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respect to the accuracy, completeness, or usefulness of the
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from the use of any information disclosedin this report.
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ABSTRACT

-

Hydrogen flammability and buming characteristics were determined in a recent
experiment under conditions simulating BWR reactor containments following the
hypotheticalloss-of-coolant accident (LOCA). The data showed that the post-LOCA

'

conditions-in particular, water vapor content--talso the lower flammability limit
above 4% by volume hydrogen and reduce the buming rates. The data were also-

used to develop a conservative buming model. The modelshows that BWR contain-
- ment drywells can bum hydrogen concentrations up to 18% (depending on the

design pressure value) without exceeding the design pressure, and hydrogen con-,

centrations up to 12% can be bumedin the unvented suppression chambers. These
data and analyses demonstrate the large degree of conservatism in the current.,

| AEC Safety Guide 7 flammability limits and show that the limits could be safely
sd revised upward a signi$ cant amount without endangering containment integrity.

:
e

!
1

.i
1. INTRODUCTION AND SUMMARY

' 1.1 PURPOSE

'
The flammability limits and other enteria of the AEC's Safety Guide 7 are overly conservative when applied

| to high-pressure containment designs for nuclear reactors. The result of this conservatism is to impose design sulutions
! that are not always in the best interest of safety, especially when the extremely low piobabilities of ever reaching

,[ a flammable condrtion in a BWR containment are considered. A recent General Electric topical report," Hydrogen Generation
and the General Electric Boiling Water Reactor," NEDO-10723, reviews all aspects of Safety Guide 7 and the design'

- solutions imposed by it.
f
I The purpose of the present report is to discuss hydrogen flammability and burni'.g e.haractenstics. Recently
! obtained data are presented, and used to determine the capability of current BWR con %nynt designs to withstand
'

hydrogen deflagrations.

1.2 CONCLUSIONS

The data presented and discussed in this report are consistent with other investigators' findings and thus contribute,

j to form a firm data base upon which reliable and accurate predictions of flammability limits and buming characteristics
can be made.

I

increasing water vapor content increases the lower flammability limit of hydrogen, and a water vapor| e

concentration in excess of 50 to 60% completely inerts a hydrogen-air-water vapor mix;ure.

i

j Complete combustion of hydrogen is only possible when the hydrogen concentration is at least 8% bye

volume. Higher concentrations are required for complete combustion as pressu:e, temperature, and water+

vapor content are increased.

Three distinct types of flame propagation can be identified: upward, upward followed by downward, ande

spherical, in order of increasing hydrogen concentration.

The pressure transients associated with each of the three types of flame propagation are predictable.e
' '

,

The quantities of hydrogen that can be burned in BWR containments range up to 18% in the vented .j e

! drywells and up to 12% in the unvented suppression chambers. *

|
t

,

1-1

!

. _ _ ., _ _ . ,
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1.3 RECOMMENDATION

Change the Safety Guide 7 flammability limit to a safety limit that is based on the design pressure of the containment

and the venting characteristics, if any, of the containment. Alternatively, since the information contained in this report,

is a clear demonstration of the conservatism of the current Safety Guide 7 flammability limit, other criteria related to
hydrogen source terms (in particular, zirconium-water reactions) could be reduced without reducing safety margins.
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2. FLAMMABILITY LIMITS

The flammability of hydrogen in air has been extensively studied over the past 50 or 60 years. The most commonly
referenced information sources are the Bureau of Mines Bulletins 503 (Coward & Jones,1952)' and 627 (Zabetakis,
1965 )' and the NACA Research Memorandum E57D24 (Drell and Belles,1957).' The flammability limit is generally
stated as follows for hydrogen in air at atmospheric pressure and room temperature.

2

Table 21
FLAMMABILITY LIMIT

.

.
Volume Percent Hydrogen *'

In Air
Lean Rich9

Upward Propagation-

.j Coherent Flame.- 9.0 74
| Noncoherent Flame 4.0

Downward Propagation
9.0 74

I

f "' Throughout trns report and m the mereture, hydrogen concentraton is presented h terms or volume pen:ent unoer pedect law assump%ns, wtuch
are apphcable n the present case. the terms volume fraction. moee tracnon, and the ratio of partal pressure to total pressure are equivalent

!

The USAEC's Safety Guide 7 of March 10,1971* implies that a mixture shall be considered flammable when
the hydrogen concentration is greater than 4 volume percent and the oxygen concentration greater than 5 volume
percent. The Safety Guide 7 limit for hydrogen concentration is tr,us apparently based on the limit for upward propagation
of a noncoherent flame. The difference between coherent and noncoherent flames is basically in the degree of completion
of the reaction. A noncoherent flame is composed of separate globules that only propagate in the upward direction'

and do not consume all of the hydrogen. A coherent flame (i.e., one with a distinct, continuous flame front) will prcpagate
both in the upward and downward directions and consume essentially all of the hydrogen in the mixture. The most,

signrficant effect of whether a flame is coherent or noncoherent is in the pressure transients associated with combustion
i
j

of hydrogen-air mixtures in a closed volume vessel. These effects will be discussed at length in Section 3.
I
-

The important point to note in the present discussion is that the limits presented in Table 2-1 are for air-hydrogen
f mixtures at atmospheric pressure and room temperature. BWR containments under post LOCA conditions are at higher
} pressures, temperatures, and water vapor content than those at which the limits are stated. Also, the stated limits
{ are based on experimental work which was done on laboratory equipment in which hydrogen was ignited either in
{ relatively small tubes (0.8 to 21 cm in diameter) or smaller spherical vessels (12 cm diameter maximum).' The BWR
j cor.tainments are, of course, of much larger dimensions. Because of these differences, the General Electric Company

,' j contracted Fenwal, Inc.,* to run a senes of hydrogen flammability and burning tests at conditions simulating post-LOCA
BWR containment pressures, temperatures, and water vapor content in a test vessel an order of rnagnitude larger

t
3

than those described here.

'

The description of those tests and equipment, the test results, and a discussion are presented in this Section. '.

g 2.1 DESCRIPTION OF EXPERIMENTS

2.1.1 Experimental Apparatua

The hydrogen flammability tests were conducted in a 134-cubic-foot test vessel with a design pressure of 500
} psig, as illustrated in Figure 2-1. The interior of the vessel is stainless steel clad. For these tests, it was equipped

with extemally mounted infrared electric heaters to provide the desired elevated test temperatures. The temperature
is controlled by a temperature controller utilizing a thermistor probe fastened to the external wall of the vessel The

-
.,

.

.

-" Forsal be., AsNand. Massachueens. 01721.

21
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Figure 2-1 Test Vessel (134 cubic feet)
|

!

!
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f
j internal temperature is monitored by means of an iron-constantan thermocouple located in a thermowell extending

into the vessel and used in conjunction with a temperature recorder,

h Transient pressures are monitored by means of a pair of strain gage-type pressure transducers mounted on
6 a port at the side of the test vessel. These units are used in conjunction with a carrier amplifier and recording oscillograph.
,'! Timing markers are electronicalty superimposed on the oscillograph chart to provide a time base to facilitate the determina-

tion of rates of pressure rise.

o

f Three types of ignition sources were initially evaluated in the program. A capacitive discharge spark created
across a 1/16-inch gap between two electrodes served as one ignition source. The electrodes were stainless steel

M tubing connected by a graphite rod, over which they were forced fitted. Power for the spark came from a pair of
[, series-wired 525 microfarad capacitors charged to 900 volts. The energy content of the spark is approximately 100''

joules.
4

7 A No. 8 (strength) electric blasting cap was utilized as a second potential ignition source. It was actuated, using
the power source desenbed here for the spark ignitor.

The third ignitor tested consisted of a 2-inch length of eight-strand braided Pyrofuze wire (0.005-inch o.d. of
braid). Pyrofuze wire consists of an aluminum core surrounded by a palladium shell. When these materials are brought'

to an actuating temperature, they alloy exothermically with some violence, which throws the hot materials away from
the source material, much as a sparkler throws hot particles. The energy content of the Pyrofuze is 21.5 joules, and
it 5 activated by discharge of the above-described capacitive discharge power supply. The ignitors could be located
at the top, center, bottom, or side of the vessel, as indicated in Figure 2-1.

Water may be introduced into the test vessel through a conical spray nozzle. When a high-humidity test is
required, one and one-half times the volume of water required to saturate the test vessel's atmosphere at the test
temperature is injected into the vessel to evaporate.

.

2.1.2 Test Variables
|

'

The tests were set up to determine the effects of vanous parameters on both the limits of flammability and
burning characteristics. The variables investigated were:

Type of ignitor- e

Location of ignitore

Hydrogen concentration.

Temperature / pressure / water vapor content..

The last item (temperature / pressure / water vapor content) is really one variable in the BWR containment because
it is essentially a fixed volume system into which energy and steam are injected during a LOCA: thus temperature,

e'
pressure, and water vapor content are always increased proportionally. The pressure range covered from 0 to 33
psig, and the temperature range from 100 to 222'F. The water vapor volume concentration varied from less than 1%
to 44%

,

,~ ..

2.1.3 Test Results

Over 70 tests were run at various conditions. Table 2-2 presents all the pertinent information for all tests run.
The plotting symbols used for presenting the data on the various graphs and figures throughout the report are also
shown in Table 2-2. The pressure traces for those tests in which there was significant pressure rise are in the Appendix.

".-

D

$
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SUMMARV OP TEST RESULTS

g y* g . Ambeent Cond.emne s nator Q Teere p Coneenseerson Tees

*d. Reesteve Test

..h., hG
Amhee,t Tese Roseteve

Temperatuee Promure Humedsty Temperature Pressure Freenure Preesee, Preneure Humedety P men R ee Il mes OP de'. g t*Cl (ssuse Hg) 6%) d*Cl L ecesion (mm Hgl imm Hg) 1%) (%| (%) (psegl (pseleecl (pos/sec) (post fase) d'

'

|h + s en.t
5* *

e 1A OS 752 48 60 Suk MC 456 855 4 61 53 72 28 0 13 0.13 OS 7 00' [ e,
, sa * '

t8 09 750 52 5 60 Det MC 45 8 855 4 61 53 74 - - - - - No lgnition1C 88 750 44 60 Pyre MC 45 6 84 3.8 68 54 65 11.2 16 40 84 6 20'e i 2A 80 755 50 60 Pyre Top 45 6 853.2 60 53 69 85 10 2.7 76 7.40
*

,, ' i 2C OS 750 48 60 Pyre MS 456 848 3 61 48 69 88 1D 2.3 70 6 90- s 2D 89 752 55 60 Pyre sat 456 850 3 6. 9 48 68 19 0 20 4.2 0.1 4 45!

'N't ii 38 7.2 752 58 38 Pyeo MC 458 752 0 61 69 80 12 0 2.1 4.1 12 0 5 80

, 3A 78 752 55 38 Pyre MC 32 4 752 0 43 43 88 38 06 to 3D 6 60 No tenfelen tes ene sees
* * ' ' 2.% 3C 78 752 55 38 Pyro MC 60 8 752 0 81 88 88 30 5 21 4 35 0 32.1 1.50a,' ' ..I Q4A 33 7b0 52 38 Pyro MC 30 4 783 6 41 38 73 08 0.06 0 08 0.15 2.50k 14D 33 730 50 38 Pyro MC 45 8 791 4 81 57 80 80 03 0.56 22 7.00

, *
I 4G 44 750 4t 38 Pyro MC 60 8 786.2 81 77 80 29 5 13.1 18 2 30.2 2.30f 48 15 7 758 51 7f Pyro MC 30 4 806.1 4.I 33 63 - - - - ,No 6gnetton in three tests. Typices done

'
,

f ', ' ' ; $ 4E 17 8 750 f1 71 Pyro MC 45 6 805 1 61 50 66 5.1 0 28 64 2.8 7.00T tH I78 750 tt 71 Pyro MC 60 8 stb 4 81 66 71 16.0 34 7.5 12 8 3 80
e *

N | - - - - (100) (Pyre) (MC) - - 44 1 - (100) - - - - - Not seeeed' e- ,,,*
- - - - (100) (Pyre) (MCI - -

, 16) - 4100) - - - - - Not se, sed
-e

) h 48.;, '* .I - - - - (1005 (Pyrol (MC) - - te) - 1100+) - - - - - Not tested

. * 23.3 750 45 100 Pyro MC 80 8 1318.7 8.1 40 76 - - - - - No ignition in two esses. Typical dose.

Q 64 67 750 47 38 Suk MC so 8 781 0 8I 78 70 20.3 18 3.3 18 8 to 8I Not e amose emplosion**j - - - - t38i eneo tuC) - -
'

18) - (100s - - - - - Notteaudp 6D 6. 7 750 47 38 Pyre Top 60 8 788 8
, 81 7.7 86 31 J 7.8 23 0 30 5 3 950

,

Qi 6E I1.1 750 49 38 Pyro MC 60 8 788 8 81 7.7 89 3J B 17 0 31a 32 8 13*I p 6P t1.I F50 48 38 Pyro MS 60 8 786 2
'

81 7.7 89 29 5 86 16 0 28 8 34f p 6G 15 6 760 65 38 Pyro Bot 60 8 786.2 8.1 7.7 81.2 32.0 15 5 26.3 31 4 20
3

L

The four teste listed es *Not Tested'*are defined by entende4 eest condstoons shown m perentheses They swore,.

ans conducted because prevenus someter tests had proven ponteammehle
e

[ .e NOTES At4wevianons
1, '' ignesion Sauece
*

Spk 100 Joule spark
, 'g* Det . Electr6c blasteng cap

r Pyre . P,ro,u,ee

* /'e ' Igmtor t.acenon

'[ fay,yd ,
MC + Middle height, center

Top Top center (6 inches dovun from veneel suelf 9
..E,'a' MS . Middle height, onde

4 .?,*.,. Sot * Boteom con *w E6 enches up from weseel vueill

$ eg *.)-

3 .f.,: .-
y;e
t ' e

I

P .

!
s. *

I

s

ne 24
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2.2 DISCUSSION OF RESULTS
->

c 2.2.1 Comparison with Other Data

There have been at least two other investigators who have looked at hydrogen flammability in atmospheres
of higher than room temperatures and/or pressure. Yeaw and ShnidmanS investigated the flammability limits of hydrogen
and other gases in fuel-air-water vapor mixtures. The experimental apparatus used was a 350-cc spherical glass explosion

,y pipet (8.7 cm diameter) with a centrally located spark igniter. The tests were run at atmospheric pressure, but with |'

temperatures varying from 68 to 187'F with 100% relative humidity, thus resulting in absolute water vapor concentrations '

7 of 2.3 to 60.1 volume percent. Both the upper and lower flammability limits of hydrogen were determined at these
*~ conditions.

~

Zabetakis' of the Bureau of Mines determined the flammability limits (upper ar'd lower) of hydrogen in air at
j 0 psig and 100 psig at 300*F. The range of water vapor concentrations was from 0 to 60 volume percent. The reference

report (AECU-3327) did not contain a description of the experimental apparatus, but the high pressures at which some,

of the tests were run woud indicate some sort of steel pressure vessel was used.

By separating the data currently under discussion into two groups, one for flammable mixtures and the other
for nonflammable mixtures, a comparison can be made with the flammable limits of Yeaw and Shnidman, and of Zabetakis.
Figure 2-2 is a plot of the flammable data group using the coordinates of Yeaw and Shnidman. All the data (with
the exception of one point) fall within both the limit line of Yeaw and Shnidman and the limit line of Zabetakis (for
100 psig and 300*F). Figure 2-3 is a plot of the nonflammable data group. It can be seen that the only data points
that fall within the flammable limits are those for which the ignition source was a detonator.

It can be seen from these two figures that the current group of data agrees quite well with past experimental
data taken under similar but different conditions. Therefore, a high degree of confidence can be placed in these tests
as well as those of Yeaw and Shnidman, and of Zabetakis.

2.2.2 Sensitivity of Limits

The sensitivity of the flammability limits is evaluated relative to each of the primary test variables that were
identified in Subsection 2.1.2. In addition, the effect of the size of the vessel is also evaluated.

2.2.2.1 Type of Ignitor

As discussed in Subsection 2.1.1, three types of ignitors were evaluated: a capactive discharge spark, a Pyrofuze
ignitor which acts like a sparkler, and an electric blasting cap. The flammability of the mixtures appears to be about
equal for either the spark or the Pyrofuze ignitors. The blasting cap, on the other hand, is a poor ignitor relative to
the other two types, as indicated by the number of data points that fall within the limit lines in Figure 2-3.

.-

2.2.2.2 Location of Ignitor-

I
,g Four different locations of the Pyrofuze ignitor were evaluated: center, top, bcttom, and side. No sensitivity was
,; indicated in the flammability limit at any of these locations.

1

2.2.2.3 Hydrogen Concentration

| The flammability limit is, of course, sensitive to the hydrogen concentration. However, as indicated by the data
in Figure 2-2, the flammability of the mixture is not a function of hydrogen concentration alone but hydrogen and water
vapor concentration combined.

; 2.2.2.4 Temperature / Pressure / Water Vapor Content

f

The effects of temperature and pressure on the flammability limits have been reviewed by others." Over the
*

j temperature and pressure ranges of interest in BWR containments and as simulated in the Fenwat tests, the effects
i
:
.
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are small and tend to cancel each other. Increasing temperature lowers the flammability limit, but less than 1% for
a 200*F increase. Increasing pressure tends to have the opposite effect up to about 5 atmospheres.

Some sensitivity of flammable limits with temperature and pressure would seem to be indicated when comparing
Yeaw and Shnidman's results with those of Zabetakis. The Fenwal data fall within the extremes of the pressures and
temperatures investigated by Yeaw and Shnidman and by Zabetakis, and over the range of hydrogen and water vapor
concentrations tested, could be said to agree with either the Yeaw and Shnidman limit or the Zabetakis limit. Therefore,
the flammability limits do not appear to be particularty sensitive in the pressure and temperature range tested by Fenwal

, and of interest in BWR containment analysis.

Water vapor content has a direct effect on the flammability limits, with the effect becoming more pronounced
-

as water vapor concentration increases. For example. Yeaw and Shnidman found that if the water vapor concentration
exceeded 60.1 volume percent, the mixture was nonf:ammable, regardless of hydrogen concentration. Zabetakis found
an even more pronounced effect in that his limiting water vapor concentrations were 51% at 100 psig and 49% at

*' 0 psig.

A more direct presentation of the effect of water vapor concentration is shown in Figure 2-4.

2.2.2.5 Size of Vessel_

The size of the vessel does not appear to have a significant effect on flammability limits. The size of the test
vessel used by Zabetakis was not specified, but Yeaw and Shnidman used a glass spherical vessel of 8.7 cm (3.4
in.) in diameter. The Fenwal vessel was 6 feet in diameter. Any differences noted in the data are small and are more |

likely due to the differences in temperature and pressure than to vessel size. Coward and Jones,' for example, discuss j
'

the variation in the flammable limit with temperature and pressure, but not with vessel size. The limits stated by Coward
and Jones are, in fact, derived from tests conducted in a wide variety of vessel sizes, although all are relatively small.

-

I
u

| 2.3 APPLICATION TO BWR CONTAINMENTS
l

|
The current set of data, along with the data of Yeaw and Shnidman and of Zabetakis, can be used to establish

flammability limits more realistic than the current AEC Safety Guide 7 criteria of 4 volume percent hydrogen wheni

! oxygen concentration exceeds 5 volume percent. The manner in which the data are applied to define a true safety
|limit cannot be discussed, however, until the burning characteristics of hydrogen are examined in Section 3.

*
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3. BURNING CHARACTERISTICS

Knowledge of the manner in which hydrogen burns following ignition is important in determining the true hazard,

* limits associated with hydrogen-air mixtures. Flammability limits alone only bound the problem in identifying the region
w; thin which some burning can occur. The type of combustion that does occur can vary from separated flame globules

'

that propagate only in the upward direction, to coherent flames that propagate uniformly at subsonic velocity in all
directions, to supersonic detonation waves. The type of combustion that occurs has a strong effect on damage potential
to closed containers such as reactor containment buildings.

; The Fenwal data provided additionalinsight into the burning characteristics of hydrogen under conditions expected
'

in BWR containments following a LOCA. These data will be discussed in the following sections. The Fenwal data,
, along with other investigators * data, will also be used to develop a conservative model for the prediction of maximum

pressures in a BWR containment resulting from burning.
*

. * 3.1 TEST RESULTS

The test results that are of particular interest in discussions of buming characteristics are the peak pressure
resulting from combustion in a closed vessel and the pressure-time history A_ comparison _of the measured to the
predicted maximum prsssure gives an indication of the degree of completion of the reaction. The pressure-timihi5 tory ~ -

gives insight into the rate of the reaction.

3.1.1 Maximum Pressure Rise

l

j The measured peak pressure (P,,, ) and the maximum pressure rise (AP) are listed in Table 2-2. A more useful
parameter is the pressure rise relative to the initial pressure (AP/P.). This parameter is plotted against hydrogen concentra-.

; tion in Figure 3-1.

i
* 3.1.2 Pressure Rates
t

The time at which the peak pressure occurred is shown in Table 2-2. Also listed in Table 2 2 are the average,

and maximum pressure rates recorded in the tests. Plots of the relative pressure rise against time for most of the
j tests are in the Appendix.

1
] 3.2 DISCUSSION OF RESULTS

| 3.2.1 Maximum Pressure Rise Sensitivity
I

; Figure 3-1 shows that the relatin pressure rise is sensitive to a number of parameters:

'j Type of ignitor- .

Hydrogen concentration.

_f Temperature / pressure / water vapor content..

1
The effect of each of these parameters will be discussed individually.--

3.2.1.1 Type of Ignitor

Of the three types of ignitors tested (see Subsection 2.1.1), ignition by the Pyrofuze ignitor resulted in the highest,

pressure rise for any given set of initial conditions. The spark ignitor gave much lower pressure rises when the hydrogen
concentration was less than about 8%. The results for the detonators were somewhat mixed, with the pressure rise
being extremely low for one set of conditions and almost as high as the Pyrofuze data for a another set of conditions.

The spark ignitor data agree very well with those of Furno, et al.' The Furno data were taken in a 12-foot-diameter -

sphere with a centrally located spark ignitor as the ignition source. Figure 3-2 is a plot of Furno's measured pressure
rises versus hydrogen concentration compared with the Fenwat results. Both sets of data show the same characteristic<
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? of very small pressure rises until the hydrogen concentration exceeds about 8% As shown in Figure 31, the Pyrofuze
'. ; Ignator caused higher pressure rises than the spark ignitor under similar conditions (l.e., hydrogen concentration, tem-
V perature, etc.). Because of the " sparkler" characteristics of the Pyrofuze ignator, a large number of ignition sources

were actually provided throughout the test vessel rather than a single source at one location as in the case of the4

9'
spark ignitor. Therefore, it was likely that a number of "flamelets" rather than just one were started throughout the-

test vessel. The result was that more hydrogen wu consumed and, hence, higher pressure rises were recorded.4 .

The results with the detonator were somewhat conflicting. For one set of conditions, the pressure rises were
less than recorded for the spark ignitor. Under the other set of conditions, the pressure rises were higher than the
spark ignitor results but less than would be expected for a Pyrofuze at those same conditions. In any case, the most
significant result was that the detonator did not resutt in a combustion-supported detonation wave propagating through
the gas mixture.

3.2.1.2 Hydrogen Concentration
,

As already disetmed, the spark ignitor resu:ts were extremely sensitive to hydrogen concentration, with virtually
no sign:ficant pressure rises occumng until the hydrogen concentration exceeds 8%

~

~

Some of the f.naracteristic di'forences between upward and downward flame propagation were discussed in
Section 2. Figure 3 2 demonstrates most graphically the effect of those differences on maximum pressure rise. At
conccntrations less than about 8%, flames will only propagate in the upward direction. The hydrogen flame at these

| 4 lower concentrations is actually a small flamelet, or globule of hot gas, which n0es through the gas mixture because
j of buoyancy. The actual buming process is diffusion controlled, and the flame will extinguish itself when the hydrogen

| concentration falls below some entical value? Thus, there will always be some residual hydrogen in the vessel following
I tnis type of combustion. Fumo measured considerable quantrties of residual hydrogen following tests in which the
i sparking was continued for 2 to S seconds, resulting in higher pressure rises than the single spark tests; hence this

|
presumably means that more hydrogen was actually consumed than in the single-spark tests. In one test, only about
19% of the onginal hydrogen was consumed, and in the other, only 5% These values were for original concentrations
of 6.9% and 7.4%, respectively. The measured pressure rises for these two tests were completely compatible with
the amounts of hydrogen actually consumed. Therefore, the low-pressure nses in Figure 3 2 at less than B% hydrogen

! concentration indicate that only very small amounts of the hydrogen (less than 10%) were actually consumed in the
deflagration.

It was only after the hydrogen concentration exceeded about 9% that no residual hydrogen was measured in
the test vessel, during Furno's experiments. As a result, the pressure nses associated with these higher concentrations
are much closer to the theorstical values, with mcst of the differsiice remaining caused by heat losses from the gas
to the test vessel.

I
The Pyrofuze ignitor, by providing more ignition sources, caused higher pressure rises at the lower concentrations

*

than the spark ignitor. Even with the Pyrofuze ignitors, the test pressure nses still were much less than would be
predicted for complete combustion of the hydrogen. This can be seen in Figure 3 3 which shows the ratio of the

( measured maximum pressure nse ( AP) to the theoretical maximum pressure nse (AP,,,,,), assuming completion combustion,
,t plotted against hydrogen concentration. It can be seen that hydrogen concentration must exceed from 7.5% to 9% .

j depending on type of ignitor and initial conditions, before near theoretical prassure nses are achieved. Again, as has,

| been previously discussed, the drfferences are caused by the manner in which the flame propagates through the mixture
' at the various concentrations.

|
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. 3.2.1.3 Temperature / Pressure / Water Vapor Content

} Comparison of the pressure rises at a given hydrogen concentration in Figure 31 shows that the results have
a strong dependence on the inrtial environmental conditions. Some effect of initial conditions is expected and predictable,

9 as can be seen in the following equation for the predected relative pressure rise (which is derived in Subsection 3.3.1):
.

I I
8 (H 1 + j "f'

api Au 2 -1 1 (31); jI l
"

CT
V O kn0 /O/ Adiabatic- ' ,4

The relative pressure rise is thus sensitive to the initial temperature, T., and the composition of the final mixture, in
. that the value for the average specific heat T., is affected by composition. Water vapor content has a fairly strong

effect on the spec:fic heat. The heat of combustion, .iu',is only slightty affected by temperature. The ratio of the'

final to the initial number of moles (rg/rg) is practically unity in the lean mixtures of interest in the present discussion;
~

therefore, the quantity in parentheses is essentially zero. Thus, after variations in C, and T are property accounted*

for, the relative adiabatic pressure rise is directly proportional to the relative amount of hydrogen reacted ((H,]).
.<

The theoretical adiabatic pressure rises were calculated for each of the conditions tested and compared with
the actual pressure nses measured in the tests. Figure 3-3 is a plot of the ratio of the measured over the theoretical
pressure rise versus hydrogen concentration. If the amount of hydrogen reacted and the heat losses were the same
in each of the tests at a given hydrogen concentration (and using the same type of ignitor), all of the points in Figure
3-3 wou'd be expected to fall on the same line. This was obviously not the case.

.

The fraction of the theoretical pressure achieved in the tests decreased roughly in proportion to increases in
; initial temperature and water vapor content. It was shown in Section 2 that increasing water vapor content raised the

{ lower flammability limit of hydrogen; therefore, it is possible that the reaction between hydrogen and oxygen was inhibited
by the presence of water vapor. In Subsection 3.2.2, the rates ed the reactions are discussed, and it is noted that.

' the reaction rates were slower at higher initial water vapor cor ter Thus, since more heat losses would be expected
before the peak pressure was reached, the peak pressure would be expected to be propo'tionally lower than if the
reaction had proceeded at a faster rate.

3.2.2 Prosauro Rate Sensitivity

Pressure rate data from expenmental tests in closed vessels, unlike the maximum pressure nse data, are not
independent of the geometry of the test apparatus. Zabetakis , for exampia, has stated that the time to reach peaks

pressure in spherical vessels can be expressed by an equation of the form.

g = K h, (3 2)t

.

where K is an expenmentally denved parameter and V is the volume of a spherical vessel. Thus, for a given set -

of initial conditions, the time to reach the peak pressure (or any intermediate pressure) is directly prcportional to the
cube root of the containing vessel's vcW nis concept has experimental venfication* over a wide range of vessel..

sizes (2 to 1000 cubic feet) and, in ft.. pes a conservative (i.e., low) prediction of the time to reach peak pressure
; as vessel size is increased.

,

Since the average pressure rate is simply the peak pressure divided by the time to reach the peak pressure, )
it follows from the preceding arguments that the average pressure rate should bo inversely proportional to the cube
root of the volume of the vessel. This proportionality was used in comparing the Fenwal and Furno' test results. Figure
3-4 is a plot of the average pressure rate from both the Fenwal and Furno test results. The average pressure rates
from Fumo's tests were adjusted by multiplying them by the cube root of the rato of the Furno-to-Fenwal vessel volumes.

|
There is good agreement between the adjusted Furno data and the Fenw at spark ignitor cata at the lower concentrations.

.

I At higher concentrations (>10% hydrogen), the Fenwat data appear to be approaching the same rate as the adjusted
-

'

Furno data. The reasons for the disagreement between the Pyrofuze and spark ignator data are discussed in Subsection
3.2.2.1.'

|
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- Equation (3-2) was derived by Zabetakis' from the concept that the pressure transient can be described in terms
of a flame moving at a constant velocity through the vessel. Accurate prediction of a pressure transient is therefore
dependent on (1)the selection of the correct flame spark, and (2) an accurate description of how the fiame moves<

through the vessel. This concept is followed through in Subsection 3.3 in which a buming rate model is developed
and the model is compared with the transient pressure rate data.,

f it is shown in Subsection 3.3 that the transients can be accurately described regardless of the complexity of
'

the buming process, i.e., upward propagation of small flamelets, upward followed by downward, or spherical flame
propagation. The remainder of this section is devoted to describing the effect of various parameters on the test results.

,

3.2.2.1 Type and Location of Ignhor
'

~

The pressure transients associated with the spark ignitor (Figure A-4) are trivial because only a very small amount
of the total hydrogen available was consumed. The average pressure rate agrees well with Fumo's data, as shown
in Figure 3-4.*

.

The differences between the pressure rates for the Pyrofuze and spark ignitors are proportional to the differencesj

between the maximum pressure rises as shown in Figure 3-1. Since the average pressure rate is simply the peak
pressure divided by the time to reach peak pressure,it follows that the time to reach peak pressure was not significantly
affected by the type of ignitor used. This is shown (later) in Figure 3-6 which is a plot of the time to reach peak
pressure versus hydrogen concentration. There is no indication of any significant differences in the time to reach peak
pressure due to the type of ignitor used.

Several locations of the Pyrofuze ignitor were tested. The pressure transients for ignition at the center, bottom,
top, and side are shown in Figure 3-5; the hydrogan concentration was 7.7% for all tests. The transients for ignition
at the center and bottom practically coincide, with the peak pressure being reached in about 2 seconds. Ignition at
the top resutted in the slowest transient, with the peak pressure being reached in about 4 seconds. ignition at the
side was between the two extremes, with the peak pressure being reached in about 3 seconds. ,

The same trend in these results was found in tests done at lower concentrations (4.8 to 5.3% hydrogen). The
meaning of these results is not clear, especially when compared with Furno's results. Fumo reported on the time
to saach peak pressure for one ignition at the bottom of the 12 foot test vessel as being 5.7 seconds, with an initial
hydrogen concentration of 7.2%; with ignition at the center, the time to reach the peak pressure was about 4 seconds.
Thus, Fumo's tests gave different relative results than Fenwars test for sensitivity of the burning rate to the location
of the ignitor. The difference in test results between Fumo and Fenwal is probably attributable to the difference in
ignators; Furno used a spark ignitor and Fenwet, a Pyrofuze ignitor.

The results with the detonator were compatible with the resutts using the Pyrofuze ignitors.

3.2.2.2 Hydrogen Concentration.

Figure 3-6 is a plot of the time to reach peak pressure versus hydrogen concentration. Three sets of data are
* shown: Fumo's' from the 12 foot-diameter sphere. Fenwars from the 6-foot-diameter sphere, and Dieterlin's'-size

of vessel unknown, but probably on the order of 1 to 2 feet in diameter. The Fumo' and Dieterlin' data clead show
the transition from upward propagation to upward plus downward propagation at about 8% hydrogen r a entration.

The Fenwal data tend to follow the same trends as the Furno and Dietertin data, although there is considerably
more scatter in the data, which is probably due to the widely varying initial conditions under which the Fenwat data
were obtained.

Above about E.5% hydrogen, increasing hydrogen concentration resutts in ccritinuous, smocth decrease in the
time to reach peak pressure without any funher discontmuities. At about 12% hydrogen, the flame propagation speed
is fast enough that buoyancy effects become negligible and spherical flame propagation occurs in which a spherical

-

flame front moves uniformly in a radial direction away from the ignition source. -

1
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3.2.2.3 Temperature / Pressure / Water Vapor Content

>

Effects of the foregoing parameters in hydrogen air burning characteristics are virtually nonexistent, especially
-

at the low hydrogen concentrations of interest. The survey by Drell and Belles 8 discusses the effects of pressure and
temperature on burnsng velocsty. For the lowest hydrogen concentration recorded (27%), increasing initial temperature
increased the burning velocity. Over the temperature range of interest in BWR containments (70*F to about 250*F),
the buming velocity increased almost 70%. The Fenwal data do not indscate anywhere near that degree of change

.

in the pressure rates or time to reach peak pressure as a function of temperature.

The effect of pressure also is not readily available from the Interature. For lean hydrogen-air mixtu es, however,
*

the available data 8 indicate that increasing pressure would decrease burning velocity but the effect would be small.
There is little noticeable effect of pressure on the Fenwat data.

The effect of added diluents on burning velocity can be found in a number of sources,'S""8 but the diluents.

discussed are either rutrogen or carbon dioxide, not water vapor. it is expected, however, that water vapor would.

have a similar effect on burning velocity as other diluents. Again, however, direct comparisons with the Fenwal data
are difficult because the literature data are all at relatively high hydrogen concentrations (>20%). At these high concentra-
tions, the added daluents have a strong effect on burning velocity, but if the data are extrapolated to the lower hydrogen
concentrations, the effect would be predicted to be much less.

The Fenwal data (see Figures 3-4 and 3-6) do indicate, however, that burning velocity was reduced as the
; temperature, pressure, and water vapor content increased. The data seem to indicate that the strongest effect is due

to the water vapor content cf the gas mixture.i

3.3 BURNING RATE MODEL

in a closed vessel, the pressure rise due to the combustion of a hydrogen-air mixture rnay be predicted from
the buming rate. In turn, the burning rate depends on the geometry of the vessel and velocity of the propagating
flame front. Depending on the concentration of hydrogen in the initial mixture, the type of flame propagation is either
upward, downward, or spherical.

$
'

Upward propagation is characterized by an incoherent flame front and incomplete combustion of the initial hyd-
rogen.'' The burning front is propagated upward by the buoyancy of small individual flamelets. The existence of these
flamelets is attnbuted to the different ratas of diffusion of hydrogen and oxygen." The generally accepted lean limit
of upward propagation is 4% hydrogen.'*8

Combustson of mixtures with sufficiently high concentrations of hydmgen (8.5 to 9%) results in upward followed
by downward propagation of a coherent flame front. Data indicate that the combustion of hydrogen in the downward
propagation regime is essentially complete.'' The recommended lean limit for downward propagation in a hydrogen-air
mixture vanes from 8.5%' to 9.0% hydrogen.'8,

At still higher hydrogen concentrations, the propagation is isotropic and the flame front is a concentric spherical
. Shell. In this case, the propagation is sufficientty rapid that the convective rise of combustion products does not affect

the propagating flame front. At hydrogen concentrations greater than 11 to 12% hydrogen, the data ir.dicate spherical
.

propagation.'

A model will be developed in the following subsections that desenbes each of these types of burning processes.

1
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3.3.1
.

Maximum Pressure Rlee

Since the propagation speed of a combustion wave for the hydrogen concentrations under consideration is much
less than the speed of sound, the pressure will be essentially equalized throughout the vessel at any instant. The
maximum possible pressure rise is determined by assurning complete combustion of hydrogen with no heat losses
to the vessel walls. The complete reaction is:

.

*N Na+x0 + "H H H0*+ "H O3 2 3
2 2

1

Energy + xN: N + (xO i*Hz)0 + (xH 0 + "H z ) H 0,2 3

The combustion energy is absorbed by the mixture of combustion products and inerts. The overall energy balance
<

. is

AU = 6, ng (T - T,) = n, [Ha l Au', G3)g

I
where [H,}, rt, and T, are, respectively, the mole fraction of hydrogen, total moles, and temperature of the initial'

mixture before combustion; AU* is the combustion energy per mole of hydrogen; and AU, n,,h, and T, are, respectively,
the intemal energy difference, total moles, average specific heat at constant volume, and temperature of the product
mixture. Assuming idr l gas behavior, the ratio of the final pressure P, to the initial pressure P. is:

} P, ng T,
j P, n T (3 4)

*

o o
i

Solving for T, from Equation (3-3) and substituting into Equatic.n (3-4) gives:

|
fAP t Pg-P

du' (Hal + f - 1.
"fo

j p I
" *

p CT (3-5)
4 0 / max o V o o

This result is the maximum possible pressure nse for the complete, adiabatic (no heat losses) combustion of a hydrogen
mixture in a closed vessel.

The average molar specific heat at constant volume is defined as

ug - u0
6 .

v T-T (3-6)*
g o,

where u, and u, are, respectively, the internal energies per mole of product mixture at T, and T,. The internal energy*
of the product mixture is determined by averaging over the molar concentrations of the constrtuents:

b n u; n; u;
' 'u = =

(3 7)
{ n; n,

,

I

where n, and u, are, respectively, the moles and internal energy of the vanous constituents. The final temperature
T, must be assumed to calculate %. To ensure accuracy, this assumed value should be approximately equal to the
theoretical value of T, calculated from Equation (3-3). The predicted temperature rise is shown in Figure (3-7) as a
function of initial hydrogen concentration and water vapor content. These curves were calculated from Equation (3-3).

~

t
!
t
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The maximum possible pressure rise in hydrogen air-water vapor mixtures is shown in Figure (3-8) plotted against
irutial percent of hyd pgen for three initial water vapor concentrations. Equation (3-5) was used for the calculations.
The pressure nse increases sharply with initial hydrogen concentration. Increasing [H,) by 4% increases the ratio
(AP/P.) , by approximately 1.0. This strong dependence is attnbuted to the high combusEon energy of the H,-0,,

reaction.,.

The results in Figure 3-8 are for T = 140*F. To correct for difference values of initial temperature, the factor
,' x is presented in Figure 3 9. For T. ,a 140*F, the maximum pressure rise is given by
p

T = 140*F
AP)T0 fAPt 0f (3 8)

I *XI i!

p / max
p* io A 0 / max

_

.

where x is a function of T,.

3.3.2 Pressure Transient Prediction

This subsectbn presents theoretical models for predicting the rate of pressure rise in a closed spherical vessel
| for the combustion of a gaseous mixture. Separate models are proposed for spherical. downward, and upward propagation.

] In all cases, equal pressure throughout the vessel is assurred at any instant. The combustion wave is modeled as
a surface of discontinuity, moving with constant propagation speed, across which the change from the unburned to,

the bumed state takes place.'

} 3.3.2.1 Spherical Propagation
i

For spherical propagation with central ignition, Zabetakis' proposes that the pressure nse. AP/P., at time t after
* ignition,is proportional to the volume of gas burned:

I

l
=h(St)2,

'

(3-9)
u

where V is the vessel volume, S, is the constant burning velocity,' and K is an empincally determined constant. In
Figure 310 the calculated pressure using Equation (3-9) is compared with the expenmental pressure produced by
the combustion of a 9 6% methane-air mixture in a 9-liter cylinder.8 The constant K was calculated from the experimental,

data at 70 milhseconds. The theoretical pressure rise is terminated at the maximum pressure P,,, which is calculated
from Equation (3-5).

.

Figure 3-10 shows that the predicted pressure follows very closely the experimental pressure until about 75
milliseconds. Zabetakis attnbutes the subsequent deviation to heat losses to the vessel walls, and to the interference
of the cylinder walls with the spherical combuston wave. The maximum experimental pressure is about 95% of the
maximum predeted pressure AP.. If the combustion is complete, this 5% deviation is attnbuted solely to heat losses.

;-

*ta=e m2 von ERW* debe the Duwy woectry as 1he veiocrty or the coaction zor.e frort enh remoscr to the ureurmd ges?
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3.3.2.2 Downwerd Propagation.

For a spherical enclosure with central ignition, Furno' desenbes the flame propagation in the downward regime
as an initial upward propagation followed by a slow, steady, downward propagation which consumes essentially all,

of the combustible gas. Consider a linear flame front propagating downward with constant velocity S, from the top
of the sphere, as shown in Figure 3-11. Assuming that the pressure rise AP is proportional to the volume of burned
gas V., and that heat losses to the walls are proportional to the surface area exposed to the bumed gases A., the
ratio of the pressure rise at time t to the maximum pressure rise is

Vb(t) Ab(t)AP(t)
-0 (3 10)=*

AP '

V , max Ab b, maxm,,

.

where V .. and A.. are, respectively, the total spherical volume and surface area, AP., is the maximum pressure.

rise from Equation (3-5), and O is an empirically determined constant related to the heat losses. From simple geometry,,

Vb(t) = f h (t) [3R, - h(t)) (341)

Ab (t) 2rr R, h(t), (3 12)=

where R. is the sphee radius, and h(t) = St is the location of the flame front relative to the top of the sphere as
shown in Figure 311. Substituting the foregoing results into Equation (3-10) and rearranging gives the ratio of pressure
rise to initial pressure as

S t)2 S t)AP(t) fdP
b 1 |IS t-R,)4 -R,j 2 -R,j

f 3 f g g
+- | | (3-13)P, = { P, J4 g

-

*

ax

where (AP/P.) . is the maximum pressure (adiabatic, complete-combustion) from Equation (3-5).

In Figures 3-12,3-13, and 314, the predicted pressure nse using Equation (3-13)is compared with the experimental
! pressure for three hydrogen-air water vapor mixtures ranging from 9.2 to 10.7% hydrogen. The initial concentration
; of water vapor vanes between 25 and 30% in all three cases. The flame propagation speed (S,) was taken as the
i sphere diameter divided by the expenmental time to reach m3.ximum pressure after ignition. The heat loss constant 0
i was determined from the slope of the pressure decay curve following maximum pressure.
1

.

| In all three comparisons, excellent correlation of theoretical and expenmental results is indicated. Slight deviations
] dunng the transient are attributed to irregulanties in the "tinear** flame front, especially near the vessel walls. In Figure
{ 3-12 the maximum experimental pressure is predicted exactly; whereas, for Figures 3-13 and 3-14, it is overpredicted

;4 by about 5%. Since it is unlikely that there is any residual hydrogen in the latter two cases, the discrepancies are
attnbuted to underestimating the heat loss constant 0 in Equation (3-13). In comparing the maximum experimental
pressuro with the adiabatic pressure (AP/P.).. in the three cases shown, heat losses account for a 20 to 25% reduction,

in the maximum observed pressure.

3.3.2.3 Upward Propagation

A theoretical model for pressure rise in the upward propagation regime must account for the imcomplete combustion
of hydrogen. For central ignition in a sphencal vessel, consider a linear flame front propagating upward from the center |
plane of the sphere as shown in Figure 3-15. The flame propagation velocity S,is assumed constant. Using the assumptions
of Subsection 3.3.2.2, the ratio of pressure nse *o maximum pressure nse is given by Equation (3-10). Assuming

|
4

,

!

!
I
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that the effect of the incomplete burning of hydrogen on the pressure rise is proportional to the burned volume V.(t),,

the ratio of the pressure rise to the maximum pressure rise is

1

AP(t) Y III Vb(t) Ab (t)b
- C, y -O (3-14)- =

3p y A , max ,max b, max b, max b

i where C' is a constant of the incomplete combustion of hydrogen. By defining

AP
C.

AP (3-15)
max

and assuming that the maximum experimental pressure rise, AP, occurs when the flame front reaches the top of the
sphere, then the constant C' is, from Equation (3-14),-

C' = 1 - C - O.
(3-16)

Since combustion is confined to the upper half of the sphere, then V.. - 2/3nR8 and A..., = 2rrR8. From simple
geometry,

Vb {t) R,8 - f h (t) (3 R, - h(t)]2
(3 17)=

b 2rr R,2 - 2rr R, h(t), (3-18)j A (t) =

where h(t) = (R, - S,t) is the vertical distance of the flame front from the top of the sphere. Combining the above
results gives the pressure rise for upward propagation:

p
- + (Q + 3C) (3-19)=

,

|

!

wnere (AP/P,) is the maximum possible pressure nse (adiabatic, complete combustion).

In Figures 316 through 319 theoretical calculations are compared with expenment for hydrogen-air-water vapor
mixtures. For these four cases, the initial concentration of hydrogen varied between 4.8 and 8.1% while the water
vapor concentration vaned from zero to 39%. The flame propagation speed (S,) was taken as the sphere radius divided

*| by the time to reach maximum experimental pressure. The heat loss constant O was calculated as desenbed in Subsection
3.3.2.2. Experimental data for each case were used to calculate the combustion-completeness constant C.,

.

t

For all cases, the theoretical curve overpredicts the slowly increasmg expenmental pressure during the earty
part of the transient. A probable explanation is that the model assumes the flame front is instantaneously established
across the midplane of the vessel, resulting in an overpredictica of the initial hydrogen consumption rate. In fact, the
propagation is probably hemispherical during the early part of the transient, as indicated by the cubic nature of the
expenmental curve. Following this period, both theoretical and expenmental curves exhibit a region of constant pressure
rise, and then a leveling-off to maximum pressure.

I The maximum predicted pressure occurs shortly before the expenmental peak pressure because, near the end
of the transient, heat losses to the vessel walls are greater than the energy supplied by combustion. In Figures 3-16,

through 3-18, the maximum experimental pressure is less than 50% of the maximum possible pressure (AP/P.)
j grven by Equation (3-5). This is due partly to beat losses, but mostly to incomplete hydrogen combustion. In Figure

_ ;
i

j 3-19. the expenmental pressure is almost 90% of the maximum possible, suggesting the onset of downward propagation
in which combustion is more complete.

|

321 |
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3.3.2.4 Empirical Parameters.

in the foregoing text, the flame front was idealized as an infinitely thin, plane combustion wave propagating
with constant velocity through a quiescent atmosphere. Adiabatic compression" of the unburned gas by the propagating
f'ame front was ignored. It was assumed that the speed, geometncal shape, and direction of propagation of the wave
depend on the 16tial hydrogen concentration. While the physical mechanism and geometry of the flame propagation
is more complex than assumed here, the justification for this simplified model is the agreement with experimental data.

Given the empirical parameters S,, C, and O - which depend on the initial mixture composition - the buming
*

rate, and thus the pressure transient, may be predicted. The mean flame propagation speed (S,) is the length of flame
propagation divided by the time to reach maximum pressure. The flame speed versus hydrogen concentration is shown
in Figure 3-20. Both the Fenwal data and Fumo's data' for upward and downward propagation are shown. For upward
propagation, the flame speed increases with hydrogen concentration and reaches a maximum at about 8% hydrogen.
This is followed by a transition region in which the flame speed decreases, and then by steady downward propagation -

(greater than 8.5%) in which the flame speed increases with hydrogen concentration.*

The empirical constant C (Equation (3-14)] defines the experimental deviation from the maximum theoretical
pressure due to incomplete combustion and heat losses. Figure 3-3 shows the constant C versus hydrogen and water

-]~ '

vapor concentraton for. experimental data. For upward propagation, the combuston constant increases sharply with
1 hydrogen concentration, indicating more complete combustion. Increasing the water vapor concentration subdues the

| pressure rise. However, the observed effect in Figure 3-3 is more pronounced than that predicted by the theoretical
curves in Figure 3-8, indicating that water vapor may somewhat inhibit hydrogen combustion. For initial water vapor*

" concentrations greater than 20%, hydrogen combustion is generally less than 60% complete for all data in the upward
propagation regime. As discussed in Subsection 3.2.1.1, hydrogen combustion is less than 10% complete for sing'e-spark
ignrtion in mixtures with less than 8% hydrogen. Thus, in the upward propagation regime, more complete hydrogen
combustion is expected from t..a " sparkler-like" Pyrofuze ignitor than from a single, isolated ignition source.

,

[ The heat loss term. O, was derived from the negative slope of the experimental pressure transient curves following
the completion of the buming.,

3.3.3 Burning Rate Model for BWR Containments

in Subsection 3.3.2, a burning rate model was presented which accurately predicts the pressure transient for

| the combuston of a hydrogen-air water vapor mixture in a closed vessel This same mocel, with the addition of a
j venting term to account for pressure relief through the BWR containrr.ent pressure suppression system, and the following i

conservative assumptions, will be used to make conservative predictions at pressure transients resulting from hydrogen#

| burning in the containments.

The maximum theoretical pressure rise is based on adiabatic, complete combustion in dry air.a.

'I b. Conservative values which overpredict essentially all data are used for the flame propagation speed.
I

c. Interaction of the flame front with walls and other perturbations is ignored.
*

,
d. In the upward propagaton regime, the values for the completeness factor C overpredict almost all data

j points. The completeness data a o deemed conservative in that they are for the "mutti-source" Pyrofuze
ignator rather than a single ignition source.

,

*
e. Any effects of water vapor in reducing the completeness have been ignored.

i

i f. Complete hydrogen combustion and no heat losses are assumed for hydrogen concentrations greater
than 8%.

,
.

t

|, g. No evaporation of water is assumed to take place in the BWR containments dunng combustion. .

h. No cochng is assumed as the vented gases bubble thrcugh the suppression pool, resulting in a conservative
calculation for suppression chamber back pressure.

i
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- The vanous configurations of the BWR containment designs *di be accounted for individually. Basically (see
sketch), BWR containments consist of two chambers. The drywellis the chamber directly surrounding the reactor vessel.
The drywell is connected to the other chamber (called the suppression chamber, or wetwell, or containment in the

' "
case of the Mark lit design) through pressure suppression vents submerged to some depth in the suppression pool
water which is also contained in the suppression chamber.

,

DHYWELL

.

.

PRESSURE -
fop *R E SSION

SUPPR ESSION
VENTS CHAMBER

SUPPRESSION. _ _ _ _ _ _- ._.<:::_=_
I POOL

/
4

3.3.3.1 Temperature and Pressure Calculations

To calculate the buming rate in a reactor containment, assume a uniform combustion wave propagating with

{ constant velocity S, through a quiescent atmosphere. The propagation is either upward, downward, or sphencal depending
on the initial hydrogen concentration. Assuming complete, adiabatic (no heat losses) combustion. the maximum possible
temperature and pressure rises are given by Equations (3-3) and (3-5), respectively. The completeness constantC,-

defined in Equation (3-15), accounts for heat losses and the residual hydrogen that does not combust. Assuming that
the number of moles of burned gas, n ,is proportional to the vorume burned V., then,

V III IVb(t) 3 b Cno (Hal - n b(t), (3 20)b (t)
= n -n vy o y

b. max b. max

where f1, and (H,) are, respectively, the initial moles and anitial molar fraction of hydrogen in the reactor containment,
V. ... is the total free volume, and n,. is the total moles of burned gas vented at time t. The second term on the
nght. hand side of Equation (3 20) represents the decrease in moles due to the reaction:

- +1 0: H:O. (3-21)H, -

2 '..

a

!
i
' 3 26
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. The number of moles of unburned gas, n , remaining at time t is

~

V III ~b
1y - "vu III' (3 22)

o(t) = nn, o b, max.
t

1: where rw is the total number of moles of unburned gas vented at time t. The average temperature of the containment-

] atmosphere,7, based on the number of moles of burned and unburned gases, is

"
_ (nb (t) Tb + "u (t) T lu (3 23)

, (t) = *

[n III + "u (tilb
,

The temperature of the unburned gases T is the initial containment atmosphere temperature T. in degrees Rankine..

The temperature rise of the burned gases, (T. - T.), is the product of the completeness factor and the maximum~

possible temperature rise from Equation (3-3); thus,

Tb= T + C (T, - T ) . - G20o o

Assuming idec! gas behavior,
1

(nb (t) + nu(t)) R i (t)'

; P (t) (3-25)=
.y

b, max

where R is the molar gas constant. The reactor containment pressure for constant flame propagation is specified by
Equation (3-25) which includes the effects of venting (drywell only) and incomplete hydrogen combustion with heat

-

losses.
1

3.3.3.2 Volume of Burned Gases for BWR Containments

The ratio of volume burned to total volume in Equations (3 20) and (3 22) depends on the type of propagation
and the geometry of the reactor containment. Assuming constant flame propagation speed, the ratio V. (t)/V..., for
the idealized containment geometnes is presented in Table 3-1 for the three types of propagation. The hydrogen concentra.
tion limits for upward, downward, and sphencal propagation correspond to those discussed earlier in this section.

In the spherical regime, each containment was modeled as a sphere of volume V.... and radius,

3 V , max*

bg,,

5 - 4fr
ia

For this idealized spherical geometry,

8
Vb(t) fS tg

.| (3 26)-
*

Vb. max 'R,

Zabetakis' accurately predicted the pressure rise in a cylinder by assuming a spherical (cubic) burning law similar
to Equaten (3-26).

_

<
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To facihtate the calculation of V. (t)/V , the BWR containments were approximated by simple geometries.I
Protrusions that could perturb the propagating flame front were ignored.

4.
''

a. Med l

The free space of the "lightbulb-shaped'' Mark I drywell is idealized as a cylindrical annulus. The reactor
vessel and biological shield make up the interior cyhndncal region. The fraction of volume bumed for-

upward and downward propagation is linear in time, as indicated in Table 3-1. Horizontal flame spread
is assumed in the suppression chamber torus, with the propagation speed equal to that of upward or
downward propagation, depending on the hydrogen concentration. This is conservative in that the lean
hmst for horizontal flame spread is about 6% hydrogen.' The fraction of volume burned is also finaar.

in time.
t '.. .

b. Mark 18

The Mark 11 drywell is idealized as the annular region of a cone frustrum. With this rather complicated
geometry, the fraction of volume burned is different for upward and downward propagation. The Mark
11 suppression chamber is simply a cylinder and has a linear burning rate.

i

c. Mark lit

i
! Just as with the Mark I, the Mark 111 drywell is a cylindrical annufus with a linear burning rate. The Mark
I !!! containment (suppression chamber) is approximated as a cylindncal annulus up to the height of the
i drywell and, thereafter, a cylinder to the top of the containment. The burning rates for these two regions

are different, as indicated in Table 3-1.

| 3.3.3.3 Venting From BWR Drywells
*

The elevated pressures from hydrogen combustion will open the suppression chamber vents, resulting in pressure'

relief for the BWR drywells. Since the vent openings are located near the bottom of all BWR dryweils, it is assumed
that only unbumed gases are vented for spherical and downward propagation, whereas only bumed gases are vented!

for upward propagation. To determine vent cleanng times, the acceleration of water in the vent system is calculated
as a function of the drywell pressure, suppression chamber pressure, and vent submergence. For the Mark lli containment,
separate vent clearing times are calculated for the three rows of vents.

The molar flow rate, A, through the vent is

* 5 (3 27), ,

N(t) =
,

v

where A is the total vent area. V, and y are, respectively, the speed of sound and molar volume of the gases at.

the vent entrance, and M is the Mach number of the flow, calculated as a function of vent. flow resistance and pressure
differential across the vents. For Mark lit, the flow rate through each row of vents is calculated separately, taking .

into account the different submergences. The total molar vent flow up to time t is
e

=[ b (r) dr.N(t) (3 28)

i

For upward flame propagation, for which only bumed gases at temperature T. .re vented, n,. (t)=N(t) and n,, (t)=0.
1 For downward and spherical propagation, for which only unburned gases at temperature T, are vented, n,. (t)=0 and
I n., (t)=N(t). In this latte* case, the thermodynamic and venting calculations are terminated when all of the enginal'

gas has been edher burned or vented. -

|

|
6

.
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Table 3-1
GEOMETRICAL BURNING PARAMETERS FOR IDEALIZED CONTAINMENT GEOMETRIES

Ratio of Volume Burned to Total Free Volume
Reactor Upward Propagation Downward Propagation Spherical Propagation

Containment 4% < (H ] < 8% 8% < (H I < 12% 12% < (H ] < 18% Comments .
3 2

,

Mark i Drywell L = Drywell height
8S' St Stt i g

(Cyhnder Annulus)
L L R, b

I,

I

Mark i Suppression Horizontal Propagation i
St St St Il3

g
Chamber (Torus) - f f L E one-half of torus ;r

L L M circumference |s

Mark 11 Drywe!I V = Free Volume
nS t nS tg g

(Annulus of Cone - p2 (3 - 3X + X ] D* [3 - 3X + X ] F = Drywelli.d. at 2 3
2 2

12V 12V m
base

3 Frustrum) g
8 2 D = Biological Shield g*

+ FD 13X - 2X ) + FD [3X -2X ] o.d. $
M

2 8 snD St nD St Stg g g
2 2+D X' - + FX ,

s

St Stg
Where X = {g Where X = 7

Mark 11 Suppression 3 L = distance from
St St St

g g g

Chamber water level to top '-

s of suppresdon
(Cylinder) .

chamber

Mark lil Drywell
' '

L = Drywell height
3St St St

g g g
(Cylindrical Annulus)

__R,L .L ,
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Table 3-1 (Continued)

Ratio of Volume Burned to Total Free Volume

Reactor Upward Propagation Downward Propagat:on Spherical Propagation
Containment 4% < [H ] < 8% 8% < [H ] < 12% 12% < [Haj < 18% Cornments2

Mark til Containment V E Free Volume2 1S ts S tz Fg s i
for t < L-S D e Dry M Io d2 2

- (F - 0 ) for t < S 4V S4V ..

g g
(Cylinder and Annulus) p = gpp,,,,;g,

Chamber'i.d.
2 2 2 8S t n (F - D ) + (L-5) D Stg i (. a Suppression#

- --- ( F S t - D* S)3

4V i 4V f Chamber height Ms s
9 above pool oo" S

for t > (L-S)
for t > S g S E Drywell height $$

O
g i above pool y
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The suppression chamber back pressure increases as gases are vented from the drywel!. Assuming ideal gas
behavior, the increase in suppression chamber pressure, .iP (t), due to the vented gases is

:

N (t) RT', .

-

APg (t) = y
sc

'

where V, is the suppression chamber free volume and T, is the temperature of the vented gases as defined above.
It is conservatively assumed that the vented gases are not cooled as they pass through the suppression pool. This
assumption leads to higher suppression chamber back pressure and lower vent flow rates, thus providing less pressure

-' relief for the drywell dunng a hydrogen burn.

*1 3.3.3.4 Flame Speed and Completeness

Conservative values of the flame propagation speed, based on the Fenwal and Furno' data, are used for burning-

rate calculations in BWR containments. The conservative flame speed curves for upward propagation in Figure 3-21,
and downward propagation in Figure 3-22, overpredict essentially all of the data. The curves are conservative by at
least a factor of two for two-thirds of the data. The marked decrease in propagation speed in the transition from upward
to downward propagation is ignored.

.

Very httle data exist for flame propagation speeds in the spherical regime (between 12 and 18% hydrogen).
Payman's data" indicate a propagation speed of 10 ft/sec for combustion of an 18% hydrogen mixture in a 4-liter
sphere. The flame speeds used for calculations of spherical propagatior in BWR containments are shown in Figure
3-22. At 18% hydrogen, S, =50 ft/sec compared to Payman's value of 10 ft/sec. Extrapolation of Fumo's data to hydrogen
concentrations greater than 12% yields propagation speeds which are considerably lower than those shown in Figure
3-22. Hence, the values of S used in the model are conservative.

Based on experimental data, a conservative approximation of the completeness factor as a function of hydrogen
concentration is shown in Figure 3 23. Burning rates for BWR containments were calculated using this approximation.

9 The completeness increases linearly from zero at 4% hyurogen (lower flammability limit) to 1.0 at 8% hydrogen. The
completeness remains at unity for hydrogen concentrations greatsr than 8%.

The conservatism in using this approximation to calculate burning rates in BWR containments is verified by
expenmental data and sound physical reasoning. The data of Furno, et al. ' indicate that the lower limit for complete
combustion is greater than 8.5% hydrogen. By assuming that C=1.0 for greater than 8% hydrogen, no credit is taken
for heat losses in reducing peak pressures. Expenmental data" indicate that heat losses reduce maximum pressures
by 5 to 15% in the downward and spherical propagation regimes. The Fenwal data in Figure 3-23 indicate that the

*

combustion completeness decreases with increasing water vapor content in the upward propagation regime. Extrapolation
of the data indicates that zero completeness may be expected at hydrogen concentrations greater than 4% for higher

j water vapor concentrations. However, the effects of water vapor content have been ignored as dry air was assumed,

*'
in developing the conservative completeness curve in Figure 3-23.

*

Furthermore, the evaporation of water - which,in the event of a LOCA, could be significant in a BWR containment
, - has conservatively been ignored. Including this heat loss effect would reduce the completeness factor and hence
| the predicted pressure rise. Zabetakis' crtes non-central ignition and interaction of the propagating flame front with
8

walls as factors which can further decrease combustion completeness and thus reduce peak pressures. Finally, the
completeness curve in Figure 3 23 is based primarily on the Fenwal test data for a Pyrofuze ignitor, which is much
more efficient than a single-source ignitor - at least in the upward propagation regime. Since only single-source ignition
would be likely in a BWR containment, additional conservatism is built into the completeness factor.

t
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4. EFFECTS OF HYDROGEN BURNING ON BWR CONTAINMENTS
t

' 4.1 MAXIMUM PRESSURES

4.1.1 Transient Pressure Response
.

The model developed in Section 3 was used to predict the pressure transients associated with burning various
concentrations of hydrogen in BWR containments. Hydrogen concentratens of up to 18%, which is generally accepted.

as the lower detonation limit in air," were considered (see Subsection 4.3).

Figures 4-1 through 4-3 show the pressure transients in the Mark I through Mark Ill drywells, respectively. Figures-

4-4 through 4-8 show the pressure transients in the Mark I through Mark Ill suppression chambers,' respectively. All
the transients were started, for illustrative purposes, with an initial pressure of 0 psig, temperature of 100*F, and zero
relative humidity.

4.1.2 Effect of Initial Conditions on Predicted Peak Pressure

'! The effect of different initial pressures on peak pressure is considere<1 in Figures 4-7 and 4-8. These two figures
show the hydrogen concentrations that result in peak design pressure when burned as a function of the initial pressure
in the drywell and suppression chamber, respectively. These results were based on assuming dry air; thus, the pressure
nse calculations were maximized. Most added pressure in BWR containments is due to the partial pressure of water
vapor. Therefore, any significant increase in pressure is accompanied by a significant increase in the water vapor
concentration in the air. For example, a Mark | containment with a pressure of 19 psig has a 44% water vapor concentration.

I As we have seen, this amount of water vapor can have a significant effect on the burning process, especially below
hydrogen concentrations of about 9% Therefore, Figures 4 7 and 4-8, by ignoring the effects of water vapor content

*
at the higher pressures, have a considerable amount of conservatism in them.

4.1.3 Maximum Allowable Hydrogen Concentration

Figures 4-7 and 4-8 can be used to conservatively determine the maximum amount of hydrogen that can be
tolerated in BWR containments. To do this, the concentration of hydrogen was converted from the wet basis to the
dry basis. Throughout this report, concentrations have been on the wet basis, i.e., the water vapor content is considered
as part of the total gas mixture. The actual water vapor content of the containment following a LOCA is actually changing
as a function of time, and is dependent on a number of factors, including the conservatism of analytical assumptions,
the number of RHR heat exchangers presumed to be available, and whether containment sprays are actuated or not.
Putting the hydrogen concentration on a dry basis removes the arbitrary nature of the water vapor content. Hydrogen
concentration on the dry basis is actually the mole or volume fraction of the total noncondensible gases that is hydrogen;
thus, rt represents the value a " wet" gas mixture would reach if all the water vapor were condensed. The " dry" concentration
is related to " wet" concentratton by the following equation:

.

fPNONCOND. + Pg
[Ha ] DRY [Ha ] WET

=
p.

NONCOND. '

A conservative calculation of the dry basis concentration can be done by assuming the pressure of the noncondonsi-
ble gas is 14.7 psia, thus ignoring any sensible heat additions to the noncondensible gases which raise their partial
pressure to some value higher than atmospheric.

This approach was taken in constructing Figures 4-9 and 4-10 (which show allowable dry hydrogen concentrations)
from the allowable wet concentrations of Figures 4-7 and 4-8. Figures 4-9 and 410 show the maximum allowable
dry hydrogen concentration as a function of initial pressure for the drywells and wetwells, respectively. To further remove

i
| .

*The sw nn comme.r" or ine unr= m contam n is s.mpey cas.o ew mm.;. tui in cro., to me nta,n con si.ncy n i.nn.noogy. irw
une or 'sweemon chamter" wt be apps d to the Matt Ifi in this report
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the arbitrariness of containment pressure, a single value for the maximum aflowable dry basis concentration can be
determined by selecting the minimum value from the curves between zero psig and the maximum expected long-term
peak pressure. (The short-term peak pressure in the drywell was not considered since that condition persists for only
a few seconds at the most immediately following the blowdown and occurs only when the drywell atmosphere is essentially
100*/. steam.) Reasonable maximum values for long-term peak pressures are 25 psig for the Mark I and Mark Il contain-
monts, and 12.5 psig for the Mark lli. The limiting dry hydrogen concentrations thus cbtained are summarized in Table
4-1.

|

Table 4-1
MAXIMUM ALLOWABLE H, CONCENTRATION, VOLUME PERCENT, DRY BASIS

Suppression
.

Drywell Chamber
(%) (%)

.

Mark 1 - 18 12
Mark 11 12 10
Mark 111 - 10 6

4.2 MAXIMUM TEMPERATURES

The maximum temperatures associated with hydrogen burning are not as important from a safety viewpoint
I as the peak pressures. Even though the gas temperatures may exceed 3000*F, practical experience and theoretical
j calculations indicate that the damage potential is low. For example, ordinary household winng with PVC insulation
I was used throughout the Fenwal tests to supply electricity to the ignitors and the mixing fan. And Zabetakis, et al.,

described the condition of a block house in which hydrogen concentrations of up to about 34% were exploded as
follows: " ..httle fire damage was encountered; in general, the wooden members in the weak-wall were only singed,

1 paper and frayed rope were ignited on occasion, and electncal insulation was essentially unaffected by the flame.""
I

;

Also, while the gas temperatures may be high, the mass and heat capacity of the gas is k u relative to surrounding
walls, structures, and suppression pool; therefore, absorption of the sensible heat of the gas by these structures will
result in only modest temperature rises. An earlier topical report presented calculations which showed that if all the,

'

energy in the gas were transferred to the steel drywell wall, its temperature would increase about 100*F, or if all the
energy were transferred to l'.rs suppression pool water, its temperature would increase only a few degrees.''

It appears from these @servations, therefore, that the potential for damage due to high gas temperatures following
buming is low, or can be made so through proper design specifications for equipment located inside the containment.

4.3 DETONATION POTENTIAL

*

Any hydrogen concentration in the range between 18.3 and 59 volume percent is within the defined limits of
detonabiltty.'' However, a detonation will not necessanly occur even if the concentration were within the above limits.,

Lewis and Von Elbe'' reported on experiments which showed, for a given spark energy, that detonation is more easily
set up in smaller than in larger tubes, and that an established detonation wave can be converted to a normal combustion

7
wave by suddenly widening the tube. Pigford, in an AEC research and development report, further commented on,

the effect of geometry on the propagation of detonation waves, noting that a fully formed detonation wave will degenerate
by progressing "into an expanding system or by allowing it to encounter obstructions such as a wire helix, baffles,
numerous bends and elbows, or a senes of expanding and converging sections to bring about irreversible energy
losses. Expenment has shown that attempts to detonate a combustible mixture enclosed in a large sphere by ignition,

9' in the center will fail, as would be expected, even if a detonation wave that has progressed through a tube that terminates
1 in the center of the sphere is the source of ignition."" In a later AEC research and development report, Porter reported,

a series of tests in which mixtures of frem 30 to 50 volume percent hydrogen in air were ignited in 1/2-inch andI

2-inch Schedule 40 pipes, and in a 4.5-foot-diameter by 6-foot straight side tank. Detonations did occur in the pipes, b,

but when the pipes were connected to the tank and the detonation wave was aflowed to propagate into the tank,
'

i the mixture in the tank burned but did not detonate.''
,

I
,

4
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A study by Cassutt, et al., showed that detonations in free space of a 32% hydrogen-air mixture only occurred
d a sufficiently strong initiating source were available. The minimum iruttating source that gave a detonation was 2 grams

,

of Pontoirte. The use of a blasting cap (about 1/2 gram of explosive), flame, hot wire, or spark did not cause a detonation."
Y

Zabetakis, et al., ignited vanous mixtures of hydrogen-air in a 21 x 13.3 x 13.5-foot (3770 cubic foot) block house."
They found that ignltion of 30% hydrogen-air mixtures with an "electnc match" did not produce a detonation, but a:.

34% hydrogen-air mixture apparently detonated.* This result is somewhat unexpected in light of the discusson of Pigford'8
-

and the results of Porter'' and Cassutt, et al.," as previously discussed.g

-

The information presented here indicates that if a detonable hydrogen-air mixture were present in a BWR contain.
ment, the probability of the mixture's detonating upon igniten would be low. However, the results of the experiments
of Zabetakis, et al.," indicates that hydrogen-air mixtures may detonate under certain conditions, at least when the
hydrogen concentration exceeds about 30%.

.

.

.4-<

j ' Peak pruneures were rum measured txA deduced from anstyees based on M ceserved degree of damage sustained by vanous peces of equpmerit
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. 5. APPUCATION TO SAFETY GUIDE 7
,

Since the technological bases for many of the enteria in the USAEC's Safety Guide 7' are not clear,it is difficult
to relate new information to the criteria and to express what impact that new information should have on the enteria.

'

if the current Safety Guide 7 cnterion of not exceeding 4 volume percent hydrogen is based on tho asst,nption that
any burning in a reactor containment is entirely unacceptable, then the information in this report certainly disproves
that assumption, and there are basically two courses of action that could be taken:

a. Change the current 4% hydrogen lirrut to a scaled safety limst which refksts both the design pressure
*

of the containment in geestion and the venting characteristes of that containment, if any.,

'' b. Reduce the level of conservatism in the other enteria of Safety Guide 7* as an indication that the current
I study represents a clear demonstration of the conservatism of the current flammability limit.

:
,

j *^a = sm w = - m.m.cs% w o.e...oouo-. = emw .moa.iorm.
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APPENDIX
PRESSURE TRANSIENT FROM FENWAL TESTS

', This Appendix compnses Figures A-1 through A-11.

,

e
d

1.5

IGNITOR INITI AL CONDITIONS

TEST "2 TYPE LOCATION TI C) P(mmHg) %H O2
!

1-C 5.4 PYROFUZE CENTER 60 843.1 11.4
2-A 5.3 PYROFUZE TOP 60 853.2 11.9g _

2-C 4.8 PYROFUZE SiOE 60 848.3 12.0
2-0 4.8 PYROFUZE 80TTOM 60 850.3 11.8

o

4

1-C2-00.5 -

[ - 2-A
~% 2-C

l | I I I I, a
O 2 4 6 8 10 12 14 16

**
TIME (sec)

\

Figure A 1 Fenwal Test Data - Pressure Risellnitial Pressure Versus Time
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ba

1.5

6-A
1.0 -

eO
E
d

a

4

0.5 -

IGNITOR INITI AL CONDITIONS%HTEST 2 TYPE LOCATION T (*C) PtmmHg) %M0 --9

6-A 7.8
~

CENTER 38 781 4.4P R

0 ' I ' ' ' I I

O 2 4 6 8 to 12 14 16

TIME (sect

Figure A-2 Fenwal Test Data - Pressure Riselinarial Pressure Versus Time

3.0

2.0 -

3-C

o IGNITOR INtTlAL CONDITIONS' %HE TEST 2 TYPE LOCATION TI C) P(mmHg) T il O
2( A

3-A 4.3 PYROFUZE CENTER 38 752 0.58
4 3-9 6.1 PYROFUZE CENTER 38 752 0.59

1.0 -
3-C 8.1 PYROFUZE CENTER 38 752 0.57

3-8

3-A
'

i l | I I Io
O 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0

TIME (se) .

.

.

Figure A 3 Fenwal Test Data - Pressure Roselinttial Pressure Versus Time
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3.0

IGNITOR INITIAL CONDITIONS

TEST %H TYPE LOCATION T ( C) P(mmHg) %HO7 2

4-G 7.7 PYROFUZE CENTER 38 786.2 5.0
4-H 6.6 PYROFUZE CENTER 71 915 4 18.8

2.0 =

o
ta

y 4-G
,

.

9
1.0 -

4-H

I I I I I I |
0 1 2 3 4 5 6 7 8

f TIME (sec)

Figure A-4 Fenwal Test Data - Pressure Riselinitial Pressure Versus Time

3.0

2.0 - 5-A

IGNITOR INITIAL CONDITIONS

o TYPE LOCATION T ( C) P(mmHg) %H 07g

t'
( <3 5-A 7.7 PYROFUZE CENTER 38 791.4 5.7
'

5-8 64 PYROFUZE CENTER 71 941.3 20.6
I

!
1.0 -

,

, 5-B
I
.

i

|

! ! ! I ! ! !f 0
'

O 1.0 2.0 3.0 4.0 5.0 60 7.0 8.0

TIME (sec) _

i

Figure A.5 Fenwal Test Data - Pressure Rise / Initial Pressure Versus Time
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3.0 -

~

IGNITOR INITI AL CONDITIONS

TEST "2 TYPE LOCATION T I Cl P(mmHg) %HOy

E-5 7.4 DET* CENTER 71.1 995 16.9

E-6 8.2 DET CENTER 71.1 1024 18.4
_

* ELECTRIC 8 LASTING CAP

e?
E
*1'

8 1.0 -

| E-6
E-5

-
i

# | | | 1 | |o

; O 'G 2.0 3.0 4.0 5.0 6.0 7.0 8.0.

g TIME (sect

figure A 10 Fenwal Test Data - Pressure Riselinstial Pressure Versus Time

<

30
IGNITOR INITI AL CONDITIONS

2 TYPE LOCATION T I Cl P(mmHgl %H0', 7
F-1 7.5 PYHOFUZE CENTER 102.7 2373 28.2

F-3 9.2 PYROFUZE CENTER 105.5 2414 28.4

F-5 10.4 PYROFUZE CENTER 104.5 2420 25.5
F-6 10 7 PYAOFUZE CFNTFR 104 5 7414 770

2.0 - p_g

a

F 3

7
1.0 - *

'

- F-1

4

| I ! !0
O 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0

TIME (sect ._.

! I
' "

Figure A.11 Fenwal Test |'ata - Pressure RiselinstA Pressure Versus Time
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