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Abstract

Obstacle separation distance (pitch) has received little systematic study in the literature. Either too large or small spacing between
obstacles would lead to lesser explosion severity. Therefore, an optimum value of the pitch that would produce the highest flame
acceleration and hence overpressure is needed. It was the aim of this work to investigate the influence of obstacle blockage ratio
on the obstacle spacing in gas explosions. The explosion tests were performed using methane-air (10% by vol.), in an elongated
vented cylindrical vessel 162 mm internal diameter with an overall length-to-diameter, L/D of 27.7. Double 20-40% blockage
ratio, BR orifice plates were used as obstacles. The spacing between the obstacles was systematically varied from 0.5 m to 2.75
m. The 40% BR produced the highest explosion severity in terms of overpressure and flame speeds when compared to 30% and
20% BR. However, the worst case obstacle spacing was found to be shorter with increase in obstacle blockage. In general, similar
profiles of overpressures and flame speeds were obtained for all the obstacle blockages. This trend was equally observed in the
cold flow turbulence intensity profile generated behind a grid plate by other researchers. In planning the layout of new
installations, the worst case separation distance needs to be avoided but incorporated when assessing the risk to existing set-ups.
The results clearly demonstrated that high congestion in a given layout does not necessarily imply higher explosion severity as
traditionally assumed. Less congested but optimally separated obstructions can lead to higher overpressures.
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Nomenclature

b obstacle scale

BR blockage ratio

d orifice diameter

D tube diameter

L/D length to diameter ratio of a tube
M mesh length

Prnax maximum overpressure

Stimax maximum flame speed

St upstream flame speed

S, gas velocity

t obstacle thickness

t/d aspect ratio

u’ r.m.s velocity

U mean flow velocity

u'/U intensity of turbulence

X axial distance

x/b distance downstream of a grid

X obstacle separation distance

Xs/b dimensionless obstacle separation distance
(X/b)max  position to maximum intensity of turbulence
1 effects due to first obstacle

2 effects due to second obstacle

1. Introduction
1.1. Review on congested gas explosions and obstacle spacing

In congested gas explosions typically found in process industries, the spacing between obstacles (pitch) is one
of the parameters (among others e.g. blockage ratio, number, size, shape etc.) that affects the severity of such
explosions. However, there is limited knowledge on the influence of this parameter in the gas explosions literatures.
Sustained flame acceleration could not be attained for large pitch due to decay of turbulence in between obstacles
while for small pitch the pocket of unburned gas between the obstacles would be too small to allow for the flame to
accelerate before reaching the next obstacle [1]. In between there has to be a worst case explosion interaction
obstacle spacing and there is no previous work that determines this. In compliance with the ATEX directive [2], the
worst case scenarios need to be used in assessing the severity of the hazard posed by gas explosions in process plant
or offshore oil and gas platforms. In planning the layout of new installations, it is appropriate to identify the
relevant worst case obstacle separation in order to avoid it. In assessing the risk to existing installations and taking
appropriate mitigation measures it is important to evaluate such risk on the basis of a clear understanding of the
effects of separation distance and congestion.

Most researchers conducted gas explosion experiments with multi-obstacle arrays but with no variation in
obstacle separation distance [3-22].The influence of obstacle separation distance on gas explosion severity from the
above experiments could not be quantified because of the fixed pitch that was used within each set of experiments.
With the exception of [13,17], the pitch in all of the above studies was varied just from 1.2 to 8.8 characteristic
obstacle scales. However, this is not within the range of 3 to 20 characteristic obstacle scales downstream of the grid
where the maximum combustion rate usually occurs as given by [23].

A number of experimental explosion studies have demonstrated the effect of obstacle separation distance as part
of wider assessment of the effects of congestion [24-41]. The bulk of the spacing between obstacles was short and
just within a range of 1.3 to 10 obstacle scales. Also; the justification to spacing of obstacles in most of the studies
was not given by the researchers.
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In most cases many repeat obstacles were used over a short distance and in some tests the pitch was varied over
limited range for example [26,28,30,38]. In [42] the obstacle set-up in the form of 3D tube lattices could be regarded
as a single porous structure. Also, there have been a number of investigations in explosions in obstacle-laden tubes
where the separation distance of the multi-obstacles was also partially explored [31-34,37,38,41]. In most of the
tests, the explosion geometry was filled completely with obstacles thereby leading to deflagration to detonation
transition, DDT.

Most of the industrial explosion incidents involved deflagrative rather than detonative propagation, and it is
important therefore to explore the influence obstacle separation in scenarios where the combustion remains in the
deflagration regime without transition to detonation.

The authors [43] reported an experimental study in an elongated tube with two obstacles with 30% area
blockage, where the obstacle separation distance was varied systematically from 0.5 m to 2.75 m. They reported a
direct influence of the obstacle separation distance on flame speed and overpressure. A separation distance of 1.75 m
produced close to 3 bar overpressure and a flame speed of about 500 m/s with 10% methane/air explosions. These
values were of the order of twice the overpressure and flame speed with a separation pitch of 2.75 m. The profile of
effects with separation distance agreed with that of turbulence profile determined in cold flows as shown in Fig. 1.

Also, the authors [44] investigated the influence of mixture reactivity and fuel type on the optimum obstacle
separation distance for generation using two induced turbulent generating orifice plates of 30% blockage with
variable obstacle spacing.
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Fig. 1. Turbulence intensity downstream of grid-plates of various obstacle blockages [43].

It was the aim of this work to extend the investigation into the influence of obstacle spacing and blockage ratio on
two obstacles with a view to obtaining the worst case obstacle spacing corresponding to maximum explosion
overpressures.

1.2. Prediction of position to maximum intensity of turbulence

The interaction of the explosion induced unburnt gas flow with obstacles results in the generation of turbulence
downstream of the obstacle and the acceleration of the flame when it reaches this turbulence. Extremely fast
explosion flames can be generated by this mechanism giving rise to severe overpressures. Understanding and
prediction of these phenomena is of concern to process industries, and in particular in assessing the risks and
designing suitable protection and mitigation measures against vapour cloud explosions.

From Fig. 1, it is evident that there is an “optimum” spacing for obstacles where each successive obstacle is
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placed just after position of peak turbulence so that it “sees” the maximum flame speed. This would in turn be
expected to cause the maximum possible turbulence downstream of that obstacle and therefore overall would cause
the fastest possible acceleration to the highest possible flame speed and hence highest overpressure. Conversely if
the obstacle spacing is larger or smaller than the optimum, then flame acceleration would not be as severe and the
limit cases (too near or too far) the effect of repeat obstacles would be minimal.

The position to maximum intensity of turbulence, X, has been correlated using the limited steady state
experiments from [45-51].

The application of the steady state flows to the current experimental work (transient flows) is due to the
inadequate experimental measurements of these turbulent flows in gas explosions due to transient nature of
explosion flows and the connected harsh conditions. This technique has been applied by [52] who presented a
method to estimate the maximum intensity of turbulence behind a grid plate obstacle by an explosion induced flow
in terms of steady-state theory. Also, [53] applied steady state flows to perform a simple assessment methodology
for vented explosions.

Figure 2 shows the relationship between the dimensionless distances to peak intensity, (x/b)m.x behind the grid
against an obstacle blockage with an aspect ratio (t/d) of less than 0.6. The (X/b)y. Was found to increase with
decrease in obstacle blockage. A power fit equation to the data is given as,
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Fig. 2. Maximum intensity of turbulence against obstacle blockage from cold flow turbulence for t/d < 0.6.

In the present research, the developed model in Eq. 1 was used to guide the spacing between obstacles that would
lead to maximum intensity of turbulence and thus severe explosion overpressures.

2. Experimental set-up

An elongated cylindrical vessel 162 mm internal diameter made from nine flanged sections, 8 of them of 0.5 m
length each and one section 0.25 m in length (total nominal length of 4.25m). The test vessel was rated to withstand
an overpressure of 35 bar. The test vessel was mounted horizontally and closed at the ignition end, with its open end
connected to a large cylindrical dump-vessel with a volume of 50 m’. This arrangement enabled the simulation of
open-to-atmosphere explosions with accurate control of both test and dump vessels pre-ignition conditions.

Two orifice steel plate obstacles of 3.2 mm thick, and 20-40% blockage were used in the test vessel. The
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obstacle scale (b = 24 — 43 mm) was considered to be the nominal width of the solid material between holes using
the same definition given in [45] for multi-hole grids, based on notional large grid plate with multiple holes of size
and blockage ratio equal to the single hole actual obstacle, given as,

b=M-0.95d )

The obstacles were mounted between the section flanges. The first obstacle was positioned 1 m downstream of
the spark (for all tests) while the second obstacle’s position was varied from 0.5 m to 2.75 m downstream of the first
obstacle.

A pneumatically actuated gate valve isolated the test vessel prior to mixture preparation. A vacuum pump was
used to evacuate the test vessel before a 10 % (by vol.) methane-air mixture was formed using partial pressures, to a
total mixture pressure of 1 atm. The dump vessel was filled with air to a pressure of 1 atm as well. After mixture
circulation, allowing for at least 4 volume changes, the gate valve to the dump vessel was opened and a 16 Joule
spark plug ignition was effected at the centre of the test vessel closed-end flange. The test vessel had an overall
length-to-diameter ratio, L/D of 27.7. The set-up is shown in Fig. 3.

Thermocouples

First Gate valve
—0Obstacle position

RTINS
ﬁ \{‘%:_p;ll & PTE. P';'3 N

Spark

Dump vessel

Second Obstacle Position PT7

(b)

Fig. 3. Experimental set-up.(a) Schematic diagram, (b) Photograph.

An array of 24 type-K mineral insulated exposed junction thermocouples positioned along the axial centre line
of the test vessel was used to record the time of flame arrival. Average flame speeds allocated to the midway
position between two thermocouples were obtained by dividing the distance between two thermocouples by the
difference in time of flame arrival at each thermocouple position. A smoothing algorithm was applied to the flame
arrival data, as described by [17], to avoid either high or negative flame speeds where the flame brush appears to
arrive at downstream centreline locations earlier than upstream ones, particularly in the regions of strong
acceleration downstream of the obstacles.
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The test vessel and dump vessel pressure histories were recorded using an array of 8 Keller-type pressure
transducers - 7 gauge pressure transducers (PT1 to PT7) and 1 differential (DPT), as shown in Fig. 3. Wall static
pressure tapping measured by a differential pressure transducer (DPT) were located at 0.5D upstream and 1D
downstream of the first obstacle as specified by BS5167-2-2003. Pressure transducers, PT3 and PT4 were positioned
0.5D upstream and 1D downstream of the second obstacle and they were used to obtain the pressure differential
across these obstacles. These were used in calculating the induced gas flow velocities and other flow turbulence
characteristics (but these are not reported in this paper). Pressure transducers PT1 and PT6 were positioned
permanently at the ignition position-end flange and end of the test vessel (25D from the spark) respectively. The
pressure history in the dump vessel was measured using PT7 positioned as shown in Fig. 3.

A 32-channel (maximum sampling frequency of 200 KHz per channel) transient data recorder (Data Logger and
FAMOS) was used to record and process the explosion data. Each test was conducted three times in order to
demonstrate repeatability and ensure representative data and the average of the repeat tests was used for the analysis
of the results.

Table 1 shows a summary of the tests carried out as part of this report and an overview of the results.

Table 1. Overview of experimental test conditions and results.

BR Xs b xy/b Skl Sk S S Pinax Stinax
) (m) (m) O] (m/s) (m/s) (m/s) (m/s) (bar) (m/s)
0 - - - - - - - 0.256 122
0.2 - 0.024 - 58 - 44 - 0.566 198
0.2 1.75 0.024 73 51 236 41 98 0.995 290
0.2 2.25 0.024 94 53 259 45 124 1.164 362
0.2 2.75 0.024 115 52 200 42 79 0.710 240
0.3 - 0.033 - 49 - 41 - 1.091 270
0.3 0.5 0.033 15 66 131 34 80 1.623 307
0.3 1.0 0.033 30 61 247 36 114 1.850 381
0.3 1.25 0.033 38 56 263 41 132 2.198 465
0.3 1.75 0.033 53 55 212 42 153 2.680 486
0.3 2.25 0.033 68 52 271 41 116 1.858 381
0.3 2.75 0.033 83 50 204 38 64 1.222 323
0.4 - 0.043 - 48 - 34 - 1.649 370
0.4 1.25 0.043 29 57 337 32 138 3.103 573
0.4 1.5 0.043 35 42 294 35 160 3.378 716
0.4 2.25 0.043 52 63 307 35 128 2.085 522

3. Results and discussions
3.1. Single obstacles

Figure 4 shows the relationship between the maximum overpressure against obstacle blockage for single
obstacles. It was observed that the increase in obstacle BR resulted in increasing maximum overpressure. This could
be attributed to the increase in obstacle scale with blockage from 24 mm, 33 mm and 43 mm for 0.2, 0.3 and 0.4
obstacle blockages respectively. The highest overpressure of about 1.7 bar from 0.4 BR obstacle was attained and
this value was 1.5, 2.9 and 6.6 times greater than 0.3 BR, 0.2 BR and no obstacle tests respectively.

A similar trend was noticed from the previous studies of [25,27,35,54-55] among others. However, at high
obstacle blockage (from 0.5 BR), the maximum overpressure was found to decrease with increasing blockage [13,
17]. The presence of such high blockages (small orifice diameter) prevented the flame from developing as freely as
would have done without the obstacle. This caused the flame to develop faster radially and touch the vessel walls at
a shorter distance from the spark.
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Also shown in Fig. 4 is the relationship between the maximum flame speeds against obstacle blockage. Similar to
maximum overpressure, a linear relationship was obtained. The highest flame speed (370 m/s) attained was with 0.4
BR. This value was a factor of 1.4 and 1.9 greater than 0.3 and 0.2 obstacle blockage ratios respectively.
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Fig. 4. Influence of maximum overpressure and flame speeds against obstacle blockage.

3.2. Double obstacle

Example pressure records from pressure transducer PT6 are shown in Fig. 5, for different obstacle separation
distances with obstacles of 0.3 blockage ratio. The data clearly demonstrated a very strong effect of the obstacle
separation distance not only in terms of the maximum pressure achieved but also in terms of the profile of the
pressure development. For obstacles in close proximity to each other (e.g. 0.5 and 1.0m separation distances) the
effect of the obstacles was amalgamated into one pressure rise whilst on the cases where the separation distances are
too large (e.g. 2.75 m separation distance) the effects of the individual obstacles become distinct with no significant
influence of the first obstacle on the flame behaviour after the second.
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Fig. 5. Example pressure records from pressure transducer PT6, for different obstacle separation distances [43].
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The maximum synergistic effect of the two obstacles was obtained at a separation distance of 1.75 m where
evidently the flame accelerated to its maximum value after the first obstacle before reaching the second. Therefore
the highest possible flows were induced by the accelerating flame through the second obstacle and this would have
resulted in the highest turbulence levels after the second and hence to highest overpressures, as shown when the
flame reached this region. This concept and behaviour is fully congruent with the turbulence profile downstream of
an obstruction presented by [45].

The influence of maximum overpressure and flame speed against dimensionless obstacle spacing for various
obstacle blockage ratios is shown in Fig. 6. A trend comparable to single obstacles was noticed with the double
obstacle tests but with a higher magnitude of maximum overpressure. The highest overpressure produced with 0.4
BR was 3.4 bar which was 1.3 and 2.8 folds greater than 0.3 and 0.2 obstacle blockage respectively. However, the
positions to such maximum overpressures were different with obstacle blockage. The higher obstacle 0.4 BR
occurred at a shorter distance (34.9 obstacle scales) in comparison to 0.3 and 0.2 BRs which emerged at 52.7 and
92.4 obstacle scales respectively. This trend was similar to cold flow turbulence intensity of [45].
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Fig. 6. Effect of explosion overpressure and flame speed on dimensionless obstacle spacing and obstacle blockage.

The positions to maximum overpressures and hence intensity of turbulence obtained for the 0.2-0.4 BRs in this
work were in agreement with the cold flow prediction correlation of distance to maximum intensity of turbulence as
given in Eq. 1 if multiplied by a factor of three.

For the double obstacle tests with variable obstacle spacing, the effect of obstacle blockage with maximum
flame speeds is also given in Fig. 6. The highest peak flame speeds transpired with a BR of 0.4 followed by 0.3 and
0.2 in that order as 716 m/s, 486 m/s and 362 m/s. However, these values occurred at different obstacle spacing. A
similar turbulence profile observed with maximum overpressure with dimensionless spacing was also discernible
with the maximum flame speed.

The effectiveness of optimum obstacle spacing with just two obstacles with 0.2-0.4 blockage ratios (current
work) was compared with the work of Moen et al .[25] using multi obstacles in a large scale vented elongated tube
of 50 m®. The obstacles in the large scale tests were 0.16-0.5 blockage and spaced 2 m apart. Fig. 7 shows the peak
overpressure effect against obstacle blockage for small and large scale tubes using methane-air combustible
mixtures.

Even though the obstacle BRs were not the same in both scenarios (with the exception of 0.3 BR), an increase
in maximum overpressure and blockage was obtained with the larger scale from [25] been of higher magnitude than
the present work. For 0.3 BR, the larger scale (50m’® tube) produced nearly 4 bar overpressure which is only 1.5
times higher than the small scale in the current work (0.1 m® tube). This overpressure would have been greater if the
obstacle spacing (2 m) was at its optimum which is going to be larger than 2 m based on Eq. 1.
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Fig. 7. Comparison between maximum overpressure and obstacle blockage for large scale [25] and present work.

3.3. Comparison with turbulent cold flow

A direct comparison between the intensity of turbulence in cold flow turbulence from [45] and maximum
overpressure from the present work at different obstacle blockages is presented in Fig. 8. As noticed earlier, similar
turbulence profile of growth, peak and decay were noticed in both cases. Also, the position to maximum explosion
severity was found to decrease with increase in obstacle blockage. However, such positions occurred at a further
distance than suggested in [45].
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Fig. 8. Comparison between cold flow turbulence and transient flow experiments with different obstacle blockage ratios.

A possible explanation for the non-correspondence between the cold flow position of maximum turbulence and
the worst case obstacle separation distance is that once the flame moves through the obstacle the whole of the
generated turbulence profile is detached from the obstruction it is in fact conveyed forward (whilst at the same time
being consumed) by the advancing flame front.

In the present work, the influence of obstacle separation was studied on various obstacle blockage ratios. In each
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case, an optimum spacing corresponding to the worst case explosion scenario was found. These spacing were then
compared with multi-obstacle tests with fixed pitch from the literatures in order to quantify the effectiveness of
obstacle spacing. Figures 9 and 10 show the relationship between dimensionless obstacle separation against
maximum overpressure and flame speeds respectively.
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Fig. 9. Comparison between the present work and the literature on maximum overpressures and dimensionless obstacle spacing.
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Fig. 10. Comparison between the present work and the literatures on maximum flame speeds and dimensionless obstacle spacing.

Table 2 shows an overview of the present test with optimum obstacle spacing and multi-obstacles from the
literatures.
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Table 2. Overview of explosion results on optimum obstacle spacing from the present work and multi-obstacles from the literatures.

Reference Geometry Gas Conc. BR No Xs X/b xto 1% Pruax Sfinax
obst.

) Q) Q) (%) ) Q] (m) ) (m) (bar) (m/s)

Present work L=425m CH,4 10 0.2 2 2.25 94 1 2.68 486
9=0.162 m

Present work L=425m CH,4 10 0.3 2 1.75 53 1 1.164 362
9=0.162 m

Present work L=425m CH4 10 0.4 2 1.5 35 1 3.38 716
9=0.162m

Peraldiet al. [10] L= 18m CH,4 10 0.4 120 0.15 4 - - 800
P=0.15m

Hjertageret al. [8] L=10m CH,4 10 03 5 2 4 1.65 2.2 220

P=25m

Kuznetsovet al. [56] L=345m CH4 10 0.3 8 0.52 5 - - 400

P=0.52m

Wide-ranging series of experimental tests were carried out by [10] using three long tubes of 18 m long with the
intention to establish quantitative limiting criteria for the onset of DDT. The internal diameter of each tube was
taken to be 0.05, 0.15 and 0.3 m respectively. Fuels such as methane, propane, ethylene, acetylene and hydrogen of
various concentrations ignited at the one end of the tube were used. The entire tube length was filled with orifice
ring obstacles separated at one tube diameter apart. In comparison with the present work, 0.15 cm diameter tube was
used. The authors attained a maximum flame speed of about 800 m/s for 10% methane-air by vol. with 0.4 BR. The
flame speed value was just 1.12 times greater than that with two obstacles spaced at 1.5 m apart in the present work.

The present maximum flame speeds and overpressures with two 30% blockage obstacles were compared with
those of [8]. These authors conducted their research in a vented large scale cylindrical tube of 50 m® by volume (10
m long and 2.5 m in diameter). Five 30% blockage steel rings were used as obstacles, regularly spaced at 2 m each
apart. Various concentrations of either methane-air or propane-air homogeneously mixed were ignited with either
planar or point source the closed end of the tube. For point ignition which is similar to the current work, the authors
got a maximum overpressure and flame speed of slightly above 2 bar and 200 m/s respectively for 10% by vol.
methane-air mixtures, compared to the significantly higher pressure of 2.7 bar and 486 m/s flame speed with just 2
obstacles of the same blockage but optimally spaced, in the present work.

The flame speeds from the current work were also compared with that of the extensive set of experimental data in
obstacle laden tubes by [56]. The authors used a large scale tubular geometry of 34.5 m long and inner diameter of
520 mm equipped with 30% blockage orifice-plates spaced at one tube diameter. A flame speed of close to 400 m/s
was attained for a slightly rich methane-air mixture at a distance similar to the length of the current explosion tube.
This is nearly 100 m/s lower when compared to the 10% methane-air tests with just two obstacles spaced at 1.75 m
in the present work.

The above comparisons clearly demonstrate the important effect the obstacle separation distance can have on the
severity of the explosion and highlights the possibility that many previous studies with multi-obstacles may have
under-demonstrated the effect of repeat obstacles. It was evident that the obstacle spacing from the literatures are
quite closer (less than five obstacle scales) when compared to the present work. It can now be deduced that large
congestions in a given medium do not necessarily signify potential maximum explosion severity as traditionally
assumed. But, small congestions optimally separated apart could lead to devastating overpressure.

4. Conclusions

For both single and double obstacles, it was observed that an increase in obstacle BR from 0.2 to 0.4 resulted in
increasing maximum overpressure and flame speeds. A maximum overpressure of about 1.7 bar and flame speeds of
370 m/s was attained from single 0.4 BR obstacle. For double obstacle of 0.4 BR optimally spaced, the maximum
overpressure and flame speeds achieved doubled that of the single obstacle.
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The positions to maximum overpressures and flame speeds were different with obstacle blockage. The highest
obstacle blockage, 0.4 BR occurred at a shorter distance (35 obstacle scales) in comparison to 0.3 and 0.2 BRs
which emerged at 53 and 94 obstacle scales respectively. This trend was similar to cold flow turbulence intensity of
Baines and Peterson [45].

The positions to maximum overpressures and hence intensity of turbulence obtained for the 0.2-0.4 BRs in this
work were in agreement with the cold flow prediction correlation of distance to maximum intensity of turbulence as
given in Eq. 1 if multiplied by a factor of three.

It was evident that the obstacle spacing from the literatures is quite closer when compared to the present work. It
can now be deduced that large congestions in a given medium do not necessarily signify potential maximum
explosion severity as traditionally assumed. But, small congestions optimally separated apart could lead to
devastating overpressure.

In planning the layout of new installations, it is appropriate to identify the relevant worst case obstacle separation
in order to avoid it. In assessing the risk to existing installations and taking appropriate mitigation measures it is
important to evaluate such risk on the basis of a clear understanding of the effects of separation distance and
congestion. The present results would suggest that in many previous studies of repeated obstacles the separation
distance investigated might not have included the worst case set up, and therefore existing explosion protection
guidelines may not correspond to worst case scenarios.
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