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INTRODUCTION

In certain postulated loss-of-coolant accidents, hydrogen gas from zirconium-steam reactions in the reactor core
can leak into the containment building to form a combustible mixture. If the hydrogen mixes with air and is
ignited, the resulting combustion pressure could pose a threat to the containment structures and other essential
equipment. The pressure development depends on the burning rate of the combustible mixture, usually expressed
in terms of its laminar burning velocity. In CANDU® (Canadian Deuterium Uranium) reactors', igniters are
used to mitigate the consequences of a H2 burn by burning off the hydrogen at near-flammability-limit
concentrations where burning rates are lowest. The resulting pressures are calculated using simple models.
Accurate laminar burning velocity measurements for H2-air-steam mixtures are required as input to transient
pressure calculations. For the extremely lean mixtures of interest, laminar burning velocities have not been
measured. There exist serious physical and theoretical limitations to measuring or even defining a laminar
burning velocity in these mixtures. What is needed is an effective value that serves the needs of the simple
models used in safety analysis.

The laminar burning velocity is a characteristic property of a specific fuel-oxidant mixture and is defined as the
speed at which a flame propagates into the undisturbed unburnt gas ahead of it. Laminar burning velocities for
H2-air and H2-air-steam mixtures have been measured by Liu and MacFarlane[l], Koroll[2], Berman[3], and
Andrews[4], among many. Various methods have been used over the years to determine these burning
velocities. They include the bunsen burner, soap bubble, cylindrical tube, schlieren photography, and double
kernel methods. In the double kernel method[4], flame propagation speed is measured using schlieren
photographs of two expanding flame kernels propagating towards each other in a combustion chamber. Just
before the flame fronts meet, the flame propagation speed equals the laminar burning velocity. The burner
method[l] uses the cone angle of the flame and the velocity of the unburnt gas to determine the burning velocity.
The schlieren photography method[4] uses successive photographs of an expanding flame kernel to calculate the
rate of flame propagation and hence the burning velocity. In the cylindrical tube method[5], an approximately
flat flame travels from the open end to the closed end of a tube. The propagation velocity of this flame is by
definition the laminar burning velocity. In all of these methods, the flame front needs to be stable and relatively
undistorted and needs to reach a steady-state velocity to allow meaningful measurements. However, near-
flammability-limit H2-air-steam mixtures are intrinsically unstable because the burning velocities of these
mixtures are so slow that buoyancy and selective diffusion effects significantly affect their shape and propagation
direction. Therefore, accurate measurements cannot be made for these mixtures using the above conventional
methods. For example, mixtures of 4-8% H2 in air can only burn upward, while the selective diffusivity of H2

causes wrinkles or cellular structures in the flame front. In upward propagation, buoyancy and selective
diffusivity are mutually enhancing. Some of the flame front becomes fragmented, creating isolated flamelets.
As a result, only a fraction of the mixture is consumed as the flame kernel expands. On a bunsen burner these
instabilities may cause blowoff or flashback. The cylindrical tube method would work if the tube was oriented
vertically, but the flame front would be grossly distorted. The double kernel method would also be limited by
the distortion of the expanding flame kernels. The unstable structure of H2-air-steam flames at near-
flammability-limit mixtures makes the accurate measurement of laminar burning velocity very difficult. A novel
approach is described in this paper which overcomes many of the difficulties described.
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LAMINAR BURNING VELOCITY

A method based on the pressure-time history generated by an expanding flame has been developed to determine
the burning rate (kg/s) for near-flammability-limit mixtures. This "pressure trace" method assumes that the flame
kernel is thin-shelled and spherical in shape. It also assumes that the pressure rise caused by combustion in a
constant volume is proportional to the volume of gas already burned. To minimize precompression effects, only
the early part of the pressure-time history is used because precompression of the unburnt gas does not usually
become significant until the flame kernel is very close to the combustion chamber walls. Due to the slow
burning rate of these mixtures, the buoyancy effects of the hot combustion products can distort the flame front
from its ideal spherical shape. Such a distorted flame can also cause a non-uniform burning rate along its flame
front. However, schlieren photographs show that during the initial phase of flame kernel growth, the flame
kernel is not yet severely distorted by buoyancy. At this phase of flame growth, the spherical shape is still a
reasonable description of the flame kernel. However, because of the variation of the flame kernel from the ideal
shape and nonuniform burning rate along its flame front, the burning velocity determined by this method should
be considered as an effective burning velocity. At the initial phase of flame kernel growth, this burning velocity
is expected to be similar in value to the intrinsic laminar burning velocity. Therefore, it can be used as an
averaged value for modelling purposes.

Once the flame kernel touches the wall, the pressure record can no longer be used to calculate burning velocity
because the flame is no longer spherical in shape and the pressure is affected by heat loss to the wall. As a
result, only the burning velocity of a flame kernel which has a diameter smaller than the width of the combustion
chamber (described later) can be used for this analysis. This limits the maximum flame radius to 5-6 cm for
mixtures with more than 10% H2 and to only 2-3 cm for mixtures with less than 10% H2. The laminar flame
radius is limited to 2-3 cm in the leaner mixtures because buoyancy causes these flames to float up and touch
top of the combustion chamber before the flame kernel has grown beyond these critical values.

To ensure that the effect of flame curvature on the measured burning rate is minimal, the flame thickness, OL,
should be much smaller than the flame kernel radius. For mixtures with more than 10% H2, 8L is much less
than 1 mm, and the curvature effect is usually minimal. Unfortunately, flame thicknesses for near-flammability-
limit Hj-air-steam mixtures are not accurately known. Depending on the sensitivity of the mixture, 8L for these
mixtures should be of the order of 1 mm. The effect of curvature on burning rate can be seen by plotting the
burning velocity of an expanding flame kernel against flame radius. In general, the burning velocity will
increase until the flame kernel radius exceeds a certain critical value, and then stay approximately constant until
the flame reaches the walls of the combustion chamber. Burning velocities calculated using the pressure trace
method for mixtures with more than 10% H2 in air reach a constant value at a flame radius of 3-4 cm. For
mixtures with less than 10% H2, the burning velocity increases without reaching a constant value before the
flame reaches the wall. At this point the flame kernel has a 2-3 cm radius. This implies that the burning
velocities determined for these mixtures may be slightly lower than their limiting value. In view of the other
assumptions made in this method, these values should be considered acceptable.



THE "PRESSURE TRACE" METHOD

This is a brief summary of the derivation of pressure trace method of calculating the effective burning velocity
of a premixed flame.

Assumptions:
1. A spherical flame kernel, so that

Vb = ± n Rj Af =

Vb = volume of burnt gas
Rf = flame radius
A,= flame surface area

The fraction of mass burned equals the fraction of the total adiabatic constant volume
combustion pressure rise

773.

mb = mass of the burnt gas
m0 = mass of the total original unburnt gas
Po = starting pressure
Pcv = constant volume combustion pressure
P = pressure

Adiabatic compression of burned and unburned gases.

— = constant
dp

b =
dP

dt ybP dt

p = density
Y = specific heat
subscripts u and b refer to the unburnt
and burnt gases, respectively.

At Po, no burned gas is present in the combustion chamber, so we must assume that

Pi,

b, o

pb 0 = the density of the burned gas at Po.



Conservation of mass

mb + mu = mo

dm. dm,
dt dt

For a constant volume combustion chamber:

dt d t

mu and Vu = the mass and volume of the unburnt gas.
mb and Vb = the mass and volume of the burnt gas.

Vo = the initial volume of total gas. Also the
vessel volume.

The analysis begins with the following equation.

dt
= d(PbVb) _

dt dt dt

After applying the assumptions, the burning rate equation becomes:

dmb

~dt
Pu-Pi.d-5"

mo(P-Po) _P_

*o

l dP
P dt

The burning velocity, SL, is related to the burning rate by the following,

f dt



The area of the flame, Af, can be calculated using assumptions 1 and 2, so that
the equation for the burning velocity becomes,

$L
P. ±

Pb, o L " 5 "
r

The equations for the burning rate and burning velocity can be solved by measuring the pressure and the slope of
the pressure trace (P and dP/dt). The remaining numbers are constant for a given hydrogen-air-steam mixture.

APPARATUS

Hydrogen-air-steam mixtures were ignited at the centre of a 12 cm x 12 cm x 35 cm combustion chamber by a
30 kV electrical spark (~1 mJ). The hydrogen and air were delivered in the desired proportions by two Brooks
5850 electronic flowmeters. The steam flow rate was controlled by using a calibrated pump to deliver water to
the steam generator. Mixture compositions were periodically verified by a Nova thermal conductivity hydrogen
meter. The combustion chamber is equipped with two glass windows located on opposite sides allowing direct
observation of the flame using conventional schlieren techniques. High speed schlieren photographs (1500
frames/second) were taken using a Beckman and Whitley Model 351 Drum Framing camera. Pressure in the
combustion chamber was measured by a PCB piezoelectric transducer located in the combustion chamber wall
and recorded by a digital oscilloscope. The pressure trace was then transferred to a computer for further
analysis, where a polynomial equation was fitted to the pressure-time curve and the burning velocity was
calculated.

RESULTS AND DISCUSSION

A typical pressure record for a laminar 6% H2-air burn is shown in Figure 1. The laminar burning velocities
were calculated using the marked portion of the pressure curve. Schlieren photographs showed that the dip in
the pressure curve corresponded to the flame kernel touching the top wall of the combustion chamber. The
pressure rise at this portion of the curve corresponds to 0 - 1.5% of the adiabatic constant volume combustion
rise, or 0 - 2.4 kPa. Most of the fuel in the combustion chamber remained unbumed, as is typical for extremely
lean mixtures. The maximum overpressure only reached 5% of the constant volume combustion pressure.

The results of the laminar burning velocity measurements using the pressure trace method for H2-air-steam
mixtures are plotted in Figure 2. A best fit curve was drawn through these data to determine the "best
estimated" laminar burning velocities. Some results for dry laminar burning velocities measured by Koroll[2]
using the double kernel method are presented for comparison. In general, the pressure trace method gives a
slightly lower value of burning velocity.

Burning velocities calculated using the pressure-trace method have been compared to burning velocities
determined from analyzing schlieren photographs of the flames. The H2 concentration range tested was 6 - 15%
H2 in air, and 6 - 15% H2 in air with an added 10% steam. This allowed the pressure trace method to be
compared to the schlieren method in the range where the latter is the most accurate, ie. when the flame kernel is
spherical. The schlieren method assumed that the pressure rise was small and that there was no significant
precompression of the unburnt or burnt gases. The actual pressure rise for the largest flame kernel measured in



the schlieren photographs ranged from 21.7 kPa for 15% H2 (corresponding to a 12 cm diameter flame kernel) to
1.8 kPa for 6% H2 (corresponding to a 6 cm diameter flame kernel because of buoyancy). The schlieren
photographs were used to determine sideways and vertical flame speeds, which were then converted to burning
velocities. The sideways and vertical burning velocities were then combined to create an averaged burning
velocity. The sideways flame speed is most indicative of the actual flame speed of the mixture since buoyancy
will strongly affect the flame kernel propagation in the vertical directions. The averaged value gives an
indication of the overall burning velocity. The sideways and averaged burning velocities are compared to the
effective burning velocities calculated from the pressure trace in Figures 3 and 4. For sensitive mixtures (10-
15% H2), there is good agreement between all three values. However, as the mixture becomes leaner, the
sideways and averaged burning velocity values become larger than the pressure trace burning velocities. As
well, schlieren images in the leaner mixtures are more difficult to interpret, increasing the uncertainty in the
results. The overall agreement between the schlieren method burning velocities and the pressure trace burning
velocities worsens when steam is added, as can be seen in Figure 4. It is postulated that this increased
disagreement occurs because the steam significantly affects the reaction kinetics along the flame front and the
structure of the reaction zone[8]. This could cause the reaction front to thicken so that the interior of the flame
kernel contains some unburnt as well as burnt gases. This would cause the observed burning velocity to be
significantly larger than the actual burning velocity. Since the laminar burning velocity is a parameter that
reflects the burning rate along the flame front, schlieren techniques will give erroneous results. On the other
hand, the pressure trace method derives an effective burning rate directly from the heat release. The effective
burning velocity derived from the pressure trace method is a more meaningful parameter than the laminar
burning velocity inferred by the flame propagation velocity.

CONCLUSIONS

Laminar burning velocities of lean near-flammability-limit H2-air-steam mixtures were measured using the
pressure-time history of an expanding flame kernel. Although flames in these mixtures are inherently unstable,
many of the associated difficulties for measuring the burning velocity were avoided by using the early pressure
rise of the burn. At this phase in the combustion, the flame kernel size is small and buoyancy and selective
diffusion have not had time to significantly affect the burning velocity by distorting the flame front. However,
the kernel is large enough so that the effects of curvature and a non-spherical flame were expected to have only
a small effect on the burning velocities measured. Moreover, the effective burning velocity obtained from the
pressure history is inherently linked to the energy release and is thus implicitly meaningful for use in modelling
pressure development. Results from this method were compared to burning velocities determined from schlieren
photographs of the expanding flame kernel. The agreement between the methods for dry and steam mixtures
with more than 10% H2 was good. This was expected, since these flames corresponded most closely to the
assumed thin-shelled spherical flame. Schlieren photographs of mixtures with less than 10% H2 indicated a
significantly higher burning velocity than the pressure trace method, especially for steam mixtures. This was
probably due to the buoyancy effect which distorts the flame kernel and because of the effect that steam has on
the reaction kinetics of the flame front. It is assumed that the pressure trace method provides a burning velocity
that is more closely related to the actual burning rate. Despite the difficulties involved in measuring the burning
velocities of the inherently unstable flames, it is believed that the pressure trace method provides reasonable
values that are of use in modelling accident scenarios.

ACKNOWLEDGEMENTS

This work was funded by the CANDU Owner's Group consisting of Ontario Hydro, Hydro Quebec, New
Brunswick Power, and AECL.



C/3

13.79

- 11.03

5.52 g

- 0.00

-2.76
0.00 0.05 0.10 0.15 0.20 0.25 0.30

Time (s)

FIGURE 1: PRESSURE TRACE FOR A 6% H,-AIR LAMINAR BURN.
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FIGURE 3: LAMINAR BURNING VELOCITIES FOR DRY H2-AIR MIXTURES
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