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ABSTRACT

This report describes tests of elastomeric seals that are used
in the mechanical penetrations of nuclear power plant contain-
ments. These tests assessed the effects of thermal aging,
radiation and thermal aging, sealing surface separation, and
Squeeze on the performance of several gasket designs: O-ring,
gum drop, double dog ear, and tongue and groove. Both ethylene
propylene rubber and silicone rubber gaskets were tested. The
environment for testing enveloped a hypothetical severe
accident: 143 psig and up to 700°F. The performance of the

seals is quantified in terms of the leakage onset point on the
time-temperature curve.

1id/dv



CONTENTS

Abstract ii
List of Figures
List of Tabl =
Acknowledgments
Executive Summary
1. Introduction
1.1 Loss of Penetration Integrity
1.2 Failure »nf Seals in Penetrations
1.3 Application Caveats
1.4 Previous Work
2. Description of Tests
2.1 Leak Rates
2.2 Temperature Profile
2.3 Aging
2.4 Flange Separation
3. Test Procedurec
3.1 Equipment
3.2 Testing Sequence
4. Leak Rate Data Evaluation
4.1 Failure Characteristics of the Elastomers
4.2 Apparatus Design Deficiencies
5. Results
5.1 Leakage Onset Point
5.2 Posttest Photographs
5.3 Typical Temperature Distribution
5.4 Observations
6, Summary
References
Bibliography

i/iv
vii
viii
ix

oo W W

~

NAdad

16

16
16

21

21
21

2]
23
23
23
24
28
29

30



CONTENTS (Cont.)

Appendix A

For each test, the temperature vs. time profile
is given, along w’.th posttest photographs of
the gaskets.

Appendix B

Drawings of Test Fixtures

Appendix C

Temperature Distribution of the 1/4-inch
O-Ring Test Fixture for Test E-4

vi



OF FIGURES
Figure

Reactor Accident Conditions for PWRs
Reactor Accident Conditions for BWR Mk 1
Reactor Accident Conditions for BWR Mk III
Test Temperature Profile (Typical)
Cross Section of Gum Drop Gasket
Cross Section of Double Dog Ear Gasket
Double Tongue and Groove Seal Design
Environmental Chamber

. o o . 1S A
Cross Sectional View

Simplified Piping Schemat

[eakage




LIST OF TABLES
Table
1 Test Matrix
Gaskets Tested

Performance of Aged Gaskets Compared to
Performance of Unaged Gaskets

Pperformance of 17% Squeeze Compared to
Performance of 9% Squeeze




ACKNOWLEDGEMENTS

These tests were planned and supervised by C. V. Subramanian and
L. N. Koenig, staff members of the Containment Integrity
Division of Sandia National Laboratories. Pat Drozda and Bob
Padilla of the Adverse Environment Safety Assessment Division,
assisted by several other technicians, performed the tests. The
authors wish to thank them for submitting the data and
explaining the test procedures to us.

We wish to thank Brad Parks of the Containment Integrity

Division of Sandia National Laboratories, for his suggestions
and careful editine,

We wish to thank Herman Graves III, the NRC project manager, for
his suggestions.

We wish to thank Nancy Hedlund, Nancy Heatherly, Ski VanderlLaan,
and Susan Stuart of ERC International for their work in typing
and in preparation of graphs.

ix



EXECUTIVE SUMMARY

These tests were conducted at Sandia National Laboratories as
part of the Integrity of Containment Penetrations Under Severe
Accident Loads Program, which is sponsored by the U.S. Nuclear
Regulatory Commission and managed by Sandia National
Laboratories. The tests were designed to measure leak rates
from seals that are typically used in the mecharical
penetrations of nuclear power plant containments. Gasket cross
sections were actual size, but gasket circumferences were much
smaller than actual size in order to reduce the cost of testing.

A total of 22 tests were performed. Eightzen tested 1/4-inch
O-rings. One test each was run on the i{ollowing designs:

1/2 inch O-ring, gum drop, double dog ear, and tongue and
groove. Gaskets tested were of two elastomers: silicone (SI)
rubber and ethylene propylene (EP) rubber. Some gaskets were
tested in the unaged condition; others were given one of the
following aging histories:

1. 300°F for 168 hours
2. 300°F for 168 hours and 200 Mrad at 1 Mrad/hour

Gaskets were aged in a fixture that provided the same squeeze as
the leak test fixture.

team was the environment for 20 of the tests; hot air for 2 of
the tests. Leakage was measured in each test; however, several

experimental deficiercies made it impossible to have confidence
in the leak rate data.

The results reported are the leakage onset points as indicated
on the temperature vs. time plots, and the posttest photographs,

which indicate the extent of the gaskets' degradation at the end
of the test,

Some of the observations derived from the test results are as
follows:

1. The thermal and radiation aging

that was specified in these
tests had a negligible deleterious effect on leakage onset
temperature.

2. Metal-to-metal contact at the sealing surfaces virtually
prevented significant leakage.




lLeakage onset temperature did pot appear to be significantly
affected by increasing squeeze from 9% to 17%. This may
suggest that the seals prevent leakage 25 long as positive
compression exists.

Leakage onset temperatures ranged from 626°F to 669°F
for the five steam tests of EP rubber 1/4-inch O-rings with
a gap between the sealing surfaces.

Leakage onset temperatures ranged from 486°F to 592°F
for the eight steam tests of SI rubber 1/4-inch O-rings with
a gap between the sealing surfaces.

Posttest visual inspection indicated that all gaskets
experienced severe degradation, including those that were
tested without a gap between the sealing surfaces.

Squeeze = Qﬁg X 100

where: U uncompressed seal dimension
c compressed seal dimension
(both dimonsions measured normal to the
sealing surface)




1. INTRODUCTION

Since the accident at Three Mile Island, a major effort in
safety studies has been directed toward understanding the risks
and conseguences of severe accidents. Knowledge concerning the
leakage behavior of nuclear plant containments is important
input to accident mitigation strategies, risk studies, and
emergency preparedness planning. Five NRC programs are
concerned with containment integrity and leakage behavior under
severe accident conditions: the Containment Safety Margins
Program, the Valve Isolation Program, the Integrity of
Containment Penetrations Under Severe Accident Conditions
Program, the Electrical Penetrations Assemblies Program, and the
Containment Integrity Under Extreme Loads Program.

1.1 Loss of Penetration Integrity

Calculations made under the Severe Accident Sequence Analysis
Program indicate that pressures and temperatures significantly
above the design basis levels are likely to occur during a
severe accident. Loss of penetration integrity could occur as a
result of (a) excessive pressure differentials across the
penetrations, (b) degradation of seal materials resulting from
exposure to high temperatures, (c¢) distortion of sealing
surfaces as a result of containment deformation, and

(d) enlargement of pre-existing leakage paths or creation of new
leakage paths as a regult of stress-induced cracks in liners,
hatches, and flanges. The probability of these failure modes

is unknown, and the magnitude of any particular failure is
difficult to predict.([1)]

1.2 Failure of Seals in Penetrations

Containments subjected to severe accidents (static pressure
conditions) have the potential to leak as a result of seal
failure in a penetration rather than by failure of the
containment shell. Some of the reasons for this are as follows:

1. Elastomers used in seals are generally not qualified for
the severe accident environment.

2. Deformation at the penetration/containment interface is
catrimental to seal integrity; this is especially
significant when an equipment hatch sleeve deforms
relative to the hatch cover and tensioning ring.

* The inflatable seals that are used in some penetrations

(e.q., personnel airlocks) are not discussed in this report,.
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3. The sealing surfaces of pressure unseacing hatches will
begin to separate when the bolt preload is nullified by
the internal pressure.

Note: Clauss (2] discusses the leakage pctential of
pressure unseating hatches. He gives a formula for the
separation between the sealing surfaces and a forrula for
the pressure at which leaking begins in terms of he
applicable stiffnesses, thermal strains, and bolt
preloads. Clauss tabulates some of these numbers for
existing containments. For one type of equipment hatch in
BWR Mk IIIs, he calculates that separation would begin at
2X design pressure, and that at 3X design pressure the
separation would be approximately 0.003 inch.

1.3 Application Caveats

The following caveats should be considered before applying the
test results given in this report to full-sized penetrations:

1. The test fixture, with its reduced circumference, has
relatively rigid surfaces; the gap between the flanges is
nearly uniform around the perimeter. The full-sized
penetration, on the other hand, might exhibit a varying
gap around the perimeter.

2. In the event of a severe accident, sealing surfaces might
move relative to each other. In these tests, such
movement was not modeled; the test fixture's sealing
surfaces were fixed.

3. Radiolytic damage to elastomers may depend not only on the
absorbed dose, but also on the length of time that the
elastomer is subject to radiation and heance on the dose
rate. The damage caused by low dose rate exposure for a
long time may be more severe than the damage resulting
from high dose rate (but identical total dose) exposure
over a short time. Thermal damage exhibits a similar
phenomenon. These effects were not considered in the
tests.

1.4 Previous Work

This section briefly mentions gome of the previous work in
elastomeric seal testing.

Argonne National Laboratory (ANL) produced a study [3) of
existing penetrations that were believed to have a high
probability of leaking when subjected to temperatures and
pressures exceeding design values. They concentrated on large,
operating type penetrations such as personnel airlocks,
equipment hatches, and bellows seals. The ANL study is an
extensive collection of text and drawings for the penetrations
in 48 nuclear plants,
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Welch and Kurzeka (4) 1nvcltiqated.§ho effects of temperature,
gland  surface finish, and squeeze on leakage behavior.

They also investigated the effects of temperature on the
permeability and the compression set of elastomeric gaskets.

They concluded that compression set is virtually independent of
the amount of squeeze.

Welch and Kurzeka chose a compression set of 90% to represent
end of useful life. Employing this number. they created some

Arrhenius plots to show maximum allowable operating temperature
for a given life.

Chivers and Hunt (5] oifer a concise explanation of the issues
in 2lastomeric seal performance. They include plots of com-

pression set versus time and expected life versus temperature;
end of life is defined to be when compression set reaches 100%.

llakoltog‘.ronblln. and Ward [(6) plotted percentage loss of
standoff versus time and compression set vcrsus time for
selected temperatures and elastomers. They also studied the
effects of oxygen on polymer degradation.

Wensel (7] reports that the change in sealing force is the best
indicator of seal performance, and that it correlates well with
compression set, which is easier to measure. He suggests com=-

pression set equal to 75% as a conservative estimate for the end
of a gasket's useful life.

Wensel and Cotnam (8] subjected elastomeric gaskets to 350°F
and 450°F water for up to one year. They concluded that
compression set is an effective indicat.r for the extent of
degradation, and that changes in hardness and weight are not
effective indicators of degradation. All of the leakage in
their experiments occurred at compression sets exceeding 75%.

'qland .- the cavity into which an O-ring is installed.
includes the groove and the mating surface of the
second part that together confine the O-ring.

"8quoozc - uﬁs x 100

where: U = uncompressed seal dimension
C = compressed seal dimension
(both dimensions measured normal to the
sealing surface)
***standoff ~-- the amount by which the gasket projects from
the groove.



I'here seems to be a strong consensus 1at compression set |
effective indicator of degradation in ar ic gasket
that the end of a gasket's useful e OC( compress
set ranginog from 753% to 100%,

f

»homas Bridges [(9), at Idaho National Engineering Laboratory.
tested elastomeric gaskets (under contract to Sandia National
Laboratories) at 160 psig and temperatures up to 700°F, unaged
and thermally aged. Flange rotation was simulated by machi
one flange at an angle (up to 12°) relative to the mating
flange. I'he pressurized fluid was dry 1 ; :
onclusions:

Flange 1

v

Thermal




2. DESCRIPTION OF TESTS

Tests were performed on five seal designs: double 1/4~inch
O-ring, double 1/2-inch O-ring, double tongue and groove, double
gumdrop, and double dog ear. A study by Argonne National
Laboratory (3) determined tlint these seal designs are among the
most commonly used in nuclear containment penetrations.

The test matrix is given in Table 1. The gaskets tested were of
silicon (SI) rubber and ethylene propylene (EP) rubber. The
compound numbers are given in Table 2.

2.1 leak Rates

A total of 20 tests were performed in a steam environment:

2 were performed in a hot air environment. The leak rate for
the steam tests was measured by condensing the steam and then
weighing th~ water collected during a given time. Leak rates
associated with dry air tests were measured with flowmeters.

2.2 Temperature Profile

The temperatures and pressures chosen for testing enveloped the
predicted severe accident conditions for the followirg types of
nuclear containments: PWR, BWR Mk I, and BWR Mk III. The
predicted worst-case temperature and pressure profiles are shown
in Figures 1 through 3. The tyrical test temperature profile is
shown in Figure 4. (This temperature profile was chosen so that
failures would probably occur during rngular working hours.)

The tomporaturc was tirst held at 360°F then increased up to
500°F, 600°F, and 700°F on successive days. The pressure

was maintainod at 143 psig t Jughout the tests.

2.3 Aging

Aging of the elastomers was in three categories: no aging,
thermal aging only, and radiation followed by thermal aging.
All aging was performed with the qa-kotl installed in the test
fixture., Thermal aging was at 300°F for 168 hours. Radiation

aging consisted of a 200 Mrad dose of gamma radiation applied at
1 Mrad/hour.

2.4 Flange Separation

Sealing surface separation was simulated by placing shims
between the flanges ~f the test fixture. Tests were run with
gaps of 0,006, 0,012, 0.024, and 0.048 inches as well as with
metal-to-me'al contact.

Note: Flange separation was fixed (constant) during the tests,.

*One test was attempted with gaskets of fluorocarbon rubber:
this elastomer deteriorated the fixture so severely that the
test was aborted.

-7-
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See Note 2, page 23

See Figure 5.

See Figure &,

See Figure 7.

Two fintures were used to test 1/4-ingh O-rings; they are designaied "A" and "8 (see Appendiax §).
9 See Appendia A, p. A &S,

-’ a o o



TABLE 2

Gaskets Tested
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TEST PROCEDURE

3.1 Equipment

The steam system used for these tests has two boilers (3 hp and

6 hp), a 1é6~cubic~foot sccunmulator with 8-cubic~feet of water, and
a 20-kW superheater. The system can deliver superheated steam at
up to 750°F and 200 psig.

rhe environmental chamber is shown in Figure 8. 'he test
environment fills the chamber and surrounds the test fixture,

Schematics of a typical test apparatus are given in Figures 9 and
10.

lest fixture drawings are in Appendix B. Test fixtures were
fabricated for each gasket design. Tw iifferent 1/4-inch O=-ring

| 1

fixtures were used in the tests (see Table 1

»
Testing Segquence

procedure for test

Measure compression s
gaskets.
Irradiate gaskets
1 Mrad/hour.
Measure diameter and hardness of gasket,
Thermally age gaskets (in test xture)
168 hours at 300™F.
Measure diameter and hardness o© jaskets.,
Install gaskets in test fixtu
Install shims to ac!
Note: Squeeze was
[orgque assembly bolts t
Place fixture in environmental «
Apply steam at 143 psig and 360
Note: Pressure was held
Next day increase temperature 1t
hours.
Return to 360" for evening.
Next day increase temperature t
hours.
Return t«

leve des




Next day increase temperature to 700°F and hold for 2
hours.
Note: A typical temperature profile is shown in
Figure 4.
Return fixture to room temperature.
Disassemble.
Photograph gaskets and sealing surfaces.
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L O RING TEST FIXTURE
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Enviromental Chamber
Figure 8
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4. LEAK RATE DATA EVALUATION

One of the original goals of this test program was to measure
leakage rates for several different seal and gasket materials
and cross-sectional shapes. However, for the r2asons described
balow, only the onset of leakage was determined. It was
impossible to accurately measure the leak rate past a single set
of gaskets during these tests. The difficulty arose because of
breakup of the seal material, which then caused clogging of the
leakage detection lines. Another problem was in the design of
the test fixturc, which was meant to measure leakage past
several different seals during a single test.

4.1 Failure Characteristics of the Elastomers

During some of the tests, the gaskets nelted, allowing nglton
elastomer to move and clog the leakage collection ports,
Clogging occurred to such n extent during several tests that
the ports were completely obstructed and leaking stopped. 1In
other tests, the data suggests that ports were obstructed and
then reopened; these tests exhibited leak rate variations that
are otherwise inexplicable. The leak rates would decrease anw
then increase again as the material plugged the perts and thern
later blew through the system. Clearly, such leak rates do not
represent an accurate picture of gasket performance.

4.2 Apparatus Design Deficiencies

The apparatus was designed uo that three sets of two seals each
coulcd be tested simultaneously, thus tripling the amount of data
generated by each test. A schematic of the test apparatus and
associated leakage cetection piping is shown in Figure 9.
Valves Vg, V;, V. were all open at the beginning of the
test and rcnkinoa open until leakage was first detected. At
this point the valves were all closed and then reopened one at a
time until the location of the leak was determined. As can be
seen in Figure 9, when valves Vgio Vi, Vy were closed and
gaskets T,/T, or Tg/Tg began to louk. tno apparatus
gaskets (*1 gr A;) may have been subjected to the full %est
Pressure. Because the apparatus gaskets were made of the same
material as the gaskets under test, they would be expected to
leak under approximately the same pressure and temperature
conditions. Leakage past the apparatus gaskets would have

to result from failure of T /T4« The degraded
condition of the apparatus gaskets after the tests indicates

*For example, see the photor.aphs in Appendix A for tests El
and ES8.

-2l



that such spurious leakage p ] : jee postte
photos, Appendix A). Obviously, P the apparat
gaskets could cause s U § or.d n ne me ure leak
which were originally ) ) jolel re Lt !
gasket failure,

'ne pressure and temperature n
nset for the first set of gaske

affected by this problem. Thus,

temperature at onset of leakage
rrecet




5. RESULTS

5.1 Leakage Onset Point

The leakage onset po‘nt is indicated on the temperature profiles
shown in Appendix A. A ounaarx of the leakage onset
temperatures for all the ‘“sts is provided in Table 1. For
1/4~inch O-rings, these data are displayed in Figures 11 and 12.

For purposes of these tests, leakage onset point was defined to
be when the leakage rate reached 1.0 ml/min of condensate.

Note: 1. The time required for the steam to pass through the
leakage piping and be condensed in the heat exchanger
caus some imprecision in the leakage onset
temperatures; therefore, the data sho.ld be considered
approximate

2. For tests E8 and E9, one of the three sets of gaskets
that had been radiation and thermally aged failed to
provide a seal when the leak test was begun. This one
set was replaced by a set of unaged gaskets. Durin
the tests, the una?ed gaskets were the first to fail.
After the first failure occurred, leakage onset point
for the remaining gaskets was undetectable (see
Section 4.2), so these data are not available for ES
and E9, Since the radiation and thermally aged
gaskets were still providing an effective seal when
the unaged gaskets failed, they performed at least as
well as the unaged gaskets. Thcrsto:o, the
temperatures reported for E8 (524°F) and E9 (508°F)

are 19¥.x_ngundl of the leakage onset point for the
radiation and thermally aged gaskets.

5.2 Posttest Photographs
Posttest photographs of the gaskets are displayed in Appendix A.
5.3 Typical Temperature Distribution

A typical temperature distribution on the 1/4~inch O-ring test
fixture is shown in Appendix C.

*The typical location of the thermocouple used to determine
fixture temperature is shown in Figure 9.
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TABLE 3

Performance of Aged Gaskets Compared to
Performance of Unaged Gaskets
(1/4=inch O-rirngs, steam ernvirorment)
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TEXT FIXTURE DRAWINGS
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1/4" O-Ring Test Fixture A

1/4" O-Ring Test Fixture B
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Double Gum Drop Test Fixture
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APPENDIX C

TEMPERATURE DISTRIBUTIONS ON THE TEST FIXTURE
FOR TEST E~-/,
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Section A

Thermocouple locotions for Test £-4

Figure C-1

Cc-2



Time

11:30:07
11:44:01
11:64:30
11:45:00
11:45: 30
11:56:00
11:46:30
11:47:00
11:47:30
11:48:00
11:48:30
11:49:00
11:49:30
11150:00
11:55:00
12:10: 0
12:25:00
12:40:00
12:55:00
13:10:00
13:25:00
13:40:00
13:55:00
14:10:00
14:25:00
10:40:00
14:5%:00
15:10:00
15:25:00
15:40:00
15:41:00
16:00:00
17:00:00
18:00: 06
19:00:00
20:00:00
21.00:00
22:06:00
23:00:00
0:00:00
1.00:00
2:00:00
5:00:00
4:00:00
$:00:00
LH W ]
6:15:01

6.9
6.9
64.9
2%%.2
350.6
348.9
M7.8
LI
36,6
346.3
345.9
¥5.8
5.8
MS5.7
346.6
358.7
821
382.0
31.9
360.8
361.3
3416
361.8
1.7
361.3
362.0
361.9
2.0
361.8
361.9
361.9
2.0
3617
1.7
1.7
M7
361.8
318
2.1
362.0
2.0
362.0
1.9
361.8
1.7
»r7
1.7

CN 36

6.9
65.0
6.

M7.6
5.9
4.7
M40
3.6
"33
3.0
M2.7
342.8
M7
37
355.8
359.2
3591
359.0
357.8
358.4
358.6
358.8
358.8
358.4
LU
15%.0
59
358.9
359.0
359.0
359.1
358.9
358.8
358.8
3588
35%.0
5.9
50.3
359.0
LU
359.0
3s8.8
358.7
358.7
358.7
358.8

THERMOCOUPLE RECORD[MGS FOR TEST E-4

CN 40

65.0
65.1
65.0
@2
9.7
M.y
346.8
346.2
5.8
5.3
451
344.8
4.9
348
345.8
558.1
361.4
315
3614
3460.3
360.%
361.0
361.2
3t 3
360.9
361.6
314
361.6
341.3
3614

EEEEEEEEEE S
Wl S s o o A w2 v

EEEEES

CH 42

6.7
64 .9
64.9
62.2
68.0
66.4
67.9
7.9
7.8
8. *
o7
110.9
1255
139.9
262.4
9.3
359.7
360.5
360.5
359.4
359.7
359.8
359.9
360.3
359.2
360.2
30,2
0.2
3601
3601
3601
360.2
360 1
360.0
360,V
360.0
3801
360 .1
303
360.2
0.2
360.2
3801
360.0
3a0.0
359.9
159.9

CH &6

65.1

65.1

65.0

274.8
3461
345.4
3443
3.9
343.4
M3
2.6
2.5
2.6
2.5
3.4
555.6
359.0
§59.0
359.0
357.9
358.4
358.6
358.7
158.8
358.4
359.1
358.9
5%
358.9
§59.0
359.0
359.0
358.9
358.8
358.8
8.8
359.0
358.8
359.2
359.0
3591
358.9
3588
358.7
358.6
358.6
358.7

66.0
6.0
65.9
ana
346.6
7.2
3461
5.8
345.5
345.3
3448
K50
5.2
5.1
346.6
358.9
2.2
362.2
362.2
361.0
361.6
1.9
WA
2.
3618
362.5
382.3
362.4
62.3
362.3
362.4
362.5
362.1
2.0
2.2
M.
2.3
362.3
2.7
382.6
2.6
362.5
2.3
2.3
L
2.1
3621

CH 54

6.2
6.1
641
249.0
340.8
344.2
L]
343.5
M3
335.0
342.6
342.5
2.5
342.5
5.5
355.6
358.9
3528
358.7
357.6
358.1
358.3
358.6
358.6
358.2
358.8
358.8
358.9
358.6
§58.8
358.8
5.8
358.7
358.5
358.6
358.6
358.8
358.6
358.9
3589
358.8
358.8
358.7
358.6
358.4
358.4
358.6

(degrees F)
cH 55

6.2
64.1
6.1
304 .1
348.2
46,5
345.4
34e .8
3442
543.8
3.4
343.3
33,2
3431
3440
356.3
359.4
35¢.2
359.2
358.0
358.6
358.8
359.0
359.0
158.6
159.3
59.1
359.3
359.1
35%.2
359.2
590
358.9
358.9
3589
358.8
358.9
358.8
359.2
359.2
591
359.1
589
§58.9
358.7
358.8
358.8

CH 346

641

L]

64.0

5.7
Mr.y
346.2
345.4
5.0
4.7
3445
3443
3442
342

360.8
360.6
360.8
359.5
360.0
360.3
2.5
360.5
380.0
0.7
360.6
360.8
360.5
360.7
360.6
0.6
3604
360 .4
0.5
360.5
360.8
360.6
0.9
360.9
0.9
0.8
380.7
360.6
360.5
30.4
360.6



Time

6:30:00
6:45:00
7:00:00
7:15:00
7:30:00
7:45:00
8:00:00
8:15:00
8:30:00
8:45:00
9:00:00
9:15:00
9:30:00
9:45:00
10:00:00
10:15:00
10:30:01
10:45:00
11:00:00
11:15:00
11:30:00
11:45:00
12:00:00
12:15:00
12:30:00
12:45:00
15:00:00
15:15:00
13:3%0: 00
13:45:00
14:00:00
14:15:00
14:3%0:00
14:45:00
15:00:00
15:15:00
15:30:00
15:45:00
16:00:01
17:00:00
18:00:00
19:00:00
20:00:00
29:0:00
22:00:00
23:00:00
0:00:00

366.8
380.3
4040
4244
4383
7.6
454.6
480.2
bk 4
“87.3
4704
A7T3
769
78
480.3
481.8
4831
4844
8.2
487.1
487.6
9.0
893
490.1
490.6
Wi
(LA )
LA AR
498
se2.7
505 .8
1.3
516.8
$20.7
5243
$26.7
529.4
.7
w7.9
374
3981
3739
a3 .4
24
2.2
L
2.2

7.9
381
403.6
423.9
438.0
“Ur.a
4554
458.7
2.4
85 .4
8.3
470.5
an.s
754
4775
ama
480.6
4818
LU
4843
485.2
4853
86.0
8.5
487.3
o878
o882
7.9
.8
im0
s02.1
508.7
514.0
518.0
s21.2
$23.4
525.8
(L )
458.2
a3
wr.2
9.8
361.0
59.7
59.4
359.3
359.4

THERMOCOLPLE RECORD INGS FOR TEST E-4

CN &0

8.8
389
“09.6
430.4
LN
454.8
1.8
LN
470.6
A7T3 N
759
779
am.5
2.1
8.3
486.0
87.4
488 1
489.6
4904
490.9
9.3
92.3
2.6
(LA
4935
i
LA N
501.3
$06.2
509.4
516.5
s21.9
525.5
5¥.0
$30.8
.9
e
2.1
4381
4087
srr.e
5.9
2.4
81,7
1.6
1.7

CN &2

360.6
360 .4
360.9
36.3
6.4
386.9
3%6.9
406.5
415.0
422.6
9.5
435.5
440.8
4456
450.2
454.6
458.5
482.0
465.1
68,0
470.3
4T2.4
ATh 4
476.0
AT77.5
‘n7
im.8
480.9
8.7
483.3
o854
ar.e
491.0
A4
a3
$01.8
505.4
508.2
506.8
7S
4388
we.7
3685
3627
361.1
360.5
3605

CH &6

359.6
.
0.2
407.6
4205
430.4
436.9
2.6
6.2
€50.0
453.9
456.8
459.5
2.8
5.2
7.9
7.2
(34N |
4739
4766
4761
76,7
AT7.8
4785
LY N
.8
480.5
480.6
4855
9.1
492.2
r.2
502.6
505.7
509.2
§12.2
51%.9
$01.6
ar.5
0.1
02.7
o
2.0
5e.7
359.6
594
%94

CN 50

7.3
in.s3
380.9
¥95.3
408.7
416.4
h26.6
32.8
437.4
2.9
T8
4514
454.7
80.2
464 .6
8.5
an.e
4735
476
477.8
i7e.8
480.6
481.3
2.2
483.2
4889
8.3
o847
880
w7
.8
4983
502.9
506.9
s10.1
513.4
516.8
5045
.S
e
“0s.7
.9
3671
36403
363.3
2.8
2.7

CH 54

159.4
3611
3a7.9
403.8
Mre
a2r.0
430
4401
445.6
9.4
452.8
456.5
458.7
2.6
68,3
9.4
T8
4736
ATS.6
477.2
784
LY N
480.7
481.6
821
4a3.0
4836
4839
4883
9.6
.9
.2
504.3
508.0
§12.0
$13.9
s\7.2
5041
843
2
408.3
.9
6.7
3617
159.9
59.2
359.2

(degrees f)
cH 55

ir.o
.7
403.4
4234
438.0
ar.2
453.9
459.8
4634
8.9
470.0
A0
77
477.0
ama
480.9
2.4
483.6
4844
485.7
8.3
4845
V.15
4885
4883
893
A89.6
89.6
496.0
$00.7
503.8
$10.9
$16.6
520.0
523.6
525.8
$ar.5
A0
458.0

2.4
wr.y
wms.r
360.3
359.6
359.5
359.3
359.4

CH 56

370.0
3888
e
434.3
4501
458.8
7.4
A7.5
476.3
78,7
480.6
482.0
4887
4“85.9
487.8
“89.0
89,7
4901
490.8
a9z
e
2.4
493.0
4933
4934
9.2
M
493.6
502.8
507.8
510.7
LU |
525.4
528.9
$31.5
5334
535.4
$00.5
85 4
4243
393.8
3704
2.2
3811
3611
810
810



Time

1:00:00
2:00:00
3:00:00
4:00:00
5:00:00
6:00:00
6:25:59
6:30:01
6:45:00
7:00:00
7:15:00
7:30:00
7:45:00
8:00:00
8:15:00
8:30:00
8:45:00
9:00:00
9:15:00
9:30:00
9:45:00
10:00:00
10:15:00
10:16:3%
10:17:34
10:32: %
10°47: %
11:02: 3
11:17:34
1825
14754
12:02: %
12:97: 5%
12:32: %
12:47: 8
15:02:34
1507
15:52: %
15:47: 54
Wo:s
Wilr: s
ALES “ 55 1Y
b7
15:02: 4
15:08:1%
15:18:0
15:3:%

362.3
2.2
362.0
361.6
360.9
359.4
361.8
361.7
3419
361.8
361.3
359.8
383
LB
501.0
518.9
S41.8
558.7
562.4
568.5
ST .4
576.1
srr.2
$76.9
577.4
5.7
584.8
589.2
592.0
5951
601.0
&07.3
612.3
615.2
8.y
619.3
21,0
a1
623.2
620.5
8179
612.4
&07.5
603 .1
603.0
589.5
76N

CN 36

359.4
359.3
359.1
358.7
358.0
356.5
358.9
358.8
359.0
358.9
358.4
356.9
365.9
9.0
501.8
519.4
540.4
§54.0
559.6
567.0
sn.7
7.7
576.0
ST.4
Sn.?
573.3
S81.7
$86.6
589.1
592.5
598.0
604 .6
68 6
611.3
6137
815.7
617.5
618.2
619.0
617.0
6149
609.8
606 5
601.3
600.8
S48 .4
576.6

THERMOCOUPLE RECORDINGS FOR TEST E-4

CN &0

361.6
1.6
3614
361.0
360.2
358.9
361.3
361.2
361.3
361.3
360.8
359.4
9.7
481.0
516.6
§34.5
555.1
566.0
572.8
sm.7
$81.3
5435
543.9
584.0
543.3
5823
588.9
593.5
5961
600.2
6059
6119
616.2
6188
&21.3
623.0
624 .6
626.3
a7
&23.2
620.3
615.0
8121
6069
6061
92.1
sn.e

CN 42

360.4
360.5
3604
360.0
359.4
358.5
¥59.9
360.0
359.8
3601
359.7
558.9
360.2
61
a9
405.6
428.2
451.2
.0
489.8
$05.3
5181
528.7
529.7
530.4
$38.4
Sal.7
§51.%
557.5
543.1
5684
L1 ]
sma
5843
589.3
593.8
9.8
601.2
6041
6065
608.3
608.9
608 6
&07.5
807 .4
6055
601.8

O

CH 46

359.3
359.2
3591
358.6
7.9
3%6.5
358.9
158.9
359.0
358.8
358.4
»7.0
380.0
39.6
5.9
9.1
507.6
523.5
5334
542.6
547.0
§52.9
556.5
§57.2
556.1
§57.1
5463.8
569.9
5739
773
“a3.0
588.6
593.2
$97.0
599.8
62.2
603.8
606 .1
&r.7
6066
6064
8034
&00.9
5%¢.3
5981
589.6
580.6

2.7
2.7
362.5
2.2
361.5
360.3
362.3
2.2
362.3
2.2
31,7
360.3
377.3
9.7
7.5
6.9
9.4
512.4
521.8
532.2
542.7
549.7
554.4
§53.2
554.3
§56.2
567.3
5re.3
srr.o
580.9
585.0
2.2
5%.8
600.5
6047
607.2
609.0
611.0
612.6
612.5
6115
608.9
606.0
602.8
602.8
§95.0
585.1

CH 54

359.2
359.1
554.9
358.6
358.0
356.9
558.8
358.6
358.8
358.6
358.2
156.8
PR
436.5
465.3
482.0
507.6
522.4
533.5
540.8
5491
555.6
558.9
559.1
559.0
559.5
S67.7
sr.y
577.6
581.8
586.8
9.7
§98.1
601.3
605.2
&07.2
609.8
610.7
612.6
6111
610.0
807.5
605.3
602.3
602.2
%2
583 8

(degrees ¢)
CH 35

359.4
359.3
359.1
358.7
358.0
356.5
358.9
358.8
359.0
358.9
358.5
7.0
390.3
9.1
504.4
523.2
544.2
557.8
565 .4
571.4
575.2
577.5
782
5r7.9
sma
$76.5
586 .9
589.6
593.0
$96.0
600 .9
609.2
6141
617.2
619.2
621.6
623.9
6253
&26.0
a21.4
619.4
811.2
06 4
601.5
601.8
588 .1
$73.4

CH 56

3612
10
360.9
360.5
359.9
358.4
360.7
360.5
360.7
560 5
360.0
358.6
390.9
“82 .4
521.9
539.6
$61.0
574.8
578.8
582.9
587.7
588.8
589.0
S88.7
583.9
586.2
5964
597.9
600.7
603.6
608 .6
6151
620.3
a2
6241
625.5
626.2
a2r.7
628.2
623.0
619.0
611.0
605.7
600.9
600.9
585 .4
sr.7



Tim

15:33:48
16:00:01
17:00:00
18:00:00
19:00:00
20:00:00
21:00:00
22:00:00
23:00:00
0:00:00
1:00:00
2:00:00
3:00:00
4:00:00
5:00:00
6:00:00
6:15:01
6:30:00
6:45:00
7:00:00
7:15:00
7:30:00
7:45:00
8:00:00
8:15:00
8:30:00
8:45:00
9:00:00
9:15:00
9:30:00
9:45:00
10:00:00
10:15:00
10:%0: 00
10:45:00
11:00:00
11:15:00
11:30:00
11:45:00
12:00:00
12:15:00
12:30:00
12:45:00
13:00:00
13:15:0
15:30:00

cw 32

57%5.2
§54.5
505 .4
480.0
2.9
83
370.6
365.3
362.2
361.4
361.2
0.7
360.4
360.2
3601
360.8
388 7
493.4
545.3
M4
603.0
619.7
633.6
645.2
654.5
662.3
6691
674 .4
7.0
682 .4
6849
687.3
o893
1.
2.5
.5
LN
9.4
69 .4
o7.3
7.4
or.2
698 6
6989
701.5
0.3

575.8
548.8
97.3
52,7
.2
1.0
367.3
3416
360.0
359.0
358.3
7.9
7.5
357.3
7.2
57.9
396.0
496.3
5470
5M.5
602.0
817.5
630.4
641.5
650.2
658.8
665 .1
670.4
674.6
67.3
681.4
6838
685 .8
687.6
6887
689 .6
690 .6
1.3
L
693.0
693.7
693.9
6% .5
695.0
&87.9
9.7

THERMOCOUPLE RECORD INGS FOR TEST E-4

581.2
$57.1
$05.2
460 .4
417.3
384.0
368.3
362.7
361.6
3611
360.8
360.4
359.9
359.5
359.5
360.2
402.6
509.3
566 .4
598.6
622.2
635.3
647.0
655.8
685 .1
670.0
676.2
681.0
6840
687.6
6%0.9
2.6
.7
695.6
7.8
6983
698.8
.2
0.3
ror.2
1.8
ri.e
vy
rz.s
rns./
T08.1

Ch 42

601.6
590.2
5511
505.9
463.3
419.2
wm.7
376.8
368.7
343.6
360.8
359.8
359.1
358.6
358.4
359.7
359.5
365.2
387.3
419.0
2.y
4853
S &
540.4
S62.8
sa2.1
598.9
613.4
625.7
636.2
645.0
652.5
658.8
664 .2
6686
672.3
67 .4
678.0
680.2
2.0
6a3.5
6849
685.9
68,7
6a7.6
&688.6

0

CN &6

580.0
563.1
514.0
7.6
417.3
2.5
367.5
363.2
810
358.4
358.2
357.8
7.4
357.2
57.2
357.8
382.0
452.7
503.5
537.4
559.4
7.8
593.3
608.6
6201
631.4
640.4
64T7.9
653.3
657.7
661.9
665.2
6689
67 .4
673.4
674.7
676.5
678.1
m.0
6801
680 9
&81.3
682.0
2.6
684 .2
686 1

cH 30

584.6
566.7
518.5
68,8
420.1
3864
ma
7.9
365.3
3.7
362.5
81,7
811
360.8
360.7
3613
3rs.3
430.3
an.a
505.2
S
556.7
sr7a
5961
608.9
623.3
6341
bh4 8
653.3
6611
665 .4
670.0
&n.7
676.0
678.4
680.6
2.3
68,7
684.8
686 .1
689
687.%
6886
689 .1
690.8
692.3

CH 54

583.4
5645
$14.7
b6 .2
421.3
386.0
LIA |
365.8
2.4
0.3
¥59.2
358.3
357.8
357.3
557.2
7.7
82,0
453.8
9.2
§32.9
558.2
M™.5
593.8
610.4
624.8
633.1
62,7
650.5
658.0
682.7
87,9
672.0
675.2
678.4
m.7
&7
682 .4
684 .1
85 .2
688 6
687.%
687.8
6881
6.2
M2
6931

(degrees F)

sre.e
561.5
510.4
465.8
420.4
380.8
0.7
3644
361.1
359.8
358.7
358.0
357.5
57.2
357.2
sr.e
39¢.8
9.5
§50.0
585.0
&08.0
623.9
637.9
648.3
657.8
664 .7
670.6
675.3
em.9
6841
686.3
6857
690.9
692.5
693.3
6.9
695.9
&97.%
697.8
698.2
698.5
699.2
700,0
700.7
roa.7
704.0

CN 56

sre.2
547.0
4931
4439
4046
irs.2
366.8
362.6
361.9
360.9
340.3
59.7
159.4
3591
3%59.0
359.8
403.4
1.2
sn.e
605.3
628.9
643.5
655.9
6640
6731
7.6
684 .4
689.4
691.4
6.4
695.7
697.1
6%.2
699 .1
700.1
700.8
Te.7
701}
.9
2.3
re2.8
70s.1
ros.2
r3s.7
707.4
708.9
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