grid by this angle. A positive angle represents a counterclockwise movement from the
reference grid and a negative angle represents a clockwise movement. This is represented in Figure 7.



Bodv Stresses

Figure 7

B / \ 3
B e :
| o ]

) )% g [

o Fiber Directions
Y Q ‘ | {for exampie)
| . ! !

()

"= Reoselte Reference Axis

Equations for Body Stress Calculation
E.=ME,+NE, +mny
and
E,=NE, +mE, —mNY
where

Y2 = —2mne  +2mne  + (m' -n )ym

wherem=cos 8_ , n=sin B,
P P

and
Ee v.E.E,
o.r = X X + ! R
' (!—vx_\.v_m.) (I—v_n_v.m.)
and
&5 = U.waE.r + E.VE.V
¥ (I —vx_vv.m) (l -v_\_x.u_“.)
and

r.\ft‘ = (I.!:l"y.lf\'
x direction represents the material axis and ¥ represents thie orthogonal material axis for an orthotropic
composite material. Directions | and 2 arc the principal strain axcs, determined from the strain test data,



Test Results

General

Test data was cellected throughout the various hydro tests and is provided in Tables 1 thru 6 and Figures
9 thru 38. This data has been summarized in various ways, but in general the {ollowing procedure is
provided for analysis of the data.

Figurc 8

Experimental Test Data

i

|

Raw Strain Data Collected %
|

h 4

! Raw Strain Converted to

f Principal Strains Emodulus

1 . - and
AT Poisson

‘ Y i Values

' Principal Strains Converted| ; Obtained

to Principal Stresses !

Y

, Body Stresses Calculated
| from Principal Strains and
: Emodulus

Also. the raw test data is provided in Appendix L.



Listing of Principal Strains for Jet-Bubbling Reactor
Tahle 1

" PRINCIPAL STRAINS

ROSETTE 3

ROSETTE 1
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Plots of Principal Strains vs. Water Height (JBR)

Figure 11: Major Principal Strain

Yates Scrubber Jet-Bubbling Reactor Principal Strain Measurement
Comparison for 1991 and 1994 Hydro Tests
Rosette No. 1

—e— 1991 15t Hydro

~#—~1991 2nd Hydro

= 1994 Hydro

MicroStrainspeP = 1.0E-§ infin

0.0 20 40 6.0 a0 10.0 120 140 16.0 18.0 200
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Figure 12 : Minor Principal Strain

Yates Scrubber Jet-Bubbling Reactor Principal Strain Measurement
Comparison for 1991 and 1994 Hydro Tests

Rosette No. 1
4500 ;

400.0
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—m= 1994 Hydro

3000
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200.0
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MicroStrains peP = 1.0E-6 infln

MicroStrains pgQ = 1.0E-6 infin

Figure 13 : Major Principal Strain

Yates Scrubber Jet-Bubbling Reactor Principal Strain Measurement
Comparison for 1991 and 1994 Hydro Tests
Rosette No. 2

—e— 1891 15l Hydra

—8—1931 2nd Hydro

—0=1§94 Hydio

2000

1500

1000 4

50.0 4

0.0
9.0
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Figure 14 : Minar Principal Strain

Yates Scrubber Jet-Bubbling Reactor Principai Strain Measurement
Comparison for 1991 and 1994 Hydro Tests
Rosette No. 2
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MicroStrains ueQ = 1.0E-6 infin

Figure 15 : Major Principal Strain

Yates Scrubber Jet-Bubbling Reactar Principal Strain Measuremen!
Comparison for 1981 and 1994 Hydro Teats
Rosette No. 3

———1991 131 Hydrs

5000

—=— 1911 Ind Hysrs
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2008
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Figure 16 : Miner Principal Strain

Yates Scrubber Jet-Bubbling Reactor Principal Strain Measurement
Comparison for 1891 and 1984 Hydro Tests
Rosette No. 3

~+— 1991 1st Hydro

——1991 2nd Hydro

~tr— 1994 Hydno

-100.0

-200.0

Hydro Height (Feet of Water)
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MicroStralna ye = 1.06-4 lniln

500.0

Figure 17

Yates Scrubber Jet-Bubkling Reactor Principal Strain Measurement
Comparisen for 1981 and 1994 Hydro Tests
Uniaxial Gage No. 7
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Listing of Principal Strains for Limestone Sturry Vessel

Table 2 : 2nd and Final Hydro

PRINCIPAL STRAINS
ROSETTE 2

MA 1 NA
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Plots of Principal Strains vs. Water Height {Limestone Slurrv Vessel)

MicroStrains ueQ = 1.0E-6 Infin

MicroStrainapyl = 1.0E-& infin

300.0

Figure 18 ;: Major Principal Strain

Yates Scrubber Limestone Slurry Principal Strain Measurement
Compatrison for 1991 and 1994 Hydro Tests
Rosette No. 1

$00.¢ 1
e 1981 Ind Hydro —%— 1984 Hydre|.
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Figure 19 : Minor Principal Strain
Yates Scrubber Limestone Slurry Principal Strain Measurement
Comparison for 1991 and 19594 Hydro Tests
Rosette No. 1
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MicroStralns peP = 1.0E-§ infin

620.0

y Figure 20 : Major Principal Strain

Yates Scrubber Limestone Slurry Principal Strain Measurement
Comparisan for 1991 and 1934 Hydro Tests

000 4
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== 1991 2nd Hydro

—— 1934 Mydro
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Figurc 21 : Minor Principal Strain

Yates Scrubber Limestone Slurry Principal Strain Measurement
Comparison for 1991 and 1994 Hydro Tests
Rosette No. 2

—— 1991 2nd Hydro
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MicroStraina peP = 1.0E6 infin

MicroStrains pQ = 1.0€-6 infin

Ficure 22 : Major Principal Strain

Yates Scrubber Limestone Slurry Principat Strain Measurement
1994 Hydro Tests

Rosette No, 3
400.00

33000

~— e 1994 Hydro
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Figure 23 : Minor Principal Strain

Yates Scrubber Limestone Slurry Principal Strain Measurement
1994 Hydro Tests
Rosette No, 3
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Body Stress Summary Figures
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Figure 24

(JBR} Mydrostatic Results
Final Hyaro Test
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Figurc 25
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Figure 26

JetBubbling Reactor (JBR) Hydrostatic Results
1st, 2nd and Final Hydro Test
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Figure 27

Limestone Slurry Tank Hydrostatic Results
2nd and Final Hydro Test
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Figurc 28

Limestons Slurry Tank Hydrostatic Results
2nd and Final Hydro Test
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Figure 29
Limestone Slurry Tank Hydrostatic Results
2nd and Final Hydro Test
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Tested Hoop Stress vs. Theoretical Hoop Stress

Straln Computad Body Stressen {psi)

Strain Computed Body Sicewsen {pal)

Figure 30

Jat Bubbling Reactor (JBR) Hydrostatic Resuits vs. Theoretical Stressss
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Figure 31

Jet Bubbling Reactor (JBR) Hydrostatic Results vs. Theoretica! Hoop Strasses
1st, 2nd and Final Hydro Test
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Figure 32

Jet Bubbiing Reactor [JBR} Hydrostatic Resylts vs. Thecretical Hoop Stresses
tst, 2nd and Final Hydro Test
Rasette 3
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Limestone Slurry Tank Hydrostatic Results
2nd and Final Hydro Test
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Figure 34

Limestone Slurry Tank Hydrostatic Results
2nd and Final Hydro Test
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Figure 35

Limestone Slurry Tank Hydrostatic Results
Final Hydro Test
Rosette 3
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Theoretical Calculated Stresses

Pr
g=—
!
For thin-walled vessels. which are qualilied with a radius to thickness ratio R/t > 10.0 where R is the Radius of

the vessel and ¢ is the thickness of the vesscl shell. and P is the pressure inside the vessel,

The acwal R/t for the Yares Limestone Slurry and JBR vessels will be minimum for the limestone slurry vessel
as R=168 inches and t = 0.87 inches, therefore R/t = 193.

Since the primary vessels are both cviindrical and for simplicity assummed 1o be of constant vessel thickness,
the formula for hydrostatic stress can be re-written as

Pr I r
o=— = a= Px[—] where [—] = 33222
1 t JEBR
r
and [—] = 193.1
t Lintestone
and P= yxH  and y =624 1/
and H = Height of water . in feet (normal)
Thercforc. P= ——=0.036 Ib/in" x H (inches)
1728 :
r
Therefore, o= (0036xHx [ —]
{
r r
G=0.036xHx[—-] 0'=0.036xHx[-]
JBR Limestone

]
wh



Plot of Hydrostatic Stress vs. Water Height

A generic plot of the hydrostatic stresscs vs. water height are provided in the following figure. This plot shows
that the hoop stresses are a function of the (R/t) ratio and water height.

Figure 36

Theoretical Relationship for Water Height vs. Hoop Stress

Hoop Stress (Psl)

Water Height (In Inches)

Therefore, the theoretical hoop stress can be calcutated or looked up from Figure 36. This relationship is

generally found in the experimental test data. Comparison plots between the theoretical stresses and the
experimental obtained stresses can be found in Figures 30 10 33,

36



Comparison of Test Data with Calculated Stresses

Figure 37
Experimental Test Data Analytical Method
Raw Strain Data Coilected
h 4
]
| Raw Strain Converted to
i PrinCipal Strains ‘ Emodulus r
! ‘ and
!‘ Poisson
v Values |
‘ Obtained |
! ; Calculate Body Stresses
Body Stresses Calculated ! f

frem Principal Strains and !
Emeodulus i

» Compare Body Stresses q—
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JBR and Limestone Slurrv Strain and Stress Results

Strain gage results for the JBR and Limestone Slurry Tank are listed in (Tables 1 and 2) respectively. The
results of the strain measurements indicate that the principal strain directions and corresponding body stress
directions occur generally in the hoop and vertical directions.

By inspection of the principal strain angle . listed in Table land 2. the angle "theta or phi® represents the
angle, in degrces, from the reference grid to the principal strain direction. (see Figure 6). These angles "theta"
basically zlign the maximum principal strain (Ep) in the hoop dircction, within 8 degrees. Likewise. the
minimum principal strain (Eq) is aligned in the vertical direction. The corresponding siresses have been
calculated in the pure horizontal (hoop) or pure vertical (longitudinal) directions.

The amplitude of the strain in Tables 1 and 2 show that the predominaat strains occur in the hoop direction,
but that there are significant strains in the vertical direction. It is our assumption that since the strain gages
were applied to the vessel after the wajority of the vertical loadings were in-place, dead loads of the vessel, and
structure were already present and in gencral no considerable vertical sirains should be seen by the strain
gages under hydrostatic loadings.

These plots provide the strain as a function of hydrostatic loading. As seen from this plot. the slope of the line
with the relationship of maximum principal strain to water heigi, is fairly lincar.



6t

s sarass P L PP ermeneemnnnppmatas e TR P

L9 41 L5708 6BvieAY | oBBioAY | R
NI ‘ LI
19662 oracs ¥ro g
16162 £S5 ZSE ¥EO v [ gr-yer
- | 885 Zvo | w | crdgar
] o1 | Zes g o v | ri-ver
T oe- T Tgee. 1 2T 0 ] a |\
PR W) N R 11 vzo v T |TTvEer

sligioAny
gy s8e
[l AA

76 G5- 62 OEE T—bwiory |-

¢ : SgEE i T s-HAr

{geyonNl | . . B .
I 910 N) {g sion) {z s10 )

_{eeibeq) __Suwepsorojw | TTuigng | wedis | "7 f{eeend | {coeton) b (zeon) _{aast | troion)
R {b3-d3) b3 d3 “oN_ H33wD3a)l suwent osdjw | Fon 3ONIHI) [NoOILV20I] O
s11nS3dY¥ 3oV Nivuls[a113s08] v13HI {b3-d3) 13A31 I9NIHY TNV NIAYT

aAvo1 ONdAH TINd ONILLSAL ALNVNINVITOLOHd
HOLDOVAIY ONI'1g4N9-LAr 1DArodd 30d vdOoAHID /SALVA

SANGEL

S)[Nsoy JUBUTUIEI0JOL} ]



ot

CLETA:)

obfvioay

S¢'80l-

b, SZ°SZY

8491

BigE

L8 ¥ -

16 b 1S~

LEOCT -

LEL0P

£6'SLE-

£6°82

227158

8€'95¢-

8gzor

S0€Ele-

- 50'928

95 iy

.| obuieay

vigez

b 181

—={—oBeloAy

{s s1oN)

—

1 _§2°80}-

6L°9pk1-

L6°ik1-

1E0Z1-

94’0

2920

L-181

{sei1be )

suells oJotl

ureng

uieNg

{1 »10N)

(£ @10N)

{z e1oN)

(ans)

(v ®10N)

eley]

{p3-d3)

b3

d3

‘ON

{EEFGEL)

Sulel)s o)W

CON 3ONIYI)

NOILYD O]

al

S11NS3Y J9VO NIVHLS

3113s0oul vi3HL

{b3-d3)

13A31 39NIMYA

INVNINY]

aAvOo'T OdAAH TINA INILSAL INVNINVTOLOHd
TASSHA ALHNTS AINOLSANIT LOAOUd 30d VAOAIHD / SILVA

93qelL




ir

"¢ Pue g sambig ypm Jusisisuod st uoiejuan) sbeg wens ayy Joj ejay 9buy sy (g

‘uaxe] BISM sjuswamSeal djsefpoloyd araym Jueunue] ay) uc od
9]J21081p B JOJ uoeINUSPE AY) sapiroid Ly, Qns uoesof ay |

‘G "OU jueujweyojoyd Jojaeay Bunggng 1er aut st 6-yar ‘sidwexs
‘uonedMuap! Jueunuejoioyd sy SHUssLIdDI U~} GT 0 U, -HEr (b

{b3-d3) usamjag souasayp sy jo
anjeA au) sepiA0id Juawsinseaw Jueurwe| a1setpojoud ay) ‘vonulep Ag (£

‘318 'sule))s-010 0D/ Sluaseidal J 060 d105aIBY) ‘aydwexy
"SuleJ)s-0Ioru 00K ) Sluasaldal 'L Jo seplo abuny sibuis v (Z

( 62 2unbi4 92G) UONOAID BSIMYOOLR BY) Ul SIXE [eIUBA oY) 0) 109dsas UM
sixe jediouid ay) Jo sibue painsesw ayj sjuasaidal ejayy ajbue ay] (|

SIJON



[4y

suiensornuw (b3-d3) = anjep Jueuwejojoyd

00008 00004 00°'009 00005 ao'oor 00'00€ 00°002 00'001 00’0
000
00°00l
00°00Z
,‘ ‘...:.\.“..(L.r{..?.:.:t;\w.‘sy.! - ~ ,. x - ’ .. - ‘. : oooom
00'00F
00'00S
Em:_EE..u.o;..u_ ‘'SA Z 2l1asoy jue] ALN|S 3U0lS AU —8— ,
IUBUIWEIOJOYd "SA | 2])3S0y Jue ] Aun|g auo|saw| —e— 00 0058
WeUIWe 1010Yd SA € 311350y JUB | ALINS aUO)S D) —X— :
jueUWERIOloYd 'SA £ AaNASOY HE[ —e—
jueulRIOlOYd SA | )SCN HElr ¥ ~| 00'00s
SJUBLIILEB(CIOYd "SA T 2)|9SOY HEF —e—
diysuoije|ay |ed))2i0ay ) —a—
— 00008

sj)jnsay obeg ulel)g "SA S)INsay JuRUIWE|OjOYd ALIN|S 2UCisaWI pue ¥Er

8¢ 2an3diy

_sutenisoioiw (b3-d3) sbeg uiens



Figure 39

PHOTOELASTIC LAMINANT
SIGN AND DIRECTION

Y
) R N
7 ~. \
- (\\ Q - ")/'E’p
A® ’

PHOTOLAMINANT GAGE

Photolaminant Comparison Results

Photolaminant amplitudes are provided in Tables 4 and 5 for the initial 1991 hydro tests. A plot of ihe
comparison between the strain gage data (Ep - Eq). major principal - minor principle strain . and the
photolaminant (Ep-Eq) is provided in Figure 38. With the exception of one daia point. JBR Rosette No. 3, the
correlation is very good. Therefore. the photolaminant provides a good method of optically obtaining the
strain state and also verification of strain or other NDE daa,

Results

Observed Strain Values

Behavior of the strain curve vs, water height

Evaluation of the various strain gage data and corresponding plots provides insight into the behavior of the
vessel during the several hyvdro tests. These plots generatly show that the curves are linear in nature, and
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comparison of microstrain and/or stress are proportional to the hydro test water height. From presentation of
previous theoretical relationships, the linear rclationship between stress vs. water height is well accepted for
basic tank structures.

Figure ¢ and 10 provide the raw strain vs. water height for the last hydrostatic test on the project. These strain
trends generally follow a linear trend with water height.

Observations from the strain curve for different hydro tests
JBR Strain Data

Review of Jet-Bubbling Reactor (JBR) trend plots in Figures 11 thru 17 provide the principal strains vs, hydro
test heights. These plots provide two hydro tests in 1991 just prior to scrubber operation. and a single hydro
test that was performed in late 1994

Rosette No. 1 is located at 1’-8” above the tank floor which is physically shown in Figures 2 and 3. Figure 11
and 12 indicates a gencral offset of strain mcasured in 1994 such that the slope of the curve is more shallow

than the 1991 tests. Also, the highest principal strain measured in 1994 was significantly lower than that
measured in 1991,

Rosette No. 2 shows a similar trend in the offsct of the minor principal strain from Figure 14. Figure 13
however indicates a not so significant difference in the major principal strain between 1991 and 1994 tests.

Rosette No. 3 shows a very similar trend to that of Rosette No.2. where the minor principal strain in Figure 16 -
from the 1994 curve diverges from the 1991 curve. Another interesting point is that Figure 16 strain actually
becomes negative with increased water height. Stmitar 10 Rosette No. 2, the major principal strain from
Figure 15 traces very well with the 1991 curves,

Also, the uniaxial gage trends in a very linear fashion for the 1994 hydro but seems to lag at lower hydro
heights in the 1991 tests. as seen from Figure 17

Limestone Slurrv Vessel Strain Data

Figures {8 thru 23 provide the similar information on the Limestone Slurry Vessel as that contained for the

JBR vessel in Figures 11 thru 17, Similarly. these plots provide one hvdro test in 1991 and one hydro test in
1994.

Rosette No. | in Figures 18 and 19 shows very repeatable results for the major principal strain. and a small

shift in the microstrain ofTsct for the minor principal steain. 1994 minor principal strains are actually higher
than 1991 strains

Rosette No. 2 indicates very close to the same maximum principal strain from Figure 20 from 1991 and 1994
tests. but a very poor corrclation with the minor principal strain from Figure 21,

Rosette No. 3 major and minor principal strains are approximately inversely proportional to each other, The
major principal increases with hydro loading. but the winor principitl decreases with hydro loading.
Additionally, the curve has an interesting step change in principal strain values.

Obscrvations from the Body Stress Curve

Figures 24 thru 29 provide a comparison of the hoop and longitudinal stresses for the different hydro tests.
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JBR

Hoeop stresses and longitudinal stresses were generally higher during the 1991 test than the 1994 test. Also,
the 1994 test hoop and longitudinal siresses were very repeatable.

Limestone Slurry Vessel

Figure 27 shows very similar bchavior between 1991 and 1994, Longitudinal stress is higher for 1991 hydro

as provided in Figure 28. Figure 29 shows the heop siresses increasing up to L1 feet and then dropping off to
zero and then increasing again.

Comparison of Experimental vs. Theoretical Stress

Computation of Stresses

The calculation of the principal stresses for isotropic materials is a very difficult problem. Generally.
composite materials are classified as cither anisotropic or orthotropic. For ease of calculations, laminant
composites are designed as orthotropic, which requires two sets of Moduli of Elasticity and two sets of poisson
ratios. Generally, this will include an Ex and Ey with corresponding poisson ratios vx and vy. These material
properties with a full-ficld sirain measurement at a point. allow for the computation of the major body stresses
in a faminan. These calculations are expressed in principal by the matrix notation shown below:

Comparison of Body Stresses

Figures 30 and 35 provide a comparison of the hydrostatic results vs. the theoretical stress
levels. -

JBR

Figure 30 indicates a very good comparison of the 1994 test. but the 1991 test produced stresses approximately
50 to 100 % higher than theory. Figure 31 indicates the actual stress was lower than the theoretical value.

Limestone Slurry Vessel

Figure 33 shows the actual stress slope is steeper than the theoretical stope. Figure 34 indicates good
correlation at higher loadings. Figure 35 indicates very similar behavior at lower levels. but has an offset and

then a restress behavior. From the restress behavior. it is possible that the strain gage pulled apan from the
surface.

A

#

-
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Conclusions

Structural Integritv of Scrubber Vessel

Strain Testing

Strain testing provided a good method for comparison of strain and stress levels and verification of
engineering properties used in the design calculations.

Hoop stresses determined for the JBR and Limestone Slurry Tank correlated very well with the theoretical
hoop stresses with a few exceptions. Rosette ! on the JBR had a significantly higher stress than the theoretical

value. Also, the Limestone Slurry Tank indicated a much steeper slope than the theoretical stress-strain slope
at higher levels of water height.

Cyclic Loading on Vessel

Data from the various figures and tables continues to reinforce the fact that the strain docs appear to generally
trend similarty from hydro to hydro. but there does appear to be some differences in both the principal strain

magnitudes and principal strain angles. These cycleg of loading and unloading do appear to take some toll on
the load response of the vessel,

Another explanation for some of the differcnces in the 1991 and 1994 loadings may be a consequence of 2
creep phenomenon, which is quite common in some traditional structures that are significantly stressed.

Evaluation of Material Properties

The general practice of determination of FRP matcrial propertics appears 10 be the computation of the global
section material propertics using the wwany layers of the laminant profile. This practice has been observed by
several FRP manufacturers, and appcars 1o be the general trend for calculating the elastic modulus and poisson
ratios for the composite cross-scctions.
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FRP as an Engineering Material

Design requirements for FRP structures are not widcly controlled as traditional construction materials. Since
FRP laminants are constructed as a serics of many layers of resins. fiber glass. and coatings. the quality
assurance of the raw materials and bonding procedures, and curing have many variables,

The construction of two identically designed vesscls, if constructed at different times or by different
construction personnel could potentially have a much different quality of workmanship. Tn summary, quality
assurance requirements are much more important for a FRP material than a traditional material construction.

FRP does not have the application experience in massive structurcs as does stecl and concrete structures.
Aerospace and automotive industry design personnel have 2 much extensive experience base in the use of
composite plastic materials. Lack of confidence and knowledge in the use of a material is a self-perpetuating
problem which prevents a quick acceptance of a new material.

Specifications should be written to include the evaluation of the material. and performance of the constructed
component, Specifications for a product to be constructed of FRP requires an extreme effort on the part of the
specifving engineer, Not only do the materials have be tightly specified. but also the construction of the
component, and the performance requirements for lhe compieiced svstem should also be mandated. This

requires a tremendous investment on the part of the owner to enler into a proposal in which the terms of the
specification may be very controversal.

Finally, the use of FRP as an engineering material has many aspects that require a more deliberate effort on
the part of the owner, the engineer. and the construction party. In certain cases, as is demonstrated by the
environment required to construct and operate wet SO: scrubbers, only the use of very expensive alternative
materials to FRP are acceptable. In these nvpes of applications. the FRP material has tremendous promise.

In the final analvsis, the FRP vessel uscd at Georgta Power Plant Yatces for the Chivoda Wet Scrubber has
demonstrated its merit as a viable aliernative material for futl-scale scrubber vessels.

Additional strain testing and research is ongoing throughout the engincering community, to make FRP
structures viable, trustworthy materials. that can be used without hesitation by design engineers.

Normally, the engincer must make many simplilving assumptions about boundary conditions and physical

situations that are difficuit to quantify with exact numbers. Therefore. the data provided by testing can both
lead and support the analytical assumptions used in normal design practice.
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Recommendations

Strain testing of a full-seate struciure provides aciual data on the performance of the installed structure. The
testing on fiber-reinforced plastics becomes much more important due to the additional uncertainties and
requirements induced by the non-isotropic nature of the composite laminant.

Composite materials provide significant benefits over traditional materials. However. due to the limited
experience with composites such as Fiber Reinforced Plastic {(FRP). construction with these materials is
difficult to specify. As a general rule, however. FRP requires additional surveillance during the design,
manufacturing, construction. operation. and maintenance of the subject structure.

For design, it is recommended that the material properties {or a proposed laminant be compuied by rational
engineering methods. Currently, there does not appear to be an engineering standard that has been adopted as
a legal basis for an FRP design. Continued monitoring of industry working groups within the area of
composites and FRP design are advisable. Also. the use of finite element analvsis provides many useful
capabilities including good visual methods of quickly determining critical stress locations on or in composite
vessels and structures. design optimization of cross scctions. and quick loading simulations.

For manufacturing, it is rccommended that quality assurance requirements be specified such that controls
during the fabrication of the FRP arc documented as much as possible. and that the materials and material
properties are tested according to at a minimum ASTM D3039-76.

For construction, it is recommended that hand lay up details be documented. This would include such items as
environmental conditions, such as weather. resin mix designs. mixing times. and quality assurance testing of
field connections . to trv and determine the workmanship concerns during the actual construction.

For operations and maintenance. it is recommendcd that a log of ropairs. replacements. painting. cleaning, etc.

be kept. Also, the loading history of the vessel would be important for determination of significant cycling of
the loading on the strecture.

Good non-destructive testing techniques. such as strain monitoring, acoustic einissions testing, modal testing,
vibration monitoring provide methods for long term trending of the behaviar of the structure,

Additionally, current techniques involving the embedding of continous fiber optic tendons inside composite
materials has the potential for providing either a giobal or local sensor for strain monitoring.

The most successful use of composite matenals. such as FRP, will require that several of these
recommendaitons be adopted. The costs of materials and labor are such that the efficient use of the composites
and/or traditional materials will require more optimum designs be followed in order 1o reduce costs.

As a trending tool, strain testing provides a way of quantifving the behavior of the vessel over time.  As such,

a monitoring program of every five vears may be advisable. Also, as morc and more test data is collected. the
trend interval could be expanded or reduced based on the results of the testing,
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Appendix [ : Raw Data

Raw Strain Data Listing

Hvdro 1994

JBR

400f 000! O 0 0 0 0 0 0 0 0 0 0
- 7.20 642} 09 201 184 21 80 80 81 121 70 24 i-125
8.00| 7.92] 133 | 242 | 233 30 90 111 140 | 160 70 48 :-133
8.70| 9.23f 150 | 273 | 270 42 94 141 178 | 200 107 90 : -55
9.10| 9.98] 166 | 299 : 293 74 110 | 171 222 | 212 | 174 145 | -5
10.60| 12.79] 204 | 370 : 398 : 120 131 220 | 308 | 292 | 256 | 270 : 10
1065 12.89] 207 | 376 400 : 127 143 | 221 308 | 292 | 256 | 262 : 14 :
11.75| 14.95] 257 | 445 465 146 165 | 285 | 384 | 348 | 290 | 355 : 40
12.75| 16.82{ 295 | 510 . 537 161 180 | 310 | 444 | 400 | 350 | 402 | 45
12.75| 16.82] 297 | 504 . 541 165 180 | 305 | 456 | 406 | 360 | 417 | 45
12.50| 16.35] 333 | 520 @ 524 125 170 ; 326 | 420 | 407 | 360 | 439 105
12.50| 16.35] 244 | 390 : 472 : 138 162 | 279 | 380 | 386 | 302 | 388 | 68
11.9 | 1523} 231 406 | 456 : 110 143 | 258 | 360 | 335 | 255 | 315 © 45
10.7 | 12.98! 200 | 348 | 384 84 125 | 216 | 270 | 250 | 200 | 264 @ 37 :
10.1 11.85) 183 | 323 . 352 85 114 | 190 | 245 | 231 181 219 | 17
78 754, 90 | 240 230 25 115 30 125 35 75 30 : 27 ¢

Limestone Slurrv Tank

00!

3588 )

4 1 9 i
5 188 63 130 1 G 130 ] -30 6574! 3880 3622 28
5 4 2.63: 81 98 -13 5] 148 -4 1 6637 ] 35865 3640 -26
B 4 69 1295 B7 55 61| 62! -82 6809 3625 37588 -27
715 5911 117 107 s 100 70 130 6845 3645 3774 42
7.5 .56 1471 95 110 131 -53 120 6900 31550 3812 35
8 7.50 160! 100 126" 115 50 103 §934 1672 3827 EE
10.2 11 63! 237 207 247 170 .68 148 7201 3730 3340 .36
10 2 11 631 2381 210 237 145 -90 125 7250 3720 39456 37
10 2 11 63 233, 199 233 115 76 .90 7294 3730 3963 FEE
10.2 11 63 |- 247 215 256 .72 38 .52 7294 3742 3714 FEE
10 9 12.94 318 258 320 73 45 118 0 0 0 15
12.225 15 42 164 270 374 80| 7 124 47 25 67 3
12 228 15 42 388 . 298 400 123 56 172 52 45 82 15
12 95 16 78 390 275 402 . 38 1 145 55 34 gs 11
12 95 16 78| 415" 302 431 142 51 195 70 45 100 11
138 18.00 . 425 285 845 108§ 14 145 55 28 55 0 :
13 6 18 .00 445 325 460 140 35 200 70 44 105 -121
14 .1 18.94 455 | 315§ 4490 136 -1 169 82 52 128 12
15 2 21 00 5011 330 £30 125 25 185 EL 52 168 A
15 2 21.00 515 350 550 140 20 235 101 60 180 B
16 6 23 63 542 367 | S5B4 140 .16 | 2240 110 586 200 15
16 6 23.63 565 389 601 188 | -36 265 115 74 205 18
16 6 | 23 63 . 560 345! 565 119 51 185 101 401 185 8
16 6 | 23 631 560 3801 591 166 0 238 118 58 . 201 20
11 3| 13 69! 346 299! 348 85 FE] 127 35 231 28 80:
11 3 | 132,69 | 350 - 3081 375 124 73 168 48 31 50 90:
i 12 00 ' !
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Hydro 1 1991

JBR
! JET BUBBLING REACTOR |
| FIRST HYDRO TEST
DATE = 10/1/91 |
GAGE FACTOR { TOTAL SYSTEM) = 1.898
EXCITATION = 2 VOLTS
INDICATOR BALANCE = 90
1
STRAIN GAGE CHANNEL i
GAGE WIRE NO 1 2 3 4 5 : 6 | 7 8 9 10
i |
GAGE ANGLE 135 S0 45 135 90 45 0 135 90 45
GAGE POSITION E3 E2 E1 E3 E2 E1 E E3 E2 E1
|
WATER ROSETTE 1 ROSETTE 2 GAGE7 ROSETTE 3
HEIGHT {me) {me) {me) {m e} (me) | (me) {me) {me) {m &) (me)
{INCHES) micro e i
0 1] 0 0 0 0 : Q Q [ 0 0
45 178 260 142 135 L 210 114 80 113 120 110
20 i 300 | 333 | 188 163 259 166 B0 204 161 180
95 i 35 | 410 | 245 175 245 190 101 210 162 190
95 350 386 | 185 148 246 193 a1 130 106 156
95 331 371 213 152 232 190 77 132 126 165
a5 361 405 241 170 244 216 111 a3 o8 143
135 494 549 358 222 260 260 207 218 179 248
135 513 580 395 240 270 279 234 275 224 275
168 611 690 492 282 291 325 : 316 65 291 345
168 | 660 780 562 34 306 . 348 & 393 448 355 431
E 1 ‘ !
Limestone Slurry Tank
i | | STRAINGAEMEAT BEAENTS | T T
I NDHYDRO TEST T ' T T
{(TOTAL SYSTEMD = 1962 ' T
{ATION =2 LTS ;
TURBALANE =9 ;
e TN SAWDRTA | ! AT TS !
i RAWLATA] i 2 3 3 : 3 - « i E ! 9 ! 10
H . 4 ]
DRECTCNDBREES| & o) 135 o s 3 o0 135 )
i : <l o 5] ¢l ! e 5] T el 5 o ]
@ISR T INTIALBALANE 7 Yo 410 3 IR W A0 4% a 8
i VERMIER SETTING _ | i
. ' ‘ ! |
: i * | T
P x1SPM | START CFFILLING ! 3 -2 ] j K -1h 1 ) 4 ] B
TSP HEIGT =% 2 K K] 1) 3 S ] = = -2
1 040T M HEIGHT =fF n ] ET) | ET) T ; el I El [ % F] 2
DOeSSPM | HENGHT =108 1 183 3 - EEE - N & &
TESM 1ok RS % =6 kg -3 & T m s 15 16
P ORIOPM HEGI=YF w 176 Eld 5 53 j i T’ 1 -14 5 -2
{ PO HEIGHT = % 20 167 au : A3 ar ; i ; 4 | 0 x 5
ATEL Y HEWEIT = 57 N 0 sQ | Hi ) Hn A % il 0
P 1153AM | HEIGHT =37 £ pal] E- n [ w f I 42 = -2
TOLMPM HEIGHT = aT e 37 K3 i 3 T -19 .50 X pac] E3
L 0L HWHT = ar (I3 [IE] Iadl -1t S TN W 33 RE] -3
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2nd Hydro 1991

TBR HYDRUTEST }
3TRAIN GAGE MEASTREMENTS 1
SECOND HYDRO TEST
DATE = 10/4/51
GAGE FACTOR ( TOTAL SYSTEM) = 1 962
EXCITATION = 2 VOLTS
INDICATOR BALANCE = 90
TIME T CONDITION RAW DATA, STRAIN CHANNEL
[RAW DATA 1 H 3 ] 5 3 7 8 3 10
DRECTION(DEGREES) a5 5 138 a5 90 135 ) )3 ) 135
E3 E2 El E3 EX El ) E3 B2 Ei
67-00 TNTFIAL BALANCE 246 592 66 300 606 330 £ 148 M 378
VERNIER SETTING HIJGHT
]
09,05 AM START OF FILLING 0 0 £ 12 12 3 3 6 [3 [ 6
T0:00 AM HEIGHT = 48° a8 179 210 147 74 3 82 24 85 80 70
11:09 AM HEIGHT =~ 84" i1 ) 235 ] 33 33 72 30 62 45 70
0143 FM FAEIGHT = 8+ ’1 154 163 B 3 i a6 79 -8 i 32
0243 PM HEIGHT » 0" %0 359 N1 133 [H = 106 4 &7 56 3
03.06 PM HEIGHT = 125 125 336 S 3 146 125 62 55 3 139
5517 PM HEIGHT = 158 TS B I T8I ] 33§ ) 318 174 355
0545 PM HEIGHT = 163" 168 HI8 [ &92 4 ] ! 38 341 301 236 227 ng
07:45 PM HEIGHT = 168" 5 628 735 1 sl6 T 339 320 383 313 354
09.4] AM HEIGHT = (6% 168 672 T4 | s3g 98 1 293 3t 337 412 320 ais
T J

L




Appendix I1: Photographs

Photo | : Typical Test Sctup during Strain Gage Testing
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Phots 3: Construction Photagraph of JBR with Duct Penctration
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Photo 5 : Phatolaminant and Strain Gage Layout Installation on Manway of JBR Vessel

Photo 6: Photalaminans Installation at *Doy Leg™ Holdown Anchorage of JBR Vessed




~ Photo 7 : Photolaminant Layout on Vertical Scction of JBR Vessel




Photo © : Canstruction Photograph of Limestane Slurry Vessel during Photolaminant Constructian




“Abrasion and Corrosive Coupons for JBR and Ductwork”

Southern Company Services, Inc.



Southern Company Services  ing
Post OHfice Sox 2625
Birmingnam. Alabama 33202
Telepnone 205 B70-6011

A

Southern Company Services

e Sounern eiecir:c system

August 22, 1991

To: David Washke, Ershigs
Simon Scott, Ashland Chemical Company

From: Kamyar Vakhshoorzadeh, SCS

Re: Abrasion and Corrosion Coupons for JBR and Ductwork

Gentlemen

Please review the proposed designs for abrasion and corrosion coupons for

JBR reaction zone, gas inlet (post-quench), duct area (pre-quench), and
exhaust plenum.

l. Corrosion Testing
Corrosion coupons for JBR reaction zone, gas inlet area, and exhaust
plenum are shown in Figure 1. The coupon construction schedules are
also shown in Figure 1. The test samp]es are to be flat plates to be
instalied on pre-fabricated racks using tie-wraps or Fiberbolt.
Suggested assembly and rack design for the test coupons are shown in
Figures 2, 3, and 4. Figure 3 shows the mounting plate for the all
the corrosion coupons to be tailored to the location of testing.

Overall, [ expect to install 80 to 100 samples at each location. The
current request deals only with samples that are fabricated using
Ashland Chemical Hetron Series resins. However, SCS may include, in
the corrosion monitoring task, test coupons that are made of pultruded

FRP, untested future resins from different manufacturers, and exotic
alloys (C276, C22).

[ don’t have data concerning the overall veiocity profile in the
vessel. However, based on my discussions with SCS colleaques, I
believe that the agitator establishes a downward flow near the center
of the vessel and an upward flow near the vessel walls (Figure 4).
Because of high slurry viscosity, the boundary layer is expected to be
fairly large. This means that the near-wall flow velocities are small
in comparison to main agitator velocity. Therefore, the corrosion
samples are not expected to experience any abrasion. Please let me
know if you have any information that can verify this.

We had not discussed samples in the exhaust plenum or pre-quench
areas. However, I am told that the chlorine concentration in JBR is
nearly 14000-15000 ppm. The exhaust gas may carry some concentration
of chlorine to this chamber. Therefore, the exhaust pienum may also
be a good candidate for corrosion testing. Furthermore, for future
reference, it is appropriate to include high-temperature FRP coupons
for testing in the pre-quench ductwork.



2. Abrasion Testing:

The abrasion samples are designed to provide maximum consistency in terms
of impact on flow parameters: velocity profile and boundary layer,
velocity gradients and shear rates at the test sample surface, surface
temperatures, and chemistry. This condition provides an experimental
platform for comparing abrasion resistance of different materials without
additional theoretical modeling. The samples are also designed for easy
installation and retrieval.

Both the pre-quench and post-quench samples may experience significant
abrasion during the proposed high-ash loading period. It is therefore

essential that the fasteners be designed to out-perform the abrasion
samples.

a) Reaction Zone
The test samples for JBR reaction zone are half cylinders (Figure 5)
to be joined together around the structural columns to form a full

cylinder (Figure 6). Figure 5 also gives the construction schedule
for the abrasion tests coupons in the reaction zone.

The samplies are to be constructed of 10 layers of specified
construction, each nearly 10 mils thick. The layers will be pigmented
to establish a black-white-black-..-black-white color code sequence.
The color code will be used for measuring the abrasion depth.

The current drawings are not showing the 0D dimension on the support

columns. So, please fill in the information lacking and send it back
to me for final review.

The designs are believed to have negligible impact on the flow
patterns around the supports. The four tabs, laminated on the four
corners of each coupon section, wiil be used to assemble the two
cylindrical halves around the existing support columns (Figure 6).
Some of the samples will be assembled around the supports closest to
the agitator. These sampies will be used to gage the effects of
different resin fillers. The four smaller supports that are farthest
from the agitator tip (Figure 7}, will be used to determine the
effects of different resins. Standard pultruded 3/8" FRP fasteners
will be used to assemble the coupons.

The samples are to be installed right across from the agitator tip.
This was reported to be the primary location of abrasion on the
structural columns in the Abbott Vessel.

b) Post Quench Zone
The proposed abrasion test samples are shown in Figure 8. These will

be installed on the structural columns supporting the cutout section
of the vessel (gas inlet area).

The construction of the test coupons is similar to those used in the
JBR reaction zone. The samples will be 6" wide. Just as in the JBR
samples, the current drawings are missing the OD dimension on these



columns. So, please fill in the information lacking and send it back
to me for final review. The samples are to be constructed of 10
layers of specified construction, each nearly 10 mils thick. The
layers will be pigmented to establish a black-white-black- .. -
black-white color code sequence. The color code will be used for
measuring the abrasion depth, The test samples are secured in their
place using standard pultruded FRP fasteners (Figure 6).

Five samples of each construction schedule will be randomly
distributed on the columns Tocated at the gas inlet area. However,
two of the seven supports, which are partially masked by the flow

around the duct support columns (Figure 9), will not have any sampies
attached.

¢) Pre-quench Zone

These samples are to be assembled around the support columns located
in the steel ductwork preceding the quenching system. The test sample
construction will be similar to other abrasion samples. However,
these samples will be secured around the support poles by means of
stainless steel bands. The ID of the test samples is not currently
known and will be provided at a later time. The gas temperature in
this area requires will require a choice of high temperature resin.
Could you provide me with a 1ist of suggested resin and reiforcment
for abrasion and corrosion monitoring.

[ request that the corrosion sample mounting racks for the reaction zone,
and the inlet and outlet plenums be installed prior to Ershigs departure
from the field. The corrosion samples will be installed at a later time,
after all the test samples are fabricated and cataloged. The abrasion
samples can also be installed at a later time.

I appreciate your time and assistance in reviewing the attached drawings.

['d 1ike to also add that Ms. Donna Hill of SCS R&EA will be assisting me

in the Plant Yates corrosion and abrasion monitoring and evaiuation tasks.
She will be responsible for organizing all the field activities under this
subtask. She can be reached at {205) 868-5234. Please feel free to call

me if you have any comments or suggestions.

Sincerely :

Kamyar Vakhshoorzadeh
Senior Research Engineer

CC: (w/att.)

Southern Company Services
0. M. Boylan

D. P. Burford
Donna Hill

Georgia Power Company
R. M. Rhodes




FIGURE 5: IMMERSION SAMPLES

ABRASION SAMPLES FOR JBR REACTION ZONE POSTS

12"
Y — 5
B {3\1[ """"
DRILL FOR 3/8"-16 UNC
FIBERBOLT
location d t resin construction quantity
near supports FR982 "C* veil - 6
carbon veil 6
carban veil + millad fibers 6
Ershigs fufu dust 6
far supports FRg892 carbon veil + milled fibers 6
FR892+ carhon veil + milled fibers 8
FR992 An. carbon veil + milled fibers 6




FIGURE 1: CORROSION SAMPLES FOR JBR REAC. ZONE, INLET AND EXHAUST PLENUMS,
AND PRE-QUENCH DUCT AREA. ‘

1/8* CORROSION RESISTANT TABS (*)

A

1"
| -

2"

‘ e

°
0.5" HOLE
|
\ |
B
g
. o !
! 3.0 -
resin construction quantity
FR992 VMMV  (M=GLASS MAT, V=GLASS VEIL) 24
CARBON VEIL 24
CARBON VER,MM,CARBON VEIL 24
CARBON VEIL/MILLED, MM, CARBON VEIL/MILLED 24
FRO92 + VMMV 24
CARBON VEIL/MILLED, MM, CARBON VEIL/MILLED 24
FRS92Z AN. vMMV 24
CARBON VEIL/MILLED, MM, CARBON VEIL/MILLED 24

* NOTE FOR ERSHIGS: PLEASE ADD ANY OTHER COMBINATIONS THAT MAY BE USED AT
WANSLEY, OR ANY COMBINATION THAT YOU CONSIDER APPROPRIATE.



_ FIGURE 8: POST-QUENCH ABRASION SAMPLES
ABRASION SAMPLES FOR SUPPORT POSTS AT THE JBR INLET

&

-
SRR
@)

— DRILL FOR 3/8"-16 UNC FIBERBQLT

location d t

resin

construction

quantity

SUPPORT POSTS
AT THE JBR INLET *

-

L

FR992

FR9g2 +

FRO92 An,

197AT-T

*C* veil

carbon veii

carbon veii + milled fibers
Ershigs fufu dust

*C" veil ,

carbon veil + milled fibers
Ershigs fufu dust

“C" veil

carbon veil + milled fibers
Ershigs fufu dust

"C* veil

carbon veil + milled tibers
Ershigs fufu dust

6

BB O DN O OB

* 10 layers of veil in this series. layers are to be color coded B/W/B/W/...,,
(B=Black, W=White) to allow visual checking ot abrasion.



FIGURE 3: SPACING OF THE HOLES ON THE SAMPLE MOUNTING BRACKETS
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FRP ANGLE BEAM (STOCK ITEM)

I -
A
MAT.SPEC. LOCATION DESIRED LENGTH QUANTITY!
FRP STD. REACTION ZONE CUT TO SPACING OF THE PIRING SUPPORTS 4
BRACKET  INLET PLENUM 10FT 2

EXHAUST PLENUM 10FT 2




FIGURE 2: ASSEMBLY OF CORROSION SAMPLES IN JBR REACTION ZONE
SAMPLES IMMERSED 1H CHLORINE-LADEN (14,000 PPM) SLURRY OF GYPSUM AND LIMESTONE.

SUPPORT FORINTERNAL PIPING

PROPOSED LOCATION

|
~gl—
il
|
PROPOSED ! PROPOSED
LOCATION o a a -] LOCATION
FOR CORR. ; FOR CORR.
SAMPLES SAMPLES

CRITERIA FOR LOCATION:

EASY TO REACH
AWAY FROM MAIN FLOW

SUSPENDED IN LIQUID SLURRY



FIGURE 4a: ASSEMBLY OF SAMPLES IN THE INLET PLENUM

BASE BRACKET FOR MOUNTING PLATE

SCHEMATIC

MOUNTING PLATE (ANGLE BRACKET}

[

3
TEST SAMPLE

LOCATION

PROPOSED ' e
LOCATION - 5
FOR CORR: = — S
SAMPLES ' :

CRITERIA FOR LOCATION:

EASY TO REACH
AWAY FROM MAIN FLOW
ABOVE DECK WASH PIPING



FIGURE 4b: ASSEMBLY OF SAMPLES IN THE EXHAUST PLENUM

BASE BRACKET FOR MOQUNTING PLATE

SCHEMATIC

MOUNTING PLATE (ANGLE BRACKET)

e
TEST SAMPLE

LOCATION

7 PROPOSED
- | ~————LOCATION
FOR CORR.

SAMPLES

1

CRITERIA FOR LOCATION:

EASY TO REACH
AWAY FROM MAIN FLOW
ABOVE DECK WASH PIPING
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ASSEMBLY OF THE ABRASION SAMPLES IN THE JBR REACTION ZONE
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FIGURE 7: VELOCITY PROFILE IF NO SPARGER TUBES WERE PRESENT.
VELOCITY NEAR WALL AREA IS PROBABLY VERY SMALL
BECAUSE OF VISCOSITY. BOUNDARY LAYER THICKNESS IS
ALSO EXPECTED TO BE LARGE. SO VELOCITY GRADIENT IS
FLOW SHEAR RATES ARE ALSO SMALL. WITH THE SPARGER
TUBES, THE FLOW PATTERN IS NOT KNOWN. THE FLOW IS,
HOWEVER, EXPECTED TO BE SMALL NEAR THE VESSEL WALL.
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Southemn Cemoany Services. inc.
Post Office Box 2625
Sirmingnam. Alabama 35202
Telephcne (205) 870-6011

.

Southern Companv Services

TR IlLIners &anstng £, e

March 31, 1993

Mr. David C. Washke
Contract Administrator
Ershigs, Inc.

742 Marine Drive
Beilingham WA 98225

Dear David:

Per our phone conversation, enclosed are photographs of the FRP abrasion
phenomenon observed in the FRP duct inlet to JBR. The photographs show
the visual abrasion damage in the duct work. The following summarizes our
discussions on this topic as well as other SCS concerns:

l.

Duct Wall Abrasion: As shown in the pictures, there is significant
visual abrasion in the down-comer trough area (downstream of quenching.
system) and at the duct wall immediately adjacent to the side-wall
spray nozzles. In various areas, the depth of abrasion has exceeded
the thickness of the protective coating. This is signified by the
disappearance of the green coating. It is suspected that the abrasion

is caused by the slurry spray from the adjacent nozzies on the top
wall.

The structurai integrity of the damaged areas need to be evaluated to
determine the type of maintenance that needs to be performed. The
least maintenance required would be to resurface the damaged areas
with abrasion-resistant coating. This repair should be performed as

soon as the scrubber is shut down for maintenance (within the next two
to three weeks).

As we discussed, one goal of the Yates demonstration project is to
monitor and report on the performance and longevity of FRP in FGD
scrubber environment. The reported abrasion does have the potential
to void all benefits from FRP use, if the problem cannot be fixed.
Further, the scrubber is about to start a six months continuous
operation without any scheduled outage. SCS is eager and interested
to perform this task without significant risk to the scrubber and its
material of construction. Therefore, the abrasion-resistant coating
should be selected to last for a long time.

If sufficient data does not exist to support the selection of a
reliable coating, SCS recommends a sacrificia)l abrasion-resistant
protective plate to be installed around the nozzie area (preferably



Mr. David C. Washke
Page 2
March 31, 1993

with mechanical fasteners), the trough surface, and the structural
support columns. These can be replaced on a per-need basis as they

wear out. Pete Honeycutt will later transmit a design idea for these
protective plates.

2. Limestone Slurry Piping: The 3" lTimestone slurry pipe has developed a
leak at the elbow area, most likely due to severe abrasion of the
inner surface. This elbow needs to be replaced during the upcoming
maintenance outage. In parallel, other FRP elbows in the Timestone

and gypsum slurry lines need to be inspected for abrasion to insure
their fitness for service.

3. Abrasign of the JBR Wall: There is a concern that surface abrasion
may also be occurring on the JBR wall in the reaction zone (across
from the agitator blade). As I recall, there is no abrasion
protective overlay in this area. However, the protective coating in
the reaction zone is also laced with green color dye. There is a need
to inspect this area for abrasion damage. However, it may not be

possible to drain the vessel for such test. Do you know of any
alternative methods?

4. Retrofit FRP Down-Comer: As discussed, the retrofit to reduce
vibration of the FRP down-comer needs to be installed during this
outage. SCS and Ershigs have already exchanged design ideas on this
subject and are in agreement on the modification. For our records,
please provide us with a final detail of the design modifications.

5. General Inspection: Based on the general agreement, Ershigs is to
perform routine general inspection of the vessel. In conjunction with
this outage, SCS requests that Ershigs perform an inspection of the
FRP vessels including measurement of Barcol hardness at various
strategic sites (including inlet duct). Ailso, we do not have any
record of hardness readings on the unexposed FRP sections. We would
appreciate a copy of these records for our internal files.

6. Material Performance Testing: For your information, the following
test activities have been planned for the upcoming outage:

a. Corrosion Monitoring: SCS plans to remove the first batch of
corrosion samples from scrubbers. These are samples of Ashland
resins Hetron 992, D-1619, and D-1620. New corrosion samples

received from DOW Chemical Company (Derakane 470-36) and MMFG will
also be installed.

b. Abrasion Monitoring: To the extent possible, we will monitor and
document the abrasion performance of test coupons installed at the
gas inlet to JBR and on the structural columns in the reaction zone.




Mr. David C. Washke
Page 3 -
March 31, 1993

The collected performance data will be reported to DOE and, as
appropriate, the participating resin and FRP vendors. Ershigs
participation in these tests is most welcome and encouraged, as long as
such does not present additional costs or violate existing agreements.

Should you have any comments or questions, feel free to cail me at
205/877-7805.

Sincerely,

Farmejor 7wl fe

Kamyar Vakhshoorzadeh
Senior Research Engineer
Research & Environmental Affairs

Attachment

ce{w/o att): Southern Company Services
Kerry Bowers
Dave Burford
Pat Evans
Pete Honeycutt
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Intracompany Memo Southern Company Services A

DATE: May 11, 1993

RE: YATES CT121 DEMO FIBERGLASS
DESIGN CRITERIA

FROM: P. M. Honeycutt {/m~

TO: K. Vakhshoorzadeh

Per David Waschke's request dated April 27, 1993, please find below our responses:

1. What has been the operating temperature of:

A.  The inlet flue gases prior to the spray chamber? 250 - 280°F
B. The flue gas after the spray chamber? 130-135°F
C. The flue gas exiting the JBR? 130-135°F

2. What is the slurry flow rate through the spray chamber nozzies?
There are a total of 56 nozzles rated at 8¢ GPM each. The

actual flow rate to each nozzle has not been analyzed.

3.  What is the operating pressure of the slurry nozzles?
The nozzles operate at 30 PSI.

4. What is the velocity of the flue gas?
The spray chamber velocity is 45 feet/sec.

5.  Have you analyzed the actual air flows?
Yes, at the inlet and outlet.

6. How do the spray patterns of the limestone slurry affect the gas flow?
This is unknown.

PMH/esw31193

xc: D. Burford
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Exhaust plenum

Weight
matrix sample# days weight(g) Change
1619-C c170 0 135.92

790 141.9 5.98
¢173 0 138.8
790 141.2 24
c174 0 128.69
790 132.5 3.81
1620-C c188 0 133.48
790 1394 5.92
c191 0 160.21
790 166.3 6.08
¢c192 0 151.91
790 158.1 6.19
620MC-C| ¢194 0 136.26
790 138.5 2.24
c197 0 139.95
790 146.2 6.25
¢198 0 14468
7890 151 6.32
1620-CV c206 0 102.02
790 108.7 6.68
c207 0 128.33
790 137.2 8.87
c210 0 137
780 1442 7.2
1618-CV c214 0 122.7
790 143.5 20.8
c215 0 130.05
790 137.1 7.05
c216 0 122.86
790 129.6 6.74
992-CV ¢176 0 135.04
790 140.8 5.76
c180 o] 123.99
790 129.7 571
992-C ci183 0 123.2
526 132.2 9
¢c185 0 126
790 131.8 58
c186 0 118.7
790 135.8 17.1
Derakane] ¢229 0 107.34
470-36 580 107.4 0.06
c230 0 14527
580 145.5 0.23

Exhaust Plenum: The weight of all samples increased.



Inlet Duct Intet Plenum

Weight Weight
matrix sample # days  weight (g) change matrix sample# days  weight () change
1619MC-CV] c3 0 12747 1619MC-CV]  c58 0 117.93
790 119.4 -8.07 780 129.7 1177
<8 0 134.51 1619-CV c106 ] 130.9
- 790 103 -31.51 790 135.2 T 43
1618C c9 0 136 c107 0 128.88
790 1278 82 790 . 1334 4.52
c12 ] 129.58 c108 0 128.26
790 1282 -1.38 790 132 5.74
1620-C c27 0 156.77 [ 1620C cB2 ) 155.16
790 116.9 -39.87 790 164.2 9.04
982C £21 0 12541 ) c33 0 161.92
790 110.8 -14.61 790 171.2 9.28
c24 0 135.53 c84 0 157
7%0 122.3 -13.23 790 163.5 6.5
D92-CV c15 0 133.49 "{6Z0MG-GV|  CBT o 160.38
790 142 8.51 790 166.8 522
ci8 0 134.48 €88 0 12024
7% 140.7 6.22 790 1352 5.96}
Derzkane | c217 ) 12717 c89 0 119.13 .
A470-38 790 99.5 27.67 790 1253 6.7
c218 0 127.18 99IMCCV | ¢93 ) 1205
7590 86.2 -40.88 790 128.3 6.25
co4 0 124.03
790 131.3 7.27
co5 (] 124.64
790 132 7.38
c96 0 137.37
790 144.6 7.23
932-CV c70 0 136.88
790 142.9 6.02
Drakane c224 0 126.58
470-36 580 1268 022
c225 0 141.82
580 1423 0.48

inlet Duct: The weight of all samples decreases except that of the 992-CV Matrix.

Inlet Plenum: The weight of all samples increases.



INLET DUCT

; Inlet Duct
Barcol Hardness vs Days of Exposure

5 1619-C
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INLET DUCT

1619-C Matrix
Hardness increases by 38% over first 375 days then decreases.
Final hardness is less than the initial hardness.
Tensile strength decreases by 7% over the 450 days and then increases.
Final; strength less than the initial strength.

1619MC-CV Matrix
Hardness increases by 28% over first 400 days then decreases.
Final hardness is greater than initial hardness.
Tensile strength increases by 2% over first 250 days then decreases.
Final strength less then the initial strength,

1620-C Matrix
Hardness increases by 29% over first 600 days then decreases.
Final hardness is greater than the initial hardness.
Tensile strength increases by 13% over first 550 days then decreases.
Final strength greater than initial strength.

992-CV Matrix
Hardness increases at a rate of .9%/day.
Tensile strength decreases at a rate of 2%/day.

992-C Matrix
Hardness increases by 20% over the first 375 days and then decreases.
Final hardness is less than the initial hardness.
Tensile strength decreases at a rate of 1.4%/day.

Derakane 470-36 Matrix
Hardness increases by 2% over the first 225 days and then decreases.
Final hardness is less than the initial hardness.
Tensile strength decreases by 12% over the first 300 days and then increases.
Final strength is greater than the initial.

MMFG Pultraded Matrix
Hardness decreases at a rate of 3.7%/day.
Tensile strength decreases at a rate of 1.7%/day.
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INLET PLENUM

1619MC-C Matrix
Hardness increases by 14% over first 450 days then decreases.
Final hardness is greater than the initial hardness.
Tensile strength decreases by 15% over the first 450 days and then increases.
Final strength is less than the initial strength.

1619-CV Matrix
Hardness increases by 32% over first 425 days then decreases.
Final hatdness is greater than initial hardness.
Tensile strength decrease by 31% over first 450 days then increases.
Final strength less then the initial strength.

1620-C Matrix
Hardness increases by 22% over first 375 days then decreases.
Final hardness is less than the initial hardness.
Tensile strength decreases by 16% over first 650 days then increases.
Final strength less than initial strength.

1620MC-CV Matrix
Hardness increases by 15% over first 325 days then decreases.
Final hardness is less than the initial hardness.
Tensile strength decreases by 30% over the first 500 days and then increases.
Final strength is less than the initial strength.

992-CV Matrix
Hardness increases by 14% over first 325 days then decreases.
Final hardness is less than the initial hardness.
Tensile strength decreases by 8% over first 700 days and then increases.
Final strength is less than the initial strength.

992MC-CV Matrix
Hardness increases by 22% over first 375 days then decreases,
Final hardness is less than the initial hardness.
Tensile strength decreases by 18% over first 525 days and then increases.
Final strength is less than the initial strength.

Derakane 470-36 Matrix
Hardness decreases at a rate of 2.9%/day.
Tensile strength decreases by 32% over the first 275 days and then increases.
Final strength is greater than the initial strength.

MMFG Pultraded Matrix
Hardness decreases at a rate of 2.4%/day.
Tensile strength increases at a rate of 1%/day.
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EXHAUST PLENUM

1619-C Matrix
Hardness increases by 21% over first 450 days then decreases.
Final hardness is greater than the initial hardness.
Tensile strength decreases by 22% and then levels off.
If test done over longer period strength may increase again.

1619-CV Matrix
Hardness increases by 11% over first 450 days then decreases.
Final hardness is greater than initial hardness.
Tensile strength decrease by 25% over first 450 days then increases.
Final strength less then the initial strength.

1620-C Matrix
Hardness increases by 14% over first 325 days then decreases.
Final hardness is less than the initial hardness.
Tensile strength decreases by 13% over first 450 days then increases.
Final strength less than initial strength.

1620MC-CV Matrix
Hardness increases by 24% over first 325 days then decreases.
Final hardness is less than the initial hardness.
Tensile strength decreases at a rate of 2%/day.

1620-CV Matrix
Hardness increases by 9% over first 325 days then decreases.
Final hardness is less than the initial hardness.
Tensile strength decreases by 7% over first 525 days and then increases.
Final strength is less than initial.

992-CV Matrix
Hardness increases by 14% over first 325 days then decreases.
Final hardness is less than the initial hardness.
Tensile strength decreases by 21% over first 475 days and then increases.
Final strength is less than the initial strength.

992-C Matrix
Hardness increases by 16 % over first 325 days then decreases.
Final hardness is less than the initial hardness.
Tensile strength decreases by 20% over first 500 days and then increases.
Final strength is less than the initial strength.

Derakane 470-36 Matrix
Hardness decreases at a rate of 3.4%/day.
Tensile strength increases at a rate of 2.5%/day.

MMFG Pultraded Matrix
Hardness decreases at a rate of 2.4%/day.
Tensile strength increases at a rate of 2%/day.
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DEC-82-1922 16:47 FROM

Datesr 08/24/92

TO

Matal Samples Co., Inc.

Phoner

(205) 358-4202

Initial Weight Log

Customer 3 SOUTHERN CO.S8ERVICE

FPurchase Order : VERBAL

Matarial =
Serial Mo.

BOOO1
Material
Serial Ho.

01
Material z
Serial No.

01
Material =
Serial No.

o1
Material 3
Serial Moa

01
Material o
Serial No.

Oy
Material @
Serial ho.

01
Material ¢
Serial MNo.

- AQOIS

316k
wWeight(g)

1&.2474
3i2L
Watght(g)
146.22499
A441
Weight(q)
18.0140
AD16~40
Welight{q)
17.0438
AlLéX
Weight(g)
?.9109
AL&XN
Weight(g)
17.1741
c22
Weight(qg)
19.0074
Cz2vé
Weight(g)
18.890%

hen.(in.)

Len.(in.)

Len.({in.)

L'nl(in-)

ten.(in.)

Len.(in.)

Len.(in.)

ten.(in.)

Wid. (in.)

Wid.(in.)

Wid. (in.)

Wid.{in.)

Wid.(in.)

Wid.(in.)

Wid.{(in.)

Wid.(in.)

P.B3
Sheet:

Shop Order : 924007

Thickiin.)

Thick(in.)

Thick(in.)

Thick(in.)

Thick(in.)

Thick(in.)

Thick(in.)

Thick(in.)

Holae(in.)

Hole{in.)

Holedin.)

Hole{in.)

Holel(in.)

Holedin.)

Hole(in.)

Hole(in.)



DEC-E2-1932 15:48 FRMM T

5367 P.84
Dates 08/24/92 Sheets
Metal Samples Co., Lnc.
Phona: (208) 3I88-4202
Initial Weight Log
Cuzstomer @ SOUTHERN CO.SERVICE Shop Order 3 924007
Furchase Qrder = VERBAL
Material : F255
Serial MNo. Weight(g) en.(in.) Wide (in.) Thick(in.) Hole(in.)
Q1 14.4339
Material ¢ TI~%
Serial No. Wiight(g) Len. (in-) Nid-(in-) Thi:k(in-) Hole(in.)

o1 10.2437
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TOTAL P.84





