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ABSTRACT

The influence of gas venting on flame acceleration in an obstacle-laden tube has been investigated in
the High-Temperature Combustion Facility (HTCF) at BNL. The main component of the HTCF is a
27.3-cm- inner diameter heated detonation tube. In the present experiments, five 3.1-meter-long tube
sections were used with a vent section placed in between each tube section. The total vent area per
vent section is four times the tube’s cross-sectional area. The entire length of the vessel is filled with
20.6-cm-inner diameter orifice plates, with 27.3-cm spacing, to promote flame acceleration.
Hydrogen-air-steam mixtures were tested at initial temperatures up to 650K and at an initial pressure
of 0.1 MPa.

In these venting experiments, the flame was observed to accelerate very quickly in the first tube
section before the first vent section. For lean hydrogen mixtures, after the first vent section, the flame
velocity decayed to a velocity on the order of the laminar burning velocity. For more sensitive
mixtures, the flame reached a quasi-steady flame velocity similar to flame propagation in the choking
regime observed in tests without venting. For all initial temperatures, the lean limit for significant flame
acceleration (i.e., choking regime limit) with venting increased over the nonventing case by an average
of 2 percent hydrogen. In the choking regime, the flame was observed to accelerate in the tube
section to a maximum velocity close to the speed of sound in the products and then decelerate across
the vent section. There was little evidence of any variation in the global average velocity (i.e., average
over the length of one vent and tube section) once the flame entered this mode of propagation.
Pressure measurements taken before the last vent section, near the end of the tube, were similar to
overpressures measured in tests without venting. At the limited temperatures tested where DDT was
observed, the minimum hydrogen concentration required for transition to detonation increased with
venting present as compared to without venting. In all cases, after a certain propagation distance, the
detonation wave failed due to local venting effects and continued to propagate at a velocity
characteristic of the choking regime.
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EXECUTIVE SUMMARY

This report deals with the effects of gas venting on flame acceleration and deflagration-to-detonation
transition (DDT) phenomenon. This report can be considered a companion to NUREG/CR-6509 which
dealt with the same phenomenon without venting. These two test series, along with an initial series -
of experiments measuring the detonation cell size, are part of the High-Temperature Hydrogen
Combustion Research Program, which is jointly funded by the U.S. Nuclear Regulatory Commission and
the Japanese Nuclear Power Engineering Corporation, which is sponsored by the Ministry of
International Trade and Industry (MITI). The -objective of the program is to study high-speed
combustion phenomena in hydrogen-air-steam mixtures at high initial temperatures, which may be
produced in a nuclear power plant during a severe-accident scenario. The High-Temperature
Combustion Facility (HTCF) was constructed at Brookhaven National Laboratory with the unique
capability of studying high-temperature detonation phenomenon.

One of the concerns during a severe accident in a water-cooled nuclear reactor is the accumulation in
the containment and subsequent combustion of hydrogen generated in the core as a result of water-
. metal reactions. 'Of special concern is the possibility of the initiation of a detonation wave which has
the potential to damage the containment structure. The most probable mode of detonation initiation
is through flame acceleration and transition to detonation. In a nuclear power plant, flame acceleration
is most likely to occur in long narrow rooms, or corridors, containing equipment or other type of
obstructions that could promote turbulence of the gaseous mixture within the confining geometry. In
such realistic geometries, doorways and other openings can provide venting pathways for burnt gases
that can hinder the flame acceleration process.

The HTCF consists of a detonation tube which can be heated to a maximum temperature of 700K with
a temperature uniformity of +14K. The detonation tube is 21.3-meters long and is constructed from
sections of stainless steel pipe with an internal diameter of 27.3 cm. Instrumentation ports are located
at regular intervals of 0.61 meters. The test gases are mixed in a chamber fed by two pipes: one
flowing air at room temperature and the other a heated mixture of hydrogen and steam. The desired
mixture composition is achieved by varying the individual constituent flow rates via choked venturis.
- In the experiments looking at DDT phenomenon, a flame is ignited which subsequently accelerates as
a result of turbulence generated in the induced flow ahead of the flame. For certain mixtures, this
flame acceleration could lead to the initiation of a detonation wave. In order to promote flame
acceleration, periodic orifice plates were installed down the length of the entire detonation tube. The
orifice plates have an outer diameter of 27.3 cm (equivalent to the inner diameter of the tube), an inner
diameter of 20.6 cm, and have a spacing of one tube diameter. A standard automobile diesel engine
glow plug is used to ignite the test mixture at one end of the tube.

For these venting experiments, the main modification to the detonation vesse! was the addition of four
vent sections which were inserted between nonvented pipe sections. These vent sections consist of
two standard pipe-crosses butt weided together, each pipe-cross having the same inner diameter as
the detonation tube. The total vent area per vent section is thus four times the detonation tube
cross-section area. The vent openings are initially closed by vent covers which are dislodged when the
vessel pressure increases as a result of combustion. The welded pipe-crosses are mated to the straight
pipe section using compatible flanges. The length of a vent section is 1.52 meters which is exactly
half the length of a standard HTCF straight pipe section. In order to maintain the same total vessel
length to diameter ratio {e.g., 78) as the vessel without the vent sections, two of the straight sections
are not utilized in the present experiments. In this way, five straight pipe sections are separated from
each other by one of the four vent sections. :

The parameters which most influence the flame acceleration process are the mixture composition,

which includes the hydrogen concentration and the steam dilution, and the mixture initial temperature.
The hydrogen concentration was varied from a minimum where benign flames were produced to a
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maximum where vent covers were dislodged from their tethers. The initial temperature was varied
between 300K and 650K, and the initial pressure was 0.1 MPa for all tests. '

In general, for the test apparatus configuration studied, venting reduced the likelihood of DDT at all
initial temperatures tested. Flame propagation in the vented tube geometry consists of an initial flame
acceleration phase followed by a quasi-steady-state phase where the combustion front velocity
oscillates about a mean. The various flame propagation regimes have been classified as: (1) slow
deflagrations, (2) choking, and (3) detonation. The flame propagation in these various regimes is
qualitatively similar to that observed in the tests without venting, except for local perturbations induced
by the vent sections. In the slow deflagration regime, the flame accelerates to a maximum velocity
of about 100-200 m/s around the first vent section and then for the remainder of the tube decelerates
to a velocity on the- order of meters per second. No significant pressure is generated in -this
propagation regime.

In the choking regime, flame acceleration is followed by an oscillatory propagation mode where the
flame accelerates in the tube section and decelerates across the vent section. The mean flame velocity
during the oscillatory propagation is just under the speed of sound in the burnt products. The structure
of the combustion front consists of a turbulent flame preceded by a weak precursor shock wave and
a stronger leading shock wave. The leading shock wave is generated as a result of the coalescing of
compression waves generated ahead of the turbulent flame. This leading shock wave has a typical
pressure rise just under the Adiabatic Isochoric Complete Combustion (AICC) pressure. The weak wave
is generated by the decoupling of the leading shock wave and the flame during their passage through
the vent section. Therefore, the weak precursor wave is a product of the leading shock wave after
it emerges from the vent section.

In the detonation propagation regime, which exists for particularly sensitive mixtures, a detonation
wave is initiated at some point during flame acceleration. .In all the cases tested, the detonation wave
failed before the end of the vessel as a result of wave diffraction in the vent section. However, one
would expect if the mixture cell size is smali enough, a detonation wave could propagate through the
entire vessel unimpeded by the orifice plates and the venting.

The influence of venting on the combustion phenomenon could be measured by the magnitude of
change in the choking and the DDT limits from tests without venting to tests with venting. The
choking limit, which is in effect. the minimum hydrogen composition where significant flame
acceleration takes place, increased for all initial temperatures and steam dilution in the experiments
with venting. The DDT limit, which in this case is defined as the minimum hydrogen composition
where a detonation is observed, was equally affected by venting. For example, for hydrogen-air
mixtures at 500K the DDT limits increased from 12 percent hydrogen with no venting to 15 percent
hydrogen with venting. The study without venting had shown that for hydrogen-air mixtures at 500K
the DDT limit criterion was d/A = 1. In the present study with venting, for hydrogen-air mixtures at
500K, the DDT limit is d/A = 5.5.

At the present time, the only guantitative method for determining the possibility for transition to
detonation in a given compartment is by using the d/A = 1 DDT limit criterion derived from experiments
in obstacle-laden tubes. This criterion states that only those mixtures whose detonation cell size is
smaller than the length scale of the compartment in question may result in a detonation. This criterion
does not take into account the shape of the compartments or any possible vent openings. The
experiments presented here have shown that venting has a mitigating effect on transition to
detonation, and thus, the above criterion has a built-in safety margin.
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1. INTRODUCTION

During a postulated severe accident in a light-water nuclear reactor, hydrogen is produced in the
reactor core primarily as a result of the reaction between the zirconium metal cladding and the steam
in the degraded core. The hydrogen, along with considerable amounts of steam, eventually find their
way into various containment compartments where they can mix with preexisting air. The possibility
of initiation of a detonation wave in this combustible mixture could pose a threat to the integrity of the
containment building. Direct initiation of a spherical detonation requires a considerable amount of
energy to be deposited in the combustible mixture in a very short time (Guirao et al.,, 1989). It is
generally acknowledged that direct initiation of a detonation is a highly unlikely event in a nuclear
power plant environment considering the large critical energies associated with the insensitive
hydrogen-air-steam mixtures predicted to exist during such an accident. A more plausible scenario for
detonation initiation is via flame acceleration or hot jet initiation. This report deals exclusively with
detonation initiation resulting from flame acceleration, commonly referred to as Deflagration-to-
Detonation Transition (DDT), and the influence of gas venting on this phenomenon.

In a nuclear power plant, flame acceleration is most likely to occur in long narrow rooms, or corridors,
containing equipment or other type of obstructions that could promote turbulence in the induced gas
flow ahead of the flame. In such realistic geometries, doorways and other openings can provide
venting pathways for the burnt gas that can hinder the flame acceleration process. Due to the
common use of explosion venting devices in the chemical industry, extensive efforts have gone into
the study of venting of explosions in confined volumes. Guidelines have been established by the
National Fire Protection Association for the venting of deflagrations (NFPA 68). However, the bulk of
the experimental and theoretical work on the subject pertains to enclosures which have a length to
diameter ratio of less than 3 where flame acceleration is very limited. Also, the test mixtures used in
these investigations are typically associated with the chemical and pipeline industry (e.g., propane and
methane), which are considerably less sensitive than hydrogen-air mixtures.

Flame acceleration occurs more aptly in enclosures having large length-to-diameter ratios. In such a
geometry, flame acceleration is due to a feedback mechanism between the burning rate of the flame
and the induced flow ahead of the flame. A flow is generated ahead of the flame due to the expansion
of the high-temperature combustion products. In a duct there is no divergence of the flow and the duct
boundary provides a source of vorticity which is necessary to achieve very high flame velocities
required for DDT. The presence of obstacles in a 1-dimensional geometry produces flow disturbances
which greatly enhances the flame acceleration process. Historically, flame acceleration leading to the
onset of detonation has been studied in long pipes with, or without, obstacles (Guirao et al., 1986;
Beauvais et al., 1993; and Ciccarelli et al., 1996). In this study, a vented obstacle-laden cylindrical
tube, with a length to diameter ratio of 78, is used to study the effects of venting on DDT. The
experimental device is part of the High-Temperature Combustion Facility (HTCF) located at Brookhaven
National Laboratory, depicted in Figure 1.1.

The High-Temperature Hydrogen Combustion Research Program at Brookhaven National Laboratory is
a jointly funded program by the U.S. Nuclear Regulatory Commission and the Japanese Nuclear Power
Engineering Corporation, which is sponsored by the Ministry of International Trade and Industry (MITI).
The overall objective of the program is to develop a data base which can be used to assess hydrogen
combustion phenomena in mixtures of hydrogen, air and steam at high temperature. Results obtained

in the first element of the program, focussing on measurement of detonation cell size, were reported
in NUREG/CR-6213 and NUREG/CR-6391. Results on the effect of initial temperature on nonvented
DDT phenomenon in hydrogen-air and steam mixtures are reported in NUREG/CR-6509. This report
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summarizes the results from the investigation of the influence of venting on flame acceleration and
DDT phenomenon in hydrogen-air-steam mixtures at various initial temperatures and could be
considered a companion document to NUREG/CR-6509.
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Figure 1.1

Photbgraph of the detonation tube located inside the 3.05-meter tunnel



2. BACKGROUND

The following two sections provide some background information on flame acceleration and explosion
venting. A more detailed discussion on flame acceleration and related DDT phenomenon can be found
in NUREG/CR-6509.

2.1 Flame Acceleration and DDT With No Venting

If a combustible mixture is confined in a relatively long narrow duct and a flame is ignited at one of the
closed ends, it will accelerate as a result of the turbulent flow generated ahead of the flame. The flow
ahead of the flame is produced as a resuit of the increase in the gas specific volume across the flame.
As the flame accelerates, it generates compression waves ahead of it which eventually coalesce to
form a leading shock wave. In relatively sensitive mixtures, this flame acceleration and shock .
formation can lead to transition to detonation. If turbulence-inducing obstacles (e.g., orifice plates) are
placed in the duct, the rate of flame acceleration will be significantly increased along with the
possibility for DDT. In experiments carried out in long tubes filled with orifice plates, the flame is
observed to accelerate to a final steady-state velocity (Guirao et al., 1989 and Ciccarelli et al., 1996).

The combustion front propagation mode during this final steady-state phase has been classified as the
“choking” and “quasi-detonation” regimes. In the choking regime, the combustion front propagates
at a velocity equal to the isobaric speed of sound in the combustion products. In this mode of
combustion, the flame supports a precursor shock wave that moves at a velocity slightly higher than
the flame. Therefore, the flame and-the precursor shock wave are not intimately coupled as is the case
in a detonation wave where the leading shock wave initiates the exothermic chemical reactions in the
mixture. In the quasi-detonation regime, flame acceleration leads to the onset of detonation, and,
therefore, this mode of propagation consists of a detonation wave which propagates at a velocity
below the theoretical CJ detonation velocity. This velocity deficit is due to severe momentum and heat
losses from the reaction zone to the orifice plates. The absolute amount of velocity deficit relative to
the theoretical CJ detonation velocity depends on the reaction zone length which increases with
decreasing hydrogen concentration below stoichiometric.

It has been shown, in general, that the minimum hydrogen concentration required for transition to
detonation corresponds to the mixture whose detonation cell size, A, is equal to the orifice plate inner
diameter, d {(e.g., d/A = 1). Therefore, DDT can occur for hydrogen-air mixtures whose detonation cell
size is smaller than the orifice plate diameter. For hydrogen-air mixtures at 650K, the leanest
hydrogen-air mixture resulting in DDT corresponded to a value of d/A = 5.5 (Ciccarelli et al., 1996).
This apparent variance in the DDT limit criterion, in these high-temperature -mixtures, is due to the
inability of the flame to accelerate to a point where the conditions within the flame-shock complex are
conducive to the initiation of a detonation. Therefore, at elevated temperatures, the d/A = 1 limit
criteria provides a necessary but not sufficient condition for DDT.

2.2 Flame Acceleration and DDT With Venting

The maximum pressure achievable in a closed volume by a deflagration is the Adiabatic Isochoric

is typically in the rar'\*ée of six to eight times the initial pressure. It is very costly to design structures
which can withstand such pressures, and, therefore; pressure relief devices are commonly used to limit’

the degree of pressurization to a level below the design strength of the enclosure. In the chemical
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. 2. Background

industry, the enclosures of interest typically have small length-to-width ratios (e.g., buildings, rooms,
ovens, tanks, etc.). As a result, most of the existing data in the literature on explosion venting was
obtained from spherical vessels equipped with one venting device {Bradley and Mitcheson, 1978). In

" these tests, the maximum measured enclosure pressure is measured for a given combustible mixture,
enclosure volume, and vent area. This data can then be correlated and presented in graphical form,
or as a simple empirical relation giving the required vent area as a function of the enclosure volume,
the enclosure design pressure, and several constants whose values depend on the test mixture.

In these types of experiments, no turbulence is generated in the flow ahead of the flame since the fiow
is symmetric, and no velocity gradients are present at the enclosure boundary. The effect of
turbulence can be studied by artificially generating turbulence inside the enclosure (e.g., by a fan)
before ignition. An increase in the burning rate can also occur naturally as a result of flame instabilities
that are generated by interactions between the flame and acoustic reverberations in the enclosure.
(Cooper et al., 1986) or by the sudden acceleration of the flame when the products are vented from
the enclosure (Solberg and Pappas, 1981).

-Most of the studies examining venting in large length/diameter (L/D) vessels are performed in ducts
with a single vent located at the end of the vessel opposite the ignition end. One of the first studies
into the venting of explosions in long ducts was carried out by Rabash and Rogowski (1960). In their
investigation, they measured the peak pressure and flame velocity in pentane and propane-air mixtures.
They varied the vent opening area and the duct diameter. They found that the measured vessel
ovérpressure decreased linearly with increased vent area and that the maximum flame velocity
increased with increasing venting area. These findings have recently been confirmed by Tite et al.
(1991) and Alexiou et al. (1995). These findings can be explained by the fact that an increase in the
vent area results in a larger vent mass flow rate which results in a slower vessel pressurization rate.
Therefore, in the time it takes the flame to propagate the length of the vessel, more mass is ejected
from the vent opening, resulting in a lower peak pressure. The, I,a rger vent mass flow rate also results
in a higher mean flow velocity ahead of the flame. This dlrectly ricreases the flame velocity since the
flame is convected by the mean flow of the unburnt gas and mdnrectly increases the flame velocity by
increasing the turbulence intensity in.the flow ahead of the flame.

When a flame propagates down a long duct with a vent located at the end opposite the ignition source,
there are actually three pressure peaks detected in the vessel (Alexiou et al., 1995). The initial
pressure rise is a result of the volumetric burning rate being higher than the volumetric venting rate of
the unburnt gas. In this initial phase, the flame takes on a parabolic shape which elongates with time.
The increased flame surface area associated with the flame elongation leads to an increase in the
overall burning rate. Once the flame reaches the side wall of the duct, the reduced flame surface area
results in a reduced volumetric burning rate resulting in a drop in pressure. As the turbulence intensity
in the flow ahead of the flame increases, the flame reaccelerates, and the pressure rises. Once the
flame reaches the vent, the pressure drops as a result of the high volumetric burnt gas flow through
the vent. The third peak in pressure is due to the rapid combustion of the unburnt gas downstream
of the vent.in the dump tank. In these types of tests in smooth tubes using methane or propane-air
mixtures, the maximum flame velocity achieved is only about 100 to 150 m/s.

The influence of turbulence producing devices, such as valves, on increasing the effective burning rate

of the flame has been recognized for a long time. Recently, Alexiou et al. {1995) have investigated
the effect of a single orifice placed in an otherwise smooth tube with a fully open vent at the end of
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the tube. They found that the same three pressure peaks exist, as when no obstacle is present, only
the second peak was significantly larger. This was attributed to the increase in the turbulence in the
- unburnt gas downstream of the orifice. The magnitude of the pressure peak was observed to increase
with increasing blockage. With the orifice plate in place, the rate of pressure rise of the second peak
increased with blockage ratio to a maximum of about 25 times the rate with no orifice plate. They also
showed empirically that the turbulent burning velocity downstream of the orifice was 131 times the
laminar burning velocity in the same mixture and 17 times the turbulent burning velocity if no obstacle
was present. ‘

A study on the effect of venting on flame acceleration in hydrogen-air mixtures in vessels with repeated
obstacles was performed at Sandia National Laboratory (SNL) in the FLAME Facility (Sherman et al.,
1989). The FLAME Facility is a 30.5-meter-long concrete channel which is 1.83-meters high and
2.44-meters wide (e.g., length-to-average width ratio of 14.3). Flame acceleration was promoted using
plywood baffles placed on either side of the channel, yielding a blockage of 33 percent. The top of
the channel consists of 38.5-cm-thick reinforced steel plates. Tests were run with all the plates in
place (O percent top venting), with every other plate installed (50 percent top venting) and with the
plates partially separated (13 percent top venting). The ignition end was closed and the opposite end
was open. Both pressure measurements and flame time-of-arrival measurements were made.

in the FLAME Facility, tests were performed with hydrogen-air mixtures containing 12 to 30 percent
hydrogen at an initial temperature of 300K. Without obstacles and no venting, no flame acceleration
was observed for mixtures below 13 percent hydrogen, and DDT was observed near the end of the
channel for a 25 percent hydrogen mixture. With the obstacles in place and no venting, DDT was
observed near the end of the channel for a 15 percent hydrogen mixture. With the obstacles in place
and 50 percent venting, DDT was observed at the end of the channel for a 20 percent hydrogen
mixture. No tests were done with 13 percent venting with obstacles, but tests done without obstacles
indicate that in. a 25 percent hydrogen mixture, DDT occurred closer to the ignition point with
13 percent venting as opposed to no venting. The main conclusions of the study was that 50 percent
venting was successful in reducing flame acceleration, especially when no obstacles were present.
However, for the 13 percent venting, the turbulence produced by the vents outweighed the mitigating
effect of the vents, and as a result, flame acceleration was promoted for mixtures containing more than
18 percent hydrogen.

As in the SNL tests, in the present study, we are also interested in the effect of venting on flame
acceleration and. DDT in hydrogen-air-steam mixtures in vessels with repeated obstacles. The
transverse dimension of the vessel used in the present investigation is much smaller than that of the
SNL vessel, but the L/D is much larger (e.g., 78 for the present tests and 14 for the SNL tests).
Although the scaling of DDT depends critically on the transverse dimension D, it is important that the
vessel length be sufficiently long for the flame to accelerate to velocities on the order of the speed of
sound of the product gases. For example, in the SNL tests, DDT typically occurred at the end of the
vessel; the larger L/D of the present vessel allows more distance for flame acceleration and DDT. Also
investigated is the influence of initial mixture temperature on flame acceleration and DDT with venting
present.
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The DDT experiments with venting were carried out in the BNL High-Temperature Combustion Facility
(HTCF) which is a 27-cm-inner diameter, 21.3-m-long heated detonation vessel. The standard
detonation vessel (see Figure 1.1) is made up of seven equal-length flanged sections. A detailed
description of the HTCF detonation vessel, the gas handling system, and other auxiliary equipment can
be found in Ciccarelli et al. (1996). The detonation vessel is located inside a 3-meter-diameter tunnel
which is roughly 3 meters below grade. All combustible gases are stored on a ground-level gas pad
located about 100 meters from the tunnel. The experiments are carried out remotely from a control
room which is also located on ground level, and an interlock system is in place which requires all
personnel to evacuate the tunnel before a test is performed.

For these experiments, the main modification to the detonation vessel was the addition of four vent
sections which were inserted between pipe sections. A schematic of the venting configuration is
shown in Figure 3.1, and a photograph of the apparatus equipped with the vent sections is given in
Figure 3.2. These vent sections consist of two standard pipe-crosses butt welded together, as shown
in the photograph in Figure 3.3. The vent opening is extended away from the vessel surface by a “vent
chimney,” which consists of a 0.4-meter-long section of pipe. Both the inner diameter of the
- pipe-cross and the vent chimneys are identical to the existing HTCF straight pipe sections. Therefore,
the total vent area per vent section is four times the cross-sectional area of the straight pipe section.
Since there are four vent sections, each with four vent openings, the ratio of vent opening area versus -
total vessel surface area is 4(D/L), where D and L are the vessel diameter and length, respectively.
This yields a vent area ratio of 0.05, or a vent area of 5 percent of the total vessel surface area. The
welded pipe-crosses are mated to the straight pipe section using compatible flanges. The length of a
vent section is 1.52 meters which is exactly half the length of a standard HTCF straight section. In
order to maintain the same total vessel length-to-diameter ratio (e.g., 78) as the vessel without the
vent sections, two of the straight sections are not utilized in the present experiments. In this way, all
the straight pipe sections are separated from each other by a vent section.

Custom'-designed ceramic heater blankets and insulation jackets were used on the vent sections. The
heater and insulation materials are the same as the ones used in the straight pipe sections (Ciccarelli
et al., 1996). The vent chimneys were wrapped in insulation but were not actively heated.

As shown in Figure 3.4, aluminum vent covers are used to cap the vent openings during evacuation
of the test vessel. The aluminum caps are 1-cm thick and 34.3-cm in diameter, resuiting in a 1.6-cm
overhang relative to the vent chimney outer diameter. A vacuum tight seal is obtained by a Viton
o-ring which is located between the outer edge of the vent chimney and the vent cover. A 5-mm-wide
o-ring groove is machined into the edge of the vent chimney. Clips, which are mounted on blocks
welded to the vent chimney, grasp the outside edge of the vent covers. There are four clips per vent
cover. ‘These clips serve two purposes: (1) hold the bottom covers in place and (2) provide some
clamping force on the covers in order to create a seal at the o-ring. Once the vessel is under vacuum,
the clips on the top vent covers are removed, and the clips on the bottom covers are left on to avoid
them falling off after the test gas is loaded to atmospheric pressure. During energetic tests, where high
pressure develops inside the vessel, the vent covers are dislodged at very high velocities. As shown
in Figure 3.4, the vent covers are anchored to the vent chimney using wire rope. A 6.4-mm wire rope
is wrapped around the vent chimney just below the blocks. A 4.8-mm diameter wire rope is anchored
on the larger wire rope and looped through two holes drilled into the vent cover. In later tests, two
wire ropes were used to anchor the vent cover to the wire rope placed around the vent chimney. In
most cases, the wire rope was successful, but in several tests where transition to detonation occurred,
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the wire rope failed. For these very energetic tests, the vent covers typically bent upon impact with
the floor or wall and had to be replaced with new covers.

The entire vessel was equipped with obstacles, similar to those used in the DDT tests performed
without venting (Ciccarelli, 1996). The obstacles consist of 1.9-cm-thick orifice plates, with a
27.3-cm-outer and 20.6-cm-inner diameter, yielding a blockage ratio of 43 percent. The orifice plates
are equally spaced at one tube diameter spacing (i.e., 27 cm). This spacing is maintained by fastening
the orifice plates to threaded rods with nuts on either side of each plate. There are six equally spaced,
circumferentially mounted, 1.9-cm-diameter threaded rods. The threaded rods are anchored to the
vessel at vessel flangé locations. That is, the threaded rods are fixed at one end of the vessel section
to special orifice plates, that have outer diameters larger than the vessel inner diameter, thus allowing
these plates to be sandwiched between each pair of vessel flanges. The other end of the threaded
rods are allowed to slide freely in order to accommodate for thermal expanslon during heating of the
vessel.

- A flame is ignited in the test vessel by a standard diesel engine glow-plug centrally mounted on one
of the vessel end plates. The glow plug is powered through a 120/12 VAC step-down transformer.
Depending on the initial mixture temperature, ignition occurs between 10 and 20 seconds after the
power is first applied to the glow plug.

The straight pipe sections are equipped with two sets of five instrument ports on opposite sides of the
vessel. The first and last pair of instrument ports on each pipe section are 30.5 cm from the inside
face of the end flanges, and the internal ports are 61 cm apart. There are no instrumentation ports on
the vent sections. Photodiodes and t\hermocouples were used to measure time-of-arrival of the flame.
For very slow moving flames, the light emitted from the reaction zone is insufficient to be detected by
the photodiodes. Therefore, for most runs, four thermocouples were placed in the first half of the
vessel in order to capture the initial phase of the flame acceleration process. In a limited number of
tests where very weak mixtures were.tested, the thermocouples were placed in the center of all the
pipe sections in order to track the flame over a longer distance. Initially, photodiodes were placed just
before and just. after each vent section in order to obtain the average velocity across each of the
straight pipe and vent sections. Later, a third photodiode was placed at the midpoint of each pipe
section in order to better capture the flame acceleration process between vent sections.

Two piezoelectric pressure transducers (e.g., PCB113) were used to measure explosion front pressure.
The sensitivity of the pressure transducers were 73.5 mV/atm (5 mV/psi), which is too low to measure
any mild isochoric pressurization during benign flame acceleration. In most cases, a pressure
transducer was located in the second-to-last instrumentation port before the last vent section and the
second port just after the last vent section. '

In a limited number of tests, the vent cover opening times were measured using microswitches
" mounted on the vent chimneys and depressed by the vent cover overhang. Each vent cover had a
microswitch, but only one signal from each vent section was recorded in the control room. In each
vent section, the four microswitches are electrically connected in series, such that a signal is recorded
from the vent section once the first cover dislodged.,

The signal from _the photodiodes, pressure transducers, and vent cover switches were recorded on
three digital LeCroy oscilloscopes. The thermocouple signals were recorded on a slower PC-based data

NUREG/CR-6524 8



3. Experimental Details

acquisition system as described in Ciccarelli et al. (1996). A video camera was also installed to monitor
each test and to record the sequence of vent-opening events that occurred during each test.

3.1 Test Matrix

The tests were performed in hydrogen-air-steam mixtures at initial temperatures up to 650K. The test
matrix for these venting tests excluded sensitive mixtures due to potential damage to nearby equipment
in the tunnel. The concern is that a violent explosion may occur in the tunnel as a result of the venting
of unreacted mixture ahead of the flame. Although there is no potential threat to personnel, there is
the possibility of damage to unprotected equipment in the tunnel, including the vessel insulation. In
order to minimize this threat, the test mixture was limited to those mixtures where a detonation could
not be transmitted from inside the vessel into a cloud of combustible mixture outside the vent opehing.
The criteria used to establish this limiting mixture composition was the critical tube diameter criterion.
. The critical tube criteria states that in order for a detonation to transmit from a confined geometry,
such as a tube, into an unconfined geometry, the tube diameter must be at least 13 times the mixture
detonation cell size (Guirao et al., 1989). This is very conservative since it does not consider the
weakening of the detonation in turning the corner into the vent chimney and the mixing of the test gas
with the air outside of the vent. ' - ‘

Once the tests were started, it became apparent that the explosion front over pressure would dictate
the probability of damage and not the mixture detonation cell size. This is important since the AICC
and detonation pressures decrease with increasing initial mixture temperature, whereas the mixture
sensitivity increases (i.e., cell size decreases) with initial temperature. For example, the AICC and
detonation pressures for hydrogen-air mixtures at an initial temperature of 300K are about double that
at 650K (Ciccarelli et al., 1996). For a given mixture at a fixed initial temperature, the detonation
pressure is about double the AICC pressure (Ciccarelli et al., 1996). Thus, the pressure generated by
a deflagration in the choking regime (i.e., AICC pressure} at an initial temperature of 300K will be
similar to the pressure produced by a detonation in the same mixture at 6560K. For equipment safety
reasons, this limited the range of tests that could be performed at 300K and 400K.

The only damage to equipment incurred during energetic tests was the bending of the vent covers
resulting from the failure of the wire rope tethers. In order to maximize the number of tests which
could be performed in the overall time frame, tests were first performed at 650K starting with lean
hydrogen.mixtures and gradually increasing the hydrogen concentration. Tests at room temperature
‘were scheduled during the latter stages of this experimental program.
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4. EXPERIMENTAL RESULTS

In this section, flame acceleration data will be presented for hydrogen-air-steam mixtures at various
initial temperatures and an initial pressure of 0.1 MPa. The most sensitive mixture tested at each
temperature was that mixture which first resulted in failure of the vent cover tethers. For lower
temperature mixtures, due to the associated higher pressures, tether failures occurred even before DDT
was observed. This was the case for the dry hydrogen-air mixtures at 300K and the hydrogen-air-
steam mixtures at 400K and 500K. In the following sections, reference to experimental results from
DDT tests without venting can be found in Ciccarelli et al. (1998). A summary of the experimental
data from the present experiments is tabulated in Appendix A.

4.1 Flame Propagation at 300K

The flame velocity versus distance for four hydrogen-air mixtures at 300K is given in Figure 4.1. The
arrows on the abscissa indicate the location of the center of each of the four vent sections. Note, the
physical length of the vent section is 1.5 meters, but the active length of each vent section is only
about 1 meter. The only mixture tested at 300K which resulted in any significant flame acceleration
was the 12 percent hydrogen mixture. In the 9, 10, and 11 percent hydrogen mixtures, the flame
reached a maximum average velocity of about 200 m/s by mid vessel and then decelerated to roughly
the laminar burning velocity. For these benign burns, the light emitted from the flame is insufficient
to obtain signals from the photodiodes. The measured velocities were obtained from time-of-arrival
information from five thermocouples positioned at midspan of each tube section. This coarse spatial
resolution precluded obtaining detailed velocity-distance profiles. The velocities indicated in Figure 4.1
are the average velocities measured over both a tube section and a vent section. Therefore, the actual
velocity in the pipe sections are higher than the average, and in the vent sections, the velocities are
lower than the velocities indicated in the figure. In order to obtain better resolution for the benign
burns, a limited number of tests were performed with the thermocouples concentrated in the first half
of the vessel. In most tests that resulted in a benign burn, only the vent covers in the first vent section
(i.e., closest to the point of ignition) were found displaced from;, their original positions. During these
benign tests, video camera visualization shows that while the first vent covers were distlodged from
the vent chimney, for the remaining vent sections, the covers simply rocked like a lid on a pot of boiling
water. :

In the 12 percent hydrogen test in Figure 4.1, the flame quickly accelerates to a velocity consistent
with flame propagation in the choking regime.- The isobaric products sound speed for this mixture is
700 m/s. As shown in Figure 4.1, the average flame velocity across the first vent section is about
550 m/s, and the average speed in the second vessel section is roughly 800 m/s. Based on the
available instrumentation for this test, it is impossible to know what the maximum velocity in the first
vessel section was. In a test performed in the same vessel without the vents, the average flame
velocity between 0.9 and 4.6 meters was 508 m/s, which is just slightly less than the 550 m/s velocity
measured across the first vent. In the 12 percent mixture test without venting, the flame propagated
in the choking regime at an average velocity of roughly 600 m/s with very little overshoot and velocity .
fluctuation. In the present venting test, the peak velocity in the 12 percent hydrogen mixture was
800 m/s. Therefore, it appears that the initial venting of the unburnt gas actually promotes flame
acceleration. However, as the flame propagates further down the vessel, the average velocity drops
to about 500 m/s. In the tests without venting, the leanest mixture where the flame propagated in the
choking regime was 11 percent hydrogen, and in the tests with venting, see Figure 4.1, the choking
limit is 12 percent. Therefore, there is only a very small influence of venting on the mitigation of flame
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acceleration for hydrogen-air mixtures at 300K. We cannot comment on the effect of venting on DDT
since no venting tests were performed at this low temperature .

4.2 Flame Propagation and DDT at 500K

Shown in Figure 4.2 is a plot of the flame velocity versus distance for hydroge‘n-air mixtures at 500K.
At this temperature, all three propagation regimes were observed. In a 10 percent hydrogen-air
mixture, the flame initially accelerated to a peak velocity of just over 200 m/s at the first vent section
and then quickly decayed to the laminar burning velocity. For this particular test, the spatial resolution
of the thermocouples was increased near the igniﬁon point. From Figure 4.2, we see that the velocity
actually increases across the first vent. As shown in Figure 4.3, in tests without venting, this mixture
condition resulted in flame propagation in the choking regime. This provides another example that
shows the general influence of venting is to mitigate flame acceleration. However, for this particular
test, the initial flame acceleration up to and through the first vent is enhanced by the venting of the
unburnt gases ahead of the flame. '

In the 11, 12, and 13 percent hydrogen mixtures, the flame accelerates to an average velocity which
is just under the speed of sound in the products for the mixture (see Figure 4.4). In these mixtures,
a distinct cyclic pattern in the flame velocity distance profile develops in the last half of the vessel.
The flame accelerates in the straight tube sections and decelerates across the vent. The vents appear
to have a very local effect on the flame. There is only a very slight decrease in the overall average
velocity as the flame propagates down the vessel. This is analogous to the drop in velocity after the
initial overshoot observed in the tests without venting. It is not clear whether this cyclic pattern would
continue indefinitely in a longer vented tube.

In the 15 percent hydrogen mixture, DDT occurs after the first vent section. ‘The average velocity in
the second vessel is just below the CJ detonation velocity for the mixture {e.g., 1525 m/s). The
detonation velocity drops about 300 m/s across the second vent and then recovers in the third tube
section to a velocity on the order of the CJ detonation velocity. At the third vent section, the
detonation fails, and the velocity drops dramaticaily down to about 600 m/s. The flame then continues
to propagate in the choking regime in the pattern described above. Figure 4.5 shows the measured
flame velocity for the 15 percent hydrogen mixture along with the results obtained in the experiment
without venting. Within the spatial resolution of the time-of-arrival measurements, in both cases,
transition to detonation occurs at roughly the same location. Clearly, the main difference between the
two is that the detonation eventually fails in the test with venting; however, before it fails, the average
propagation velocity is similar to that observed in the no venting case.

Figure 4.4 shows the average propagation velocity measured over roughly the last half of the vessel
for the hydrogen-air mixtures tested at 500K. The bars denote the range in the velocities measured
over this distance. Also shown in Figure 4.4 are the theoretical CJ detonation velocities and the sound
speed in the products assuming an isobaric combustion process. From this figure, one can see that
the average velocities for the mixtures containing between 11 and 13 percent hydrogen are just below
the speed of sound in the products which is consistent with propagation in the choking regime when
no vents are present. The two data points shown for the 15 percent hydrogen mixture actually
corresponds to the single test shown in Figure 4.2. In this experiment, after roughly 4 meters of travel,
the flame velocity suddenly increases to a value of about 1400 m/s which is consistent with a DDT
event. The flame then decelerates slightly after passing through the vent section and then recovers
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to about 1400 m/s. At the third vent section, located at a distance of 12 meters, the flame velocity
drops to 700 m/s, which is typical for the choking regime, and remains-roughly at this velocity until
the end of the tube. Therefore, in this one test, flame propagation in both the detonation and choking
regime are observed. The two data points for 15 percent hydrogen in Figure 4.4 correspond to the
average flame velocities when propagating within these two regimes. Without venting, the minimum
hydrogen concentration at 500K for flame propagation in the choking regime was 8 percent hydrogen
as opposed to the 11 percent hydrogen limit observed with venting. Without venting, the DDT limit
was found to be 12 percent hydrogen, and with venting, DDT was observed at 14 percent hydrogen,
albeit for only a short distance. Thus, for hydrogen-air mixtures at 500K, venting has a significant
impact on both the choking and DDT limits. At 500K the tests with venting require more sensitive
mixtures, than the no venting tests, for the flame to propagate in both the choking and DDT regimes.

4.3 Flame Propagation and DDT at 650K

The flame propagation results from the hydrogen-air mixtures at 650K are shown in Figure 4.6. In all
the mixtures tested, with the exception of the 11 and 12 percent hydrogen mixtures which resulted
~ in benign burns, flame acceleration is noticeably slower when compared to the results obtained at 300K
and 500K. This is consistent with the observations made in the tests without venting. In Figure 4.6,
there are two tests shown for 13 percent hydrogen. In one of the tests, the flame accelerates to an
average velocity which is just below the speed of sound in the products. The acceleration-deceleration
pattern which was observed so clearly in the 500K data takes some time to develop. In the other 13
percent hydrogen test, transition to detonation occurs after the third vent but fails shortly after the
fourth vent. Transition to detonation is also observed in both the 14 and 15 percent hydrogen |
mixtures. As was the case in the tests without venting, the distance from the ignition point to the DDT
location (i.e., detonation run-up distance) decreases with increasing hydrogen mole fraction.

Shown in Figure 4.7 is the average propagation velocity in the hydrogen-air tests performed at 650K
along with the theoretical CJ detonation velocities and the speed of sound in the products. We see
that the average propagation velocity in the 15 percent hydrogen mixture is consistent with a
‘detonation wave. Also, the velocity excursions observed in the 13 and 14 percent hydrogen mixtures
are consistent with transition to detonation. The only mixture tested that resulted in propagation
through the entire vessel in the choking regime was 13 percent hydrogen. A repeat of this test:
- resulted in DDT. Since 12 percent hydrogen resulted in a benign burn, we see that there is almost no
choking regime for flame propagation in hydrogen-air mixtures at 650K, as was the case without
venting. The DDT limit observed in the present experiments is 13 percent hydrogen, which is higher
than the 12 percent hydrogen DDT limit observed in tests without venting. '

The following table summarizes the observed choking and DDT limits for the hydrogen-air mixtures
tested at all three initial temperatures, with and without venting.
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Table 4.1 Choking and DDT limits for hydrogen-air mixtures

| Temp Choking Limit DDT Limit ]
(K No Venting Venting No Venting : Venting
% % % d/A % d/A
Hydrogen Hydrogen Hydrogen Hydrogen - :
300 11 12 15 1.0 NA
| 500 8 11 12 1.5 15 5.5
650 11 13 1 1n 5.5 13 11.9

A comparison of both the choking and DDT limits, with and without venting, indicates that venting
plays a key role in mitigating both flame acceleration and transition to detonation.

4.4 Flame Propagation and DDT in Hydrogen-Air-Steam Mixtures

The propagation velocity versus distance plots for various hydrogen-air steam mixtures at 400K, 500K,
and 650K are shown in Figures 4.8, 4.9, and 4.10, respectively. As shown in Figure 4.8, at 400K,
the mixtures tested were limited to between 10 and 13 percent hydrogen in air with 10 percent steam
dilution. In this range of mixture composition, only flame propagation in the slow deflagration and the
choking regimes were observed. Note for the 10 and 11 percent hydrogen mixtures, velocity
measurements were only obtained in the first seven meters of flame propagation from thermocouple
data. However, based on the time that the vent covers opened, it is clear that the flame velocity
decays to tens of meters per second by the end of the vessel. At 500K, the trends in the flame
velocity versus distance data shown in Figure 4.9 are very su'mlar to the results obtained in the tests
performed at 500K without steam dilution, as shown in Flguw 4.2. The sole exception is that DDT
was not observed for the range of mixture composition tested--namely, up to 22 percent hydrogen.
Shown in Figure 4.10 are the results for hydrogen-air mixtures diluted with 25 percent steam at 650K.
Transition to detonation was observed in the 23 percent hydrogen mixture. For this test, the flame
accelerated up to the first vent section and most likely transitioned in the pipe section just before the
second vent. Note there is only one average velocity measurement taken between the first and second
vent sections. This detonation then fails through the second vent section only to reaccelerate and
transition to detonation for a second time in the pipe section between the second and third vent
sections. The detonation then fails for a second time through the third vent section, and the emerging
flame continues to the end of the vessel in a manner typical for flame propagation in the choking
reglme

A summary of the observed cho'king and DDT limits for these steam-diluted, hydrogen-air mixtures is
given in Table 4.2,
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Table 4.2 Choking and DDT limits for hydrogen-air-steam mixtures

Experimental Results

Choking Limit ~ DDT Limit
Temp | v _
(K) % No Venting No Venting Venting
. H20 Venting _

% H2 % H2 % H2 d/A % H2 d/A
400 10 12 12 18 0.7 N/A
500 25 14 15 24 1.5 N/A
650 | 25 16 18 19 | 08 23 5.7

As was the case in the dry hydrogen-air mixtures, venting increases. the choking and DDT limit in
steam-diluted, hydrogen-air mixtures. The most dramatic effect was observed in the 25 percent
steam-diluted, hydrogen-air mixtures at 650K, where the DDT limit increased from 19 percent hydrogen
without venting to 23 percent hydrogen with venting.

4.5 Pressure-Tinie Measurements

In a limited number of tests, pressure-time histories of the explosion were recorded. Two piezoelectric
pressure transducers were used to measure pressure roughly one meter before and after the last vent
section. Pressure traces obtained at these locations during the passage of a flame in a 20 percent
hydrogen in air mixture with 25 percent steam dilution at 650K are shown in Figure 4.11. These
pressure traces are typical for flame propagation in the choking regime. The top pressure trace,
Figure 4.11a, corresponds to the pressure transducer located before the last vent section. This
pressure trace is characterized by three distinct jumps in pressure followed by erratic pressure
fluctuations. At the location of this pressure transducer, the flame is in the last part of the flame
acceleration phase in between vents. In this phase, the propagation velocity is very close to the speed
of sound in the products which is supersonic relative to the unburnt-gas. Therefore, the pressure jumps
are due to various shock waves produced ahead of the accelerating flame. Except for the initial
0.3-atm pressure jump, this pressure profile looks very similar to the pressure traces obtained in the
flame acceleration tests without venting. The 2.2-atm overpressure associated with the second peak
in Figure 4.11a is similar in magnitude to the pressures recorded in the same mixture in the tests
without venting. As was shown for the tests without venting, based on the measured pressures and
shock time of arrivals, the third pressure rise is due to the reflected shock wave off of the orifice plate
located 6.4 cm ahead of the pressure transducer. The initial pressure rise in the trace corresponds to:
a relatively weak Mach 1.1 shock wave. The pressure after the initial rise remains fairly constant
except for the small spike at about 0.25 ms which probably corresponds to the reflected wave off the
orifice plate ahead. Since the pressure remains constant behind the shock wave, this mdlcates that
the shock wave does not decay in strength as it propagates.

The pressure trace in Figure 4.11b. obtained from the pressure transducer after the last vent
corresponds to a series of decaying shock waves (i.e., blast waves) as opposed to the constant
strength shock waves observed in the pressure trace before the vent. The blast waves observed after
the vent are due to shock wave diffraction in the vent section and rarefaction waves generated by the
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“venting of high pressure gas. In this pressure trace, the peak overpressure associated with the initial
pressure pulse is 0.6 atm, which is double the initial overpressure measured in the pressure transducer
before the vent (see Figure 4.11a). Based on the fact that the initial pressure pulse after the vent is
decaying and has a larger peak pressure than the precursor shock before the vent, one can conclude
that the initial blast wave measured after the vent does not correspond to the propagation of the
precursor shock wave before the vent. Using these pressure traces and the flame time-of-arrival
information from the photodiodes, a detailed description of the flame propagation in the choking regime
will be presented later in the report.

4.6 Vent Cover Release Times

As described in Section 3, each of the vent covers maintains a switch closed when it is securely
attached to the vent chimney. When the vent cover is blown off the vent chimney as a result of vessel
pressurization, the switch opens. The switch is part of a simple electrical circuit which generates a
voitage spike when the switch is opened, thereby providing an opening time for the vent cover. This
distance which the cover must travel for the switch to open varies from switch to switch, but on the
average, it is about 5 mm. All four vent cover switches from each vent section are electrically wired
in series so that only one signal is obtained per vent section. Therefore, the signal from each vent
section is generated at the time the first of the set of four vent covers is lifted. Due to the passive
method of ignition, i.e., glow plug, a zero time corresponding to ignition is not available. The
oscilloscopes were triggered using the switch signal from the first vent section. The signal from the
vent covers and the photodiodes were recorded on the oscilloscopes so that a comparison between
the opening times of the vent covers and the time of arrival of the flame at the respective vent sections '
could be made. In the case of slow deflagrations, where the flame time of arrival was measured using
thermocouples, no direct comparison can be made since the thermocouple signals were recorded on
a separate data acquisition system.

Shown in Figure 4.12 is a distance-time plot for three different tests which resulted in flame
propagation in the choking regime. The open symbols represent the time of arrival of the flame at the
various photodiodes, and the closed symbols correspond to the vent opening times. Note, on this
graph, time zero is taken as the time when the first vent cover opens. It is clear from this graph that
all the vent covers open even before the flame reaches the first vent, and, therefore, the vent opening
is not a local flame phenomenon. That is, the vents do not open as a resuit of local high pressure
ahead of the flame. The vent opening times are consistent with a pressure pulse propagating the
length of the vessel at roughly the speed of sound in the unburnt mixture. It is important to note that
just a slight overpressure is required to sufficiently move the vent cover to open the switch. However,
due to the low sensitivity of the pressure transducers used in the present study, there is no direct
evidence of such a pressure pulse.

The results from Figure 4.12 are reproduced in Figure 4.13 along with the vent opening times from two
tests where the flame propagates in the benign slow deflagration regime, demarcated by closed
symbols. In these two tests, the flame accelerates to a maximum velocity of about 1560 m/s by the
first vent and then decelerates to a velocity approaching the laminar burning velocity. It is interesting
to note that the vent opening times are similar for flame propagation in the choking and the slow
deflagration regime even though the maximum flame velocities are very different. This is further
evidence that the vent cover opening corresponds to the propagatlon of an acoustic wave down ‘the
length of the vessel far ahead of the flame.
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The distance-time plot obtained for three tests which resulted in transition to detonation are shown in
Figure 4.14. The flame trajectories, shown as open symbols, for each test are vertically staggered as
a result of the different detonation run-up distances. Once the detonation is formed, the trajectories
are fairly parallel. Indicated in this plot, with diamond symbols, is a test which resulted in the onset
of a detonation wave before the first vent section. The composition of the mixture during this test is
not fully known. The measured dry hydrogen concentration was about 27 percent; however, the
amount of steam dilution is unknown. This experiment was not repdrted in any of the results
presented earlier due to the uncertainty in the composition. This is the only test which resulted in the
propagation of a detonation through the entire vessel. As can be seen from the Figure 4.14, the vent
covers open shortly after the detonation passes the vent location. - This lag in the opening time is
~largely due to the finite transit time for the shock wave to travel in the vent chimney. In the
14 percent hydrogen mixture at 650K, the first and second vent covers open before the flame arrives
at each vent, respectively. This is similar to the behavior observed in Figure 4.12 for flames
propagating in the choking regime. After transition to detonation is initiated, the vent covers open after
the detonation passes the vent. Therefore, the start of the venting process is governed by local
propagation phenomenon. For these cases, the detonation wave overtakes the initial pressure pulse
which is responsible for opening the vent covers in the test where the flame propagates in the choking
regime.
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5. DISCUSSION

The experimental results have shown that flame propagation in the venting configuration used for this
study can be classified into three regimes: (1) slow deflagration, (2) choking, and (3) detonation.
. These are the same classifications used to describe steady-state flame propagation in an obstacle-laden
tube without venting (Ciccarelli, 1996). In the following sections, flame propagation in each of these
regimes will be discussed in light of the experimental data. In the last section, recommendations on
how the experimental data can be used for practical applications in the study of severe accidents in
nuclear power plants is provided.

5.1 Flame Propagation in the Slow Deﬂagrat'ion-'Regime

In this section, a simple model is presented to investigate the influence of gas venting on flame
acceleration in the slow deflagration regime. Since the flame velocities in the slow deflagration regime
are relatively low, the vessel pressure can be assumed to be uniform, and a simple venting model can
be used to describe flame acceleration. Chan et al. (1983} developed such a model to describe flame
acceleration in an obstacle-laden rectangular channel with a perforated top plate. The obstacles
consisted of thin plates extending from the vessel bottom plate to roughly half the channel height.
Schlieren movies taken of the experiment show that the flow generated ahead of the flame resulted
in pockets of recirculating gas in between the obstacles. These standing eddies between the obstacles
are separated from the main flow above the obstacles by a shear layer. Early in the flame acceleration
process, the flame is observed to follow the unburnt gas flow field as it is entrained in the standing
eddy generated downstream of the obstacles. The increased flame surface area generated by the
folding of the flame around the obstacle leads to larger volumetric burning rate and thus a larger
displacement flow ahead of the flame, which results in flame acceleration. The burnout of these
pockets was modeled simply by a flame moving transversely to the main flow into the pockets.

The following is a brief description of a modified version of the Chan et al. (1983) model, described
above, with some typical predictions. A detailed description of the present model is given in
Appendix B. Like Chan et al. (1983), the flow field is divided into the mainstream flow which exists
in the core of the tube and the flow in the individual recirculation zones. A schematic showing the
assumed flame structure in the nonvented pipe sections in the present study is given in Figure 5.1.
Since the orifice plate spacing in the present experiment is roughly 9 times the plate height, it is
assumed that the flow re-attaches to the vessel wall before the next obstacle setting up a recirculation
zone just downstream of each of the obstacles. The recirculation zone which would normally exists
upstream of the orifice plate is not-shown in the figure and is not considered in the model.

The flow through any given orifice plate ahead of the flame is transient since the flame velocity
increases ‘with time and the flame position relative to the orifice plate changes with time. Therefore,
the dimensions of the recirculation zone at each orifice plate will change with time. When the flame
reaches an orifice plate, the outside edge of the flame in contact with the inner edge of the orifice plate
" is subjected to a high degree of strain. The stretching of the flame prevents it from burning directly
into the recirculation zone. If the magnitude of the mainstream flow velocity is very high, one would
expect that a flame could not cross the intense shear layer separating the mainflow and the
recirculation zone (Chan et al., 1989). Instead, the entrainment of hot combustion products from the
" mainstream flow probably initiates combustion in the recirculation zone.
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As described above, the combustion process which occurs inside the recirculation zone is much more
invoived than the intended scope of this model. Therefore, a simple burning model is assumed where
the volume of the recirculating zone is taken to be constant over time, and a characteristic constant
burning rate is assumed. The volume of the recirculation zone, considered a parameter in the model,
is governed by the distance downstream of the obstacle where reattachment occurs. It is assumed
that the burning rate in the recirculation zone takes on a value based on the instantaneous burning rate
of the main flame at the time the main flame reaches the obstacle. Note, in the model, the flame is
assumed to be planar in the mainstream. The turbulent burning rates of the main flame and in the
recirculation zone are given by two simple algebraic expressions which each include an empirical
constant which must be specified. As the flame propagates in the vessel, vents located behind the
flame eject burnt products and those ahead of the flame eject unburnt mixture. In the experiments,
the bottom vent covers were held in place by clips. As a result, venting only starts after a critical
pressure is reached and the clips disengage. In the model, the critical pressure is a parameter which
is specified by the user. : '

The model prediction for flame velocity and vessel pressure versus flame propagation distance in an
unvented vessel for a 10 and 11 percent hydrogen in air mixture at 300K is given in Figure 5.2. For
these calculations, the recirculation zone length is taken to be five times the orifice plate width, and
the burning rate proportionality constants in the recirculation zone and for the main flame are taken to
be 0.05 and 0.66, respectively (see Appendix B for details). These constants were chosen so that the
numerical predictions would be consistent with the experimentally observed choking limit. The
staircase increases in the flame velocity observed in Figure 5.2 is due to the initiation of burning in the
consecutive recirculation zones after each orifice plate. The numerical results indicate that flame
acceleration is enhaced by increasing the hydrogen mole fraction. This is because both the laminar
burning velocity and the density ratio across the flame increases with hydrogen mole fraction. In the
case of 11 percent hydrogen, the flame velocity reaches a maximum of about 700 m/s, which is well
above the 364 m/s speed of sound in the mixture. Since compressibility effects are not considered in
this model, i.e., the density in the gas is assumed to be unifors:;, the solution beyond about 200 m/s
is outside of the model assumptions. In both cases, the flamg accelerates to a maximum and then
decelerates as a result of the burning-out of the recirculation zones. In the 11 percent hydrogen case,
after about 17 meters of travel, many of the recirculation zones burnout in a very short time and the
flame velocity rapidly decays. Experimental observations indicate that once the flame achieves a
velocity above the speed of sound in the unburnt gas, the flame continues to accelerate and then
stabilizes at a velocity on the order of the speed of sound in the products or transitions to detonation
and stabilizes at the CJ detonation velocity. Clearly, the deceleration predicted in the 11 percent .
hydrogen mixture in Figure 5.2 is nonphysical. However, flame deceleration similar to that observed
in the 10 percent hydrogen mixture has been observed in mixtures near the lean flammability limit
propagating in the slow deflagration regime.

The model prediction of flame velocity and vessel pressure for 10 percent' hydrogen in air at 300K are
given in Figure 5.3. The flame velocity is the same as that shown in Figure 5.2. The vessel pressure
grows monotonically to a maximum of about 5.5 times the initial pressure. This is a conservative
estimate of vessel pressure because heat transfer from the hot combustion products to the vessel wall
is not considered. The time required for the flame to traverse the entire vessel length is about
7 seconds, which allows plenty of time for the gas to cool. The cooling of the hot gases is also a
mechanism for decelerating the flame.
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The model predictions for flame velocity versus propagation distance in a vented and unvented vessel
for ‘a 10 percent hydrogen in air mixture at 300K is given in Figure 5.4. For the venting case, the
critical vent cover pressure is taken as 0.1 MPa (i.e., no vent cover clips). The vent section locations
are depicted in Figure 5.3 by horizontal lines spanning the active venting length. For the venting case,
the flame initially accelerates more rapidly than the case with no venting. This enhanced flame
acceleration in the first pipe section, which has also been observed experimentally, is due to the
venting of the unburnt gas which in effect pulls the flame forward. Once the flame reaches the first
vent section, the flame velocity decreases as a result of venting of the burnt gas. Once the flame
emerges from the first vent section, it resumes to accelerate until it reaches the next vent section at
which point the flame decelerates once again. After the flame emerges from the second vent section,
it is incapable of reaccelerating due to the increased venting of the product gases. Finally, after the
third vent section, the flame decays to essentially the laminar burning velocity of the mixture. It is
difficult to compare these predictions with the experimental measurements in the slow deflagration
regime since in most tests there was an insufficient number of thermocouples to observe such
variations in the flame velocity between vent sections (see Figure 4.1).

In summary, the model is successfu! in predicting two of the experimental observations made in the
present venting study; 1) flame acceleration is enhanced by the venting of the unburnt mixture, and
2) flame acceleration is impeded by the venting of the combustion products. The model also
successfully predicts that the rate of flame acceleration increases with the hydrogen concentration;
however, the model fails to predict the negative effect of the mixture initial temperature on flame
acceleration. That is, the model predicts that the flame acceleration increases with initial temperature,
which is contrary to the experimental observations. This trend in the rate of flame acceleration with
temperature is due to the fact that even though the density ratio across the flame decreases with initial
temperature, the corresponding increase in the laminar burning velocity more than compensates.

5.2 Flame Propagation Mechanism in the Choking Regime

In flame acceleration experiments in an obstacle-laden tube without venting, the flame was observed
to propagate at a “global” steady-state velocity just below the speed of sound in the burnt gas. The
term global is used since locally, between obstacles, the flame velocity is not steady due to
gasdynamic effects associated with fiuid flow through the orifice plates. This effect is most
pronounced for large blockage ratio orifice plates where flame propagation consists of progressive jet
initiation of the combustible gas between orifice plates. However, the unsteadiness of the local
phenomenon is masked if the average velocity is measured over several obstacles. In flame
acceleration in an obstacle-laden tube with lateral venting, flame propagation is unsteady on both a
local and to a certain extent a global scale. The present study indicates that flame propagation
consists of flame acceleration through the unvented pipe section followed by deceleration through the
vent section. In the pipe section, the flame velocity tends to approach the choking velocity observed
in unvented tests. However, the acceleration process is moderated by the vent sections so that the
average velocity measured over a pipe and vent section can be considerably below the choking
velocity.

Insight into the oscillatory nature of the combustion front propagation can be obtained by analyzing
the structure of the flame-shock complex. By using the pressure measurements and the photodiode
signals, we can determine the structure of the flame-shock wave complex before it enters the vent
section and after it passes through the vent section. In the analysis, let us consider a 20 percent
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hydrogen in air mixture with 25 percent steam dilution at 6560K. As shown in Figure 4.10, flame
propagation in this mixture displays the typical characteristics associated with propagation in the
. choking regime, as described above. The pressure time histories obtained during the tests at a distance
of 0.91 meters before and after the last vent section are shown in Figure 4.11. Since the photodiode
and the pressure signals are both recorded on a common-time base, we can determine the relative
positions of the flame and the various shock waves. Let us consider their positions when the main
shock wave, i.e., corresponding to the second pressure rise in Figure 4.11a, arrives at the pressure
transducer located before the vent. The pressure ratio across the precursor shock wave is 1.29, which
from the normal shock tables yields a shock Mach number of 1.12. From the equilibrium code
STANJAN (Reynolds, 1986), the sound speed in the mixture is 574 m/s, which yields a shock wave
velocity of 643 m/s. From Figure 4.11a, the time difference between the time of arrival of the
precursor shock and the main shock wave at the pressure transducer is 0.65 ms, which means the
precursor shock is 42 cm ahead of the main shock. Based on normal shock relations, this precursor
shock induces a gas velocity of 108 m/s behind it ‘and increases the speed of sound to 595 m/s. From
Figure 4.11a, the pressure ratio across the main shock is 1.7 which yields a shock Mach number and
a relative shock wave velocity of 1.27 and 753 m/s, respectively. Taking into account the 108 m/s
flow generated by the precursor shock, the velocity of the main shock velocity relative to the vessel
is 862 m/s. At the instant the main shock arrives at the pressure transducer, we can infer from the
photodiode signals that the flame lags behind at a distance of 62 cm and is propagating at a velocity
of 720 m/s. Since the flame is still accelerating at this point,.it continues to generate compression
waves which overtake and strengthen the main shock. This is substantiated by the fact that the
pressure appears to increase with time after the reflected shock (e.g., third pressure rise) in Figure
4.11a. ’

In a similar fashion, we can analyze the flame-shock structure after it emerges the last vent section.
The pressure ratio across the first shock wave in the pressure trace shown in Figure 4.11b is 1.65,
which corresponds to a shock Mach number of 1.25, and taking the speed of sound in the unburnt gas
to be 574 m/s, this yields a shock wave velocity of 718 m/s. The pressure drop after the initial
pressure jump indicates that the shock wave is actually a decaying blast wave. -From the photodiode
signals, we can infer that the flame is 115 c¢cm behind the shock wave when the shock reaches the
pressure transducer. The second detectible pressure rise which corresponds to a shock wave occurs
"1 m/s after the initial shock wave. This time corresponds to a separation distance of 72 cm which
places it between the initial shock wave and the flame. '

Figure 5.5 schematically shows the relative positions and velocities of the shock waves and the flame
both before and after the last vent section as calculated above. From this figure, a clear picture of the
interaction between the shock-flame complex and the vent section emerges. Since this interaction
occurs between each vent section, the details of the shock-flame complex shown after Vent Section 4
also applies after Vent Section 3, and thus a complete description of the phenomenon between vents
can be put together. :

As shown in the top schematic of Figure 5.5, by the time the flame reaches half way through the
straight pipe section before the vent, the main shock wave is 62 cm ahead. Taking a constant main
shock velocity of 862 m/s, the time required for it to overtake the precursor shock is 1.92 ms. In this
amount of time, the precursor shock wave propagates a distance of 1.23 meters which is farther than
the 0.8 meter distance to the vent section. in reality, since the main shock wave is strengthening and
thus its velocity is increasing, the distance required for it to overtake the precursor shock will be
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shorter. Whether or not the two shock waves merge before entering the vent section will depend on
the increase in the main shock velocity, which in turn is governed by the rate of flame acceleration.
In any case, if the precursor shock wave arrives first at the vent section, the severe wave diffraction
will cause it to slow down and most likely merge with the main shock wave. The blast wave that
emerges from the vent section {see bottom of Figure 5.4) is the remnant of the main shock wave along
with the precursor shock.

As the main shock wave and the flame propagate through the vent section, their respective velocities
are reduced, and they decouple causing the distance between them to almost double compared to:
before the vent section. As the flame emerges from the vent section into the straight pipe section, the
lateral confinement within the pipe section allows the flame to reaccelerate. The flame acceleration
produces a new main shock which strengthens via compression waves generated by the flame. This
new main shock wave then chases the precursor shock wave which had formed from the decaying
original main shock wave that earlier had passed through the vent section.

An important finding in the present experiments is that once the flame has accelerated to a velocity
on the order of the product gas sound speed, venting as provided by the HTCF, becomes ineffective
in dampening the flame to a benign state. In the choking regime, flames, on the average, move at
roughly the speed of sound in the products. Rarefaction waves, produced in the venting of the burnt
gas, cannot then overtake the flame to slow it down. The pressures associated with deflagrations in
the choking regime can be quite high (e.g., on the order of the AICC pressure).

5.3 Propagation in the Detonation Regime

In flame acceleration tests performed in nonvented obstacle-laden tubes, transition to detonation
occurred after a certain run-up distance (Ciccarelli et al., 1996) if the mixture detonation cell size, A,
was smaller than the orifice plate opening, d. This experimental observation lead to the DDT limit
criterion d/A = 1, used to identify the minimum hydrogen concentration required for transition to
detonation. If the run-up distance is longer than the tube length, transition to detonation cannot occur,
even if the DDT limit criterion is met. ‘As described in the previous section, the flame acceleration
process is interrupted by a vent section whereby the flame velocity drops by up to 30 percent across
the vent. This process of acceleration in the straight sections and deceleration in the vent sections
continues as long as there are vent sections ahead of the flame. In order for flame acceleration to
result in transition to detonation in a muitiple vented tube, not only should the DDT limit criterion be
“met, but also there must be sufficient distance between the vents for the flame to accelerate to a point
where DDT can occur. As can be seen in Tables 4.1 and 4.2, for the minimum hydrogen
concentrations where DDT was observed, the d/A value was about 6 and even as high as 11.9 for the
' dry hydrogen-air mixtures at 650K. This indicates that the vents are effective in limiting the possibility
of transition to detonation over and above the well-known effect of the orifice inner diameter. If the
spacing between vent sections was reduced, the value of d/A corresponding to the minimum hydrogen
concentration where DDT occurs would probably increase. Of course, the opposite would be true if
the vent spacing was increased. The value of d/A at the limit would decrease approaching a value of
unity corresponding to the unvented case. Therefore, most likely, there is a minimum vent spacing
required for the vents to be effective in mitigating DDT. '

In those. mixtures where DDT occurred, the detonation eventually failed {i.e., shock wave and reaction
zone decouple) at a vent section further down the vessel. The detonation fails at the vent section as
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5. Discussion

a result of shock diffraction. It is well known that a minimum number of detonation cells is required
for a detonation wave to propagate from a tube into an unconfined geometry. This is referred to as
the critical tube phenomenon. For most mixtures, at least 13 cells are required for successful
transmission; however, for mixtures displaying a regular cellular pattern, up to 26 cells are required
(Desbordes et al., 1993). Note, in the present experiments, the orifice plates continue through the vent
sections so a direct analogy with the critical tube phenomenon cannot be made. However, one would
expect that the orifice plates provide a surface for shock reflection which would aid in the reinitiation
of the failing detonation wave and thus resuit in a critical d/A lower than 13. 'In the present
experiments, all the mixtures which resulted in transition to detonation had less than 13 cells across
the orifice inner diameter. In none of the mixtures tested did a detonation wave propagate through the
entire vessel; as such, we, therefore, cannot comment on this critical condition. Further experimehts
with more sensitive mixtures are required to explore this issue.

5.4  Applications to Reactor Safety

As discussed in the Introduction, hypothetically, a plausible mechanism for detonation initiation in a
nuclear power plant environment is via flame acceleration. In a nuclear power plant, the greatest
probability for flame acceleration leading to the onset of a detonation is in long narrow compartments
or corridors which may have turbulence-inducing obstacles, such as pumps, cables, etc. In most cases,
these compartments also have vent paths, such as doors and air ducts, which can hamper the ability
of a flame to accelerate. Therefore, it is worthwhile to look into the effect of venting on flame
acceleration and DDT. The difficult question is what venting geometry to use in the study. If one is
interested in a particular compartment in a power plant, one might design a scaled-down model to
perform the tests. That was the approach taken in the venting experiments carried out in the FLAME
Facility at Sandia {Sherman et al., 1989), where the channel is a half-scale model of the upper plenum
region of an ice-condenser containment. If this is not the case, clearly, there is no one geometry which
can be used to describe all the possible vent configurations which might exist in the power plant.
Therefore, one should design the experiment under the most ideal conditions and study the effects of
various parameters. This was the philosophy behind the DDT tests without venting performed in the
past and with venting in the present study.

Expériments carried out without venting indicated that the DDT limit.criterion of d/A = 1 was a
necessary but not sufficient condition to predict the possibility of transition to detonation (Ciccarelli
et al., 1996). In particular, the DDT limit criterion was shown to be conservative in the case of DDT
in hydrogen-air mixtures at 650K because of the inability, at these temperatures, for lean mixtures to
support flame acceleration. The experimental findings from the present study indicate that the vents
used in the HTCF have a strong effect on the ability of the flame to accelerate and undergo transition
to detonation in the vent configuration tested. In general, it has been observed that DDT occurred after
the flame entered the cyclic velocity pattern characteristic of the choking regime. In order for DDT to
occur, the flame must accelerate to a velocity on the order of the speed of sound in the products (e.g.,
choking). Clearly, if venting prevents flame acceleration to such velocities, DDT can be ruled out.

To evaluate the possibility of DDT in a particular compartment geometry, one can use the DDT limit
criterion in conjunction with detonation cell size data for the expected mixture composition. This must
be considered a conservative approach since no consideration is given to the process by which the
detonation is initiated. In the case of DDT, one is assuming that conditions in the compartment are
favorable for flame acceleration. Experimentally, it has been shown that both venting and the mixture

/
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5. Discussion

initial temperature play important roles in mitigating flame acceleration and thus transition to
detonation. In the case of the effect of venting, the results are absolutely apparatus dependent, and,
therefore, it is difficult to incorporate the experimental results directly into an analysis dealing with DDT
phenomenon in realistic geometries. Since no simple criterion exists, a capability for performing
numerical simulations of the gas dynamics behavior of accelerating flames through and within actual
vented compartment configurations will be helpful. Sensitivity studies can then be performed to
investigate select geometric/thermodynamic/chemical kinetic parameters on the overall process. Such
a numerical, computational fluid dynamics code presently does not exist. Of course, this code must
first be benchmarked with experimental data on flame acceleration with and without venting. The data
obtained in this investigation are ideal for such an exercise. Although modeling of DDT phenomenon
is not possible even with state-of-the-art combustion codes, one can still look at the effect of venting
on the ability of the flame to accelerate to velocities on the order of the speed of sound in the
products.
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6. CONCLUSIONS

The present report describes the results obtained in the study of the influence of venting on flame
propagation in an obstacle-laden tube. The experiments were carried out in the HTCF equipped with
orifice plates with a 1-tube-diameter spacing and blockage ratio of 0.43. The four vent sections, each
with four vent openings with areas equal to the vessel cross-sectional area, were located between
straight pipe sections. This corresponds to a total vent area of 5.1 percent of the total vessel surface
area. The parameters in the experiments are the mixture initial temperature (up to 650K) and the
mixture composition. The tests were performed in dry-and steam-diluted hydrogen-air mixtures. In
general, for the test apparatus configuration studied, venting reduced the likelihood of DDT at all initial
temperatures.

'As was the case in the flame acceleration tests without vents, after an initial flame acceleration phase,
the flame would either a)decay, b) reach a quasi-steady velocity on the order of the speed of sound
in the burnt gas, or c) for a limited number of tests with sensitive mixtures, accelerate and lead to the
onset of a detonation wave. These propagation regimes could be classified as:

(a) Slow Deflagrations: In this regime, the flame accelerates to a maximum velocity of about
' 100-200 m/s and then decelerates to a velocity on the order of meters per second. No significant
pressure is generated in this propagation regime. A simple venting model was developed to
demonstrate the effect of venting burnt and unburnt gases on flame acceleration.

{(b) Choking Regime: Flame acceleration is followed by an oscillatory propagation mode where the
flame accelerates in the tube section and decelerates across the vent section. The mean flame
velocity is just under the speed of sound in the burnt products. The structure of the combustion
front consists of a turbulent flame preceded by a weak precursor shock wave and a stronger
leading shock wave. The leading shock wave is generated ahead of the turbulent flame and has
a typical pressure rise just under the AICC pressure. The weak wave is generated by the
decoupling of the leading shock wave and the flame in the vent section. Therefore, the weak
precursor wave is a product of the leading shock wave after it emerges from the vent section.

(c) Detonation Regime: In particularly sensitive mixtures, a detonation wave was initiated. In all the
cases studied, the detonation wave failed before the end of the vessel as a result of wave
diffraction in the vent section. One would expect if the mixture cell size is small enough, a
detonation wave could propagate through the entire vessel unimpeded by the orifice plates and
the venting. '

The influence of venting on the combustion phenomenon could be measured by the change in the
choking and the DDT limits measured compared to the tests without venting. The choking limit, which
is in effect the minimum hydrogen composition where significant flame acceleration takes place,
increased for all initial temperatures and steam dilution in the experiments with venting. For example,
for dry hydrogen-air at 500K, the choking limit in the no venting experiments was 8 percent hydrogen,
whereas this limit increased to 11 percent hydrogen in the venting experiments. At 650K, the choking
limit increased by 2 percent hydrogen for both dry and 25 percent steam-diluted hydrogen-air mixtures.
The effect of venting was less pronounced at the lower temperatures. At 300K, the choking limit in
dry hydrogen-air only increased by 1 percent hydrogen, and at 400K with 10 percent steam, the
choking limit was unchanged at 12 percent hydrogen.

49 , NUREG/CR-6524



6. Conclusions

The DDT limit, which in this case is defined as the minimum hydrogen composition where a detonation
is observed, like the choking limit was also affected by venting. For example, for hydrogen-air
mixtures at 500K the DDT limits increased from 12 percent hydrogen with no venting to 15 percent
hydrogen with venting. The study without venting had shown that for hydrogen-air mixtures at 500K
the DDT limit criterion was d/A = 1. In the present study with venting, for hydrogen-air mixtures at
500K, the DDT limit is d/A = 5.5.. At an initial temperature of 650K, the DDT limit increased from 11
percent hydrogen (d/A = 8) with no venting to 13 percent hydrogen (d/A = 12) in the tests with
venting.

To evaluate the possibility of DDT on a nuclear power plant scale for the purpose of severe-accident
analysis, the best one can do is to use the d/A = 1 DDT limit criterion in conjunction with detonation
cell size data for the expected mixture composition. This can be considered a conservative approach
since no consideration is given to the process by whith the detonation is initiated. In the case of DDT,
one is assuming that conditions in the compartment are favorable for flame acceleration.
Experimentally, it has been shown that both venting and the mixture initial temperature play important
roles in flame acceleration. In experiments without venting, it was shown that for higher initial
temperatures, the ability of the flame to accelerate, as quantified by the run-up distance, was reduced
even though the mixture sensitivity to detonation increased, as measured by a decrease in the
detonation cell size. In the present study, it has been shown that 5% venting also limits the flames
ability to accelerate. Since venting has no affect on the detonation cell size, which is a fundamental
property of the mixture, it is considered a strong mitigating effect on DDT. It should be stressed that
the results are absolutely apparatus dependent, both geometric and scaling effects should be taken into
account when studying flame acceleration at much larger scales or with a different vent area
configuration.
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APPENDIX A

TABULATED DATA

The following table provides a summary of all the experiments performed in this test series. All tests
were performed at an initial pressure of 0.1 MPa. The data is grouped in terms of tests performed at
common initial temperatures with and without steam dilution. In all cases, the quoted initial
‘temperature has an uncertainty of + 14K which corresponds to the measured temperature uniformity
from thermal calibration tests performed on the vessel. The hydrogen concentration, reported on a dry
basis, is obtained from gas samples taken from the vessel prior to ignition and analyzed using a gas
chromatograph. For each test, three gas samples were taken from the vessel covering the entire length
of the vessel. For each sample bottle, typically two samples were run through the gas chromatograph.
Shown in the table is the average and the standard deviation of these six samples. The steam dilution
reported is a nominal value obtained from the set venturi constituent flow rates; no direct measurement

of the steam dilution was made. The last column indicates the mode of propagation pbserved for each
respective test.

Table A.1 Summary of initial thermodynamic conditions for each test

Test Temperature Hydrogen (%) ' H,0 Propagation

No. (K) " Average @ SDV (%) Mode v
12 300 9.07 -0.02 0 slow deflagration
13 . 300 9.85 0.03 o slow deflagration
14 300 10.88 - 0.07 0 slow deflagration
15 300 1212 0.07 0 choking
22 500 10.25 0.02 o slow deflagration
16 500 10.31 0.03 0 slow deflagration
23 500 11.09 0.03 o choking
17 500 11.23 0.04 0 choking
33 500 11.32 0.03 0 choking
46 500 12.85 0.07 0 choking’
47 500 14.67 0.05 0 choking
48 500 o detonation
02 650 11.08 0.02 o slow deflagration
21 650 o 12.22 0.06 o slow deflagration
04 650 - 12.97 0.1 0 choking
20 650 13.22 0.1 0 choking
30 650 13.20 - 0.19 0 detonation
05 650 13.91 0.06 0 detonation
01 650 14,74 0.16 0 detonation
08 650 27.09 0.13 * detonation
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Test Temperature Hydrogen (%) H,0 Propagation
No. (X) Average SbV (%) "Mode
27 400 10.38 0.04 10 slow deflagration
26 400 1.1 0.02 10 slow deflagration
40 400 12.04 0.05 10 choking
41 400 12.66 0.08 10 choking
24 500 14.23 0.04 25 slow deflagration
19 500 14.22 0.04 25 slow deflagration
18 500 14.54 0.09 25 no good
1 500 15.03 0.02 25 . choking
32 500 15.35 0.03 25 choking
34 500 16.70 0.01 25 choking
37 500 19.78 0.03 25 choking
38 500 21.67 0.09 25 choking
06 650 15.85 0.27 25 slow deflagration
28 650 17.63 0.03 25 slow deflagration
07 650 17.75 0.07 25 slow deflagration
10 650 17.96 0.07 25 choking
29 650 18.38 0.06 25 choking
31 650 18.95 0.15 25 - choking
36 650 19.32 0.1 25 choking
44 650 19.69 0.02 25 choking
43 650 21.45 0.02 25 choking
42 650 21.50 0.28 25 choking
45 650 22.88 0.07 25 detonation
* unknown quantity
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APPENDIX B

In this section, the model used to describe flame propagation in the slow deflagration regime will be
described. This model is an extension of the model proposed by Chan et al. (1983), and the derivation
of the governing equations will follow very clasely their approach. A schematic of the flame structure
used in the model is given in Figure B.1. From conservation of mass, the rate of increase in the mass
of burnt gas due to combustion is equal to the rate of change of mass of burnt gas in the vessel plus
the rate at which burnt gas is vented,

dmy/dt = d(p,V,)/dt + dm,/dt | | B.1

where V, is the total volume occupied by the burnt gas, p, is the burnt gas density, and d{m,, )/dt is
the rate at which burnt gas is vented. The total rate of increase of mass of burned gas due to
combustion includes a term from the flame front in the mainstream and the burning of the gas in the
recirculation zone

dm,/dt = p,A; S, + p,dV. /dt ' B.2
where A, is the main flame area, $ the main flame burning velocity, and ¢V /dt is the volumetric

burning rate in the recirculation zone. Combining Equations B.1 and B.2 and assuming isentropic
compression of the burnt gas, one gets

PydVy/dt + (pyV, /Y, PIdP/dt + dm,/dt = p,A, S, + p, dV,/dt : B.3

where P is pressure and Y, is the ratio of the specific heats in the burnt gas. The time rate of change
of the gas volume, dV, /dt, can be expressed as

dV,/dt =-A, dR, /dt + dV,/dt | B.4

where dR, /dt is the flame velocity. The burning of the gas in the recirculation zone involves the
entrainment of the flame and the subsequent burnout of the gas. A rigorous model for this
phenomenon is beyond the scope of this model; instead we will assume a constant volumetnc burning
rate for the gas in the recirculation zone

dV /dt =V /T =V IV R/S) = V23S, B.5
where T is the characteristic burnout time and V_ is the volume of the recirculation zone. Note for time
later than T, the burning rate is zero. The burnout time is taken as the characteristic length scale of

the recirculation zone (i.e., V,'? ) divided by the burning velocity, S.. Combining Equations B.3, B.4,
and B.5, we can obtain the following expression for the flame ‘velocity

dR( /dt = (pu/pb)Sf + (pll/pb - 1)chls /sc A' - (prb /Vb PAf)dP/dt - (1/A' pb )dmvb/dt 8.6
The first two terms in Equation B.6 are always positive and so they promote flame acceleration. The

third term governs the compression and expansion of the burnt gas. This term is positive if the
pressure is increasing and thus it has a retarding effect on the flame, and if the pressure is decreasing,
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this term promotes flame acceleration. The last term represents the retardlng effects of ventlng the
burnt gas. :

A similar control volume analysis can be performed on the unburnt gas to yield the following
relationship for the flame velocity

dR, /dt =S, + (V, -V, )Ny, PA, dP/dt - (1/A, p, }dm,,/dt B.7

where V, is the volume of the vessel and dm, /dt is the rate at which unburnt gas is vented ahead of
the flame. By rearranging Equation B.7, the following expression for the rate of change in pressure can
be obtained

dP/dt = y, PA; /(V, -V, {dR, /dt -S)) - (y, P/p, )dm,/dt B.8
By replacing dP/dt in Equation B.6 by the expression in Equation B.8 yields an expression for the flame
velocity independent of dP/dt. Given expressions for the respective vent mass flow rates, for the

burning velocity, and the volume of the recirculation zone, we have two unknowns (i. e., fIame velocity
and vesse! pressure) and two equations which can be solved simultaneously.

Vent Mass Flow Rate and Vent Cover Motion

The vent mass flow rate, based on the flow through an orifice, is given by

dm_ 2 | P, 2 P |t 3
PP Y ey ?) "[ 7) peF,
and_

dm - ocd C 2 ‘:_z:; >p

dt Pedvn ( y+l) P=re

where P, is the atmospheric pressure, C is the speed of sound in the gas; A, is the vent area, and C,
is the discharge coefficient which is taken to be 0.7. The critical pressure, P, is given by

X
P =P (Y”)Y“
[+4 o 2

which for y= 1.4 yields a critical pressure of 1.9 times atmospheric pressure. There are two vent mass
flow rates which appear in the equations to be integrated: one for the unburnt gas ahead of the flame -
and one for the burnt gas behind the flame. The value of A, takes on different values during the
calculation depending on the position of the flame. At the start of the calculation, A, for the burnt gas
is zero and A, for the unburnt gas is 4nD?, i.e., there are four vent sections each with four vent
openings equal to the cross-sectional area of the main tube. After the flame passes the first vent, A,
for burnt gas takes on a value of TD? and A, for the unburnt gas takes on a value of 3nl¥ . As the.
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flame propagates through the vent, the fraction of the vent area which is allocated to the burnt and
unburnt gas is proportional to the fraction of the vent axial distance covered by the flame. .

In the model, one-can assume that the vent covers have mass or are massless. If the vent covers are
massless, the covers open immediately upon the start of the calculation. If the mass of the covers are
considered, Newton’s first law is used to calculate the vent area as a function of time. The
acceleration of the vent cover, a_, is grven by the following expression

= (P-P)A/M,) £ g ‘ B.12

where P, is the pressure outside of the vessel (typically 0.1 MPa), M, is the cover mass, and g is
gravitational acceleration (9.81 m/s?). The top covers move opposite gravity and thus the negative sign
in Equation B.12 applies, and for the bottom covers, the positive sign applies. Integrating
Equation B.12 yields the vent cover displacement h.(t) which is calculated at each time step. The vent
area, A,, for each vent opening is thus TDh_(t) until the vent cover has moved a distance D/4 after ’
which the vent area per opening remains nD%*/4 mdlcatmg that the vent cover is fully open.

E . :!I agn

Two burning velocities have been introduced which must be defined in order to integrate the above
equations. The ratio of the turbulent burning velocity and the mixture laminar burning velocity, S, can
be given by an empirical expression involving the mainstream flow velocity, U, ahead of the flame and
the rms fluctuation velocity, u’. Following the assumption made by Chan et al. (1983), we will take
the ratio of the turbulent burning velocity and the laminar burning velocity to be simply proportional
to U, yielding the following simple expression

SIS, =1+ cU - | B.13

where c is a constant. Once the flame velocity is calculated, the, effective flow velocnty ahead of the
flame can be obtained from the followrng expression

U = dR/dt (p,/p, - 1V(p./Py ) ) - B.14

In order to have more flexibility, the burning velocity of the flame in the mainstream, S,, and the
burning velocity used to calculate the burning rate in the recirculation zone, S., can take on different
values. It is assumed that the burning velocity in the recirculation zone is proportional to the
mainstream flow velocity, U, when the flame reaches the obstacle upstream of the recirculation zone.
_Therefore, the two burning velocities are distinguished by using two different constants in
Equation B.13. For example, for the main flame, the constant is ¢, and in the recurculatlon zone the
constant is c..

The volume of the recirculation zone is taken to be

. = T(D%d?)c,4(D-d)/8 B.15
where D is the tube inner diameter and d.is the orifice inner diameter. The constant c; is a free
parameter which gives the ratio of the length- of the recirculation zone and the height of the obstacle.

Realistic values for c, lie in the range 1-5. In order to conserve mass, the mainstream flame area, A,,
is obtained from the following expression : :
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n(D%-d?c,(D-d) = (MD%-A, )D B.16
where the obstacle spacing is taken to be equal to the tube dimater D.
The density of the unburnt gas is 6btained from the chemical equillibrium code STANJAN, and the

density of the burnt gas is calculated using STANJAN assuming a constant pressure burn. The laminar
burning velocity for the hydrogen-air-steam mixture is obtained from Liu and MacFarlane (1983).
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Figure B.1 Schematic showing the assumed flame structure used in the flame acceleration model
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