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DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United
States Government.  Neither the United States Government nor any agency thereof, nor
any of their employees, nor Southern Company Services, Inc., nor any of its employees,
nor any of its subcontractors, makes any warranty, expressed or implied, or assumes any
legal liability or responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights.  Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof.  The views and opinions of authors
expressed herein do not necessarily state or reflect those of the United States Government
or any agency thereof.

Available to the public from the National Technical Information Service, U.S. Department
of Commerce, 5285 Port Royal Road, Springfield, VA 22161.  Phone orders accepted at
(703) 487-4650.
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-�*�7 �������	
���3����	�(-3�-344�,����,-3*5344 ��������������������������� -�*(� 
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-�5�1 �������
��� ������������������������������������������������������������������������������������������������-�5(�-
-�5�7 ��	���/��> �����������������������������������������������������������������������������������������������-�5(�0
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� ��������������������������������������������������*�*(-
*�*(* $�2���@�
+���	
�	,�9������(��(����	 ����������������������������������������������������������������*�*(0

-�*(� �� 1&���	�	
�	
��<�3�*3�444�,����,�3**3�444=����������������������������������������-�*(�4
-�*(* �� 1$�2������	�<�3�*3�444�,����,�3**3�444=����������������������������������������-�*(* 
-�*(- �� 1&���	�	
�	
��<�3-�3�444�,����,*3*03�444=����������������������������������������-�*(*�
-�*(0 �� 1$�2������	�<�3-�3�444�,����,*3*03�444=����������������������������������������-�*(**
-�*(1 �� 1&���	�	
�	
��<-3-3�444�,����,-363�444= ��������������������������������������������-�*(*-
-�*(7 �� 1$�2������	�<-3-3�444�,����,-363�444=��������������������������������������������-�*(*0
-�*(5 �� 1&���	�	
�	
��<-3�-3�444�,����,-3*53�444=����������������������������������������-�*(*1
-�*(6 �� 1$�2������	�<-3�-3�444�,����,-3*53�444=����������������������������������������-�*(*7
-�*(4 �� 1&���	�	
�	
��<03�*3�444�,����,13*3�444=������������������������������������������-�*(*5
-�*(� �� 1$�2������	�<03�*3�444�,����,13*3�444=������������������������������������������-�*(*6
-�*(�� �+���	
������	���������������+���+��
��� ������������������������������������������������-�*(*4
-�*(�* �������	�������������+ ������������������������������������������������������������������������������������������-�*(- 

-�0(� ������)������	���	
����	�����
���$����������
���� 1 ������������������������-�0(�6
-�0(* ��	��	���	
����	�����
������������	
�����
�
���
��$�������

���
���� 1����������������������������������������������������������������������������������������������������������������-�0(* 
-�0(- ������)��;�	(:���
�	����������������
��$�2��

���	
������� 1 ��������������������������������������������������������������������������������������������������������-�0(**
-�0(0 &����	����,��
���%���)�������������������	���� 1

���
	����+�� ��������������������������������������������������������������������������������������������������������������-�0(*-
-�0(1 &����	����,��
���%���)�������������������	���� 1

���	��>����+���������������������������������������������������������������������������������������������������������� -�0(*0
-�0(7 �,)�
������+��	
���������	���� 1���
	����+��� ������������������������������������������-�0(*1
-�0(5 �,)�
������+��	
���������	���� 1���	��>����+��� �������������������������������������-�0(*7
-�0(6 $���������	���%�
�:����<���?���?;��?;�=���
���� 1���������������������-�0(*5

-�5(� �,��
������+��
	
������$����&�	
����%�,9�
��
�����+��������������������-�5(�5

0��(� �� 1�+���	
������
	
�������������������������������������������������������������������������������������������0��(1
0��(* ��������%���)����������������������������������������������������������������������������������������������������������0��(7
0��(- ������	%���)��������������������������������������������������������������������������������������������������������������0��(7

0�*(� $�	��
��9���������
���
��� 1 ������������������������������������������������������������������������������0�*(*
0�*(* 9��>$�	��
��9�������
��� 1����������������������������������������������������������������������������������0�*(*
0�*(- ���������+����	$�	��
��9�������
��� 1 ������������������������������������������������������0�*(-
0�*(0 ���������+����	$�	��
��9�������
��� 1���������������������������������������������������������0�*(-
0�*(1 �A)������+����	$�	��
��9�������
��� 1������������������������������������������������������0�*(0
0�*(7 �
	��������+����	$�	��
��9�������
��� 1 ���������������������������������������������������0�*(0
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0�-(* �����������	����&����	� ���������������������������������������������������������������������������������0�-(�5
0�-(- ;����
��
���������������������������������������������������������������������������������������������������������������0�-(�6

0�0(� %����������
	
�������� 1��;��������	�%���)�
���������������������������������0�0(7

0�1(� %���)�
������,�������������������������������������������������������������������������������������������������������0�1(-

Harriet Ann DeVore
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*�0(� �+���	
��;����������)��������+��	&���	�����
�$�2��
���	���+�
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TC05 REPORT INTRODUCTION
PSDF – TRANSPORT REACTOR TRAIN TRANSPORT REACTOR SYSTEM DESCRIPTION

2.2-7

Figure 2.2-1   Flow Diagram of the Transport Reactor Train in Combustion Mode of Operation
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INTRODUCTION TC05 REPORT
SIEMENS WESTINGHOUSE PCD PSDF – TRANSPORT REACTOR TRAIN

2.3-2

Figure 2.3-1   Siemens Westinghouse PCD
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TC05 REPORT PARTICLE FILTER SYSTEM
PSDF – TRANSPORT REACTOR TRAIN PCD OPERATION DURING TEST RUN TC05

3.2-5

during operation.  Upon inspection, one 3M oxide filter element with a pinhole through the
filter mat was found.

3.2.2  Test Objective

The primary test objective for TC05 was to operate the PCD with high reliability.  To meet
this objective, the filter elements chosen for the run were primarily composites.  The reason
for this selection was that composite filters had performed essentially trouble-free during
1998.  All of the filter elements installed in 1999 were new, and almost from the beginning of
the test problems with the composite filters were detected.  The PCD was opened four times
during the run (including the last outage in May) and materials problems were found with
composite filters in three of the four outages as described above.

A second objective was to operate the PCD at high (8 ft/min or higher) face velocities and
assess performance.  Operating at high-face velocities is important to the economics of these
filter systems.  The number of filter elements sets the face velocity in the system – the higher
the face velocity, the fewer the number of filter elements.  The number of filter elements in
the PCD determines the size of the filter vessel.  The pressure vessel is approximately 80
percent of the total PCD capital cost, so determining the maximum face velocity is important.

Operation of the PCD at high-face velocities produced higher differential pressures than
experienced during previous runs.  There was concern expressed by SWPC and PSDF staff
that these pressure drops were higher than expected, but as discussed in section 3.2.8.1
pressure drops were predictable.  The larger problem was the leakage through the failed
McDermott filter and the failsafe flanges.

Another test objective was to operate the PCD with a variety of fuel/sorbent combinations
and determine the impact to PCD performance.  Instead of cleaning the filter elements
between different fuel/sorbent combinations, it was decided to switch the fuel and sorbent
“on-line” to see if the pressure drop changed.  Typically, there was very little change in the
baseline pressure drop, indicating that the drag of the residual cake remained fairly constant
during operation.  However, changes in the transient pressure drop were observed with
changing particulate loading and with different ashes.

3.2.3  Observations/Events – 1/12/99 Through 1/23/99

A. Main Air Compressor (MAC) Started – 1/12/99 at 15:00.  After the initial start,
the (MAC) was stopped and restarted on 1/13/99 at 17:00.

B. PCD Pulse System Started – 1/13/99 at 15:00.

C. Start-up Burner Lit – 1/13/99 at 19:15.  Like the MAC, the start-up burner was
lit, stopped, and then restarted on 1/13/99 at 19:15.
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∆PPCD = ∆Pvessel + ∆Pfailsafe + ∆Pelement + ∆Presidual + ∆Ptransient 

∆Pvessel = Kvessel ρv2 

∆Pfailsafe = Kfailsafe ρv2 
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cake thickness growth is linearly proportional to gas flow and therefore, by Darcy’s
Law, the transient-pressure drop is proportional to the face velocity squared.

• The maximum allowable face velocity depends on the properties of the filter cake.
Figure 3.4-3 shows that the transient cake drag depends not only on the cake porosity
but also on the fuel and sorbent used in the combustor.  The maximum allowable
pressure drop is determined by the construction of the PCD.  Therefore, if the fuel
and sorbent being burned in the combustor produces a dustcake with low drag the
filter system can be operated at higher face velocities before exceeding the maximum
allowable pressure drop.

As an example, if the maximum allowable pressure drop for the PCD was 250 inWG
the maximum allowable face velocity for the Calumet/Bucyrus ash would be 7.8
ft/min if the parameters in Table 3.2-12, particulate loading and pulse interval, were
held constant.  However, if the fuel being burned in the transport reactor was Powder
River Basin coal with no sorbent and the residual cake properties and particulate
loading were held constant the maximum face velocity in the PCD would be 9.5
ft/min.  This has very important commercial implications since the maximum face
velocity determines the size of the PCD and therefore the capital cost.

3.2.8.2 Ash Bridging

As mentioned in section 3.2.1 it was initially assumed that the high concentration of
vanadium in the petroleum coke ash contributed to the ash bridging.  However, as the ash
nodules were removed from the PCD and analyzed it became apparent that the cause of the
ash bridging was not due to vanadium but sulfidation of the dust cake in the PCD.  As
described in section 3.4.2 the SOx in the gas entering the PCD reacted with the dolomite to
produce a binary sulfate – Mg3Ca(SO4)4.  At the operating temperature of the PCD it is
believed that the binary sulfate formed a low-melting eutectic with CaSO4 that caused the
bridging in the PCD.  A preliminary report on the analysis of the bridged filter deposits is
included in section 3.7.

3.2.8.3 Particulate Leakage

In the first two months of TC05 particulate leakage through the PCD was a continual
problem.  In general, the leak path was around the outside of the failsafe flange.  The
failsafe/tubesheet gasket is the primary dirty side seal for the PCD.  Throughout the test
program at the PSDF, getting a reliable seal on this gasket has been difficult.  The sealing
mechanism used is dependent upon all of the components (filter element flange, gaskets,
failsafe, spacer nuts, etc.) being within a tight dimensional tolerance.  Leakage through the
tubesheet/failsafe gasket at the PSDF has been present under any of the following
conditions:

• Filter element flange out of specification – Primarily a problem with the 3M oxide
filter elements.
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TOP PLENUM

(VIEWED FROM TOP)

(VIEWED FROM TOP)

BOTTOM PLENUM

T1T18 T2

T17 T35 T36 T19 T20 T3

T16 T34 T21 T4

T15 T33 T22 T5

T23T32

T14 T31 T24 T6

T7T25T30T13

T12 T29 T28 T27 T26 T8

T9T10T11

B1B18 B2

B3B20B19B36B35B17

B16 B34 B47 B48 B37 B21 B4

B5B22B38B49B54B46B33B15

B32 B45 B53 B55 B50 B39 B23

B6B24B40B51B52B44B31B14

B13 B30 B43 B42 B41 B25 B7

B8B26B27B28B29B12

B11 B10 B9

~2/5 L

~1/5 L

~1/5 L

~1/5 L

(1/2 ~ 2/3) L

Others: isolated pieces
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SRI Run No.
Date

Sampled
Coal Type Sorbent Type

Gas
Cooler

in
Service

Wt %
Al2O3

Wt %
CaO

Wt %
Fe2O3

Wt %
MgO

Wt %
P2O5

Wt %
K2O

 Wt %
SiO2

Wt %
Na2O

Wt %
SO3

Wt %
TiO2

Wt %
V2O5

Sum of
Oxides,
Wt %

TC05IMT-2 01/19/99 Alabama Ohio L.S. No 20.10 10.45 4.59 3.05 0.27 2.25 42.66 0.15 9.25 0.88 0.04 93.69

TC05IMT-6 02/04/99 Alabama Alabama L.S. No 11.03 11.77 4.52 2.29 0.25 1.19 47.39 0.67 14.75 0.62 0.04 94.52

TC05IMT-9 02/11/99 Illinois Ohio L.S. No 7.44 23.17 6.42 5.77 0.02 1.05 20.02 0.31 20.00 0.33 0.02 84.55

TC05IMT-12 02/18/99 Illinois Alabama L.S. No 8.86 20.37 6.39 3.53 0.14 0.99 26.66 0.97 24.70 0.38 0.04 93.03

TC05IMT-14 03/05/99 Pet Coke P.R. Dolomite No 4.89 23.90 2.06 15.84 0.02 0.75 11.25 0.22 39.25 0.10 0.79 99.07

TC05IMT-14
1 03/05/99 Pet Coke P.R. Dolomite No 2.13 24.27 1.38 15.73 0.03 0.67 14.36 0.15 37.00 0.09 0.64 96.45

TC05IMT-16
1 03/16/99 Pet Coke P.R. Dolomite Yes 0.99 32.24 0.92 20.22 0.05 0.28 5.76 0.10 36.50 0.05 0.59 97.70

TC05IMT-20 03/26/99 Pet Coke Ohio L.S. Yes 2.49 37.09 0.80 9.14 0.02 0.01 6.74 0.01 42.33 0.10 0.80 99.53

TC05IMT-23 04/15/99 Alabama Ohio L.S. Yes2 17.50 11.70 4.20 3.10 0.30 2.40 39.70 0.10 8.60 0.80 N.M. 88.40

TC05IMT-27 04/21/99 PRB Ohio L.S. Yes2 15.19 22.32 5.42 5.01 0.53 0.64 31.64 0.59 11.50 1.07 N.M. 93.91

TC05IMT-28 04/22/99 PRB None Yes2 17.01 23.27 5.15 4.33 1.26 0.47 24.50 1.74 23.60 1.38 N.M. 102.71

SRI Run No.
Date

Sampled
Coal Type Sorbent Type

Gas
Cooler

in
Service

S/Ca
Molar
Ratio

Wt %
CaSO4

Wt %
Mg3Ca(SO4)4

Wt %
CaCO3

Wt %
MgO

TC05IMT-2 01/19/99 Alabama Ohio L.S. No 0.62 15.73 0.00 7.10 3.05

TC05IMT-6 02/04/99 Alabama Alabama L.S. No 0.88 25.08 0.00 2.58 2.29

TC05IMT-9 02/11/99 Illinois Ohio L.S. No 0.60 34.00 0.00 16.38 5.77

TC05IMT-12 02/18/99 Illinois Alabama L.S. No 0.85 41.99 0.00 5.50 3.53

TC05IMT-14 03/05/99 Pet Coke P.R. Dolomite No 1.15 55.15 10.58 0.00 13.27

TC05IMT-14
1 03/05/99 Pet Coke P.R. Dolomite No 1.07 57.62 4.82 0.00 14.56

TC05IMT-16
1 03/16/99 Pet Coke P.R. Dolomite Yes 0.79 62.05 0.00 11.95 20.22

TC05IMT-20 03/26/99 Pet Coke Ohio L.S. Yes 0.80 71.96 0.00 13.32 9.14

TC05IMT-23 04/15/99 Alabama Ohio L.S. No 0.51 14.62 0.00 10.14 3.10

TC05IMT-27 04/21/99 PRB Ohio L.S. No 0.36 19.55 0.00 25.48 5.01

TC05IMT-28 04/22/99 PRB None No 0.71 40.12 0.00 12.05 4.33

1.  Analysis done in SRI’s Birmingham Laboratories.     2.  Gas cooler partially bypassed.

Wt % CaSO 4  =  136 * (4 * X / 56  -  Y / 80)/3If S/Ca > 1:

Wt % Mg3Ca(SO4)4  =  0

From solution of component mass balance equations for Ca, Mg, and S:

Let X, Y, Z  =  Wt % CaO, SO 3, MgO from chemical analysis as oxides

Wt % MgO  =  Z

Wt % MgO  = 40.3 * (Z / 40.3  -  Y / 80  +  X / 56)

Wt % CaCO 3  =  0

Wt % Mg3Ca(SO4)4  =  497 * (Y / 80  -  X / 56) / 3

Calculated Parameters

Wt % CaCO 3  =  100 * (X / 56  -  Wt % CaSO 4 / 136)

Procedure for Calculating Chemical Composition

Wt % CaSO 4  =  136 * Y / 80If S/Ca < 1:
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Type of 
Shutdown and 

Dustcake Sample

Sample Location  
(Element No./ Location on 

Element)

Date 
Sampled

Wt % 
Al2O3

Wt % 
CaO

Wt %        
Fe2O3

Wt % 
MgO

Wt % 
P2O5

Wt %    
K2O

 Wt % 
SiO2

Wt % 
Na2O

Wt %    
SO3

Wt % 
TiO2

Wt % 
V2O5

Sum of 
Oxides, 
Wt %

Dirty/Residual T-12/Inner Surface 01/26/99 20.14 9.51 4.89 2.14 0.34 2.06 42.63 0.19 10.29 1.07 N.M. 93.26

Dirty/Transient T-12/Inner Surface 01/26/99 21.69 12.22 5.42 2.42 0.37 2.06 44.79 0.22 8.24 1.10 N.M. 98.53

Dirty/Transient T-12/Outer Surface 01/26/99 22.88 9.30 5.52 2.21 0.37 2.02 46.40 0.19 9.51 1.10 N.M. 99.50

Dirty/Residual T-12/Windward Surface 01/26/99 20.50 10.83 5.13 2.25 0.37 1.99 43.08 0.16 10.14 1.07 N.M. 95.52

Dirty/Transient T-12/Windward Surface 01/26/99 22.43 9.44 3.79 1.51 0.57 2.42 50.59 0.18 8.91 0.87 N.M. 100.71

Dirty/Transient T-12/Leeward Surface 01/26/99 21.39 12.16 5.39 2.37 0.37 2.02 43.57 0.19 7.39 1.08 N.M. 95.93

Ash Bridging Upper Tier/Bridged Mass 03/10/99 2.61 20.88 1.74 13.24 0.03 0.49 8.26 0.20 46.80 0.12 0.66 95.03

Normal/Residual T-12/Entire Surface 05/07/99 11.34 30.05 4.12 1.04 0.02 1.45 24.52 0.19 26.08 0.60 0.04 99.45

Type of 
Shutdown and 

Dustcake Sample

Sample Location  
(Element No./ Location on 

Element)

Date 
Sampled

S/Ca 
Molar 
Ratio

Wt % 
CaSO4

Wt % 
Mg3Ca(SO4)4

Wt % 
CaCO3

Wt % 
MgO

Dirty/Residual T-12/Inner Surface 01/26/99 0.76 17.49 0.00 4.12 2.14

Dirty/Transient T-12/Inner Surface 01/26/99 0.47 14.01 0.00 11.52 2.42

Dirty/Transient T-12/Outer Surface 01/26/99 0.72 16.17 0.00 4.72 2.21

Dirty/Residual T-12/Windward Surface 01/26/99 0.66 17.24 0.00 6.66 2.25

Dirty/Transient T-12/Windward Surface 01/26/99 0.66 15.15 0.00 5.72 1.51

Dirty/Transient T-12/Leeward Surface 01/26/99 0.43 12.56 0.00 12.48 2.37

Ash Bridging Upper Tier/Bridged Mass 03/10/99 1.57 41.09 35.15 0.00 4.69

Normal/Residual T-12/Entire Surface 05/07/99 0.61 44.34 0.00 21.06 1.04

Wt % CaCO3  =  0

Wt % MgO  = 40.3 * (Z / 40.3  -  Y / 80  +  X / 56)

If S/Ca < 1: 

Wt % Mg3Ca(SO4)4  =  0

  

If S/Ca > 1:

Calculated Parameters

Calculation Procedures (Refer to Table 1 for Definitions of X, Y, and Z)

Wt % CaSO4  =  136 * Y / 80

Wt % CaCO3  =  100 * (X / 56  -  Wt % CaSO4 / 136)

Wt % MgO  =  Z

Wt % CaSO4  =  136 * (4 * X / 56  -  Y / 80)/3

Wt % Mg3Ca(SO4)4  =  497 * (Y / 80  -  X / 56) / 3
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SRI Run No.
Date

Sampled

Chem Lab

ID No.
Coal Type Sorbent Type

Gas

Cooler

in

Service

Bulk

Density,

g/cm
3

True

Density,

g/cm
3

Uncom-

pacted

Bulk

Porosity,

%

BET

Specific

Surface

Area,

m
2
/g

Mass

Median

Diameter,

µm

Drag-

Equivalent

Diameter,

µm

Lab-

Measured

Drag,

in.H 2O/

(ft/min.)/

(lb/ft
2
)

Viscosity-

Corrected

Lab Drag,

in.H 2O/

(ft/min.)/

(lb/ft
2
)

PCD

Transient

Drag,

in.H 2O/

(ft/min.)/

(lb/ft
2
)

TC05IMT-2 01/19/99 AB05406 Alabama Ohio L.S. No 0.53 2.50 78.8 1.96 19.9 2.7 4.7 10.8 22.2

TC05IMT-6 02/04/99 AB04692 Alabama Alabama L.S. No 0.85 2.69 68.4 0.80 20.7 5.2 4.7 10.8 3.0

TC05IMT-9 02/11/99 AB05407 Illinois Ohio L.S. No 0.68 2.86 76.2 2.56 21.6 3.7 3.3 7.6 5.3

TC05IMT-12 02/18/99 AB04789 Illinois Alabama L.S. No 0.57 2.86 80.1 1.78 17.6 3.0 2.6 6.0 3.6

TC05IMT-14 03/05/99 AB04851 Pet Coke P.R. Dolomite No 0.82 2.88 71.5 0.67 37.0 9.9 0.8 1.8 0.1

TC05IMT-16 03/16/99 AB05408 Pet Coke P.R. Dolomite Yes 0.87 3.05 71.5 1.01 27.5 6.1 2.0 3.4 1.5

TC05IMT-20 03/26/99 AB05409 Pet Coke Ohio L.S. Yes 0.88 2.91 69.8 0.69 28.4 8.2 1.4 2.4 0.7

TC05IMT-23 04/15/99 AB05260 Alabama Ohio L.S. Yes1
0.53 2.55 79.2 1.78 19.8 2.8 4.0 8.6 19.8

TC05IMT-27 04/21/99 AB05410 PRB Ohio L.S. Yes1

0.64 2.78 77.0 1.02 21.8 4.2 2.3 4.9 4.2

TC05IMT-28 04/22/99 AB05411 PRB None
Yes1

0.72 2.78 74.1 0.46 24.2 5.2 2.2 4.7 4.1
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Type of Shutdown 
and Dustcake 

Sample

Sample Location  
(Element No./ Location on 

Element

Date 
Sampled

Chem Lab 
ID No.

Bulk 
Density, 

g/cm3

True 
Density, 

g/cm3

Uncom- 
pacted 
Bulk 

Porosity, 
%

BET 
Specific 
Surface 

Area, m
2
/g

Mass 
Median 

Diameter, 

µm

Drag-
Equivalent 
Diameter, 

µm

Lab Drag* 
@FCP 

(Residual) 
or UBP 

(Transient)

PCD Face 
Velocity 
Prior to 

Shutdown, 
ft/min.

Residual 
PCD Drag 
(Res) or 
Transient 
PCD Drag 
(Transient)

Dirty/Residual T-12/Inner Surface 01/26/99 AB04366 0.51 2.68 81.0 2.00 11.4 1.9 30.0 7.8 30.2

Dirty/Transient T-12/Inner Surface 01/26/99 AB04367 0.47 2.72 82.7 2.51 11.8 1.7 5.8 7.8 7.1

Dirty/Transient T-12/Outer Surface 01/26/99 AB04369 0.47 2.57 81.7 2.75 11.0 1.9 5.5 7.8 7.1

Dirty/Residual T-12/Windward Surface 01/26/99 AB04370 0.55 2.63 79.1 1.35 18.2 2.6 29.0 7.8 26.3

Dirty/Transient T-12/Windward Surface 01/26/99 AB04371 0.56 2.63 78.7 3.06 15.8 2.1 7.2 7.8 7.1

Dirty/Transient T-12/Leeward Surface 01/26/99 AB04373 0.53 2.63 79.8 3.40 11.1 1.8 8.7 7.8 7.1

Ash Bridging Upper Tier/Bridged Mass 03/10/99 AB04909 0.54 2.60 79.2 1.59 24.4 8.7 8.8 6.0 0.03

Normal/Residual T-12/Entire Surface 05/07/99 AB05413 0.55 2.80 80.4 3.91 6.7 1.8 37.7 5.3 27.7

* Drag corrected to viscosity of process gas.
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Linear Regression:
log (DED)  =  1.52 log (MMD)  -  1.39
r2  =  0.85
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 Theoretical Relationship
    Based on Modified
Carman-Kozeny Equation
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Porosity, %
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PCD Transient Drag, in.H2O/(ft/min.)/(lb/ft2)
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Circles represent TC05 data
Squares represent TC03 data
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Linear Regression Equation:
Lab Drag  =  0.326 (PCD Drag)  +  2.99
r2  =  0.786

Pet Coke/Dolomite

   Illinois Coal/
Ohio Limestone

Illinois Coal/
 Alabama
Limestone
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PCD Dustcake Drag, in. H2O/(ft/min.)/(lb/ft2)
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  Residual Dustcake Sample
from 5/7/99 (Possibly Damaged
        By Rainwater)
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Bed Flow, scfm
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Linear Regression (r2 = 0.989)
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True Mass Concentration, ppmw
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T1T18 T2
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T9T10T11

1/2 to 2/3*

Top Plenum

B1B18 B2
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B13 B30 B43 B42 B41 B25 B7

B8B26B27B28B29B12

B11 B10 B9

~2/5*

~1/5*
~1/5*

~1/5*

Bottom Plenum
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Dashed vertical lines
indicate peak positions for
binary sulfate Mg3Ca(SO4)4

Angle of X-Ray Detector, °2θ
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 Ca/Mg = 9.6

Ca/Mg = 0.4

Ca/Mg = 3.8
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4.4-8

Figure 4.4-1   Transport Reactor Train Gas Sample Locations

Secondary
Air

Primary
Air

Coal
feed

Air
Air

Air

Air

Air
Upper Level

Lower Level

Startup
burner

HX0203 J-Leg

Reactor J-Leg
Combustor

Heat
Exchanger

Cyc
lon

e D
ipl

eg
PCD’s

Cyclone

R
is

er
M

ix
in

g 
Zo

ne

St
an

dp
ip

e

Ash
Removal

Ash
Removal

Stack

Recycle
Gas

Air

Disengager

Sample
point #1

Sample
point #2

Primary
Gas

Cooler Secondary Gas Cooler



TC05 REPORT TRANSPORT REACTOR
PSDF – TRANSPORT REACTOR TRAIN TC05 NOX AND N2O ANALYSIS

4.4-9

Figure 4.4-2   Effect of Staging Air on NOX Figure 4.4-3   Effect of Staging Air on NOX

Emissions With Alabama Coal and Longview Emissions With Illinois Coal and Bucyrus
Limestone Limestone

Figure 4.4-4   Effect of Staging Air on NOX Figure 4.4-5    Effect of Staging Air on NOX

Emissions With PRB and Bucyrus Limestone Emissions With Pet Coke and Plum Run Dolomite
and Bucyrus Limestone
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Figure 4.4-6   Effect of Excess Oxygen on NOX Figure 4.4-7  Effect of Excess Oxygen on NOX

Emissions With Alabama Coal and Bucyrus and Emissions With Illinois Coal and Bucyrus and
Longview Limestone Longview Limestone and Plum Run Dolomite

Figure 4.4-8   Effect of Excess Oxygen on NOX Figure 4.4-9   Effect of Excess Oxygen on NOX

Emissions With Kentucky Coal and Gregg Mine Emissions With PRB Coal and Bucyrus and
Limestone Gregg Mine Limestone
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Figure 4.4-10   Effect of Excess Oxygen on Figure 4.4-11   Effect of Reactor Temperature
NOX Emissions With Pet Coke and Plum Run Dolomite on NOX Emissions With Alabama Coal and
and Bucyrus Limestone Bucyrus and Longview Limestone

Figure 4.4-12   Effect of Reactor Temperature on Figure 4.4-13   Effect of Reactor Temperature
NOx Emissions With Illinois Coal and Bucyrus and on NOx Emissions With KY Coal and Gregg
Longview Limestone and Plum Run Dolomite Mine Limestone
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Figure 4.4-14   Effect of Reactor Temperature on Figure 4.4-15   Effect of Reactor Temperature
NOx Emissions With PRB Coal and Bucyrus and Gregg on NOx Emissions With Pet Coke and Plum Run
Mine Limestone Dolomite and Bucyrus Limestone

Figure 4.4-16   Effect of Sorbent Feedrate on NOx Figure 4.4-17   Effect of Sorbent Feedrate on
Emissions With Alabama Coal and Bucyrus and NOx Emissions With Illinois Coal and Bucyrus
Longview Limestone and Longview Limestone and Plum Run
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Figure 4.4-18   Effect of Sorbent Feedrate on NOx Figure 4.4-19   Effect of Sorbent Feedrate on
Emissions With Kentucky Coal and Gregg Mine NOx Emissions With PRB Coal and Bucyrus and
Limestone Gregg Mine Limestone

Figure 4.4-20   Effect of Sorbent Feedrate on NOx Emissions
With Pet Coke and Plum Run Dolomite and Bucyrus Limestone
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Figure 4.4-21   Effect of Sorbent Feedrate on NOx Emissions With Alabama Coal and Longview Limestone

Figure 4.4-22   Effect of Reactor Pressure on NOx Emissions With Pet Coke and Plum Run Dolomite

2/3/99

10

20

30

40

50

60

70

80

90

0

100

0 -2

8

5:30 6:00 6:30

10

7:005:00

N
O

x 
 (p

pm
)

Oxygen concentration

NOx (ppm)

Sorbent feeder speed

So
rb

en
t f

ee
de

r s
pe

ed
 (r

pm
)

O
xy

ge
n 

co
nc

en
tra

tio
n 

(%
)

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

100 150 200 250
Reactor Pressure (psig)

N
O

x 
(lb

/m
m

Bt
u)

Data set F4 - Pet Coke/Plum Run



TC05 REPORT TRANSPORT REACTOR
PSDF – TRANSPORT REACTOR TRAIN TC05 NOX AND N2O ANALYSIS

4.4-15

Figure 4.4-23   Effect of Fuel Feed Particle Size on NOx Emissions With Pet Coke and Bucyrus Limestone

Figure 4.4-24   Range of NOx Emissions With Different Feed Combinations (Data Set L1)
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Figure 4.4-28   Effect of Staging Air on N2O Figure 4.4-29   Effect of Excess Oxygen on N2O
Emissions With Pet Coke and Bucyrus Limestone Emissions With Alabama Coal and Bucyrus and
and Plum Run Dolomite Longview Limestone

Figure 4.4-30   Effect of Excess Oxygen on N2O Figure 4.4-31   Effect of Excess Oxygen on N2O
Emissions With Illinois Coal and Bucyrus and Emissions With Kentucky Coal and Gregg Mine
Longview Limestone and Plum Run Dolomite Limestone
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Figure 4.4-32   Effect of Excess Oxygen on N2O Figure 4.4-33   Effect of Excess Oxygen on N2O
Emissions With PRB Coal and Bucyrus and Emissions With Pet Coke and Plum Run
Gregg Mine Limestone Dolomite and Bucyrus Limestone

Figure 4.4-34   Effect of Reactor Temperature Figure 4.4-35   Effect of Reactor Temperature
on N2O Emissions With Alabama Coal and on N2O Emissions With Illinois Coal and Bucyrus
Bucyrus and Longview Limestone and Longview Limestone and Plum Run
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Figure 4.4-36   Effect of Reactor Temperature on Figure 4.4-37   Effect of Reactor Temperature
N2O Emissions With Kentucky Coal and Gregg on N2O Emissions With PRB Coal and Bucyrus and
Mine Limestone Gregg Mine Limestone

Figure 4.4-38   Effect of Reactor Temperature on Figure 4.4-39   Effect of Sorbent Feedrate
N2O Emissions With PRB Coal and Bucyrus  and Gregg on N2O Emissions With Alabama Coal and
Mine Limestone Longview and Bucyrus Limestone
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Figure 4.4-40   Effect of Sorbent Feedrate on N2O Figure 4.4-41   Effect of Sorbent Feedrate on
Emissions With Illinois Coal and Bucyrus and N2O Emissions With Kentucky Coal and
Longview Limestone and Plum Run Dolomite Gregg Mine Limestone

Figure 4.4-42  Effect of Sorbent Feedrate on N2O Figure 4.4-43 Effect of Sorbent Feedrate on
Emissions With PRB Coal and Bucyrus and N2O Emissions With Pet Coke and Bucyrus
Gregg Mine Limestone Limestone and Plum Run Dolomite

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

0.20

0.0 0.5 1.0 1.5 2.0 2.5
Ca/S molar ratio

N
2O

  (
lb

/m
m

B
tu

)

Data set C20 - IL/Bucyrus (1530 deg F)
Data set D20 - IL/Longview (1520 deg F)
Data set E20 - IL/Plum Run (1530 deg F)

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.0 1.0 2.0 3.0 4.0 5.0
Ca/S molar ratio

N
2O

  (
lb

/m
m

B
tu

)

Data set K20 - KY/Gregg Mine (1520 deg F)

0.00
0.02
0.04
0.06
0.08
0.10
0.12
0.14
0.16
0.18
0.20

0.0 5.0 10.0 15.0 20.0
Ca/S molar ratio

N
2O

  (
lb

/m
m

B
tu

)

Data set I20 - PRB/Bucyrus (1600 deg F)
Data set J20 - PRB/Gregg Mine (1600 deg F)

0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.10

0.0 0.5 1.0 1.5 2.0
Ca/S molar ratio

N
2O

 (l
b/

m
m

B
tu

)

Data set F20 - Pet Coke/Plum Run (1500 deg F)
Data set G20 - Pet Coke/Bucyrus (1530 deg F)



TC05 REPORT TRANSPORT REACTOR
PSDF – TRANSPORT REACTOR TRAIN TC05 NOX AND N2O ANALYSIS

4.4-21

Figure 4.4-44  Effect of Sorbent Feedrate on N2O Emissions With Alabama Coal and Longview Limestone

Figure 4.4-45  Effect of Reactor Pressure on N2O Emissions With Pet Coke and Plum Run Dolomite
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Figure 4.4-46  Effect of Fuel Feed Particle Size on N2O Emissions Wth Pet Coke and Bucyrus Limestone

Figure 4.4-47   Range of N2O Emissions With Different Feed Combinations (Data Set L2)
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1.0 BACKGROUND

This report summarizes test results obtained on several candle filter materials
which are candidates for use in the Southern Company Services (SCS) Power Systems
Development Facility (PSDF) in Wilsonville, Alabama.  The materials evaluated were:
.

Pall 442T, 326, 181
Schumacher TF20, T10-20
Coors P-100A-1
Industrial Filter and Pump (IF&P) Recrystallized SiC (REECERTM)
Ensto aluminum oxide

The objectives of this testing were to
− provide material characterization to develop an understanding of the physical,

mechanical, and thermal behavior of these materials.
− develop a materials property data base from which the behavior of these materials

in the hot gas cleanup environment may be predicted.
− perform testing and analysis of filter materials after operation in the PSDF to

determine the effects of the thermal and chemical environments on these
materials.

− explain candle filter failures in the PSDF.

SCS has placed instrumentation in the particulate collection device (PCD) to measure many
of the operating parameters including temperatures on the inside and outside walls of the
candle filters.  The measured mechanical and thermal properties are used to explain and
predict performance in operation based on the measured operating parameters.

Pall 442T and 326, Schumacher F40 and TF20, and Coors P-100A-1 have been
tested in the past and the results presented in several reports to the U.S. Department of
Energy (See Ref. 1-8).  Experience with Pall 442T and Schumacher F40 in pressurized
fluidized bed combustion (PFBC) at the American Electric Power Tidd Demonstration Plant,
Brilliant, Ohio and the Foster Wheeler pressurized circulating fluidized bed combustion
(PCFBC) facility in Karhula, Finland resulted in failures due to creep and degradation of the
clay binder.  In an effort to eliminate the creep failures and binder degradation, Pall and
Schumacher produced the filter elements designated Pall 326 and Schumacher TF20 with
modified binders.  Results indicate that these materials do have reduced creep rates; however,
the binders still contain glass so creep may still occur above temperatures of ~1300°F to
1,400ºF (700ºC to 760ºC).  The reduced creep rates come at the expense of room temperature
tensile strength as both Schumacher TF20 and Pall 326 had lower tensile strengths than
Schumacher F40 and Pall 442T.  The microstructure of Schumacher F40 and Pall 442T were
retained in the TF20 and 326 materials.  Their microstructures, individual SiC particles or
clusters of SiC particles connected by glass bridges, provide an “inherent toughness” which
slows propagation of microcracks.  Results obtained from these materials indicate they
potentially have a long life at temperatures up to 1400ºF(760ºC) in the absence of major
process upsets.  Testing has been conducted on Schumacher TF20 and Pall 326 and 442T
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after operation in the PSDF at temperatures near 1,400ºF (760ºC) to assess lifetime issues
and to evaluate their performance during thermal transient events.  Two additional clay-
bonded SiC materials have been tested in this program, Schumacher T10-20 and Pall 181.
Schumacher T10-20 has the same structural support wall as TF20 but with a different surface
membrane.  The binder in Pall 181 is modified from the 326 binder.

Coors P-100A-1 alumina/mullite has demonstrated operation at 1550°F (840ºC)
in the Foster Wheeler PCFBC at Karhula for over 3000 hours without failure.  The Coors
material eliminates the creep and chemical degradation of the binder observed in the clay-
bonded materials and thus allows higher temperature operation.  Experience in the SCS-
PSDF, however, has resulted in failure of many Coors candles, especially during transition
from start-up burner operation to coal.  Testing was conducted in the program to explain
these failures.  Test results showed that Coors P-100A-1 has a much lower thermal
conductivity than the clay-bonded SiC materials; therefore under the same thermal transient
conditions, more severe temperature gradients develop in the Coors material.  Further, the
microstructure of the Coors material does not provide the same inherent toughness as the
clay-bonded SiC materials so that cracks propagate more readily.

IF&P recrystallized SiC and Ensto alumina oxide are newer candidate materials
with little or no prior results available for them.  Testing was conducted on these two
materials to obtain a quick assessment of whether they can withstand the thermal
environment of the PSDF and to develop a database on virgin materials so that degradation
during operation may be monitored.  Results obtained for IF&P material showed that it has a
thermal conductivity of ~130 Btu-in./hr.-ft2-°F (18.7 W/m-K) at 1,000ºF (540ºC), which is
more than twice the conductivity of any other candidate material.  Therefore, it may perform
better than materials with similar thermal expansion and strain-to-failure during thermal
transients because temperature gradients will be less severe than in other materials.  Tests are
required to address long-term operation issues such as oxidation of the SiC particles.  Results
obtained for Ensto indicate that it has relatively high coefficient of thermal expansion (CTE)
of 4.0 x 10-6/°F (7.2 x 10-6/ºC) from 500°F to 1,500ºF (260ºC to 815ºC) and a low thermal
conductivity of ~6 Btu-in./hr.-ft2-°F (0.86 W/m-K).  Therefore, it will be quite susceptible to
thermal stress failure during transient events.

2.0 MATERIAL ISSUES/SYSTEM REQUIREMENTS

Based on operating conditions measured in the PSDF, anticipated requirements in
future systems, and in-service performance of candle filters tested to date, several critical
material issues have been identified and summarized in Table 2.0-1.  The material issues are
divided in four categories, installation and handling, pulse cleaning, process upsets, and life
which place different requirements on the candles.

The candles must have sufficient strength to withstand the mechanical loads and
“toughness” to withstand bumps, nicks, scrapes, etc. associated with handling and
installation.  While the magnitude of the mechanical loads which the candles will experience
during installation is not well-defined, an indication of a particular materials ability to handle
loads is obtained from the tensile strength.  Tensile strain-to-failure provides an indication of
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the materials ability to withstand being bumped.  There are several additional issues
associated with handling and installation which are not addressed effectively through
property measurements.  For example, the surface of the candles is likely to be scraped or
nicked by other candles or by nuts, bolts, wrenches, etc. during installation.  A candle with a
delicate membrane or other outer surface is unlikely to survive installation intact.

During pulse cleaning, the backpulse imparts a temperature difference on the
inside surface of the candle rapidly enough that the temperature distribution through the
candle wall is nearly a step function.  That is, the surface attains the temperature of the
backpulse gas while the rest of the material is still at the nominal operating temperature.
Therefore, the thermal stress level during pulse cleaning is determined by candle operating
temperature, backpulse gas temperature, and candle filter material properties, including
Young’s modulus and thermal expansion of the candle.  Thermal diffusivity has little
influence.  In systems operating with the Siemens-Westinghouse failsafe/regenerator,
temperature differences between the candle operating temperature and backpulse gas
temperature are ~100°F (56ºC) or less.  All current candidate materials have survived that
temperature difference.  Alternate failsafes that do not preheat the backpulse gas may be used
in some systems.  In this case, the temperature difference between the candle filter and
backpulse gas may be enough to cause microcracking in some candle materials.  The material
properties, tensile strain-to-failure, thermal expansion, and microstructure (do microcracks
propagate and lead to failure?) determine which materials are suitable for use in systems
where the backpulse gas is not preheated by a failsafe/regenerator.  In screening new
candidate materials, the initial screening must include testing to determine whether the
material can withstand at least the backpulse conditions.

Several different “process upsets” have been observed and others have been
theorized.  Among those observed and documented so far are coal carryover into and
combustion inside of the filter vessel, ash removal system failure, ash bridging, backside
blinding, and ash penetration.  These events may result in mechanical or thermal stresses or
in chemical attack of the candles.  The stresses resulting from any of these events are not well
understood, at least not quantitatively.

Some qualitative statements can be made as to the types of loads that some of
these scenarios will place on the candles so that evaluations may be made, based on material
properties, of which materials offer the best chance to survive various upsets.  For example,
if coal is carried over into and burned inside of the filter vessel, the temperature on the
outside surface of the candles will rise rapidly.  An increase of ~320°F (160ºC) in ~60 sec
was measured at one location in the SCS PSDF during one carryover event.  The resulting
temperature profile in the candle will depend on the thermal diffusivity of the candle.  That
is, a material which conducts heating rapidly away from the surface will see a more moderate
thermal gradient than a material which stores the heat near the surface.  Since the thermal
stress level depends on the temperature gradient, the thermal stresses generated will be set by
the temperature rise rate, Young’s modulus, thermal expansion, and thermal diffusivity of the
candle.  If ash bridging occurs, mechanical loads in the form of side loads distributed along
the candles and axial loads due to the weight of the ash will result.  Additionally, strong
temperature gradients may result due to ash bridging.  Work is ongoing to understand what
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demands are placed on candle filters by various process upset events.  As these process
upsets are understood, dialogue between candle manufacturers and system operators is
needed to determine which scenarios the elements must survive and which may be eliminated
by the operators.

Candle filters which can operate for up to ~18000 hours will ultimately be
required.  Clay-bonded  SiC particle materials have been subject to creep, chemical attack of
the glass binder, and oxidation of the SiC particles in PFBC operation, limiting the life of
these materials at temperatures above 1,400ºF (760ºC).  Previous experience in PFBC
operation and mechanical and thermal property measurements on monolithic oxides have
indicated that these materials are subject to more failures during process upsets than clay-
bonded materials.  In the absence of process upset failures, static fatigue and crack
propagation may limit the life of these materials.  The all-oxide composite materials have not
seen as much exposure in PFBC operation as clay-bonded SiC or monolithic oxide materials;
however, based on limited experience and property measurements, creep, degradation, and
ash penetration are issues which must be addressed to predict long-term survivability of these
materials.  All of the lifetime issues are strongly affected by operating temperature.  Results
at the PSDF have shown that clay-bonded SiC materials may have a long lifetime if the
operation temperature is 1,400ºF (760ºC) or less.  Some of the candles have been in operation
for at least 3000 hours without failure.  Continued service along with property testing of
these materials is in progress to try to predict their potential service life.  If the operating
temperature is to be extended up to 1,500ºF (815ºC), 1600ºF(870ºC), or higher, materials
other than the clay-bonded SiC will be necessary to obtain the required lifetime.
Development and testing of newer materials is in progress to try to achieve an acceptable
lifetime at temperatures above 1,400ºF (760ºC).

3.0 MATERIAL DESCRIPTION

All of the Pall and Schumacher filter materials discussed in this report are clay-
bonded SiC particle materials manufactured with an I.D. of ~1.575 inch (40 mm) and a wall
thickness of ~0.400 inch (10 mm).  The filters have a membrane layer of ~100Φm thickness
which provides the filtration applied to the outer surface.  The microstructure of both
Schumacher and Pall materials consists of individual SiC particles connected by clay or glass
bridges.  The materials differ in SiC particle size, clay binder chemistry, and outer membrane
composition.  Pall 326 and Schumacher TF20 have higher temperature, creep resistant
binders in comparison with Pall 442T and Schumacher F40.  Pall 181 is manufactured with a
more cyrstalline binder containing more mullite than Pall 326.  Schumacher T10-20 is the
same as Schumacher TF20 except for the outer surface membrane layer.

Coors P-100A-1 is a monolithic alumina/mullite filter material.  The Coors filters
have the same nominal dimensions as the Pall and Schumacher clay-bonded SiC particle
filters but have no membrane layer applied to the O.D.
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IF & P REECERTM consists of SiC grains fused together without the use of a clay
binder.  Processing consists of heating SiC grains to temperature above 3500°F (1930ºC) in
inert environment so that the grains fuse and form a monolithic material.

Ensto candle filters consist of aluminum oxide particles with a mullite binder to
form a microstructure similar to the clay-bonded SiC materials.

4.0 TEST MATRICES AND CUTTING PLANS

The testing conducted on Coors P-100A-1 is outlined in Table 4.0-1. The
objectives were to:  1.) assess the performance of Coors P-100A-1 at the PSDF and 2.)
explain the failures of those filters during operation.  This testing provided data on filters
from two different batches and three different operation histories.  The 616 hour elements
included two from the same batch, KC, but one from the top plenum and one from the
bottom.  Room temperature hoop tensile strength, axial thermal expansion from RT to
1800°F (980ºC), and thermal conductivity from RT to ~1250°F (680ºC) were measured on
as-manufactured material.  For each filter, as-manufactured or after operation, hoop tensile
strength was measured on three specimens from the flanged end, three from the middle, and
three from the closed end to evaluate property variations along the length of the element.

The clay-bonded SiC materials, Pall 326 and 442T and Schumacher TF20 and
T10-20, were tested according to the test matrix shown in Table 4.0-2. The objective was to
assess property degradation during operation at the PSDF.  Hoop tensile strength was
measured on nine specimens (three from the flanged end, three from the middle, and three
from the closed end) from each candle filter.  Axial tensile stress-strain responses were
measured and light microscopy conducted on selected candles. Properties of as-manufactured
Pall 326 and 442T and Schumacher TF20 measured and reported under work performed for
DOE/FETC (see Ref. 1 and 2) were used for comparisons to determine the degree of
degradation.  Schumacher T10-20 is the same as TF20 except for the membrane layer and
therefore should have the same as-manufactured properties as TF20; however, one virgin
Schumacher T10-20 filter was tested to verify this.

Pall 181, IF&P recrystallized SiC, and Ensto were tested according to the test
matrices shown in Tables 4.0-3 through 4.0-5.  The objectives of these tests were to 1.)
provide an initial look at these materials to determine whether installation in the PSDF was
warranted, 2.) provide material properties required to predict performance in the PSDF, and
3.) provide baseline data for comparison with properties measured on these materials after
operation.  Some of the testing required in these test matrices is still in progress and the
results will be reported separately.

Specimens required to conduct the tests outlined were removed from the candle
filters as shown in Figures 4.0-1 through 4.0-21.  The hoop tensile specimens are taken from
the flanged end, the middle, and the closed end of each candle to determine if the strength
varies axially along the candles.  The hoop tensile strength of each specimen is shown on
these cutting plans.  The results will be discussed in Section 6.  Axial tensile and thermal
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expansion specimens, as required, were taken from regions adjacent to the hoop tensile
specimens at the closed end.

5.0 TEST METHODS

The tests method used in this program were the same as used in past programs to
evaluate these or similar materials.  A description of the test methods is given in reports
provided to DOE/FETC (Ref. 1 and 2).

6.0 EXPERIMENTAL RESULTS

6.1 Coors P-100A-1

Coors P-100A-1 was tested as-manufactured, after 616 hours of operation in the
PSDF, and after 628 hours of operation in the PSDF.  The Coors filters tested in this program
and their operational history at the PSDF are summarized in Table 6.1-1.  The first 19 Coors
filter elements were installed in the PSDF in April 1997 and operated with no failures until
July 1997.  During this period, 616 hours of on-coal operation was accumulated.  During the
July 1997 shutdown, 11 Coors filter elements were removed from service intact, 8 were left
in service, and 10 were installed new.  Three of the 11 filters removed were tested at SRI.
When operation was restarted in the last week of August 1997, 3 Coors filters broke during
transition to coal.  After 12 hours on coal, the system was shutdown.  During inspection of
the system after shutdown, a fourth Coors filter element broke.  All four of the failed filters
had been in operation from April-July 1997 and were left in service.  Two of the remaining
four filters which were in operation from April-July were removed (one for material testing
at SRI) and two remained in service.  The two Coors filters which remained in service
subsequently failed September 7 and September 19.  The 10 Coors filters installed new
during the July shutdown all failed on November 2, 1997.  Testing of Coors filters in this
program was conducted both to assess performance under PSDF conditions and to explain
the failure which occurred.

In order to measure the operating temperatures of the candle filters and to help
explain the failures which occurred, one Coors P-100A-1 candle and one Pall 326 candle and
two failsafes were instrumented with thermocouples.  The configuration and locations of the
thermocouples are illustrated in Figure 6.1-1.  The instrumented candles and failsafes were
installed in March 1998 and operation began in April 1998.  When the transport reactor
switched from the gas-fired start-up burner to coal feed, pieces of Coors P-100A-1 and
Blasch 4-270 (both aluminum oxide materials) were found in the ash removal system.  The
thermocouple readings on the candle filters showed several sharp spikes, the most severe
being a temperature increase of 320°F (180ºC) over a period of 60 sec on the outside surface
of the Pall 326 filter.  The cause of the temperature spikes is thought to be coal carry-over
from the transport reactor to the PCD.  If coal carry-over into the PCD was indeed the cause
of these spikes, then the severity may have been much worse at other locations than
measured by these thermocouples.  That is, if the thermocouple that recorded the 320°F
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(180ºC)/60 sec temperature increase was several inches from the nearest burning coal
particle, then the magnitude of the temperature increase would be greater near the particle.  A
more detailed summary of the thermocouple installation and recorded temperatures is
provided in Reference 11.

6.1.1 Hoop Tensile Results

Room temperature hoop tensile strengths are plotted versus hours in operation in
Figure 6.1-2 and summarized in Table 6.1-2.  The strengths measured for each individual
specimen was also shown in the cutting plans presented in Figures 4.0-1 through 4.0-6.  The
strength decreased ~12% during 616-628 hours in operation from an average of ~1,800 psi
(12.4 MPa) as-manufactured to ~1,600 psi (11.0 MPa) after operation.  Some batch-to-batch
variability in strengths was also seen as specimens from the LC batch had tensile strengths 10
to 16% greater than specimens from the KC batch.  Three specimens from candle KC007, the
candle which was installed in April 1997 and remained in operation until September 1, 1997,
failed at stress levels of 150 to 450 psi (1.0-3.1 MPa).  These three specimens were adjacent
to each other near the flanged end of the candle filter as shown in Figure 4.0-6.  The failure
mode was different for these three specimens than for other specimens.  Failure normally
occurs along a nearly straight, vertical line.  For these specimens, failure was along a wavy
line at an angle from vertical.  An orientation line drawn on the candle filters before they
were cut allowed the failed specimens to be reassembled to their original positions.  The
reassembled specimens are shown in Figure 6.1-3.  A 3/8” (9.5 mm) high ring taken from
adjacent to specimen Tn-Hoop-7 for light microscopy failed during bandsawing and this
specimen was also reassembled and shown in Figure 6.1-3.  These four specimens, Tn-Hoop-
7, 8, and 9 and the microscopy sample, failed along a continuous wavy line at an angle from
vertical.  The failure modes and low tensile strengths of these filters were evidently the
results of a pre-existing crack.  The crack in candle KC007, the sudden failure of three filters,
and the apparent lack of mechanical load suggest a sudden thermal event during the 12 hours
of operation between July and September 1, 1997 caused the candle failures and the cracking
of candle KC007.  The same event which caused the crack in this candle likely caused the
failures in four other candles.

6.1.2 Thermal Expansion

Axial unit thermal expansion is plotted in Figure 6.1-4.  The coefficient of
thermal expansion (CTE) is obtained from the slope of the unit thermal expansion curve.
From 500°F (260ºC) to 1,500ºF (815ºC), the average CTE of virgin material was
2.8 x 10-6 in./in./°F (5.0 x 10-6/ºC).  The thermal expansion of Candle KC007, measured after
628 hours in operation, was slightly greater (~3%) than the expansion of virgin Candle
KC027.  This increase is slight; however, thermal expansion is normally very consistent and
a slight change may indicate a difference between candles.

The tensile stress-strain response and unit thermal expansion set thermal stress
and strain levels for a given temperature distribution.  Thermal expansion and tensile strain-
to-failure establish the temperature gradients required to initiate microcracking.  If the tensile
stress-strain response and thermal expansion are known, then thermal stress and strain levels
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for a given temperature distribution may be calculated.  The calculated stresses and strains
may be compared to the ultimate values measured to determine whether microcracking will
occur.

Axial tensile stress-strain responses for Coors P-100A-1 at RT and 1,500ºF
(815ºC) were measured and reported under U.S. Dept. of Energy Contract No. DE-AC31-
89MC26233 (see Ref. 3) and are shown in Figure 6.1-5.  From these properties measured at
RT and 1,500ºF (815ºC), the properties at 1,000ºF (540ºC) (the nominal temperature in the
PCD when the Coors filters failed) were estimated to be:  ultimate tensile strength about
2,400 psi (16.5 MPa) and strain-to-failure about 0.8 mils/inch (0.08%).  The relationship
between strain-to-failure and thermal expansion is illustrated in Figure 6.1-4.  Tensile strain-
to-failure at 1,000ºF (540ºC) is shown on the Y-axis and the corresponding temperature
gradient (Tbody - Tsurface) required to cause this tensile strain is shown on the X-axis.  This
illustration is a reasonable model during the back pulse where the body of the filter is at the
operating temperature and the temperature of the back pulse gas is suddenly applied to the
surface (see discussion in Section 2.0).  Back pulse gas temperature measurements at the
PSDF indicated that if the Siemens-Westinghouse failsafe/regenerator is used, back pulse
cleaning will not produce large enough temperature gradients to fail the Coors filters.
Extended accelerated pulse cycle testing at Siemens-Westinghouse also indicated that Coors
elements can survive back pulse cleaning with the use of the failsafe/regenerator (Ref. 8).
However, if the system is to be operated with a different failsafe that does not provide
preheating of the back pulse gas, then another method of preheating is required or a candle
filter which can survive the temperature gradients must be selected.

6.1.3 Thermal Conductivity

Since the measured unit thermal expansion and tensile stress-strain responses,
along with measured conditions in the PSDF and extended accelerated pulse cycle testing at
Siemens-Westinghouse, indicated that back pulse cleaning was not likely the cause of Coors
failures, the effect of thermal transients was considered.  As discussed in Section 2.0, the
temperature profile in the candle filters during transients depends on the thermal diffusivity,
�����∆Cp

������� ����	���
�����������	�
k   =  thermal conductivity
∆   =  density
Cp =  specific heat

Thermal conductivity of Coors P-100A-1 in the radial direction was measured and is
plotted versus temperature in Figure 6.1-6.  Thermal conductivity decreased slightly with
temperature from 12.5 Btu-in./hr-ft2-°F (1.8 W/m-K)at RT to 10.9 Btu-in./hr-ft2-°F (1.6 W,-
K) at 1220°F (660ºC).  At 1,000ºF (540ºC), the nominal temperature in the PSDF when the
Coors filters failed, the thermal conductivity was 11 Btu-in./hr-ft2-°F (1.6 W/m-K).  Thermal
diffusivity at 1,000ºF (540ºC) is therefore 0.031 ft2/hr (8.0 x 10-7 m2/sec based on the
measured thermal conductivity and density (101 lb/ft3, 1.62 gr/cm3) and a literature value of
specific heat (0.29 Btu/lb.-°F, 1.21 KJ/Kg-°K).
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6.1.4 Thermal and Mechanical Analysis

As a first approximation of the temperature gradients in a Coors P-100A-1 candle
filter with the properties as measured at 1,000ºF (540ºC), a simple, 1-D flat plate model with
appropriate boundary conditions was assumed.  The model, with boundary and initial
conditions, is shown in Figure 6.1-7.  As shown, the model was a flat plate, 0.40 in. (10 mm)
thick, initially at a uniform temperature.  A temperature ramp rate of 320°F(180ºC)/60 sec
was applied to one surface while the other surface was insulated.  Results from these
calculations are shown in Figure 6.1-8 which is a plot of the temperature difference between
the surfaces versus time.  For a candle filter, this represents TOD-TID versus time.  The
maximum temperature gradient was calculated to be ~210°F (99ºC).

The temperature difference between the O.D. and I.D. does not  tell the whole
story of whether microcracking or candle failure will occur.  The temperature distribution
will have some effect.  The case discussed in Section 6.1.2 for back pulse cleaning, that is,
the candle wall at a uniform temperature and then one surface suddenly brought to a different
temperature, results in the most severe thermal stresses for a given TOD – TID.  The least
severe thermal stresses for a given TOD – TID occurs in the case of the steady-state
temperature profile where the temperature changes gradually across the wall thickness.  For
this case, Coors could withstand nearly a 500°F (260ºC) ID to OD gradient before
microcracking would occur.  For the thermal transients seen in the PSDF, the gradients were
in between these two extreme cases.

While the calculated gradient of 210°F (99ºC) was not severe enough to cause
cracking for either case, back pulsing or steady-state, it was close.  If the surface heating rate
of 320°F (180ºC)/60 sec was some distance from the location of the most severe heating
rates, then gradients sufficient to cause failure of Coors filters were likely.  Another
important consideration is that the gradients required to cause cracking were calculated based
on average properties of virgin material.  Property degradation after operation could lead to
greater susceptibility for cracking.  More importantly, cracking will initiate selectively at the
weakest locations, or at least the locations where strain-to-failure is lowest.  At these selected
locations, cracking will occur at gradients less severe than those calculated based on average
properties.

If the data and analysis presented above indicate that microcracking of Coors P-
100A-1 candles will occur under the thermal transient conditions at the PSDF, the question
of whether these microcracks lead to failure remains.  The Coors candles tested in this
program were in the PCD during several startups and transitions to cool during the 616 hours
of operation from April to July.  Also, several new Coors filters were in operation in
September when failure of the filters which remained in operation from April occurred.
These new filters subsequently failed in November after 822 hours of operation.  Mr. C. D.
Pears investigated the fracture patterns of Coors P-100A-1 from the PSDF and his results are
presented in Ref. 10.  These results indicate fracture of these filters results from numerous
microcracks which form and progress to the point that the cracks “link” and become severe
enough to cause fracture.  The cracks could be initiated by several chemical or thermal events
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including pulsing, asymmetric thermal and mechanical load, or multiple startups with coal
carry-over.  Given the mechanical and thermal properties of Coors filters and the
temperatures measured on the surface of candles in the PCD, coal carry-over into the PCD is
certainly the likely cause.

6.1.5 Conclusions

Coors P-100A-1 eliminates several problems which face clay-bonded SiC
materials in hot gas cleanup applications.  Because there is no clay or glass binder, creep and
chemical degradation of the binder are reduced.  Oxidation is also avoided.  The Coors filters
have operated successfully at Karhula for over 3000 hours.  However, during operation of the
SCS-PSDF, several candles have failed during transition from startup burner to coal.  Test
results and observation of failed Coors filters from the PSDF indicated that failure was likely
due to accumulated microcracking caused by coal burn in the PCD during several transitions
to coal.

The average tensile properties and thermal expansion indicate that Coors P-100A-
1 can withstand I.D. to O.D. temperature gradients of ~280°F (160ºC) to 500°F (280ºC),
depending on the temperature distribution, without microcracking.  However, microcracking
will initiate selectively at locations where the strain-to-failure is a minimum.  Therefore, the
temperature gradient required to initiate microcracks is somewhat less than the values shown
above.  While these properties show that the Coors material can withstand the temperature
gradients of normal operation, even during back pulsing, the low thermal diffusivity will lead
to severe temperature gradients during the thermal transients observed at the PSDF.
Calculations have indicated that the temperature gradients encountered during transients at
the PSDF were severe enough to cause microcracking.  The microstructure is also an
important factor in determining whether microcracks will propagate and damage
accumulation during several transients will lead to failure of the candle filters.  Coors P-
100A-1 has a relatively homogeneous microstructure which will propagate cracks, once they
develop, much more readily than the clay-bonded SiC materials.

6.2 Clay-Bonded SiC Materials – Schumacher TF-20 and T10-20 and Pall 326
and 442T

Hoop and axial tensile testing was conducted on Schumacher TF20 and T10-20
and Pall 326 and 442T candle filters after operation at the PSDF.  Individual candles tested
and their hours in operation and maximum operating temperature are summarized in Table
6.2-1.  Properties of virgin Schumacher TF20 and Pall 326 and 442T have been measured
and reported under DOE contract (see Ref. 1 and 4).  Properties measured after operation are
compared to those virgin properties to determine whether degradation is occurring during
operation at the PSDF.  Virgin properties have not been measured on Schumacher T10-20 in
any previous efforts.  Since this material is the same as Schumacher TF20 except for the
membrane layer, the properties of the structural wall should be the same; however, testing
was conducted on one virgin T10-20 candle filter in this effort.
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In operation at the PSDF, these clay-bonded SiC materials have proven better able
to withstand thermal transients than monolithic aluminum oxides.  However, on two
occasions, one in April 1997 and one in October 1998, clay-bonded SiC materials have failed
due to coal burning in the PCD.  Material properties measured under DOE contract, and
operating conditions measured at the PSDF have been used to perform the same type of
analysis on Schumacher and Pall materials that was presented for Coors in the previous
section.  The objective of this analysis was to explain why the clay-bonded SiC materials
have withstood thermal transients, including coal carry-over into the PCD, better than
aluminum oxides and to look at what level of thermal transient will cause failure of clay-
bonded SiC.

6.2.1 Tensile Results for Schumacher TF20 and T10-20

Room temperature hoop tensile strengths are plotted versus hours in operation in
Figure 6.2.1 and summarized in Table 6.2-2.  Individual specimen strengths are also shown
on the cutting plans in Figure 4.0-7 through 4.0-11.  Strength was measured under
DOE/FETC contract on TF20 in virgin condition and after operation at Karhula for 540 hours
at 1550°F (840ºC).  These results are included for comparison in Figure 6.2-1.  Results for
virgin material show a higher strength for T10-20 than for TF20.  While the overall
coefficient of variation (COV) (i.e., standard deviation/average) of tensile strengths of virgin
material was low, some indication of variability was seen.  The measured strengths of three
specimens from TF20 Candle 344E-309 were ~9% greater than the strengths of three
specimens from Candle 344E-295.  Only one virgin T10-20 filter was tested but the strength
of three specimens nearest the flange was ~23% lower than the strength of the specimens
from the middle or near the closed end of the filter.  Given the data scatter seen (see
especially axial tensile results in the next section) and that TF20 and T10-20 should be the
same material except for the membrane, the apparent strength difference is most  likely due
to variability.  This should be confirmed by additional testing of virgin T10-20.  These results
indicate a decrease in strength during operation at the PSDF.  While the strength was lower
after operation than in virgin condition, it appeared to level off and was the same after 810,
822, or 1239 hours of operation.  Strength values obtained on one TF20 candle filter from
operation at a nominal temperature of 1550°F (840ºC) at Karhula are also shown in Figure
6.2-1.  These results were obtained and reported under contract with DOE/FETC, see Ref. 4.

Room temperature axial tensile stress-strain responses are shown in Figure 6.2-2
and the results are summarized in Table 6.2-3.  Stress-strain responses measured under
DOE/FETC contract on virgin TF20 material are included for comparison.  These results
show the strength in the axial direction is about half the strength in the hoop direction.  This
strength difference has not yet been explained.  The measured axial tensile strengths and
Young’s modulus values are nearly the same after operation at the PSDF or at Karhula as for
virgin materials.  However, the stress-strain curves after operation show a slight “roll over”
not seen for virgin material.  This slight change in stress-strain response after operation was
likely due to degradation of the binder.  Evidence of binder degradation was seen during
microscopic examination of the material from Karhula, see Ref. 4.
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6.2.2 Tensile Results for Pall 442T and 326

Room temperature hoop tensile strengths are plotted versus hours in operation in
Figure 6.2-3 and summarized in Table 6.2-4.  Individual specimen strengths are also shown
on the cutting plans presented in Figures 4.0-12 and 4.0-17.  Strength was measured under
DOE/FETC contract on virgin 326 and 442T filters and on one filter operated at Karhula for
540 hours at 1550°F (840ºC).  These results are included for comparison in Figure 6.2-3.
The individual specimen strengths from any one particular candle filter were very consistent;
however, considerable candle-to-candle variability was seen.  These results do not show any
change in strength during operation at the PSDF although the candle-to-candle variability
could obscure any change that may have occurred.

Weights of all Pall elements were measured before shipment to SCS.  The virgin
weight of each element is plotted in Figure 6.2-4.  The X-axis on this plot represents a candle
number assigned at the PSDF when the candles were received.  The weight of each filter
tested at SRI is also shown on the tensile strength plot of Figure   6.2-3.  Again, note that all
of these weights were obtained on the filters in virgin condition before installation in the
PCD.  The COV in weights was 2.8% for 326 candles and 2.2% for 442T candles.  Hoop
tensile strengths are plotted versus virgin candle weight in Figure 6.2-5.  Hours of operation
are also shown in this figure.  Results for 442T filters show that the effect of weight
overpowers any effect which operation at the PSDF may have had.  These results also show
that the strength of the 326 candle filters increased with weight.  However, the 326 results do
indicate a possible strength change during operation.  Based on the strength-weight
correlation seen in the other filters, the strength of Candle 4-991 might have been greater if it
had not been in operation longer than any other 326 filter tested.  Three virgin 326 filters of
different weights will be tested to try to determine whether the weight difference could be
due to dimensional differences in the candles.  Three virgin 326 filters of different weights
will be tested to try to separate the effect of operation from the effect of weight.

Room temperature axial tensile stress-strain responses are shown in Figure 6.2-6
for 326 and Figure 6.2-7 for 442T and the results are summarized in Table 6.2-5.  Stress-
strain responses were measured on virgin material under DOE/FETC contract and are
included for comparison.  As with the hoop tensile results, candle-to-candle variability was
the most obvious observation in the axial strength measurements.  A quick look at the stress-
strain curves would indicate that both ultimate strength and strain-to-failure of Pall 326
increased during operation at the PSDF while the properties of 442T did not change.
However, the hoop tensile strength results showed that candle weight may drive the tensile
strength and weights were not available for the virgin candles.  In fact, the highest strength
Pall 326 candle, Candle 4-991 with 1251 hours of operation, was also the 326 candle with the
highest weight (Figure 6.2-5).  If indications of property degradation are to be obtained from
the tensile stress-strain responses, the effect of candle weight and any other sources of large
variability must be understood so that these effects may be sorted from material degradation.

The tensile properties measured were inconclusive in determining whether
degradation of Pall 326 and 442T occurred during operation at the PSDF.  A decrease in
tensile strength coupled with greater nonlinearity in the axial stress-strain curves was
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measured after operation at 1550°F (840ºC) at Karhula.  These property changes were
supported by evidence of binder degradation observed in low powered photomicrographs.
The higher operating temperatures at Karhula may result in greater property degradation for
the Pall material than the PSDF operating temperatures.  However, this apparent effect could
be due to candle-to-candle variability.  Light microscopy is part of this program but has not
been completed due to equipment problems.  These problems have now been eliminated and
microscopy is in progress.  These results may provide an indication of whether binder
degradation is occurring during operation at the PSDF.

6.2.3 Thermal and Mechanical Analysis

Elevated temperature axial tensile properties, thermal expansion, and thermal
conductivity of Schumacher TF20 and Pall 326 have been measured under DOE/FETC
contract.  These properties will be used with the temperature measurements on Coors P-
100A-1 and Pall 326 in the PSDF to understand why the clay-bonded SiC materials have
withstood these thermal transients better than monolithic aluminum oxides and to assess what
severity of thermal transients these materials can withstand.

Unit thermal expansions of Schumacher TF20 and Pall 326 are shown in Figure
6.2-8.  Coors P-100A-1 is included in this figure for comparison.  The strain-to-failure at
1,000ºF (540ºC) was estimated for each material based on measured values at RT,
1,400ºF(760ºC), 1,500ºF (815ºC), and 1,600ºF (870ºC) and these values are shown on Figure
�����������
�	���	���
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between candle operating and back pulse gas temperature) which will initiate microcracking
was calculated to be ~170°F (95ºC) for TF20 and ~210°F (115ºC) for 326.  As shown in
Section 6.1.2, the value for Coors was ~280 °F (160ºC).  These results indicate that the clay-
bonded SiC materials are more susceptible to microcracking due to back pulsing than Coors.
However, during thermal transients such as coal burn in the PCD, thermal conductivity plays
a role in the materials ability to dissipate heat throughout the filter wall.

Thermal conductivity of Schumacher TF20 and Pall 326 are plotted in Figure 6.2-
9.  At 1,000ºF (540ºC), the thermal conductivity of TF20 was 51 Btu-in./hr-ft2-°F (7.3 W/m-
K) and the thermal conductivity of 326 was 38 Btu-in./hr-ft2-°F (5.5 W/m-K).  Using
measured density values of 119 lb/ft3 (1.91 gr/cm3) for TF20 and 115 lb/ft3 (1.84 gr/cm3) for
326 and literature values of specific heat of 0.29 Btu/lb.-°F (1.2 KJ/Kg-K) for both materials,
thermal diffusivity at 1,000ºF (540ºC) was 0.126 ft2/hr (3.3 x 10-6 m2/sec) for TF20 and 0.095
ft2/hr (2.5 x 10-6 m2/sec) for 326.  These thermal diffusivity values are 3-4 times greater than
the thermal diffusivity of Coors P-100A-1.

The same 1-D, flat plate model with the same boundary conditions used to
estimate the O.D. to I.D. temperature gradient in Coors filters was used to estimate the
gradients in Schumacher and Pall filters.  Results are shown in Figure 6.2-10.  For a surface
heating rate of 320°F(180ºC)/60 sec, the maximum gradient, TOD - TID, was calculated to be
~75°F (42ºC) for Schumacher TF20 and ~95°F (53ºC) for Pall 326.  These calculations show
the role of thermal conductivity in establishing the temperature gradients which a candle
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filters will see during a thermal transient event.  The tensile strain-to-failure and thermal
expansion of Schumacher and Pall filters indicate that a slightly less severe thermal gradient
will cause microcracking in these materials than in Coors.  However, the thermal diffusivity
of 3-4 times greater in TF20 and 326 will lead to much less severe gradients than in Coors
during transient events.  Therefore, more severe thermal transients are required to cause
microcracking in TF20 and 326.  As the events in the PSDF during April 1997 and October
1998 showed, thermal transients severe enough to fail the clay-bonded SiC materials are
possible in the PSDF.

Another important difference between the Schumacher and Pall materials and the
Coors material is the microstructure.  The clay-bonded SiC materials consist of SiC particles
connected by clay binder material.  The binder material does not typically cover the entire
particle but forms bridges between adjacent particles.  When microcracking occurs it is in the
binder bridges.  A large amount of energy is required to propagate a crack from one binder
bridge to an adjacent bridge.  Coors filters have a much different microstructure.  Although
the material is quite porous, it is much closer to a homogeneous, monolithic ceramic.  If
microcracks start in this material, they propagate much more readily than in the clay-bonded
SiC, making failure more likely.

6.2.4 Conclusions

Schumacher TF20 and T10-20

The tensile strength of Schumacher TF20 and T10-20 decreased during the first
800 hours of operation of the PSDF and remained the same through 1200 hours of operation.
These observations are based on testing of a limited number of elements and may be altered
or confirmed with additional testing.  Microscopic examination of these materials is in
progress in hopes of determining the cause of the strength loss measured (binder degradation,
damage during thermal transients, etc.) and whether greater degradation is evident after 1200
hours of operation than after 800 hours of operation.

Pall 326 and 442T

Candle-to-candle variability was the most obvious feature of the strength
measurements on Pall 326 and 442T.  There was a strong correlation between measured
strength and candle weight.  If any strength change occurred during operation, it was
obscured by the effect of weight.

Thermal expansion and strain-to-failure measurements show that, given the same
temperature gradient the Pall and Schumacher clay-bonded materials are just as susceptible
or maybe even more susceptible to thermal stress induced microcracks than Coors P-100A-1.
However, the microstructure of the clay-bonded materials provides an “inherent toughness”
which makes propagation of microcracks, leading to candle failure, less likely than in the
more homogeneous Coors material.
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Thermal conductivity plays a big role in setting the severity of temperature
gradients in the candle filters during thermal transients.  The Schumacher and Pall clay-
bonded SiC materials have a greater thermal conductivity than the aluminum oxide materials;
therefore, the temperature gradients are less severe during thermal transients.

Overall, the results indicate that in the absence of major thermal transients and
temperature excursions, Schumacher and Pall clay-bonded materials have a long life
(thousands of hours) at operating temperatures up to 1,400ºF (760ºC).  Lifetime predictions
for 9000 hours, 18000 hours, etc. will require more experience in PFBC service.  Above
1,400ºF (760ºC), creep, static fatigue, and degradation will limit the use of these materials.

6.3 Pall 181

A new clay-bonded SiC particle material from Pall, denoted Pall 181, has been
tested and the results are given in this section.  The clay binder of Pall 326 was modified to
form Pall 181.  Properties of virgin 181 were measured to 1.) provide screening before this
material is installed for operation at the PSDF, 2.) begin development of a material property
database to conduct mechanical and thermal analysis, and 3.) obtain baseline data for
comparisons with properties measured after operation.

6.3.1 Tensile Results

Hoop tensile results are summarized in Table 6.3-1.  Individual values are shown
on the cutting plans of Figure 4.0-18.  The average hoop tensile strength of Pall 181 was
2,800 psi (19.3 MPa), ~30% greater than the average value for Pall 326 and ~15% greater
than Pall 442T.  Since only one Pall 181 candle has been tested, candle-to-candle variability
has not been assessed.

Axial tensile stress-strain responses at RT, 1,400ºF (760ºC) F, 1,500ºF (815ºC),
and 1,600ºF (870ºC) are shown in Figure 6.3-1.  Results are summarized in Table 6.3-2.
Properties are plotted versus temperature in Figures 6.3-2, 3, and 4.  Properties of Pall 326
are included in these figures for comparison.  The average ultimate tensile strength was
~2,570 psi (17.7 MPa) at RT and 1,400ºF (760ºC) and then decreased to ~2,130 (14.7 MPa)
psi at 1,600ºF (870ºC).  The average strain-to-failure was ~0.45 mils/inch (0.045%) from RT
to 1,500ºF (815ºC), then increased to ~0.83 (0.083%) mils/inch at 1,600ºF (870ºC). The
ultimate strength of Pall 181 was greater than the strength of Pall 326 except at 1,500ºF
(815ºC) where 326 reached a peak value in strength.  Strain-to-failure of 181 was greater
than 326 at RT but less from 1,400ºF (760ºC) to 1,600ºF (870ºC).

6.3.2 Thermal Expansion

Unit thermal expansion of Pall 181 is shown in Figure 6.3-5.  Except for the
“bump” in the 326 curve at ~300°F (150ºC) to 500°F (260ºC), probably due to phase change
in the binder, the thermal expansion of Pall 181 and 326 are nearly identical.  The average
CTE from 500°F (260ºC) to 1,500ºF (815ºC) was 2.8 x 10-6 in./in./°F
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(5.0 x 10-6/ºC).  Taken together, the thermal expansion and strain-to-failure results suggest
that at temperatures of 1,500ºF (815ºC) to 1,600ºF (870ºC) Pall 181 may be more sensitive to
thermal stresses than Pall 326 but in the range of 1,000ºF (540ºC) the materials are similar.
Material variability will also play a role.

6.3.3 Thermal Conductivity

Thermal conductivity of Pall 181 is plotted versus temperature in Figure 6.3-6.
Conductivity decreased with temperature from 38 Btu-in./hr-ft2-°F (5.5 W/m-K) at RT to 30
Btu-in./hr-ft2-°F (4.3 W/m-K) at 1240°F (670ºC).  At 1,000ºF (540ºC)°F, the thermal
conductivity was ~31 Btu-in./hr-ft2-°F (4.5 W/m-K).  Thermal conductivity of Pall 181 was
slightly lower than for Pall 326, 31 Btu-in./hr-ft2-ºF (4.5 W/m-K) compared to 38 Btu-in./hr-
ft2-ºF (5.5 W/m-K)at 1,000ºF (540ºC).  This will lead to a slightly more severe temperature
gradient for Pall 181.  By the same thermal model used in the previous sections, the
maximum gradient, TOD – TID, for a Pall 181 candle with a 320°F(180ºC)/60 sec temperature
increase on one surface would be 110°F (60ºC) compared to 95°F (53ºC) for Pall 326.
Again, this calculation is based on the measured thermal conductivity and density values and
the literature value of specific heat, 0.29 Btu/lb.-°F (1.2 KJ/Kg-K).

6.3.4 Conclusions

Tensile results show that Pall 181 has a higher strength than Pall 326 in both the axial
and hoop directions.  At RT, the strain-to-failure was also greater for Pall 181; however, at
1,400°F (760°C) the strain-to-failure was greater for Pall 326.  Properties were not measured
at any temperatures between RT and 1,400°F (760°C).  Pall 181 also has a slightly lower
thermal conductivity than Pall 326.  The lower strain-to-failure, at least at 1,400°F (760°C)
and above, and thermal conductivity make Pall 181 more susceptible to cracking due to
thermal stress; however, the property differences are small so the increased susceptibility to
thermal stress cracking will also be small.  The microstructure of Pall 181 is similar to the
other clay-bonded SiC materials (that is, individual SiC particles connected by bridges of
binder material).  This microstructure makes crack propagation, leading to failure of the
candle filter, less likely than in materials with a more homogenous microstructure.

6.4 IF&P (REECERTM) Recrystallized SiC

Particular interest in IF & P recrystallized SiC has developed since two of the
candle filters survived the October 1998 thermal transient which failed the clay-bonded SiC
and monolithic oxide Ensto filters.  The IF & P filters were in the bottom plenum where all
the failures occurred.  Properties were measured to 1.) begin development of a material
property database to conduct mechanical and thermal analysis, 2.) obtain baseline data for
comparisons with properties measured after operation, and 3.) explain why this material
withstood the same thermal transient which caused failure of the clay-bonded SiC filters.
The filters tested had several process related “bubbles” in the wall up to ~1/8 inch (3 mm)
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diameter.  Some of these bubbles were internal and others extended to the inside surface.
None extended to the outside surface.

6.4.1 Density

Bulk density was measured on one specimen, Tn-Hoop-127, (which was used to
measure axial thermal expansion, not hoop tension) and a bulk density of 144 lb./ft3 (2.30
gr/cm3) was obtained.  Bulk density was also measured on four individual specimens, two
axial thermal expansion and two thermal conductivity, and the density values ranged from
134 lb./ft3 (2.15 gr/cm3) to 137 lb./ft3 (2.20 gr/cm3).

6.4.2 Tensile Results

Hoop tensile results are summarized in Table 6.4-1.  Individual values are shown
on the cutting plans of Figures 4.0-19 and 20.  The average hoop tensile strength was 2,030
psi (14 MPa).  Specimen dimensions, shown in Table 6.4-1, indicate that  the inside diameter
varied from 1.72 in. (43.7 mm) to 1.83 in. (46.5 mm) in Candle FE98073109 and from 1.60
in. (40.6 mm) to 1.78 in. (45.2 mm) in Candle FE 98073110.  In each case the largest I.D.,
thinnest wall, was nearest the flanged end.  Because of the dimensional variation, some
specimens had a higher hydrostatic pressure but lower strength than other specimens.
Several specimens, including the weakest three, failed at a hole.  However, the effect of the
holes on strength was unclear as the strongest and third strongest specimens also failed at a
hole.  One specimen, Tn-Hoop-132, had a hole visible on the I.D. but did not fail there and
other specimens had holes visible on the top or bottom surfaces but did not fail at them.
Factors other than simply the presence of a hole, including the size and location of the hole,
would likely play a role in determining the effect, if any, on strength.

Axial tensile stress-strain responses at RT and 1,500ºF (815ºC) F are shown in
Figure 6.4-1 and the results are summarized in Table 6.4-2.  The average tensile strength was
2,120 psi (14.6 MPa) at RT and changed little to 1,980 psi (13.6 MPa) at 1,500ºF (815ºC).
However, Young’s modulus increased from an average of 13.7 Msi (94.4 MPa) at RT to 18.8
Msi (129.5 GPa) at 1,500ºF (815ºC) F and strain-to-failure decreased from an average of 0.16
mils/inch (0.016%) at RT to 0.10 mils/inch (0.010%) at 1,500ºF (815ºC).  One specimen, Tn-
Ax-75, tested at 1,500ºF (815ºC) failed at an ultimate strength of 950 psi (6.6 MPa) and
strain-to-failure of 0.06 mils/inch (0.006%).  These two values were not included in
calculations of average properties at 1,500ºF (815ºC).

6.4.3 Thermal Expansion

Unit thermal expansion is shown in Figure 6.4-2.  The average CTE from 500 °F
(260ºC) to 1,500ºF (815ºC) was 2.4 x 10-6 in./in./°F (4.3 x 10-6/ºC).  The strain-to-failure and
thermal expansion together indicate a temperature difference of between 42°F (25ºC) (based
on the 1,500ºF (815ºC) strain-to-failure) and 67°F (35ºC) (based on the RT strain-to-failure)
required to cause microcracking under the back pulse cleansing model discussed previously.



��������� 	'(������
����� ������������	�������

��������������)�*0

6.4.4 Thermal Conductivity

Thermal expansion and strain-to-failure measurements indicate that smaller
temperature gradients are required to cause cracking in the IF&P recrystallized SiC than in
the clay-bonded SiC materials, yet the IF&P material survived the same thermal transient
which failed the other materials.  An explanation may be found in the thermal conductivity.
Thermal conductivity of the IF&P materials is plotted in Figure 6.4-3.  The conductivity
decreased with temperature from 245 Btu-in./hr-ft2-°F (35.3 W/m-K) at RT to 100 Btu-in./hr-
ft2-°F (14.4 W/m-K) at 1,500ºF (815ºC).  At 1,000ºF (540ºC), the conductivity of IF&P was
125 Btu-in./hr-ft2-°F (18.0 W/m-K), compared to 51 Btu-in./hr-ft2-ºF (7.3 W/m-K) for
Schumacher TF20 and 38 Btu-in./hr-ft2-°F (5.5 W/m-K) for Pall 326.  The maximum
temperature gradient, TOD-TID, calculated for IF&P recrystallized SiC with a 320°F
(180ºC)/60 sec heating rate on one surface would be 40°F (20ºC).

6.4.5 Conclusions

Tensile results indicate that as-manufactured IF&P recrystallized SiC has
sufficient strength—2,030 psi (14.0 MPa) in the hoop direction and 2,120 psi (14.6 MPa) in
the axial direction —for operation in the hot gas filtration environment.  Because the IF&P
material has no clay or glass binder, strain-to-failure does not increase with temperature to
1,500ºF (815ºC) as for Schumacher and Pall materials.  Therefore, less severe temperature
gradients under back pulse cleansing conditions are required to cause cracks in the IF&P
material based on 1,500ºF (815ºC) properties.  Properties of all materials are needed to
evaluate thermal stress sensitivity in the range of 1,000ºF (540ºC) to 1,400ºF (760ºC).  The
lack of clay binder which leads to lower strain-to-failure at 1,500ºF (815ºC) also leads to
much higher thermal conductivity of IF&P, 125 Btu-in./hr ft2-°F (18.0 W/m-K) at 1,000ºF
(540ºC) compared to 38 Btu-in./hr-ft2-°F (5.5 W/m-K) for Pall 326 and 51 Btu-in./hr-ft2-°F
(7.3 W/m-K) for Schumacher TF20.  The greater thermal conductivity means that under
thermal transient conditions, the temperature gradients will be less severe in IF&P than in the
clay-bonded SiC materials.  The higher conductivity was sufficient during the October 1998
thermal transient at the PSDF to prevent failure of the IF&P filters when the clay-bonded SiC
filters failed.

The relatively higher thermal conductivity and the recent success during the
thermal transient at the PSDF indicate that additional materials characterization as well as
operational experience are warranted for IF&P recrystallized SiC.  Several issues remain
which affect long-term performance.  These issues include 1.) the low strain-to-failure at
elevated temperature, 2.) “inherent toughness” or resistance to microcrack propagation, and
3.) chemical compatibility, including SiC oxidation in PFBC operation, in the hot gas
cleanup environment.

6.5 Ensto Aluminum Oxide

Ensto has manufactured aluminum oxide candle filters with a microstructure
similar to the clay-bonded SiC materials.  That is, individual particles connected by bridges.
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The hope is for this material to provide the same chemical advantages as Coors P-100A-1, no
oxidation of SiC particles and no degradation of clay binder, with the “inherent toughness”
provided by Schumacher and Pall materials.  Properties of the Ensto material were measured
to 1.) provide screening before this material is installed for operation at the PSDF, 2.) begin
development of a material property database to conduct mechanical and thermal analysis, and
3.) obtain baseline data for comparisons with properties measured after operation.

6.5.1 Density

Bulk density was measured on nine hoop tensile specimens and the results are
summarized in Table 6.5-1.  The average density was 117.6 lb./ft3 (1.885 gr/cm3).  Three
adjacent specimens removed from near the flanged end and all had densities ~1.0% greater
than any of the other six specimens.

6.5.2 Tensile Results

Hoop tensile results are summarized in Table 6.5-2.  Individual values are shown
on the cutting plans of Figure 4.0-21.  The average hoop tensile strength was 940 psi (6.5
MPa).  The three specimens from near the flanged end which had the highest density also had
the highest tensile strength, ~15% greater than the average of the other six.  Strain gages
were mounted on two specimens and Young’s modulus values of 2.2 Msi (15.2 GPa) and 2.8
Msi (19.3 GPa) and strain-to-failure values of 0.41 mils/inch (0.041%) and 0.40 mils/inch
(0.040%) were obtained.

Axial tensile stress-strain responses at RT and 1,500ºF (815ºC) are shown in
Figure 6.5-1.  Results are summarized in Table 6.5-3.  The tensile properties were near the
same at RT and 1,500ºF (815ºC) with the tensile strength ranging from 740 psi (5.1 MPa) to
980 psi (6.8 MPa) and strain-to-failure ranging from 0.35 mils/inch (0.035%) to 0.55
mils/inch (0.055%).

6.5.3 Thermal Expansion

Unit thermal expansion is shown in Figure 6.5-2.  The average CTE from 500 °F
(260ºC) to 1,500ºF (815ºC) was 4.0 x 10-6 in./in./°F (7.2 x 10-6/ºC).  The strain-to-failure and
thermal expansion together indicate a temperature gradient (Tbody - Tsurface) of ~110°F (60ºC)
required to cause microcracking under back pulse conditions discussed previously.

6.5.4 Thermal Conductivity

Thermal conductivity is plotted in Figure 6.5-3.  The measured conductivity was
6.8 Btu-in.-hr-ft2-°F (1.0 W/m-K) at RT and 6.0 Btu-in.-hr-ft2-°F (0.9 W/m-K) at 1280°F
(690ºC).  The maximum temperature gradient, TOD-TID, calculated for Ensto with a
320°F(180ºC)/60 sec heating rate on one surface would be ~290°F (160ºC).
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6.5.5 Conclusions

Ensto has higher thermal expansion than Coors, CTE of ~4.0 x 10-6/°F (7.2 x 10-

6/ºC) from 500°F (260ºC) to 1,500ºF (815ºC) compared to ~2.8 x 10-6/°F (5.0 x
10-6/ºC), and lower strain-to-failure than Coors, ~0.45 mils/inch (0.045%) at 1,000ºF (540ºC)
compared to ~0.80 mils/inch (0.080%).  This combination will lead to microcracking of
Ensto at less severe temperature gradients than Coors.  Thermal conductivity of Ensto is also
lower than Coors, ~6 Btu-in./hr-ft2-°F (0.9 W/m-K) at compared to ~10 Btu-in./hr-ft2-°F (1.4
W/m-K)at 1,000ºF (540ºC)°F, which leads to more severe temperature gradients during
thermal transients.  The properties obtained indicate that microcracking due to thermal stress
is likely to occur during the thermal transients encountered at the PSDF.

7.0 Material Comparisons

As-manufactured room temperature tensile strengths of eleven candidate candle
filter materials are compared in Figure 7.0-1.  Test results obtained under this contract and
under contract to DOE/FETC are included for comparison.  This figure shows a wide range
of tensile strengths of the various materials.  Because the mechanical loads encountered
during operation have not been quantified, the maximum strength requirements have not
been determined.  When mechanical loads on the candle filters are identified and quantitized,
it is the ability to carry these loads, not the value of tensile strengths which will be critical.
From the average axial tensile strengths, the maximum load each candle filter can withstand
has been calculated and the results are plotted in Figure 7.0-2.  These maximum load
capability values could allow some manufacturers options for improving the performance of
their elements.  If a particular element can withstand a specified load easily, then the
manufacturer would have options such as decreasing the wall thickness or varying density
and porosity while maintaining acceptable permeability if these changes would improve the
thermal performance.

Tensile strength has been used to monitor candle filter degradation during
operation.  The tensile strengths of Coors, Schumacher, and Pall elements are plotted versus
hours of operation in the PSDF in Figure 7.0-3.  The strength of Coors elements decreased
~10-15% during ~615 hours of operation.  Longer term operation of Coors elements was not
obtained because of the failures.  The hoop tensile strength of Schumacher TF20 and T10-20
decreased during the first 800 hours but results from one T10-20 element tested after 1239
hours of operation indicate that the strength may level off after this initial decrease.  Testing
of elements with more hours of operation will confirm this.  Little change was seen in the
axial tensile strength of Schumacher materials for up to 1250 hours of operation in the PSDF.
Candle-to-candle variability in Pall 326 and 442T make conclusions about strength
degradation of these materials during operation impossible.

Failures in the PSDF to date have resulted from thermal stresses during transient
events, primarily coal combustion inside the PCD.  Susceptibility of an element to failure
during these events depends on
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1. thermal expansion and tensile strain-to-failure which determine the temperature gradient
required to initiate microcracking,

2.  thermal conductivity (diffusivity) which determines the magnitude of the temperature
gradients during a thermal transient, and

3. the microstructure which determines whether microcracks are likely to propagate and
result in candle failure.

Thermal expansions of candle filter materials, some measured under this contract
and some under DOE/FETC contract, are shown in Figure 7.0-4.  From the thermal
expansions and strain-to-failure, the gradients (Tbody-Tsurface) required to initiate
microcracking were estimated and are tabulated below.  These temperature gradients were
calculated assuming a flat plate initially at a uniform temperature and the temperature of one
surface suddenly decreased by the amount shown.  As discussed earlier, the calculation is a
good approximation of pulse cleaning but not good during thermal transients.  Also, the
strain-to-failure values used in the calculation were based on elevated temperature
measurements for some materials and room temperature values for others.  Because of the
assumptions in making the calculations the gradients shown represent only a relative
comparison of different candle filters.  Even with the shortcomings discussed, this table
illustrates that a large strain capability and low thermal expansion help decrease the
likelihood of microcracking for a given temperature gradient.

Material Average CTE 500°F (260ºC) -
1,500ºF (815ºC)

(10-6/°F) (10-6/°C)

Strain-to-Failure
mils/inch    (%)

Temperature
Gradient

     °F      (ºC)
Pall 326 2.8 (5.0) 0.601 (0.060)    210        (120)
Pall 181 2.8 (5.0) 0.461 (0.046)    160        (90)
Schumacher TF20 2.5 (4.5) 0.401 (0.040)    170        (95)
IF&P REECERTM 2.7 (4.9) 0.131 (0.013)     50          (30)
Coors P-100A-1 2.8 (5.0) 0.801 (0.080)    280        (160)
Ensto 4.0 (7.2) 0.461 (0.046)    120        (70)
Blasch 4-270 4.1 (7.4) 0.302 (0.030)     70          (40)
Dupont PRD-66C 2.2 (4.0) 1.652 (0.165)    750        (420)
McDermott 4.6 (8.3) 2.102 (0.210)    460        (260)
Notes:  1. Probable value at 1,000ºF (540ºC).
             2. Probable value at RT.

During the thermal transients encountered at the PSDF, Coors P-100A-1 failed
despite a relatively large temperature gradient required to initiate microcracking where IF&P
survived despite relatively small temperature gradient required to initiate microcracking.
This is due, at least in part, to thermal conductivity differences.  The thermal conductivity of
several candle filter materials is shown in Figure 7.0-5.  Based on the thermal conductivity
shown and the wall thickness of each candle, the temperature gradient generated during a
320°F (180ºC) increase in surface temperature over a one minute period was estimated.  The
results are plotted in Figure 7.0-6.  The temperature gradients generated in low conductivity
materials is much more severe than in high conductivity materials.  For example, the
temperature gradient in a Coors element is ~225°F (125ºC) while the gradient in an IF&P
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REECER element is ~40°F (20ºC).  Therefore, while the Coors material can accommodate
more thermally induced strain than IF&P, the more severe temperature gradients encountered
during the thermal transients lead to failure of Coors elements where IF&P REECER
elements survived.  Relatively large temperature gradients are generated in the McDermott
and PRD-66 composite material also.  However, these materials have ~3 to 4 times the strain
capability (based on RT values) of Coors P-100A-1 and therefore have survived the thermal
transients at the PSDF so far.  Materials with a relatively low thermal conductivity, low
strain-to-failure, and high thermal expansion, such as Blasch 4-270 and Ensto, will fail if the
transient events which lead to large temperature gradients occur.

The microstructure of the materials also plays a role in determining whether
microcracks which develop due to either thermal or mechanical stresses propagate and lead
to failure of the candle.  The clay-bonded SiC particle structure of Schumacher and Pall
candles provides an inherent toughness in comparison with more homogeneous materials
such as Coors P-100A-1 and Blasch 4-270.  That is, more energy is required to drive a
microcrack in the clay-bonded materials.  The as-manufactured ceramic composite materials
also have the toughness to resist microcrack propagation.  Testing of these materials after
operation will indicate whether that toughness is retained.

8.0 Conclusions

Based on the test results obtained in this program the following conclusions were
obtained:

− Coors P-100A-1 elements failed during operation at the PSDF due to accumulated
microcracking most likely caused by coal burning in the PCD during several transitions
to coal.

− Thermal transients are likely to cause microcracking in Coors P-100A-1, Blasch 4-270,
and Ensto candles because of their low-thermal conductivities.

− For operation at up to 1,400ºF (760ºC), the clay-bonded SiC particle materials from
Schumacher and Pall potentially have a long life (thousands of hours) in the absence of
major process upsets and temperature excursions.
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Figure 6.1-2  Hoop Tensile Strength of Coors P-100A-1 Versus Hours in Operation
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Figure 6.1-4  Axial Thermal Expansion of Coors P-100A-1
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Figure 6.1-5  Probable Axial Tensile Stress-Strain Responses for Coors P-100A-1
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Figure 6.1-6  Radial Thermal Conductivity of Coors P-100A-1
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Figure 6.1-8  Temperature Gradient in Coors P-100A-1 Candle Filter
 With a Temperature Increase of 320 °F in 60 sec. on One Surface
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Figure 6.2-7  Room Temperature Axial Tensile Stress-Strain Responses for Pall 442T
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Figure 6.2-9  Radial Thermal Conductivity of Schumacher TF20 and Pall 326
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Figure 6.3-1  Axial Tensile Stress-Strain Responses for Pall 181
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Figure 6.3-2  Axial Tensile Strength Versus Temperature for Pall 181 and 326
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Figure 6.3-3  Young’s Modulus Versus Temperature for Pall 181 and 326
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Figure 6.3-4  Strain-to-Failure Versus Temperature for Pall 181 and 326
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Figure 6.3-5  Unit Thermal Expansion of Pall 181
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Figure 6.3-6  Radial Thermal Conductivity of Pall 181
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Figure 6.4-1.  Axial Tensile Stress-Strain Responses for IF&P Recrystallized SiC
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Figure 6.5-2  Unit Thermal Expansion of Ensto Candle Filter Material
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Figure 6.5-3  Radial Thermal Conductivity of Ensto Candle Filter Material
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Table 2.0-1
Material Issues for Candle Filters

Pulse Cleaning  
(thermal stress)

Process Upsets  
(thermal stress and

other loads)

Life  
(creep, static fatigue,

degradation)

Installation and  
Handling  

Thermal expansion Thermal expansion Creep Tensile Strength

Tensile strain-to-
failure

Tensile strain-to-
failure

Static Fatigue / crack
propagation

“Toughness”

“Toughness” Thermal
conductivity

Degradation

Tensile Strength Natural frequency

“Toughness”



��������� ��������	��
�
��� ����
�	�������	������

�
���������������

Element Service Test Orientation RT 1800
KC027 as-manuf. Tn Hoop 3/3/3

TE Axial               2----------------------->
Light Mic. Yes

LC026 as-manuf. Tn Hoop 3/3/3
TE Axial               2----------------------->
K Radial               2---------------->(to ~1250 °F)

Light Mic. Yes

KC005 616 hrs. Tn Hoop 3/3/3

KC011 616 hrs. Tn Hoop 3/3/3
TE Axial               2----------------------->

Light Mic. Yes

LC025 616 hrs. Tn Hoop 3/3/3

KC007 628 hrs. Tn Hoop 3/3/3
Light Mic. Yes

Legend: Tn - Tensile
TE - Thermal Expansion
K - Thermal Conductivity
Light Mic. - Light Microscopy
3/3/3 - 3 specimens from the bottom section, 3 from the middle and 3 from the top.

Replications at Temp. (°F)

Test Matrix for Coors P-100A-1

Table 4.0-1
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Table 4.0-2

Test Matrix for SiC Filter Elements from SCS

Number of Tests After Exposure at PSDF
Material Test As-

Manuf
429
Hrs

616
Hrs

810
Hrs

822
Hrs

1239
Hrs

1251
Hrs

1438
Hrs

1867
Hrs

Pall 326 Tn-hoop 18 tests 9 tests
Tn-axial 5 tests 5 tests
Thermal
expansion
RT-1800F
Microscopy Yes

Pall 442T Tn-hoop 9 tests 9 9
Tn-axial 5 tests 5
Thermal
expansion
RT-1800F
Microscopy Yes

Sch TF20 Tn-hoop 18 tests
Tn-axial 5 tests
Thermal
expansion
RT-1800F
Microscopy Yes

Sch T10-20 Tn-hoop 9 tests 9 test 9 test
Tn-axial 5 tests 5 test
Thermal
expansion
RT-1800F

2 tests

Microscopy Yes Yes
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Test Orientation RT 1400F 1500F 1600F
Tn Hoop 3/3/3

Ax 5 5 5 5

TE Ax  2-------------------------------->( to 2000 °F)

K Rad  2-------------------------------->(to ~1250 °F)

Cp  Yes---------------------------->( to ~1500 °F)

Light Mic. Yes

Legend:
Tn - Tensile
TE - Thermal Expansion
K - Thermal Conductivity
Light Mic. - Light Microscopy
3/3/3 - 3 specimens from bottom section, 3 from middle, and 3 from top

Test Matrix for Virgin Pall 181

Replications at

Table 4.0-3
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Test Orientation RT 1400F 1500F 1600F
Tn Hoop    3/3/3, 2 candles (18 total tests)

Ax 5 5

TE Ax  2-------------------------------->( to 2000 °F)

K Rad  2-------------------------------->(to ~1500 °F)

Cp  Yes---------------------------->( to ~1500 °F)

Light Mic. Yes

Legend:
Tn - Tensile
TE - Thermal Expansion
K - Thermal Conductivity
Light Mic. - Light Microscopy
3/3/3 - 3 specimens from bottom section, 3 from middle, and 3 from top

Test Matrix for Virgin IF & P Recrystallized SiC

Replications at

Table 4.0-4
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Test Orientation RT 1400F 1500F 1600F
Tn Hoop    3/3/3

Ax 5 5

TE Ax  2-------------------------------->( to 2000 °F)

K Rad  2-------------------------------->(to ~1280 °F)

Cp  Yes---------------------------->( to ~1500 °F)

Light Mic. Yes

Legend:
Tn - Tensile
TE - Thermal Expansion
K - Thermal Conductivity
Light Mic. - Light Microscopy
3/3/3 - 3 specimens from bottom section, 3 from middle, and 3 from top

Test Matrix for Virgin Ensto

Replications at

Table 4.0-5
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Table 6.1-1

Operational History of Coors P-100A-1 Candle Filters

Candle Plenum Maximum Hours in
                                                Location                      Temp. (°F)                   Operation         

KC027         as-manufactured
LC026         as-manufactured
KC005  B12  1506    616
KC011  T05  1506    616
LC025  T03  1506    616
KC007  B10  1506    628
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Table 6.1-2

Ultimate
Hours in Strength,

Candle Specimen No. Operation ID, inches OD, inches psi Remarks

KC027 TN-Hoop-1 As-Manuf. 1.63 2.35 1530
KC027 TN-Hoop-2 As-Manuf. 1.63 2.36 1700
KC027 TN-Hoop-3 As-Manuf. 1.62 2.36 1700
KC027 Tn-Hoop-4 As-Manuf. 1.61 2.35 1663
KC027 Tn-Hoop-5 As-Manuf. 1.60 2.35 1555
KC027 Tn-Hoop-6 As-Manuf. 1.64 2.36 1630
KC027 Tn-Hoop-7 As-Manuf. 1.63 2.36 1813
KC027 Tn-Hoop-8 As-Manuf. 1.64 2.38 1744
KC027 Tn-Hoop-9 As-Manuf. 1.64 2.38 1755

Average 1677
Standard Deviation 88
COV 5%

LC026 Tn-Hoop-16 As-Manuf. 1.61 2.37 1958
LC026 Tn-Hoop-17 As-Manuf. 1.60 2.37 1945
LC026 Tn-Hoop-18 As-Manuf. 1.62 2.38 1913
LC026 Tn-Hoop-19 As-Manuf. 1.63 2.35 2062
LC026 Tn-Hoop-20 As-Manuf. 1.63 2.36 1767
LC026 Tn-Hoop-21 As-Manuf. 1.60 2.37 1873
LC026 Tn-Hoop-22 As-Manuf. 1.59 2.39 1705
LC026 Tn-Hoop-23 As-Manuf. 1.63 2.35 2201
LC026 Tn-Hoop-24 As-Manuf. 1.63 2.37 2045

Average 1941
Standard Deviation 143
COV 7%

KC005 Tn-Hoop-10 616 1.60 2.33 1797
KC005 Tn-Hoop-11 616 1.60 2.34 1785

KC005 Tn-Hoop-12 616 1.62 2.36 1713
KC005 Tn-Hoop-13 616 1.64 2.35 1723
KC005 Tn-Hoop-14 616 1.65 2.39 1625
KC005 Tn-Hoop-15 616 1.62 2.35 1457
KC005 Tn-Hoop-16 616 1.64 2.37 1712
KC005 Tn-Hoop-17 616 1.62 2.37 1600
KC005 Tn-Hoop-18 616 1.63 2.35 1868

Average 1698
Standard Deviation 116
COV 7%

Room Temperature Hoop Tensile Strength of Coors P-100A-1 Alumina Mullite
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Table 6.1-2 (Cont’d)

Ultimate
Hours in Strength,

Candle Specimen No. Operation ID, inches OD, inches psi Remarks

KC011 Tn-Hoop-19 616 1.60 2.39 1346
KC011 Tn-Hoop-20 616 1.60 2.39 1309
KC011 Tn-Hoop-21 616 1.61 2.36 1323
KC011 Tn-Hoop-22 616 1.61 2.36 1574
KC011 Tn-Hoop-23 616 1.64 2.39 1487
KC011 Tn-Hoop-24 616 1.61 2.36 1472
KC011 Tn-Hoop-25 616 1.63 2.36 1562
KC011 Tn-Hoop-26 616 1.64 2.39 1534
KC011 Tn-Hoop-27 616 1.61 2.37 1542

Average 1461
Standard Deviation 101

COV 7%

LC025 Tn-Hoop-28 616 1.63 2.36 1544
LC025 Tn-Hoop-29 616 1.59 2.35 1618
LC025 Tn-Hoop-30 616 1.60 2.33 1740
LC025 Tn-Hoop-31 616 1.59 2.36 1471
LC025 Tn-Hoop-32 616 1.60 2.33 1524
LC025 Tn-Hoop-33 616 1.64 2.35 1795
LC025 Tn-Hoop-34 616 1.61 2.33 2059
LC025 Tn-Hoop-35 616 1.63 2.34 1886

LC025 Tn-Hoop-36 616 1.60 2.37 1797
Average 1715
Standard Deviation 181
COV 11%

KC007 TN-Hoop-1 628 1.63 2.40 1270
KC007 TN-Hoop-2 628 1.63 2.40 1400
KC007 TN-Hoop-3 628 1.63 2.40 1610
KC007 TN-Hoop-4 628 1.57 2.37 1380
KC007 TN-Hoop-5 628 1.63 2.40 1570
KC007 TN-Hoop-6 628 1.63 2.35 1660
KC007 TN-Hoop-7 628 1.61 2.38 250 not included in statistics
KC007 TN-Hoop-8 628 1.63 2.35 150 not included in statistics
KC007 TN-Hoop-9 628 1.65 2.38 450 not included in statistics

Average 1482
Standard Deviation 140
COV 9%

Room Temperature Hoop Tensile Strength of Coors P-100A-1 Alumina Mullite
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Material Candle Plenum Maximum Hours in
 Location Temp. (F°) Operation

Schumacher TF20 324H12 B47 1463 P22
Schumacher TF20 324H13 B19 1463 P22

Schumacher T10-20 360H071 As-manufactured

Schumacher T10-20 324H016 B27 1463 810

Schumacher T10-20 324H018 T24 1477 1239

Pall 326 1-36A T2 1477 429
Pall 326 3-24A B48 1477 429
Pall 326 4-991 T28 1477 1251

Pall 442T 1A-4 B36 1506 616
Pall 442T 5-948 B13 1506 1438
Pall 442T 2-1018 B14 1506 1867

Table 6.2-1

Operational History of Clay-Bonded Candle Filters
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Ultimate
Specimen Hours in Strength

Material Candle Number Operation I.D. (in.) O.D. (in.) (psi) Remarks

TF20 S199/315E PT-20 TN-Hoop-1 As-Manuf. 1.54 2.37 1740 See Note 1
TF20 S199/315E PT-20 TN-Hoop-2 As-Manuf. 1.54 2.37 1720 See Note 1
TF20 S199/315E PT-20 TN-Hoop-3 As-Manuf. 1.53 2.37 1620 See Note 1
TF20 344E-295 TN-Hoop-1 As-Manuf. 1.54 2.38 1600 See Note 1
TF20 344E-295 TN-Hoop-2 As-Manuf. 1.54 2.38 1628 See Note 1
TF20 344E-295 TN-Hoop-3 As-Manuf. 1.54 2.38 1628 See Note 1
TF20 344E-309 TN-Hoop-4 As-Manuf. 1.53 2.38 1750 See Note 1
TF20 344E-309 TN-Hoop-5 As-Manuf. 1.53 2.38 1754 See Note 1
TF20 344E-309 TN-Hoop-6 As-Manuf. 1.53 2.38 1788 See Note 1

Average 1692
Standard Deviation 68
COV 4%

TF20 324H12 TN-Hoop-55 822 1.552 2.371 1299
TF20 324H12 TN-Hoop-56 822 1.543 2.370 1222
TF20 324H12 TN-Hoop-57 822 1.564 2.368 1248
TF20 324H12 TN-Hoop-58 822 1.584 2.374 1145
TF20 324H12 TN-Hoop-59 822 1.583 2.373 1181
TF20 324H12 TN-Hoop-60 822 1.586 2.378 1205
TF20 324H12 TN-Hoop-61 822 1.605 2.374 1218
TF20 324H12 TN-Hoop-62 822 1.600 2.368 1240
TF20 324H12 TN-Hoop-63 822 1.602 2.368 1180

Average 1215
Standard Deviation 42
COV 3%

TF20 324H13 TN-Hoop-64 822 1.551 2.376 1444
TF20 324H13 TN-Hoop-65 822 1.552 2.372 1392
TF20 324H13 TN-Hoop-66 822 1.560 2.374 1199
TF20 324H13 TN-Hoop-67 822 1.585 2.375 1260
TF20 324H13 TN-Hoop-68 822 1.586 2.377 1300
TF20 324H13 TN-Hoop-69a 822 1.583 2.379 1236
TF20 324H13 TN-Hoop-69b 822 1.590 2.385 1306
TF20 324H13 TN-Hoop-70 822 1.604 2.376 1314
TF20 324H13 TN-Hoop-71 822 1.602 2.376 1378
TF20 324H13 TN-Hoop-72 822 1.604 2.374 1262

Average 1309
Standard Deviation 72
COV 6%

Table 6.2-2

Room Temperature Hoop Tensile Strength of Schumacher TF20
T10-20 Candle Filter Material
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Ultimate
Specimen Hours in Strength

Material Candle Number Operation I.D. (in.) O.D. (in.) (psi) Remarks

T10-20 360H071 TN-Hoop-73 As-manuf. 1.54 2.38 2372
T10-20 360H071 TN-Hoop-74 As-manuf. 1.55 2.37 2354
T10-20 360H071 TN-Hoop-75 As-manuf. 1.56 2.38 2059
T10-20 360H071 TN-Hoop-76 As-manuf. 1.58 2.38 2314
T10-20 360H071 TN-Hoop-77 As-manuf. 1.59 2.38 2242
T10-20 360H071 TN-Hoop-78 As-manuf. 1.59 2.39 2429
T10-20 360H071 TN-Hoop-79 As-manuf. 1.56 2.39 1832
T10-20 360H071 TN-Hoop-80 As-manuf. 1.60 2.39 1801
T10-20 360H071 TN-Hoop-81 As-manuf. 1.59 2.37 1839

Average 2138
Standard Deviation 243
COV 11%

T10-20 324H016 TN-Hoop-82 810 1.55 2.37 1194
T10-20 324H016 TN-Hoop-83 810 1.56 2.37 1229
T10-20 324H016 TN-Hoop-84 810 1.56 2.37 1257
T10-20 324H016 TN-Hoop-85 810 1.58 2.37 1246
T10-20 324H016 TN-Hoop-86 810 1.59 2.38 952
T10-20 324H016 TN-Hoop-87A 810 1.59 2.38 1270
T10-20 324H016 TN-Hoop-87B 810 1.59 2.38 1233
T10-20 324H016 TN-Hoop-88 810 1.60 2.37 1313
T10-20 324H016 TN-Hoop-89 810 1.60 2.37 1301
T10-20 324H016 TN-Hoop-90 810 1.60 2.38 907

Average 1190
Standard Deviation 135
COV 11%

T10-20 324H018 TN-Hoop-91 1239 1.56 2.37 1309
T10-20 324H018 TN-Hoop-92 1239 1.56 2.37 1296
T10-20 324H018 TN-Hoop-93 1239 1.57 2.37 1303
T10-20 324H018 TN-Hoop-94 1239 1.58 2.37 1147
T10-20 324H018 TN-Hoop-95 1239 1.59 2.37 1208
T10-20 324H018 TN-Hoop-96 1239 1.59 2.37 1271
T10-20 324H018 TN-Hoop-97 1239 1.61 2.39 1230
T10-20 324H018 TN-Hoop-98 1239 1.60 2.37 1196
T10-20 324H018 TN-Hoop-99 1239 1.61 2.38 1303

Average 1251
Standard Deviation 55
COV 4%

Table 6.2-2 (continued)

Room Temperature Hoop Tensile Strength of Schumacher TF20
T10-20 Candle Filter Material
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Ultimate Young’s Strain-to-
Specimen Hours in Strength Modulus Failure

Material Candle Number Operation (psi) (Msi) mils./in. Remarks

TF20 344E-295 TN-AX-3 As-Manuf. 426 3.22 0.15
TF20 344E-295 TN-AX-7 As-Manuf. 414 3.70 0.11
TF20 344E-309 TN-AX-12 As-Manuf. 798 4.28 0.20
TF20 344E-309 TN-AX-17 As-Manuf. 496 5.00 0.10
TF20 344E-309 TN-AX-21 As-Manuf. 898 3.92 0.23

Average 606 4.02 0.16
Standard Deviation 202 0.6 0.05
COV 33% 15% 32%

TF20 S-350 F/33 TN-AX-1 540 Broke during assembly
TF20 S-350 F/33 TN-AX-2 540 796 3.22 0.32 Karhula
TF20 S-350 F/33 TN-AX-3 540 825 3.83 0.31 Karhula

Average 811 3.53 0.32

TF20 324H12 TN-AX-21 822 Broke in handling
TF20 324H12 TN-AX-22 822 Broke in handling
TF20 324H12 TN-AX-23 822 415 4.12 0.09 SCS
TF20 324H12 TN-AX-24 822 725 3.39 0.22 SCS
TF20 324H12 TN-AX-25 822 916 3.72 0.30 SCS

Average 685 3.74 0.20
Standard Deviation 206 0.3 0.09
COV 30% 8% 43%

TF20 S-350 F/30 TN-AX-1 1166 Specimen was cracked;
broke during assembly

TF20 S-350 F/30 TN-AX-2 1166 834 3.52 0.26 Karhula
TF20 S-350 F/30 TN-AX-3 1166 827 4.09 0.28 Karhula

Average 831 3.81 0.27

T10-20 360H071 TN-AX-26 0 Broke in handling
T10-20 360H071 TN-AX-27 0 Broke in handling
T10-20 360H071 TN-AX-28 0 967 3.85 0.26 SCS
T10-20 360H071 TN-AX-29 0 903 4.10 0.22 SCS
T10-20 360H071 TN-AX-30 0                         Broke in handling

Average 935 3.98 0.24

T10-20 324H018 TN-AX-31 1239 801 4.19 0.21 SCS
T10-20 324H018 TN-AX-32 1239 905 4.04 0.28 SCS
T10-20 324H018 TN-AX-33 1239 884 3.60 0.27 SCS
T10-20 324H018 TN-AX-34 1239 Broke in handling
T10-20 324H018 TN-AX-35 1239 768 3.53 0.24 SCS

Average 840 3.84 0.25
Standard Deviation 57 0.3 0.03
COV 7% 7% 11%

Room Temperature Axial Tensile Properties of Schumacher TF20 and T10-20

Table 6.2-3



��������� ��������	��
�
��� ����
�	�������	������

�
���������������

Ultimate
Specimen Hours in Strength

Material Candle Number Operation ID (in.) OD (in.) (psi) Remarks

326 3-24A TN-Hoop-1 429 1.55 2.37 1647
326 3-24A TN-Hoop-2 429 1.55 2.38 1762
326 3-24A TN-Hoop-3 429 1.56 2.38 1510
326 3-24A TN-Hoop-4 429 1.58 2.38 1629
326 3-24A TN-Hoop-5 429 1.58 2.38 1713
326 3-24A TN-Hoop-6 429 1.58 2.38 1751
326 3-24A TN-Hoop-7 429 1.60 2.38 1625
326 3-24A TN-Hoop-8 429 1.60 2.38 1624
326 3-24A TN-Hoop-9 429 1.60 2.38 1755
326 1-36A TN-Hoop-10 429 1.55 2.37 2072
326 1-36A TN-Hoop-11 429 1.55 2.37 2236
326 1-36A TN-Hoop-12 429 1.55 2.38 2241
326 1-36A TN-Hoop-13 429 1.57 2.38 2254
326 1-36A TN-Hoop-14 429 1.57 2.39 2175
326 1-36A TN-Hoop-15a 429 1.58 2.39 2185
326 1-36A TN-Hoop-15b 429 1.58 2.39 2221
326 1-36A TN-Hoop-16 429 1.60 2.37 2206
326 1-36A TN-Hoop-17 429 1.60 2.37 2109
326 1-36A TN-Hoop-18 429 1.60 2.36 2260

Average 1946
Standard Deviation 272
COV 14%

326 4-991 Tn-Hoop-19 1251 1.55 2.36 2396
326 4-991 Tn-Hoop-20 1251 1.55 2.36 2404
326 4-991 Tn-Hoop-21 1251 1.55 2.37 2239
326 4-991 Tn-Hoop-22 1251 1.58 2.37 2319
326 4-991 Tn-Hoop-23 1251 1.57 2.37 2411
326 4-991 Tn-Hoop-24 1251 1.57 2.37 2425
326 4-991 Tn-Hoop-25 1251 1.60 2.37 2267
326 4-991 Tn-Hoop-26 1251 1.59 2.37 2372
326 4-991 Tn-Hoop-27 1251 1.60 2.36 2428

Average 2362
Standard Deviation 66
COV 3%

Room Temperature Hoop Tensile Strength of
 Pall 326 and 442T Candle Filter Material

Table 6.2-4
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Ultimate
Specimen Hours in Strength

Material Candle Number Operation ID (in.) OD (in.) (psi) Remarks

442T 1A-4 TN-Hoop-28 616 1.54 2.36 2313
442T 1A-4 TN-Hoop-29 616 1.53 2.35 2257
442T 1A-4 TN-Hoop-30 616 1.53 2.36 2199
442T 1A-4 TN-Hoop-31 616 1.55 2.37 2233
442T 1A-4 TN-Hoop-32 616 1.56 2.37 2262
442T 1A-4 TN-Hoop-33 616 1.56 2.37 2206
442T 1A-4 TN-Hoop-34 616 1.58 2.37 2296
442T 1A-4 TN-Hoop-35 616 1.58 2.36 2363
442T 1A-4 TN-Hoop-36 616 1.58 2.36 2406

Average 2282
Standard Deviation 66
COV 3%

442T 5-948 TN-Hoop-37 1438 1.52 2.35 2607
442T 5-948 TN-Hoop-38 1438 1.53 2.35 2466
442T 5-948 TN-Hoop-39 1438 1.55 2.36 2766
442T 5-948 TN-Hoop-40 1438 1.55 2.36 2759
442T 5-948 TN-Hoop-41 1438 1.55 2.36 2795
442T 5-948 TN-Hoop-42a 1438 1.55 2.36 2769
442T 5-948 TN-Hoop-42b 1438 1.55 2.36 2646
442T 5-948 TN-Hoop-43 1438 1.57 2.36 2604
442T 5-948 TN-Hoop-44 1438 1.57 2.35 2916
442T 5-948 TN-Hoop-45 1438 1.59 2.35 3021

Average 2735
Standard Deviation 153
COV 6%

442T 2-1018 TN-Hoop-46 1867 1.52 2.36 2159
442T 2-1018 TN-Hoop-47 1867 1.53 2.36 2157
442T 2-1018 TN-Hoop-48 1867 1.53 2.36 1951
442T 2-1018 TN-Hoop-49 1867 1.55 2.37 2160
442T 2-1018 TN-Hoop-50 1867 1.55 2.37 2026
442T 2-1018 TN-Hoop-51 1867 1.55 2.37 2174
442T 2-1018 TN-Hoop-52 1867 1.57 2.36 2074
442T 2-1018 TN-Hoop-53 1867 1.59 2.37 2145
442T 2-1018 TN-Hoop-54 1867 1.56 2.34 2215

Average 2118
Standard Deviation 79
COV 4%

Table 6.2-4 (continued)

Room Temperature Hoop Tensile Strength of
 Pall 326 and 442T Candle Filter Material
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Ultimate Strain-to-

Specimen Hours in Strength Modulus Failure

Material Candle Number Operation (psi) (Msi) (in./in.) Remarks

326 4-471 TN-AX-12 As-Manuf. 1152 5.88 0.20 See Note 1

326 4-471 TN-AX-17 As-Manuf. 1250 6.67 0.19 See Note 1

326 2-469 TN-AX-5 As-Manuf. 910 4.82 0.19 See Note 1

326 2-469 TN-AX-11 As-Manuf. 1272 5.06 0.25 See Note 1

326 2-470 TN-AX-22 As-Manuf. 1987 6.22 0.35 See Note 1

Average 1314 5.73 0.24

Standard Deviation 360 0.7 0.06

COV 27% 12% 26%

326 3-24A TN-AX-1 429 1151 5.12 0.26

326 3-24A TN-AX-2 429 1120 5.30 0.21

326 3-24A TN-AX-3 429 1476 5.86 0.31

326 3-24A TN-AX-4 429 1422 4.55 0.36

326 3-24A TN-AX-5 429 1405 5.37 0.31

Average 1315 5.24 0.29

Standard Deviation 149 0.4 0.05

COV 11% 8% 18%

326 4-991 TN-AX-6 1251 2560 7.27 0.38

326 4-991 TN-AX-7 1251 2417 7.55 0.33

326 4-991 TN-AX-8 1251 2621 5.84 0.50

326 4-991 TN-AX-9 1251 1825 7.34 0.27

326 4-991 TN-AX-10 1251 2071 7.21 0.32

Average 2299 7.04 0.36

Standard Deviation 304 0.6 0.08

COV 13% 9% 22%

442T 1-94 TN-AX-1 As-Manuf. 1678 6.63 0.26 See Note 1

442T 1-94 TN-AX-6 As-Manuf. 2001 5.38 0.38 See Note 1

442T 1-94 TN-AX-8 As-Manuf. 2118 6.22 0.35 See Note 1

442T 1-94 TN-AX-15 As-Manuf. 2145 5.68 0.40 See Note 1

442T 1-94 TN-AX-21 As-Manuf. 2081 6.10 0.35 See Note 1

Average 2005 6.00 0.35

Standard Deviation 170 0.43 0.05

COV 8% 7% 14%

442T 1A-4 TN-AX-11 616 2471 7.34 0.36

442T 1A-4 TN-AX-12 616 2169 7.84 0.27

442T 1A-4 TN-AX-13 616 2270 7.17 0.32

442T 1A-4 TN-AX-14 616 2340 6.45 0.36

442T 1A-4 TN-AX-15 616 2215 6.81 0.34

Average 2293 7.12 0.33

Standard Deviation 106 0.5 0.03

COV 5% 7% 10%

442T 2-1018 TN-AX-16 1867 1880 6.35 0.29

442T 2-1018 TN-AX-17 1867 2390 6.64 0.36

442T 2-1018 TN-AX-18 1867 2255 6.25 0.36

442T 2-1018 TN-AX-19 1867 2160 6.61 0.32

442T 2-1018 TN-AX-20 1867                           Broke in handling

Average 2171 6.46 0.33

Standard Deviation 187 0.2 0.03

COV 9% 3% 9%

Note 1:  Measured under DOE/FETC contract.

Room Temperature Axial Tensile Properties of Pall 326 and 442T

Table 6.2-5
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Room Temperature Hoop Tensile Strength of Pall 181 Candle Filter Material

Ultimate
Specimen Hours in Strength

Candle Number Operation I.D. (in.) O.D. (in.) (psi) Remarks

7-1405H Tn-Hoop-190 As-Manuf. 1.55 2.36 2790
7-1405H Tn-Hoop-191 As-Manuf. 1.55 2.37 2860
7-1405H Tn-Hoop-192 As-Manuf. 1.55 2.37 2930
7-1405H Tn-Hoop-193 As-Manuf. 1.57 2.36 2970
7-1405H Tn-Hoop-194 As-Manuf. 1.57 2.37 2990
7-1405H Tn-Hoop-195 As-Manuf. 1.57 2.36 2920
7-1405H Tn-Hoop-196 As-Manuf. 1.57 2.36 2470
7-1405H Tn-Hoop-197 As-Manuf. 1.60 2.33 2610
7-1405H Tn-Hoop-198 As-Manuf. 1.60 2.35 2700

Average 2804
Standard Deviation 168
COV 6%

Table 6.3-1
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Axial Tensile Properties of Virgin Pall 181 Filter Material

Test Ultimate Young’s Strain-to-
Specimen Temperature Strength Modulus Failure

Candle Number (°F) (psi) (Msi) (mils/in.) Remarks

7-1405H TN-AX-76 RT Broke in handling
7-1405H TN-AX-80 RT 2483 5.19 0.48
7-1405H TN-AX-84 RT 2895 5.56 0.59
7-1405H TN-AX-87 RT Broke in handling
7-1405H TN-AX-90 RT 2363 6.20 0.40
7-1405H TN-AX-92 RT 2554 6.59 0.39
7-1405H TN-AX-93 RT Broke in handling
7-1405H TN-AX-94 RT 2582 6.67 0.39

Average 2575 6.04 0.45
Standard Deviation 177 0.6 0.08
COV 7% 10% 17%

7-1405H TN-AX-77 1400 2520 4.76 0.54
7-1405H TN-AX-85 1400 2586 5.74 0.42

Average 2553 5.25 0.48

7-1405H TN-AX-78 1500 2210 3.29 0.66
7-1405H TN-AX-81 1500 2110 5.46 0.39
7-1405H TN-AX-82 1500 1654 5.25 0.34
7-1405H TN-AX-83 1500 2266 5.49 0.49
7-1405H TN-AX-86 1500 2030 4.36 0.49
7-1405H TN-AX-89 1500 1922 5.96 0.41
7-1405H TN-AX-91 1500 2230 5.00 0.52

Average 2060 4.97 0.47
Standard Deviation 200 0.8 0.10
COV 10% 17% 21%

7-1405H TN-AX-79 1600 2170 3.14 0.87
7-1405H TN-AX-88 1600 2218 4.03 0.89
7-1405H TN-AX-95 1600 2002 3.64 0.73

Average 2130 3.60 0.83
Standard Deviation 93 0.4 0.07
COV 4% 10% 9%

Table 6.3-2



��������	��� ��������

�
���������������

Max.
Hydrostatic Ultimate

Specimen Hours in Pressure Strength
Candle Number Operation I.D. (in.) O.D. (in.) (psig) (psi) Remarks

FE98073109 TN-Hoop-118 As-Manuf. 1.72 2.41 493 1530 Failed at hole
FE98073109 TN-Hoop-119 As-Manuf. 1.72 2.40 587 1810 Failed at hole
FE98073109 TN-Hoop-120 As-Manuf. 1.73 2.40 628 1980 Failed at hole
FE98073109 TN-Hoop-121 As-Manuf. 1.78 2.40 657 2260
FE98073109 TN-Hoop-122 As-Manuf. 1.78 2.41 711 2450 Failed at hole
FE98073109 TN-Hoop-123 As-Manuf. 1.80 2.40 645 2300 Failed at hole
FE98073109 TN-Hoop-124 As-Manuf. 1.82 2.39 564 2120
FE98073109 TN-Hoop-125 As-Manuf. 1.83 2.40 626 2380
FE98073109 TN-Hoop-126 As-Manuf. 1.82 2.39 519 1930 Failed at hole

Average 2084
Standard Deviation 282
COV 14%

FE98073110 TN-Hoop-127 As-Manuf. 1.59 2.40 882 2260
FE98073110 TN-Hoop-128 As-Manuf. 1.60 2.41 819 2130
FE98073110 TN-Hoop-129 As-Manuf. 1.62 2.43 824 2130
FE98073110 TN-Hoop-130 As-Manuf. 1.68 2.40 570 1660 Failed at hole
FE98073110 TN-Hoop-131 As-Manuf. 1.70 2.40 605 1830
FE98073110 TN-Hoop-132 As-Manuf. 1.71 2.41 671 2040 Failed away from hole
FE98073110 TN-Hoop-133 As-Manuf. 1.76 2.40 548 1800
FE98073110 TN-Hoop-134 As-Manuf. 1.75 2.39 626 2070
FE98073110 TN-Hoop-135 As-Manuf. 1.78 2.39 595 2060

Average 1998
Standard Deviation 181
COV 9%

Room Temperature Hoop Tensile Strength of I F & P Reecer Candle Filter Material

Table 6.4-1
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Axial Tensile Properties of Virgin I F and P Reecer Filter Material

Test Ultimate Young’s Strain-to-
Specimen Temperature Strength Modulus Failure

Candle Number (°F) (psi) (Msi) (mils/in.) Remarks

FE98073110 TN-AX-66 RT 2150 12.8 0.17
FE98073110 TN-AX-68 RT 1990 16.3 0.12
FE98073110 TN-AX-69 RT 2240 14.5 0.16
FE98073110 TN-AX-70 RT Broke in handling
FE98073110 TN-AX-72 RT Broke in handling
FE98073110 TN-AX-73 RT Broke in handling
FE98073110 TN-AX-74 RT 2110 11.1 0.19

Average 2123 13.7 0.16
Standard Deviation 90 1.9 0.03
COV 4% 14% 16%

FE98073110 TN-AX-67 1500 1960 20.0 0.11
FE98073110 TN-AX-71 1500 1990 20.0 0.09
FE98073110 TN-AX-75 1500 950¹ 16.3 0.06¹

Average 1975 18.8 0.10

Note 1:  Data not included in statistics

Table 6.4-2
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Specimen Height Weight Density Density
Candle Number I.D. (in.) O.D. (in.) (in.) (gr) (gr/cm³) (lb/ft³)

146-97 TN-Hoop-100 1.45 2.40 0.999 89.12 1.885 117.6
146-97 TN-Hoop-101 1.45 2.40 0.999 89.16 1.888 117.8
146-97 TN-Hoop-102 1.45 2.40 0.999 88.92 1.886 117.7
146-97 TN-Hoop-103 1.45 2.39 0.999 88.04 1.884 117.6
146-97 TN-Hoop-104 1.45 2.40 0.999 88.13 1.880 117.3
146-97 TN-Hoop-105 1.45 2.39 0.999 88.17 1.886 117.7
146-97 TN-Hoop-106 1.46 2.42 0.999 91.14 1.903 118.8
146-97 TN-Hoop-107 1.46 2.42 0.999 91.05 1.904 118.8
146-97 TN-Hoop-108 1.46 2.42 0.999 91.08 1.905 118.9

Average 1.885 117.6
Standard Deviation 0.002 0.150
COV 0.13% 0.13%

Table 6.5-1

Density of Ensto Candle Filter Material



��������� ��������	��
�
��� ����
�	�������	������

�
����������������

Max.
Hydrostatic Ultimate

Specimen Hours in Pressure Strength
Candle Number Operation I.D. (in.) O.D. (in.) (psig) (psi) Remarks

146-97 TN-Hoop-100 As-Manuf. 1.45 2.40 421 895 E=2.2 msi, stf=0.41 mils/in.
146-97 TN-Hoop-101 As-Manuf. 1.45 2.40 423 910
146-97 TN-Hoop-102 As-Manuf. 1.45 2.40 441 950
146-97 TN-Hoop-103 As-Manuf. 1.45 2.39 467 1005
146-97 TN-Hoop-104 As-Manuf. 1.45 2.40 456 990 E=2.8 msi, stf=0.40 mils/in.
146-97 TN-Hoop-105 As-Manuf. 1.45 2.39 412 890
146-97 TN-Hoop-106 As-Manuf. 1.46 2.42 510 1090
146-97 TN-Hoop-107 As-Manuf. 1.46 2.42 514 1100
146-97 TN-Hoop-108 As-Manuf. 1.46 2.42 500 1070

Average 940
Standard Deviation 45
COV 5%

Room Temperature Hoop Tensile Strength of Ensto Candle Filter Material

Table 6.5-2
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Axial Tensile Properties of Ensto Filter Material

Test Ultimate Young’s Strain-to-
Specimen Temperature Strength Modulus Failure

Candle Number (°F) (psi) (Msi) (mils/in.) Remarks

46-97 TN-AX-36 RT 900 2.25 0.49
46-97 TN-AX-39 RT 960 2.18 0.55
46-97 TN-AX-42 RT Broke in handling
46-97 TN-AX-43 RT 900 2.26 0.50
46-97 TN-AX-45 RT 919 2.44 0.47

Average 920 2.28 0.50
Standard Deviation 24 0.10 0.03
COV 3% 4% 6%

46-97 TN-AX-37 1500 740 2.11 0.35
46-97 TN-AX-38 1500 880 2.53 0.36
46-97 TN-AX-40 1500 980 2.14 0.46
46-97 TN-AX-44 1500 900 2.64 0.37

Average 875 2.36 0.39
Standard Deviation 86 0.23 0.04
COV 10% 10% 11%

Table 6.5-3
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