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SUUMMARY

Previous analytical work indicatee that water fogs may
significantly reduce the pressures encountered during a hydrogen
burn. For a foq to bhe effective, water volume fractions above
N.01 percent and drop radii below about 20N ym are recommended,

We have performed a series of laboratory experiments to
measure the density of water fogs with a low enerqgy, high
intensity x-ray beam, The fog density was measured, varying the
flow rate, nozzle type, nozzle configuration, nozz'e height above
the x-ray beam, and surface tension. Suspended water volume
fractions between N,0008 and 0.0074 percent were measured,

We found the water fog density to be primarily a function of
flow rate, The density varied as the square root of the flow
rate, indicating significant agglomeration. Decreasing the mass
mean drop radius from 200 um to 50 um appears to increase the
density by a factor of 2 or 3, Further reductions to 25 ym had
little or no effect, Factors such as height and surface tension
had little effect, Extrapolation of the experimental data to
full-scale applications indicates that filow rates higher than
those normally encountered in nuclear reactor containments would
be required to achieve the degired fog density.
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I. INTRODUCTION

Since the accident at Three Mile Island, concern haz been
raised that some nuclear reactors may not bhe adequately prepared
to deal with hydrogen combustion during severe accidecits. Because
of this concern, the Nuclear Regulatory Commission asked Sandia
National Laboratories to investigate hydrogen behavior and control
in light water reactors. This effort includes evaluating various
mitigation schemes for reactors that appear particularly
susceptible to problems of hydrogen combustion,

Some mitigation schemes previously proposed include inerting
(pre- or post-accident), deiiberate ignition, and deliberate
ignition coupled with water fogs or foams. Deliberate ignition
coupled with water fogs or foams is particularly attractive
because the hydrogen is removed Auring comhustion and much of the
energy released is dissipated by evaporating water, greatly
reducing the rise in temperature and pressure of the containment
atmosphere,

Calculations indicate that water fogs with densities above
about 0,01 volume percent and with drops below about 200 um in
radius will produce significant temperature and pressure
reductions.! The major concern with water foqgs is that losses
due to droplet agglomeration may make a sufficiently high fog
density unattainable with "reasonable" flow rates.

As a first step in ascertaining the feasibility of water fogs,
we have conducted a set of laboratory-scale water fog density
measurements., Many techniques for examining water fcgs exist,
including photoqgraphic methods, laser techniques, hot-wire
anemometry, and x-ray methods, This particular set of experiments
used x-ray diagnostics, due to the simplicity of the method and
the availability of the equipment. While x-rays are very useful
for determining the density of the fog, no drop-size information
can be obtained. Drop-size information will be gathered in future
experiments with lasers and other equipment. The x-ray experi-
ments, in addition to providing insight into the question of fog
maintenance, will provide benchmark data for future experiments,

Chapter II presents a background discussion of the potential
benefits of water fogs and the expected problems. Chapter IIT
discusses the theory behind the x-ray measurements, Chapter 1V
describes the test plan and experimental apparatus. Chapter V
presents the experimental results, and Chapter VI presents the
conclusions and recommendations.
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IT. BACKGROUND

A combination of water fogs and deliberate ignition has been
proposed as a mitigation scheme for hydrogen combustion.l! The
hydrogen would be burned to remove it from containment, and the
energy released by combustion would be dissipated by evaporating
water drops, greatly reducing the rise in temperature and pressure
of the containment atmosphere., Figures 1 and ? show the theoretical
pressures and temperature: expected for the complete, adiabatic,
constant-volume combustion of hydrogen:air mixtures with various
water fog densities.] Examination of Figure 1 indicates that
water fog densities in excess of N.0]1 volume percent will produce
significant pressure reductions, For example, Figure 1 shows that
a final pressure to initial pressure ratio of 3 can be obtained
with the combustion of less than S5 volume percent hydrogen, if no
drops are present, If a 0.05 volume percent water fog is present,
it takes 16 volume percent hydrogen to produce the same pressure
ratio of 3.

In order for a water fog to be effective, the drops must evap-
orate on a time scale that is shorter than or comparable to the
total burn time. Fiqure 3 shews the vaporization time versus
droplet radius for various combustion conditions.l! 7If we con-
servatively assume that the drops should evaporate in one second
or less, it appears that drops with radii belcw about 200 um
would be adequate,

While the advantages of a water {og are obvious, there is some
question as to whether or not it is feasible to produce and main-
tain a high density fog in a containment. The major concern with
water foas is that losses due to droplet agglomeration may make a
sufficiently high foq density unattainable with "reasonable® flow
rates, Agglomeration losses occur when drops collide and
coalesce, The collieions normally occur when larger drops, with
higher terminal velocities, overtake smaller drops, with lower
terminal velocities, If the colliding drops coalesce, the
resultant larger drop will fall at a velocity higher than either
of the original drops. Thus, the rate of water loss increases, A
more detailed discussion of this subject can be found in Reference
1.
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IIT. THEORY

in our experiments, the water fog density was measured with a
high intensity 6,4 KeV x-ray beam. At this low x-ray energy,
Compton scattering of the x-rays is negligible, and the photo-
electric effect dominates the attenuatiorn., The 6.4 KeV x-ray beam
was generated with a Henke x-ray system using an iron fluo~-
rescer.2 In order to simplify the density calculations, we made
the following assumptions:

displacement of air by the water fog was negligible

2. the air density and humidity were constant during each
measurement,

The fog density can then be determined from the following
expression:

p = In(T)/uX (1)

where

p = fog density, kg/m3 (103kg/m3 = 100 volume percent)
count rate with fog

T = transmissivity =
count rate without fog

(Count rates are corrected for background)
y = absorption coefficient for water = 1,9893 mz/kg
X = beam iength = 1,302 m

Equation (1) also assumes that no self shielding is occur-
ring, This can be a problem in experiments involving discrete
particles, such as water drops. Self shielding cccurs because the
back of the particle is shielded somewhat from the ¥-ray flux and,
therefore, does not contribute as much as it should to t.?2 attenu-
ation. The attenuation correlation presented in equation (]) is
derived for a slab of constant thickness, and any deviation from
that geometry will lead to decreased attenuation due to self
shielding. However, because most of the drops in this experiment
are estimated to have a radius less than 100um, and the mean
free path of 6.4 KeV x-rays in water is about 500 um, self
shielding 18 negligible,



Assuming steady-state conditions and no air motion, the
density is a function of the mass flow rate and the velocity as
shown in equation (2)

wo
p(h) = Jf m(r,h)dr (2)
Av(r,h)
- (o)
vhete p(h) = fog density at a distance h from the nozzles
m(r,h) = mass flow rate of drops of radius r at a distance

h from the nozzles
A = cross sectional area of flow
v(r,h)

velocity of drops of radius r at a distance h
from the nozzle.

For our measurements to be meaningful, h should be large enough
that most of the drops have slowed down to their terminal
velocity. Otherwise, densities will be measured that are too low.

The droplet velocity can be calculatec from:

2.2
av _ g(pL- og) LI ogCD
dat or, 2m

(3)
where

= velocity

= time

= gravitation constant
liquid density

= air density

©
ne QT <
]

= droplet radius
C,. = drag coefficient (function of velocity)

30

= mass

The velocity at the nozzle 1s assumed to be

= .

(4)

L




where
m = mass flow rate
A = area of nozzle orifice

A discussion of calculations performed with equations (3) and (4)
is presented with the results,
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IV, TEST PLAN AND DESCRIPTION OF APPARATUS

The experiments were desig.,ed to examine the effects of
changing the following parameter.:

[ ] nozzle type

£ nozzle configuration

L] nozzle height above the beam
- flow rate

Additionally, we investigated the effect of adding a surfactant to
the water to reduce surface tension.

The experimental setup is shown in Figures 4-12, The aluminum
stall has floor dimensions 1.52 m x 1.52 m and is 1.83 1. high.
Note in Figure 7 that the design of the x-ray and detector ports
includes air flow to prevent the fog from drifting into the ports
and getting on the equipment. This particular design alleviated
any concern about water films that could bias the attenuation cal-
culations. The size of the aluminum stall was limited by the
space in the room, but was large enough to provide a beam length
through the fog of 1.30 m and a maximum fall height from the
nozzles to the beam of 1.28 m. Figures 10 and 11 show the nozzle
arrangements for the 1, 6 and 12 nczzle configurations. The
nozzles used were the Spraco hollow-cone nozzle #16080804, the
Spraco full-cone nozzle #11062004, the Spraco hollow-cone nozzle
#1713A (see Figure 12). These nozzles are assumed to produce
drops with a log-normal distribution and mass mean radii of
approximately 25, 50, and 200 um, respectively.*

Any changes in the air density in the stall during a measure-
ment will causec an error in the experiment, Changes in tempera-
ture, pressure, and relative humidity can cause significant
errors. The relative humidity was maintained near 100 percent by
operating the sprays for a period of time before the background
measurements were taken. No attempt was made to control room
temperature or pressure; rowever, the temperature in the stall was
recorded for most tests. Any concern that drops from one experi-
ment would remain suspended ir the air long enough to bias the
results of the next experimen: was alleviated by waiting a mini-
mum of three minutes between experiments,

*Rased upon estimates supplied by Spraco.

"
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V. RESULTS

The results are shown in Tables 1-8. Measurement error in the
tables has been reported in three ways, For each data point,
errors due to counting statistics are presented. However, some
fluctuations in the data outside of statistical uncertainty are
observed. These are the result of changes in air dencity,
fluctuations in flow rate, x-ray machine drift, etc. The mean
density for each experimental configuration is accompanied by the
standard deviation and the measured total spread in the data.

Results for Nozzles #16080804 and #11062004

Tables 1-3 show the results for the Spraco hollow-cone nozzle
#16080804, The mass-mean drop radius for these nozzles is
estimated to be 25 um. Tables 4-6 show the results for the
Spraco full-cone nozzles #11062004, The mass-mean drop radius for
these nozzles is estimated to be 50 um, Tables 1-6 and Figure
13 show that the fog density is primarily a function of flow rate
for these two types of nozzles. The density appears to vary as
the square root of the flow rate (as predicted in Reference 1).
This indicates that significant agglomeration has occurred,
otherwise the density would vary linearly with flow rate.l For
these nozzles and at this small scale, changes in droplet fall
distance and a factor of two difference in mean drop size appear
to have iittle effect. The small decreases in density that are
observed with increasing droplet fall distance may be due to
elther increasing wall losses or increasing agglomeration or both.

Calculations using equations (3) and (4) indicate that the
drops reach terminal velocity soon after leaving the nozzles and
well before the drops reach the x-ray beam. Visual observations
indicate that the fog is reasonably well mixed about 60 cm below
the nozzles.

One anomaly does appear in the data. The data for fall dis-
tances of 1.00 and 1.26 m (Table 6) do not reflect the expected
increase in density when the flow rate is increased. The cause of
this anomaly 1s not known at this time,

If we assume that extrapolation of the data in Figure 13 is
valid, then we can estimate the flow rates required to maintain a
high density fog in a containment building. The following equa-
tion represents the curve in Figure 13.
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TARLP 1

Data for Single Nozzle $#160R80804 Centered Above X-Ray Ream

Driving Density* Standard Total
Pressure Plow Rate Temperature x 102 Deviation 39!0,6
“pa x 106 ai/s o¢ kg/m3 x 10 x 10

1.n3 5.68 23 1.22 = 6.1%
1.034 5.68 23 .955 = 7.8%
1.034 5.6R 23 1.15 & 6.5%
1.034 5.68 23 2:.33 .14 37
1.276 6.5%4 23 1.10 & 6. 8%
1.276 6£.94 23 1.10 = 6.6%
1.274 6.94 23 1.12 N2 .03
1.0 5.68 21 .766 = 9 Ry
1.0%4 5.6R 22 1.17 & 6.4%
1.034 S.6R 22 .R63 = 3.7
1.034 S5.68 22 «99 «21 .40
1.276 £.94 22 1.12 = 6,.7%
1.276 6.94 2?2 .98 & 3.1%
1.276 6.94 22 1.09 .05 .07
1.03a 5.68 24 1.07 = 7_0%
1.03s 5.68 24 1.19 = 6_.3%
1.034 5.68 24 1.13 .08 <12
1.276 £.94 24 1.33 = 5 6%
1.276 f,.9%4 24 1.13 = 6. 6%
1.276 £.94 24 1.0R = §_ 9%
1.276 6£.94 24 1.18 53 « 25

*Percent error s.0wWn in this column is due to counting statistics only,
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TARLE 2

Pata for Six Nozzles J16NBNANG

Height Driving Density* Standarqd Total
Above Beam Pressure Flow Rate Tempera:ure x 102 Deviation Spread
Test § - “Pa x 103 mi/s o¢ kg/m3 x 102 x 102

54 <77 1.034 046 19 2.70 & 4,18
56 .77 1.0%4 046 19 2.72 & 4,1n

Mean 77 1.034 .N46 19 2.1 0.1 0.2
57 7 1.03a .Ns2 19 “L,R6 % 1 9%
58 w 07 1.034 .082 19 3.03 = 2 8%
59 o?7 1.034 .052 19 3.27 = 2.6%
60 w17 1.03% 082 19 2.90 = 2 9%

Mean ™ 2 1.034 .N52 19 1.02 .18 .41
61 1.03 1.03¢ .Nag 19 2.59 & 3.
62 1.03 1.034 .Dag 19 2,92 » 3. 0%
63 1.03 1.034 .044 19 2.87 = 3.0%
64 1.03 1.034 .044 19 219 4:3,18

Mean 1.03 1.034 .044 19 2.74 % & .28
78 1.03 1.034 .048 20 2.89 = 3,08
79 1.03 1.034 .Nas 2n 2.88 = 3_0%
80 1.03 1.034 .D4s 20 3.18 =« 2.7
81 1.03 1.034 .N48 20 3.N9 = 2. 8%
82 1.03 1.034 .N4s 20 3.08 & 2.8y

Mean 1.03 1.034 .D4s 20 3.03 .13 .30
68 1.28 1.034 .Na2 20 2.7 & 2. 8%
A9 .28 1.034 .042 21 72.65 & 3.0%
70 1.28 1.034 .N42 21 2.76 & 2.9%

Mean 1.28 1.034 .042 21 2.76 .11 .22
71 1.28 1.034 047 21 3:.13 & 2.68%
72 1.28 1.034 047 21 3.11 =2 2.9y

Mean 1.28 1.034 .047 2] 3.12 .01 .02

*Percent error shown in this column is due to counting statistics only.
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TARLE 3

Data for Twelve Nozzles #16NR0DANA

Driving Dersity®
Pressure Flow Pate ~emperature x 102
wra x 1n? s o ea/n?
1.932 .90 20 4.19 & 3.0%
1.83¢ .Dee 20 4,22 * 3. N
1.032 .o%n 20 4.24 = 3. %
1.02 .0%0 20 4.18
1.27¢ LOss 20 4.57 = 2 B%
1.27¢ . R99 2e 4.25 = 3. 0%
1.27¢ .nes 20 4.41 &= 2. 9%
1.276 Lnes 20 4,14 & 1,18
1.276 nes 20 4.00 & 3.2%
1.276 09 n 4.36 = 2. 9%
1.276 .naese 20 s.28
1.0 050 20 3.87 & 3.%%
1.0 nan mn 3.56 23.8%
1.038 090 n 3.89 & 3 _Sw
1.024 _nen 20 .77
1.276 .nea » 3.80 & 2_&%
1.27¢ .DeA 20 4.17 2 3. N
1.27% .09 *n 3.87 + 3_5%
1.276 Jhas 20 ‘.!7 * 3 _3%
1.276 Des 20 3.92 & 3.5%
1.276 .08 20 1.99
1.634 080 Fd 3.12 = 4.8
i.03a .0%0 2n 3.3 s 4. .00
1.013s nen 20 3.22 & 4.1%
1.032 .non 20 3.22
1.27¢ 0% 20 3.54 = 3 _8%
1.276 ) 20 3.47T & 3. my
1.27% .nes 20 3.77T & 2. S8
1.276 088 20 3.4 s 4.y
1.27¢ .n8a 20 3.2% = 3 8%
1.276 Neg 20 .52

Srandard Total
Deviation Spr

x loS x l:!‘

.06 12

19 .82

.19 .33

.17 I o 4

R | | .21

.16 .43

TPercent error shown inm this COlUPR is due to countimg Statistics omlv.







TABLE S

pata for Six Nozzles #11062004

Aeight Driving Density* Standard Total
Above Ream Pressure FPlow Rate x 102 Deviation Spread
Test § 3 MPa x 103 mi/s ka/m3 x 102 x 107

435 o713 1.03¢4 .143 4.9¢ = 3. 8%
46 o 75 1.034 .143 5.16 = 2.5%
Mean « 75 1.034 .143 5.058 .16 .22

41 .75 1.276 .161 5.10 = 2.6%
42 79 1.276 .160 5.30 = S.0%
43 .75 1.276 .161 5.16 & 5.1%
44 o T 1.276 .161 5.21 & 2.5%
Mean .75 1.276 .161 $.19 .08 .20

) 36 1.00 1.034 .143 4,92 = 2.%
o 37 1.00 1.n34 .146 5.02 & 3.9
38 1.00 1.034 147 5.07 & 2.6%

Mean 1.00 1.034 . 145 5.00 .08 «15

39 1.00 1.276 .160 $.33 ¢ 3.9
40 1.00 1.276 .161 5.23 & 2.5%
Mean 1.0 1.276 .161 .28 .07 .10

3: 1.26 1.034 .143 4,87 = 5.0%
34 1.26 1.034 L145 4.39 = 2.y
35 1.26 1.034 .145 5.00 & 3 8%
Mean 1.26 1.034 L1444 4,85 .17 .33

26 1.26 1.276 L160 5.30 & 2.2%
27 1.26 1.27% .160 5.1 & 3.1%
Mean 1.26 1.276 . 160 5.31 .01 .01

%Percent error shown in this column is due to counting statistics only.







TARLE 7

Data for Single Nozzle #1713A Certezed Above X-Ray Bean

reight Densitw*® Standar? Total
Arove Zoam Plow Rate Temperature x 102 peviation Sptogd

Test § - x 182 al/s o ca/m’ x 10% r 1
FEb <72 .631 28 .34 2 4.
232 .12 .831 24 2,63 & 3. M
233 o 83 22 .34 s I . s
234 A &3] 24 2.72 = 3.7%

®egn . -531 s 2.66 8- .60
Ve 72 .45 b | 3.36 & 3,08
23¢ .l 546 4 3,15 & 3.2%
237 .12 546 ¢ 3.14 & 3.2%

e Moy TR 596 N 3.2 12 .22
2:° .90 631 25 2.32 2 4.8
236 .98 .€31 2% 2.45 & 4.0%

szan .98 53} > 5 2.9 .09 «13
22€ .98 948 25 3.3C = .00
27 .98 946 3 2.78 & 3. 6%
228 .98 . 346 F 3.05 = 3.

f:an .59 L ME 2s 3.04 .26 .52
234 1.23 .631 26 2.06 = 4. .68
225 1.23 .631 26 2.19 s 4. N

Waan 1.23 .631 26 2.12 .0 -13
222 .23 .26 26 2.42 & 4 .08
223 133 . %46 26 2.54 = 3. 8%

wean 1.23 L246 2¢ 2,48 .08 =2

¥Percent error shown in this co.umm 'S due to coanting statistics omly.







TARLE R

Effect of Surfactant on Measured Droplet Density

Without Sur¥Xactant

With Surfactant

Height Mean Flow Mean Density Mean Flow Mean Density
Above Ream Rate x103 x1n?2 rate x107 x10?
m mi/s kg/m3 m3/s kq/m3
« 79 .150 4,97 . 148 4,59
.75 165 5.20 .164 4,77
1.26 .148 4,47 . 140 4,74
1.26 .165 5.03 162 4,97

Data are for six Spraco nozzles $11062004,
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o= 6 (‘:-)1/2 (5)

where 3
; p = fog density, kg/m

Q = flow rate, n3/s

A = floor area, m2

For the Sequoyah plant with a floor area of approximately 930
m2, a flow rate of 0,26 m3/8 is required to achieve a density
of 0,1 kg/m (0.01 volume %), To achieve a densxty of 0.5
kq/m3 (0.05 volume %), a flow rate of 6.5 m3/s would be
required,

Results for Nozzle #1713A

Table 7 shows the results for a single Spraco hollow-cone
nozzle $1713A. This nozzle is currently 1in use in some nuclear
plant containment buildings, including the Sequoyah plant. The
#1713A nozzle produces drops with a mass mean radius of about
200 ym., Provided that there are some drops in the spray that
are much larger than this (the drop si1ze distribution i8 approxi=-
mately log-normal), some self shielding of the drops 1s probably
taking place, Therefore, the results in Table 7 may be low by a
few percent (this is only an estimate),

One additional problem with the $#1713A nozzle is that the
drops have probably not slowed down to terminal velocity by the
time theoy reach the x-ray beam, Calculations of velocity per-
formed using equa'”ions 3 and 4 indicate that a drop of radius 200
um will be £alling at about 2.87 m/s when it reaches the beam,
assuming a fall height of 1.23 m, The terminal velocity in stag-
nant air for such a drop is about 1.5 m/s. Since the density is
inversely proportional to the velocity, the density could be sig-
nificantly larger for a greater fall distance,

The decrease in density with increasinag fall distance that is
apparent in Table 7 is due primarily to geometric effects, ASs the
nozzle is raised, more of the cone of spray is lost to the walls,

bue to the effects described above and the uncertainties
associated with them, extrapolation of the #1713A data is somewhat
prp«arxous. However, using the data in Table 7 for 1.23 m and
9.46 x 10=4 m3/s ana assuming an increase of a factor of two
to account for velocity effects, some rough estimates can be made
using the following equation.
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o = 2.5 (2)1/2 kg/m3 (6)

Por the Sequoyah plant, a flow rate of 1.5 m3/s would be

required to achieve a density of 0.1 kg/m3 (0.01 volume per-
cent)., With the existing spray system at Sequoyah capable of
producing only 0,852 m?/s, equation (7) predicts a density of
about 0,075 kg/m5 (0.075 volume percent). While the numbers
presented here are very tentative, it does appear that higher flow
rates would be required for the y1713A nozzle than for the two
nozzles described earlier,

Results with Surfactant

The final set of experiments, presented in Table 8, i1nvolved
the addition of a surfactant to the water. 1In this case, 3 per-
cent Akron Ultra High Expansion Synthetic Wet Water Foam Liquid =~
Style No, 999 was added to the water, This reduced the surface
tension by a factor estimated to be 3 or 4. However, as show . ‘'.
Table 8, the results do not indicate any major changes in den. .ty,
indicating that there were no major changes in the agglomeration
rates for this reduction in surface tension., These results are
preliminary in nature, as other types of surfactants or methods
for increasing the surface tension may produce different results,

As a final note, 1t should be clearly understood that the
extrapolations performned using equations (5) and (6) in this
section are usefu! for qualitative comparisons only. The reader
should not attempt to use these equations to produce absolute
quantitative numbers for a particular containment, The effects of
large scale are certain to be significant, and extrapolation is
risky at best,
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Recommendations

The experiments presented in this report represent a first
step in ascertaining the feasibility of using water fogs as a
hydrogen mitigation scheme. In order to provide conclusive
recommendations regarding water fogs, we recommend performing the
following tasks:

1.

Develop methods for further characterizing the water
fogs. Drop size information is critical in understanding
the behavior of the fog. A promising laser technique
under development is described in Reference 3. Another
method under consideration involves direct droplet
sampling by examining the impingement of drops on a layer
of magnesium oxide (see Reference 4). It should also be
noted that the x-ray equipment used in this experiment 1is
not portable, further reinforcing the need to develop
other techniques,

Conduct experiments at a larger scale. These experiments
will be necessary to adequately understand the effects of
geometry and fall height and to be able to make accurate
predictions for reactor containments.

Conduct combustion tests in the presence of fogs. A
better understanding of the effects of fogs upon
combustion (quenching, flame acceleration, etc.) is
needed,
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