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VITESSES DE COMBUSTION DES MELANGES D'HYDROGENE-AIR DANS LES ENVELOPPES

DE SÉCURITÉ ET TRANSITOIRES DE PRESSION CONSECUTIFS

par

K.N. Tennankore, R.K. Kumar et M. Razzaghi

RESUME

On se sert souvent de modèles de flamme à une dimension pour
prédire les transitoires de pression provoqués par la combustion de
l'hydrogène dans les enveloppes de sécurité lors d'accidents graves
hypothétiques. En l'absence de données, ces modèles rendent les mécanismes
régnants d'accélération de la flamme, tels que la turbulence initiale, le
dégazage et la turbulence par l'obstacle, en utilisant des vitesses de
combustion arbitrairement grandes, beaucoup supérieures aux vitesses de
combustion laminaires.

À l'aide d'une installation d'essais à échelle moyenne à
l'Établissement de recherches nucléaires de Whiteshell, nous avons obtenu
les données nécessaires sur les effets des mécanismes d'accélération de la
flamme pour calculer la marge de sécurité des vitesses de combustion
appliquées dans les modèles. Jusqu'ici, on a obtenu des données sur les
effets de la turbulence initiale et du dégazage. On a analysé ces données à
l'aide d'un modèle à une dimension pour déterminer les vitesses de
combustion effectives et les facteurs d'augmentation de ces vitesses.

Les résultats des analyses indiquent que l'effet de la turbulence
initiale sur la vitesse de combustion ne peut être limité que si on inclut
la turbulence produite par la flamme. On peut rendre l'effet du dégazage à
l'aide de deux vitesses de combustion, une première valeur pour la durée du
prédégazage et une deuxième valeur lors de la phase de combustion dans des
conditions de dégazage. Les facteurs d'augmentation dûs à ces deux
mécanismes, pour les différentes conditions analysées, ont varié, allant
jusqu'à 5,4, et les vitesses de combustion effectives ont varié, allant
jusqu'à 8,4 m/s.
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ABSTRACT

One-dimensional flame models are often used to predict the
pressure transients caused by hydrogen combustion in containments during
postulated severe accidents. In the absence of data, these models account
for prevailing flame acceleration mechanisms, such as initial turbulence,
venting and obstacle-induced turbulence, by using arbitrarily large burning
velocities that are much higher than laminar burning velocities.

Using an intermediate-scale test facility at the Whiteshell
Nuclear Research Establishment we have obtained necessary data on the
effects of flame acceleration mechanisms, to estimate the safety margin in
the burning velocities used in the models. So far, data have been obtained
for the effects of initial turbulence and venting. These data have been
analyzed, with a one-dimensional model, to determine effective burning
velocities and burning-rate enhancement factors.

The results of the analyses indicate that the effect of initial
turbulence on the burning rate can be bounded only if the effect of flame-
generated turbulence is included. The effect of venting can be accounted
for by using two burning velocities, one for the pre-vent duration and a
second increased value during the vented-combustion stage. The enhancement
factors due to these two mechanisms, for the different conditions analyzed,
varied up to 5.4, and the effective burning velocities varied up to
8.4 m/s.
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1. INTRODUCTION AND SCOPE

During some postulated severe accidents, flammable hydrogen-air-
steam mixtures may form in pockets or compartments in a reactor containment
building. Accidental ignition of these mixtures will lead to a
deflagration vave propagating through the mixture and raising the pressure
in the building. The rate of pressure rise and the peak pressure caused by
deflagration are limited by the rate of pressure relief to the rest of the
building and the rate of energy transfer to the available surfaces in
comparison with the rate of energy release by reaction. Thus, burning
rates under the prevailing conditions in the containment building are
required to predict the pressure transients caused by postulated hydrogen
combustion.

Burning rates for laminar deflagrations are determined by the
laminar burning velocity, a physicochemical property of the mixture that
can be measured using laboratory flames. Laminar burning velocities of
hydrogen-air-steam mixtures have been determined in our laboratory (Liu and
MacFarlane, 1983; Koroll and Mulpuru, 1986) for a range of conditions
(composition and temperature) postulated to occur in containments. Also, a
one-dimensional propagating flame model (VENT) based on prescribed burning
velocities has been developed (Mulpuru and Vilkin, 1982) to predict the
pressure transients caused by postulated deflagrations in CANDU reactor
containments. This model has been adequately verified with experimental
data for pressure transients in closed vessels caused by laminar
deflagrations (Mulpuru and Vilkin, 1982).

During normal reactor operation, however, the atmosphere is
turbulent in many parts of the containment because of the flow from
recirculation fans and blowers. During accidents, this turbulence may be
increased in some parts as a result of fluid (steam or hydrogen-steam) jets
issuing out of breaks. It has been established in the literature
(Damkohler, 1940; Karlovitz et al., 1951; Andrews et al., 1975) that
turbulence significantly increases the burning rate. In addition to this
initial turbulence, the combustion process itself can generate turbulence
when it involves inter-compartment venting (Solberg et al., 1981). Also,
the presence of obstacles in the flame path, such as existing pipes, grid
floors, etc., increases the burning rate because of the turbulence produced
by combustion-induced flow over these obstacles (Moen et al., 1980). Thus,
the laminar burning velocities used in models such as VENT should be
increased to suitably account for these effects and to obtain either
realistic, or conservative, estimates of deflagration pressure transients
in containments.

Currently, since relevant data are not available, high burning
velocities (~ 50 times the laminar burning velocity) are used in the VENT
code to conservatively account for the effects of prevailing flame
acceleration mechanisms and to obtain upper limits for deflagration
pressure transients in CANDU containments. Obtaining data on the effects
of these mechanisms to determine realistic 'effective burning velocities'
is part of the hydrogen combustion research program at the Whiteshell
Nuclear Research Establishment (Tennankore et al., 1986). To this end,
data have been obtained in an intermediate-scale test facility on the
effects of initial turbulence and venting. These have been compared with
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the predictions of the VENT code to obtain effective burning velocities and
the corresponding burning-rate enhancement factors (ratio of effective
burning velocity to the laminar burning velocity). This report briefly
describes the experiments conducted to date, the method of analysis and the
results, and outlines the remaining work, necessary to obtain overall
effective burning velocities for use in containment analysis.

2. EXPERIMENTAL ASSEMBLY AND DATA

Experiments have been carried out in an intermediate-scale
facility consisting of a 2.3-m-diameter spherical vessel and a 1.5-m-
diameter, 5.7-m-high cylindrical vessel. Three different series of tests
have been conducted in this facility to determine the effect of initial
turbulence and venting on the deflagration pressure transients. The
experimental configurations used for these tests are shown in Figures 1 to
3.

In the turbulent combustion tests, two air motor-driven fans
provided the initial turbulence that was characterized by measuring the
intensity of velocity fluctuations at several locations and calculating the
spatial average of the intensity for different fan speeds (Kumar and Tamm,
1986). Tests covered hydrogen-air mixtures containing 4 to 42 volume
percent hydrogen and three different fan speeds (400, 800 and 1050 rpm)
which corresponded to spatial average velocity intensities of 0.4, 0.9 and
1.2 m/s.

In the combustion tests with venting to a confined volume,
combustible mixtures were initially contained in the sphere and isolated
from the cylinder containing air by a burst disc covering the
interconnecting vent. Tests were conducted (Kumar et al., 1985) with
hydrogen-air mixtures containing 6 to 42 volume percent hydrogen for two
vent diameters (15 cm and 25 cm) and three igniter locations (near-vent,
central and far-vent).

The combustion tests with venting to the atmosphere covered
hydrogen-air mixtures containing 6 to 20 volume percent hydrogen, three
vent diameters (15 cm, 25 cm and 40 cm) and three igniter locations. In
all of the three series, tests consisted of filling the sphere with a known
gas mixture, igniting the mixture with a spark plug and recording the
subsequent pressure transients.

3. METHOD OF ANALYSIS

The method of analysis is based on the VENT model (Mulpuru and
tfilkin, 1982) currently used for the safety analysis of CANDU containments.
The VENT model treats the flame as a surface discontinuity or a wave
travelling at a speed determined by a prescribed burning velocity. The
flame front is assumed to be spherical. Venting is uniform in all
directions and thus flame distortion due to venting through a limited
opening is not directly considered. The flame speed is subsonic and thus,
at any given instant during combustion, the pressure is uniform throughout
the vessel.
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The model calculates the pressure transient based on the
conservation of mass, a constant volume, a prescribed burning velocity,
venting and the above assumptions. The prescribed effective burning
velocity, ST, is used to determine the burning rate as AfpuST, where Af is
the area of the spherical flame front and pu is the density of the unburnt
gas.

The burning-rate enhancement factor is n = ST/SU where Su is the
laminar burning velocity. It is to be noted that, since S,, for H2-air
mixtures varies significantly with the concentration of hydrogen,
enhancement factors determined for mixtures with high values of Su cannot
be used to predict conservative pressure transients for mixtures with low
values of Su. However, the effective burning velocities for mixtures with
high Su values are higher than those for mixtures with low Su values and,
consequently, are more useful to obtain conservative pressure predictions.

The model requires venting rates to calculate the pressure
transients. The rate of mass venting, mv, for unchoked flow through the
vent is calculated using the following equation:

/2 YPp /P a X2/Y r yP. Y-l/r.1/2,
mv = ca Av \—^i

where Y is the specific heat ratio, p is the density of the vented gas, Cd
is the discharge coefficient, Av is the vent cross-section area, and P and
Pa are the pressures upstream and downstream of the vent. For choked flow,
the pressure ratio P,/P in equation (1) is set equal to the critical value
given by

P./P = (2/Y + \)y/y~l (2)

Using the above equations, the pressure transients for the three
series of experiments were predicted. Using different models for the burn-
rate enhancement, the pressure predictions were either matched with the
observed pressures or made conservative (higher) compared to the observed
pressures. The models used and the enhancement factors obtained from the
data are described in the following section.

4. RESULTS AND DISCUSSION

Effect of Initial Turbulence

For the series of tests with initial turbulence, the enhancement
in the burning velocity was modeled as (Damkohler, 1940; Karlovitz et al.,
1951; Andrews et al., 1975)

ST - nSu = Su + u' + u» (3)

where u' is the intensity of the velocity fluctuations in the unburnt gas
caused by the fans and u" is the flame-generated turbulence, which is
significant for strongly turbulent conditions. Flame-generated turbulence
was calculated as (Karlovitz et al., 1951)

u" - Su l(Pu/pb) - 1J/J3. (4)
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This model was used to predict pressure transients for a 5% hydrogen-air
mixture and a 20X hydrogen-air mixture for the three fan speeds used in the
tests; the fan speeds corresponded to u' values of 0.4, 0.9 and 1.2 m/s.
Values of u" were calculated for the two mixtures using the above equation.
A comparison of the pressure predictions with the data for the two mixtures
is presented in Figures 4 to 6.

For the 5% hydrogen-air mixture, there is no well-defined laminar
burning velocity since the flame cannot propagate horizontally or downward.
Buoyancy aids upward propagation. Extrapolation of laminar burning
velocity data obtained for higher hydrogen concentrations leads to a small,
predicted, nominal laminar burning velocity of 0.03 m/s for a 5% mixture.
Hence, the u" calculated using Equation (4) is small compared to u'.
Therefore, it was not included in the calculation of ST. Figures 2a and 2b
show that the predicted peak pressures are conservative. For the lower fan
speed, the predicted rate of pressure rise is lower than experimentally
observed, since the nominal Su value does not account for the fast upward
propagation of the flame as a result of buoyancy effects. At the larger
fan speed, turbulence effects are much larger than the buoyancy effects and
hence the agreement is better.

For the 20X hydrogen-air mixture, Su is large and hence u" is
large. Pressure predictions obtained with and without flame-generated
turbulence are compared with data in Figure 2c. The experimental data lie
in between the predictions. The pressure predictions obtained with the
model given by Equation (4) for u" are conservative.

The main conclusion drawn from these comparisons is that the
effect of flame-generated turbulence should be included for fast-burning
mixtures. The effective burning velocities used to obtain these
predictions and the enhancement factors are presented in Table 1. The
enhancement factors for 5% hydrogen-air mixtures are high, but of limited
significance, due to the unreliability of Su as discussed above.

Currently, small-scale experiments are being carried out to extend
this work and determine the effect of controlled, well-characterized
initial turbulence on the burning velocity. Data from these experiments
will serve to estimate limits for effective burning velocities due to
initial turbulence.

Effect of Venting

In the vented combustion experiments, a burst disc covered the
vent from the sphere. Upon ignition, the pressure in the sphere increased
and the disc ruptured at the rated pressure to start the venting. Thus,
there was a distinct duration of combustion prior to venting. Upon
rupture, the flow velocity gradients generated by the venting process
produce turbulence that enhances the burning rate. These experiments have
been predicted using a two-parameter model for burning-rate enhancement to
account for the initial unvented combustion stage and for the flow-
generated turbulence effects and flame-distortion effects during the
vented-combustion stage.
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Pre-vent duration: n = nx obtained by matching the predicted
pressure with the observed pressure at a
selected time prior to disc rupture

Venting duration: n = n2 obtained by matching the predicted
pressure with the observed pressure at a
selected time after disc rupture.

Analysis of the experiments with venting to the closed cylinder and open
atmosphere are discussed separately.

Venting-to-CyUnder Tests

For these experiments, the predicted pre-vent pressure was matched
with the data immediately before disc rupture. The calculated and measured
pressures for the vented combustion stage were matched in the region of the
steepest pressure rise. In addition, the measured pressures in the
cylinder were used to determine the venting rate. With these requirements,
the burning-rate enhancement factors were determined for the tests with
hydrogen-air mixtures containing 15%, or more, hydrogen. Tests with
mixtures containing 102, or less, hydrogen were not analyzed since buoyancy
effects, significant for these mixtures, led to incomplete combustion.

Figures 7 and 8 compare the predicted and observed pressures for
two hydrogen-air mixtures ignited far from the vent. Venting of unburnt
gas was assumed to obtain these predictions. The predicted rates of
pressure rise agree well with the observed rates. The peak pressures are
higher, partly because heat losses are assumed to be negligible in the
model. Since heat losses are geometry and scale dependent, and generally
decrease with increase in size, this assumption is required to ensure that
the burning-rate enhancement factors obtained from these tests can be used
for a conservative analysis of large-scale enclosures such as reactor
containments.

Figure 9 compares the predicted and observed pressures for a 40%
hydrogen-air mixture ignited near the vent. In this case, since ignition
was close to the vent, burnt gas was assumed to be vented. As with the
far-vent ignition cases, the calculated rates of pressure rise agree well
with the observed rates, and the peak pressures are conservative.

The effective burning velocities and the burning-rate enhancement
factors for different operating conditions are shown in Table 2. The
factors for the pre-vent duration vary from 1.0 to 1.6, but do not show any
definite trend with the variables. The average value is about 1.4. This
enhancement is considered to be due to wrinkling of the flame front, which
increases the surface area and hence the burning rate.

The factors for the vented combustion phase show a wider variation
(up to 2.7) and a dependence on the variables; for instance, Table 2 shows
that the factor for a 202 hydrogen-air mixture is consistently greater than
those for 15% and 40% hydrogen-air mixtures. Far-vent ignition increases
the burning rate the most, possibly because unburnt gas venting increases
the Reynolds number of the flow through the vent and hence the turbulence.
When ignited at the centre, only half of the flame faces the vent. This
results in less flame front distortion than for far-vent and near-vent
ignition cases, and it leads to the least increase in burning rate.
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The effect of rupture pressure and vent size is difficult to
determine from the results in the table since these could not be varied
independently. A larger vent led to a smaller rupture pressure for the
same thickness of the foil. Burning-rate enhancement factors appear to be
generally smaller for the larger vent. Further tests with larger vents are
required to confirm this behaviour.

Venting-to-Atmosphere Tests

In analyzing these tests with the VENT model, the calculated
pressure transient in the initial phase of combustion was matched with the
observed transient using a constant burning-rate enhancement factor, as
described for the venting-to-cylinder experiments. However, this
enhancement factor was maintained until sometime after the vent opened and
the vented-combustion phase began. It was then increased to a second
higher value the moment the matching of the calculated and observed
pressures warranted such an increase. This generally occurred at the time
when the flame speed, determined from thermocouple records of flame
passage, showed a sudden increase. Pressure predictions obtained by this
procedure are compared in Figures 10 to 12 with data for 15% hydrogen-air
mixtures ignited far from the vent for three vent sizes.

For the 15-cm and 25-cm vents, the rates of pressure rise
predicted with a pre-vent factor of 1.25 agree well with the observed rates
when unburnt gas is assumed to be vented; however, for the 45-cm vent, such
agreement is possible only when burnt gas is assumed to be vented. This is
postulated to be due to a large flame speed along the vent axis, which
brings the flame front close to the vent quickly. This makes the situation
similar to near-vent ignition and results in burnt gas venting.

Similar predictions obtained for a 20% hydrogen-air mixture
ignited at the centre also show good agreement with data. The enhancement
factors for the cases discussed above are shown in Table 3. The factor
increases with the vent size and is larger when burnt gas is assumed to be
vented.

All of the peak pressure predictions are higher than the observed
peak pressures, again because heat losses have been neglected in the model.
Further experiments have been conducted and analyses of these are
continuing.

5. FUTURE WORK

Work in our laboratory on the effect of flame acceleration
mechanisms has so far focussed on burning-rate enhancement caused by
initial turbulence and venting. The remaining important mechanism is the
turbulence produced during combustion by unburnt gas flow over obstacles.
A large amount of data on flame acceleration by obstacles is now available
for flame propagation through small-scale systems such as pipes (Moen et
al., 1980; Lee et al., 1984; Chan et al., 1983). However, data from large-
scale systems are limited (Eckhoff et al., 1980). Work is now beginning in
our laboratory to determine combustion pressure transients in the
cylindrical vessel when obstacles in the form of pipes and annular baffles
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are present. Data from this work will be used to determine burning-rate
enhancement factors due to obstacle-induced turbulence.

6. CONCLUSION

The data obtained for the effects of initial turbulence and
venting on the pressure transients resulting from hydrogen combustion in
the intermediate-scale test facility at WNRE have been analyzed with the
one-dimensional flame code VENT. Effective burning velocities and burning-
rate enhancement factors have been determined for a range of operating
conditions. The enhancement factors, for the hydrogen-air mixtures
considered, varied to a maximum of 5.4 and the effective burning velocities
varied to a maximum of 8.4 m/s.

Currently, experiments are being started at WNRE to determine the
extent of burning-rate enhancement by obstacle-induced turbulence. Results
from this work, when considered together with the enhancement factors for
initial turbulence and venting, will serve to estimate realistic values for
the overall effective burning velocities, for use in models such as VENT,
to analyze containment behaviour during accidents.
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TABLE 1

EFFECTIVE

Mixture

BURNING VELOCITIES i

Fan speed
(rpm)

\ND BURNING-RATE ENHANCEMENT

FOR TURBULENT CONDITIONS

u'
(m/s) (i

u" nSu Su
n/s) (m/s) (m/s)

FACTORS

n

5% H2-air*

20* H2-air

400

800

1050

400

800

1050

0.

0.

1.

0.

0.

1.

4

9

2

4

9

2

0

0

0

4.0

4.0

4.0

0.43

0.93

1.23

5.9

6.4

6.7

0.03

0.03

0.03

1.5

1.5

1.5

14

31

41

3.9

4.3

4.5

A laminar flame can propagate only upward at this concentration, hence
there is no well-defined laminar burning velocity for this mixture.
Extrapolation of the data for higher concentrations leads to prediction
of a small value of 0.03 m/s for this mixture. Thus, enhancement
factors for this mixture, obtained by dividing the effective burning
velocities by the laminar burning velocity, are of questionable
significance.
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TABLE 2

EFFECTIVE BURNING VELOCITIES AND BURNING-RATE ENHANCEMENT FACTORS
FOR VENTED COMBUSTION

VENTED-TO-CYLINDER TESTS

Mixture Su Ignition
(m/s) Location

Vent-size
(cm)

Rupture Pre-vent
Pressure nSu n
(kPa) (m/s)

Vented
Combustion
nSu n
(m/s)

15* H2-air 0.85 Central 15 23

Far-vent

Near-vent

Central

Far-vent

Near-vent

Central

Far-vent

Near-vent

15
25

15
25

15

15
25

15
25

15

15
25

15
25

38
19

40
19

45

36
34

37
16

56

65
44

56
38

0.88 1.04 1.23 1.45

1.28 1.51 2.10 2.47
0.98 1.15 1.72 2.02

0.98 1.15 0.98 1.15

1.15 1.35 1.44 1.69

1.77 1.31 2.28 1.69

2.0 1.48 3.67 2.72
1.94 1.44 3.54 2.62
2.09 1.55 3.20 2.37

3.20 1.40 2.80 2.08

3.49 1.05 4.38 1.32

5.28 1.59 8.37 2.52
4.12 1.24 7.64 2.30
5.35 1.61 6.44 1.94
4.02 1.21 5.91 1.78
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TABLE 3

EFFECTIVE BURNING VELOCITIES AND BURNING-RATE ENHANCEMENT FACTORS
FOR VENTED COMBUSTION

VENTED-TO-ATMOSPHERE TESTS

Mixture

15Z
H2-air

20%
H2-air

Su
(m/s)

0.85

1.35

Ignition
Location

Far Vent

Central

Gas
Vented

Unburnt

Unburnt

Burnt

Unburnt
Unburnt
Unburnt

Vent size
(cm)

15

25

45

15
25
45

Pre-vent
nSu
(m/s)

1.06

1.06

1.10

1.55
1.55
1.55

n

1.25

1.25

1.30

1.15
1.15
1.15

Vented
Combustion

nSu
(m/s)

2.89

3.23

4.28

2.43
3.24
2.97

n

3.4

3.8

5.4

1.8
2.4
2.2
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Rear fan
Kulite pickup

Piezo-transducer
1 \ [1,2,3,4]

Thermocouple

Front fan

FIGURE 1: Experimental Assembly for the Turbulent Combustion Tests
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2P
K2

1.5-m-dia x 5.7-m-height cylinder

Volume 10.3 m1

2.3-m-diameter sphere

Gas Sample

PZ4 PZ3

Heat flux
detector

t, t, t, \. U t. t, t.

Rupture disc
holder

PZ2

K(, K, Kulite pressure transducers
1P, 2P Rosemount pressure transmitters
ti-ti Fine-wire thermocouples
PZ1-PZ4 Piezoelectric transducers
In, Ic, If Near-end, central and far-end igniters

FIGURE 2: Experimental Assembly for Vented Combustion Tests: Venting to
Atmosphere
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