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(1) Design basis: 

Design pressure ....... l +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............. 10 psf 

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

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

-m-w iL--,- w--e 
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 lkads 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 1 



(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" Thiclmess...... 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 . i_ 

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

(b) Contact Molded 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 
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1.5 OZ. MAT 
1.5 OZ. MAT 

EW 90/113YLD 

.75 OZ. MAT 
FW 90/113YLD 

.75 OZ. MAT 
FW 90/113YLD 

.75 OZ. MAT 
15.6 UNI/FW 
.75 OZ. MAT 

FW 90/113YLD 

.75 OZ. MAT 
Fw 90/113YLD 

.75 OZ. MAT 
15.6 UNI/FW 
.75 OZ. MAT 

EW 90/113YLD 

.75 OZ. MAT, 
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El1 E22 G12 
PSI PSI PSI 

NUl2 NU21 ANGLE THICX 
DEG IN 

5.00E+05 5.00E+05 4.00E+05 0.200 0.200 0.0 0.010 
9.00E+05 9.00E+05 4.00E+05 0.200 0.200 0.0 0.043 
9.00E+05 9.00E+05 4.00E+05 0.200 0.200 0.0 0.043 
4.30E+06 5.00E+05 4.00Ef05 0.200 0.023 90.0 0.031 
4.303+06 5.00E+05 4.00E+05 0.200 0.023 -90.0 0.031 
9.00E+05 9.00E+05 4.00E+05 0.200 0.200 0.0 0.015 
4.303+06 5.00E+05 4.00E+05 0.200 0.023 90.0 0.031 
4.30E+06 5.00E+05 4.00E+05 0.200 0.023 -90.0 0.031 
9.00E+05 9.00E+05 4.00E+05 0.200 0.200 0.0 0.015 
4.30Ef06 5.00E+05 4.00E+05 0.200 0.023 90.0 0.031 
4.303+06 5.00E+05 4.00E+05 0.200 0.023 -90.0 0~.031 
9.00Ef05 9.00E+05 4.00E+05 0.200 0.200 0.0 0.015 
4.30E+06 6.00E+05 2.00Q05 0.100 0.014 0.0 0.030 
9.00E+05 9.00E+05 4.00EC05 0.200 0.200 0.0 0.015 
4.30E+06 5.00E+05 4.00E+05 0.200 0.023 90.0 0.031 
4.30E+06 5.00E+05 4.00E+05 0.200 0.023 -90.0 0.031 
9.00E+05 9.00E+05 4.00E+05 0.200 0.200 0.0 0.015 
4.30E+06 5.00E+05 4.ooEzto5. 0.200 0.023 90.0 0.031 
4.30E+06 5.00E+05 4.013E+05 0.200 0.023 -90.0 0.031 
9.00E+05 9.00E+05 4.00E+05 0.200 0.200 0.0 0.015 
4.30E+06 5.00F#+05 4.00E+05 0.200 0.023 90.0 0.031 
4.30E+06 5.00E+05 4.00E+05 0.200 0.023 -90.0 0.031 
9.OOE+05 9.00Ef05 4.00E+05 0.200 0.200 0.0 0.015 
4.30E+06 6.00E+05 2.00E+05 0.100 0.014 0.0 0.030 
9.00E+05 9.00E+05 4.00E+05 0.200 0.200 0.0 0.015 
4.30E+06 5.00E+05 4.00E+05 0.200 0.023 90.0 0.031 
4.30E+06 5.00E+05 4.00E+05 0.200 0.023 -90.0 0.031 
9.00E+05 9.00Ef05 4.00Ef05 0.200 0.200 0.0 0.015 
4.30E+06 5.00E+05 4.00E+05 0.200 0.023 90.0 0.031 
4.30E+06 5.00E+05 4.00E+05 0.200 0.023 -90.0 0.031 
9.00E+05 9.00E+05 4.00E+05 0.200 0.200 0.0 0.015 
4.30E+06 S.OOE+05 4.00E+05 0.200 0.023 90.0 0.031 
4.30E+06 5.00E+05 4.00E+05 0.200 0.023 -90.0 0.031 
9.00E+05 9.00E+05 4.00E+05 0.200 0.200 0.0 0.015 
4.30E+06 6.00E+05 2.00E+05 0.100 0.014 0.0 0.030 
9.00E+05 9.00E+05 4.00E+05 0.200 0.200 0.0 0.015 
4.30E+06 5.OOE+O5 4.00E+05 0.200 0.023 90.0 0.031 
4.30E+06 5.00E+05 4.00E+05 0.200 0.023 -90.0 0.031 
9.00E+05 9.00E+05 4.00E+05 0.200 0.200 0.0 0.015 
4.30E+06 5.00E+05 4.00E+05 0.200 0.023 90.0 0.031 
4.30E+06 5.00E+05 4.00E+05 0.200 0.023 -90.0 0.031 
9.00E+05 9.00E+05 4.00E+05 0.200 0.200 0.0 0.015 
9.00E+05 9.00E+05 4.00E+05 0.200 0.200 0.0 0.015 
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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 (YX) . . . . . = 0.040 

AXIAL FLEXURAL MODULUS = 8.472Ef05 PSI 

HOOP FLEXURAL MODULUS . . = 2.709E+06 PSI 
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All 
l.O269E+06 
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Bll 
-1.5088E-01 
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9.2189E+04 

All* 
9.7894E-07 

Bll* 
6.6471E-04 

Dll* 
l.O932E-05 

B12 
4.0346Ef03 

D12 
1.4545Ei04 

A12* 
-3.9571E-08 

B12* 
2.4788E-04 

D12* 
-5.3940E-07 

'816 
-8.1945E-04 

D16 
1.85563-05 

A16* 
0.0000E+00 

B16* 
2.9343E-10 

D16* 
-2.7401E-15 

B22 
-l.O819E+04 

D22 
2.9479E+05 

A22* 
3.0489E-07 

B22* - ,. . 
9.2698E-09 

D22* 
3.4188E-06 

-.- 

A26 
0.0000E+00 

826 
-7.0384E-03 

D26 
1.5938E-04 

A26* 
0.0000E+00 

B26* 
2.6043E-11 

D26* 
-1.2538E-14 

A66 
4.1920E+OS 

B66 
7.8021E+03 

D66 
4.2659E+04 

A66* 
2.3855E-06 

B66* 
1.2817E-04 

D66* 
2.3442E-05 



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

IER El1 E22 
= PSI PSI 

G12 
PSI 

i 

Nul2 

1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 

10. 
11. 
12. 
13. 
14. 
15. 
16. 
17. 
18. 
19. 
20. 
21. 
22. 
'7. 

25. 
26. 
27. 
28. 
29. 
30. 
31. 
32. 
33. 
34. 
35. 
36. 
37. 

C GLASS 
1.5 OZ. MAT 
1.5 OZ. MAT 

FW 90/113YLD 

.75 OZ. MAT 
Fw 90/113YLD 

.75 OZ. MAT 
FW 90/113YLD 

.75 OZ. MAT 
15.6 UNI/FW 
-75 OZ. MAT 

FW 90/113YLD 

.75 OZ. MAT 
Fw 90/113YLD 

..75 OZ. MAT 
15.6 UNI/FW 
.75 OZ. MAT 

FW 90/113YLD 

.75 OZ. MAT 
FW 90/113YLD 

.75 OZ. MAT 
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9.00E+05 
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9.00E+05 
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4.3OE+06 
9.00Ei05 
4.30Ei06 
4.303+06 
9.00EiOS 
4.30E+06 
9.00E+05 
4.303+06 
4.303+06 
9.00Ei05 
4.30Ei06 
.4.30Ei06 
9.00Ei05 
9.00E+05 

5.00E+05 
9.00E+05 
9.00EiOS 
S.OOE+OS 
5.00E+05 
9.00E+05 
5.00E+05 
S.OOEi05 
9. OOECOS 
5.00E+05 
S.OOE+05 
9.00Ef05 
6.00Ei05 
9.00Ei05 
S.OOE+OS 
S.OOE+05 
9.00E+05 
S.OOE+OS 
5.00E+05 
9.00EfOS 
6.00Ei05 
9 .OOE+05 
S.OOE+05 
5.00E+05 
9.00E+05 
5.00E+05 
S.OOE+OS 
9.00E+05 
6.00Ei05 
9.00EiOS 
S.OOEi05 
5.00Ef05 
9.00E+OS 
5.00E+05 
5.00E+05 
9.00Ef05 
9.00E+05 

4.00Ef05 0.200 0.200 
4.00Ei05 0.200 0.200 
4.00E+05 0.200 0.200 
4.00E+05 0.200 0.023 
4.00E+05 0.200 0.023 
4.00E+05 0.200 0.200 
4.00Ef05 0.200 0.023. 
4.00Ei05 0.200 0.023 
4.00Ei05 0.200 0.200 
4.00E+05 0.200 0.023 
4.00E+05 0.200 0.023 
4.00E+05 0.200 0.200 
2.OOEiU5 0.100 
4.ooti/o5 

0.014 
0.200 0.200 

4.00Ei05 0.200 0.023 
4.00Ei05 0.200 0.023 
4.00Ei05 0.200 0.200 
4.OQEzk05. 0.200 0.023 
4.0OE+05 0.200 0.023 
4.00E+05 0.200 0.200 
2.00E+05 0.100 0.014 
4.OOE+O5 0.200 0.200 
4.00Ei05 0.200 0.023 
4.00E+05 0.200 0.023 
4.00Ei05 0.200 0.200 
4.00Ei05 0.200 0.023 
4.00E+05 0.200 0.023 
4.00Ei05 0.200 0.200 
2.00EiOS 0.100 0.014 
4.00Ei05 0.200 0.200 
4.00Ei05 0.200 0.023 
4.00Ef05 0.290 0.023 
4.00E+05 0.200 0.200 
4.00Ei05 0.200 0.023 
4.00EiOS 0.200 0.023 
4.00Ei05 0.200 0.200 
4.00E+OS 0.200 0.200 
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0.0 
0.0 
0.0 

90.0 
-90.0 

0.0 
90.0 

-90.0 
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-90.0 
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0.0 
0.0 
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0.0 
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90.0 
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0.0 
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0.01 
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0.03 
0.03 
0.01 
0.03 
0.03 
0.01 
0.03 
0.03 
0.01 
0.03 
0.01 
0.03 
0.03 
0.01 
0.03 
0.03 
0.01 
0.03' 
O.Ol! 
0.03: 
0.03: 
0.011 
0.03: 
0.03: 
0.01: 
0.03( 
O.Oli 
0.03. 
0.03: 
0.01: 
0.03: 
0.03: 
0.01: 
0.015 
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Tu1AL LAMINATE THICKNESS = 0.9390 IN. 

AXIAL TENSILE MODULUS . . = 9.973E+05 PSI 

HOOP TENSILE MODULUS . . . = 2.9llEi06 PSI 

POISSON RATIO (XY) . . . . . = 0.123 

POISSON RATIO (YX) . . . . . = 0.042 

AXIAL FLEXURAL MODULUS = 8.361Ei05 PSI 

HOOP FLEXURAL MODULUS . . = 2.628Ei06 PSI 

:_ 
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All 
9.3649E+05 

Al2 
1.1520EfOS 

Al6 
0.0000E+00 

Bll 
-6.0059E-02 

B12 
3.8140E+03 

'B16 
-6.70463-04 

A22 A26 
2.7333E+06 0.0000E+00 

B22 B26 
2.9432E+03 -5.7587E-03 

Dll 
5.7685E+04 

All* 
1.07343-06 

Bii* 
-2.0232E-04 

Dll* 
1.7484E-05 

D12 
9.42643+03 

A12* 
-4.5238E-08 

B12* 
2.6219E-04 

D12* 
-9.0899E-07 

D16 
9.2509E-06 

A16* 
0.0000E+00 

B16* 
1.7310E-10 

D16* 
-3.2909E-15 

D22 D26 
1.81313+05 7.94583-05 

A22* A26* 
3.67763-07 0.0000E+00 

B22* - B26* .- 
4.1286E-09 2.2146E-11 

D22* D26* 
5.5626E-06 -1.5940E-14 

. i _ 

A66 
3.5760Ei05 

B66 
7.9387E+03 

D66 
2.7201E+04 

A66* 
2.7964E-06 

B66* 
1.2596E-04 

D66* 
3.6764E-05 
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C GLASS 
1.5 OZ. MAT 
1.5 OZ. MAT 

Fw 90/113YLD 

.75 OZ. MAT 
Fw 90/113YLD 

.75 OZ. MAT 
Fw 90/113YLD 

.75 OZ. MAT 
15.6 UNI/FW 
.75 OZ. MAT 

FW 90/113YLD 

75 OZ. MAT 
FEI 90/113YLD 

.75 OZ. MAT 
Fw 90/113YLJJ 

.75 OZ. MAT 
15.6 UNI/Fw 
.75 OZ. MAT 

FW 90/113YLD 

.75 OZ. MAT 
FW 90/113YLD 

.75 OZ. MAT 

.75 OZ. MAT 

El1 E22 G12 
PSI PSI PSI 

NU12 NU21 ANGLE THICK 
DEG IN 

S.OOEi05 5.00E+05 4.00EiOS 0.200 0.200 0.0 0.010 
9.00Ef05 9.00Ef05 4.00Ei05 0.200 0.200 0.0 0.043 
9.00Ei05 9.00Ei05 4.00EiOS 0.200 0.200 0.0 0.043 
4.30Ei06 5.00Ei05 4.00EiOS 0.200 0.023 90.0 0.031 
4.30Ef06 5.00Ef05 4.00Ei05 0.200 0.023 -90.0 0.031 
9.00Ei05 9.00EiOS 4.00EiOS 0.200 0.200 0.0 0.015 
4.303+06 S.OOEi05 4.00Ei05 0.200 0.023 90.0 0.031 
4.303+06 5.00Ei05 4.00EiOS 0.200 0.023 -90.0 0.031 
9.00Ei05 9.00Ei05 4.00EiOS 0.200 0.200 0.0 0.015 
4.303+06 5.00Ei05 4.00Ei05 0.200 0.023 90.0 0.031 
4.303+06 5.00Ei05 4.00EiOS 0.200 0.023 -90.0 0.031 
9.00E+05 9.00Ei05 4.00Ei05 0.200 0.200 0.0 0.015 
4.303+06 6.00Ei05 2.OOH+D5 0.100 0.014 0.0 0.030 
9.00Ei05 9.00Ei05 4.00Ei05 0.200 0.200 0.0 0.015 
4.30Ei06 5.00Ei05 4.00Ef05 0.200 0.023 90.0 0.031 
4.303+06 5.00Ei05 4.00Ei05 0.200 0.023 -90.0 0.031 
9.00Ei05 9.00Ei05 4.00Ei05 0.200 0.200 0.0 0.015 
4.30Ei06 5.00EiO5 4.OOEtOS. 0.200 0.023 90.0 0.031 
4.3OEi06 5.00Ei05 4.00Ei05 0.200 0.023 -90.0 0.031 
9.00Ei05 9.00Ei05 4.00EiOS 0.200 0.200 0.0. 0.015 
4.30E+06 5.00Ei05 4.00Ei05 0.200 0.023 90.0 0.031 
4.303+06 5.00Ei05 4.00EiOS 0.200 0.023 -90.0 0.031 
9.00E+OS 9.00Ei05 4.00Ei05 0.200 0.200 0.0 0.015 
4.30Ei06 6.00Ei05 2.00Ei05 0.100 0.014 0.0 0.030 
9.00E+05 9.00Ei05 4.00EiOS 0.200 0.200 0.0 0.015 
4.303+06 S.OOEi05 4.00Ei05 0.200 0.023 90.0 0.031 
4.303+06 S.OOEi05 4.00EiOS 0.200 0.023 -90.0 0.031 
9.00E+05 9.00E+05 4.00Ei05 0.200 0.200 0.0 0.015 
4.303+06 5.00EiOS 4.00E+05 0.200 0.023 90.0 0.031 
4.30Ei06 5.00Ei05 4.00Ei05 0.200 0.023 -90.0 0.031 
9.00E+OS 9.00Ei05 4.00EiOS 0.200 0.200 0.0 0.015 
9.0OEi05 9.00Ei05 4.00Ei05 0.200 0.200 0.0 0.015 

TOTAL LAMINATE THICKNESS = 0.8170 IN. 

AXIAL TENSILE MODULUS . . = 9.156Ei05 PSI 

HOOP TENSILE MODULUS . . . = 2.961Ef06 PSI 

POISSON RATIO (XY) . . . . . = 0.136 

POISSON PATIO (YX) . . . . . = 0.042 

AXIAL FLEXURAL MODULUS = 8.129EiOS PSI 

3OP FLEXURAL MODULUS . . = 2.560Ei06 PSI 
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All Al2 Al6 A22 A26 A66 
7.4804E+05 l.O154E+05 O.OOOOE+OO 2.4193Ef06 0.0000Ef00 3.1480E+05 

Bll B12 'B16 B22 B26 B66 
-8.0566E-02 2.7799E+03 -5.9597E-04 -1.3101E+04 -5.1189E-03 5.1603E+O3 

Dll D12 D16 D22 D26 D66 
3.69443+04 6.30903+03 1.63393-05 1.16343+05 1.4034E-04 1.7969E+04 

All* A12* A16* A22* A26* A66* 
1.3445E-06 -5.6429E-08 O.OOOOE+OO 4.1570E-07 O.OOOOE+OO 3.1766E-06 

Bll* B12* B16* B22* I...- B26* B66* 
1.6956E-03 3.59783-04 5.5271E-10 l.O427E-08 4.1561E-11 1.9379E-04 

Dll* D12* D16* D22* D26* D66* 
2.7321E-05 -1.4816E-06 -1.3271E-14 8.6761E-06 -6.6412E-14 5.56.50E-05 



92-19-1991 10:4a:54 
‘ITLE/COMMENTS : Southern Companies Services 

YER 
i 

1. 
2. 
3. 
4. 
5. 
6. 
7. 
a. 
9. 

10. 
11. 
12. 
13. 
14. 
15. 
16. 
17. 
18. 
19. 
20. 
21. 
22. 
-3. 

i. 
25. 
26. 
27. 
28. 
29. 

C GLASS 
1.5 OZ. MAT 
1.5 OZ. MAT 

FW 90/113YLD 

.75 OZ. MAT 
Fw 90/113YLD 

.75 OZ. MAT 
Fw 90/113YLD 

.75 OZ. MAT 
15.6 UNI/FW 
.75 OZ. MAT 

Fw 90/113YLD 

.75 OZ. MAT 
m 90/113YLD 

.75 OZ. MAT 
15.6 UNI/FW 
.75 OZ. MAT 

FW 90/113YLD 

.75 OZ. MAT 
FW 90/113YLD 

.75 OZ. MAT 

.75 OZ. MAT 

El1 E22 G12 
PSI PSI PSI 

NV12 Nu21 ANGLE THIC 
DEG IN 

5.00E+05 5.00E+05 4.00E+05 0.200 0.200 0.0 
9.00E+05 9.00E+05 4.00E+o5 0.200 0.200 0.0 
9.00E+05 9.00E+05 4.00E+05 0.200 0.200 0.0 
4.30E+06 5.00E+05 4.00E+05 0.200 0.023 90.0 
4.30E+06 5.00Ei05 4.00E+05 0.200 0.023 -90.0 
9.00E+05 9.00E+05 4.00E+05 0.200 0.200 0.0 
4.30E+06 5.00E+05 4.00E+05 0.200 0.023 90.0 
4.303+06 5.00E+05 4.OOE+05 0.200 0.023 -90.0 
9.00l3+05 9.00E+05 4.00E+05 0.200 0.200 0.0 
4.30E+06 5.00Ei05 4.00E+O5 0.200 0.023 90.0 
4.30E+06 5.00EiO5 4.OOE+O5 0.200 0.023 -90.0 
9.00E+05 9.00E+05 4.00E+05 0.200 0.200 0.0 
4.30EC06 6.00E+05 0.100 0.014 0.0 
9.00E+05 9.00E+05 

2.OOgO5 
4.00E+05 0.200 0.200 0.0 

4.30E+06 5.00E+05 4.00E+O5 0.200 0.023 90.0 
4.30E+06 5.00E+05 4.00E+05 0.200 0.023 -90.0 
9.00E+05 9.OOE+05 4.00E+O5 0.200 0.200 0.0 
4.30E+06 5.OOE+05 4.ooE+o5. 0.200 0.023 90.0 
4.303+06 5.OOE+05 4.00E+O5 0.200 0.023 -90.0 
9.00E+05 9.00E+05 4.0OE+05 0.200 0.200 0.0 
4.30E+06 6.OOE+05 2.00E+05 0.100 0.014 0.0 
9.00E+05 9.OOE+05 4.0OE+O5 0.200 0.200 0.0 
4.30E+06 5.0OE+05 4.00E+05 0.200 0.023 90.0 
4.30E+06 5.0OE+05 4100E+05 0.200 0.023 -90.0 
9.00E+05 9.00E+05 4.00E+05 0.200 0.200 0.0 
4.30E+06 5.00E+05 4.00E+O5 0.200 0.023 90.0 
4.30E+06 5.0OE+05 4.00E+05 0.200 0.023 -90.0 
9.00E+05 9.0OE+05 4.00E+05 0.200 0.200 0.0 
9.00E+05 9.00E+05 4.00E+05 0.200 0.200 0.0 

TOTAL LAMINATE THICKNESS = 0.7400 IN. 

AXIAL TENSILE MODULUS . . = 9.498E+05 PSI 

HOOP TENSILE MODULUS . . . = 2.888E+06 PSI 

POISSON RATIO (XY) . . . . . = 0.132 

POISSON RATIO (YX) . . . . . = 0.043 

AXIAL FLEXURAL MODULUS = 7.992E+O5 PSI 

0.01 
0.04 
0.04 
0.03 
0.03: 
O.Ol! 
0.03: 
0.03: 
O.Ol! 
0.03: 
0.03: 
O.Ol! 
0.03( 
O.Oli 
0.03: 
0.03: 
0.0x 
0.031 
0.031 
0.015 
0.03c 
0.0x 
0.031 
0.031 
0.015 
0.031 
0.031 
0.015 
0.015 

HOOP FLEXURAL MODULUS . . = 2.501E+06 PSI 



-19-1991 10:48:54 
iTTLE/COMMENTS: Southern Companies Services 

All Al2 Al6 A22 A26 A66 
7.0283Ei05 9.25002+04 O.OOOOE+OO 2.13743+06 0.0000E+00 2.8400Ei05 

Bll 812 B16 B22 B26 B66 
-3.9063E-03 2.6877Ei03 -5.2147E-04 -5.7735Ei03 -4.47903-03 5.2840Ei03 

Dll D12 D16 D22 D26 D66 
2.6987Ef04 4.7676Ei03 1.1459E-05 8.44723+04 9.84203-05 1.3422Ei04 

All* A12* A16* A22* A26* A66* 
1.4310E-06 -6.1926E-08 O.OOOOE+00 4.7053E-07 0.0000E+00 3.5211E-06 

Bll* B12* B16* B22* _.,- B26* B66* 
7.9926E-04 3.7207E-04 3.9426E-10 5.4076E'lO 3.6719E-11 1.8925E-04 

Dll* D12* D16* Il22* D26* D66* 
3.7429E-05 -2.1125E-06 -1.6463E-14 1.19573-05 -8.58773-14 7.4504E-05 

-I- 



(4) operating Loads: 

Design Pressure....... P := 43 in. W.C. 
P := 0.03613.P 
P = 1.5536 psi 

Maximum liquid level... H := 168 in. 
Specific gravity...... SG := 1.2 

(a) Dished Cover: CrOWll Rnuckle 

Radius........ Rc := 420 ' 
Thickness..... Tc := 0.61 ;:: 

RZ := 25.25 in 
Tk := 0.61 in 

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

25200 
- = 2520 psi (10 to 1 factor of safety) 

10 

P.Rc -j- 
Stress in crown: UC := - oc = 534.8425 * i C 2520 psi, 

2.Tc 

Stress in knuckle: (Ref. ASME Section VTII) 

0.885.P.R~ 
ak := I ak = 946.6712 < 2520 psi! 

Tk 

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

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

A 
- = 0.4087 
B 

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

-6 6 
Per/E = 13X10 E := 1.38.10 

-6 
The critical pressure is..... Per := 13.10 .E 

Per = 17.94 psi 

The factor of Safety is... 
17.94 , 
- =:11.5742 > 5 to I! 
1.55 



vessel Shell: Radius... R := 252 in 

Component weights: 

Cover .............................. WC := 10000 lbs 
Shell (0 to 10') .................. Wl := 16000 
Shell (10 to 20') ................. w2 := 14000 
Shell (20 to 28') ................. w3 := 12000 
Shell (28 to 36') ................. w4 := 11000 
Upper deck ( + Deposit) ........... wu :" 25000 
Lower deck ( + Liquid + Sparqers). Wl := 133000 
Gas Risers ........................ Wr := 8500 
Gratin9 deck ...................... w9 := 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............ ah := - ah = 2024.5675 psi 

t 

Hoop modulus.......... Eh := 3017000 psi 

Hoop strain........... eh := E [ah = 0.0007 < 0.001 in/inj 

Axial load...... W := Wc + Wl + W2 + W3 + W4 + Wu + Wl + Wr f Wg 
W = 236500 lbs 

W 
Axial stress.... ca := ua = -135.787 psi 

rr.2.R.t 

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

Axial modulus....... Ea := 939500 psi 

0.3.Ea.t 
Buckling stress... ocr := ocr = 1230.2976 psi 

R 

acr 
Factor of safety...... - j9.0605 >5to1\ 

(5a 



(4b) continued: 

Stress at 10' above base: t := 0.94 Eh := 2911000 

Hoop stress..... 

Ea := 997300 H := 48 
Pt := P + 0.03613.H.SG pt = 3.6347 

Hoop strain..... 

Axial load...... 

Axial stress..... 

Buckling stress.. 

Pt.R 
oh := - ah = 974.403 psi 

t 

oh 
ch := - 1 eh = 0.0003 < 0.001 in/i.nJ 

Eh 

W := WC + w2 + w3 + w4 t Wu + Wl + wr + wq 
W = 220500 l.bs .-. 

W 
oa := ua = 148.1495 psi 

n.2.R.t . I_ 
0.3.Ea-t 

ocr := ocr = 1116.0262 psi 
R 

acr 
Factor of safety.... - =\7.5331 >5to1 

aa 

Stress at 20' above base: t := 0.82 Eh := 2961000 
Ea := 915600 

P.R 
Hoop Stress... ah := - oh = 477.4447 psi 

t 

ah 
Hoop strain... eh := - i Eh = 0.0002 < 0.001 in/in I 

Eh 

Axial load... W := WC + W3 + w4 + wu + wl + Wr 
w = 199500 lbs 

W 
Axial stress.. ca := oa = 153.6557 psi 

r.2.R.t 

0.3.Ea.t 
Buckling stress... ocr := ocr = 893.8 psi 

R 
ucr 

Factor of Safety... - =;,5.8169 >5tol( 
oa 



(4b) Continued: 

Stress at 28' above base: t := 0.74 Eh := 2888000 
Ea := 949800 

P.R 
Hoop stress... oh := - uh = 529.0604 psi 

t 

ah 
Hoop strain... eh := - (rh = 0.0002 < 0.001 in/in! 

Eh 

Axial load... W :=Wc+W4+Wu+Wr ...'~ 
w = 54500 lbs 

W 
Axial stress... oa := a&= 46.5141 psi 

Rucklinq stress... 

Factor of Safety... 

x'2.R.t 

0.3.Ra.t 
acr := ocr = 836.7286 psi 

R~ 

ucr 
- =j17.9887 >5to1 I 
oa 

(5) Finite Element Analysis of Deck System: 

(a) Load on upper deck: 

Differentiai pressure... iO.72 psi 
(ignore weiqht of liquid on upper deck which acts in a 
negative direction and counteracts the pressure load) 

(b) Load on gas risers: 

(c) Load on lower deck: 

-0.73 psi 

Differential pressure.. -0.73 psi 
50 psf slurry load.... -0.35 
Spargers and build up. -0.30 

----------- 
Total load -1.40 psi 

(d) Temperature load: 95 deq F differential 



(5) Load on~support posts 

(a) Main post: Inside dia. ID := 18 in 
Thickness t := 0.78 in 
Outside dia OD := ID + 2.t in 

OD = 19.56 
Modulus ;Ei 
-* 

E :%JOOOOOO 
L :a-219 in 

The maximum loads as determined by the ANSYS model were: 

+8200 I.& 
-21900 lbs 

8200 
Tensile stress: ut := -i 

u+Z=!185.907 < 2520 / 
r.1D.t 

Compresive buckling: 4 
- ID4 1 

Critical load (One end pinned): 

2 
A .E.I 5 

Fcr := Fcr = 1.046.10 lbs 
2 

4. L 
Fcr 

Factor of safety: - =,4.774 I (approx. 5tol) ) 
21900 

~ (OK since grating deck provides lateral suppoh) ] 

(b) Secondary posts: ID:=14 in 
t := 0.51 

OD := 15.02 

Maximum loads: d-4716 -5200 

4716 I 
at := \ut = 210.245 < 2520 ; 

II' 1D.t 

1 := "_. OD4 
4 r .E.I 

- ID I Fcr := Fcr = 3~60 
64 .2 12!2.1 

4. L 

Factor of safety: Fcr 
- =i20.107 > 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 TBICE 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 following plots show the principle stres< stress in thw X direction 
and stress in the Y direction on the top an&bottom surfaces of 
both the upper and lower decks. 

The design maximum stress for these components is 2520 psi. 
The design maximum deflection is l/350 of the rafter (beam) 
span per the Chiyoda specification. -I- 

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 JBB deck 
model (File name JBEDECW) 

(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 load was applied. The maximum stress was 2038 psi 
next to the gas riser tube. The Algor model is enclosed on 
two disks (File name PEBFDEC) 



(6) Seismic design: 

Per section 2312 of the Uniform Building Code (1988) 

Seismic Zone Factor (Table 23-q Z := 0.15 (Zone 2A) 
Importance Factor (Table 23-L) .- I := 1.25 (Essential) 
Coefficient (Table 23-Q) Rw := 4 
Coefficient (Section 2312(e)ZA) C := 2.75 (MaXimum) 

Shear Force (Eq. 12-1) v = (ZIC/Rw) w 
W = Component Weight 

Component Weights w Moment Distances: .-' 

Cover.. Wc := 10000 lbs. Distance.. Hc := 40 ft. 

Upper Deck.. WU := 25000 Hu := 28 _ :_ 
Gas Risers.. Wr := 8500 Hr := 24 

Vessel Shell.. Ws := 53000 Hs := 0.67.36 (Eq. 12.8 of TJBC) 

lower Deck.. Wl := 133000 Hl := 20 

Grating.. wg := 7000 Hg,:= 15 

Operating Liquid Level (14 ft.) 

2 6 
Liquid Weight.. WW := r.21 '14.62.4.1.2 KW = 1.4524.10 lbs. 

Distance.. HW := 0.67.14 (Eq. 12.8 of UBC) yJ 



(6) Continued: 

Seismic Moments at Each Thickness 

(a) At Vessel BaSe: Thickness.. t.:= 1.10 in. 
Axial Modulus.. Ea := 939500 psi 

Vessel Inside Diameter.. ID:=504 '. 
Vessel Outside Diameter OD := 506.2 '?n. 
Distance to Neutral Axis c := 253.1 in. 

Shell Moment of Inertia 4 
Is := 1 

..'. 7 4 
IS = 5.5666.10 in. 

Seismic Moment... 

.r 
M := .(WcHc f WuHu + WrHr + Ws.H&+ wi.Hl f Wg.Hg + Ww.Hw) 

M := 12.M 
M = 2.4454.106 ft.-lbs. 

M = 2.9345.107 in.-lbs. 

Total Axial Stress: o = 269.4274 psi 

Critical Buckling 

Factor of Safety: 

0.3. Ea.t 
Stress: UC := (JC = 1230.2976 psi 

r 
UC 
- 114.5663 >3 to1 j 
a 

(b) At 10 ft. above base: Thickness t := 0.94 in. 
Axial Modulus Ea := 997300 psi 

Outside Diameter CD := 505.88 in. 
Neutral Axis c := 252.94 

Moment of Inertia: lr 

[I[ 

4 
IS := - OD4 - ID 1 

64 

Is = 4.7524.107 in.4 



(6) Continued: 

Weight of Liquid Above 10 ft.: 2 
ww :=x.21 '4.62.4.1.2 
WW = 414967.6957 lbs. 

Hw :s 0.67.4 F Hw = 2.68 

Weight of Shell Above 10 ft.: Ws := 37000 lbs. 
He := 0.67.26 Hs ,= 17.42 

;* 
Hc := 30 Hu := 18' _ Hr:=14 Hl := 10 Hg := 5 

ft. 

ft. 

r cl 
- .(Wc.Hc + Wu.Hu + Wr.Hr +=WsHs 

M := L”“4 
c,Wl.Hl + Wg.Hg + WvHw) 

M = 514420.168 ft.-lbs. M := 12.~M “’ ‘;L ~I, 
6 -:- 

M = 6.173.10 ~~~ in.lbs. wc+i?la~+wr+ws+wl+wg 
aa := 

u.2.r.t 
""~ 

oa = 148.1495 .psi 

M. c 
Total Axial Stress: 0 := - c oa u = 181.0051 psi 

IS 

0.3.Ea.t 
Critical Buckling Stress: UC := UC = 1116.0262 psi 

r 

UC 
Factor Of Safety: - =~:6.1657 >3to 1 I 

0 

(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. 

n [I[ 4 4 
Moment of Inertia: Is := - . OD - ID 1 

64 

7 4 
Is F 4.1427.10 in. 



(6) Continued: Weight of Shell Above 20 ft. ws := 23000 
Hs := 0.67.16 

Hc := 20 Hu := 8 Hr := 4 

C M := 2. 1. - [ 1 (WcHc + Wu.Hu + Wr.Hr + WsHs) 
r&l 

M = 87728.4375 ft.-lbs M := 12.M 
M = 1.0527.106 in.-lbs 

Axial Stress: WC + Wu + Wl + Wr + Ws 
oa := . ua = 153.6557 

x.2. rt 

Total Axial Stress C 
a:= M-- +oa II 1 u = 160.0803 psi 

IS ~_ - :- 

Critical Buckling Stress: 
0.3, Ea.t 

UC := UC q 893.8 psi 
.r as 

Factor of Safety: " =15.5834 >3to1 
a 

(d) At 28 ft. Above Base: Thickness t := 0.74 in. 
Axial Modulus Ea := 949800 psi 

Outside Diameter OD := 505.48 iin. 
Neutral Axis c := 252.74 in. 

Moment Of Inertia 
7 4 

IS = 3.7368.10 in. 

Weight of Shell Ws := 11000 lbs. 
Hs := 0.67.8 ft. 
Hc := 11 

C 
Moment : M := Z.I.- (WcHc + WsHs) 1 I Rw 



M = 21780 Ft.-lbs. M := 12.M 

M = 261360 in.-lbs. 

Wc + Ws + Wu + Wr 
Axial stress oa := oa = 46.5141 

r. 2. r.t 

C 
Total Axiel Stress 0 := M.- [ I + ua TV = 48.2818 

Is 

Critical Buckling Stress 
0.3.Ea.t 

UC := QC = 836.7286 psi 
r.- . . 

Factor of Safety UC 
- =j17.3301 >3to1 
cl -:- 

(7) Wind Load Design: 

Per section 2311 of the Uniform Building Code (1988) 

Height,Exposure andvGust Factor Ce := 1.3 Table 23-G 
Pressure Coefficiea := 0.8 Table 23-H 
Stagnation Pressure :: := 17 Table 23-F 
Importance Factor I := 1.15 =.Per 2311 (i) 

Design Wind Pressure: 

P := Ce.cq.Qs.1 (Eq. 11-l) P = 20.332 

Uniform Wind Load 

Moment At Base: H := 36.5.12 
2 

M := 0.5.W.H 

Moment at 10 ft. H := 26.12 

r 
w := p.2.- 

12 
W = 853.944 Ibs./ft. 

W 
w := - w = 71.162 lbs./in. 

12 

M = 6.826.106 in.-lbs 

2 
M := 0.5,W.H 6 

M = 3.4636.10 in.-lbs. 



(7) Continued 

Moment at 20 ft. If := 16.12 
M := 0.5M-12 

M = l.31L7.106 
in.-lbs. 

Moment at 28 ft. Ii := 6.12 

M := 0.54+H2 
__ -. 

M = 327914.496 in.-lbs. 

\ At 20 and 28 
j seismic moment: 

ft. the wind load moment is larger than the i -.-- 
i 

At 20 ft.: total Axial Stress 

252.82 
u := 1311700. 1 f 148 u = 154.978 Psi 

47524000 

Factor of Safety 

At 28 ft. Total Axial Stress 

327914.252.74 
u := f 

37368000 

Factor of Safety 837 
- 
50 

(8) Anchor Bolt and Hold Down 

894 
- =\5.7677 > 5 to 1 
155 

48 0 = 50.2179 psi 

=i16.74 >Stol i 

Anchor bolts and anchor dog design is shown on the next using the 
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) ......... 
Load diameter (in) ..................... 
Load Radius (in) ....................... 
Bolt Circle (in) ....................... 
Distance from load to bolt (in) ........ 
Distance from bolt to "A" (in) ......... 
Bending moment at base (in*lb) ......... 
Shell weight (lb) ...................... 
Design Pressure (psi) .................. 
mmber of anchor dogs ................. 

d := 504 
D := 507.2 
R := 253.6 

BC := 512 
a := 2.0 
b := 5 
M := 29345000 
W := 63000 
ii := := 42 1.55 

Mt 2 
Mt := M - Msr CT := - D Where : S := 7r.t.R u 

2 S . 
. 

Mt Mt d 
Therefore: u := q If:&t=X :' - Y 

2 . . 2 := p'4 
x.t,R i7.R 

3.14.D. (X + Y) 
P := 

N 
.,__ 

_ P. (a + b) 
F := 

:."~= +K*:' "b, 7 -;-: 

Total moment at Base (in*lb)...........- 
:c. 

Load in bolt (lb) 
-j;, y 

~1 
= 1.34.10 

. . . . . . . . . . . . . . . . . . . . . . F = 13880.34 
Load per anchor dog (lb/dog) . . ..*...... P = 9914.53 
Allowable load for 1.0" boltis ;tisOO LBS. 

Bending in anchor dog 
Width of base of Dog (in).......... ;;T: ,a- 
Height of dog (in)................. 

B :a 1;5 (2 ea. 0.75 "pits.) 

.~ H :- 2.5 .' 

F.a.b 
M := - 

a+b 

Section modulus (in-3) ............. : S Jo 1.56 
Bending moment (in*lb) ............. M *19829.06 
Bending stress (psi) ............... ad = 12690.6 
Allowable stress for steel is 36000 psi 

Shear on anchor ledge 
Ledge Height (in) . . . . . . . . . . . . . . . . . . h := 6 
Dog Width (in) . . . . . . . . . . . . . . . . . . . . . Bl := 4 

A := B1.h + h,h P 
T := - 

A 

Shear Area (in-z) . . . . . . . . . . . . . . . . . . 
Shear on anchor ledge (psi)........ 
Allowable shear is 250 psi per PS-15-69 

A = 60 
T = 165.24 



2.3 
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e Chemicals HETRON” FR 992 
Vinyl Ester Resin 

ASHLAND CHEMICAL COMPANY . SIVISION OF ASHLAND OIL. INC. XTP May 1989 
BOX 2219. COLUMBUS. OHIO 43216 . ,614) 8994333 

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 992 resin exhibit a flame spread of 625 (ASTM 
E64) when 3% antimony trioxide is added and a flame spread of 575 without antimony tnoxide. 

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

SUGGESTED USES: Corrosion resistant, reinforced thermoeetting plastic equipment including 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 960 
non-flame retardant vinyl ester resin for applications requiring higher operating temperatures and greater 
resistance to organics. 

TYPICAL LIQUID PROPERTIES AT 7PF (25°C) 

Percent Solids 60 
Viscosity - Brookfield. cps 400 
Appearance Clear 
Color, Gardner 5max 
Acid Value (Solids) 12 
Pounds per Gallon 9.7 
DOT Flash Point Range, OF 73- 100 

STANDARD PACKAGE: Nonreturnable 5.5 gallon drums, 500 lb net. 

DOT Label Required: Flammable Liquid 

CODE: 566-621 

“Registered trademark, Ashland Oil, Inc. 



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 Exotherm, OF 380 

TYPICAL CURING CHARACTERISTICS: 

% Promoters Catalyst2 
6% Cobalt Naphthenate DMA (1.25 Lupersol D&I-9) 

0.30 0.10 I.25 
0.30 0.075 I.25 
0.30 0.05 I.25 -‘- 

0.30 0.075 I .25 
0.30 0.05 I .25 
0.20 0.05 1.25. 

0.20 0.075 I.25 
0.20 0.025 1.25 
0.10 0.05 1.25 

Temperature Gel Time. 
(W (min) 

60 - 70 
70 - 80 
80-90 

60-70 20-30 
70-80 20.30 
80-90 20-30 

60-70 
70-80 
80 - 90 

10-20 
10-20 
IO-20 

30-40 
30 - 40 
30-40 

CAUTION: Thoroughly mix promoters with resin before adding catalyst. 

% Promoter 
OMA 

% Catalyst 
Luperco’ ATC Paste 

Temperature. 
PfT 

Gel Time, 
(min) 

.3 2.0 77 IO - 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 ultraviolet stability of non-halogenated 
vinyl ester resins. Ultraviolet stability may be improved by adding 1.0% Cyasor$ Uv-9 ultraviolet Screener 
to the exterior exposed surfaces where aesthetic appearance is desired. 

‘Trademark. Pennwalt Corporation. 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. 



TECHNICAL 0. 

tis Chemicals HETRON FR 9 
Resin 
(continuec 

TYPICAL PHYSICAL PROPERTIES OF CURED CASTINGS AT 77°F 
(I/8-inch) 

Test Value Test Method 

Barcol Hardness 
Specific Gravity 
Tensile Strength, psi 
Tensile Modulus x lo*, psi 
Tensile Elongation, % 
flexural Strength, psi 
flexural Modulus, 1W5, psi 
Heat Deflection Temperature, OF 

35 ASTM D-2583 
I.24 

11,700 ASTM D-938 
5.2 ASTM D-838 

4.75 ASTM D-838 
20,000 ASTM D-790 

5.43‘ ASTM D-790 
223 ASTM D-948 

Formula: HETRCIN FR 992 Resin 100 parts Cure: Post cured 2 hours at IOO’% 
DMA 
BP0 

0.1 parts _;_ 
I .O parts 

29c 
V-F) 

93x 
wm 

121oc 
l.=m 

TYPICAL MECHANICAL PROPERTIES OF 
HETRON FR 992 RESIN AT VARIOUS TEMPERATURES 

AOPWX. 
rnislvle= 

Inch 
GIna 

SWrushm’ 

Fhxuml 

swngvl. Modulus. 
pe psixrd 

Tnrih CompMlM 

SWilglh. Modulus. SWWh. 
Py 

psi x 10‘ psi 

l/8 v. 2M. v 18.ow .79 12.500 1 .Ol 26.500 
l/4 v. 2M. MRM 25.ooo 1.08 17.m 1.28 Z&5(10 
38 v. 2M. 3(MFl) M 37.300 1.38 22250 1.56 34ooo 
112 v. 2M. WMR) M. MRM 31.500 1.29 22.500 1.53 30.m 

118 v. 2M. v 19.wo 51 122w .79 2o.ooo 

va 
114 
3/a 
112 

V. 2M. V 5.200 .13 SSW .A4 14.5Ga 
v. 2M. MUM ll.wo .49 14fm .% 18..500 
V. 2M. 3(MR) M 125w .% 17Jm .96 19.aw 
V. 2M. 3tMR) M. MRM 16.wo .w 18.500 .99 15.000 

V = 10 mil C Glass Surfacing Veil 
M = 1.5 01 ChOppeO Slrand Mat 
R = 24 Oz W,%‘rn RWing 

‘Glass Contenf 

118”. 25% 
114”. 30% 
M” .37% 
,w.@.wb 

Formula: HETFION FR 992 Resin 1w PPRS 
6% Cobalt NaPhIhen10 0.3 pan9 
DMA .os Pana 
Hi Point2 SO CawVn 1.50~ 

Cum: POST CUM 2 hours at- 



HETRON FA 992 Resin 
(continued) 

TYPICAL FLAME RETARDANCY OF HETRON FR 992 RESIN FRP LAMINATES 

Resin ClaSS 
ASTM Ea4 

Flame Spread 

HETRON FR 992 Resin 
With 3% antimony trioxide 
With 5% antimony trioxide 
Without antimony trioxide 

CONTROL 
Cement Asbestos Board 
Red Oak 

I 25 
I 18 
II 75 

- . . 

I 0 
Ill 100 

_ i_ 
%8” thick laminate with approximately 27% glass content: 

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 health, safety and handling information, consult Ashland’s Material 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 stainless steel tanks or tanks lined with epoxy or phenolic coatings. Observe precautions 
againsr heat and moisture (see above). Dry air sparge may be desirable 10 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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STJlofARY 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 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 analysing AE signals. The CARP 
recommended practice also 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 
f. bond failure in 

manways, etc.) 
assembled joints (for example, nozzles, 

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, SOMPH 
Max wind load, Empty weight 235,000 pounds, 

Dimension: 42 FT Diam, 28 FT High, 

Insulated: NO 

Capacity: 145,000 US gallons 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 
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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: R151 RESONANT FREQ.,: 150 EhZ 

PREAMP TYPE: Integral 

FREQUENCY BANDPASS: 100-300 Khz (Band Pass) 

SENSOR ATTACHMENT METHOD: Hot Glue 

4.0 INSTRUMENT SET-UP PARAHBTERS 

DETECTION THRESHOLD : 48 dB 
PREAMP GAIN : 40 dB 
INSTRUMENT GAIN : 20 dB 
PDT : 100 us 
HDT : 200 us 
HLT : 500 us 

5.0 AE TEST SET-UP 

Attenuation: (AE source = 0.5mm Pentel lead breaks) 

Sensor #5 0" 6" 12" 18" 24" 

IN LINE 96 dB 83 dB 70 dB 57 dB 52 dB 
45 Deg. 93 dB 75 dB 65 dB 55 dB 41 d0 

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. 
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Sensory # dB 
1 77 
2 81 
3 87 
4 85 
5 78 
6 77 
7 74 
8 81 
9 68 

10 80 
11 77 
12 78 
13 77 
14 78 
15 81 
16 82 

TABLE 1 
Sensor # dB 

17 75 
18 81 
19 74 
20 79 
21 79 
22 85 
23 76 
24 80 
25 80 
'26 77 
27 76 
28 81 
29 83 
30 80 
31 80 
32 83 

Sensor # dB 
33 73 
34 76 
35 80 
36 78 
37 88 
38 83 
39 77 
40 77 
41 74 
42 85 
43 63 
44 77 
45 77 
46 80 
47 76 
49 88 

Grand Average 

Number of channels: 48 

79 dB 

Number of sensors : 48 

Sensor configuration: See Figure 1 

Background noise level and character: Sporadic 
all channels. 

low level, from 

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~ dB 

Reference Amplitude Threshold: 75 dB 

NOTE: Tvo ddditional sensors were attached to drain lines which 
penetrate the tank floor aad 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 TEBT 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% 
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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. ) %OFMAX. 

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

17:27:12 1800 

18:15:30 930 

75% Hold at 75% 

75% End hold period. 
Continue loading to 87.5% 

18:32:13 

19:08:29 

1800 87.5% Hold at 87.5% 

870 87.5% End hold period. 
Continue loading to 100% 

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

49:30:00 ##3 100% 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. 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 emission rate. 
"Countsl* 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. 
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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 analysed 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-l,499 
None beyond 2 Min. damage. 

2. Felicity ratio Measure of the severity of FAIL-O 
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 summarises 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 
delamination 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 
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1, 2, 3 and p; 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. 



45 46 47 49 33 34 35 36 

9 30 31 32 17 18 19 20 21 

pY=manway, wnozzle, 1=mle1 ime, r=plpe 
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FIGURE 1 
Tank Sketch and Sensor Location Map 



FIGURE 2 
Load Ramp 
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TEST ID SHEET OF -- 

AE ANALYSIS FILE TRACKER 

ANALYSIS BY STRUCTURE: BE! T‘pal“ PROJECT 

PART OF TEST ON THIS FORM: IN1 FILE: 

Date Infile Outfile Details of Filter &c. 

c, \s~n~ \ 
CPZTC#3 C2TsTf+z53 py%e-owm %--=-y-d l-'J A I;, -7 5 'f. 

‘ L, 

I. &I fizrsr44 II /+aLp 752 

,I 6s CZTS'T b5 I, 75-57.5~ 

tt bL czrsribb I? 

I II d7 1 CZTSirb7 1 

Physical Acoustics Corporation 1991 PPF-123 
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TEST ID SHEET OF -- 

DATA (.DTAl FILES REGISTER 

DATE: f/-/b-% OPERATOR; *, &L, c8 PROJECT 

Physical Pcoustics Corporation 1991 PPF.lZI 
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ACOUSTIC EMISSION ATENUATION STUDY FOR F.R.P 

INI FILE: A /InNud~%],d - 

HORIZONTAL G.P/I77”4.3=3 

DIAGONAL GPRrnLf5,3W 

0 phy+cal Acoustia Corporation PPF-162 
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SIRMARY AND RRCORKERDATIONS 

An Acoustic Emission (AS) 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 
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 33 AE 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 analysing AE signals. The CARP 
recommended practice also 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 
f. 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. 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, 1lOF 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 1991 

Maximum Test Level: 24 Feet 

Test Medium: Water 

Filled From: Fire Hydrant, Through low nozzle 

3.0 AB TEST EQUIPMENT 

AE INSTRUMENTATION MFG.: Physical Acoustics Corp. 

AE INSTRUMENTATION TYPE: PAC 58 CH SPARTAN-AT 

SENSOR TYPE: R151 RESONANT FREQ.: 150 kHz 

PREAMP TYPE: Integral 

FREQUENCY BANDPASS: 100-300 kHz (Band Pass) 

SENSOR ATTACHMENT METHOD: Hot Glue 

4.0 INSTRUMBNT SET-UP PARAMETERS 

DETECTION THRESHOLD : 48 dB 
PREAMP GAIN 40 dB 
INSTRUMENT GAIN : 20 dB 
PDT : 100 us 
HDT : 200 us 
HLT : 500 us 
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5.0 AE TEST SET-UP 

Attenuationi (AE source = 0.5mm Pentel lead breaks) 

Sensor $5 0" 6" 12" 18" 24" 

IN LINE 97 dB 87 dB 70 dB 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 ii dB Sensor # dB 

1 80 17 83 33 
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 
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 

73 
-- 
-- 

-- 
-- 

-- 
-- 

em 

mm 

we 

Number of channels: 33 
Number of sensors : 33 
Sensor configuration: See Figure 1 
Background noise level and character: Sporadic low level,~ from all 

channels 
Count Criterion: N = 7,969 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 
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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 fill height (see Figure 2). Maximum fill height 
was 24FT. 

The method of filling 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 
LOCAL TEST (Sec. ) 

### 2:23:28 

### 00:11:33 

##iI 01:04:41 

### 00:10:04 

##F 00:52:41 

### 00:30:19 

LOAD 
% OF M&x. 

50% 

75% 

75% 

87.5% 

87.5% 

100% 

COMMENT 

End hold period. 
Continue loading to 75% 

Hold at 75% 

End hold period. 
Continue loading to 97.5% 

Hold at 87.5% 

End hold period. 
Continue loading to 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 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. 

5 



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 
operation 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 below. 

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-O 
Greater than 0.95. previously induced damage. 

3. Total CoUntS 1eS.S Measure of the overall FAIL-go,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 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. 
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Examinatiori 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 it,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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FIGURE 2 
Load Ramp 
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INTRODUCTION 

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 materials. To 
veri$ the integrity of the FRP construction, QC/QA testing was sought. According to the 
prevtous 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) 

b) 

Detect, locate and classify emission sources; 

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. 

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

1 



BACKGROUND INFORMATION 

The acoustic emission test personnel From Physical Acoustics (PAC) were David Kesler 
(AR level III), Bruce Gilbert and Donald Pointer (AE level II). The acoustic emission (AR) 
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 employed 100-300 kHz bandpass filters and was calibrated just prior to 
shipment to the Yates facility. The threshold for acquisition was set at a fuced 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 l/24/91. The sensors used for this test were PAC model R151 
piezoelecttic 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 I& 2 of Appendix 
F. All sensors were mounted to the structure using a 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 
structure. 

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 
identifted. 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 standardixed atmospheric vessel stressing sequences. Stress level 
hold periods were performed at approximately SO%, 75% & 100% of Hz0 test heights for 
greater than 5 minutes to evaluate the integrity of the vessels. 

.Tbe stressing of the JBR marked the first hydrostatic loading of the vessel. Due tD the 
internal complexity of this vessel, and its intended operation scheme, it was impossible to 
apply a stressing sequence that would subject the entire vessel to a proof load. .Q such, 
OdY 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 (I-S) 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 results of the initial testing can be 
found in the final report dated July 7, 1991 to Dr. Kamyer Vakhsoorxadeh. 

Of importance to this testing was the replacement of the Limestone Slurrv (LS) tank floor 
following the AE test in April. Initially this floor had been installed~in prefabricated 
sections which were glassed together to form the final floor. The removal of the floor was 
initiated after wupage was realized under load. The removal was accomplished bv cutting 
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out the majority of the floor leaving only the rim which joined the knuckle joint. The new 
floor was formed by spraying 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 Is, it was noted that some of the baffles in the LS tank had partially 
delaminated from the walls. Figure 3 of Appendii F, depicts this situation. To repair these 
anomalies, the baffles were reglassed 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 delarninatiotts in’the region of sensor number 10. A drawing of this area 
can be found in Figure 1 of Appendix F. 
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TEST LOG 

PAC personnel arrived at Plant Yates Monday morning, g/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:OOam 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 AI5 channels were installed 
and call&ration 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 100% stress 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, attention was directed to the Limestone Slun-y (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 J-S tank was initiated at 3:00 that afternoon. As prescribed, load-hold periods 
with AE data acquisition were performed at SO%, 75% and finally at 100%. The 100% 
level on the L.S tank was reached at 9:OOpm that evening. An extended hold period was 
initiated which lasted until 2:OOpm on Thursday afternoon. Based on the initial fmdings of 
this hold it WAS decided that further evaluate of the L.s tank as a function of time was 
warranted. Accordingly, the L-S 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 svstem was to be idle for the evening, it was 
decided to outfit the LS with a limited number 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 g&LO. These sensors were numbered 21&22 
accordingly. Their locations can be visualised Figure 1 of Appendk 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 J.,s tank \vas again left at the 100% fill 
level. 

immediately following the LS testing, the XE system was reconfigured for the second 
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loading of the JBR. At 9:OOam the JBR filling was initiated. AE data was recorded at 50%, 
7S%, 87.5% and finally 100% stress-hold levels. The 100% 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 100% 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 simultaneouslv. The distinction between sensor 
arrangements and test tanks was recorded within the fomputer. 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 
vkual examination are included in this report. Later on Monday a debriefing meeting was 
held to discuss the results. 



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 exponentially 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 a minimum. One of 
the best ways to evaluate the data, and ultimately the integrity of the vessel, is through 
graphical displays. By correlating intensities of the dataset graphically an analysis of the 
JBR and L.S 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 fiied threshold of 47dB and any 
extraneous noise was eliminated. The resulting data files each yielded greater than 11 hours 
of hold at 100%. Figures generated for the JBR analysis can be found in Appendix k 

Figures 3 through 23 of Appendix A afford a comparison of these 2 data files. For 
comparison purposes similar graphs between datafites 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. 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 5 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 
8OdB. 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 decav 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 
from these plots, the amplitude levels remained relatively consistent throughout the hold 
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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 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 setve to 
support the observation of continuing low level emission as a function of time. 

To put these seemingly low levels of emission into perspective, it should be recalled that 
each of the data fdes 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 (IS) 

In this section the data taken on the Limestone Slurry (IS) tank was analysed. 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 layout 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 result of the 
first test back in April. 

LOAD-UP OF LIMESTONE SLURRY TANK 

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

;Umost from the onset of loading, channel 3 was extremely active. .?cfrer assessing the fill 
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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 100% stress level was reached, the level of 
AE activity on channel 3 was no longer distinct from the other channels. 

INITIAL LOAD 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 ail sensors during thii 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 type emission is of particular interest as it represents 
mstantaneous releases of AE energy. To investigate which channe1s were responsible 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 re maining 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 v-axis scales for each of these 
grauhs was set to allow the maximum resolution for comoarison ournoses. When comparing 
like eraphs 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 activitv 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 L$i vessel should be left at the 
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100% stress level in order to further evaluate the continuing a. Since the JBR was being 
setup for a test, the continuing efforts on rhe L.S were scheduled as best a~ 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 attempt 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 remained 
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 rhe 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 & 5 were created to look at the amplitude, count and 
energy distribution during this time period. From these fipres 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, 
coums, energy, and amplitude distribution for channels 2, 9, 10 and 13 plotted separately. 
From these figures, again there appears both periods continuing activity and burst type 
emission. 

FINAL HOLD OF LulESTONE SLURRY AT 100% 

Based on the information gained above it was reasoned to once again leave the vessel at the 
100% 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 lj 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 analysis. 

The details of the acquisition are as follows; after the loading sequence up to 100% was 
compieted on the JBR, the LS was once again outfitted with 4 sensors in positions 2, 9, 10 
& 13. It was reasoned that both the JBR and the LS could be simultaneously monitored 
with AE at the 100% stress level. &, such the AJZ channels used on the computer to 
monitor the u were no longer 2, 9, 10 & 13 but now respectively 53.54.59 & 60. This was 
due to channels 2,9, 10 & 13 now being used for the JBA. This in no way jeapordized the 
results on the LS data since the same locations on the L.S were used throughout rhe 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 level of AE activirv has not completely stopped and 
as before, there remains transient type activity. Since :ge time that this file was initiated 
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was almost 9:OOpm it is inconceivable that this AE is related to the sun and the potential 
temperamre gradient. Referring to Figures 5 through 9 of this section, we can see the 
counts, durauon and amplitude plots for channel 54 (sensor location 9 on the vessel). 
Referring to approximately lo-11 hours into this test it is observed that a “spike” cart be 
seen. Thii spike is of extremelv high duration and relatively low 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 eventually decay to nothing after this greatly extended 
hold at 100% stress level. As can be seen from the data, the emission continued and there 
were even burst type emissions recorded. 

COMBINED DATAFJLE 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 Eile, 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 hold 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. Thev 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 that the vessel is still activelv adjusting to the stress State 
applied. An argument couid be generated to the effect ihat 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 or‘ 
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 results. 
These files contained over 11 hours each of continuous emission during IWO 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 stmcture 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 internals 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 PRP 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 IS did not completely acoustically stabilize over time. Thii was 
confirmed not only through low level contmuing emissions, but also through burst type 
emissions. A case in point would refer to the AE experienced by channel 51 (sensor #9 on 
the vessel) which was extremely long duration and realtively low amplitude. This occurrance 
was experienced almost 50 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. 
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APPENDIX A 



Figure 1. Sensor arrangement for Jet Bubble Reactor (JBR) 

I 

Figure 2. Sensor arrangement for Jet Bubble Reactor (JBR) 



Figure 3. Hits vs Channel for first 100% hold of JBR 
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Figure 4. Hits vs Channel for second 100% hold of JBR 
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Figure 5. Amplitude vs Channel for first 100% hold of JBR 
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Figure 6. Amplitude vs Channel for second 100% hold of JBR 



Figure 7. Hits vs Time for first 100% hold of JBR 

Figure a. Hits vs Time for second 100%.,hold of JBR 
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Figure 9. Energy 'IS Time for first 100% hold of JBR 
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Figure 10. Energy vs Time for first 100% hold of JBR 
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Figure 11. Amplitude vs Time for first 100% hold of JBR 

-l es- I 
_ : -.c- ,_ :,, i j 

a- i2i’;z..xjh.+ i ; 1;; :- 
.: 
i j 

_ ;dLs.&g=;:..;i& ;;:: i’z#;!f. ; ~,_ :j.ji; / 
.*mm,C*. I,% . j j ..v..~zz.&’ c. (1. ;.r,?f:. 

.a- 

Em- I 

a- 1 
cram* .,“.. 7 ‘F8Flz,r...~e,. T~:z:..~ 

.eaee smaee 

Figure 12. Amplitude vs Time for second 100% hold of JBR 



Figure 13. Channel vs Time for first 100% hold of JBR 
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Figure 14. Channel vs Time for second 100% hold of JBR 



Figure 15. Duration vs Channel for first 100% hold of JBR 
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Figure 16. Duration vs ~Channel for second 100% hold of JBR 



Figure 17. Hits vs Channel for final hour of JBR 
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Figure 18. Amplitude vs Channel for final hour of JBR 
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Figure 19. Hits vs Time for final hour of JBR 

Figure 20. Energy vs Time for final hour of JBR 
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Figure 21. Amplitude vs Time for final hour of JBR 
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Figure 22. Channel vs Time for final hour of JBR 
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Figure 23. Duration vs Channel for final hour of JBR 
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M-,....i....:....:....:....i....:....:....i....:....i I/ i i ; j i ; ; 
:I 
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Figure 7. Channel 2 Counts vs Time for first 100% hold of LS 

Figure 8. Channel 2 Energy vs Time for first 100% hold of LS 



Figure 9. Channel 2 amplitude vs Time for first 100% hold of LS 

Figure 10. Channel : sits vs Time for first 100% hold of LS 



Or 

CWS cuI(-=I 

r---J ---==I 
a 1s:Jv:.b 

LOAD .A CKLE-c 

Figure 11. Channel 9 Counts vs Time for first 100% hold of LS 

Figure 12. Channel 9 Energy vs Time for first 100% hold of LS 
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Figure 23. Hits vs Time from 26000-32500 set, 1st 100% hold of LS 

Figure 24. Hits vs Channel of 26000-32500 sec. 1st 100% hold of LS 
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Figure 1. Hits vs Channel for second 100% hold of LS 
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Figure 3. counts vs Time for second 100% hold of LS 

Figure 4. Znerqy vs Time for second 100% hold of LS 
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Figure 5. Amplitude vs Time for second 100% hold of LS 

Figure 6. Channel 2 Sits vs Time for second 100% hold of LS 
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Figure 7. Channel 2 Counts vs Time for second 100% hold of LS 

Figure a. Channel 2 Energy vs Time for second 100% hold of LS 
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Figure 9. Channel 2 Amplitude vs Time for second 100% hold of LS 

Figure 10. Channel 9 Hits vs Time for second 100% hold of LS 



Figure 11. Channel 9 Counts vs Time for second 100% hold of LS 

Figure 12. Channel T' Energy vs Time for second 100% hold of LS 
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Figure 13. Channel 9 Amplitude vs Time for second 100% hold of LS 

Figure 14. Channel 10 Hits vs Time for second 100% hold Of LS 
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Figure 15. Channel 10 Counts vs Time for second 100% hold of LS 

Figure 16. Channel 10 Energy vs Time fcr second 100% hold of LS 
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Figure 17. Channel 10 Amplitude vs Time for second 100% hold of LS 

Figure 18. Channel 13 Hits vs Time for second 100% hold of LS 



Figure 19. Channel i3 Counts vs Time for second 100% hold of I5 

Figure 20. Channel 13 Energy vs Time for second 100% hold of L5 
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Figure 21. Channel 13 Amplitude vs Time for second 100% hold of LS 
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Figure 3. Channel 53 Energy vs Time for third 100% hold of LS 
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Figure 4. Channel 53 Amplitude vs Time for third 100% hold of LS 



Figuie 5. Channel 54 Hits vs Time for third 100% hold of LS 

Figure 6. Channel 54 Counts vs Time for third 100% hold of LS 



Figure 7. Channel 54 Energy vs Time for third 100% hold of LS 
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Figure 8. Channel 54 Amplitude vs Time for third 100% hold of LS 



Figure 9. Channel 59 Hits vs Time for third 100% hold of LS 

Figure 10. Channel 59 Counts v-s Time for third 100% hold of LS 



Figure 11. Channel 59 Energy vs Time for third 100% hold of L5 
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Figure 12. Channel 59 Amplitude vs Time for third 100% hold of LS 



Figure 13. Channel 50 Hits vs Time for third 100% hold of LS 

Figure 14. Channel 50 Counts vs Time for third 100% hold of LS 



Figure 15. Channel 60 Energy vs Time for third 100% hold of LS 

Figure 16. Channe 1 60 Ampltude vs Time for third 100% hold Of LS 
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Figure 1. Hits vs Time for entire 100% hold of LS 
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Figure 4. Amplitude vs Time for entire 100% hold of LS 



APPENDIX F 



Figure 1. Sensor arrangement for Limestone Slurry Tank (LS) 

Figure 2. Sensor arrangement for Jet Bubble Reactor (JBR) 
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Figure 3. Detail drawing of visual delamination sites 
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Executive Summaq 

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 Lvhich 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 (L-S) tank and 
the Jet Bubble Reactor (JBR). The primary goals of the AE tests were: 

4 

b) 

Detect, locate and classify acoustic emission sources. 

Evaluate the effectiveness of AE in distinguishing between acoustic emissions 
generated by fiber breakage, fiber debonding/pull-out, resin cracking, 
delarninations, secondary bond failures, background noise caused by internal 
structures, rubbing, etc. 

C! 
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e) 

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

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

Transfer of AE technology to the Southern Company research group. 

I 



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 l/24/91. The sensors used for this test were PAC model RI51 
piezoelectric transducers with integral 40 dB gain preamplifiers. Sensors were resonant 
at 150 kHz. 

Attenuation 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 la & lb 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 a 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 rhis 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 
SO%, 75% and 100% of the vessel test capacity. The load-holds lasted for greater than 5 
minutes. 

The stressing of the JBR marked rhe 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 50% of the vessel was 
subjected to hydrostatic loading and acoustic emission evaluation. 

In April 1991. the Limestone Slum, (LS) tank ivas tested by PAC using acoustic 
emission. The LS vessel was retested dur;ng rhs 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. 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/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 lb 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, Al? 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 Sores for the Limestone Slurrv Tank: 

On Wednesday morning, October 2. 1991, the AE retest of the LS tank began. 
Sensors were mounted (see Figure la 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 100% 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 refitted 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 1st wall 
seam. IWO additional sensors were mounted above sensors 9 and 10. These sensors were 
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numbered 21 and 22 (see Figure la). Following setup, the second test of the IS tank 
began at the 100% load-hold level. This load-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 5, 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 

Evaluation of the Jet Bubble Reactor and Limestone Slurry tank was based on 
their ability to become acoustically stabilized. At a fixed load, a structurally 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. It 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 dtsplays. By graphically correlating intensities of the data set, an 
analysis of the JBR and LS vessels is possible. Test results and concksions were 
developed from these graphs. 

Jet Bubble Reactor: 

The JBR vessel \vas 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 I 1 hours of data. Figures generated for the JBR 
analysis can be found in Appendix A. 

Figures 3 through 23 of Appendix A provide a graphical analysis of the 2 data 
files. For comparison purposes similar 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 rhe distribution of hits among the channels. 



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 ail 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 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. 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 loading, is the “spike” data that occurred at approximately 5 
hours (18K seconds). 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 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 throughour 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 resolurion. 

Figure 17 indicates thar the activiry was relatively limited and scattered among the 
channels. From figure I8 it can be seen that hits reached a maximum amplitude of 
WdB. Figure 19 indicates that rhe emissions were LIISO scattered throughout the hour. 
The remaining figures seme IO support the observation of continuing low level emission 
as a function of rime. Although activity rates and intensitv have decreased significantly, 
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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 100%. For analysis purposes, the data was filtered 
at a threshold of 47dB. This threshold was consistent with the previous test in April 
1991. Figure la of Append& 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 April 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 1oad: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 load-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 100%: 

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 5. Article 11). 

Figure 5 of Appendix B was generated to display a hit driven channel verse’s time 
graph at the 100% load-hold. This graph indicates that sensors 2, 9, 10 and 13 were 
higher in activity than the remaining sensors. From this. Figure I through 4 were 
generated which show the hits. counts. energy and amplitude verse’s time for the 4 
sensors combined. The AE data rate initialI\, follow the anticipated exponential decay 
with time. For a vessel to be considered structurally stable. the AE rate should 
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completely decay. Figure 1 of Appendix B also shows burst AE activity occurring about 
every 2 hours. This rype 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 between the end of the first L.S 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 
Appendiv 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 & 5 were created to look 
at the amplitude, counts and energy distribution during this period. From these figures 
we ctin 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 
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 to 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, 59 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 low 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 L-S 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 occurrences. 

From this file. Figures I through 4 of Appendix E were generated. These figures 
show the hits, counts, energ and amplitude verse’s time for the entire 100% load-hold 
period. The figures indicate that the acoustic emission activity decayed 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 type emission experienced throughout the load- 
hold \\:a~ particularly troubling. 



The high amplitude and long duration hits are typical signatures of two different 
failure mechanisms. Both of these occurrences can be cqnsidered detrimental to the 
integriry 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 inierest 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 hold 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. 



S. 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 \vas 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 Slurrv 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 c0nciusions are: 

1. Acoustic emission ir, a {-iable method to use for the detection, location and 
classtftcation of acoustic emission sources. 

3 -. Acoustic emission is effective in distinguishing delaminations and 

Ill 



3. 

4. 

5. 

6. 

7. 

background noise. 

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

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

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

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

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

6. Recommendations 

Load-hold 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 recommended 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 1 
year, AE test interval be established. The test would concentrate on those areas 
identified in this report as being acoustically active. 
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Figure la. Sensor arrangement for Limestone Slurry Tank (LS) 

Figure lb. Sensor irrangement for Jet Yubble Reactor (JBR) 
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Figure 2. Detail drawing of visual delamination sites 



Figure 3. Hits vs Channel for first 100% hold of JBR 
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Figure 4. Hits vs Channel for second 100% hold of JBR 
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Figure 5. Amplitude vs Channel for first 100% hold of JBR 

Figure 6. Amplitude vs Channel for second 100% hold of JBR 



Figure 7. Hits vs Time for first 100% hold of JBR 

Figure 8. Hits vs Time for second 100% hold of JBR 



Figure 9. Energy vs Time for first 100% hold of JBR 

Figure 10. Energy vs Time for first 100% hold of JBR 



Figure 11. Amplitude vs Time for first 100% hold of JBR 

Figure 12. Amplitude vs Time for second 100% hold of JBR 
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Figure 13. Channel vs Time for first 100% hold of JBR 
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Figure 14. Channel vs Time for second 100% hold of JBR 
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Figure 15. Duration vs Channel for first 100% hold of JBR 
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Figure 16. Duration vs Channel for second 100% hold of JBR 
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Figure 17. Hits vs Channel for final hour of JBR 

Figure 18. Amplitude-x Channel for final hour of J3R 
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Figure 19. Hits vs Time for final hour of JBR 

Figure 20. Energy vs Time for final hou~r of JBR 
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Figure 21. Amplitude vs Time for final hour of JBR 
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Figure 22. Channel 'JS Time for final hour of JEiR 
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Figure 23. Duration vs Channel for final hour of JBR 
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Figure 1. Hits vs Time for first 100% hold of LS 
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Figure 2. Counts vs Time for first 100% hold of LS 



Figure 3. Energy vs Time for first 100% hold of LS 

Figure 4. Amplitude vs Time for first 100% hold of LS 
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Figure 5. Channel vs Time for first 100% hold of LS 
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Figure 6. Channel 2 Hits vs Time for first 100% hold of LS 
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Figure 7. Channel 2 Counts vs Time for first 100% hold of LS 

Figure 8. Channel 2 Energy vs Time for first 100% hold of LS 



Figure 9. Channel 2 Amplitude vs Time for first 100% hold of IS 
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Figure 10. Channel 9 Hits vs Time for first 100% hold of LS 



Figure 11. Channel 9 Counts vs Time for first 100% hold of Ls 
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Figure 12. Channel 9 Energy vs Time for first 100% hold of LS 
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Figure 13. Channel 9 Amplitude vs Time for first 100% hold of LS 
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Figure 14. Channel 10 Hits vs Time for first 100% hold of LS 



Figure 15. Channel 10 Counts vs Time for first 100% hold of Ls 

Figure 16. Channel 10 Energy vs Time for first 100% hold of LS 
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Figure 17. Channel 10 Amplitude vs Time for first 100% hold of LS 

Figure 18. Channel 13 Hits vs Time for first 100% hold of LS 



Figure 19. Channel 13 Counts vs Time for first 100% hold of LS 
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Figure 20. Channel 13 Energy vs Time for first 100% hold of LS 
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Figure 21. Channel 13 Amplitude vs Time for first 100% hold of IS 

Figure 22. Hits vs Channel for first 100% hold of LS 
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Figure 23. Hits vs Time from 26000-32500 set, 1st 100% hold of IS 
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Figure 24. Hits vs Channel of 25000-32500 set, 1st 100% hold of LS 
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Figure 1. Hits vs Channel for second 100% hold of LS 

Figure 2. Hits vs Time for second 100% hold of LS 



Figure 3. Counts vs Time for second 100% hold of LS 

Figure 4. Energy vs Time for second 100% hold of LS 
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Figure 5. Amplitude vs Time for second 100% hold of LS 

Figure 6. Channel 2 Hits vs Time for second 100% hold of LS 
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Figure 7. Channel 2 Counts vs Time for second 100% hold of LS 

Figure 8. Channel 2 Energy vs Time for second 100% hold of LS 



- ._ .. . .’ ..-.y.. . . . . . _. : 

Figure 9. Channel 2 Amplitude vs Time for second 100% hold of LS 
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Figure 10. Channel 9 Hits vs Time for second 100% hold of LS 
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Figure 11. Channel 9 Counts vs Time for second 100% hold of Ls 

. Figure 12. Channel :- Energy vs Time for second 100% hold of LS 
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Figure 13. Channel 9 Amplitude vs Time for second 100% hold of LS 

Figure 14. Channel 10 Hits vs Time for second 100% hold of LS 



. Figure 15. Channel 10 Counts vs Time for second 100% hold of LS 

Figure 16. Channel 10 Energy vs Time for second 100% hold of LS 
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Figure 17. Channel 10 Amplitude vs Time for second 100% hold of LS 

Figure 18. Channel 13 Hits vs Time for second 100% hold of LS 
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Figure 19. Channel 13 Counts vs Time for second 100% hold of LS 

Figure 20. Channel 13 Energy vs Time for second 100% hold of LS 
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Figure 21. Channel 13 Amplitude vs Time for second 100% hold of LS 
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Figure.1. Channel 5IHits vs Time for third 100% hold of IS 
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Figure 2. Channel 53 Counts vs Time for third 100% hold Of LS 



Figure 3. Channel 53 Energy vs Time for third 100% hold of LS 

Figure 4. Channel 53 Amplitude vs Time for third 100% hold of LS 
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Figure 5. Channel 54 Hits vs Time for third 100% hold of LS 
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Figure 6. Channel f< Counts vs Time for third 100% hold of LS 
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Figure 7. Channel 54 Energy vs Time for third 100% hold of Ls 
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Figure 8. Channel 54 Amplitude vs Time for third 100% hold of LS 
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Figure 9. Channel 59 Hits vs Time for third 100% hold of LS 
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Figure 10. Channel 59 Counts vs Time for third 100% hold of LS 
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Figure 11. Channel 59 Energy vs Time for third 100% hold of LS 
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Figure 12. Channel 59 Amplitude vs Time for third 100% hold of LS 
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Figure 13. Channel 60 Hits vs Time for third 100% hold of LS 
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Figure 14. Channel GO Counts vs Time for third 100% hold of LS 



Figure 15. Channel 60 Energy vs Time for third 100% hold of LS 
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Figure 16. Channel GO Ampltude vs Time for third 100% hold of LS 
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i Figure 1. Hits vs Time for entire 100% hold of IS 

Figure 2. Counts vs Time for entire 100% hold of LS 
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Figure 3. tnerg;! vs Time for entire 100% hold of LS 

Figure 4. ;‘.zpiirxde vs Time for entire 100% hold of LS 
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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 con&ted 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: 

Detect, locate, and classify emission sources; 
Evaiuate the effectiveness of A& 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. 
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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-hold 
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 PACand 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 RlSI’s which were also calibrated just prior to shipment. Software used was SA- 
LOC version 3.03 dated l/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 accomplished 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 w&&not a factor during this testing. Loading up to and including J 
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 hold 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 AB 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 threshold. 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 ot 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 .4E channels (hits) as opposed to graph #l 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 ve’y_ similar to #3 except that it is for all AE activity (hits) and not 
just the first hit. Graph #o 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 AB). 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 that 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 usefuui for 
determining in time when the activity occurred and its relative magnitude. This plot is also 
useful for determining the integrity of the vessel. Graph #lO is the cumulative 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 #II shows the events as a function of time. 
It tells when in time the activity occurred. It is different from #l 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 #I3 represents the first hit channels as a function of time. 
It shows which channels were responsible for the AE activitv and when they occurred in 
time. Graph #l-I showx ;iie channel activity as a function of time. It shows \vhich 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 thesource 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 #S&7 (which show the first hit 
channels 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 30 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 100%. In support of this conclusion refer to graphs #5&7 of appendix C or 
D in which sensors 1 and 9 are again in the region of most of the AIS 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 
simpl,iF the ana&sis of there 5 sections, the data was further frltered such that the 
remammg 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 which 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 Eunction 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 smaller, 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. 



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, 

2.1 

3.) 

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

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.) 

2.) 

the greater than 85dB amplitudes, 

durations up to 50 milliseconds combining with secondary hits to 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. 
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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 
I, 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 relativeiy 
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 reahzed during the hold period overnight would not have 
been obtained if standard inspection periods had been followed. 

RECOMhlENDATIONS 

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 3 source of 
potential AE. It was not until the overnight hold period that the data was 
considered to be free of human intenpention. 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 employed. 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 100%. much information could be gained 
for charting the integrity of the vessei over time. 
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b-6 NAME FILE SIZE FILE DATE %. TIME 
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13 06:.37:30.0359373 25 
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0 06: 45: 02.4725195 1 
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0 l/16:53: 14.047439; 5 
('I 05: 5;3: 14. 0475450 ~28 
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54 
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.321S7 80 
44557 65 
30095 7” 
33499 73 
7,X”<c1 -- 

9 
9 
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21 
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13 
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19 
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3 
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Executive Summarv 

The implemenration of tighter environmental controls on sulfur dioxide (SO2 ) gases has required many 
utilities to retrofit existing fossil heel generating plants with scrubbers capable of reducing the stack 
emissions. 

Georgia Power’s Plant Yates Unit I was selected as a joint project with the DOE to construct a full-scale 
demonstration project utilizing the Chiyoda reduction process to remove the SO2 gases. The Chiyoda 
process involves 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 (TSR) and the Limestone Slurry Tank were both constructed of a filament-wound fiber reinforced 
plastic (PRP) composite material which is basically inert to the corrosive environment of the Chiyoda 
chemical process. 

As part of the demonstration of this technology, the structural integrity of the FRP vessels wils requested 
to determine the suitability of the material for the designated design duty. Strain testing was adopted as 
one of the methods to quantify the bchavior of the primac vessels for the loadings to be applied during 
the operating life of the vessels. 

This testing proved to be beneficial in calibrating the design practice and quality assumnce of the field 
constructed vessel and structures. Various hydrostatic tests were conducted both prior to and at the 
completion of the demonstration period. to qualify the integrity of the vessel structure initially, and after 
the required operating detnonstration 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 cycle creep which may occur in 
FRP vessels. 

The results and research which occurred in reduction of the data and review of material performance. also 
demonstrated the imponance of unique information applicable for each FRP material. Industry 
experience has suggested that engineering data and propcnics of FRP constntcted material require a 
much more comprehensive requirement on the pan of the owner to specify carefully many aspects of the 
design process, quality assurance requirements. and construction requirements. In addition, performance 
testing of the completed stnxture is vev important to comprehcnsivcly test the total system. 

The strain testing was sttccesshd is providing comprehensive data during the hydra tests and providing 
insight into the time and due 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 tidl 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 structural composite material. 

The test data from the hydrostatic tests on the Plant Yates let-Bubbling Reactor and Limestone Sltm? 
Tank compared well with the predicted stress Ie\rls and utaterial propenies provided in the manufacturers 
design calculations. In addition. the test data provided some valuable insight into the long term behavior 
of the material properties. This strain testing provides a rational means to evaluate the life cycle behavior 
of a FRP vessel both at initial loading and a trending tool over time. 



Backmound 

In 1991, the Yates/Doe Scrubber Demonstration project wts selected as a candidate for quality assuranoe 
of the structural integrity of the Fiber-Reinforced Plastic (FRP) vessels at Georgia Powers Plant Yates. 
Based on the corrosive envirotunent of the chemicals and slurry utilised in the Chiyoda Sctubber process, 
Fiber-Reinforced Plastic (FP.P) ws 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 stnin monitoring was suggested as a logical means 
to accomplish this activity. 

Structural integrity testing included strain gage monitoring, photoelastic monitoring, 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 FP.P 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 tiberglass 
filaments and “mating” on a cylindrical mandrel while turning at a slow speed. The tilaments 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 iiber-reinforced plastic FP.P 
st~ctures. mandated that strain monitoring and testing would be included over the time span ofthe 
const~ction. implenietltation and operational cycle of the Chiyoda process. 



Proiect P 

Phntn 1 : Constmctioo Photograph of Jet-Bubbling Reactor 

Phnlo 2 : Photqyqd~ of Limcsrane Slurry Vessel prior to Piping 
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Photo 4 : Rcprcscntative Photograph of Phntoclitstic Laminant 
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Purpose 

TEST OBJECTIVES 

The primary objectives in the strain monitoring of the FRP structures was to address the following aspects 
of the design, constnxtion. and operation of the fibcr-rcinforccd vessels: 

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

l 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 consttwtor. Ershigs, Inc. 

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

HYDRO TESTING 

To provide for stnstural acceptance. a hydrostatic lest was dctennined to produce a realistic operational 
loading for the Jet-Bobbling Reactor and Limcstonc Slurs Tank. This technique provided several 
advantages including the structural integriv Icak-tight testing as well as providing a ntechanism to 
simulate operational strain levels in a wanner similar to that of the fully-loaded vessel. 

Both the JBR and the Limestone Slurry vessel were h!drotcsted to a safe level as documented in the 
original design calculations. The hydrotest procedure was established by Research and Environmental 
Affairs. The hydrotesting occorrcd the week of Scptctnber 30. 1991. with the first JBR hydra occurring 
on October I. 1991 and the second test 

Them of the hydrotcst was again two fold: 

l To waltwte the structural integrity through leak dctectioa 

l to 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-term trending of strain. The 
appropriate strain gages were sclcctcd for the FRP materials. accowtting for the environmental effects of 
humidity, temperature and corrosion as well. 

Figure I 

Schematic ofStrain Gage 

Photo Lnminants 

Photoelasticity. an optical method of quickly evaluating stmin conditions was also sclectcd as an 
additional technique for quantilication of the strain state of the FRP structures. Photoelastic Iaminants 
generally provide a more continuous rcprcscntation of the strain contour. which provides for examination 
of discontinuities. or imperfections. which n~ty not normally bc evident through the use of strain gages 
alone. Photoclastici~ provides an optical stram contour through which strains can be visually identified. 
particularly at the pomts of iila~mum~ strain. 

Strain Gage Testing 

Strain gages. of the “bonded resistance ” typ were sclectcd for the FRP material. espectcd strain rates, 
and life-cycle duty of the strain gage testing. The gages selected consisted ofboth unia..ial and strain 
rosettes. The unisial gages provide only a strain component in the single direction ofplacement. The 
strain rosette provides a three direction planar grid with tntiasial gages in the 15. 90. and I35 degree 
directions. The actual gages oscd were 120 ohm resistance gages produced by Micro Measurements. Inc. 
and ofa tl\pe to thertnall~ grow with the stmctwe. This type of strain gage. self-teteperature- 
compensating (STC) provides for a more stable signal and climinntes signal noise. 

The strain condition nlensured for the hydra testing of the JBR and limestone slurE vessel. included only 
static strain n~cits~~rcnien~s. The primon illstnllllcrIt:ltior) for the collection and intcrprctation of the swam 
field data was composed of a single chnnncl wide-range strain- indicator. and a IO channel switch and 
balance unit. Both of these coruponcnts wcrc nwnufacturcd by Micro Measurements. Inc. of Raleigh. NC. 
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Gage selectiori and protective coatings were also based on the environmental effects of temperature. 
humidity, and corrosion rcsistancc. Both rosettes and single gages were applied on the JBR and 
Limestone Slurty Tank. The strain rosette provides the full strain condition measurement at the point of 
attachment to the vessel. Figure G provides a close-up view of a strain gage rosette grid pattcm and the 
associated relationship of the :nens:rred 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 r)pically 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 tiber- 
reinforced vessels was cleaned. sanded and desensitizcd to allow for proper adhesion of the strain gage. 
Surface prepanion is a vital step to insure the success ofthe strain gage testing. 

Coatings/Wiring 
Another imporunt aspect of the gage installation inclodcd 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 Chiyoda scmbbbcr process is an tmknonn and many precautions were taken 
to insure long-term service of the strain gages and instrwnentation. The strain gage wiring was 
terminated at a plastic junction box away from the gage site to allow for a tcmminal point to connect the 
junction wiring. 

A trailer. during the hydrostatic testing. was tctnporary irscd 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 presewe the testing control conditions of the strain gage hardware. All 
strain gage measurenients were monitored and collected front this location adjacent to the FRP vessels. 

Photolnminrnt Testing 

Photoelasticity was osed in harmony with the strain gage testing. The photolantinant plates were applied 
to the external surfaces of the JBR and Limcstonc Slurry Tank at locations deemed appropriate for 
quantification of strain state and contour. Figures 2 and 3 and Figures 1 and 5 provide the locations of the 
photolaminants on the Limestone Slurry aud JBR vessels respectively. 

The photolatninant plates during prcpartion. wrc rcqoircd to bc contowcd to confornt to the uneven 
surface of the tiber-reinforced vessels. The pllotol;:~:~it~a~:ts are composed of an epoxy-resin mixture 
which is mixed at the photolantinant test site and applied as a pliable sheet to the test surface. After 21 
hours. the sheet becomes rigid and can be adhered to the vessel surface with a special reflective adhesive. 
This adhesive bonds the photol:mtinant to the vessel sorfacc as well as provides a rctlective background 
underneath the transparent photolantittant plate. 

The photolaminant plates are viewed through a reflection polariscope. which is used to observe and 
measure the surface strains on the photoelastically coated pan. The surface strains cause the photoelastic 
coating to deform. The strains in the photoclastic coating produn: proponional optical effects which 
appear as isochromatic fringes when viewed with a rctlcclion polariscope. 

The reflection polariscope provides a quantitative method of dcternlining the directions of the principal 
strains and ultimately stresses at all points on the photoclastic coating. The magnitude and sign of die 
difference between the principal maximon: and minimum strain at an! selected point on the coated 
surface is possible using this pholoclastic method. 
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Test Setun 

TEST CONSIDERATIONS 

The FW sttwtures at Plant Yates are massive. wnples structures. each with its own unique design and 
operational characteristics. The selcctioo process of strain monitoring required several considerations. 
based on constroclion schedules. wather. review of design documents and limitations of test materials 
and resources. 

To aid in the detemlination 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 helped 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 thal would be the most important with 
respect to long-term durability of the finished vessel. The partial goal war to measure the strain on the 
vessel and structures in-situ. under hydrostatic and operational loading. and to correlate with design 
information. the actual strains and corresponding stresses in the loaded stmctures. 

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 dctemlinatiott provides an intpwtanl aspect of the 
completed project. knowing with reasonable assurance the actual stnin and stress loadings at selected 
locations within the stmcture. 
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Test Scope and Instrumentation 

After initial r&en of the drawings and calculations provided by Ershigs Inc.. it was decided that the 
stmchxes to be included in the strain ntonitoring and testing would be the limestone slurry vessel and the 
jet-bubbling reactor. Based 011 the various construction schedules for each structure determinations were 
made on the the best period of testing and instrwnentation. 

Figure 2 
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Descrintien of Structures 

Limestone Slurrv Tank 

The limestone slurry vcsscl is a secondary stucmre which products the limestone slurry liquid necessary in 
the “scrubbing” process. The lin~estone slurry tank was instnnncntcd with both photolaminants and 
strain-gages as shown in Figures 4 and 5. 

Jet-Bubbling Reactor UBR) 

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

The IBR is indeed a complex reactor. made-up of a cylindrical tank. with numereous piping penetrations 
and a complex internal structnrc. providing suppon for associated process piping and equipment. The 
IBR includes a interstitial section. composed of small spnrgcr tubes whiCh transpon and mix hot flue 
gases and process chemicals. Also. a large mixing vane is located symmetricall? in the center of the JBR 
vessel. which promotes the mixing process. 

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

Test Confimmtinns 

Water Levels 

Several water levels were used throughout the sequence of rhe testing that ocalrred between 1991 and 
1994. The water Iwcls for the limestone shlrv onk ranged from 24 ft in l!J91 to 24.5 ft. in 1994. The 
IBR levels ranged from 14 ft. in I!J’JI to 16.6 ft. in I!J94. 

Rate of Loading 

The rate of water loading was generally dependent on the flow rates of the pumping equipment during the 
~hydro resting. In general. the loading rate for the liincstone and JBR was around g to I2 hours for Ihe full 
respective heights of the two vessels. 

Hold Periods 

Generally, the vessels were lillcd and left o\,ernight to hold. The strain measurements were collected 
during the filling process and held overnight. The strain mcasurcnicnts were taken just at a tilled 
condition and aher a hold period. prior to unloading. 

Hvdro Dates 

The limestone slurry tank and JBR acre iirst hydrostatically testing in Scptcntbcr and October of 1991. 
The latest hydra tests were pcrformcd in Novcntbcr of I9[J4. The vcsscls have been in operation between 
these dates, with full operating conditions. containing slnrrics denser than water. 
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Strain Gage Results 

The results of the strain gaging are provided in several spreadsheets. tables. and @ores. The strain gage 
measurements are presented in several fonnots. including the raw strain measurements. the resulting 
principal strains and corresponding angles of principal strain and the corresponding hoop and 
longitudinal stresscs at discrcte mcasuretncnt locations. 

Strilin Gaee Sign Convention 

Figure 6 
STR*IN GAGE ROSETTE 

SIGN AN0 OlRECTlON CONMNlK)N 
fEl - 

OR!0 PuMasRING 
-WC: 
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(+) angle indicates a cowwrclockxise direction 011 the grid numbering figure. 

(-) angle indicates a clockwise direction on lhc grid numbwing tigure. 
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Princiwal Strains 

The principal strains are obtained front the rrcc-ticld strain mensurenwtts. The three element rosette 
provides the raw data to describe the principal strain magnitude and principal axis. 

The principal strains were calculated using the following fomwlaes. 

E P.9 =y+ (&, -EJ +(E2 -&J 

@,,,y = +a”-t 
i 
(E? -Ed-(6 -4 

E, -&; 1 
4p.g represents the reference angle from tbc strain gage grid line (gage I) to one of the principal 
strain axis. The reference to this angle is arbitrarily dctcmmined from this equation. and depending on the 
magnitude of the component strains. the location of the mnxinwnl principal strain can be determined. 

The principal strains values are listed in Tables I 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 I and 2 is the 
negative value of q? ,,9 as derived above. The location of the major principal strain axis is oriented from 
the reference grid by this angle. A posilivc a~glc rcprcscnts a cowtcrclockwise n~ov.xnent from the 
reference grid and a negative angle rcprcscn~s a clockvisc ntovenw~t. This is represented in Figure 7. 
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Eouations for Body Stress Cahhtion 
, 5 

E, =nl-E, +tI’E, +nVly,,<, 
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where 

y,: = -2nlt/&, +2n?uE, +(tt?’ -“‘)y, 

wlwe 01 = cos 8, ; n = sin fl 
, c, 

and 

EXE, V&rE, 

? = (I-v,~v,,)+(I-v,v,) 

V,E.vE.r 
6r = (I-.ll,v,) + (I-?::,) 

and 

7,. = (J.T?Y.,> 
s direction reprcscnts the o~atcri;d asis and y rcpreswts the onhogooal nuterial axis for ZN orthotropic 

composite wterial. Directions I and 2 arc lhc principal strain ;ncs. determitted from the strain test data. 



Test Results 

General 

Test data was collected throogbout the various bydro tests and is provided in Tables I tlm G and Figures 
9 thm 38. This data has been summarizcd in various ways. but in general the following procedure is 
provided for analysis of the data. 

Figure 8 

Experimental Test Data 

I I 
Raw Strain Data Collected / 
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Also. the raw test data is provided in Appendix I. 
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Plots of Princinal Strnins vs. Water Height (JBR) 

Figure 11: Major Principrl Strain 

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

Rosette No. 1 
1, 

Figure 12 : Minor Principal Strain 

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

Rosette No. 1 



Fikwre 13 : Major Principal StnGn 

Yates Scwbbe, Jet-Bubbling R.eas,or Principal strain Measurement 
Comparison for ,991 and 1994 Hydra Tests 

lOD.0 

SO.0 

0.0 

Figwc I4 : Minor Principal Strain 

Yates Scrubber Jet-Bubbling Reactor Principal Strain Measurement 
Com!xrison for 1991 and 1994 Hvdra Tests 



Figure 15 : Major Principl Strain 
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Fiprc 16 : Minor Princip;tl Strain 

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



Figure 17 

Ye.* SC,“bb*,Jet-B”bbling R.rcter Principal strain Mea*“r.me”t 
Comprrirm ‘0, ,991 and 1994 “ydro ,.*tr 
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Listine of Princinnl Strilins for Limestone Slorrv Vessel 
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Plots of Princinnl Strains vs. Water Heieht (Limestone Slurrv Vessel) 

Fiprc 18 : Major Princilxd Strain 

‘1at.* Scrubb., l.im.*ton, Sl”,ly Phciprl strain M.ar”remrnt 
C.nlP.Ii.O” ‘0,,90, *“d ,904 Wydm TIrtl 

Figre 13 : Minor Prirrcilxtl Strain 

Yates Scrubber Limestone Slurry Principal Strain Measurement 
Comparison for 1991 and 1994 Hydra Teds 
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Fi:wre 20 : Major Principrl Strain 

Yates Scrubber Limcrtonc Sl”rry Principal Strain Measuremen, 
Comoariron for 1991 and 1994 ny*ro TM& 

Ro*Ct,c NO. * 
600.0 

500.0 

Figure 21 : Minor Princilull Strain 

Yates Scrubber Limestone Slurry Principal Strain ~earurement Yates Scrubber Limestone Slurry Principal Shin Measurement 
Comparison for 1991 and 1994 Hydra Tests COt”PirriSOn for 1991 and 1994 Hydra Tests 

RoseWe No. 2 Rosette No. 2 
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Figure 22 : Major Principal Strain 

Fipurc 23 : hlinnr Principal Strain 

Yates Scrubber Limestone Slurry Principal Strain Measurement 
1994 Hydro Tests 

Rosette No. 3 “^” - 
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Bodv Stress Summrry Fipm-es 
Figure 24 
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Figure 25 

Jet B”bbli”.a ReaCtOr IJBRI H”draltltic R.S”,,. _ ~~~~~ ,~-~.,.~,-.--.-..- .._____ 
IIt. 2nd and Final “ydm Test 

.bs*tt. 2 

29 



Figwc 26 

Limrrtone SIY,ry Tank Hydrostllic R*I”Its 
2nd and Fins, ““dro T.IL 
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Figure 29 

Lim.stone wvrry Tank Hydrostatic R*sYIIs 
2nd .nd Final Hydm T.ll 

ROI.11. 3 1200 0 

loDo o 
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Tested Hoon Stress vs. Theoretical Hoon Stress 

at Bubbling R**ClOr (JBR, “yd,O*tatiC RCIUltl “I. Th**r.tiEal str.s*.* 

Figure 31 

.Jll Bubh~ing R.mCter (JBR, “ydlo*laii RC.“IS Y%_ Th*er.ticrl Hoop Sl,,II.. 
1% 2nd and Final “var.3 Te*t 
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Fiyre 32 

Figure 33 

Limestone Slurry Tank Hydrostatic R~sultr 
2nd and Final Hydra Test 
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Figure 31 

Limestone slurry Tank nydrostatic Reruns 

Figure 35 

Limestone flurry Tank Hydrostatic Results 
Final Hydra Test 
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Theoretical Calculated Stresses 

For thin-walled vessels. which are qualilicd with a radius to thickness ratio Wt > IO.0 where R is the Radius of 
the vessel and t is the thickness of the vessel shell. and P is the pressure inside the vcsscI. 

The actual R/t for the Yares Limesrow Slurp and JBR vessels will be mi~~imum for the limestone slurry vessel 
as R=lG8 inches and t = 0.87 inches. thcrcforc R/l = 193. 

Since the primary vessels are both cylindrical and for simplicity assummcd lo be of constant vessel thickness, 
the formula for hydrostatic s1res.s can be re-written as 

6=E = a=Pxr- [I = 332.22 
t I 

and P= yxH and y = G2.4 IbITt 

and H = Height of water, in fee! (normal) 

Thercforc. p= 62.4 - = II.036 lb/in’s H (inches) 
1728 

Therefore. o = 0.036xHx J [I t 
0 = 0.036xHx L [I 0 = 0.036xHx L t JRR [I t Lirnaonc 
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Plot of Hvdrostatic Stress vs. Water Height 

A generic plot of the hydrostatic suesscs 1’s. water height arc provided in the following figure. This plor shows 
that the hoop stresses are a function of the (WI) ratio and wlcr height. 

Figure 36 

Theoretical Rehtionrhipfor Water Heightvr.Hwp Strt5.s 

Therefore, the theoretical hoop WCS can bc calculated or looked up from Figure 3G. This relationship is 
generally found in the experimental lcsl data. Comparison plols bctwcn the thcorclical stresses and lhe 
esperimental obtained strcsscs can ix found in Figures 30 to 35. 
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Comparison of Test Data with Calculated Stresses 

Figure 37 

Experimental Test Data Analytical Method 

Raw Strain Data Collected 
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Calculate Body Stresses 

k Compare Body Stresses ,d 
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JBR and Limestone Sl~~rrv Strain 2nd Stress Rewlts 

Strain gage results for the JBR and Linlcstone Slurp 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 degrees. from the refcrencc grid to the principal strain direction. (see Figure 6). These angles “theta” 
basically align the maximum principal strain (Ep) in the hoop direction. within 8 degrees. Likewise. the 
minimum principal strain (Eq) is aligned in the vertical direction. The corresponding stresses have been 
calculated in the pure horizontal (hoop) or pure vertical (longitudinal) directions. 

The amplitude of the straio in Tables I and 2 show thar the prcdoainant 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 aRer the majority of the vertical loadings were in-place, dead loads of the vessel, and 
structure were already present and in general no considerable vertical strains should be seen by the strain 
gages under hydrostatic loadings. 

These plots provide the strain as a fimction of hydrostatic loading. As seen front this plot. the slope of the line 
with the relationship of masinwn principal strain to water height. is fairly linear. 
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Figure 39 

PHOTOELASTIC LAMINANT 
SIGN AND DIRECTION 

Y 

Eq \c- -“--- /’ -. 
__.’ I(? A i ,,:q..-.Jr:p 

p’ _-__--. _ 
L-EL 

PHOTOLAMINANT GAGE 

Photolaminrnt Comnarison Results 

Photolaminanl amplitudes are provided in Tables 4 and 5 for the inhial 19’1 I hydra tests. A plot of the 
comparison between Ihe strain gage dala (Ep - Eq). major principal - minor principle strain and the 
photolaminant (Ep-Eq) is provided in Fi~wc i8. With rhc csccprion of one data point. JBR Rosette No. 3. the 
correlation is very good. Therefore. lhc photolaminant provides a good nwhod of optically obtaining the 
strain state and also verification of strain or other NDE dau. 

Results 

Observed Strain \.nlues 

Behnvior of the strain curve vs. water height 

Evaluation of the various wain gage data and corresponding plots provides insight inlo the bchavior of the 
vessel during the se~ernl hydra tests. Thcsc plots gcncrally show that the cun’es arc linear in nawe. and 
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comparison of microstrain and/or stress are proportional to the hydra test water height. From presentation of 
previous theoretical relationships. the linenr relationship bctwcen stress vs. water height is well accepted for 
basic tlnk structures. 

Figure 9 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 bydro tests 
JBR Strain Data 

Review of Jet-Bubbling Reactor (JBR) trend plots in Figures I I thro I7 provide the principal strains vs. hydra 
test heights. These plots provide two h!dro tests in 199 I just prior to scrobbcr operation. and a single hydra 
test that was performed in late 1994. 

Rosette No. I is located at I’-8” above the tank floor which is physically shown in Figures 2 and 3. Figure I I 
and 12 indicates a general offset of strain mcnsorcd in 1994 such that the slope of the cut~e is more shallow 
than the 1991 tests. Also. the highest principal strain nveawred in 1994 ws significantly loner than that 
measured in 1991. 

Rosette No. 2 shows rl similar trend in the olfsct of the minor principal strain from Figure II. Figure I3 
however indicates a not so significant diffcrcnce in the major principal stmio 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 IG 
from the 1994 cuwe diverges from the 1991 curve. Another interesting point is that Figure 16 strain actually 
becomes negative with increased wtcr height. Similar to Rosette No. 2. the major principal strain from 
Figure I5 traces very well with the 1991 cuncs. 

Also. the uniasial gage trends in a WC linenr fashion for the I994 hydra but seems to log at lower hydro 
heights in the 1991 tats. as seen from Figwc 17. 

Limestone Slurrv Vcsscl Strain Dacn 

Figures I8 thru 23 provide the similar infornution on the Limcstonc Slurry Vcsscl as that contained for the 
JBR vessel in Figures I I thn~ 17. Sinliklrly. thcsc plots provide one hydra tat ill I991 and one hydra test in 
1994. 

Rosette No. 1 in Figures 18 and 19 shows WV rcpcatable results for the major principal strain. and a small 
shih in the microstrain offset for the minor principal strain. I994 minor principal strains are actually higher 
than 1991 strains 

Rosette No. 2 indicates wry close to the sxne mitxinntm principal strrlin from Figure 20 from 1991 and 1994 
tests. but a very poor corrclntion with the minor principal strain from Figure 21. 

Rosette No. 3 major and minor princip:ll str:lins arc ;lpproxinutclv invcrscly proponionrd to each other. The 
major principal increases with hydra loading. but the minor principal decreases with hydra loading. 
Additionally, the cone has ao interesting step change ill principal strain valoes. 

Observations from the Body Stress Cone 

Figures 24 thru 29 provide a conlpnrisou of the hoop and lonyitodin;d strcsscs for the different hydra tests. 



Hoop stresses and longitudinal urcsses were gcncrallx higher during llic 1991 tcsf than the 1994 test. Also. 
the 1991 test hoop and longhudinnl wcsses were veq rcpeamblc. 

Limestone Slurry Vessel 

Figure 27 shows very similar bchavior bcwcen 1991 and 1994. Longitudinal stress is higher for 1991 hydra 
as provided in Figure 28. Figure 29 shows lhc hoop strcsscs increasing up to I I feet and then dropping off to 
zero and then increasing agaio. 

Comparison of Experimental vs. Theoretical Stress 

Comuutation of Stresses 

The calculation of the principal strews for isotropic ninterials is a very difinilt problca. Generally. 
composite materials are classified as tither anisotropic or onhouopic. For ease of calcolntions. laminant 
composites are designed as onholropic. which rqoircs two sets of Moduli of Elasticity and two sets of poisson 
ratios. Generally, this will include an Es and Ey with corresponding poisson ratios vs and vy. These material 
propenies with a full-licld swain n~enwrcmcnt aI a point. allow for the computation of the major body stresses 
in a laminant. These calculations are expressed in principal by the matrix notation shown below: 

Comoarison of Bodv Stresses 

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

Figure 30 indicates a VC? good coniparison of the IWI wst. but the I’PJI test produced swesses approximately 
50 to I00 %, higher lhnu thcoT. Figure 3 I indicates the XIII:~ stress ius lower than the theoretical value. 

Limestone Slurrv Vessel 

Figure 33 shows the achml slrcss slope is steeper than the thcorctical slope. Figure 34 indicates good 
correlation at higher loadings. Figure 31 indicates ~e,q’,siniilar bchavior at lower Icvcls. but has an offset and 
then a restress behavior. From the rcswss bchavior. it IS possible that the strain gage pulled apart from the 
surface. 



Conclusions 

Structural lnteeritv of Scrubber Vessel 

Strain Testinp 

Strain testing provided a good method [or comparison of strain and slrcss levels and verification of 
engineering propenies used in the design calculations. 

Hoop stresses determined for tbe JBR and Limestone Slurry Tank correlated very well with the theoretical 
hoop stresses with a few exceptions. Rosette 1 on the 3BR had a significantly higher stress than the theoretical 
value. Also, the Limestone Slurry Tank indicated a much steeper slop-e than the theoretical stress-strain slope 
at higher levels of water height. 

Cvclic Loadiw on Vessel 

Data from the various tigures and tables continocs to reinforce the fact that the strain dqcs appear to generally 
trend similarly from hydra to hydro. but lhere does appear to be some differences in both the principal strain 
magnitudes and principal strain angles. These cyclq of loading and unloading do appear to take some toll on 
the load response of the vessel. 

Another explanation for some of the differences in lhe 1991 and 199-t loadings may be a consequence of a 
creep phenomenon. which is quite conunoo in some tnditional structures that are significantly stressed. 

Evaluation of Material Properties 

Tbe general practice of detcnnination of ‘FRP nlatcrial propenics appcnrs to bc the computation of the global 
section material propenics using the n~ooy Iaycrs of the I;lnlinilnt protilc. This praclice has been observed b, 
several FRP manufacturers. and appctrs to be the gcncral trend for calculating tbc elastic nvxh~lus and poisson 
ratios for the composite cross-sections. 
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FRP as an Eneineerine Material 
Design requirements for PRP structures are not widely controlled as traditional construction materials. Since 
PRP laminants are constntcted as a series of many layers of resins. tibcr glass. and coatings. the quality 
assurance of the raw materials and bonding procedures. and curing have many variables. 

The constmction of two identically designed vessels. if constructed at different times or by different 
constmction personnel could potentially have a much diffcrcnt quality of workmanship. In summary. quality 
assurance requirements are much more imponant for a FRP material than a traditional material construction. 

PRP does not have the application experience in massive struc~urcs as does steel and concrete structures. 
Aerospace and automotive industry design pcrsonncl have a much cstensive 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 evalualion of the material. and performance of the constructed 
component, Specifications for a product to be constructed of FPP rcquircs an extreme effort on the part of the 
specifying engineer. Not only do the materials have be tightly spccilied. but also the consltuction of the 
component. and the performance requiremcms for the complctcd system should also bc mandated. This 
requires a tremendous investment on the pan of the owner to enter into a proposal in which the tcmis of the 
specification may be very controversal. 

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

In the tinal analysis, the FRP vessel used at Georgia Power Plant Yates for the Chiyoda Wet Scrubber has 
demonstrated its merit as a vinble altcmatiw material for htll-scale scrubber vessels. 

Additional strain testing and resenrch is ongoing throughout the engineering community. to make FRP 
structures viable. trustworthy materials. tbnt can bc used without hesitation by design engineers. 

Normally, the engineer must make many simplifying assumptions about boundary conditions and physical 
situations that are difftcult to quantify with csact nombcrs. Thcrcforc. the data provided by testing can both 
lead and support the analytical assumptions used in normal design practice. 



Recommendations 

Strain testing of a full-scale sttucturc provides actual data on the pcrformancc of the installed structure. The 
testing on tiber-reinforced plastics becomes much more important due to the additional uncertainties and 
requirements induced by the non-isotropic nature of the composite iaminant 

Composite materials provide signiticnnt benetits O\FT traditional mntcriais. However. due to the limited 
experience with composites such as Fiber Reinforced Plastic (FRP). construction with these materials is 
difficult to specify. As a geueni rule. however. PP.P requires additional sutveiiiance during the design, 
manufacturing, construction. operation. and maintenance of the subject sttucture. 

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

For manufacturing, it is rccommcndcd thnt quality a~~uran~~ rcquircmcnts bc 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 band lay up details be documented. This would include such items as 
environmentai conditions. such as wnti~er. resin mix designs. mixing times. and quality assurance testing of 
field connections . to 1~ and dctcrmine tile workmanship concerns during the actual construction. 

For operations and maintenance. it is recommended that a log of repairs. rcpiacements. painting. cleaning, etc. 
be kept. Also. tihc loading history of tlr \-csscl would bc important for dctcrnination of significant cycling of 
the loading on the structure. 

Good nondcstnrtive tcsring techniques. such as strain monitoring. acoustic emissions testing, modal testing, 
vibration monitoring provide methods for long term trending of the bchavior of the structure. 

Additionally, current tcchniqucs invohing the embedding of continous fibcr optic tendons inside composite 
materials has the potential for providing either a global or local sensor for strain monitoring. 

The most successful use of composite nwerials. such as FP.P. will rcquirc thnt several of these. 
recommendaitons bc adopted. The costs of materinis and inbor arc such that the etlicient use of the composites 
and/or traditional materials will require more optimum designs be Coilowd in order to reduce costs. 

As a trending tool. strain testing provides a way of quantifying tbc bchavior of~hc vcssei over time. As such. 
a monitoring program orevet? five years may be ndvisable. Also. as more and more lcsl data is collected. the 
trend interval could bc espandcd or rcduccd bnscd on the rcsuits of the testing. 



Appendix I ~: Raw Data 

Raw Strain Data Listing 
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Appendix II: Photographs 

Phw, I : T?pir;d Test Sctut! clurin:: Strxin C:txe Testing 

Photo 2 : Construction Photo during JBR f;tl,rication prior to Strain Cuttc Tcstin:! 
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Phut~ 4 : ~tmtnlcliw III’ JBR Vrssel (Ins&) 



Photo 5 i Pltt,t~~l;ttrtiititllt utttl Strxitt Cqy L;I~~III Irtst~tkttiwt on Mxnsq ot JBR Venscl 

Photo 6: Ph~~t~~l~mtimtnt lnsti~ll:tliw at “Do:! Leg” Ilultl~nvt~ A~~chm~c ttt’ JBR Vessel 



Pharto 7 : Plwtdamin;mt Lu~out 011 Vertical Scctiw ot’JBR Vcsscl 

Phmu X: Plll)ltll;llllil,;uIt La!m~t tm Vcnical Section et’ JBR Vessel 



Photo 9 : Cunstruclicm Plwta~ral~h of Limcstune Slurry Vuswl during Plll~t~~l;ullill:llll Cwstruction 

Photo 10 : Photolm~inant ~t~w~urcnwnt during Hylmst;atic Loading sl’ Littwsttme Slurry Vessel 



“Abrasion and Corrosive Coupoti for JBR and Ductwork’ 

Southern Company Services, Inc. 



Southern Comcmy Sefv~ces IT 
Post O!fice 30x 2625 
airmmgnam. *labama 35202 
TeleOnOne 205 a7o-so11 

August 22, 1991 

A 
Southern Company Services 

me S,U,,~W” B!K,PC ~prern 

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. 
1. 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 I. The test samples are to be flat plates to be 
installed 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, I 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). 

I don't have data concerning the overall velocity profile in the 
vessel. However, based on my discussions with SCS colleagues, 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 plenum 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 Testino: 
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 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 current drawings are not showing the OD 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, will 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 samples 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 00 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 located 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 samples 
attached. 

c) 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 list of suggested resin and reiforcment 
for abrasion and corrosion monitoring. 

I 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. 
I'd like to also add that ems. Donna Hill of SCS R&EA will be assisting me 
in the Plant Yates corrosion and abrasion monitoring and evaluation 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. 

Kamyar Vakhshoorzadeh 
Senior Research Engineer 

CC: (w/att.) 

Southern Comoanv Services 
0. M. Boylan 
0. P. Burford 
Donna Hill 

Georaia Power Comoanv 
R. M. Rhodes 



FIGURE 5: IMMERSION SAMPLES 

1 2” 

ABRASION SAMPLES FOR JBR REACTION ZONE POSTS 

DRILL FOR 3/E”- 16 
FlEERBOLT 

UNC 

location d t resin construction quantity 

near supports FR992 “C” veil 6 .: AC ;~ 

carbon veil 6 

carbon veil + milled fibers 6 

Ershigs fufu dust 6 

far supports FR992 carbon veil + milled fibers 6 

FR992 * carbon veil + milled fibers 6 

FR992 An, carbon veil + milled fibers 6 



FIGURE 1: dORROSlON SAMPLES FOR JBR REAC. ZONE, INLET AND EkHAllST PLENUMS, 
AND PRE-QUENCH DUCT AREA. 

1/v CORROSION RESISTm4T TmS C’, 

0.5” HOLE 

3.0” 
tl 

resin construction quantity 

FR992 VMMV (M=GLASS MAT, V=GLASS VEIL) 24 

CARBON VEIL 24 ’ L:3 .6v, -- 

CARBON VEIL,MM,CARBON VEIL 24 

CARBON VEIL/MILLED, MM, CARBON VEIL/MILLED 24 

FR992 + VMMV 24 

CARBON VEIL/MILLED, MM, CARBON VEIL/‘MILLED 24 

FR992 AN. V,,,,f.,,V 24 

CARBON VEIL/MILLED, MM, CARBON VEIL/MILLED 24 

*NOTE FOR ERSHIGS:PLEASE *Do AN” OTHER COMBlNATlONJ THAT MAY BE USED AT 
WANSLEY. OR ANY COMSIH~IKm W&T YOU CONSlDER APPROPIIA*E. 



FIGURE 8: POST-QUENCH ABRASION SAMPLES 

ABRdSlON SAMPLES FOR SUPPORT POSTS AT THE JBR INLET 

-t;‘.O” A-- 

/ ! 

. . . . . . . . . . . . . . . . . . . . . . . ..~.~.......~....... LQ. ..: : - 

--DRILL FOR 3/8”-15 UNC FIBEREOLT 

? 

1 .O” 

Tocation d t resin construction quantity 
- . . _-- 

FR992 
-~--. 

“C” veil 6 . 
SUPPORT POSTS 

AT THE JBR lNl.ET 
I 

I 

* 

I 

* 

* 

E 

* 

* 

* 

* 

* 

carbon veil 

carbon veil + milled fibers 

Ershigs fufu dust 
FR992* “C”vetl 

carbon veil l milled fibers 

Ershigs fufu dust 

FR992 An. “C” veil 

carbon veil l milled fibers 

Ershigs fufu dust 

197AT-T “C” veil 

carbon veil l milled fibers 

6 
6 

6 

6 

6 

6 

6 
6 

6 

6 

6 

Ershigs fufu dust 6 

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



FIGURE 3: SPACING OF THE HOLES ON THE SAMPLE MOUNTING BRACKETS 
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FRP ANGLE BEAM WrOCK ITEM, 

2 MAT. SPEC. LOCATION 

FRP STD. REACTION ZONE CUT TO SPAClNG OF THE PlPlNO SUPPORTS 4 

BRACKET 
INLET PLENUM 10FT 2 

EXHAUST PLENUM 10F-f 2 



FIGURE 2: ASSEMBLY OF CORROSION SAMPLES IN JSR REACTION ZONE 
SAMPLES IMMERSED IN CHLORINE-UDEH t 11.000 PPM, SLURRY OF GYPSUM A.ND LIMESTONE. 

FRP MOUNTING SEAM 

PROPOSED LOCATION 

I 

4--- 

PROPOSED 
I 

LOCATION 
FOR CORR. 

--t ‘1 

SAMPLES 

CRITERIA FOR LOCATION: 

EASY TO REACH 
AWAY FROM MAIN FLOW 

SUSPENDED IN LIQUID SLURRY 

k--- 

PROPOSED 
LOCATION 
FOR CORR. 

SAMPLES 



FIGURE 4a: ASSEMBLY OF SAMPLES IN THE INLET PLENUM 
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LOCATION 
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SAMPLES 
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I 

CRITERIA FOR LOCATION: 
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ABOVE DECK WASH PIPING 



FIGURE 4b: ASSEMBLY OF SAMPLES IN THE EXHAUST PLENUM 
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SAMPLES 

CRITERIA FOR LOCATION: 

EASYTOREACH 
AWAY FROM MAIN FLOW 
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c.- : .- ,I’L.,I.~ 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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Sourhem Comoany Sew~ces. iiic 
Post Office Box 2525 
3imlngn.m. Alabama 35202 
Telepnone 1205) 870-5011 

A 
Southern Company Services 

i-e- S~~!iiC 5,x+- 

March 31, 1993 

Mr. David C. Washke 
Contract Administrator 
Ershigs, Inc. 
742 Marine Drive 
Bellingham 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 surmaarizes our 
discussions on this topic as well as other SCS concerns: 

1. 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 itmaediately 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 nozzles on the top 
wall. 

The structural 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 sacrificial abrasion-resistant 
protective plate to be installed around the nozzle area (preferably 



Mr. David C. W.ashke 
Page 2 
March 31, ‘1993 

2. 

3. 

4: 

5. 

6. 

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. 

Limestone Slurrv Pioinq: The 3" limestone 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 limestone 
and gypsum slurry lines need to be inspected for abrasion to insure 
their fitness for service. 

Abrasion of the JBR Wall: There is a concern that surface abrasion 
may also be occurring on the JER 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? 

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. 

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). Also, 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. 

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

a. Corrosion Monitorinq: 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 Monitorinq: 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. 
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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 call me at 
205/877-7005. 

Sincerely, 

Kamyar V<khshoorzadeh 
Senior Research Engineer 
Research & Environmental Affairs 

Attachment 

cc(w/o att): Southern Comoanv Services 
Kerry Bowers 
Dave-Burford 
Pat Evans 
Pete Honeycutt 
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lntracompanv Memo Southern Company Services L \ 

DATE May 11, 1993 

RE: YATES CT121 DEMO FIBERGLASS 
DESIGN CRITERIA 

FROM: P. M. Honeycutt a& 

TO: K. Vakhshoorzadeh 

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

1. 

2. 

3. 

4. 

5. 

6. 

What has been the operating temperature of: 
A. The inlet flue gases prior to the spray chamber? 250 - 2SO“F 
B. The flue gas after the spray chamber? 130-13S°F 
C. The flue gas exiting the JBR? 130-135°F 

What is the slurry flow rate through the spray chamber nozzles? 
There are a total of 56 nozzles rated at 80 GPM each. The 
actual flow rate to each nozzle has not been analyzed. 

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

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

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

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

PMHIesw5 1193 

xc: D. Burford 
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Exhaust plenum 

matrix 
1619-C 

1620-C 

ZOMC-C 

1620-CV 

1619-CV 

992-cv 

992-c 

Ierakane 
470-36 

Weight 
sample # days weight(g) Change 

cl70 0 135.92 
790 141.9 5.98 

c173 0 136.8 
790 141.2 2.4 

cl74 0 128.69 

claa 
790 132.5 3.81 

0 i 33.48 
790 139.4 5.92 

cl91 0 160.21 
790 166.3 6.09 

Cl92 0 151.91 

Cl94 
790 158.1 6.19 

0 1,36.26 

cl97 

cl98 

790 138.5 
0 139.95 

790 146.2 
0 144.68 

2.24 

6.25 

790 151 6.32 
~206 0 102.02 

~207 

CL?10 

790 108.7 
0 128.33 

790 137.2 
0 137 

6.68 

a.87 

790 144.2 7.2 
~214 0 122.7 

c215 

~216 

790 
0 

790 
0 

143.5 
130.05 
137.1 

122.86 

20.8 

7.05 

790 129.6 6.74 
cl76 0 135.04 

CI a0 
790 140.8 5.76 
0 123.99 

cl83 
790 129.7 5.71 

0 123.2 
526 132.2 9 

cia5 0 126 
790 131.8 5.8 

Cl86 0 118.7 

c229 

790 i 35.8 17.1 

0 107.34 
580 107.4 0.06 

~230 0 145.27 
580 145.5 0.23 

Exhaust Plenum: The weight of all samples increased. 



Weight 
mabix sampk x daYS 

1619MGcVI cc3 
WishI (9) dmge 

0 127.47 I 
790 119.4 8.07 

c6 0 134.51 
790 103 -31.51 

1619-S c9 0 136 
790 127.6 -6.2 

Cl2 0 123.66 
790 1262 -1.38 

1620-c c27 0 156.77 
790 116.9 -39.67 

992-c c21 0 125.41 
790 110.6 -14.61 

c24 0 135.63 
7% 122.3 -13.23 

992CV Cl5 0 133.49 
790 142 6.51 

cl6 0 134.46 
790 1400.7 622 

c8rakam c217 0 127.17 
470-M 790 98.5 -27.67 

C216 0 127.16 
790 662 4e5 

w 
maim sanlpks days wm(9) change 

1619MC-W c58 0 117.83 
790 129.7 11.77 

161s-cv 1 cm 0 139.9 
790 135.2 4.3 

Cl07 0 126.66 
.133.4 4.9 

Cl05 0 1262 
790 132 

4-f-l 
6.74 

1620-c ca2 0 155.16 
790 164.2 9.w 

c63 0 161.62 
790 1712 9.26 

0 167 
I 790 163.5 6.5 

I62OMCXV( c87 0 160.36 
790 166.6 622 

ca6 0 129.24 790 136.2 6.B I 

cm 0 119.13 
790 126.3 6.17 

m2Mc-w cs3 0 122.05 
790 126.3 625 

ca4 0 124.03 
790 131.3 727 

cm 0 124.64 
790 132 7.38 

cm 0 13737 
790 144.6 723 

992cv c70 0 1m.66 
790 142.9 6.02 

onkane c224 0 126.58 
476-36 560 125.6 022 

c22.5 0 141.62 
680 1423 0.46 

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

Inlet Plenum: The weight of all samples increases. 



INLETDUCT 

Inlet Duct 

/ Barcol Hardness vs Days of Exposure 
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INLET DUCT 

1619-C Matrix 
Hardness increases by 38% over tint 375 days then decreases. 
Final hardness is less thti the initial hardness. 
Tensile strength decreases by 7% over the 450 days and then increases. 
Fin&, strength less than the initial strength. 

1619MGCV Mauix 
Hardness increases by 28% over fust 400 days then decreases. 
Fii hardness is greater than initial hardness. 
Tensile strength increases by 2% over fti 250 days then decreases. 
FiiaI suettgth less then the initial strength. 

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

992~CV Matrix 
Hardness increases at a rate of .9?4dday. 
Tensile strmgth decreases at a rate of 2Ydday. 

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

Derekam 470-36 Matrix 
Hardness increases by 2% over the fmt 225 days and then decreases. 
Fiial hardness is less than the initial hardness. 

Tensile strength decreases by 12% over the frst 300 days and then increases. 
Final strength is greater than the initial. 

MMFG F’olttaded Matrix 
Hardness decnases at a rate of 3.Wdday. 
Tensile strength decreases at a rate of 1.7Ydday. 



INLET PLENUM 

Inlet Plenum 
Barcol Hardness vs Days of Exposure 
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INLET PLENUM 

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

1619-CV Matrix 
Hardness bmeases by 32% over fti 425 days then decreases. 
Fii hardness is greater than initial hardness. 
Tensile stnmgth decrease by 3 1% over fti 450 days then increases. 
Fii stxngth less then the initial strength. 

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

1620MGCV Matrix 
Hardness increases by 15% over tirst 325 days then decreases. 
Fiial hardness is less than the initial hardness. 
Tensile strength decreases by 30% over the fti 500 days and then imreases. 
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 fmt 700 days and then increases. 
Final strength is less than the initial strength. 

992MGCV Matrix 
Hardness increases by 22% over fmt 375 days then decreases. 
Final hardness is less thao the initial hardness. 
Tensile strength decreases by 18% over fmt 525 days and then increases 
Final strength is less than the initial strength. 

Detakane 470-36 Matrix 
Hardness decreases at a rate of 2.9Ydday. 
Tensile strength decreases by 32% over the first 275 days and then increaw. 
Fiial strength is greater than the initial strength. 

MMFG Pultmded Matrix 
Hardness decreases at a rate of 2.4Y’day. 
Tensile strength increases at a rate of IYdday. 



EXHAUST PLENUM 

Exhaust Plenum 
Barcol Hardness vs Days of Exposure 
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EXHAUST PLENUM 

1619-C Matrix 
Hardness increases by 21% over fmt 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 fmt 450 days then decreases. 
Final hardness is greater than initial hardness. 
Tensile strength decrease by 25% over first 450 days then increases. 
Fiial sUengtb 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 decmses by 13% over fvst 450 days then increases. 
Final strength less than initial strength. 

162OMC-CV Matrix 
Hardness increases by 24% over fust 325 days then decreases. 
Final hardness is less than the initial hardms. 
Tensile strength decreases at a rate of 2%/day. 

162~CV Matrix 
Hardness increases by 9% over fti 325 days then decreases. 
Final hardness is less then the initial hardness. 
Tensile strength decreases by 7% over fmt 525 days and then iocreases. 
Final strength is less than initial. 

992~CV Matrix 
Hardness increases by 14% over fmt 325 days then decreases. 
Fiial hardness is less than the initial hardness. 
Tensile strength decreases by 2 1% over fti 475 days and then increases. 
Final strength is less tbao the initial strength. 

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

Da-&me 470-36 Matrix 
Hardness decreases at a rate of 3.4Ydday. 
Tensile strength increases at a rate of 2.5Ydday. 

MMFG Pultraded Matrix 
Hardness decreases at a rate of 2.4Ydday. 
Tensile strength increases at a rate of ZYdday. 
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MC-%?-1932 lG46 Fiml To 5367 P.01 

1 

2 

3 

4 

5 

6 

7 

8 

9 

,lO 

SAMPLE RACK 

All samples are l/8’ except #HO (AL6X) 
AL6X is s\iQhtly \ess than l/8’ 
Teflon crevice washer between each sample 

YATES SCRUBBER 
CORROSION SAMPLES 

METAL SAMPLES COMPANY 





DEC-02~1932 m47 FFxrl To 

Dater (#3/26/92 
w3ta1 sanp,las co., Inc. 

Phorior (205) 358-4202 
Xnitial Weight Log 

Customer I SOUTHERN CU.BERVICE 
Purchase Order : V!ZtTB&L 

matrs*ii\1 : sm. 
Serial Ma. Ueight(q 1 

BOO01 16.2474 

Material I 317L 
Serial No. Wliqht(q) 

01 16.2249 

material I A441 
Wrirl M. UmQht(q) 

01 18.0140 

material 1 A51660 
Serial No. Wwight(ca) 

0% 17.0638 

Material P AL6X 
Serial Ma. Wiqht(q) 

01 9.4109 

Platcrial 8 AL6XXN 
Serial Na. Wlqht(g) 

01 17.1742 

Pbtarial : C22 
8erial No. Weiqht(q) 

01 19.0074 

l'latw-irl I C276 
Serial No. Woiqhtcq) 

A0036 18.8909 

Len.(in.) 

Len.(in.) 

,_ ,__- .-,-. .- 
Len.(in.> 

Lon.tin.1 

Len.(.in.) 

Lrn.(lrl.) 

Len. (in.) 

Lon.(in.) 

Wid. (in.) 

Wid.(in.) 

5367 P.a3 

shM?tn 1 

Shop Order e 924007 

ThickCin.) 

Thicktin.) 

,_-. ._-. -. 
Wid.Cin.1 

Wid. (in.) 

Widi(in.1 

Wid. (in.) 

Wid.(in.) 

Wid.(in.) 

Thickt in. ) 

Thick{ Xn. 1 

thick( in. ) 

ThickCin. 1 

1hickCin.J 

Thickf in. ) 

Hole(in.) 

Halr(in.) 

._. . . 
Hole(in.) 

Hblr<in.) 

Hole(in.) 

Holetin.) 

Hole(in. 1 

Hole(in.) 



DEc-02-1932 15:4Q mul Ta 

Dater 08/26/92 
metal snnp1ea CO., Inc. 

Phonoe (205) 338-4202 
Initial Weight Lop 

5367 P.84 

Sheetm 2 

Customer t SOUTHERN CO.SERVICE 
Purchase Order 2 UERBAL 

Shop Order D 924007 

fltitcrial I F2SS 
fkrial UP. Weight(g) Lcn.Cin.) Wid.(%n.) thick( in. ) Hole(in.) 

01 16.4339 

llaterial : TX-3 
Serial Ido. We*qhtIq) Lan.(in.) Wid.(in.) Thicktin. 1 Hole(in.1 

01 10.2437 

: ._ _ -- ,_ __. ^.__ . ..---- --._--- -- 

-. . .--._ .-. . .._._.,s .-e.. - __- . . . . ._- 




