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ABSTRACT

Hydrogen flammability and burning characteristics were determined in a recent
experiment under conditions simulating BWR reactor containments following the
hypothetical loss-of-coolant accidant (LOCA). The date showed that the post-LOCA
conditions—in particular, water vapor content—aise the lowser flammability limit
above 4% by volume hydrogen and reduce the buming rates. The data were also
used to develop a conservative burning model. The model shows that BWR contain-
ment drywells can burn 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 burned in 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
revised upward a significant amount without endangering containment integrity.

1. INTRODUCTION AND SUMMARY
1.1 PURPOSE

The flammability limits and other criteria 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 solutions
that are not always in the best interest of safety, especially when the extremely low piobabilities of ever reaching
a flammable condition in a BWR containment are considered. A recent General Electric topical report, “Hydrogen Generation
and the General Eiectnc Boiling Water Reactor,” NEDO-10723, reviews all aspects of Safety Guide 7 and the design
solutions imposed by it

The purpose of the present report is to discuss hydrogen flammability and burni’ ., ~haractenstics. Recently
obtained data are presented, and used to determine the capability of current BWR con’. 1= ant 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
to form a firm data base upon which reliable and accurate predictions of flammability limits and burning charactenistics

can be made.

. Increasing water vapor content increases the lower flammability limit of hydrogen, and a water vapor
concentration in excess of 50 to 60% completely inerts a hydrogen-air-water vapor mix.ure,

. Complete combustion of hydrogen is only possible when the hydrogen concentration is at least 8% by
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, and
spherical, in order of increasing hydrogen concentration.

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

- The quantities of hydrogen that can be burned in BWR containments range up to 18% in the vented
drywells and v~ 0 12% in the unvented suppression chambers.

11



1.3 RECOMMENDATION

Cha 3e the T\Jd'e'y Guide 7 flammabi ty limit to a safety limit that is
J the ventir g charactenstics of the containment

b
s bas
f am
f any
a clear demonstration oi

esian prese
4

WwAroae -

yarogen

3
Alternatively, sing & Inarmal
onservatism of the ci c

urrent

ure of the containment
the
source terms (in particular, zir

P

contained in this report
Safety Guide 7 mabilit

other criteria related to
iced without reducing safety margins

y hmit
conium-waler reactions)

“

COulC De




2. FLAMMABILITY LIMITS

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 Belies, 1957).7? The flammability limit is generally
stated as follows for hydrogen in air at atmospheric pressure and room temperature

The flammability of hydrogen in air has been extensively studied cver the past 50 or 60 years. The most cominonly

Table 2-1
FLAMMABILITY LIMIT

Volume Percent Hydrogen™’
In Ali
Lean Rich

Upward Propagation
Coherent Flame
Noncoherent Flame

Downward Propagation 9.0 74

» "Nr-nghouv s report and n the terature, hy Jogen concentaton @ presented in terms of volume percent Under perfect law assumphions. which

W78 apphcabie in the present case the lerms volume fraction. moie frachon, and the rabio of partial pressure 1o tota pressurs ars squivalent

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 Nydrogen concentration is t1.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 separale 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 continucus flame front) will propagate
both in the upward and downward directions and consume essentially all of the hydrogen in the mixture. The most
significant effect of whether a flame is coherent or noncoherent IS in the pressure transients associated with combustion
of hydrogen-air mixtures in a closed volume vessel These effects will be discussed at length in Section 3

The important point to note in the present discussion is that the limits presented in Table 2-1 are for air-hydrogen
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 imits are stated. Also, the stated imits
are based on expernmental work which was done on labeoratory equipment in which hydrogen was gnited erther in
relatively small tubes (0.8 to 21 cm in diameter) or smaller spherical vessels (12 cm diameter maximum).' The BWR

ortainments are, of course, of much arger dimensions. Because of these ditferences, the General Electnc Company
contracted Fenwal, Inc.,* to run a senes of hydrogen flammability and burning tests at conditions simulating post-LOCA
BWF. containment pressures, temperatures and water vapor content in a test vessel an order of magnitude larger
than those described here

The description of those tests and egquipment. the test resulls., and z cussion are presented in this Section

2.1 DESCRIPTION OF EXPERIMENTS

-

2.1.1 Experimental Apparatus

The hydrogen flammability tests were conducied in a 34-cubic-foot test vessel with a des gn pressure of 500
PSig, as illustrated in Figure 2-1. The interior of the vessel is stain eSS steel clad. For these tests it was equipped
with externally mounted infrared electric heaters to provide the desired elevated test nperatures. The temperature

'S controlled by a temperature controller utilizing a thermistor probe fastened ) > external wall of the vessel. The

* Ferwal Inc Ashiang, Massachusetts 01721
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internal temperature Is monitored by means of an iron-constantan thermox 3d in a thermowell extending

nto the vesse! and used in conjunction with a temperature recorder

Transient pressures are monitored by means of a pair of strain gage-type pressure lransducers mounted on
a port at the side of the test vessel. These units are used in conjunction with a carrier amplifier and recording oscillograph

T

ming markers are electronically superimposed on the oscillograph chart to provide a time base to facilitate the determina-
tion of rates of pressure rise

Three types of ignition sources were nitially evaiuated in the program. A capacitive gischarge spark created
across a 1/16-inch gap between two electrodes served as one ignition source. The electrodes were stainless steel
ubing connected by a graphite rod, over which they were forced fitted. Power for the spark came from a pair of

g y F P

senes-wired 525 microfarad capacitors charged to 900 volts. The energy content of the spark is approx mately 100
oules

A No. 8 (strength) electric blasting cap was utilized as a second potential ignition source. It was actuated, using
@ power source descnbed 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

‘0 an actuating temperature, they alloy exothermically with some violence. which throws the hot matenals away from

the source materi

al, much as a sparkler throws hot particles. The energy content of the Pyrotuze is 21.5 joules, and
vated by discharge of the above-described capacitive discharge power supply. The ignitors could be located
center, bottom, or side of the vessel, as indicated in Figure 2-1

<

Water may be introduced into the test vessel through a conica spray nozzle. When a high-humudity test is

juired ne and one-half times the volume of water required to saturate the test vessel's atmosphere at the test

nperature 1s injected into the vessel to evaporate
2.1.2 Test Variables

The tests were set up to determine the effects of various parametlers on both the imits of flammability and

haracteristics. The variables investigated were

Type of ignitor

Location of ignitor

Hydrogen concentration

Temperature/pressure/waier vapor content
Th

e last item (temperature/pressure/water vapor tent) is really one variable in the BWR containment because

sentially a fixed volume system into which energy and steam are injected during a LOCA; thus temperature
ire, and water vapor content are always increased proportionally

The pressure range covered from 0 to 33

ccc

1 the temperature range from 100 to 222°F. The water vapor volume concentration varied from less than 1%

Test Results

tests were run at ous conditions. Table 2-2 presents all the pertinent information for all tests run
'g symbols used for presenting Gata on the vanous graphs and figures throughout the report are also

n which there was significant pressure nse are in the Appendix
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Tabie 2 2
SUMMARY OF TEST RESULTS

Ambient Conditons ignitor M, Tew _:‘_ Concentistion Teur
Helative Tout Ambie it Tont Felative
T e P 2 y T . Prassure  Prossure  Promurs  Pressure Mumidity Pmex R ay Amex 9 &
Tour {C) (mm Mg) %) 1 Lv: Location {mm Mgl (mm Mgl %) %) %) _lal_ (pet/vac) _tgl_-ﬂ ﬂ a Comments
1A 89 52 48 [ Sok MC 456 855 4 61 53 n 29 013 013 098 100
e 89 %0 5268 60 Det MC 456 8554 61 53 4 - - - - ~  No ignition
1C 89 %0 44 60 Pyro MO 456 84311 61 54 65 "2 16 40 84 60
A 89 58 50 60 Pyro Top 4456 8532 60 53 69 s 10 27 76 140
2C 89 150 48 60 Pyro MS 456 848 3 61 48 69 a9 10 23 70 6%
20 89 %2 55 60 Pyro Bot 456 8503 61 48 65 "o 20 42 8 aas
3A 8 %2 5 38 Pyro MC 324 ™20 43 43 88 39 08 10 38 650  No ignition in one test
ie 12 152 58 38 Fyro LU 456 %20 61 61 00 120 21 “n 120 580
ac 8 %52 55 38 Pyro mMC 608 %20 a LR} a8 08 N4 o0 2 180
A 33 50 52 38 Pyro mMC 04 1836 41 19 7 o8 008 006 018 2850
40 a3 10 50 38 Pyro MC 458 14 61 s 90 80 03 056 22 100
4G a4 750 a“ s Pyro MC 608 786.2 81 17 80 M8 131 192 02 2%
48 157 7514 8! n Pyro MC 304 9061 a“ 33 63 - - - - = . No ignition in three tests. Typics! dets
E 18 1% (2] n Pyro L 456 9051 61 50 86 LN} 028 64 21 T
L] 178 %0 1 n Pyro MC 608 9154 a 66 n 160 34 15 128 I
- - - B (1000 (Pyra)  (MC) - - ) - (100 - - - - = Not Sesed
- - - (100} (Pyro) MmC) - - ‘ 8 - (100) - - - - —  Not wested
LR 233 750 45 100 Pyro MC 608 1218.7 8 a8 76 - - - - = No ignition in two tests Typicsl dats
- - - 1100} {Pyro) MC) - - (L1 - 100+) - - - - = Not tested
6A 67 %0 4 38 Spk MC 608 mo. 8 8 0 203 18 33 198 108 Not s smooth explosion
- - - (38 {Der) MC) - - (L) -~ 1100) - - - - = Not testad
60 67 %0 47 8 Pyro Top 608 888 a1 1 o6 n3 78 230 308 3950
6E 1na %0 49 38 Pyro MC 608 788 8 81 7 aa s 170 o 28 19
6F " 750 49 a8 Pyro MS 608 786 2 a1 17 a9 256 96 160 288 30
6G 156 %0 65 38 Pyro Bot 608 86 2 81 17 912 320 156 263 no 20
The tous 1ests lisind as “Not Tested  are by ded test cond shown in pacenthases They were

NOL CONAUC o DECOUI® Rrevious simdar tests had proven nontismmables

NOTES  Abbreviations

Ignition Source
Spk - 100 Joule spark
Det - Electric blasting cap
Pyro  Pyroture

Ignitor Location

MC - Middie height, center
Top - Top center (€ inches down trom vess! wall)
MS - Middin height side
Bot - Botrom coe i (6 inches up from vessel wall)
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Table 2.2 (Continued)
SUMMARY OF TEST RESULTS
Ambeent Conditions M, Concentration

A ccded
Aetetive Rolative Water "y Ambient Tont
Teomperature Proms e Humudity Tompecature Promure Humdity

Prossurs  Pressure  Prowmurs  Premure P max R max R ey ar
( fmm M % (mem Hg) %) Location (mm Mg b (&Y

(pag) {pw/nec) (pei/ wnc) (ped)

1380 4.0 ( 543 LY 6 8
1418 %3 ¢ 543 85 a6

1460 6 > 543 8 10

1503 ( 04 1 10

" 543




2.2 DISCUSSION OF RESULTS
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 Shnidman® investigated the flammability limits of hy drogen
and other gases in fuel-air-water vapor mixtures. The experimental apparatus used was a 350-cc spherical glass explosion
pipet (8.7 cm diameter) with a centrally located spark igniter. The tests were run at atmospheric pressure, but with
lemperatures varying from 68 to 187°F with 100% relative hum dity, thus resulting in absolute water vapor concentrations
of 2.3 to 60.1 volume percent. Both the upper and lower flammab lity imits of hydrogen were determined at these
conaitions

.

Zabetakis*® of the Bureau of Mines determined the flammability limits (upper and lower) of hydrogen in air at

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
Y

of the tests were run wouwd indicate some sort of stee pressure vessel was used

By separating the data currently under discussion into two groups, one for flarnmable 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 piot of the flammable data group using the cocrdinates 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

1 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

g

as well as those of Yeaw and Shnidman, and of Zabetakis
2.2.2 Sensitivity of Limits

mils 1S evaluated relative to each of the primary test variables that were

. .
ad -~ . ) ) the effect of th

e size of the vessel is als¢ evaluated

2.2.2.1 Type of Ignitor

As discussed in Subsection 2.1.1, three types of ignitors were evaluated: a capactive Jischarge spark, a Pyrofuze
gnitor which acts like a sparkier, and an electric blasting cap. The flammability of the mixtures appears to be about
o

equal for either the spark or the Pyrofuze ignitors. The blasting cap, on the other hand, is a poor gnitor relative to

the oth

er 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

~our different locations fuze ignitor were evalu n top, bottom, and side. No sensitivity was

n the flammabiiity limit at any of these locations

2.22.3 Hydregen Concentration

The flammabilit (|l of cours nsitive 1o the hydrogen concentration. However, as indicated by the data
1 Figure 2-2 y flammabiiit 5 not a function of hydrogen concentration alone but hydrogen and water

vapor con

3 effects of temperatur ngd pressure o a ! ™S T veen reviewed by others."? QOver the

d pressure rar of interest B ontainmer and as simulated in the Fenwal tests, the effects
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are small and tend to cancel each other. Increas ng 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 flammabile limits with temperature and pressure would seem to be ind cated when comparing
Yeaw and Shnidman's results with those of Zabetakis. The Fenwal data fall within the extremes of the pressures and
lemperatures 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 particularly sensitive in the pressure and temperature range lested 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 nonfiammable, regardiess 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

~mncentration in Fia 2
e direct presentation of the effect of water vapor concentration is shown in F gure 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
n.) in diameter. The Fenwal vessel was 6 feet in diameter Any differences noted in the data are small and are more
xely due to the differences in temperature and pressure than to vessel size. Coward and Jones.' for exampie, adiscuss
the vanation in the flammabile limit with lemperature and pressure, but not with vesse size. The limits stated by Coward
iNd Jones are, in fact, derived from tests conducted in a wide vanety of vessel sizes aithough all are relatively small

2.3 APPLICATION TO BWR CONTAINMENTS

T)

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

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

’Xygen concentration exceeds 5 volume percent. The manner in wh ch the data are applied to define a true safety
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
g the region

limits associated with hydrogen-air mixtures. Flammability limits alone only bound the probiem in identifying th

within 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 ail
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 additional insight into the burning charactenstics of hydrogen under conditions expected
n BNR 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 resuiting from burning

3.1 TEST RESULTS

The test results that are of particular interest in discussions of burning 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 prassure gives an indication of the degree of compietion of the reaction. The pressure-time history

gives insight into the rate of the reaction

3.1.1 Maximum Pressure Rise

The measured peak pressure (P, and the maximum pressure rise (AP) are listed in Table 2-2. A more useful
» a

parameter is the pressure rise relative 1o the initial pressure (AP/P,). This parameter is plotted against hydrogen concentra-

tion in F gure 3-1

3.1.2 Pressure Rates

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

ang maximum pressure rates recorded in the tests. Plots of the relative p-essure nse against time for most of the

tests are in the Appendix
3.2 DISCUSSION OF RESULTS

3.2.1 Maximum Pressure Rise Sensitivity

Figure 3-1 shows that the relativ~ pressure rise is sensitive 10 a number of parameters

Qu

Type of ignitor
Hydrogen concentration

Temperature/pressura/water vapor content
The effect of each of these parameters will be discussed
P d 3

3.2.1.1 Type of Ignitor

Of the three types of ignitors tested (see Subsection 2.1.1) ignition by the Pyrotfuze ignitor r ted in the highest
much lower pressure nses when the hydrogen

pressure rise for any given set of initial conditions. The spark ignitor gave

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 aimost 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
sphere with a ocated spark ignitor as the ignition source. Figure 3-2 1s a plot pressure
rnses versus concenlration compared with the Fenwal results. Both sets of data show @ cheractenstic
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of very small pressure rises until the hydrogen concentration exceeds about 8%. As shown in Figure 3-1, the Pyrofuze
ignitor caused higher pressure rises than the spark ignitor under similar conditions (l.e., hydrogen concentration, tem-
perature, etc.) Because of the "sparkler” charactenstics of the Pyrofuze ignitor, 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 the
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 w.s consumed and, hence, higher pressure rises were recorded.

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 riscs 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 result in a combustion-supported detonation wave propagating through
the gas mixture.

32.1.2 Hydrogen Concentration

As already discussed, the spark ignitor results were extremely sensitive to hydrogen concentration, with virtually
no significant pressure rises occurring until the hydrogen concentration exceads 8%.

Some of the cnaracteristic dierences 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
concentrations less than about 8%, flames will only propagate in the upward direction. The hydrogen flame at these
lower concentrations is actually a small flamelet, or globule of hot gas, which nses through the gas mixture because
of buoyancy. The actual burning process is diffusion controlled, and the flarie will extinguish tself when the hydrogen
concentration falls below some critical value.” Thus, there will always be some residual hydrogen in the vessel following
tis type of combustion. Furno measured considerable quantities of residual hydrogen following tests in which the
sparking was continued ‘or 2 to 5 seconds, resulting in higher pressure rses 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 original hydrogen was consumed, and in the other, only 5%. These values were for onginal concertrations
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 8% 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 rises associated with these higher concentrations
are much closer 10 the theoratical values, with most of the difference remaining caused by heat losses from the gas
o the test vessel.

The Pyrofuze ignitor, by providing more ignition sources, caused highier pressure rises at the lower concentrations
than the spark ignitor. Even with the Pyrofuze ignitors, the test pressure rises 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 rise (AP) to the thaoretical maximum pressure rise (AP,,,, ), assuming completion combustion,
plotted against hydrogen concentration. It can be seen that hydrogen concentration must exceed from 7.5% to 9%,
depending on type of ignitor and initial conditions, before near-theoretical prassure nses are achieved. Again, as has
been previously discussed, the difterences are caused by the manner in which the flame propagates through the mixture
at the vanous concentrations.
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3.21.2 Temperature/Pressure/Water Vapor Content

Comparison of the pressure rises at a given hydrogen concentration in Figure 3-1 shows that the results have
a strong dependence on the initial environmental conditions. Some effect of initial conditions is expected and predictable,
as can be seen in the foliowing equation for the predicted relative pressure rise (which is derived in Subsection 3.3.1):

AP o e |
(5-) ) A%LTL&I_ .(n_ g ,) (3 1)
© /adiabatic g .

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 C,, is affected by composition. Water vapor content has a fairly strong
effect on the specific heat. The heat of combustion, au°, is only siightly affected by temperature. The ratio of the
final 10 the intial number of moles (n/n,) 18 practically unity in the lean mixtures of interest in the present discussion;
therelore, the gquantity in parentheses is essentially zero. Thus, after variations in €, and T, are properly 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
pressura nse 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 would 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 1o increases in
initial temperature and water vapor content. It was shown in Section 2 that increasing watar 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 of the reachons are discussed, and it is noted that
the reaction rates were siower at higher initial water vapor corter . Thus, since more heat losses would be expected
before the peak pressure was reached, the peak pressure would be expected to be proportionally lower than if the
reaction had proceeded at a laster rate.

3.2.2 Pressure Rate Sensitivity

Prassure rate data from expenmental tests in closed vessels, unlike the maximum pressure rnse data, are not
independent of the geometry of the test apparatus Zabetakis®, for example, has stated that the time to reach peak
pressure in spherical vessels can be expressed by an equation of the form,

3 _

toesk ° K vV, (3-2)

where K is an expenmentally derived parameter and V is the volume of a sphencal vessel. Thus, for a given set
of intial conditions, the time to reach the peak pressure (or any intermediate pressure) is directly proportional to the
cube root of the containing vessel's vol ~ - [nis concept has expenmental verification* over a wide range of vessel
sizes (2 to 1000 cubic feet) and, In = _.ves a conservalive (i.e., low) prediction »* the time to reach peak pressure
as vessel size 1s 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 argumients that the average pressure rate shouid ba inversely proportional to the cube
root of the volume of the vessel. This propertionality was used in comparing the Fenwal and Furno’ test results. Figure
3-4 i1s a plot of the average pressure rate from both the Fenwal and Furno test results. The average pressure rates
from Furno's tests were adjusted by multiplying them by the cube ot of the rat - of the Furno-lo-Fenwal vessel volumes.
There i1s good agreement between the adjusted Furno data and the Fenw al spark ignitor cata at the lower concentrations.
At higher concentrations (> 10% hydrogen), the Fenwal data appear to be approaching the same rate as the adjusted
Furno data. The reasons for the disagreement between the Pyrofuze and spark ignitor data are discussed in Subsection
3221
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Equation (3-2) was derivea 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 burning rate model 's developed
and the model is compared with the transient pressure rate data.

it is shown in Subsection 3.3 that the transients can be accurately described regardiess of the complexity of
the burning 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 vanous parameters on the test results.

3221 Type and Location of Ign/ior

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 rats agrees well with Furno's data, as shown
in Figure 3-4.

The difterences between the pressure rates for the Pyrofuze and spark ignitors are proportional to the differences
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 psak
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 resuited in the slowest transient, with the peak pressure being reached in about 4 seconds. ignition at the
side was between the two axtremes, with the peak pressure being reached in about 3 seconds.

The same trend in these results was found in tesis 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. Furno reporied on the time
1o ieach 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, Furno's tests gave different relative results than Fenwal's test for sensitivity of the burning rate to the location
of the ignitor. The difference in test results between Furno and Fenwal is probably attributable to the difference in
ignitors, Furno used a spark ignitor and Fenwal, a Pyrotuze ignitor.

The results with the detonator were compatible with the results 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, Fenwal's frorn 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 Furno’ and Dieterlin® 4ata clea” show
the transition from upward propagation to upward plus downward propagation at about 8% hydrogen - antration.

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

Above about € 5% hydrogen, increasing hydrogen concentration results in cortinuous, smooth decrease in the
time to reach peak pressure without any further discontinuities. 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.
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3.223 Temperature/Pressure/Water Vapor Content

Effects of the foregoing parameters in hydrogen-air burning characteristics are virtually nonexistent, especialty
at the low hydrogen concentrations of interest. The survey by Drell and Belles® discusses the effects of pressure and
temperature on burning velocity. For the lowest hydrogen concentration recorded (27%), increasing ihitia! temperature
increased the burning velocity. Over the temperature range of interest in BWR containments (70°F to about 250°F),
the burning velocity increased aimost 70%. The Fenwal data do not indicate anywhere near that degree of change
In the pressure rates or tima 1o reach peak pressure as a function of temperature.

The effect of pressure also is not readily available from the literature For lean hydrogen-air mixtu es, however,
the available data’ indicate that increasing pressure would decrease burning velocity but the effect would be small.
There is little noticeable effect of pressure on the Fenwal data.

The effect of added diluents on burning velocity can be found in a number of sources,'"'? but the diluents
discussed are either nitrogen 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 diluents have a strong effect on burning velocity, but if the data are extrapolated to the lower hvdrogen
concentrations, the effect would be predicted 10 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 10 indicate that the strongest effect is due
to the water vapor content of the gas mixture.

3.3 BURNING RATE MODEL

In a closed vessel, the pressure rise due 10 the combustion of a hydrogen-air mixiure may be predicted from
the burning 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 smail individual flameiets. The existence of these
flamelets is attributed to the different ratas of diffusion of hydrogen and oxygen.'' The generally accepted lean limit
of upward propagation is 4% hydrogen.'*?

Cembustion of mixtures with sufficiently high concentrations of hydrogen (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 *?

At still higher hydrogen concentrations, the propagation is isotropic and the flame *ront is a concentric spherical
shell. In this case. the propagation is sufficiently 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 irdicate spherical
propagation.”

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

n
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3.3.1 Maximum Pressure Rise

Since the propagation speed of a combustion wave for the hydrogen concentrations under consideration is much
mmmwum,m‘mmlboomntia”yoquakzodﬂvouqhouﬂhovoswawmm. The
mwmumpou»uoprmmmhdﬂmodbymummmpm.combustionofhydrogcnmhmhombua
1o the vessel walls. The complete reaction is:

INI NI + lO’ 03 ¥ 'H: H] + ‘HIO H]O -
1
Energy + N, N, + (xo’ -3 ‘Hz’ 0, + "H;O + le) H,;0,

The combustion enerGy is absorhed by the mixture of combustion products and inerts. The overall energy balance
s

AU = €, ng (Te=T ) = n_ [H] Au°, (3-3)

where [H,], n,, 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, ny, C,, and T, are, respectively,
the internal energy difference, total moles, average specific heat at constant volume, and temperature of the product
mixture. Assuming ide ! gas behavior, the ratio of the final pressure P, to the initial pressure P, is:

TonT
Po o To

Solving for T, from Equation (3-3) and substituting into Equaticn (5-4) gives

== 1, (3-5)
Po Cv To !

P
v max

(9?) =P A my |

o

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

The average molar specific heat at constant volume is defined as

3 ug - u

S . (3-6)
- Tw-To

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 constituents:

Enu. Znu
(g ¥ N
u = - - - L .
P ™t
1

where n, and u, are, respectively, the moles and internal energy of the vanous constituents. The final temperature
T, must be assumed to calculate C,. To ensure accuracy, this assumed value should be approximately equal to the
theoretical value of T, caiculated 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).

(3-7)
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The maximum possible pressure rise in hydrogen-air-water vapor mixtures is shown in Figure (3-8) plotted against
initial percent of hyd-ogen for three initial water vapor concentrations. Equation (3-5) was used for the caiculations.
The pressure nse increases sharply with intial hydrogen concentration. Increasing [H,] by 4% increases the ratio
(AP/P,)... by approximately 1.0. This strong dependence is attributed to the high combus*on energy of the H,-O,
reaction.

The results in Figure 3-8 are for T, = 140°F. To correct for difference values of initial temperature, the factor
x I8 presented in Figure 3-9. For T, » 140°F, the maximum press:re rise is given by

O
TO-MOF

:
ap\°  _  [aP (38)
Po 2 P° ma

x

where x is a function of T,.
332 Pressure Transient Prediction

This subsection presents theoretical models for predicting the rate of pressure nse in a closed spherical vessel
for the combustion of a gaseous mixture. Separate models are proposed for sphenical, downward, and upward propagation.
In all cases, equal pressure throughout the vessel is assumed 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 burned state takes place.

3.3.2.1 Spherical Propagation

For spherncal 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:

apP K 3 (3-9)
> " v (Sutl '

where V is the vessel volume, S, is the constant burning velocity,” and K is an empincally determined constant. In
Figure 3-10 the calculated pressure using Equation (3-9) is compared with the experimental pressure produced by
the combustion of a § 6% methane-air mixture in a 9-liter cylinder.* The constant K was calculated from the experimental
data at 70 miliseconds. 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
miliseconds. Zabetakis attributes the subsequent deviation 10 heat losses to the vessel walls, and to the interference

of the cylinder walls with the spharical combustion wave. The maximum experimental pressure is about 95% of the
maximum predicted pressure AP,. If the combustion is complete, this 5% deviation is attnbuted solely to heat losses.

T and von Elbe* define e During veiocty a8 The vekoctty of the (eaction 2008 ont with resoect 10 e unourmed gas
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3322 Downward Propagation

For a spherical enclosure with central ignition, Furno’ describes the flame propagation in the downward regime
as an initial upward propagation followed by a siow, 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
ouV..md!huhutIouutonnwmaropropomondlothosMacoaronoxposodtomownodgamA..m
ratio of the pressure rise at ime t to the maximum pressure rise is

apm . Ve Ay (1) il

- Q .
Apmax Vb. max Ab. max

where V, .., and A, ., are, respectively, the total spherical volume and surface area, AP,,, is the maximum pressure
rise from Equation (3-5), and Q is an empincally determined constant related 1o the heat losses. From simple geometry,

. . (311)
Vp () = 3 hit) (3R, - hiv)]

Ay () = 2r R, h(v), (312)

where F, is the sphe: > radius, and h(t) = St is the location of the flame front relative 1o the top of the sphere as
shown in Figure 3-11. Substituting the foregoing resutts into Equation (3-10) and rearranging gives the ratio of pressure
nse o initial pressure as

Sy’ Set\? St
2P ,(_A_P %_1(3_\ . 9.(%) ) 9('.;_){ 313)
) Po - 4\Ry) 41\R 2 s

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

In Figures 3-12, 3-13, and 3-14, the predicted pressure nise using Equation (3-13) 1s compared with the experimental
pressure for three hydrogen-air-water vapor mixtures ranging from 2.2 1o 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
sphere diameter divided by the experimental time 10 reach m: ximum pressure after ignition. The heat loss constant Q
was determined from the slope of the pressure decay curve following maximum pressure.

In all three comparisons, excellent correlation of theoretical and experimental results is indicated. Slight deviations
dunng the transient are aftributed to irregulanties in the “linear” flame front, especially near the vessel walls. In Figure
3-12 the maximum expenmental pressure is predicted exactly; whereas, for Figures 3-12 and 3-14, it is overpredicted
Dy about 5%. Since it is unlikely that there is any residual hydrogen in the latter two cases, the discrepancies are
aftnbuted to underestimating the heat loss constant Q in Equation (3-13). In comparing the maximum experimental
pressur. 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.

3.3.23 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 33.2.2, the ratio of pressure nse ‘c maximum pressure nse is given by Eguation (3-10). Assuming
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the ratio of the pressure rise 10 the maximum pressure rise is

AP(t) Vb (t) ; Vb (1) Ab (t)
- v pele . -Q A (3-14)
max b, max Vb, max Ab max
where C’ is a constant of the incomplete combustion of hydrogen. By defining
AP
o (3-15)
APm“

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

C=1-C-Q
(3-16)

Since combustion is confined to the upper half of the sphere, then V, .., = 2/37R? and A, .., = 27R? From simple
geometry,

Vo = 3R - T W (3R, - how) (317)
A, () = 2n R} - 27 R, hit, (3-18)

where h(t) = (R, ~ St) 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:

AP() (AP @+c) (St Syt
_aL g (—~ }- Q- (;‘—) + 1 @430 (R—) | (3-19)
PO PO ax 2 s/ 2 s

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

In Figures 3-16 through 3-19. theoretical caiculations are compared with experiment 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 varied from zero to 39%. The flame propagation speed (S.) was taken as the sphere radius divided
by the ime to reach maximum expenmental pressure. The heat loss constant Q was calculated as descnbed in Subsection
3.3.2.2. Expenmental data for each case were used to calculate the combustion-completeness constant C.

For all cases, the theoretical curve overpredicts the slowly increasing 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, resufting in an overpredictic 1 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 penod. both theoretical and expenmental curves exhibit a region of constant pressure
nse. and then a leveling-off 10 maximum pressure.

The maximum predicted pressure occurs shortly before the expenmental peak pressure because, near the end
of the transient, heat losses 10 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,)me
given by Equation (3-5) This is due partly to heat losses, but mostly to incomplete hydrogen combustion. In Figure
3-19, the expermental pressure is aimost 90% of the maximum possible, suggesting the onset of downward propagation
in which combustion i5 more complete.
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3.3.24 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
flame front was ignored. It was assumed that the speed, geometncal shape, and direction of propagation of the wave
depend on the i tial 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 Q — whick depend on the initial mixture composition — the burning
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 Furno'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 foliowed 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 incompiete combustion and heat iosses. Figure 3-3 shows the constant C versus hydrogen and water
vapor concentration for experimental data. For upward propagation, the combustion constant increases sharply with
hydrogen concentration, indicating more complete combustion. Increasing the water vapor concentration subdues the
pressure nse. 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 single-spark
ignition in mixtures with less than 8% hydrogen. Thus, in the upward propagation regime, more compleie hydrogen
combustion is expected from u.e “sparkler-ike” Pyrofuze nitor than from a single, isolated ignition source.

The heat loss te:m, Q, was derived from the negative siope of the experimental pressure transient curves following
the compietion of the burning.

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 combustion of a hydrogen-air-water vapor mixture in a closed vessel. This same moadel, with the addition of a
venting term to account for pressure relief through the BWR containment pressure suppression system, and the following
conservative assumptions, will be used to make conservative predictions at pressure transients resulting from hydrogen
burning in the containments.
a The maximum theoretical pressure rise is based on adiabatic, complete combustion in dry air.
b Conservative values which overpredict essentially all data are used for the flame propagation speed.
c. Interaction of the flame front with wails and other perturbations is ignored.
d In the upward propagation regime, the values for the completeness factor C overpredict almost all data
points. The completeness data are deemed conservative in that they are for the “mutti-source” Pyrofuze
ignitor rather than a single ignition source

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

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

g No evaporation of water is assumed 10 take place in the BWR containments during combustion.

h No cooling is assumed as the vented gases bubble through the suppression pool. resuiting in a conservative
calculaton for suppression chamber back pressure
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The vanous configurations of the BWR containment designs will be accounted for individually. Basically (see
ske(ch), BWR containments consis: of two chambers. The drywell is 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 Ill design) through pressure suppression vents submerged 1o some depth in the suppression pool
water which is also rontained in the suppression chamber.

REACTOR
\ DRYWELL
- /—

PHESSURE —
€1 1OR ESSION
SUPPRESSION
o \ /— T
b + . swr:essnou

y

3331 Temperature and Pressure Calculations

To calculate the burning 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 spherical, depending
on the initial hydrogen concentration. Assuming compiete, adiabatic (no heat losses) combustion. the maximum possible
temperature and pressure nses are given by Equations (3-3) and (3-5), respectively. The compieteness 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 volume burned V,, then

Vb(ll 1 Vb {t)
r\bui + "

- = - Cn [H,l} - n, (1), (3 20)
vb.max B 2 Vb.max{ . ™

where n, and [H,] are, respectively, the initial moles and iniial molar fraction of hydrogen in the reactor containment,
Vi e 18 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 n moles due 10 the reaction

1 . 3-21)
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The number of moles of unburned gas, n,, remaining at time t is
vy, ()
b (3-22)
n, (t) = no[ - ____-]- n,y 0.

where n,, is the total number of moles of unburned gas vented at ime t The average temperature of the containment
atmosphere, T, based on the number of moles of burned and unburned gases. is

(ny () Ty + n, (0) Tu)
[ng (1) + n, (0)]

(3-23)

T =

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,
s ST 3.24)
Ty = To *# C(T-T,). ¢
Assuming idec! gas behavior,

[ng (1) + n (1)) R T (1)
T heiils b Shelieto (3-25)

vb. 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
lossas

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 Ve (1)/Vy mes fOr
the idealized containment geometries is presented in Table 2-1 for the three types of propagation. The hydrogen concentra-
tion mits for upward, downward, and sphencal propagation correspond to those discussed earfier in this section.
In the spherical regime, each containment was modeled as a sphere of volume V, ... and radius,

1/3
5 4n

For this icealized spherical geometry,

3
Yo (E) | (3.26)

Zabetakis’ accurately predicted the pressure rise in a cylinder by assuming a spherical (cubic) burning law similar
to Equation (3-26)
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To lacilitate the calculation of V, (1)/V, ., the BWR containments were approximated by simple geometries.
Protrusions that could perturb the propagating flame front were ignored.

a Mark |

The tree space of the “lightbulb-shaped” Mark | drywell is idealized as a cylindrical annulus. The reactor
vessel and biological shield make up the interior cylindncal region. The fraction of volume burned for
upward and downward propagation is linear in time, as indicated in Table 3-1. Honzontal 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
limit for horizontal flame spread is about 6% hydrogen.' The fraction of volume burned is also linear
in time.

b. Mark Il

The Mark Il 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
Il suppression chamber is simply a cylinder and has a linear burning rate.

c. Mark 1l

Just as with the Mark |, the Mark Ill drywell is a cylindrical annulus with a linear burning rate. The Mark
Il containment (suppression chamber) is approximated as a cylindncal annulus up to the height of the
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.

3.3.33 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 drywells, it i1s assumed
that only unburned gases are vented for sphercal and downward propagation, whereas only burned gases are vented
for upward propagation. To determine vent clearing times, the acceleration of water in the vent system 1s calculated
as a function of the drywell pressure, suppression ch.amber pressure, and vent submergence. For the Mark 1il containment,
separate vent clearing times are calculated for the three rows of vents.

The molar flow rate, N, through the vent is

AMV
: 7
N (1) = -»'-1. 327

where A is the total vent area, V, and v 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, caiculated as a function of vent-flow resistance and pressure
differential across the vents. For Mark I, 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

N (1) f N (1) dr (3.28)
o

For upward flame propaqgation, for which only burned gases at temperature T, .-e vented, n,, (1) =N(t) and n, (1)=0
For downward and spherical propagation, for which only unburned gases at temperature T, are vented, n, (1)=0 and
N, (=N(t) In this latter case, the thermodynamic and venting calculations are terminated when ail of the onginal
gas has been ather burned or vented
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4. EFFECTS OF HYDROGEN BURNING ON BWR CONTAINMENTS
4.1 MAXIMUM PRESSURES
4.1.1 Transient Pressure Response

The model deveicped in Section 3 was used 10 predict the pressure transients associated with burning vanous
concentrations of hydrogen in BWR containments. Hydrogen concentrations 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 | through Mark IIl drywells, respectively. Figures
4-4 through 4-6 show the pressure transients in the Mark | through Mark /Il suppression chambers * respectively. All
the transiants were started, for illustrative purposes, with an inftial pressure of 0 psig, temperature of 100°F, and zero
relative humidity

4.1.2 Effect of Initial Conditions on Predicted Peak Pressure

The effact of different initial pressures on peak pressure is considerer 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
vaior. 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 13 psig has a 44°. water vapor concentration.
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 hydroger: 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 1o 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, it represents the value a “wet" gas mixture would reach i all the water vapor were condensed. The "dry” concentration
Is related lo ‘wet” concentration by the following equation:

Pnonconp. * Pu, o)
PNONCOND.

M:lpry = l"'1‘w15‘r(

A conservative calculation of the dry basis concentration can be done by assuming the pressure of the noncondensi-
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 allowabie dry hydrogen concentrations)

from the allowable wet concentrations of Figures 4-7 and 4-8. Figures 4-9 and 4-10 show the maximum allowabie
dry hydrogen concentration as a function of initial pressure for the drywells and wetwells, respectively. To further remove

%'ww‘dhwmmnmwmm.wnmbmmcmﬂmnw.h
use 0f supEresmon chamber will be appesd 10 he Mark Il in s report.
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Figure 4-2 Pressure for H, Co'nbustion in Mark Il Drywell
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Figure 4-4 Pressure for H, Combustion in Mark | Suppression Chamber
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Figure 4-5 Pressure for H, Combustion in Mark Il Suppression Chamber
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A study by Cassutt, et al., showed that detonations in free space of a 32% hydrogen-air mixture only occurred
lcummmmwngmwom.ThmmmmnwmmemnnmmZM
de.Thouudcbluthgaa(m1/2wwdopruvo).ﬂm.hotwvo.orwdidnotcauulddmmn."
Zabetakis, et al, ignited vanious mixtures of hydrogen-ar in a 21 x 13.3 x 13.5-foot (3770 cubic foot) biock house. ™
MMMW«MW&MWM"obmmach"ddr\aproducnadﬁm.una
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and the results of Porter'* and Cassutt, et al,"" as previously discussed.

mhb'mwonwwmmMlnwonabbhyquon-umnuuwoprmwumm
ment, the probability of the mixture’s detonating upon ignition would be low However, the resufts 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%.
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5. APPLICATION TO SAFETY GUIDE 7

Since the technological bases for many of the criteria in the USAEC's Safety Guide 7* are not clear, it is difficult
10 relate new information to the critena and to express what impact that new information should have on the critena.
If the current Satety Guide 7 criterion of not exceeding 4 volume percent hydrogen is based on the ass. nption that
wWinnWManwMo.mmmmnMrwmm
that assumption, and there are basically two courses of action that could be taken:

a Change the current 4% hydrogen limit to a scaled safety limit which reflects both the design pressure
of the containment in question and the venting characteristics of that containment, if any.

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

'Mmusmmrnmmnmm“WMNNWMMWmm.'ww'm'
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APPENDIX
PRESSURE TRANSIENT FROM FENWAL TESTS

This Appendix comprises Figures A-1 through A-11

5
IGNITOR INITIAL CONDITIONS
rest | *M2 TYPE LOCATION T°C) Pimmig) | %H50
1-C 54 PYROFUZE CENTER 60 842 1 14
. 2-A 53 PYROFUZE ToP 60 853.2 19
2-¢ a8 PYROFUZE SIDE 60 8483 120
2-0 a8 PYROFUZE BOTTOM 80 850.3 18

0%

|

1] 2 4 6 8 10 12
TIME (sec)

Figure A-1 Fenwal Test Data — Pressure Rise/Initial Pressure Versus Time
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15
6-A
10 b=
o
&
a
-
08 -
IGNITOR INITIAL CONDITIONS
TEST 2 TYPE LOCATION T (°C) P(mmHg) 2
100-- JOULE
6 A : 78 SPARK CENTER 38 781 44
0 | 1 J ! 1 1
0 2 4 6 K 10 12 14 16
TIME (sec)
Figure A-2 Fenwal Test Data — Pressure Rise/Initial Pressure Versus Time
30
20 b=
3-C
& IGNITOR INITIAL CONDITIONS
& % H
& TEST - TYPE LOCATION T(°C) PlmmHg) | 1,0
J-A 43 PYROFUZE CENTER 38 752 0.58
3-9 6.1 PYROFUZE CENTER 38 752 0.59
1.0 3-C PYROFUZE CENTER 38 752 0.57
3-8
3-A
0 1.0 20 30 40 5.0 6.0 7.0 8.0
TIME (30!

Figure A-3 Fenwal Test Data — Pressure Rise/Initial

Pressure Versus Time
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IGNITOR INITIAL CONDITIONS
TEST | WH, TYPE LOCATION T %) | Pimmmg) | %H,0
4 G 1.7 PYROFUZE CENTER a8 786.2 50
aH 66 PYROFUZE CENTER n 9154 188
4-G
4-H
1 i | L 1 1 ]
1 2 3 4 5 6 7 8
TIME (sec)
Figure A-4 Fenwal Test Data — Pressure Rise/Initial Pressure Versus Time
5-A
IGNITOR INITIAL CONDITIONS
TYPE LOCATION T (°C) PimmMg) | % H,0
5-A 7.7 PYROFUZE CENTER 38 7914 57
PYROFUZE CENTER 7 9413 206
5-8
| | 1 |
10 20 30 40 50 60 70 8.0
TIME (zec)

Figure A-5 Fenwal Test Data — Pressure Rise/Inttial Pressure Versus Time
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310 p-
IGNITOR INITIAL CONDITIONS
TEST ke | TYPE T LOCATION T (°c) PlmmMg) % M0
E-5 14 DET* CENTER " FI5 169
E 6 82 DEY CENTER nia 1024 184
20 o
* ELECTRIC BLASTING CAP
(=]
3
=
1 “
‘ 10 p-
E-6 E-6
‘ /
K 1 1 ] | L |
0 ‘e 20 30 40 50 60 70 8.0
TIME (sec)
Figure A-10 Fenwal Test Data — Pressure Rise/Initial Pressure Versus Time
! 30
| — A IGNITOR INITIAL CONDITIONS
4 2 TYPE LOCATION T (°C) PimmHg) | % H.0
: Fa 75 PYROFUZE CENTER 102.7 2373 282
F-3 9.2 PYROFUZE CENTER 106.5 2414 B4
F-5 104 PYROFUZE CENTER 104 5 2420 255
F-6 10.7 PYRQFUZE CENTER 104 5 2414 27.0
20~ F-8
Qo
A F-5
<
F-3
e 10 b=
— F 1
1
4
! 0 ] | | | | |
0 10 20 30 40 5.0 60 70 8.0
TIME (sec)
: Figure A-11  Fenwal Test [*ata — Pressure Rise/Ini.al Pressure Versus Time
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