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Disclaimer 
GexCon shall not be liable for damages, which the assignor, or assignor’s clients, vendors, 
consultants or other third party, suffers when applying or using the results of GexCon’s work, unless 
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GexCon to carry out the work. 
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1 Introduction 
Reference is made to a meeting between Pol Hoorelbeke of Total Petrochemicals and Jan Roar 
Bakke and Kees van Wingerden of Gexcon during December 2007, in which details were discussed 
about performing experiments to investigate the possible influence of trees, bushes and flexible 
obstructions on vapour cloud explosions. Reference is also made to the GexCon project proposal 
produced following this meeting (“GexCon_07_40419_proposal_experiments.doc”) and to further 
discussions and comments to the proposal during a meeting in July 2008. The performance of the 
work described in the original project proposal was confirmed by Total Petrochemicals purchase order 
No: 4500570702. A variation order to extend the testing work was also agreed as per purchase order 
No: 4500597809. 
 
Large scale tests were to be performed in order to study the possible influence of trees and bushes on 
the flame acceleration and explosion propagation during open, non-confined gas explosions. 
 
The experiments were performed at Gexcon’s test site at Sotra during the period of 23rd September to 
1st October 2008. This report gives a detailed description of the tests performed and a presentation of 
measured results and observations made. 
 
It has been postulated in connection with explosion accident investigations that trees located in the 
vicinity may contribute to the blast generated by accidental vapour explosions. An example of such an 
accident is the Ufa accident in Russia in 1989 [1]. Experimental evidence, however, does not exist to 
support this. The present experimental programme shall be considered as preliminary only and does 
not aim at quantifying the effects of trees and bushes on flame propagation in vapour cloud explosions 
but only aims at confirming whether or not trees may contribute to explosion blast generation. 
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2 Experimental set-up 

2.1 Test volume 

The test volume retaining the gas cloud, shown in Figure 2.1, consisted of plastic-covered tunnel that 
was 20 m long with a semi-circular cross-section 3.2 m in diameter. Around the base a wooden frame 
was bolted to the ground. Every 2 m, an aluminium arch profile was mounted onto the wooden frame. 
These profiles were installed in order to support the gas retaining sheet. The tent was covered with 
thin plastic sheeting 150 µm thick. The total volume of the tent was approximately 80.4 m3. The plastic 
was fixed to the wooden frame around the base using staples and had the purpose of keeping the gas 
inside the test vessel during filling. The fixing was weak so as to yield minimal resistance and 
influence on the explosion as is progressed along the vessel, i.e. the plastic tent should be released at 
very low overpressures. 
 
 

 
Figure 2.1 Schematic drawing of the experimental set-up used during this work showing the position of 

the ignition source and pressure transducers. 

 

2.2 Gas mixing and filling 

To allow gas filling, the tent was equipped with a gas recirculation system, consisting of a centrifugal 
fan and two sets of 8” butterfly valves, enabling the gas mixing system to be isolated from the 
explosion module prior to ignition, all connected with 8” steel ducting. Gas was added to the re-
circulated flow immediately after the fan of the system and thus gradually mixed with air throughout 
the tent. The gas concentration was continuously monitored throughout the filling procedure and the 
amount of gas added was gradually reduced as the desired gas concentration was approached. 
Stoichiometric mixtures of propane in air were used during all tests (4.0-4.2 %vol). 
 

2.3 IR – gas analysis 

The gas concentration of the mixtures was monitored using an infrared gas analyser (type Servomex 
4200). Using a multi-channel suction system the gas concentration was monitored continuously during 
filling from up to 5 positions distributed around the test vessel. 
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2.4 Ignition source 

A high voltage, long duration, oscillating electric spark was used to ignite the propane-air mixtures. A 
spark gap approximately 3-4 mm wide was used. The ignition source was located as shown in Figure 
2.1 (position x = 1.6 m, y = 0.40 m and z = 0.08 m). The energy of the ignition spark is estimated to be 
of the order of 1-2 J (10 W for approximately 150 ms). 
 

2.5 Explosion pressure measurement 

In order to be able to monitor any overpressures generated within the test volume during the explosion 
tests, explosion pressure was measured using 3 Kistler piezo-electric pressure transducers (type 
7261) connected to Kistler charge amplifiers (type 5011). These transducers were capable of 
measuring up to 10 barg and were adjustable in terms of measuring range. The signals from the 
pressure transducers were measured using the data acquisition system described in section 2.6. The 
coordinates and settings of the pressure transducers are given in Table 2.1. 
 
Table 2.1 The x, y, z co-ordinate positions of the explosion pressure transducers inside the test 

volume and measuring range settings of each transducer. 

Coordinates 
Transducer ID 

X [m] Y [m] Z [m] 
Measuring range 

[barg] 

P1 1.6 1.0 0.4 -0.5 – 0.5 

P2 1.6 10.5 0.4 -0.5 – 0.5 

P3 1.6 19.7 0.4 -1.0 – 1.0 

2.6 Data acquisition system 

Purpose-built test control and data acquisition application programmes, based on a multi-purpose data 
acquisition card (PCI-6071) and several relay switching cards from National Instruments, together with 
the LabView programming platform were used to perform the experiments. The explosion test control 
system controlled the timing of all remotely operated equipment and was used to control the automatic 
test sequence after gas mixture preparation was complete. Switching was performed automatically 
using a general-purpose output unit based on multi-channel electromechanical relay switching cards 
from National Instruments, controlled by the test control programme. 
 
This test control system handled the priming and resetting of all pressure measurement transducers, 
the firing of the ignition source and the triggering of the data acquisition equipment for explosion 
pressure monitoring. The explosion pressure signals were recorded using the data acquisition system. 
The ignition trigger was controlled to coincide with the start of the data acquisition so that explosion 
pressure-time recordings could be correlated to the moment of ignition. Unless otherwise stated, time 
of arrival data is given in this report as the time from the activation of the ignition source. 
 
The same data acquisition system was also used, in a slow-scanning mode, during gas mixture 
preparation in order to monitor the gas concentration prior to initiation of the explosion test, ignition 
and fast scanning sequence. 
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2.7 Video recordings 

All tests were recorded using a standard SVHS camera (Panasonic SVHS), digital video camera 
(Sony DV camera) and a high speed digital SLR camera (Casio Exilim Ex-F1). The recording speed of 
the SVHS and DV camera was 25 fps. The high speed recordings were recorded at 600 fps. 
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3 Test programme 
A total of 5 tests were performed. Test 1 was intended to be a reference test for subsequent tests and 
was performed without primary obstructions. For this test a single row of plant pots filled with sand was 
fixed onto one of the two central wooden planks with a longitudinal spacing distance of 0.3 m as 
indicated in Figure 3.1. Two “obstruction fixing planks” were used, each running parallel with the 
length of the tent, in order to allow up to two rows of obstructions to be installed. These mounting 
planks were placed 0.4 m apart i.e. 0.2 m either side of the centre of the tent, see Figure 3.1. Test 1 
was performed as a reference test with which the flame propagation for all the other tests was 
compared. The pots were placed into the tent to indicate the influence these would have on the flame 
acceleration in order to be able to differentiate the effect of the bushes (and not the pots underneath 
the plants). 
 

 
Figure 3.1 Tent filled with plant pots for the reference test (test 1). 

 
Tests 2 and 3 were performed with one and two rows of small bushes of the type Potentilla Fruticosa 
‘Goldfinger’ mounted along the tunnel respectively as shown in Figure 3.2 and Figure 3.3. As for the 
pots in test 1, the longitudinal spacing between the bushes was 0.30 m. Approximately 70 plants were 
used in each row. The height of the bushes was of the order of 0.3-0.5 m. In terms of area blockage, 
the bushes “blocked” approximately 3-4% of the cross-sectional area of the tent. 
 
These three first tests were the tests originally intended to represent a long row of small bushes 
scaled down. In order to investigate the flame acceleration potential of larger obstructions, the test 
matrix was extended with two additional tests. 
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Figure 3.2 Tent filled with one row of plants of the type Potentilla Fruticosa ‘Goldfinger’ (test 2). 

 

 
Figure 3.3 Tent filled with two rows of plants of the type Potentilla Fruticosa ‘Goldfinger’ (test 3). 

 
Tests 4 and 5 were performed with one and two rows of larger bushes respectively. These bushes 
were taken from the direct surroundings of the test site. These branches and twigs were wedged into 
holes made in the mounting planks rather than in the plant pots used for tests 1-3. The spacing 
between the bushes was of the order of 0.4-0.6 m and each row consisted of approximately 40 bushes 
or sets of branches. The spacing was chosen to give the row a more or less uniform density, see 
Figure 3.4 and Figure 3.5. Unlike test 3, which created a lane between the two independent rows of 



 
 

Experimental Investigation of the Effect of 
Flexible Obstructions on Flame Propagation in 
Vapour Cloud Explosions 
Test Report 

Ref. No.: GexCon-08-F44110-RA-1 
Rev.: 01   Date: 19.06.2009 
Page 11 of 23 

 
 

 
 

The information contained in this report is to be used by the recipient solely for the purpose for which it was supplied. It shall not 
be disclosed in whole or in part, to or by any other party without the written permission of GexCon AS. (www.gexcon.com) 

bushes, the bushes used in test 5 yielded a single row somewhat larger and denser than the row used 
in test 4. For these tests the bushes were of the order of 1.5 m high and blocked around 20-40% of the 
cross-sectional area of the tent. 
 

 
Figure 3.4 The non-covered tent with one row of bushes taken from the direct surroundings of the test 

site (test 4). 

 

 
Figure 3.5 The non-covered tent with two rows of bushes taken from the direct surroundings of the test 

site (test 5). 
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As mentioned above, test 1 is only a precise or accurate reference for test 2 due to subtle differences 
in the obstacle layout during the later tests. Test 3 for example had two rows of bushes installed and 
thus an accurate reference test would require 2 rows of sand-filled pots without bushes. Exact 
reference conditions for tests 4 and 5 would ideally not contain the plant pots at all. In view of the 
results obtained, reference tests performed under these conditions was not deemed necessary. 
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4 Results 
The five tests were performed as described in chapter 3. The main source of information concerning 
flame acceleration and explosion propagation along the test vessel was obtained from the high speed 
recordings. In Appendix A, frames from the high speed recordings at various times are shown. These 
pictures clearly show that more bushes present in the tent yielded faster flame propagation due to the 
more advanced flame position for the later tests for each corresponding time stamp. In order to obtain 
a more quantitative approach, the time of flame arrival at each plastic support arch (2 m) of the tent 
relative to the time of ignition was measured from the high speed recordings. Figure 4.1 shows this 
data in terms of time of flame arrival as a function of flame position. From this an estimate of the 
average speed of the flame between each point was derived. The average flame speed between 
every arch frame is shown in Figure 4.2, again as a function of distance from the ignition end of the 
test vessel. 
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Figure 4.1 The flame arrival time as a function of the distance from the ignition source. 
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Figure 4.2 The average flame speed as a function of the distance from the ignition source. 
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The falling gradient of the curves for tests 1-5 in Figure 4.1 indicate the reduced time of arrival times 
and thus enhanced flame propagation along the test vessel. Flame speeds of the order of 30-40 m/s 
were observed for test 4 while test 5 yielded flame velocity values of the order of 50-60 m/s. The 
corresponding values for the initial tests were in the range 10-15 m/s. 
 
The pressure measurements only showed a small increase of pressure. For the first three tests, the 
pressure increase did not exceed significantly above the measurement noise level of a few millibars. 
For tests 4 and 5 the increase was high enough to yield reasonable values. Figure 4.3 and Figure 4.4 
show the measured pressure development during these two tests. 
 

 
Figure 4.3 Pressure development during test 4. 

 

 
Figure 4.4 Pressure development during test 5. 

 
For both tests the highest peak pressure was obtained at P1, closest to the ignition source. This 
increase is most likely caused by the geometry not being fully open in the beginning of the tests due to 
the plastic cover, which required a finite overpressure to be present in order to release and burst the 
plastic gas retaining sheet. The highest peak at P1 was 14 mbar and 31 mbar for tests 4 and 5 
respectively. For the P2 and P3 positions, secondary spikes were observed of magnitude 2-6 mbar 
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respectively for test 4 and approximately 5-10 mbar for test 5. These secondary spikes are due to the 
significant flame accelerations observed during the latter tests. 
 
Due to flame arrival at the transducer mounting casings causing warming up of the transducers, the 
transducers start to drift after the flame passes by. The pressure measurements could therefore also 
be used to indicate when the flame arrived at the different transducers. Table 4.1 shows the times at 
which the transducers start to drift relative to ignition and compares these values to the closest value 
taken from the high speed recordings (4, 10 and 20 m). The values from P1 and 4 m are quite similar. 
It is reasonable to believe that the flame front after ignition is spherical and that the time it takes for the 
flame tip to progress 4 m along the tent is around the same time it takes for the flame to reach the 
edges or borders of the tent and thus the P1 transducer. P2 seems to react rather more slowly to the 
heat from the flame and the drift correlation is not so good. Values from P3 however again seem 
similar to the values from the high speed recordings, indicating that transducer drift is caused by the 
flame contact as it passes the mounting plates. 
 
Table 4.1 Time of flame induced transducer drift at the pressure transducers compared to flame 

arrival times taken from the high speed recordings corresponding to the pressure 
transducer’s distance. The first column shows the times from the pressure measurements 
and the second column gives the values from the high speed recordings. 

Time of arrival from ignition [s] 
Test no. 

P1 (4m) P2 (10m) P3 (20m) 

1 0.46 0.48 1.35 0.96 1.87 1.83 

2 0.41 0.41 1.43 0.88 1.75 1.75 

3 0.39 0.38 1.21 0.81 1.53 1.51 

4 0.34 0.32 0.75 0.52 0.86 0.81 

5 0.29 0.26 0.54 0.39 0.61 0.57 
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5 Discussion 
In tests 2 and 3, only a relatively small decrease in flame arrival times was observed compared to the 
reference test. The overall increase in flame speed was also limited but this is perhaps reasonable 
considering the 3-4% area blockage ratio of the bushes used in these initial tests. As only one 
reference test was performed, the repeatability of these tests is not really known exactly. However, the 
high speed recordings show that the flame turns more red when more bushes are present in the tent, 
implying that the burning process is different because of turbulence and flame front disturbance. 
Similar effects on changes in flame appearances (colour) have been reported before [2].  These 
effects and the slight enhancement of flame propagation speed, although limited compared to the 
reference tests without bushes, was deemed enough to warrant the performance of two further tests 
with larger obstructions or trees. 
 
A far more evident increase in flame speed was observed in tests 4 and 5, in which the flame speed 
was doubled for test 4 and tripled in test 5 relative to the flame propagation obtained during the 
reference test without trees or bushes. During these final tests the size of the bushes filled a more 
significant part of the tents’ cross-sectional area (Blockage ratio due to the trees was now in the order 
of 20-40%, this includes the blockage by leaves). Using a correlation as suggested in [3] to estimate 
the possible overpressures that can be reached by fixed obstacles with similar dimensions as the 
leaves over a total distance of 20 m, pressures would be in the order of 100 mbar. In the present 
experiments a max. pressure of 20 mbar was seen. Possibly the difference can be attributed to an 
effect of flexibility of the obstructions (leaves).  
 
 
Also, for tests 4 and 5 it can be argued that the flame continues to accelerate after the initial phase of 
flame propagation (probably until the moment of failure of the plastic). The rate of flame acceleration 
increase is however limited (30-40 m/s over a distance of 15 m in test 4 and from 50-60 m/s in test 5 
over a similar distance). 
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6 Conclusion 
The experiments performed showed that trees may contribute to flame propagation enhancement and 
blast generated by vapour cloud explosions. 
 
Experiments performed with bushes blocking approximately 3-4% of the cross-sectional area of a 
20 m long, 4 m2 cross-section propane-air cloud resulted in marginal increase of the flame speed. 
When the blockage ratio of the trees was increased to the order of 20-40%, significant flame 
acceleration became evident. In the latter case flame speeds 2-3 times higher than the reference was 
obtained within a distance of 20 m. 
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Appendix A High-speed video results 

 Test 1 
 

 Test 2 
 

 Test 3 
 

 Test 4 
 

 Test 5 
Figure A.1 Flame position at 300ms after ignition for all tests. 
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 Test 1 

 Test 2 
 

 Test 3 
 

 Test 4 
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Figure A.2 Flame position at 400ms after ignition for all tests. 
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Figure A.3 Flame position at 500ms after ignition for all tests. 
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 Test 5 
Figure A.4 Flame position at 750ms after ignition for all tests. 
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 Test 5 
Figure A.5 Flame position at 1000ms after ignition for all tests. 


