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Synopsis

Most studies on turbulent explosions have been carried out at roughly constant turbulent
length-scales and the suggested dependence on scale is based on very little systematic
data. There is an uncertainty therefore, when extrapolating the findings from scaled tests
(or small scale experiments) to full size applications. The present study was a methodical
investigation of the influence of scale on turbulent methane/air explosions. The variation
of scale was achieved by varying both the size of the explosion rig and the characteristic
size of the obstacle (at a set rig size). The explosion test rigs were totally confined
cylindrical vessels with diameters of 76, 162 and 500 mm and L/D ratios ranging form 4
to 22. The obstacles were perforated grid-plates with fixed blockage ratio and variable
number of holes (and therefore variable length-scale of the induced turbulence). The
characteristic obstacle scale ranged from 2 to 177 mm, The results indicate a much
stronger dependence of turbulent burning velocity on the length scale than that suggested
by existing correlations in the literature.
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INTRODUCTION

Explosions in obstacle congested volumes are of concern to both the onshore process industries and
to the offshore petroleum installations. Obstacles (in the form of process equipment, piping systems
etc.) interact with the explosion-induced flow to generate turbulence which in turn interacts with the
combustion process and causes a faster burning rate and a more severe explosion due to the resultant
faster rate of pressure rise in the system. Therefore, for obstacle congested volumes increased
protection measures are required (such as larger vent areas or faster suppression systems) to
counter-balance the faster increase in pressure and keep the maximum pressure loading below
damaging levels. Turbulent explosions (and turbulent combustion in general) are not well understood
and for this reason, theoretical modelling of such explosion scenarios is not reliable.

Available turbulent combustion correlations are based on experimental data obtained under
conditions of relatively low turbulent Reynolds numbers, typically well below 20,000. Explosion
incidents in obstacle congested volumes are rarely characterised by turbulent Reynolds numbers
below 70,000 and realistically, combustion in such events takes place in flows having Reynolds
numbers of hundreds of thousands. It is therefore doubtful whether these correlations could be used
for the prediction explosion behaviour in industrial layouts.

Another characteristic of the available correlations is the indicated small or no dependency of the

turbulent burning velocity on the scale of turbulence. This uncertainty of the influence of length scale
on turbulent combustion arises mainly because there has been no methodical investigation of this
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parameter. In most studies the variation of the turbulent length scale has been a co-incidental side-
effect of changing other variables. Usually each investigation of turbulent combustion has been
carried out in a fixed geometry rig producing a characteristic length scale with small variation
(dependent upon the conditions). Some variation of scale is obtained by comparison of different
studies but considering the different measuring methods employed by the different research groups
and the uncertainties associated with the measurements of turbulence levels, turbulent and laminar
burning velocities, etc., it is clearly very difficult to isolate the influence of length scale. This problem
is compounded by the fact that most of the studies have been carried out in similarly small scale rigs
where the characteristic length scale rarely exceeded 40 mm and in the majority of cases it was below
10 mm (Abdel-Gayed and Bradley, 1981). The inadequacy of the scale of these experiments is
immediately evident when compared to typical industrial scales which range from several tens of
millimeters to several meters.

Field engineers base their predictive calculations of explosion overpressures on laboratory and field-
scale experimental scaling studies. The technique of experimental scaling of explosions amounts to
performing an experiment in a geometrically-equivalent, reduced-scale rig with the objective of
reproducing the large scale overpressures and flame speeds in the reduced-scale set-up. To achieve
this, it is necessary to compensate for the effects of smaller scale. In current practice this is done by
increasing the reactivity of the mixture used at small-scale, either by using a more reactive fuel-gas
(Taylor and Hirst, 1988) (ethylene as compared to methane for example) or by oxygen enrichment of
the gas/air mixture (Catlin and Johnson, 1992). Potentially this technique can cater for any scenario,
irrespective of complexity, and provide detailed characterisation of the explosion.

However, accuracy and success of the method depends heavily on the fundamental turbulent
combustion model on which it is based. At present such models have been derived in small scale
experiments with little or no variation of scale, and there are great differences not only on the
reported dependence on scale (£) but also on the dependence on other variables such as the laminar
burning velocity (Sy), and the rms flow velocity (u’). In the absence of a proven and consistent
turbulent combustion model it is unlikely that successful explosion scaling could be achieved (at
present).

For a meaningful interpretation of results from small scale experiments and for application to real
size explosion hazards the explicit influence of scale is required. The scale dependence may not be as
important in applications where no large variation of scale is involved, as in engine combustion for
example, but for explosion scaling where a scale factor of typically two or even three orders of
magnitude is involved, then the dependence on scale is critical. However, as discussed earlier,
information on the influence of scale is scant because most turbulent combustion studies have been
carried out in fixed-size equipment. The present investigation was directed at this problem with the
aim of providing data on the influence of a characteristic scale of the geometry on the burning rate of
a propagating explosion. Single-hole and multi-hole grid plates were used as obstacles mounted in
the path of a flame front moving axially in large L/D (length to diameter) cylindrical vessels.

Most investigators have studied the influence of obstacles using simple obstacle geometries such as
wire meshes, tube arrays and perforated plates. These obstacle types although not representative (in
a general sense) of industrial layouts permit easy investigation of the obstacle properties such as
blockage ratio (BR), length scale, relative position, and degree of congestion; they also facilitate easy
handling and mounting.
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The majority of previous work has been of a qualitative rather than quantitative nature (reported
quantitative data are not usually easily transferable to other systems), and the main parameters
investigated were the effect of the blockage and of the degree of congestion on the flame
propagation speeds. Most of the reported work was done in long tubes, generally open (at either one
or both ends), with methane/air mixtures. A number of researchers (Mason and Wheeler, 1919;
Chapman and Wheeler, 1926, 1927; Robinson and Wheeler, 1933; Schelkin, 1940; Evans et al,
1949) have shown that arrays of obstacles in such configurations greatly enhance the speed of flame
propagation and can drastically reduce the transition distance to detonation. Other authors (Moen at
al, 1980, 1982; Hjertager, 1983; Knystautas ef al, 1984, Urtiew et al, 1983; Taylor, 1985, 1986)
have also demonstrated that when the turbulence intensity is maintained by placing several obstacles
in the path of a propagating flame, the rate of combustion and degree of turbulence become highly
coupled so as to promote a strong feedback mechanism which in partly confined geometries can lead
to violent explosions.

Few researchers have investigated the effect of baffles in long closed tube explosions. Kirkby and
Wheeler (1931) used 10 orifice plate restrictions in the central part of a 1.7 m long 10 cm diameter
closed tube. Strong flame acceleration was found with an almost instantaneous pressure rise once the
flame reached the baffles. Starke and Roth (1989) presented a detailed investigation of the influence
of a single obstacle on flame propagation in a short tube of an L/D of 3-5. In a low pressure
explosion in a glass tube the blockage induced acceleration of the flame and its dependence on the
blockage shape was clearly demonstrated. Detailed LDA measurements of the high jet gas velocities
induced by the obstacle were presented.

Andrews and Herath (1988) presented data on the increase in the rate of pressure rise due to a four-
hole obstacle in a long tube of L/D of 22 (the same rig was used in a large part of the present work).
It was shown that the rate of pressure rise was a function of the obstacle blockage. The present
authors (1991a) confirmed the strong dependence of the rate of pressure rise on the blockage ratio
using a single-hole plate with varying blockage ratio (20 - 80 %). An additional finding of this work
was that the single-hole obstacles induced higher rates of pressure rise than the 4-hole plates used by
Andrews and Herath (1988) over the whole range of blockage ratios tested. This was probably due
to the larger characteristic scale of the single hole obstacles.

The scale that is of relevance in turbulent combustion is not the overall size of the rig but the size of
the "turbulence-generator” as this determines the turbulence length scale £ In explosions the
turbulence generators are the obstacles and for grid plate obstacles (or similar) the dimension that
determines the length-scale of turbulence is the width of solid material between the holes, b (Baines
and Peterson, 1951). It follows that if the blockage ratio (defined as the blocked area divided by the
upstream flow area) of a grid-plate obstacle is kept constant while the number of holes is varied then
the characteristic obstacle scale will also be varied. This was the principle used in the present
experiments.

EXPERIMENTAL

The tests were carried out in three totally confined cylindrical vessels having diameters of 76, 162
and 500 mm (Rig 1, 2 and 3 respectively). The corresponding vessel lengths were 1,65, 3.0 and 2.0
m. The test rigs were constructed from 0.5-m-long flanged sections of steel tubing and were
designed to withstand possible detonation pressures. Rig 1| was mounted vertically while the other
two vessels were mounted horizontally. The flammable mixture (of either near stoichiometric (10%
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v/v) or lean (6%) methane/air) was formed inside the vessel by partial pressures (to 1 atm) and mixed
by recirculation. The mixture was then ignited with a spark at one of the vessel-end flanges (on the
centre-line) - bottom end for the vertical vessel. The obstacles were 3 mm thick stainless steel grid-
plates of nominal blockage ratio of 60% and these were mounted between the rig flanges. The
obstacle position relative to the spark was such that the flame was allowed to complete the initial
acceleration phase that is characteristic of large L/D explosions ignited at one end (Phylaktou et al,
1990; Phylaktou and Andrews, 1991b), before it encountered the obstacle. The obstacle position and
other geometric details of the configurations tested are presented in Table 1.

Rig Characteristics Obstacle Obstacle Characteristics
position

Rig D LD Xop/D np BR d b b
mm Y mm mm mm
1 60.0 48.2 26.7 28.0

4 60.0 24.1 13.3 7.0

1 76.2 216 6.8 16 60.0 12.0 6.7 3.5
31 58.2 8.8 4.6 4.6

76 59.4 5.6 3.0 3.0

199 65.8 3.2 2.1 2.1
1 60.0 102.5 56.7 59.5
2 162.0 18.4 6.2 4 60.0 512 284 14.9
16 | 60.0 25.6 14.2 7.6

1 60.0 304.8/ | 168.7 177

3 482.0 4.1 3 4 60.0 152.4 84.4 27
9 60.0 101.6 56.2 23

16 60.0 76.2 422 19

Table 1.  Characteristic dimensions of the test-rig and obstacle configurations.(D=vessel internal
diameter, L=vessel length, Xsp=obstacle distance from spark, np=number of holes,
d=hole diameter, BR=blockage ratio, b'=average width of solid material between the
holes, b=minimum width of solid material between the holes)

The characteristic length scale of the obstacle, b' is defined as the average width of the solid material
between the holes. This variable is thought to control the size of the turbulent flow eddies produced
downstream of the obstacle (Baines and Peterson 1951); this will be discussed more fully later. It can
be shown that for a triangular array of holes b' is given by Eq. 1.

b = 0.952 (D 0% -d) )
(symbols as in Table 1)
This equation was used to calculate b' for all plates used and it was found to give values comparable
to the average measured width of blockage between the holes. In this calculation single hole
obstacles were treated as part of an imaginary larger array of holes. The length scale b in Table 1 was

the measured minimum width of the solid material between the holes and it was different from the
average width, b', as defined above, particularly for the multihole obstacles.
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In order to aid the discussion and the interpretation of the results that follow the characteristic scale
of the obstacles tested (as listed in Table 1) were reconstructed in a graphical form in Fig. 1, as a
function of the number of holes. Both scales (b' and b) are indicated in this figure. It will be shown
that the experimental findings relate better to the minimum scale rather than the average (b rather
than b').

Initially this study was intended to be
limited to 1, 4 and 16 hole grid-plates at a
fixed blockage ratio of 60% for all
vessels. However, prompted by the
results from these tests the investigation
in Rig 1 was extended using 31, 76 and
199-hole grids that were made available
from another application. The 31 and 76-
hole plates had slightly lower blockage
ratios (58.2 and 59.4%) respectively
while the 199-hole plate had a blockage
ratio of 65.8%.

m
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Length Scale b' or b

4 916 31
1 |‘ .u;iuuul 5 ||;||nl L
1 10 100

Number of holes

It is worth pointing out, at this point, the
irregularity of variation of b between the e b
16-hole and the 31-hole grid-plates for Fig. 1 The va.f'ta.t:on of the characteristic obstacle
Rig 1; the minimum width for the 31-hole scale with the number of holes.

plate was larger than that for the 16-hole grid (by about 1 mm or 25%). Also as indicated in Fig. 1,
although the scales tested ranged from 2 to 177 mm the variation of scale between the 16-hole grid
and the grids with larger number of holes was actually small in absolute terms -- 2-5 mm. It should
also be noted that this scale, b, is not the same as the scale () of the flow turbulence downstream of
the obstacle. However, there is evidence that the turbulent length scale (£) is related to the
characteristic obstacle scale (b) and the distance downstream of the plate (Baines and Peterson,
1951). It should also be noted that (to the authors' knowledge) this is the first methodical
investigation of the influence of length scale over such a wide range of scales.

An array of thermocouples along the axial centre-line of the vessel was used to record the flame-
arrival time. This was detected as a distinct change in gradient of the analogue output of the
thermocouple. The pressure variation was recorded using a SENSYM pressure transducer mounted
at the centre of the flange at the far end from the ignition. Pressure drop measurements were also
made across the obstacle and this enabled calculation of the explosion induced gas flow through the
obstacle, ahead of the propagating flame. A fast (200 KHz), 34-channel, transient data acquisition
system was used to record and analyse the data. Each test was repeated at least 3 times and averaged
readings were used.

SOME GENERAL FEATURES OF THE EFFECT OF OBSTACLES

The effect of the obstacle in an explosion was assessed by comparison to the equivalent unobstructed
explosion in the same vessel. The study of the empty-tube (no obstacle) explosions has been
presented in detail by the authors (Phylaktou et al, 1990; Phylaktou & Andrews, 1991b) while the
influence of single-hole obstacles of variable blockage has been reported in other publications
(Phylaktou & Andrews, 1991 a, ¢, Phylaktou, 1993). The most important characteristic of the
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unobstructed explosions was shown to be the initial phase of rapid flame acceleration along the axis
of the tube, associated with high rates of pressure rise. It was shown that this fast phase plays an
important role in explosions with obstacles as well. The fast flame propagation and the high
combustion rates push the unburnt gas ahead of the flame at high velocities. The interaction of this
unburnt gas flow with an obstacle and the coupling with combustion was shown to result in the
combustion rates being enhanced by a factor of over a 100 for high blockage ratios and the right
baffle positioning. In qualitative terms the presence of the obstacle was found to result in increased
flame speeds, higher rates of pressure rise, reduced total combustion times, and in general higher

maximum pressures.

These points are illustrated in Fig. 2, (a)
and (b), for a slow burning, 6%
methane/air  mixture. Figure 2(a)
compares a pressure-time signal without
a baffle to that with a single-hole, 70%
blockage at 6.8 diameters from the spark.
The pressure curve with the baffle in
position showed two consecutive steep
pressure rises which brought the pressure
in the vessel to about 65% of its
maximum value in the initial 15% of the
total explosion time. The first rate of
pressure rise, {dP/dt) as marked in Fig.
2(a), was the same (both in magnitude
and timing) as that observed in the tube
without any obstacles and was due to the
initial acceleration of the flame along the
tube. The second, (dP/dt);, was due to
the presence of the baffle, and it was
significantly higher than the
corresponding rate of pressure rise in the
unobstructed tube. The axial flame
position-time curve (x/D) (with the
baffle) shows a similar rapid increase and
a close correspondence to the pressure
variation.

The flame speeds corresponding to the
pressure signals of Fig. 2(a), are shown in
Fig. 2(b) as a function of the
dimensionless axial distance from the
spark (x/D). The flame speed before the
baffle was almost identical to the flame
speed in the unrestricted tube, After the
baffle, however, there was a large
increase in the flame speed which reached
a maximum value at some distance
downstream of the obstacle and then
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Fig. 2 (a) A typical example of pressure-time and

distance-time curves for a 6% methane/air
explosion with 70% blockage compared to
the pressure signal without an obstacle.
(b)Corresponding flame speeds as a function
of the dimensionless axial distance.
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decayed to the "no obstacle” values towards the end of the vessel.

The accelerated flame propagation downstream of the obstacle and in particular the increased rate of
pressure rise indicated that the mass burning rate (dmp/dt) was enhanced when the flame reached this
region. This enhancement was due to turbulent burning which in turn was caused by the ignition of
the turbulent unburnt gas flow generated by the interaction of the explosion-induced flow with the
obstacle whilst the flame-front was still on the upstream side. The flame-speed profile in the wake of
the baffle corresponded to the profile of turbulence generated by steady-state flow through screens
(Baines and Peterson, 1951) i.e. there was a development region, a maximum value at some distance
from the obstacle, and a decay region (this is shown in Fig. 2(b) and will be illustrated more clearly in
later figures). Since the flame-front is accelerated by turbulent combustion it could be argued that the
relative increase in flame speed compared to the unobstructed test gives the relative increase in the
burning velocity of the mixture due to turbulence. However, the flame speeds as measured in these
experiments can only be used as a rough guide of the relative increase in burning rate because the
flame speed record was non-continuous and one-dimensional, therefore not giving a true global
picture of the effects of turbulence. It will be demonstrated later that the rate of pressure rise (dP/dt)
is a much more reliable indicator of the increase in burning rate and in burning velocity.

Ancther  example  of  pressure 7
development and flame movement with Riq 2. 10% CH.
the obstacle in position, using 10% ~ No obstccle
methane/air mixture and a 16-hole 60%
blockage, is shown in Fig. 3(b). This is
compared to the equivalent unobstructed
test, shown in Fig. 3(a). In similarity to
the 6% methane/air tests, the pressure
development and flame movement before
the flame encountered the obstacle was
not influenced much by the presence of
the obstacle. However, downstream of o (dR/et),
the obstacle there was a considerable — 260 — I4{‘JO — %
increase in both the rate of pressure rise (a) Time ms

(marked as (dP/dt); ) and the rate of T
flame propagation as indicated by the x/D Rig 2. 10% CH. 2
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The burning rate enhancement due to the
presence of the obstacle can be simply
(qualitatively) demonstrated by
consideration of the total explosion
duration as marked by the flame arrival at
the last thermocouple (represented by the

N‘-— (dP/dt)z -
last point on the x/D curve), or by the M =4
time when the pressure reached its

i
maximum value. Figure 3 shows that the = /_,'_j', 1 g
16-hole plate reduced the explosion 0 10 200 300

duration to under half that of the (b) Time ms
unobstructed test (from about 570 ms to
about 240 ms), indicating that in overall

- x/D
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Fig. 3. Typical pressure-time and distance-time
curves for a 10% methane air explosion in
Rig 2 (a) without an obstacle (b) with al6-
hole obstacle at 6.2D.
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average terms the burning rate was more than doubled. However the maximum enhancement factor
of the burning rate, in the region downstream of the obstacle, was much higher than 2, and
comparison of the second rates of pressure rise (dP/dt)z" for the obstructed and unobstructed
explosions suggests an enhancement factor of about 15.

THEORY

The increase in the rate of pressure change (dP/dt) in the system was a much better measure of the
change in the burning rate because the measurement of the pressure variation was continuous and by
nature a materialisation of the overall, averaged effects of turbulent combustion, i.e. not representing
localised fluctuations but global changes in the bumning rate due to the root-mean-square (rms)
turbulent velocity. Considering the combustion of an initially quiescent gas/air mixture in a totally
confined vessel and using the procedure described by Harris (1983) it can be shown that:

£)=¢ﬂ R, _RT, @)
dt) dt [Mp M,

where, V is the volume of the vessel, dmy/dt is the mass burning rate, R is the universal gas constant,
M is the mean molecular weight and T is the temperature with subscripts b and u referring to "burnt”
and "unburnt” species respectively. It is assumed that combustion takes place in a flame-front of
negligible thickness, burnt and unburnt gases obey the perfect gas law, burnt gases attain equilibrium
within negligible time and pressure is uniform throughout the vessel.

The mass burning rate is given by the general equation
dmy, /dt = Agp,Sy 3)

where Ay is the flame area, p,, is the unburnt gas density and 8, is the burning velocity (this could be
either laminar (Sp) or turbulent (ST)).

Changes in the burning velocity S, would result in changes in the mass burning rate (dmy,/dt) --Eq. 3
- and in a closed system these would manifest as changes in the rate of pressure rise -- Eq. 2 --
which is an experimentally readily measurable quantity. By combining Eqgs. 2 and 3 and substituting
the unburnt gas density in terms of the perfect gas law and introducing the expansion factor*, E ,
then the rate of pressure rise can be related to the burning velocity by

* The presence of severe pressure oscillations -- which for the present system were due to acoustic
reasonance and have been studied and reported elsewhere (Phylaktou et al, 1990; Phylaktou, 1993) -
- made the measurment of (dP/dt), particularly difficult. As indicated in Fig. 3 this measurement was
performed by drawing an imaginary average line through the pressure oscillations (effectively
smoothing the oscillations out) and then measuring the slope of this line.

* The expansion factor is defined as the ratio of unburnt to burnt gas densities and it can be shown to
be given by

E= (TbJJTu){nb/“u)
where n is the number of moles.
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dP) Ag
[ = ) v PE-1)Su “)
Therefore, in a closed system the rate of pressure rise is directly proportional to the burning velocity
of the mixture, and changes in the burning velocity, due for example to obstacle generated turbulence
as in the present experiments, will be reflected in the easily measurable rate of pressure rise. Hence,
(dP/dt) can be used to determine the variation of the burning velocity with the experimental
conditions, and in the present case with the characteristic obstacle scale (b).

It should be emphasised that A refers to the bulk flame shape and not to the detailed structure of
the flame front. The perturbations of the mean flame front are accounted-for in the definition of the
turbulent burning velocity ST (Damkohler, 1940). Some simplification to Eq. 4 could be achieved, if
a dimensionless flame area function C ¢ is defined, such that
Cag=AdAy ©)

where Ay is the minimum area normal to the direction of propagation. In the present experiments
Ay was equal to the cross-sectional area of the tube (i.e. Ay=A). The value C,y is dependent upon
the flame shape downstream of the obstacle. For example Cu¢ would be equal to 1 for a planar
flame-front shape and to 2 for a hemispherical shape. If in Eq. 4, Ag is expressed in terms of Eq. 5
(with Ayy = A) and the volume is substituted as V = A L then the area A cancels out giving

dp Car
— (| =—=P|(E-1)§ 6
(§) - - ©
which indicates that for cylindrical vessels (dP/dt) is inversely proportional to the length of the
vessel.

For a given geometry the maximum rate of pressure rise was recorded when the burning velocity, ST
, was at its maximum (and this in turn occurred when the flame ignited the region of maximum flow
turbulence). The pressure P in Eq. 6 represents the mean pressure in the system at the time of
maximum burning rate, and E is the effective expansion factor at the same time. The value of the
pressure P was mainly influenced by the amount of mixture burnt by the time of the flame interaction
with the obstacle and since for each vessel the obstacle position was fixed then the variation of P was
minimal for each series of tests. The expansion factor E is mainly influenced by the burnt gas
temperature which in turn depends on the heat loss rate from the system, and therefore for each
vessel E was not expected to show appreciable test-to-test variation.

Since the objective of the present experiments was the determination of the influence of length-scale
then any other influences had to be excluded from the experiments (or accounted for). The turbulent
burning velocity ST depends mainly on the maximum rms turbulent velocity u' of the flow, which in
turn depends on the mean flow velocity upstream of the obstacle, and on the blockage ratio of the
obstacle (Phylaktou & Andrews, 1991a). It is for this reason that the blockage ratio was kept
nominally constant, while using the same combustible mixture for each series of tests was aimed at
keeping the upstream flame speeds and thereby the induced flow velocity constant.

Therefore, on the basis of the theoretical analysis and the design of the experiment, it was expected

that the variation of the rate of pressure rise with the obstacle-scale would reflect the dependence of
the turbulent burning velocity on the length-scale of turbulence.
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DEPENDENCE OF FLAME SPEED ON THE OBSTACLE SCALE

The variation of the centre-line flame speeds against the axial distance, with the different-hole
obstacles in Rig 1 and Rig 2 are shown in Figs. 4 and 5 respectively. Both figures are divided into
parts (a) and (b) for the 10 and 6% methane/air mixtures respectively. In all cases with exception of
the 10% mixture in Rig 1 (Fig. 4(2)) the maximum flame speed downstream of the obstacle was
obtained with the single hole obstacle and in general the maximum value decreased with increasing
number of holes (decreasing b).
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Fig. 4. Axial flame speeds in Rig 1 without and with an obstacle of variable number of holes

(a) 10% methane/air (b) 6% methane/air

With the 10% mixture in Rig 1, Fig. 4(a), the maximum flame speed was obtained with the 31-hole
obstacle. The flame speeds with the single-hole obstacle (BR=60%) in this rig were irregularly low,
and it was shown elsewhere (Phylaktou & Andrews, 1991a) that the flame speeds for this obstacle
were lower than the 40 and 50% single-hole blockages. It was also reported that for single hole
blockages above 50% (for 10% methane/air mixtures) the flame was recorded to arrive at the second
thermocouple downstream of the baffle after hitting the third thermocouple. This is thought to be
due to localised turbulent flame quenching, In the calculation of the flame speeds for the single-hole
obstacle in Fig. 4(a) this thermocouple reading was ignored and an average flame speed was
calculated over a longer distance. This might have resulted in truncating the maximum flame speed
downstream of this obstacle. This however does not explain why the "31-hole" flame speed was
higher than that obtained with the 4-hole obstacle.

This behaviour of the 31-hole plate was not repeated with the 6% mixture as shown in Fig. 4(b). In
fact the maximum flame speeds downstream of the 16-, 31- and 76-hole plates were similar, and this
was a reflection of the similarity of the scale, b, for these 3 plates (see Fig. 1). On the basis of scale,
the flame speeds downstream of the 31-hole grid should have been higher than those downstream of
the 16-hole grid; they were in fact slightly lower and this might have been due to the lower flame
speeds upstream of this obstacle, as shown in Fig. 4(b).
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The dependence of the downstream flame acceleration on the upstream flame speed is almost linear
(Phylaktou, 1993) and it derives from the upstream flame speed being the driving force behind the
unburnt gas flow through the obstacle. The higher the upstream flame speed, the faster is the induced
flow through the obstacle, the more intense is the turbulence downstream of the obstacle and the
faster is the combustion rate and therefore the higher is the downstream flame acceleration.

As indicated in Fig. 4(b) the 6% methane/air explosion was not able to propagate through the 199-
hole plate (this behaviour was consistent in repeated tests). This is thought to be due to flame
quenching by flame-front beak-up and heat removal, which is a principle widely used in flame
arrestors (traps). In order to propagate through this grid the flame had to be broken into small
flamelets, of a size similar to the diameter d of the hole which was 3.2 mm. Furthermore, the aspect
ratio (wall thickness/hole diameter) for this plate was equal to 1 and therefore the small weak flame
had to propagate through what effectively was a small channel of heat absorbing metal. The heat loss
rate for this flame must have been higher than the heat release rate and hence combustion was un-
sustainable. The present results indicate that the quenching hole diameter for the 6% methane/air
mixture is 3.2 mm or higher.

The flame speeds downstream of the 1-, 4-, and 16-hole obstacles in Rig 2 (shown in Fig. 5)
followed (loosely) the trend of lower maximum flame speeds with lower scale obstacles. Another
trend evident in this figure was that the flame speed peaked nearer to the obstacle with smaller scale
obstacles. This observation is in agreement with the cold flow turbulence profile downstream of the
obstacle, as reported in the literature (Baines & Peterson, 1951).
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Fig. 5. Axial flame speeds in Rig 2 without and with an obstacle of variable number of holes

(a) 10% methane/air (b) 6% methane/air

The 10% methane/air flame speeds in Rig 3 showed similar trends as in Rig 1 and 2. No 6% methane
tests were carried out in this Rig because of complications due to buoyancy effects and it should be
noted that the lean mixture results in Rig 2 were also distorted by this force. Because of the
weakness of the mixture the buoyancy influences were comparatively strong. The horizontal
orientation of vessels 2 and 3 also exacerbated these influences because the direction of action of
buoyancy was vertical to the direction of flame propagation while in vertical-Rig 1 buoyancy was
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acting in the direction of propagation. It is thought thar with very lean mixtures in Rig 2 and 3, once
the flame kernel started growing it was convected to the "roof" of the vessel and from there it spread
along the vessel and downwards, resulting in stratified burning and in some cases "flash-over”
because of the preheating (radiative and other) of the unburnt mixture. Aithough, no visual
confirmation of this behaviour could be made there was experimental evidence to corroborate it
(Phylaktou, 1993).

It should be emphasized that as indicated by Figures 4 and 5 the flame speeds downstream of the
obstacle were not of the same value in the different vessels (for the same blockage and hole
configuration). A number of factors were responsible for the different maximum flame speeds,
including the upstream flame speed, and the system pressure at the time of the flame-obstacle
interaction, as discussed earlier. The important finding which is fairly clearly demonstrated in Figs. 4
and 5 was that within a particular vessel and for the same mixture and blockage ratio the maximum
flame speed downstream of the obstacle was reduced as the number of obstacle holes was increased
(or as the characteristic obstacle scale was decreased).

DEPENDENCE OF RATE-OF-PRESSURE-RISE ON OBSTACLE SCALE

[
BR=60%

The rates of pressure rise downstream of ;
the obstacle, (dP/dt)y, are shown in Fig. 6 ]
as function of the number of holes, for all
conditions tested. In general the rate of
pressure rise decreased with increasing | 5 5
number of holes with the exception of the | <

10% CH.

tests with the 31-hole plate, for both the o 2 55-—&*—}5 E}g 12

10 and 6% mixtures, in Rig 1. (dP/dt); | = 10 Qoooo Rig 3

with this plate was higher than that with | Z

the 16-hole plate. This apparent | = ’ % CH,
discrepancy was due to the fact that the | ~= ~ _ gl
characteristic scale b of the 31-hole plate 1 4 9 18 31 78 199J
was actually larger than that of the 16- 1 Ll S
hole one -- as shown in Fig. 1. The 1 10 100
characteristic length of the 76-hole grid Fig. 6. The ser.:c:trf(‘i_1 %Peerof D[Ereksls?ul'gsnse as a

was similar to that of the 16-hole and this ,
would explain the similar rates of function of the number of holes.

pressure rise obtained with these grids with the 10% mixture but it does explain why the higher rate
obtained with the 76-hole grid in the lean mixture tests. The rates of pressure rise in Rig 2 and Rig 3
decreased with increasing number of holes -- within the limited range of the tests.

Therefore, there was a considerable decrease in the rates of pressure rise (indicating a decrease in the
turbulent burning velocity) with increasing number of holes. Since, as shown in Fig. 1, increasing the
number of holes decreased the characteristic scale of the obstacle, then it can be concluded that for a
fixed blockage (within the individual rigs and for a particular explosive mixture) the rate of pressure
rise increased with increasing obstacle scale. This trend was consistent for all three rigs and for both
the explosive mixtures tested. This is demonstrated in Figs. 7(a) and 7(b) (for 10 and 6% methane/air
respectively) where (dP/dt); is plotted against the obstacle scale, b, for the different vessels

employed.
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Fig. 7. The second rate of pressure rise as a function of the obstacle scale (a) 10% methane/air,
(b) 6% methane/air.

The differences between the three rigs arose because of

a.  different flame-area to vessel-volume ratios and in effect, as indicated by Eq. 6, different
vessel lengths,

b.  different pressures in the vessels at the time of the flame interaction with the obstacle,
because of differences in the relative obstacle position,

c. different effective expansion ratios due to dissimilar heat loss rates resulting from
different heat-exchange-area to volume ratios,

d. unlike flame speeds on the upstream side of the obstacle,

e.  different frequency and amplitude of the pressure oscillations in the system which could
have had significant influences on the combustion rate.

Some of the above parameters varied from test to test within the same rig, as well, but the magnitude
of these variations was comparatively very small. Although it is possible to compensate for most of
these differences and bring the data from the 3 test rigs together (Phylaktou, 1993) it is beyond the
scope of this paper to do so, as a more detailed presentation of the results is needed, and validated
development of methodology and procedure is required.

Figure 7 demonstrates, using fairly raw experimental data, the dependence of the rate of pressure rise
(and hence of the turbulent burning velocity) on the characteristic abstacle scale. The results within
each vessel were consistent and showed an increase of the turbulent burning velocity with the
obstacle scale, This dependence is quantified by the least squares fitted curves to the data on Fig. 7
These fitted curves have the power form

(dp/dt), {xSt)ec b )
which is the conventionally assumed dependence of ST on scale. The value of the exponent e ranged
from 0.2 to 0.54 with a mean value of 0.38, i.e.

(dp/de), (=Sy) e 6% @®)
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with the standard deviation of the exponent being 40% (of the mean) and the standard error being
18%. The large uncertainty in the value of the exponent arises from the small number of samples, the
unprocessed nature of the data, and from the statistical nature of turbulent combustion.

It should be remembered that the characteristic obstacle-scale b is directly related to the integral
length-scale, £ of flow turbulence dowmstream of the obstacle. The dependence on £ indicated by
Eq. 8 is significantly higher than that indicated by the turbulent combustion model of Bradley et o/
(1992) -- £0.15 _but closer to the fundamental form of the fractal model -- £0-26 (Gouldin, 1987).
The accurate evaluation of the dependence of ST on the length scale £ is of critical importance in
scaling results from small scale tests to large scale applications. Both of the above models have been
used to explore explosion scaling in congested volumes, the latter by Taylor and Hirst (1988) and the
former by Catlin and Johnson (1992).

To demonstrate the importance of the scale dependence in explosion scaling, Table 2 compares the
relative increase of flame speed and overpressure predicted by the different models as a result of a
20-fold increase in scale (which is a moderate scaling factor in explosion scaling practice). The flame
speed is assumed to increase in proportion to the turbulent burning velocity, while the overpressure
is taken as dependent on the square of the flame speed (Taylor and Hirst, 1988; Harris and Wickens,
1989).

Maodel Bradley et al (1992) | Fractal Present
Scale exponent 0.15 0.26 038
Flame speed factor 1.6 22 3.1
Overpressure factor 2.6 4.8 96

Table 2.  Relative increase in flame speed and overpressure predicted by the different models as a
result of a 20-fold increase in scale.

Although the difference on the dependence on scale indicated by the models is small in absolute
terms, the resultant predictions particularly of overpressure are significantly different and could make
the difference between safe and unsafe design. This underlines the need for more experimental data
in order to determine with confidence the effects of scale.

CONCLUSIONS

The results from an experimental investigation of the influence of the characteristic obstacle scale in
explosions were presented. The manifestations of the obstacle influence were identified to be mainly
increased flame speeds and increased rates of pressure rise. For a totally confined explosion it was
shown from theoretical considerations that the rate of pressure rise is directly related to the mass
burning rate and to the turbulent burning velocity. By suitably designed experiments most other
influences were eliminated and the effect of obstacle scale was methodically investigated over a wide
range of values (2 to 177 mm). It was clearly demonstrated that the flame speed and the rate of
pressure rise increased with increasing scale and assuming a power relationship of the form
ST = b®

the exponent e was evaluated to be about 0.38. This dependence on scale is higher than that
indicated by other models which have been used in explosion scaling. Further analysis of the data is
required to reduce the uncertainty in evaluating the exponent e and more experiments are needed
over a wider range of scales.

282



| CHEM E SYMPOSIUM SERIES Ne. 134

The findings from this work show that the physical overall size of appropriate experiments does not
have to be large or to be varied, only the turbulent length scale has to be varied (the experiment has
to be larger than the larger turbulent length-scale that may be accommodated). This can be achieved
within a fixed overall turbulent flow or explosion vessel by varying the size of the turbulence
generating feature of the geometry. For example, grid plates in tubular geometries (as in the present
experiments) offer a relatively easy way of methodically changing the length scale of turbulence by
changing the number of holes on the grid for a fixed blockage, or the size of the tubes could be
changed for a fixed grid-plate geometry. Both of these methods will change the characteristic
obstacle size that controls the length-scale of the generated turbulence.
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