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2.2 HALON INTERING

2.2.1 Purpose

Quickly inerting a containment with Halon after a serious accident to prevent
hydrogen combustion is not a new concept. The Maritime Administration of

the Department of Commerce funded a three year program in the mid-1970's to
study the use of Halon 1301 in the reactor containment of a nuciear powered
ship. The concept was found to be completely suitable and would have been the
system of choice had such reactors been built. However, due to the differeicss
in size and design of the containments, it was nct known whether a Halon system
would be feasible for an ice condenser containment. To answer this question,
Atlantic Research Corporaticn conducted a feasibility study on the use of

Halen 1301 in an ice condenser containment.

2.2.2 Summary

Three major considerations were to be addressed in the study: 1) preliminary
design of a Halon inerting system, 2) evaluation of the potential for inerted
mixture combustion to be initiated by a postulated local detonation, and

3) evaluation of the effects of a change in water chemistry due to Halon decom=
position and solubility. This project was conducted based on experimental

data available in the litera'ure and that obtained from the stuzies associated
with the Maritime Administration project. It became evident early in the
project that very little information was available on the corrosion effects of
Halon 1301 and of low concentrations of nydrogen bromide and bremide ions. To
assist in addressing the third consideration, corrosion studies were conducted

at the Singleton Engineering Materials Laboratory. Chemical conditions were
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with fans and grating. Tests are to be conducted with both items individually
and jointly. Fan flow is varied from zerc to a combined maximum of approximately
3000 ¢fm. The grating consists of a 1/4 inch plate perforated with 1 inch diam-
eter holes, resulting in 2 blockage of 50%. Plates are located one third and

two thirds the vessel height. | drogen concentrations are varied from 6 to 20
v/o. In Phase 4, a pipe approximately one foot in diameter and 20 feet long is
attached to the sphere. Tests are to be conducted with uniform and non-uniform
hydrogen concentrations varying from 6 to 20%. Ignition will be in the pipe

and in the sphere. These tests provide data on the effects of flame preopagation
from one gecmetry into another, as well as the effects of propagation from one

concentration to another.

‘«st results obtained to date appear to confirm that steam and turbulence have
competing effects on .ydrogen combustion. Steam lends to reduce the iate and
degree of combustion, while turbulence promotes rapid and more complete
combustion. Additional turbuience testing is underway, with the pipe-sphere
tests to follow. Completion of all testing is anticipated around mid-

February, 1982. An interim report is included in Appendix 2J.

2.8-2 Revision 2



2.9 HYDROGEN MIXING AND DISTRIBUTION

2.9.1 Purpose

Concerns have been expressed regarding the potential for localized accumulation
of hydrogen at detonable concentrations. Previous analyses have shown that as
a result of the mixing induced by tre air return fans and the steam-hydrogen
jet itself, the formation of detonable concentrations is precluded.
Additionally, the design of the hydrogen mitigation system assures that the
released hydrogen starts burning once a flammable concentration is reached.
However, to provide additional assurances that localized hydrogen accumulaticn
wiil not occur, tests ar2 being conducted by the Harnrord Engineering Develop-
ment Laboratory (HEDL) to verify the mixing characteristics of the air return

fans and the :team-hydrogen jet.

2.9.2 Summary

Tests are being conducted at HEDL's Containment Systems Test Facility (CSTF).
This facility has a height of 67 feet and a diameter of 25 feet. Volume of
the facility is approximately 3 x 10* cubic feet. The CSTF has been modified
to resemzle a simplified ice condenser containment. A schematic of the
medified CSIF is shown in Figures 2.9-1 and 2.9-2. Atmospheric temperature
and hydrogen concentration ara being measured as a function of time at various
locations. Additional measurements include flow velocity and water vapor

concentration.

The test program includes tests with and without the air return fans. In
addition, the injection rate of the jet will be varied. Although a majority
of the tests are being conducted with helium, tests will be conducted with

hydrogen to assure applicability of the helium tests.
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Section 1

Introduction

Approximately ten hours into the accident at Three Mile Island, a hydrogen burn
occurred inside the containment. Although this burn posed no real threat to

the TMI containment, it did create interest in hydrogen combustion and its

effects on containment structures. The operating license applications for

McGuire and Sequoyah Nuclear Stations contributed to the growth of this interest
into a major safety concern, especially for ice condenser containments. The
indiviaual and joint activities of the three utilities owning ice condenser
stations (American Electric Power, Duke Power Company, and the Tennessee Valley
Authority) are well documented in various licensing submittals or licensing
proceedings and will not be repeated here. However, when the three utilities
decided to install a distributed ignition system as a hydrogen mitigation

system, the question of ignitor location within a compartment arose. Additionally,
concurrent with the design of a distributed ignition system, several independent
organizations suggested coupling a water fog system with the distributed

ignition system to act as a pressure suppressant during combu-tion. To investigate
the effect of ignitor location ) hydrogen combustion withis a compartment, the
three utilities, in conjunction with the Electric ‘wer Research Institute, con-
tracteu with Acurex Corporation to conduct a series of tests. These tests were
conducted at the SRI International Explosives Test Site near Livermore, California.
Although analyses had shown a pressure suppre:sant was not necessary for ice
condenser containments, the utilities beiieved that investigating the effect of

water fogs on hydrogen combustion could be of some potential interest to the
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A three horsepower electric motor and gear pump supplied water to the test

vessel spray nozzles. A bypass loop was included to control the flowrate.
Utilizing a closed loop spray system, i.e., recirculating the spray watar,

avoided the potential problems associated with accumulating large volumes of

water within the vessel. For the Phase 1 tests, a sirgle Sprayco 1713 nozzle,

15 gpm flowrate, was mounted at the top of the test vessel. A manifold containing
nine Sprayco £163-7604 pinjet nozzles was mounted at the top of the test vessel
for the Phase 2 tests. 0Depending cn the pressure drop across the nozzles, the
total spray flowrate for the Phase 2 tests varied from 1.1 to 1.4 gpm. The

spray manifold was constructed so as to provide an even spray distrinution

throughout the test vessel.

An air-operated fan was mounted inside the test vessel to assure a well mixed
vessel atmosphere prior t- the quiescent tests. Use of an air-operated fan

eliminated the potential of an electrical malfunction resulting in a spurious
ignition. The fan's air exhaust was vented outside the test vessel to avoid

diluting the vessel atmosphere.

Two 4 inch butterfly valves located at the top and near the bottom of the test
vessel allowed the vessel to be purged following the completion of each test.
A squirrel-cage blower attached Lo the lower butterfly vaive provided the
motive ferce for purging the vessel. The vessel contents were vented to the
atmosphere through the upper butterfly valve. The vessel was not vented until

post-test samples were obtained.



Vessel atmosphere sampie taps were located near the top and near the bottom of

the test vessel. A remotely operated solenoid valve isolated each of the two
sample lines from the test vessel. When a solenoid valve was open, the vesseli
atmosphere sample was pumped through a cold trap to remove water. The sample

then passed through a silica gel trap to remova2 any remaining meisture. The sample
then flowed through a gas meter intc a glass sample bottle. A sample was

extracted from the sample botcle by a syringe and injected into a gas chromatograph.
(A detailed discussion of the gas analysis methodology is presented in Appendix

A).

Two ignitor assemblies supplied by Duke Power Company were mounted inside the
test vessel. The ignitors were located on the vessel centerline at either the
top, midcie or near the bottom of the test vessel. Only two ignitor locations
were occupied at one time. The top ignitor location was not used during the
Phase 1 tests requiring sprays or during any of the Phase 2 tests since an
ignitor assembly located at the top effectively created a significant spray/fog

maldistribution within the test vess~!

" INSTRUMENTATION

The test vessel was instrumented to provide the following information: vessel
atmosphere temperature, vessel wall temperature, flame front propagation, and
vessel pressure. Three mil Type K thermocouples were used to measure temperatures
and detect flame front propagation. Strain gauge pressure transducers and
piezoelectric prassure transducers were used to measure vessel pressures. A

schematic of the test vessel instrumentation is presented in Figure 2-2.



AS Just mentioned, 3 mil tiiermocouples were used to measure temperatures and
detect flame front propagation. Male Type K thermocouple jacks were used as
attachment points ror the 3 mil thermocouple junctions to increase the robust-
ness of the thermocouple. The junctions were located between the jacks with
the leads attached directly to the jacks. Vessel wall temperature thermo-

couples were weided directly to the vessel wall.

Tn determine the flame front propagation pattern within the vessel, a special
electronic circuit was developed. This circuit ised a high input impedance
operational amplifier comparator to detect the temperature rise in the 3 m.!
Type K thermocouples located within the vessel. A schematic diagram of the
flame front detector circuit is shown in Figure 2-3. Five circuits were used,
each circuit monitoring seven thermoccuples located in a vertical array within
the vessel. The 5 x 7 grid was located vertically on a plane formed by the

diameter and centerline of the test vessel as shown in Figure 2-2.

wher, one of the thermocouples in the grid was exposed to the rlame front, the
thermocouple output voltage would rise and trigger the comparator. This, in
turn, placed a signal at one input point of the digital-to-analog converter.

The output from the DAC was then recorded. Since the input signals from the
thermocouples could be considered as binary bits, every voltage that was
generated by the DAC corresponded to a discrete combination of hot thermocouples.
Thus, by comparing the output veltage against time, the instant that the flame
front arrived at each location could be determined, and a map derived showing

flame front propagation.
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Pressure data were obtained from two strain gauge pressure transducers mounted

at the top and near the bottom of the vessel. Although data from the
piezoelectric pr=- ure © insducers were recorded, tne observed pressure transients
did not warrant use of the piezoelectric instead of the strain gauge pressure
transducers. Sources cf error in the pressure data were: transducer error,

the transducer amplifier error, and the same tape recorger amplifier errors
encounteed in the thermocouple data. The manufacturer's estimated error for

the transducer was +.25% of full! range. This corresponded to $0.5% of the

signal reculting from a large AP, i.e., a major deflagration, and £2.5% for a
small AP. Using the root-mean-square method, the total random error for high AP

cases w~as approximately,
2 s
[(%)2 + 12 + 12 + 12]% = 1.8%

and for low AP cases,

i

i
[2.52 + 12 + 12 + 12]%

(2
Q
a®

Calibration and test gas chromatograms were analyzed using the peak height
method. Water vapor corrections were made to convert dry gas sample analyses

to actual test vessel conditions.

Uncertainty estimates for the resulting gas constituent volume percentages were
based on the repeatability of sample analyses. Normalized mean peak heights
were calculated from the analyses of each test run. The ratio of the largest

deviation from the mean to the mean for each test run was use~” as an estimate



cof the gas analysis uncertainty. The mean estimated uncertainties were
approximately :10% for the hydrogen analysis and +20% for the oxygen inalysis.
Problems encountered with the gas chromatograph's thermal conductivity detectcr
~ere suspected as being a primary cause of scatter in the data. Discussions

with the manufacturer indicated that filament oxidatiun was hampering performance.

4.3 IGNITOR LOCATION TEST SERIES

Tests were conducted by varying the ignitor location in three test environments:
hydrogen injection, hydrogen/steam injection, and hydrogen/steam injection with
sprays. [wo additional tests were conducted with the hydrogen flowrate arbitrarily
increased by a factor of three. The final test of this series was conducted

with a reduced vessel pre-heat. A summary of the results obtained from this

test series is presented in Tables 4-1 and 4-2.

Figures 4-2, 4-4  and 4-10 provide the pressure histories from ignitor location
tests without steam or spray (tests 1.2, 1.5, ana 1.10). At lean hydrogen con-
centrations, flame propagation is only upwards. With this in mind, it was anti-
cipated that while localized burning was occurring in the vicinity of the

top ignitor, the hydrogen concentration would increase throughout the remainder
of the vessel. When the flammability limit for downward propagation was reached,
a major discrete deflagration would occur. This appeared to be the seguence of
events in test 1.2 with minor intermittent deflagrations beginning at 300 seconds
followed by a major discrete deflagration at 580 seconds. The maximum pressure
rise was expected to be smaller for the center ignitor location (test 1.10)

than the top lczation because of the increased vessel volume that would be









for both tests. Comparing tests 1.7 with 1.5 and 1.6 with 1.4 shows that the
transients were similar to their low flow counterparts, with the exception of
ignition occurring earlier in the transient. In test 1.7, ignition occurred
slightly earlier than the 150 second ignition expected from a higher flow rate
(see Figure 4.7). It is possible that the increased injection velocity had a
slight effect on mixing within the vessel. This woula allow an ignitable
mixture to reach the ignitor earlier. This would also explain the slightly
lower pressure rise from test 1.7 since less hydrogen would be present within
the vessel at 1qnition. Note that the high flowrate pressure rise wec 85% of
the low flowrate pre sure rise and that the high flowrate ignition time was 85%
of the anticipated 150 second ignition time. Adding steam to the high hyvdroger
flowrate, test 1.6, yielded deflagrations similar to the low flowrate counterpart,
test 1.4, but a pressure rise essentially identical to that obtained from test
1.7. Figure 4-5 shows that ignition occurred at approximately 100 seconds, one
third of the 300 second ignition time for test 1.4. The ensuing intermittent
deflagrations were mcre severe in test 1.6 because the higher hydrogen flowrate
apparently resulted in a higher energy release rate. Why these intermittent
deflagrations were not followed by repeated discrete deflagrations as seen in
test 1.4 is uncertain. One possible explanation is that with vessel ztnosphere
temperatures in excess of 400°F for over one third the duration of test 1.6, a
fraction of the water collected at the tank bottom from vessel pre-heating was
vaporized during the intermittent burning. This could have caused the defla-
grations to be very localized, similar to those obtained in test 1.3. Thus,
hydrogen could have built up in the vessel while the steam was slowly condensing
until an ignitable mixture was once again obtained. The resul. would be a iull

in flame front detector activity followed by a major discrete deflagration.



Figures 4-5 and 4-6 show such character 'stics. Some credence is lent to this
possibility by noting that the post-test water concentration from tast 1.6 was

50% larger than that obtained from test 1.4.

One test was conducted, 1.11, with the vessel pre-heat reduced to 120°F from
160°F. The results obtained were very similar to those obtained from 1.3, an
icentical test with a 160°F vessel pre-heat. A very slight pressure rise
occurred with no corresponding flame front detector activity observed. This

indicated that the burn, as in test 1.3, was very localized.

4.4 WATER FOG TEST SERIES

Tests were conducted to investigate the effects of a water fog on hydrogen
combustion. The fog nozzle, Sprayco Model 7163-7604, created different fog
characteristics depending on the pressure drop across the nozzle. Tests were
conducted with two different fogs. Based on data obtained from Factory Mutual
Research Corporation, a 20 psi AP vielded a fog with a number mean droplet
diameter of 1llu, while a 30 psi AP yielded a number mean droplet diameter of

8u. Two types of tests were conducted: quiescent and dynamic. The dynamic
tests were conducted with and without steam. A1l tests utilized the bottom
ignitor. A summary of the results obtained from this series of test is presented

in Tables 4-3 and 4-4.






4.4.2 DYNAMIC TEST SERIES

Hydrogen injection tests 2.8 and 2.12 were identical to test 1.5 except tnat
fogs were included. Results from 2.8 and 2.12 indicated only minor intermittent
deflagrations (see Figure 4-23). The observed pressure rise was an order o
magnitude lower than that observed in test 1.5. It would be reasonable to
assume that a great deal of the pressure reduction was due to fog flcw induced
mixing, which allowed a flammable mixture to reach the igniter earlier. Note
that the effect of adding steam to test 1.5 (test 1.4) was minor intermittent
burring early in the transient with a pressure rise of 2.3 psi; the same effect

observed in tests 2.8 and 2.12 (see Figure 4-3).

Figure 4-19 shows a pressure history typical of that obtained from hydrogen/steam
injection tests with fog present, tests 2.9 and 2.13. The observed pressure
rises were similar to that obtained in test 1.4, hydrogen/steam injection with

no spray. In both cases, with and w~ithout fog present, ignition occurred at
approximately 300 seconds. However, in test 1.4 the result was minor intermit-
tent deflagrations eventually becoming minor discrete deflagrations. Tests 2.9
and 2.13 provided minor discrete burns immediately upon ignition. As a result,
it appears that more hydrogen was consumed in the fog tests than in the non-

fog tests. This would also appear to indicate that a major contribution from

the generation of fog in this test series was to provide uniform mixing within

the vessel.

One test was conducted with the hydrogen flowrate arbitrarily increased by a

factor of three in the presence of a fog, test 2.11. Figures 4-21 ana 4-22 show






TABLE 4-1

Summary of Test Resulte: Ignitor Location Test Series

Max. AP
Test # Test Characteristics Ignitor Location Apsi) Deflagration Characteristics
1.1 Low H,, steam Top 13 Minor, major intermittent
i.2 Low H, Top 20 Minor intermittent, major discretle
1.3 Low H,, .team, spray Bottom 1 Minor intermittent
1.4 Low H,, steam Bottom 4.5 Minor intermittent, minor discrete
1.9 Low H, Bottom 28 Major discrete, minor intermittent
1.6 High H,, steam Bottom 24 Major intermittent, major discrete
.7 High H, Bottom 23.5 Major discrete, minor intermittent
1.8 Low H,, steam, sprav Center 2.7 Minor discrete
1.9 Low H,, steam Center 4 Minor intermittent
1.10 Low H, Center 6 Minor intermittent
1.1} Same as 1.3, lower preheat Bottom i Minor intermittent






TABLE 4-3

summary of Test Results: Water Fog Test Series

Max. AP

Test # Test Characteristics (psi) Deflagration Characteristics
| Quiescent, 5 v/o H, 8 Minor discrete

2.2 Quiescent, 7.5 v/o H, 36 Major discrete

2.3 Quiescent, 10.7 v/o H, 48 Major discrete

2.4 Quiescent, 10.7 v/o H,, fog 30 a7 Major discrete

2.5 Quiescent, 10.7 v/o H,, fog 20 50 Major discrete

2.6 Quiescent, 7.5 v/o H,, fog 20 40 Major discrete

2.7 Cuiescent, 7.5 v/c H,, fog 20 39 Major discrete

2.8 Oynamic, low H,, fog 20 2 Minor intermittent
2.9 Oynamic, jow H,, fog 20, steam 5 Minor discrete
2.10 Oynamic, lTow H,, fog 30, fan 1 Minor intermittent
2.11 Oynamic, high H,, fog 30 2.9 Minor intermittent
2 12 Dynamic, lTow H,, fog 30 1 Minor intermittent
2.13 Oynamic, Tow H,, steam, fog 30 1.6 Minor discrete
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FIGURE 4-2
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Section S

Conclusions

Location of an ignitor within the test vessel does affect the characteristics
of hydrogen deflagrations. Lowering the ignitor location produces milder
pressures during hydrogen combustion. This appears to be a result of
increasing the fraction of the vessel volume exposed to upward propagating
flames in lean hydrogen concentrations. The addition of steam and water
sprays also reduced the pressure rise. However, the lower ignitor

locations still produced milder pressures than the top location.

Fogs were thought to reduce the pressure rise resulting from hydrogen
combustion. This was the case for dynamic tests, but not for quiescent
tests. Water fogs apparently enhance the rate of combustion. Thus, heat
transfer is not as significant in quiescent tests causing the deflagration
to be more like an adiabatic deflagration. For dynamic tests, water fogs
promote mixing and allow ignition to occur earlier, resulting in lower

energy release rates.



APPENDIX A

Gas Chromatography Analysis

Test vessel samples were obtained through nonheated % inch stainless steel
probes located near the top and bottom of the vessel (See Figure 2-1.). Each
probe was connected tc the inlet of a Thomas diaphragm pump. Vessel isolation
was provided by solenoid valves. A % inch stainless steel line connected the
discharge of each pump to a stainless steel condenser ccil submerged in an ice
bath. Tarred silica gel columns we e located at the outlet of the condenser
coil to remove any remaining moisture. % inch stainless steel tubing carried
the sample from the silica gel columns, through a dry gas meter, and into a 250
mil glass bulb. Thermocouples monitored the inlet and outlet pressures of the
gas meter. Solenoid valves isolated the sample bulb. When the sample was

collected, the :ample lines were purged.

Sample analysis was conducted ty using a Carle Model 8700 gas chromatograph.
[nstrument specifications are presented in Table A-1. This unit was equipped
with a thermal conductivity device. The output was recorded with 2 Linear
Instruments Model 252 dual pin recorder. Al]l samples and calibration standards
were analyzed using repeat injections. A ten foot by 1/8 inch 0. D. stainless
steel column packed with Molecular Seive 13x, 80/100 mesh operating at 195°F,
was used to separate the component gases. The gas chromatograph operating
conditions are presented in Table A-2. Calibration standards consisted of

several known concentrations of hydrogen (0.595%, 5.12%, 13.193%, 18.27%,
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1.0 14TRCDUCTION

One of the research efforts undertaken at whiteshell Nuclear Research
Establishment pertains to investigating the effectiveness of the glow
plug igniter in a more detailed and comprehensive manner and of other
potential igniter types, This report presents the GM AC Meodel 7C glow

plug ignitar tesat results otserved to date.

2.0 EXPERIMENTAL SETUP

A 17-litre quasi-spherical vessel with a pressure rating of 500 Lb/1n2

(4 MPa) was used in this study. Figure ! shows schematically the
vessel and the ~ocmponents used in these experiments. The vessel has a
pair of 3.9-in. (100 mm) diameter viewports on a horizontal axis for

flame visualization and photograpny.

There are two 3/4=in. (1.9 cm) pipes welded to one of the zonvex
walls, CUne of these is used for gas in‘ection and sampling. A branch
from this pipe i3 connected to a strain gauge (Data Instruaments,
Incorporated Model R5-101) for measuring the static pressure hefore
and after ignition tests. The other 3/U-inch pilpe is not used in
these axperiments and was capped. The cther convex wall has a 509

2>
Ib/in” (4 MPa) safety rupture disk.

Filgure 2 shows a schematic of the gas supply system. All lines are
standard 1/4-in, (6 mm) stainless steel tubing. Steam is provided

from distilled water in a 100 ml flask heated by a hot water bath.

\ . ¥ oL
The vessel and gas piping are electrically trace heated to 178=212°F

Qny : >
(80-1007C) %o prevent steam condensaticn inside. Eight



chromel-alumel /type X) thermocouples aftached to the outside vessel

and pipe surfaces are used %o amcnitor this temperature.

3.0 INSTRUMENTATION

The instrumentation is shown in Figure 1. 3pecific components

jescribed below are numdered in the figure for clarity.

An ionization gap probe (No. 1) ccated with sodium bicarbonate
n.‘laﬂcoa) i3 supported by a 1/8 in. (3 mm) steel rod (No. 2) at about

1.58 in. (4 cm) below the upper wall for detecting flame arrival.

The support rod is mounted on the bottom flange.

A similar rod (No. 2A) screwed to a strong magnet (No. 7) i3 used to
support the following: a .010 in, sheathed Z-type thermocouple (No.
3) to measure zas temperature, an ilonization gap probe (No. 4) %o
ietermine ignition and the M AC Model 7C glow plug (No. 5). The ion
prebe and thermocouple are located approximataly .32 in. (3 mm) above
the glow plug and at an angle of 45” away {rom the central axis. Two
type X thermocouples (No. 3A) have been spot welded to the bottom
surface of the glow plug 'o determine its temperature history. As
seen from Figure 3, this assembly s bound with high temperature tape
and inserted into the vessel such that the glow plug is horizontal,
about .39 in. (1 cm) above the lower edge of the viewport to permit

flame photography.

A small fan (No. §) with aluminum blades 2.7%5-in. diameter (70 mm)
mounted on a magnet (No. 7) 13 availadble for forced convective flow

experiments, All of the electrical wires [No. 3) penetrate the flange



via Conax fittings (No. 9). A Kistler 503B1 piezoelect. ic =ransducer
(No. 10) is flush-mounted on the flange to measure Lhe pressure

transients. A 3low response !1/16" type % “sarmoccuple ‘not shown in
igure 1) located near the lowar vessel wall level i3 used to measure

initial and final gas temperatures.

Although the two thermocouples, wnich are spot welded to the bottom
surface >f the glow plug, are similar, they do show a somewhat
1ifferent response time, as shown in Figures 4 and 5. The nigher of
the two glow plug temperatures is consistantly used for glow plug

surfice temperature evaluations.

The thermocouple for zas temperature is clearly too slow to properly
1etermine the peak temperature., However it dces provide clear
indication of ignition. Maximum gas temperature i3 more reliably
abtained from the application of the ideal gas law based on the umore
accurate pressure ndeasurement of %“he strain zauge pressure

tranducers.

3.1 Preasure Measurements

A Data Instrument, Incorporated, Model 101-25 strain gauge transducer
i3 used to measure the initial partial pressures and %the final
preasure. This transducer {s connected to a Da*a Instrument Model
(3S=100) digital readout system calibrated %o detter :nu{:.oz

lbfinz (0.133 KkPa).
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Since the strain gzauge transducer 4ill record up %o 25 1b/in~ absolute

(170 «Pa), it also serves as added confirmation »f pressure history

neasurement.

For fast pressure transients, a Zistler 503B1 piezcelectric pressure
transducer, flusn-mounted on the flange and connected through a
Kistler S04E charge amplifier to the recorder, is used for pressure

Jmeasurements.

3.2 Flame Arrival Detaection

The two icnization gap probes, used to detect flame arrival, are
:onnected directly to the recorder. Although in principle they can be
ised for flame speed determination, the 3slow recorder speed limited

their use to confirming combustion.

The gap probes are operated at 200V dec. Each probe has a single RC
coupling 2ircuit. Iince hydrogen flames produce few icns, the probes

are coated with sodium bicarbonate to providie detectable signals,

The central probe tends to pick up 60 Hz noise more readily than the
upper probe as a result of its close location to the 50 Hz power
3ource for the glow plug. However, the combustion wave signals were

still strong enough, even for lean mixtures,to determine flame

arrival.
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The estimate »f extent of reacticn from 3tatic pressure is Hased on
the fact that there are %t4o moles 2f gas z2fter combustion for every

three moles of fuel and oxidizer reacted. The following formula for
the extent of reaction can be derived:
(9

/2
“initial final’
axtent of reaction = =

Where H i3 the volume factisn of hydrogen prior to combustion.

3eciuse the differences in prassure are small, the calculated results

ar<¢ very sensitive %0 the measured pressures.

Figure 7 summarizes the results of the ¢xperiments. Ignition
sriterion (s defined as detaction of flame arrival by the upper
ionization probe. For marginal ignition, the pressure ind temperaturs
rise w<ere small and often barely reccrded. For a pressure rise less
than 1.8 lb/inz (12 kPa) bui with a detection of flame arrival by the
ipper lonization, ignition is defined as marginal. It can be seen
that the ignition region limit is similar %o flammability limit

Jurves,

Figure 7 depict: the ignition limits of aydrogen air mixtures in
various steam concentrations. Majorily of the data points are for
static mixtures; turbulent mixture tests are still being conducted.

The range of steam concentration investigated varies from 0 to about
2



20 pereent. At about S5-percent steam concentration, only marginal
ignition was observed for a nydrogen mixture of 20 percent. The
initial pressure for these tests <as essentially atmospneric, and the

2
maximuin pressure cbserved was about 54.7 1lb/in~g (372 «Pa).

The surface temperature of the ignitor at which ignition occurred was
racorded for each test. The results are presented in Tigure 3. It i9
>bvicus that as the steam concentration increases, 30 does the
i&nition surface temperature. The maximum temperature obsarved was

. f :n 7 O,..,
about 1560°F (8%07C).

reliminary evaluation of the 2xperimental data indicates that results
Jbtained:

'a) are consistent with glow plug data from Fenwal and

.2) are conslsatent with other hydrogen-air-steam amixture data with

other ignition sources,
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INTRODUCTION

This report provides preliminary informaticn on cthe
Whiteshell combustion 3tudy currently underway at tae
Contaiment Test Facility at wWhitesnell Nuclear Research
Zstaplisnment. Included in this report are 3tatic and
turbulent test results ocbtalned for varying pre-mixed
nydrogen amixtures. Data on the affecta of turtulence are
also presentad.

DESCRIPTION AND INSTRUMENTATION OF THE TEST FACILITY

2.1 DESCRIPTION OF THE TEST FACILITY

The test configuraticn consists of two test volumes: a
sphere and a pipe which may be interconnected. The
dimensions of the two vessels are shown in Table 1.

for the series of experiments reported nere only the
sphere i3 used, Figure 1. The pipe/sphere gZecmetry
experiments are being conducted at the test facility.

The sphere has three 'argw openings and several small
ones. The mmaller openiras are used for amounting
instruments and measurement probes. The sphere i3
insulated and trace heated with steam. The temperature
of the spners can be maintained at any desired value up
to about 275 F (135" C). Steam is injected into the
sphere through cne of the ports when it is required. A
view of the sphere is 3snown in Figure 1. Two fans
driven by air motors are mounted diametrically opposite
to each other as shown in Figure 2. Scme of the fan
characteristics are shown in Table 2.

2.2 INSTRUMENTATION

A schematic of the instrumentation within the sphere is
shown in Figure 3. The transient pressures during
combustion were measured by three piezcelectric type
tranaducers with a rise time of 2 microseconds and a
Rosemount capacitance transducer with a response %ime
of 0.2 seconds. The piezo-transducers were mounted
flush with the inner surface of “4Ye flanges. A
resistance temperature detector was amployed to monitor
the steady state temperature of the gases. It was not
intended for fast transient measurements.

A spark igznition source was used for all the tests
performed in this facility. The use of a spark made it
sasier %0 instrument these experiments.

The passage of the flame front was detected dy two
seven point ion probes mounted approximately in the
radial direction cpposite to each other as shown in
Figure 3. The departure from the radial direction was
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slight, so for all practical purposes the crientation
of the probes can be assumed radial. EZach of the seven
points conaisted of two alectrodes of .04 inches (1 zm)
diametar bare wires separated by .08 inches (2 mm)

gap. The ion probes for these experiments were
developed >y Liu et. al. and details are preserted in
reference (1).

The signals from the plezoelectric transducers and ilon
probes were processed by an ana'og to digital convertor
with a scan time of 1.5 millisecond per scan. For low
hydrogen concentration axperiments this was considered
adequate. A two channel transient recorder w7as
available for any se.acted two channels, if required.

All the transducer and probe ampliflers were mounted as
close to the vessel as practically possible in purge
boxes and explosion ;roof casing so that the cables
connecting the transducers and the amplifiers were not
excessively long.

The gases i{n the sphere before and after combus*.on
were geasured using a gas chromatograph employing a
dydrogen Tranafer Syatem (HTS). The details of the
chromatograph, its calibration, and sampling technigue
are given in reference 2). A schematic of the
sampling locp is shown in Figure 4.

EXPERIMENTAL PROCEDURE

3.1 PREPARATION OF THE MIXTURE

First, the vessel was eyacuated toc a sufficiently
low pressure, 0.73 1lb/ia (5 kPa absolute). Next,
nvdrogen was introduced to the appropriate partial
pressur<, followed by the introduction of steam
and air %0 their partial pressures. The gases
were further mixed by turning on the fans for
about 30 seconds pricr to the initiation of any
test.

3.2 SAMPLING

Before any sampling was initiated at least two
calidration mixtures were run through the gas
chromatograph (GC) several times to ensura the
proper performance of the GC. Only when the GC
measurements were repeatable, was the sampling
loop activated. The sampling lines run from the
sphere to the control room and are steam trace
heated all the way %o the injection port.

- SR —— - SAP P - - - - - ——
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The sampling line was thoroughly flusned by the
mixture in the sphere for at least S5 ainutes %o
ansure that the sample passing <hrough %he GC was
the same as %hat .n the 3phere., 7TwWo 3amples were
normally taken and, if the two GC measurements
agreed with each other and alsoc <ith the amount of
nydrogen Lntroduced by the partial pressure azethod
within the limits of accuracy, it was assumed that
the consti.uents were in the rignt amount Lo carry
out the teit, The same procedure was repeated for
sampling ti1e combustion products. The products
were mixea by turning on the fana bpefore sampling.
Table 3 shows the precision of the zas
chromatograph. The accuracy shown represent the
upper limita. However, the measurements tended to
be much more accurate than what %ne numbers
indicate. For example, a calibration mixture with
3.62% hydrogen was measured by the partial
pressure method and by the GC within +0.2%.

TURBULENT COMBUSTION EXPERIMENTS

In this case the fans were turned on for a short
time ( 1 minute) before ignition and were kept
operating during the test. Though the fan speed
can be varied, the present 3eries of axperiments
have “een done at a constant fan speed of apout
1500 rpm.

Measurements of the turbulence 2reated by the fan
have been made in the cpen atmosphere simulating
conditions prototypic of those in the sphere. The
results are shown in Figure 3. The turbulent
intensities, which can be represented dy the root
mean square of the difference hetween the local
velocity squared and the mean velocity squared,
indicate the degree of local fluctuations in the
veliocity components at that particular location.
For instance, at a location ten inches away from
the fan in the axial directicn and zero inches
away from the central axis, the RMS velocity is
about 9.5 feet per second, whereas at the same
axial distance, but at a radial location four
inches away, the IMS velocity increases %o 10.5
feet per second, which indicates an increase in
the degree of turbulence of the second location.
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4.3

The bottom curve or Figure 5 {3 for 30% steam
addition. In this case only about 38% H, was
burned and *he peak pressure i3 about 25% that of
the fully burned case. Larger juantities of steam
appear %o reduce the burning velocity of the
mixture by decreasing the flame temperature and
increasing the radiation loss from flame to steam.
As the burning velocity is reduced, the combustion
is again zoverned by buoyancy effects and downward
lame propagation i3 negligible.

These findings agree with the findings of Liu et
al (3) that moderate (0-15%) steam additions do
not affect significantly the degree of combustion
for bottom ignition.

EFFECT OF TURBULENCE

It ¢ heen well established that turbulence
enhances the rate and degree of combustion.
Recent investigations of Abdel-Gayed et al (4)
have shown that turbulence affacts are large aven
for hydrogen. Preliminary results from these
tasts appear %o confirm their conclusion. This is
{llustrated in Figure 7 by plotting pressure as a
function of time for the combustion of 5.5%
hydrogen-air mixture with and without fan. The
dashed curve is for the gquiescent mixture, The
degree of burn {3 only 26%, showing the dcminance
of buoyancy. The correspcading pressure rise is
only a small fraction of the calculated adiabatic
pressure rise. Wnen turbulence is produced by
turning on the fans, the rate of ccmbustion is
{nereased drastically and nearly 33% of the
hydrogen initially present is bdurned. The peak
pressure observed is close to the adiabatic
pressure axpected for 83% burn, The peak pressure
measured {3 15.2 psi (105 kPa) and the pressure
calculated for adiabatic burning is 18.6 psi (.28
kPa). The adiabatic pressire rise is 5.1 psi (42
kPa) with 26% burn and the measured is about 3.5
psi (24 kPa).

A further comparison of combustion with and
without turbulence is shown in Figure 3 which is
for 7% hydrogen., Data for both 7% and 8% (figure
SA) hydrogen cases show complete combustion with
or without fan turhilence. For dottom ignition
seven percent hydrogen with quiescent burning
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appears %o %e the minimum Soncen:ra:;:n for
complete combustion at 212 7 (1007 C). All other
concentrations above 7% resu.l. in complete
burning. This value is lower than the 3.5%
nydrogen limit for complete combusticon at 367

(30" C). Increase in initial temperature results
in an apparent 3hift in the downward propagation
limit, thus allowing more complete combustion.

igure 10 {3 a summary of several tests with and
without turbulence. The mixtures were i3aited
either at the top or at the bottom as 3hown.

For cases with the fan in operaticn, data
sonsistenty revealed more complete comoustion and
a noteable increase in combustion peak pressure.

The lowest concentration at which the downward
propagation could be achieved in 3 quiescent
mixture was chbserved to be 2.5% hydrogen for top
ignition.

EFFECT OF TURBULENCE WITH STEAM ADDITION

Figure 11 shows the affact of added 3team when
turbulence is present. Normally, 30% steam would
exhibit limiting effects on combustion of the
mixture when no turbulence is present (see Figures
5 and 5). But as can be seen from Figure 11, its
affect on combustion in the presence of turbulence
i3 minimal. The peak pressure wWith steam is3
reduced due %0 the increased heat zapacity of the
mixture. .

Steam and turbulence have competing eoffacts on
combustion; whereas the addition of steam tends2 to
reduce the rate and degree of compbustion,
turbulence promotes rapid arn? more complete
combustion.

EFFECT OF HYDROGEN CCNCENTRATIONS WITH TURBULENCE

As the hydrogen concentration is increased from
5.5% to 8%, combustion progresses from a partially
burned to a fully burned situation. The rate of
combustion also appears to increase with
concentration.

Figure 12 presents the resulting pressure rise as
a function of time for various hydrogen
concentrations with turbulence. It can be noted
that as the concentration is increased, the time
L0 reach maximum pressure is shortened,

0 i NI NS s o Sl st Nt i
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Though most of the results presented nere =2re for
bottom ignition, it is aexpected that similar
arguments hold true for central ignitiocn.

EFFECT OF STEAM ADDITION AND TURBULENCE O
COMBUSTION WITH CENTRAL IGNITICN

Figure 13 snows the relative effects of steam and
turbulence on the rate »f burning. At 7%
hydrogen in air the pressure rise at first is 3low
indicating that the fireball is nmoving pwards.
When it reaches the top, the downward propagation
starts and the antire combustion occurs in about
12 seconds. Hydrogen was nearly fully burmed.
Addition of 15% steam to such a zixture almost
completely suppressed combustion. The preasure
rise was trivial, indicating that only very little
aydrogen ~as burmed. Gas —aromatography
measurements snowed that less than 0.5% nydrogen
was consumed. The apparent difference !n
combustion behavior between what 13 shown on
Figure 13 and Figure 5 can be ascribed to
principally a hydrogen concentration difference
and possibly the diffarence in igniter location.

The affact of 3steam disappeared once the fans were
turned on indicative of the ability to promote
combustion by turbulence.

EFFECT OF IGNITOR LCCATION

lanitor location affects the degree and rate of
burn significantly in lean quiescent aixtures.
This is illustrated in Figures 14 and 15. Figure
14 showe the difference between central ind botton
ignition with 3.5% hydrogen at room tgmperature
and Figure 15 with 7% hydrogen at 100" C. It is
clear {rom the figures that bottom ignition
results in faster combustion a: these
concentrations. This is i{n contrast to combustion
at hydrogen concentrations in excess of 10% where
centrzl ignition will exhibit faster ccmbustion
than bottom ignition due to the diminishing
affects of buoyancy. For a spherical vessel, with
central ignition the flame will propogate in all
irections over a distance of the radius of the
shere; whereas for bottom ignition at 10% hydrogen
the flame will propogate over twice the distance
of the radius.



4,3

TEMPERATURE EFFECTS ON FLAMMABILITY LIMITS

Though the purpose of the present series of
axperiments nas not bheen one of astablisning the
limits of propagation, it does in a way shed some
light on the process that aust be taking place.
Figure 16 shows the combustion peak pressures
plotted againat hydrogen concentration. For
quiescent mixtures, the pressure ~ise is abrupt
above about 3% nydrogen suggesting that the nature
of flame propagation or combustion has changed.

Agreement between “he present data and the data of

furno et al (5) is good.

Figure 17 is similar %o Figure 16 except that it
i3 acawn for bottom igniticni, Here also tne
thresnold concentration is around 3% nydrogen.
This can be compared with Figure 10. The shift %o
the left of threshold concentration at alevated
temperature 13 sdvious. A test w23 coanducted %o
establish Lf indeed the downward propagation Limit
has shifted to 7%. A mixture containing 7%
hydrogen was ignited at the top. The mixture
failed o ignite evan after several attempts under
quiescent conditions. However, t.e mixture could
be ignited down to 5.5% when fans wer: turmed on.

Using the information provided in references (5
and (7) and assuming that the flammabiliSy limit
for downward propagation as 3%, the estimated
value for the Jcwnward limit at 100~ C is about
3.5% nydrogen, agreeing with present work. The
downward propagation in the sphere erperiments,
when ignited at the center or bottom, may not
necessarily be related %o the propagation limit.
The propagation under these conditions may be Zue
to some turbulence or circulation currents set up
by the moving flame.

Figure 13 shows that combustion is possidle sven
at 5.7% when turbulence is present. From these it
sculd de inferred that the absolute limit of
propagation is the limit for upward propagation.

CONCLUSZIONS

The following conclusions can be made from the present
investigations.

1

for mmall quantities of steam addition, the nature
and degree of combustion is not affected very much
with bottom ignition. Only at higher steanm
concentrations, around 30% or above would steam
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begin to have significant effects on combustion.

2. Turbulence increases the rate and degree of burm in
almost all cases.

3. Bottom ignition results in the hignest degree of
burn and '3 more affective in estaclisning a flame
even at very low hydrogen concentraticns, with or
without fans.

4. Central ignition combi:stion is more susceptible to
the influence of steam in lean mixtures than bdottom
ignition combustion.

5. For low steam concentrations, around 15%, steam
affects i{f any are not significant in the presence
of turbulence.
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1.0 INTRODUCTION

The objective of this program was to measure hydrogen aixing and
distribution in a simplified scaled light water reactor
subcompartaent. The teat matrix for this program was designed to
characterize hydrogen cdlstribution in a typical lower compar:iaent
region of an ice condenser containment under two different release
conditions. The test vessel used for these tests was modified to
geometrically simulate the lower compartaent volume and the associated
flow paths into and out of that region. Hydrogen and steam release
ratea used .n these tasts were scaled to model a small break loss of
coolant avent based on analytical studies (MARCH computer code
analysis of 3Sequoyah Nuclear Plant) performed for the NRC by Battelle
Columbus.

The tast results presentad .1 section 4,0 are based on preliminary
results provided by G. R. 5ioom and L. D, Muhlestein of the Hanford
Zngienering and Lsvelopment Laboratory. This report has heen prepared
by the ucilities.

2,0 TEST FACILITY

The Hanford Engineering Development Laboratory Containment Systems
Test Facility (CSTF) houses a carbon steel test vessel 25 feet in
diimoter, 67 feet in overall height, which encloses a volume of 30,000
ft”. The vessel has standard elliptical diasked heads at the %op and
bottom and models a scaled down LWR containment building with minimal
interior structures,

Hydrogen aixing in the upper compartment of an ice condenser
containment 13 axpected tc be very good. Upper containment sprays
will induce turbulent mixing of the gas and the upper compartment
geometry should prevent stratification or stagnant regions in that
large open area. This program, therefore, i3 focused on the lower
compartment where hydrogen from a degraded core avent would be
expected to be released.

For the purposes of these tests, geometric similarity was retained
between the test compartxent and the lower compartment of an ice
condenser containment. Dimensions of the compartrant constructed in
the CSTF vessel are shown in Tigure 8, By comparison, the ice
condenser crane wall diameter is 33 feet and the CSTF outsicy diameter
i{s 25 feet. The height to diameter ratio of the test compar-ment is
equal to that for the plant. The linear sczling factor between the
test compartment and the plant compartment ‘s 0.3.

The high velocity jet nozzle shown on Figure 8 was located i1 one
corner of the test compartment directed horizontally 50 degrees away
from the center of the vessel at a height of approximately 5 faet from
the floor. This location was chosen because the majority of the
reactor coolant system piping in an ice condanser plant is located in
the bottom half of the lower compartment. The corner location was

-
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chosen to be conservative. The second hydrcogen release locaticn was
poeitioned vertically upward at approximately the 140 degree position
on Figure 3 %o be geometrically similar to the location of an ice
condenser plant's pressure relief tank ~upture disk.

3.0 TEST MATRIX
3.1 SCALING

As mentioned above, this tast program was geocmetrically
modeled to simulate hydrogen releases in the lower
compartment of an ice condenser containment. The test
parameters: hydrogen and steam flow rates, forced air flow
into and out of the compartment, and release locations and
sizes, also had to be modeled so that the fesults of rhese
tests could be integrated into the full scale degrudcd core
accident analysis.

Modeling {s naid to be ideal if all dimensionless groups
characterizing the event (including geometric scale factors)
are identical in the model and the prototype. ’iswever, in
complex models it is often difficult or impossible to select
model tast parzmeters so that all dimercionless groups are

identical to those of the prototype. For this reason non-
. ideal modeling is often used. In such non-ideal models,
similitude for cne or more of the dimensionless groups is
compromised so that experiments can b%e carried out %o
eraluate the dominant contrsolling phenomena. When non-ideal
models are used, it is obviocusly impcrtant that the dominant
parameters be identified, and that test conditions be
selected to yield parameters which are essentially the same
in the prototype.

HEDL, with the help of their consultant, Dr. Arlin Postma,
examined the dominant mixing processes and identified the
following four dominant mixing processes in the ica
condenser annular volume for the release conditions under
consideration;

1. High speed horizontal jet mixing

2. High speed vertical jet mixing

3. Fan induced recirculating air flow anl

4, Natural convection flows along surfaces

It was det2rmined that in modeling these mixing processes
that the following criteria would be met.
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1+ Preserve *he similarity of the densimetric Froude
numbers. The densimetric Froude number i3 the ratio of
momentum forces %o buoyancy forces,

2. Praeserve geometric similarity.

3. Preserve scaledi relative times which is required
because of competing mixing processes.

4, Preserve densi:y ratios of jet to ambient atmosphere.

One other important factor in moddling these tests was the
substitution of hellum for hydrogen. The reason for a
substitute gas was that safaty requirements at Hanford would
not allow hydrogen combustion at tnis facility. Helium was
selected because it has nearly the same buoyancy in air or
nitrogen as nydrogen and exhibits similar mixing
characteristics. The thermal conductivity of helium is near
that of hydrogen and the same thermal-conductivity type
concentration monitoring eauipment was used for both gZases,
thus, eliminating the need to reinstrument the test
compartment for the one hydrogen test. The hydrogen test
w“as conducted in an oxygen reduced atmosphere to confirm
test results using helium as a simulant.

Mixing Tesis

The amixing test matrix is given in Table I. Hydrogen or
helium concentrations, gas velocities and temperature
profiles were measured during simulation of the two hydrogen
release scenarios. Mixing and distribution were determined
from the concentrztion, veloecity, and temperature profiles.

The four preliminary tests, fAM-P1 through HM-P4, were
designed to determine the separate and combined effacts of
natural and forced convection air recirculation, Natural
convection air velocities were measurea at near ambient and
at an elevated containment zas temperature of 150" F.

Forecad air recirculation and gas velocity in the compartment
were measured in both ambient and elevated temperature
cases,

Mixing tests iM-1 through HM-5 were all simulations of a
steam-hydrogen release from a two inch pipe break, Tests HM-1
and HM-2 were cases without the air recirculacion normally
provided during an accident scenario for an ice condenser
lower containment region. Tests HM-3 and "M-4 ywere
conducted with the modeled air recirculation flows, Tests
HM-1! and HM-3 we-2 conducted with nelium-steam release ratas
arbitrarily set at cne half the referenze release rata tc
determine the effect of reduced jet mixing in the test
sompartaent volume. Mixing teat HM-5 was identical %o test
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HM=d with the difference that hydrogen wWwas used as the
source gas and nitrogen was used as the containment gzas.
This tesat was conducted to determine whether helium was a
valid simulant for hydrogen in these tests,

The final two tests HM-6 and HM-7 simulated a vertical
hydrogen steam jet release directed upward from a location
geometricaily similar to that of a pressure relief tank
(PRT). The helium-steam source rates were identical *o
those of tests HM<3 and HM-4 respectively. These flow rates
taken from an S,0 type event were considered representative
of the releases from a 2-inch pipe break as w2ll as a
rupture of the PRT rupture disk.

TEST RESULTS

Tests HM=P1 and HM-P3 demonstrat the difference in natural
convection createg by ambient (35 F) and elevated gas
temperatures (150 in the lower compartment. When comparing
the effect of 1a'ura; convection forces in the ambient air test
AM-P1 with test HM-PJ the local average air velocity in the lower
and upper volume increased byoa factor of four when the
compartament was heated to 150 F. Tests HM-P2 and HM=-PU were
conducted with ambient and elavated gas temperatures respectively
with the added parameter of scaled forced air recirculation. In
these forced air recirculation tests, ambient air case HM-P2 and
elevated air case HM-PU4, natural convection effects were the most
significant in the bottom of the test compartment. The local air
velocities in these two tests were of the same order of magnitude
with the elevatad temperature case being slightly higher.

Hanford experienced failure of several of their gas velocity
probes in the middie region of the tast compartument on test HM-
P3. They could not repair them in time to keep the tests on
achedule 30 they =2lected to proceed with the test series.
Hanford felt that sufficient gas velocity information was
available from the remaining probes to describe the gas mixing
process,

The helium and hydrogen concentrations in these tests were
meacured by 2 thermal conductivity analyzers. Ten of the
analyzers were located in the lower compartament and two in the
upper compartment., The analyzers required a constant gas flow
rate of 150 cc per minute. The gzas sample was 200ied, the
condensate separated, and the gas dried prior to being injected
into the analyzers. The concentrations presented in Figures !
through 7 have not been corrected for steam and are therefore
conservative,
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There i3 a modell tizme 3scale of approximately 3.33 to ! from
the test %o the plant case, Test helium transients will happen
three times faster in the test compartaent; ther:z{ore, one should
multiply the time scale of Figures 1 through 7 by 3.33 to predict
transients in the plant containment.

Helium concentration transients for ten test compartment points
are presenced in Figures 1 through 7 for testa HM-1 through HM=7
raspectively. During the hnelium-steam release in tests HM-1 and
4M-2, the maximum concentration difference between all
measurement points in the test compartment was 2 vol % He.
following the helium-steam release, the test compartment, unlike
the plant, developed a vaccum as the steam in the compartment
condensed. This reverse migration coupled with the lack of a
mixing mechanism from either the fans or the jet itself created a
csoncentration difference of 7 vol § He for test HM=2, This was
the largest difference ocbserved in any test., Hanford did not
beliave that this portion of the test was in any way prototypic
of the plant. Thy maximum concentration difference occurred
approximately two minutes after the ‘et release was stcopped.

Mixing tests HM-3 and HM- 4 both exhibited good distribution of
the helium during and after the source was terminated. The
maximum difference in the test compartment at any time was less
than 2 percent for both tests.

The hydrogen concentration transients for test dM-5 i3 presented
in Figure 5. The hydrogern release rate was 0.66 lb/min or about
27% lower than the modeled release rate of 0.9 1lb/min due to
problems with the hydrogen flowmeter. The low hydrogen flow rate
{3 not considered serious since the hydrogen concentration data
can be normalized for comparison purpcses and the jet mixing
Froude number for test HM-5 was near that calculated for tast M-
4,

The hydrogen concentration transient in Figure 5 {s identical to
the helium concentration transient reported for test HM=4 if the
concentration data is normalized. The data was normalized by
dividing the concentraticn at any time by the peak concentration
for the test, Compariscn of the hydrogen and helium
concentration transients demonstrates that the curves are
identical in every detail, The agreement between the test
results of tests HM-4 and HM-5 demonstrates that helium ia a
valid simulant for hydrogen.

During test HM-5 the helium flow rate was %00 high by a factor of
two during the ninth minute of a 10 minute release.

Extrapolation of the helium concentration transient prior to the
inadvertant high helium release ~ate leads to a prediction of a
peak helium concentration of 5%.
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Comparing vertical and horizontal helium-steam release tests
(HM=5 to HM=3 and iM-7 to dM-4) %0 each other shows relatively
z2lose agreement. The peak helium concentration c¢f test HM-3 was
5.5 volume percent helium and the ccrrected peak for AM-6 was §
volume percent.

The maximum observed helium concentration difference between
pointa in the test compartment during the source release was 1.9
volume percent helium during test HM-56 and was 1.3 volume percent
helium during test HM-3,

Tests HM-4 and HM=-7 also had similar helium concentra*ion
transients. The peak helium concentration was 10.8 volume
percent for both tests., The maximum helium concentration

ifference bdetween points was 2.8 volume percent helium in tests
HM=7 and 1.5 volume percent during test HM-3, The conclusion
from these test results i3 that jet orientation plays an
ohservable but minor role in the gas aixing process and the
resulting gas concentration transients.

PRELIMINARY CONCLUSIONS

From the preliminary test results we have drawn (he following
conclusions concerning hydrogen mixing:

1. Helium is a valid simulant for hydrogen in these hydrogen
mixing and distribution tests.

2. The test compartment volume is well mixed with less than !
volume % concentratioc. difference bSetween points within 20
minutes after stopping the hydrogen-steam or heliume-steam
source for all cases.

3. In all cases with forced air recirculation, the concentration
difference between c~ints was lass than 1 volume peraent
within S minutes after stopping the source zas.

4. The air recirculation fans minimize doth the peak helium
soncentration and the maximum helium concentration difference
between points in the test compartaent,

5. Teat compartment volume gas amixing is not strongly dependent
on source jat release orientation.



HM-5
HM-6

HM-7

Cont.
Cas

Alpr

Air

Alr

Recirc.
Flow
_(CFM)

3700

1700
0

0

3700
3700
3700
3700

3700

He-Steam
He -Steam
He-Steam
fle-Steam
Hz-Stean

He-Steam

He-Steam

TABLE
uekﬂleNb TEST MATRIX

Orientation He or H.

Source Flow Rdfe 5183‘
_Gas Jet (1b/min) (1b/min)
Horizontal 0.9 27
Horizontal 1.8 54
Horizontal 0.9 27
Hortizontal 1.8 S4
Horizontal 0.66 S5h
Vertical 0.9 27
Vartical 1.8 54

égﬁké?lnent

Gas Temp (° ¥)
85
85

150
150
150
150
150
150
150
150

150
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. system. Selection of the glow plug as the DIS ignition source precludes
further study of electromagnetic emissions and their effect on instru-

mentation. (Section 2.3)

4. Catalytic combustors are an effective means of hydrogen removal. How-
ever, environmental effects of catalyst performance indicate significant
support systems would be required to assure combustor performance. As
a result of these demonstrated concerns, further study is precluded.

(Section 2.4)

5. In order to significantly affect the lower flammability limit of hydro-
gen, a micro-fog consisting of relatively large droplets must have a

larger density then 4 fog with smaller droplets. (Section 2.5)

. In addition to the results mentioned above, data obtained frem the remaining

research projects appear to indicate the following:

L. [gnitor location does have an effect on the characteristics of hydrogen
deflagrations. However, the observed results zppear to be consistent with
existing knowledge on combustion phenomena. Other tests show that with
sufficiently small droplets, a micro-fog does reduce the pressure rise

resulting from hydrogen deflagrations. (Section 2.6).

2. Operation of glow plug hydrogen ignitors at 14 volts provides sufficent
margin for effective operation over a broad range of environmental
conditions. Results generally agree with Shapiro-Moffette flammability

' curve. (Section 2.7)
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3 Steam ard turbulence produce competing effects on hydrogen combustion.
Steam tends to minimize combustion, while turbulence tends to enhance

combustion. (Section 2.8)

4, Due to the inherent characteristics of a discharge jet, combined with
the operation of the air return fans, localized accumulations of large
hydrogen concentrations will not occur within an ice condenser con-

tainment. (Section 2.9)

In undertaking a project which requires one to work at the edge of known
technology without specific guidelines or design requirements, the best
conclusion that can be obtained is one in which knowledgeable engineering
personnel, applying the best tocis available to them, reach what they con-
sider to be a reasonabie solution that has a high probability of being
successful. ODuke Power considers that such a stage has been reached with
regard to protection of the McGuire containment from the effects of nuc.ear
accidents which iie cutside the station design basis. Additional investment
in either research or analysis is extremely unlikely to change the hydrogen

mitigation system itself or our conclusions concerning its effectiveness.
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