


FOREWORD 
 
In 2007 the Fire Protection Research Foundation solicited proposals from NFPA TC/TCC 
Chairs and their assigned staff liaisons for research intended to directly benefit NFPA 
codes and standards.  Twenty-three candidate submittals were provided; this was one of 
three studies chosen by an evaluation panel to support the work of the Technical 
Committee on Explosion Protection Systems. 
 
NFPA 68, Standard on Explosion Protection by Deflagration Venting addresses the design, 
location, installation, maintenance and use of devices and systems that vent the 
combustion gases and pressures from a deflagration.  There are several currently 
referenced empirical correlations and emerging computer models to predict effects of 
explosion venting and some question exists as to the validity of certain aspects of these 
approaches. 
 
The objective of this project is twofold: (1) review the international literature on dust 
explosion venting correlations and models including an indication of the scientific basis 
used for validation; and (2) review and compile literature on the venting of enclosures with 
internal obstructions to investigate if a function is needed to correlate the internal obstacle 
density to the venting requirements specified in NFPA 68.   
 
The Research Foundation expresses gratitude to the report author Robert Zalosh of 
FIREEXPLO, the Project Technical Panelists, and all others that contributed to this 
research effort.  Special thanks are expressed to National Fire Protection Association 
(NFPA) for providing the funding for this project. 
 
The content, opinions and conclusions contained in this report are solely those of the 
author. 
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SUMMARY 

 
 

This report provides a literature review and an analysis of key aspects of dust explosion and gas 
explosion venting.  The review includes test data, theoretical models, and vent area equations in the 
NFPA 68 and EN14491 explosion vent standards.   Comparisons are made between the vent areas used in 
large-scale experiments and the vent areas calculated by the NFPA 68 and EN14491 equations for the 
reduced pressures measured in the experiments. The average values of the ratios of tested-to-calculated 
vent areas for dust explosions are 1.19 and 1.28 for the NFPA 68 and EN14491 equations, respectively.  
NFPA 68 and EN14491 calculated vent areas smaller than used in the tests occurred more often at low 
enclosure strengths and with low KST combustible dusts. Phenomenological models and Computational 
Fluid Dynamics (CFD) models are being developed to simulate vented dust explosions, and these models 
should facilitate better understanding of how the test data can be extrapolated to account for the influence 
of varying dust cloud dispersion and ignition scenarios, and process equipment operating conditions.  

The review of gas explosion venting data and modeling focuses on the effect of equipment and 
structural obstacles in the vented enclosure.  These obstacles can cause the vented explosion pressures to 
be many times as large as the pressure developed without obstacles for the same gas mixture, vent area, 
and ignition conditions.  The presence of obstacles is not explicitly accounted for in the NFPA 68 and 
EN14491 vent area equations. Graphs and correlations are presented showing how the 
measured/calculated vent area ratios vary with the obstacle/enclosure area and volume ratios for both 
small and large obstacles.  These correlations could potentially be further developed to facilitate inclusion 
of obstacle parameters in the deflagration vent guidelines. Several CFD models and phenomenological 
models have been able to reproduce the effect of obstacles on measured pressures in many experiments, 
and some of these models are being used to analyze hypothetical gas explosion scenarios in large 
obstructed industrial process facilities. 
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Introduction 

The NFPA 68-2007 “Standard on Explosion Protection by Deflagration Venting” describes the 
NFPA requirements for designing, installing, and maintaining vent devices intended to limit deflagration 
pressures.  The primary consideration in deflagration vent design is the determination of the minimum 
required vent area and actuation pressure.  Toward this end, many test programs have been conducted and 
many data correlations have been formulated.  Mathematical models and computer codes for simulating 
gas and dust explosions have also been developed. 

The NFPA Explosion Protection Committee has attempted to use the available test data, 
correlations, and mathematical models in developing the NFPA 68 vent design requirements.  However, 
choices and simplifications had to be made in order to produce a workable standard for the wide variety 
of deflagration venting applications and deflagration vent designers.  Questions inevitably arise about the 
assumptions, scientific validity, and safety margins associated with these choices and simplifications.  
The Fire Protection Research Foundation initiated the project described in this report to provide a more 
comprehensive review of the available deflagration venting test data, models, and computer codes in 
relation to vent area design equations in NFPA 68 and other pertinent standards. 

The first task in this review entails reviewing dust explosion venting correlations and models with 
regard to their scientific basis, extent of validation with test data, and therefore their strengths and 
limitations. For the most part, the test data used for the comparisons with vent area correlations are the 
data that have been collected and compiled by the NFPA Explosion Protection Committee.  With regard 
to models and computer codes, the emphasis in this review has been on the recently developed models 
and codes that purport to utilize or account for the contemporary fundamental scientific understanding of 
dust explosions. 

The second task in this study focuses on venting of gas explosions in obstructed enclosures.  
Obstructed enclosures warrant special attention because the obstructions often produce accelerated flames 
and greatly distorted flame surface areas.  Both of these effects cause significant increases in the vented 
explosion pressure compared to the situation in a nominally empty enclosure.  In this case, there has been 
a need to acquire and compile a great deal of test data that had not been previously considered by the 
NFPA Explosion Protection Committee in developing NFPA 68 requirements for gas deflagration 
venting.  Another important aspect of the second task has been the review of the literature describing the 
current generation of computer codes for simulating vented explosions in obstructed enclosures. 
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Dust Explosion Test Data 

The NFPA Explosion Protection Committee has compiled a database of published and 
unpublished dust explosion venting test data.  The database is limited to relatively recent large-scale 
testing in order to explicitly include reported values of the KST value1 for the test material.  Although KST 
is not a fundamental property of a combustible dust, it has become by far the most widely used 
experimental parameter to characterize material explosibility under prescribed, reproducible test 
conditions.  A premise in most of the contemporary data correlations is that the dust explosibility can be 
represented in terms of the KST value and the Pmax value (maximum explosion pressure in a closed vessel) 
of the material, for a given particle size distribution.  Comments on the validity of this premise are 
presented later in this report under the description of the mathematical models and computer codes being 
developed. 

Table 1 lists the enclosure volumes, enclosure L/D ratios, and ranges of KST values for the seven 
sets of data in the database as it existed at the time (2005) the correlations were developed for the 2007 
Edition of NFPA 68.  Four of the data sets come from published sources, while the other three sets were 
provided to the Committee in confidence.  There was a much wider range of Kst values and Pstat values in 
the database for the 2007 edition than was available for the previous (2002) edition. 

Table 1 
Large-Scale Dust Explosion Test Programs  

Data Set # Enclosure 
Volumes 

(m3) 

Enclosure 
L/D 

KST Values 
 (bar-m/s) 

Comment Data Source 

1 18.5 1.6 144 - 630 Pstat varies. Lunn et al (1988a) 
Vent Duct data not included 

in Set 1 
1a 18.5 1.6 20, 40 Low Pred data Lunn et al (1988b) 
2 2.4 - 250 1 – 6.25 206 – 322 Basis for 

correlation in 
NFPA 68-

2002 

Confidential 

3 10 – 500 1 – 6.25 115 - 235 Includes low 
Pstat data 

Confidential 

4 20, 236 6, 6.25 100 - 240 Data for Silos Confidential 

5 2.4 - 60 1 – 1.55 100 - 412 Vent Panel 
Inertia Effects

Lunn (1999a) 
Tamanini (1996) 

6 18.5, 20 1.2, 2.4 71 - 528 Pstat = 0 Holbrow et al (2000) 

 

One of the limitations of the data sets listed in Table 1 is that there is little information available 
on the turbulence levels used in the testing.  This is important because it is necessary to generate some 
turbulence to disperse and suspend the combustible dust cloud, and yet it is well known that the resulting 
values of Pred (maximum pressure in vented explosion) are quite sensitive to the turbulence level at 
ignition as well as the turbulence generated during the deflagration itself.  Figure 1 shows this effect in 
tests conducted by Tamanini (1990) in a 64 m3 test enclosure. 

                                                           
1 KST is defined as (dP/dt)maxV1/3 where the rate of pressure rise is measured in a closed vessel under conditions 
described in ASTM E1226. 
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Similar effects have been reported by Scheid et al (2006) for fan induced turbulence, and by 
Eckhoff (1984) for different dust injection methods in a large silo.  Eckhoff also showed the importance 
of different ignition locations and of homogeneous versus inhomogeneous dust clouds for tests in the 
large silo. 

As discussed in Zalosh (2007), the rms turbulence velocity at the time of ignition in the standard 
20-liter and 1-m3 closed tests to determine KST are in the range 2 to 6 m/s.  Although some of the vented 
explosion tests attempt to produce equivalent turbulence levels at the time of ignition, there were hardly 
any vented tests in which the turbulence intensity was actually measured.  Several of the test series 
produced “prescribed” turbulence levels by adjusting the dust dispersion device and ignition delay time so 
as to generate the V1/3 scaled P(t) curve up till the time of vent deployment, or by reproducing the Kst 
value in a test without any venting (Lunn et al, 1988b). However, it is not clear to what extent either of 
these methods were attempted or achieved in most of the NFPA 68 data in the data sets listed in Table 1. 

The basic dust explosion vent sizing equation for compact enclosures (L/D ≤ 2) in NFPA 68-2007 
is: 

1
P
P

VK)P54.11(10x.1A
red

max4/3
st

3/4
stat

4
0v −+= −  [1] 

where  Av0 is the vent area (m2) before any adjustments are made for L/D, vent ducts, vent inertia, or 
high initial turbulence levels; 

 Pstat is the static load vent deployment pressure (bar g), 
 V is the enclosure volume (m3); 
 Pmax is the maximum pressure measured in closed vessel tests per ASTM E 1226, 
 Pred is the reduced explosion pressure in the vented enclosure, (bar g). 
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Figure 1.  Effect of rms turbulence velocity on Pred in tests by Tamanini (from Zalosh, 2007) 
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The added vent area, ΔA for L/D > 2 is given by the following equation from NFPA 68-2007: 

295.0
75.0

0 26.0 redP
v e

D
LAA −⎟

⎠
⎞

⎜
⎝
⎛ −=Δ   [2] 

such that the required vent area, Av1, is equal to Av0 + ΔA. 

The vent areas corresponding to equations 1 and 2 above and the measured values of Pred for each 
test have been calculated for the various data in the data sets listed in Table 1.  The ratios of the calculated 
Av (denoted by Av68) to the actual Av (denoted by Avexp), have also been calculated in a spreadsheet.  The 
resulting values of Av68/Avexp are shown plotted versus Pred in Figure 2 for every data set except Set 5.  
Values of Av68/Avexp > 1 are tests in which the actual vent areas were smaller than would be required by 
NFPA 68 for the actual value of Pred.  In other words, Av68/Avexp > 1 are tests in which NFPA 68 would 
require more than the actual vent area, and points with Av68/Avexp < 1 represent tests in which NFPA 68 
would underestimate the required vent area. 

Av68/Avexp versus Pred
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Figure 2. Av68/Avexp versus Pred for6 sets of data. 

The points for which Av68/Avexp <1 are a concern, particularly when the ratio is much less than 
one.  The majority of these points seem to occur at Pred values less than about 0.50.    The lowest values of 
Av68/Avexp are for the low KST, low Pred data in Data Set 1a.   

During some of the discussions leading to NFPA 68-2007, the Committee became aware of the 
need to augment vent areas for low Pred applications, many of which are associated with buildings.  Thus, 
NFPA 68-2007 requires a 70% increase in vent area for buildings, i.e. the building vent area, Av2, is given 
as Av2 = 1.7Av1.  This increased vent area for buildings would account for the low Pred data points in 
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Figure 2 for which Av68/Avexp > 1/1.7 = 0.59.  However, the test data does not include any tests 
specifically for buildings.  

Figure 3 shows Av68/Avexp plotted against the dust KST value.  The plot shows that the low KST 
values are much more likely to have Av68/Avexp < 1, particularly when KST < 50 bar-m/s.   The plot also 
demonstrates the scarcity of data for low Kst ,materials.  There are only two data points for Kst values in 
the range 41 – 99 bar-m/s, and all the data for Kst values less than or equal to 40 come from a single set of 
experiments (Data Set 1a) in which the low Kst values were obtained by mixing coal dust with limestone 
dust. 

Av68/Avexp versus Kst
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Figure 3 Av68/Avexp versus KST for six data sets. 

 

 

The 2005 edition of European dust explosion venting standard, prEN 14491, has the following 
equations for calculating the required vent area. 

[ ] DLredstatredSTfv CVPPPKPxEA /
753.05.0569.0

max
5 )1.0(27.010264.3 −−− −+=  [3a] 

gbarPifDLPC redredDL 5.1/log)758.0log305.4(1/ <+−+=  [3b] 

gbarPgbarifC redDL 25.11/ ≤≤=  [3c] 
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where Pstat ≥ Pred ≤ 2 bar g, and Ef is an empirically determined vent efficiency factor for a particular vent 
closure design. CEN provides a separate equation for building deflagration venting applications with 
values of Pred < 0.10 bar g. 

Vent areas have been calculated using Equations 3a-c for the various test conditions in the same 
six data sets in Table 1 as was done previously for the NFPA 68 values of Av.  As with the NFPA 
calculated vent areas, the ratio of AvCEN (calculated results using Eqns 3a-c) to Avexp has also been 
calculated for each data point (except for data with Pred values < 0.10 bar g). The results are qualitatively 
similar to those obtained for Av68/Avexp in that the smallest vent ratios occur for the low KST data points in 
Data Set 1a.  

Table 2 provides a statistical comparison of the Av68/Avexp values and the AvCEN/Avexp values for 
the entire database of about 270 data points.  The average value of Av68/Avexp is 1.22, while the average 
value of AvCEN/Avexp is 1.28.  The spread of vent ratios, as represented by the standard deviation, 
minimum, and maximum values in Table 2 is slightly greater for NFPA 68 than it is for CEN 14491.  In 
both cases, the minimum values occurred for Data Set 1a, i.e. for the KST values less than 50 bar-m/s.  The 
maximum values occurred for tests in Data Set 3 with L/D values of 4 and 6.25 

Table 2: Statistical Comparison of Calculated/Actual Vent Areas 
 Av68/Avexp AvCEN/Avexp 

Average 1.19 1.28 

Standard Deviation 0.46 0.58 

Minimum 0.16 0.19 

Maximum 3.23 4.31 

 

When the vent cover has a mass-per-area, M, greater than a threshold amount given by an 
equation in NFPA 68-2007, the NFPA standard requires that the vent area be increased to a value Av3 
according to the following equation, 

( )
22.03.0

5.06.0

3
0075.01 v

red

St
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PVn
KMA ⋅⎥

⎦

⎤
⎢
⎣

⎡
⋅⋅

⋅⋅
+=  [4] 

where n is the number of vent panels, and Av2 is the total vent area calculated using equations 1 and 2, i.e. 
in this case Av2 = Av0 + ΔA.  Calculations using Equations 1,2, and 4 have been made for the data in Data 
Set 5 by a member of the NFPA Explosion Protection Committee, and compared to the vent area, Avexp, 
used in the experiments.  The average value of Av68/Avexp for this Data Set is 1.08 and the standard 
deviation is 0.27.  The minimum value of 0.61 occurred for a test with a KST value of 100 bar-m/s, which 
is the smallest KST in the Data Set 5.  The maximum value of Av68/Avexp is 1.68, which occurred for a test 
with a KST of 336 bar-m/s. 

Another factor in deflagration vent design is the possible need for a vent duct to channel the 
burning dust from the enclosure to a safe discharge location outside the building.  Both NFPA 68 and 
CEN 14491 have a calculation method to account for the additional vent area needed to maintain a given 
value of Pred and the other vent parameters.  The method in NFPA 68-2007 was described by Ural (2006).  
A comparison between the values of Pred determined by the vent duct calculation method and the data 
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reported by Lunn et al (1998) and Hey (1991) for their tests in the HSE Laboratory 18.5 m3 vessel is 
shown in Figure 4.  

The agreement between calculated and measured pressures shown in Figure 4 is much better for 
Pred > 1 bar g than it is for Pred < 1 bar g.  However, most of the calculated values of Pred exceed the 
experimental values when the experimental Pred is less than 0.1 barg.  This suggests that the NFPA 68 
vent duct calculation procedure is conservative (larger vent area than may be necessary for a given value 
of Pred) when Pred < 0.1 barg. 

 

Figure 4 Comparison of Calculated and Measured Values of Pred for Lunn et al tests (from Ural, 2006) 

FM Global has its own deflagration venting standard, which is based on the modeling and data analysis 
reported by Tamanini (1995).  The FM Global vent requirements are contained in the proprietary 
DustCalc computer code that is used by FM field engineers (Tamanini and Valiulis, 1996 and 1998).   
The FM Global general approach and analyses of factors such as panel inertia effects, were also the bases 
of the equations subsequently developed by the NFPA Explosion Protection Committee in the 2002 
edition of NFPA 68. 

  Lunn (1999b) compared the vent duct calculations of FM, VDI (predecessor to CEN method), and the 
Institute of Chemical Engineers method developed at HSE.  They found that the FM method required 
larger vent areas than the other methods for values of Pstat of about 0.1 barg, but that the FM required vent 
areas are smaller than those of VDI when Pstat is increased to 0.5 barg.  As the vent duct length increases, 
the I. Chem. E. method produces the largest vent area. 

Other aspects of dust explosion venting include considerations of applications with high 
turbulence levels (Zalosh, 2007), enclosures with non-uniform dust clouds where concentrations above 
the Minimum Explosive Concentration exist in only a part of the enclosure volume, and pressures and 
temperatures that are different than ambient.  The NFPA 68 and CEN 14491 provisions for these 
situations are based on limited test data, including tests in mock ups of processing equipment such as 
spray dryers (Siwek et al, 2004), bucket elevators (Holbrow et al, 2002) and dust collectors (Lunn et al, 
1998). 
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  More test data in both operating equipment and buildings are needed, along with additional data 
for materials with low KST and low Pred values. It would also be helpful to obtain additional data from 
tests in which the turbulence velocities and dust concentration distributions are reported, as in the silo 
tests of Hauert et al (1996).  Publishable or proprietary data of this nature would facilitate either improved 
venting guidelines or better confidence in the existing guidelines.  It would also be useful to expand the 
database represented by the data sets in Table 1 by including additional available data, and adding data on 
the turbulence velocities and cloud concentrations at ignition. 
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Dust Explosion Mathematical Models and Computer Codes  

Mathematical models of vented dust explosions are divided into the following three categories: 1) 
analytical equations for vent area; 2) phenomenological models of the vented explosion; and 3) 
Computational Fluid Dynamics (CFD) models to simulate the vented explosion.  The models increase 
significantly in complexity from category 1 to 2 to 3.  The complexities of categories 2 and 3 probably 
render them inappropriate for routine vent design requirements.  However, they are valuable for special 
complex situations with considerations that go beyond the data correlations discussed above.  They are 
also useful in providing guidance on the limitations and possible extrapolations of the data correlations to 
conditions and materials that have not been tested. 

Analytical Equations for Vent Area 
Analytical equations relating the vent area to Pred and other parameters can be derived from a key 

assumption about the time and conditions at which Pred occurs.  For example, one possible assumption is 
that Pred occurs when the volumetric generation rate due to combustion is equal to the volumetric venting 
rate.  If the pressure is sufficiently low for the vent velocity to be calculated from Bernoulli’s equation, 
i.e. for incompressible flow, and if the maximum flame surface area is proportional to the 2/3rd power of 
the enclosure volume (true if the maximum flame area is assumed to be equal to the enclosure internal 
surface area for a particular geometry), Proust et al (2007) derive the following simple equation for Av. 

ρ
red
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tv
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ES
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Δ
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exp
3/2   [5] 

where St is the turbulent burning velocity of the dust cloud, Eexp is the volumetric expansion ratio 
associated with the ratio of the flame temperature to ambient temperature, Cd is the vent discharge 
coefficient, and ρ is the air density.  Proust et al (2007) show some data for cellulose dust explosions in 
vessel volumes in the range 2.3 m3 to 250 m3 that are consistent with Eqn 5.  The dust cloud generation 
methods were similar in all vessels in the Proust et al correlation. 

Heinrich and Kowall (1971) and Nomura and Tanaka (1980) derived vent area equations by first 
deriving analytical equations for the rate of pressure rise, dP/dt, and equating the rate-of-pressure rise in 
the vented enclosure with a V1/3 scaled rate-of-pressure rise in a closed vessel.  Since Pred occurs when the 
rate-of-pressure rise due to combustion is balanced by the rate-of-pressure-decrease due to vent flow, both 
sets of authors show that the ratio Av/V2/3 should be directly proportional to KST, and a function of Pred 
that can be either from Bernoulli’s equation or from a more complicated equation associated with 
compressible vent flow.  This approach is consistent with the correlations in equations 1 and 3a which 
both show Av being linearly proportional to KST.  However, the validity of this approach depends on how 
closely the experimental conditions can reproduce the turbulence characteristics that are inherent in the 
determination of the KST values for a particular dust. 

Ural (2001) discussed various analytical equations for the low Pred regime, including an 
adjustment of the maximum flame surface area to account for turbulent flame wrinkling.  He showed that 
a correlation for flame wrinkling involving the Reynolds number based on the rms turbulent velocity and 
turbulence integral length scale, along with the assumption that the turbulence length scale is proportional 
to enclosure length scale, leads to an equation in which Av is proportional to V3/4.  This is consistent with 
Equation 1 and almost the same as the variation in Equation 3a. 
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 Phenomenological Models for Vented Dust Explosions 
Phenomenological models of vented dust explosions consist of a set of coupled time dependent 

differential equations that can be solved numerically to obtain the deflagration pressure as a function of 
time.  Two examples of phenomenological models are ISOVEX developed by Tamanini at FM Global, 
and EFFEX developed by Proust and his colleagues at INERIS.  According to Tamanini and Valiulis 
(1996), ISOVEX was formulated as a tool in the development of the FM dust explosion vent sizing 
correlation and vent design recommendations. On the other hand, Proust (2005) explains that the vented 
explosion package in EFFEX is just one aspect of a computer code intended to simulate explosion 
propagation and blast waves in large facilities handling combustible dusts. 

Both ISOVEX and EFFEX assume that the combustion occurs at a well defined flame surface 
separating unburned dust from the gaseous and particulate combustion products.  ISOVEX treats the 
flame as a growing spherical surface, whereas EFFEX neglects the flame growth period and just assumes 
that the flame surface area is equal to the enclosure cross-sectional area throughout the deflagration. 

The turbulent burning velocity in ISOVEX is assumed to be constant until the time corresponding 
to the inflection point in the pressure versus time curve.  The time and corresponding flame radius at the 
inflection point is an adjustable parameter that is determined by matching calculated and measured 
pressure curves.  After the inflection point, the burning velocity is prescribed to decrease such that it is 
equal to zero when the flame reaches the spherical enclosure wall.  Tamanini and Valiulis (1996) state 
that turbulence effects are accounted for in the specification of the burning velocity. Presumably, they 
calculate the burning velocity from the following equation which Tamanini (1993) previously included in 
an earlier paper describing his model. 

( )3
0 36πPP
Kc

S
m

k
t

−
=   [6] 

Tamanini (1993) defined the coefficient ck in Equation 6 as the coefficient in the chemical reaction term, 
and later defined K as a reactivity parameter that is proportional to KST, but increases with increasing 
enclosure volume (Tamanini and Valiulis, 1996). 

Proust (2005) reports that EFFEX uses a correlation for the turbulent burning velocity as a 
function of the dust cloud laminar burning velocity, the turbulence root-mean-square fluctuating velocity, 
u’rms, and the turbulence integral length scale, lI.  The values of u’rms and lI are calculated from the 
velocity and diameter of the jet that is responsible for generating the dust cloud in the enclosure, as well 
as the characteristic length of the enclosure.  This prescription allows EFFEX to be used for simulations 
of flame jet ignitions associated with flame propagation between interconnected process/storage 
enclosures.  One practical problem with the relationship between turbulent and laminar burning velocities 
is that the laminar burning velocity has, until now, only been measured for a small fraction of the various 
combustible dust materials and concentrations. 

Figure 5a is a bar graph comparison between EFFEX calculated and measured values of Pred as 
reported by Proust et al (2007) for five series of tests in isolated vented enclosures.      The bars denoted 
by letters for each test vessel represent different vent areas or different dust injection methods and 
velocities, as reported by Proust et al (2007).   In three sets of tests, the EFFEX calculated values of Pred 
are higher than the measured values; as much as 67% higher in one test, but much closer in several other 
tests. In the other two sets of tests, the EFFEX calculated Pred values are slightly lower than the measured 
values.  Overall, the agreement between EFFEX calculated and measured values is better than the 
agreement between measured values and the Pred values that Proust et al calculated using EN14491. 

Figure 5b is a bar graph comparing EFFEX calculated Pred values to the values measured in tests 
with interconnected vented enclosures.  The tests were conducted with coal dust clouds in the initiating 
vessel and flame and pressure transmission to a second vessel via a 500 mm diameter duct.  The EFFEX 
calculated Pred values in the second (receiving) vessel agree well with the data for some tests, and 
significantly overestimate Pred in other tests.  
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EFFEX has also been used to simulate some major dust explosion incidents including an 
explosion in a sugar processing plant with three large concrete silos connected via an underground 
gallery.  Proust (2005) reports that the simulation (which includes silo structural failure calculations) 
predicted plant damage and debris distribution that were in good agreement with the actual incident 
observations.  He also reports that EFFEX simulations have been conducted for several hundred other silo 
plants and explosion scenarios.  Since the analysis for each plant/scenario only requires a few hours of 
analysis for an experienced modeler, EFFEX appears to be a promising tool for vented dust explosion 
scenarios that warrant analyses beyond just designing vents for isolated enclosures. 
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Figure 5a Comparison of Pred calculated with EFFEX to measured values for isolated vented enclosures (Proust et al, 2007) 
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Figure 5b Comparison of EFFEX calculated Pred to measured values for interconnected vented enclosures (Proust et al, 2007) 
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CFD Models of Vented Dust Explosions 
GEXCON has been developing a CFD code called DESC (Dust Explosion Simulation Code) to 

simulate dust explosions including explosions in complex industrial facilities.  The development effort, 
which has been described by Skjold (2007) and Skjold et al (2006), has been supported for several years 
by European Commission funding, and has involved participation from several other European research 
organizations such as the British Health and Safety Laboratory, the Dutch TNO, and the German 
INBUREX Consulting company.  This participation included conducting experiments to provide a more 
comprehensive understanding and data on such important separate effects as dust lifting and dust cloud 
formation.  Skjold (2007) has provided summaries of the various projects contributing to DESC 
development. 

The backbone of DESC is the GEXCON FLACS code discussed later in this report.  The flame 
representation formulation in DESC and FLACS has the flame thickness corresponding to about three 
grid cells.  Proust (2007) has criticized this representation of the flame as being unrealistic because the 
distance associated with three grid cells is typically in the range 10 cm to 1 m, whereas the actual flame 
thickness is on the order of a fraction of a mm for laminar flames and is probably no greater than a few 
mm for turbulent flames.  However, the flame thickness in turbulent dust explosions is much more 
difficult to define because combustion is usually incomplete within the flame zone and residual burning 
often occurs far behind the nominal flame front. 

The default turbulent burning velocity equation in DESC is (Skjold, 2007): 

196.0412.0
'

784.0 '1.15
IrmsLt uSS l=   [7] 

where SL is the laminar burning velocity of the dust cloud.  Although the inclusion of SL in Equation 7 
presents the same practical problem as discussed earlier for the formulation in EFFEX, Skjold (2007) 
describes a new analysis of 20-liter sphere P versus time data that can result in the calculation of SL for 
any dust tested.  This new analysis should make the use of Eqn 7 and similar equations involving SL much 
more applicable to a wide variety of combustible dusts. 

Instead of calculating the motion of individual dust particles, DESC uses a simple Eulerian 
approach in which the particles are assumed to follow the motion of the gas (air) phase.  This assumption 
should be acceptable for very small particles, but clearly is not adequate for large particles, or high 
density particles, such as combustible metals.  Skjold (2007) acknowledges that the particle motion 
formulation in DESC needs improvement. 

There have been several different DESC validation efforts in which calculations are compared to 
experimental results and to the EN14491 standard calculations.  Rogers and Coupin (2005) have 
conducted comparisons with EN14491 (equivalent to VDI 3673) as shown in Table 3.  The vented 
enclosure for these calculations was 1.8 m diameter and 6 m long, and the dust was assumed to have a 
KST value of 143 bar-m/s.  The vent area and vent deployment pressures were varied as shown in the 
Table.  As indicated in Table 3, the differences between the VDI 3673 and DESC calculated Pred values 
ranged from +22% to -38%. 

 Figure 6 shows a DESC simulation of an experiment in which coal dust is ignited in a 20 m3 
vented cylinder connected via a pipe with a right angle bend to a 2 m3 cylinder containing the same coal 
dust.  As can be seen in the Figure, the deflagration propagates to the smaller vented vessel.  The 
pressures measured at various locations and the corresponding DESC calculated pressures are shown in 
Figure 7.  The DESC calculated pressures seem to be lower than the measured values.  For example the 
measured value of Pred for Channel 4 is about 2.9 barg, while the DESC calculated value is 2 barg.  The 
measured time at which Pred occurs is about 0.98 seconds, versus about 0.72 seconds in the DESC 
simulation. 
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Table 3.Comparison of DESC and VDI 3673Calclulated Pred values. 

 
 

 

Figure 6 DESC simulation of coal dust explosion in two interconnected cylinders (from Skjold, 2007) 
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Figure 7. Pressures measured in top graph and calculated by DESC in bottom graph for experiment shown in Figure 7(from 
Skjold, 2007) 

Many more validation calculations and better agreement with data will be needed before DESC 
can be relied upon for design purposes.  It would be desirable in future validation efforts to compare 
calculated and measured dust concentration distributions since dust dispersion is an important aspect of 
DESC capabilities.  If the code improvements discussed by Skjold (2007) are implemented, and 
development and validation work continues as planned, DESC should become a very useful tool for data 
interpretations and extrapolations, and evaluations of complex industrial dust explosion scenarios. 

Krause and Kasch (2000) of the German Federal Institute for Materials Research and Testing 
(BAM) have also developed a CFD model that they used for vented dust explosion simulations.  The 
BAM CFD model is based on the FLUENT commercial CFD package supplemented with their own 
chemical reaction terms for solid particulate devolatilization and gas phase combustion.  Krause and 
Kasch used an Arrhenius combustion reaction rate for laminar flames, and a Magnussen-Hjertager model 
for turbulent flames.  Their laminar flame combustion calculations were used to calculate laminar burning 
velocities for lycopodium dust flames in a 10 cm diameter tube open at one end, which was one of the 
BAM laboratory test configurations.  They also used their CFD code to calculate dust concentration 
distributions in a 40 m3 silo used previously for vented explosion tests.  Their calculated dust distributions 
provided a credible explanation for some of the previously reported vented explosion pressures.  This 
application of CFD calculations can be a valuable tool for tests in which dust concentration and 
turbulence parameters have not been measured. 

Radant et al. (2001) developed a CFD model for dust explosions that fundamentally differs from 
the other models in that it incorporates a Lagrangian approach for modeling the motion of the dust 
particles.  It also includes both gas phase and heterogeneous surface combustion of solid particles.  The 
Radant et al. (2001) calculations were limited to two-dimensional simulations of closed vessel explosions 
with varying height/diameter ratio.  It now falls upon current and future researchers to attempt three-
dimensional simulations of vented dust explosions with more realistic particle motion and combustion 
simulations of the type employed in the Radant et al CFD model. 
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Gas Explosion Venting in Obstructed Enclosures: Large-Scale Data 

One of the key steps in the development of the NFPA 68 vent area equations for gases was the 
compilation of test data that Dr. Larry Britton assembled and distributed to the NFPA Explosion 
Protection Committee in 1986.  Britton’s compilation included nine sets of gas explosion venting test data 
from tests in both large-scale and laboratory-scale test enclosures2.  However, only three of those nine sets 
of data involved tests with obstacles in the enclosure.  The following table lists the test series and types of 
included in the Britton 1986 data correlation that is the current basis for the low-strength enclosure vent 
area equation in NFPA 68-20073.  The total number of tests with obstructions is only 16. 

Table 4. Obstructed Enclosure Test Programs in Britton 1986 Data Compilation 
Testing 

Organization 
Year of 
Report 

Size of Test 
Enclosure 

(m3) 

Type of 
Obstacles 

Number of 
Tests with 

Obstructions 

Reference 

Monsanto-
Fenwal 

1982 82.1 Baffle 
partitions 

8 Howard and 
Karabinis 

(1982) 
FMRC 1978 33.5 Cylinder and 

Piping 
3 Zalosh (1978) 

FMRC 1981 63.3 Rotating shaft, 
discs, and 
hammers 

5 Zalosh and 
Coll (1981) 

 

Since the 1986 data compilation, there have been at least eight additional publicly reported large-
scale gas explosion venting test programs with obstacles in the test enclosures.  Table 5 lists the test 
programs and configurations for tests in enclosures that are at least 1 m3 in volume.  It is important to 
focus on large-scale tests because the flame acceleration and flame distortion effects that govern the rate 
of pressure development are too complicated to be amenable to simple scaling laws.  The enclosure 
volumes listed in Table 5 range from 2.5 m3 to 1638 m3.  Four of the eight test series in Table 5 were 
conducted with obstructions simulating obstructed offshore gas/oil production modules. The total number 
of tests in the eight programs is 383.  Thus the currently available database for gas explosion venting in 
obstructed enclosures dwarfs the data that was considered in the 1986 data compilation. 

The Appendix of this report provides brief descriptions of each of the test programs listed in 
Tables 4 and 5.  In most cases there are either photographs or diagrams of the enclosure and descriptions 
of the obstacles and test conditions.  All of the tests were conducted with either methane, natural gas, or 
propane using gas concentrations that were either stoichiometric or 10% to 20% richer than stoichiometric 
so as to have a maximum burning velocity.  In almost all of the tests a near uniform gas mixture was 
established throughout the enclosure.  None of these tests involved vent ducts or interconnected 
enclosures. 

 

 

                                                           
2 Britton’s 1986 data compilation also included a Monsanto process building explosion incident in which there 
were some kettles. 
3 The C values were slightly revised for the 2007 edition of NFPA 68, but the revisions were made without any 
updating of the 1986 data compilation. 
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Table 5.  Large-Scale Gas Explosion Tests with Obstructed Enclosures Since the 1986 Compilation 
Test Program or 

Organization 
Year Size of Test 

Enclosure (m3) 
Type of Obstacles Number of 

Tests 
Reference 

Det Norske 
Veritas (DNV) 

1983 35 Pipe Racks, Boards, 
Wall 

159 Pappas and Foyn 
(1983) 

Cates and Samuel 
(1991) 

Christian 
Michelson 

Research Institute 
(CMR) 

1986 27 Pipe Arrays 12 GexCon Gas 
Explosion 
Handbook 

TNO 1989 38.5 Large Box 28 Van Wingerden 
(1989) 

Solvex Full-Scale 1993 550 Pipe Arrays 17 Bimson et al. 
(1993) 

Solvex 1/6th-scale 1993 2.5 Pipe Arrays and Sharp-
edged obstacle grids 

87 Bimson et al. 
(1993) 

Puttock et al. 
(1998) 

BFETS 1998 1638, 
2688 

Low-Density and High-
Density Offshore 

Platform Modules4 

27 Selby and Burgan 
(1998) 

CMR 1/5th Scale 
Offshore Modules 

1988 50  Offshore Platform 
Compressor and 

Separator Modules 

> 645 Hjerteger et al 
(1988) 

Van Wingerden 
et al. (1998) 

Baker Risk 2005 98 Piping Array 4  
reported 

Thomas et al 
(1996) 

 

One way to illustrate the effect of obstacles in vented gas explosions is to calculate the ratio of 
Pred measured with the obstructed enclosure to Pred measured in the empty enclosure with the same vent 
area.  This ratio can’t be determined for every test program because only some of the test programs 
included tests in the same empty enclosure as was used for the tests with obstructions.  Figure 8 shows a 
plot of this ratio versus the ratio of the surface area of the obstructions to the surface area of the enclosure.  
In order to clarify some of the important effects, only the data for relatively small obstacles are included 
in Figure 8. 

In all four data series shown in Figure 8 the Pred ratio increases with increasing values of the ratio 
of surface areas of the obstructions to the enclosure.  The most dramatic increase occurs for the data set 
with the smallest ratio of obstruction diameter to enclosure diameter.  In that case (Dobs/Denc < 0.05), Pred 
ratios approaching 50 occur with obstruction/enclosure surface area ratios less than 1.  The other data (for 
Dobs/Denc = 0.055 and 0.069) show monotonic but less dramatic increases of the Pred ratio with increasing 
surface area ratio.  In the case of the SOLVEX full-scale and 1/5th scale tests, there were different size 
equipment and obstructions in the enclosure.  The characteristic Dobs used for those test series was the 
diameter of a representative cylinder simulating process equipment because that size equipment seemed 
to have a larger total surface area than the larger obstructions. 

                                                           
4 Low-density BFETS module had compressor and control room mockups, while the high-density module had additional 
vessels, pipe racks and cable trays.  

5 CMR and GexCon conducted at least 64 tests in their first series of tests using the 1/5th scale offshore module enclosure, 
and then did and unspecified number of additional tests in later years with a modified configuration. 
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Figure 8. Ratio of Pred in obstructed and empty enclosure versus obstruction/enclosure volume ratio. 

The best-fit trend lines shown in Figure 8 reinforce the impression that the data series for 
Dobs/Denc < 0.05 is far more sensitive to the obstruction/enclosure surface area ratio than the data series for 
the larger values of Dobs/Denc.  The former has a quadratic best-fit trend line with a large x2 coefficient, 
whereas the other two trend lines are either linear or only very weakly quadratic.  The same data has been 
plotted as a function of the obstruction/enclosure volume ratio.  Although the Pred ratio generally increases 
with the obstruction/enclosure volume ration, the volume ratio plot (not included in report) is more 
random and does not produce the trend line fits shown in Figure 8. 

One explanation for the sensitivity to the Dobs/Denc ratio is that small repeated obstacles produce a 
much greater flame acceleration effect than larger obstacles with larger separation.  This effect has been 
observed in many test programs in both enclosed and unenclosed arrays.   For example, Mercx et al 
(1995) have reported on how different diameter piping and different pipe spacing affect the flame speeds 
and pressures measured in various scale unconfined obstacle array tests conducted in the MERGE project.  
Their results show that a 50% reduction in the pipe diameter, at the same overall 10% volume blockage 
ratio, produces a fivefold to sevenfold increase in the deflagration peak pressure.  At a 20% volume 
blockage ratio, halving the pipe diameter produced a twofold to fivefold increase in peak pressure. 

A crucial question associated with gas explosion vent design guidelines is how to account for the 
increased pressures associated with obstructed enclosures.  In order to explore this question, the vent 
areas required by NFPA 68, Av68, have been calculated for all of the reported data from the obstructed 
enclosure test series listed in Tables 4 and 5.  The calculation involved using the measured Pred data and 
the following two sets of NFPA 68 vent area equations for low-strength (Pred ≤ 0.1 barg) and high-
strength (Pred > 0.1 barg) enclosures. 
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Av68 = vent area required by NFPA 68 for gas deflagrations,  
C = venting equation constant given as a function of laminar burning velocity for different gases  
  (in units of psi1/2 or bar1/2) as shown in Figure 9, 
As = enclosure surface area (ft2 or m2) including ceiling,  floor, and walls, 
Pred =  maximum pressure developed in vented deflagration (psi1/2 or bar1/2). 
KG = (dp/dt)maxV1/3 for closed vessel tests, with values normalized to KG = 100 bar-m/s for propane. 

 

Figure 9.  C parameter in NFPA 68-2007  Gas Venting Equation versus Burning Velocity 

There are restrictions in NFPA 68 on the enclosure length/diameter6 (L/D) ratio for the use of Equations 
8.  When Pred ≤ 0.1 bar g, L/D must be less than 3 for unobstructed enclosures, and less than 2 for highly 
obstructed enclosures, if the vent area is restricted to one end of the enclosure.  When Pred > 0.1 bar g, an 
incremental vent area, ΔAv, given by the following equation must be added to Av68 if L/D > 2. 

The equation for Av68 used for each test depended on the value of Pred for that particular test.  
After calculating Av68, the ratio Av_68/Avtest was calculated.  When this ratio is greater than one, NFPA 68 
requires a vent area that is larger than the experimental vent area for the measured Pred.  Conversely, when 

                                                           
6 The equivalent diameter is defined in NFPA 68 as 4(Acs/P), where Acs is the cross-sectional area and P is the 
perimeter of the cross-sectional area. 
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this ratio is less than one, the NFPA 68 required vent area is smaller than what was needed for the 
measured Pred.  Thus, values of Av_68/Avtest less than one indicate that NFPA 68 does not require a 
sufficiently large vent area for the level of enclosure obstruction used in that test. 

Various parameters can be used to represent the level of obstruction associated with the 
equipment and objects in an enclosure.  One simple measure is the ratio of the obstruction (equipment) 
volume to the enclosure volume, i.e. the obstruction volume fraction.  Figure 10 shows the Av_68/Avtest 
ratio plotted against the obstruction volume fraction for tests with ratios of Dobst/Denc < 0.08.  The plot 
shows that the vent area ratio is less than one for some of the tests at obstruction volume ratios as small as 
0.012, but there are many other tests with vent ratios greater than one at much higher obstruction volume 
ratios.  Thus obstruction volume ratio can be an indication of the need for enhanced vent area, but it is not 
an entirely reliable measure of such a need.  For a given obstruction volume ratio, the data indicate that 
smaller obstacles require larger vent areas than larger obstacles. 
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Figure 10 Av68/Avtest versus obstruction volume fraction for Dobs/Denc < 0.08. 

Figure 11 is a double log-scale plot the Av_68/Avtest ratio versus the ratio of the obstacle surface 
area to the enclosure internal surface area.  This plot seems to be a more reliable indication of the need for 
additional vent area than the plot in Figure 10.    All the vent area ratio data in Figure 11 are less than one 
when the surface area ratio, As_obs/As_enc > 0.46.  Some of the data in Figure 11 show vent area ratios less 
than one at As_obs/As_enc ratios as low as 0.21.  Thus, a critical value for As_obs/As_enc to indicate a need for 
greater vent area would fall somewhere in the range 0.21 to 0.46. When the obstruction-to-enclosure 
surface area ratio is greater than one, all the tests needed vent areas more than twice as large as that 
prescribed by the NFPA 68 equations. 

The BFETS and CMR 1/5th scale tests involved an assortment of obstructions representing 
equipment, piping, control rooms, etc. Since there is no single characteristic diameter for these 
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obstructions, the mean diameter, weighted by the obstacle length, was used to represent the obstructions.  
The equation given in the BFETS report (Selby and Burgan, 1998) is 

∑
∑=

i

ii
m l

ld
D  

where Dm is the mean diameter, di is the diameter of obstacle i, and li is the length of obstacle i. 

 The data in Figure 11 show that small values of Dobst/Denc generally have smaller Av_68/Avtest 
ratios than larger obstructions.  However, Dobst/Denc by itself does not account for all the data variations in 
Figure 11.  Apparently the obstacle spacing and orientation relative to the longest dimension of the 
enclosure are other pertinent factors, in addition to the As_obstacle/As_enc ratio. 

Results similar to Figure 11 are obtained when the horizontal axis in Figure 11 is replaced by the 
quantity As_obs/(V(1-fvobs))2/3, where fvobs is the obstacle/enclosure volume fraction.  By raising the 
denominator to the 2/3rd power, the axis becomes non-dimensional (representing an open enclosure 
surface area).  The plot with a linear horizontal axis is shown in Figure 12.  There is an exponential curve 
fit to the DNV data to illustrate the data trend. 
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Figure 11. Av_68/Av_test ratio versis obstacle/enclosure surface area ratio. 
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Figure 12. Vent area ratio versus As_obs/(cV(1-fvobs) 2/3. 

In the case of the larger obstructions, the obstruction/enclosure surface area ratio is not as good an 
indicator of the obstruction effects as is the cross-sectional area blockage ratio.  Figure 13 is a plot of 
Av_68/Avtest versus the area blockage ratio for obstructions with Dobs/Denc ≥ 0.25.   All the data in Figure 13 
with an obstruction/enclosure area blockage ratio less than or equal to 0.26 have Av_68/Avtest  ratios greater 
than 1.  Most of the data with area blockage ratios of 0.28 and higher have Av_68/Avtest values below 1.  
Thus, a blockage ratio of 0.27 seems to represent a good demarcation above which there would be a need 
for additional vent area to accommodate large obstructions. 

Figure 14 is another plot to illustrate the effect of the larger obstacles.  The vertical axis in Figure 
14 is the ratio Av_68/(Avtest(1-fblock)), where fblock is the cross-sectional area blockage ratio.  Thus the 
denominator is the experimental unobstructed vent area.  The horizontal axis in Figure 14 is the 
obstruction/enclosure volume fraction.  Using this formulation for the large obstacles, all but one of the 
data points with Av_68/Avtest ratios under one have volume blockage ratios of at least 0.13.  Thus, a 
demarcation that seems to account for most of the data is an obstacle volume fraction of about 0.12.  This 
demarcation works even better when the Monsanto-Fenwal data and CMR data are removed by defining 
large obstacles as obstacle diameters of at least 37% of the enclosure equivalent diameter. 

NFPA 68 will need to provide guidance on how to increase the required deflagration vent area 
when the combined small obstructions have surface areas greater than about 21% of the enclosure surface 
area, or when the large obstructions produce cross-sectional area blockage ratios of at least 27%, or 
volume blockage ratios of at least 13%.  Rather than just develop vent area augmentation factors for these 
conditions, it would be prudent for the Committee to review both of the gas vent area equations 
(Equations 8) and develop one consistent set of equations without the current arbitrary cutoff at a Pred of 
0.10 barg.  The test data corresponding to the programs listed in Tables 4 and 5 provide a comprehensive 
database for use in developing revised equations.  
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Figure 13. Av_test/Av_68 versus obstruction/enclosure cross-sectional area blockage ratio 
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Figure 14. Vent area ratio versus volume blockage ratio. 
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Gas Explosion Venting in Obstructed Enclosures: Small-Scale Data 

Although small-scale vented explosion tests are not as pertinent as large-scale tests, the data can 
provide additional insights beyond the results of the large-scale tests.  The small-scale tests often allow 
for systematic variation of parameters such as obstacle density and type of obstacle, which cannot readily 
be achieved at large-scale. Table 6 is a listing of five such test programs conducted with enclosure 
volumes less ranging from 7 liters to 270 liter (0.27 m3) that have been conducted since the 1986 Britton 
data compilation. 

Table 6.  Small-Scale Gas Deflagration Tests with Obstacles 

Author 
Organization 

Year of 
Report 

Enclosure 
Size 
(m3) 

Enclosure
L/D 

Type of 
Obstruction 

Summary of Results 

Alexiou et al. 
U. Leeds 

1995 0.007 20.4 Cylinders, 
Squares, 
Triangles 

Pressure increased with 
blockage ratios up to 0.60. 

Hjertager et al 
CMR 

1998 0.14 3.8 Offshore 
module 

equipment 

Modules with larger 
blockage ratios and 

obstructed volume fractions 
produce higher pressures. 

Masri et al  
Ibrahim and 

Masri 
U. Sydney 

2000 

2001 

0.020 2.8 Cylinders, 
various 

geometry walls, 
baffles 

Walls gave largest pressure, 
cylinders lowest 

Oh et al. 
Hoseo U. 

2001 0.036 and 
0.270 

2 and 4.5 Plates Negligible increase in 
pressure for single plates. 

Park et al. 
U. New South 

Wales 

2007 0.223 to 0.49 0.25 to 1.43 Circles, 
Squares, 
Triangles 

Flame speeds and pressures 
depend on blockage ratio, 

geometry, and L/D for L/D > 
0.86 

 

The Alexiou et al (1995) tests at the University of Leeds were conducted in the test enclosure 
with the largest length/diameter ratio.  This allowed the experimenters to make detailed measurements of 
flame speeds as a function of turbulence parameters and of obstacle area blockage ratio.  Their data 
showed that the turbulent burning velocity was in good agreement with the following equation: 

15.0902.04.03.0 ]Re01345.0[)/'(53.1 Lrms
L

T SuLe
S
S −=   [9] 

where Le is the Lewis number (which is equal to 1 for methane-air flammable mixtures), and Re is the 
Reynolds number based on the enclosure diameter and flame induced unburned gas velocity.  Equation 9 
is similar to Equation 7 used in the DESC version of FLACS.  Alexiou et al varied the blockage ratio 



 27

from 0 to 0.80, and found that the highest pressure (0.16 barg) and ST/SL ratio (20) occurred at an area 
blockage ratio of 0.20. 

Hjertager et al (1998) conducted their small-scale vented methane explosion experiments in a 
1/33rd linear scale mockup of offshore platform compressor and separator modules, geometrically similar 
to the 1/5th scale modules listed in Table 5 and described in the Appendix.    For similar conditions, 
pressures measured in the 1/5th scale modules were 5-10 times as large as the pressures in the 1:33 scale 
mockups.  The highest pressure in the 1:33 scale modules (0.40 bar g) occurred in the separator module 
with an equipment volume blockage ratio of 0.30 and with louvered end wall vents such that the Av/V2/3 
ratio was 0.46. 

The Ibrahim and Masri (2001) LPG explosion tests were conducted with a wide variety of 
obstacle geometries. Figure 15 shows the pressures measured with the various geometries at different area 
blockage percentages.  In the case of the wall/plate obstructions, the pressure measured at a 75% blockage 
ratio is about 4 times as large as the pressure measured without any obstructions.  The other geometries 
produced smaller pressures at various blockage ratios.   

 
Figure 15 Vented Explosion Pressure versus area blockage ratio (from Ibrahim and Masri, 2001) 

The Oh et al (2001) vented LPG explosion tests were conducted with different size plates 
producing area blockage ratios up to 75%.  The experiments showed that single plate obstacles produce 
large flame deformations and significantly faster flame speeds, but the vented deflagration pressures did 
not vary significantly with blockage ratio.  These results demonstrate that single obstacles, even with 
large blockage ratios, do not produce the type of enhanced explosion pressures that are observed with 
repeated obstacle arrays. 

Park et al. (2007a) started doing tests in a 1:20th scale representation of a room at a Korean 
natural gas station that had roof venting, such that the effective L/D ratio was 0.25.  Since their results 
were not sensitve to obstacle geometry or blockage ratio, they conducted a second series of tests (2007b) 
in which the L/D ratio of the test enclosure was varied.  They then found sensitivity to all these conditions 
as long as the L/D ration was > 0.86. 

An important limitation of the small-scale test results summarized here is that the experiments 
were not conducted with attempts to reproduce the flame speeds and pressures measured in geometrically 
similar large-scale testing.  Caitlin and Johnson (1992) showed that this can be achieved to a limited 
extent by scaling up the laminar burning velocity by a factor of (ScaleRatio)1/4, where ScaleRatio is the 
ratio of the full-scale to small-scale characteristic length.  This scale factor produced good agreement with 
data for some ignition conditions, and conservative results (higher pressures at small-scale) for other 
ignition conditions. 



  

 Models for Gas Explosion Venting with Obstacles 

As with dust explosions, gas explosion venting models can be broadly categorized in terms of 
analytical equations, phenomenological models and CFD models. 

Analytical Equations 
  The analytical equations are derived from simple phenomenological models that include 

empirical parameters to describe the turbulent burning velocity and convoluted flame surface area. These 
empirical parameters are then selected by comparisons with test data, such that the resulting equations can 
also be considered a data correlation.  Some examples are the papers by Yao (1974), Bradley and 
Mitcheson (1978), Swift and Epstein (1984), and Molkov (1999b). Molkov derived the following 
equations. 
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In these equations, Eexp is the expansion ratio associated with the flame temperature and molecular 
weights (MuTb/MbTu), au is sound speed in the unburned gas mixture, γ is the unburned gas ratio of 
specific heats, and the empirical parameters μ and χ are the vent discharge coefficient and the 
turbulent/laminar burning velocity ratio, ST/SL, where that ratio also accounts for flame distortion effects 
due to turbulence.  The value of χ /μ has to be obtained from data correlations.  Molkov (1999a) presented 
one such correlation for χ /μ accounting for the enclosure volume, vent release pressure, and laminar 
burning velocity effects.  

Razus and Krause (2001) compared the predicted pressures obtained by using Yao (1974), 
Bradley and Mitcheson (1978), and Molkov (1999b) analytical equations and recommended values of  χ 
to the values of Pred measured in 43 tests involving various gas mixtures in empty vessels with volumes 
ranging from 0.675 m3 to 49.1 m3.  They also compared the data to NFPA 68-1998 equations and to 
various empirical correlations for Av in the literature.  From these comparisons, they concluded that none 
of the analytical or empirical equations could be recommended as a general-purpose tool for area design.  
However, they acknowledged that the NFPA 68-1998 equations and the Bradley and Mitcheson (1978) 
equations required the largest vent areas and “seem to be suitable for worst case considerations only.”  
Furthermore, they noted that the Molkov equations above “gave relatively close predictions to 
experimental data for hydrocarbon-air mixtures.” 

 
Unfortunately, there are no reported correlations for χ /μ for obstructed enclosures.  Molkov 

(1999a) suggests that the χ /μ value for obstructions is about 3 times as large as the value without 
obstructions, but this is clearly an over-simplification.  Molkov’s (1999a) fit to the British Ronan Point 
methane explosion tests with residential enclosure mockups indicated a best-fit value for χ in the range 8 
to 14, and his best-fit to the reported Monsanto process building explosion suggested a χ value of 17-20.  
Using the data now compiled in Figures 8, 11, and 14 of this report, it should be possible to develop a 
general obstacle configuration correlation for small repeated obstacles and another correlation for large 
obstructions.  Dorefeev (2007) and Cleaver et al. (1997) have derived conceptually similar flame speed 
correlations based on test data for unconfined gas explosions in an area containing small repeated 
obstacles such as pipe arrays.  Their correlations are not given in their papers. 
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Phenomenological Models 
Various phenomenological models have been developed to provide simple simulations of the 

transient pressures during vented gas explosions.  Perhaps the earliest model was developed at FM by 
Yao et al. (1969) and summarized by Yao (1974), but many others followed in the next 30 years.  As 
discussed by Zalosh (1995), the first generation of these models used constant turbulent/laminar flame 
speed ratios, χ, to model the flame growth in the enclosure.  Second generation models, such as Chippett 
(1984) and Canu et al. (1990), incorporated correlations for χ in terms of flame Reynolds number that 
allowed χ to increase with time as the flame grew larger. 

 The most highly developed and used phenomenological model for gas explosions in obstructed 
vented enclosures is the Shell SCOPE model.  The early version of SCOPE was described by Cates and 
Samuels (1991), while the more recent SCOPE3 version of the model was described by Puttock et al 
(1998).  The configuration modeled in SCOPE is an obstructed enclosure with a vent at one end, and 
ignition near the other end, such that the flame propagates down the enclosure cross-section toward the 
vent.  After an initial period of hemispherical flame propagation, the nominal flame surface area, Af, is 
assumed to be equal to the enclosure cross-sectional area, A. The obstruction effects on flame surface area 
are modeled by the following one-dimensional increase of Af with distance, x, through the obstructed 
region and with area blockage ratio, BR.   

( )
( ) BR

Dxd
AAd f 7.1

/
/

=   [11] 

The effects of enclosure L/D ratio on the flame surface area are modeled by another linear increase of Af 
with x/D if L/D > 1.3. 

Flame instability effects in SCOPE3 are reportedly accounted for by having the turbulent burning 
velocity increase linearly with flame radius.  The turbulent burning velocity is represented by two 
empirical correlations, one for low turbulent intensities and the other for higher intensities (Puttock et al, 
1998).  Although it is not explicitly described, the model calculates the unburned gas flow and pressure 
drops around various shape obstacles.  The large obstacles are represented conceptually as either 
cylinders or sharp edged objects with drag coefficients that are functions of the unburned gas Reynolds 
number.  The arrays of smaller objects are represented in terms of a grid drag coefficient that depends on 
the obstacle shape and blockage ratio, as well as turbulence intensity. 

Shell has conducted extensive validation studies for the SCOPE3 model.  According to Puttock et 
al (1998), simulations were conducted for the following experimental programs. 

• SOLVEX tests in the 550 m3 enclosure described in the Appendix 

• SOLVEX 1/6th scale experiments conducted by Shell with varying obstacle geometries 
and with methane-, propane-, and ethylene-air gas mixtures 

• SOLVEX ¼ scale test enclosure with varying L/D ratios in the range 1 to 6 

• DNV tests in the 35 m3 enclosure described in the Appendix 

• BFETS full-scale tests 

A total of 308 experiments were simulated with SCOPE3.  The frequency distribution for the ratio of 
measured/calculated values for Pred in these 308 simulations is shown in Figure 16.  The mode (most 
frequent value) is 1.12.  About 38% of the simulations produced ratios greater than 1, and 62% less than 
or equal to 1.  The graph also shows the results of Puttrock et al fitting two different log-normal 
distributions to the data; one log-normal for ratios greater than 1, and the second for values under 1.  The 
distribution for ratios less than 1 accounts for the conservatisms in the model that sometimes produce 
pressures higher than observed.  Nevertheless, the agreement with the extensive database provides 
reassurance that this type of model can be used for these types of applications. 
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Figure 16 Frequency distribution of ratio of measured Pred to SCOPE calculated pressure 

 

CFD Models 
 
Table 7 provides a listing of some of the various CFD models that have been used for vented gas 

enclosures with and without obstacles.  The types of turbulence formulation and combustion model used 
are also indicated in the table.  The last column in the table summarizes the modelers’ method for 
including small and large objects in the simulated enclosure.  

 
Table 7.: Some CFD Models Used for Vented Gas Explosions 

Model Authors and 
Organization 

Turbulence 
Formulation 

Combustion 
Model 

Obstacle 
Representation 

FLACS Hansen, Bakke 
et al. 

GexCon 

k- ε  
Reynolds 

Average Navier-
Stokes (RANS) 

Correlations with 
u’ and turb 

length scale. 

Explicit for objects 0.3 
m and larger; porosity 

representation for 
smaller. 

? Molkov, 
Makarov et al. 

U. Ulster 

Large Eddy 
Simulation (LES)

Correlation with 
u’ and flame 

wrinkling 

Fine mesh with 0.5 
million cells 

No results yet 

CEBAM Clutter and 
Luckritz, Clutter 

and Mathis, 
U. Texas 

None Empirical 
prescription for 
constant flame 

speed in regions

Large Objects explicit; 
small objects in 

“congested zone” 

BOX Karnersky et al 
FM 

? Constant burning 
velocity 

Fine mesh with 0.05 
m cell size 

CFD-
ACE+ 

Ferrara et al. U. 
Federico II 

k- ε  
 

Three different 
regimes 

None 
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FLACS uses the conventional k-ε representation of turbulence.  The U. Ulster model is based on 
a Large Eddy Simulation that is capable of reproducing large turbulent structures without smearing them 
over several grid cells.  These large eddies and vortices are often important aspects of flows around 
obstacles and recirculation flow patterns in enclosures.  The LES simulations are being used more often in 
fire problems than in explosion problems. 

The CEBAM combustion model is inherently more simplistic and limited than FLACS and the U. 
Ulster combustion models.  It uses a constant flame speed in various regions of the computational grid, 
with the Mach number selected from the Baker-Strehlow-Tang categories of the levels of congestion and 
confinement (Clutter and Luckritz, 2000). Thus CEBAM cannot reproduce the various flame-turbulence 
interactions that are an important aspect of the other CFD codes.  Nevertheless, Clutter and Mathis (2001) 
have demonstrated that by adjusting the flame speed and extending the computational grid significantly 
beyond the vent to account for external combustion they can achieve reasonable agreement with several 
of the pressure versus time measurements in the BFETS large-scale offshore module mockup tests. 

The FM BOX model also uses a simplified combustion model consisting of a user specified 
constant burning velocity.  Karnersky et al (2007) state that the model does include flame interactions 
with the unburned gas flow, including flow around obstacles.  The flame surface area is calculated from 
the global heat release rate, the burning velocity, and the heat of combustion.  The authors performed a 
limited number of comparison runs simulating propane-air vented explosion experiments in a 64 m3 
enclosure.  They reported getting reasonable agreement on the peak pressures, but the shape of the 
pressure versus time data were not reproduced.  According to the authors, one potential future use of the 
model is to calculate the maximum flame surface area for a given explosion scenario, and to eventually 
develop a correlation for the maximum flame surface area that can be used in vent guideline analytical 
equations or data correlations.  

Ferrara et al. (2006) have used the CFD-ACE+ code distributed by CFD Researcy Corporation 
with a user specified combustion subroutine.  They used three different combustion models depending on 
the local values of u’/SL, and the Karlovitz number, Ka, calculated from the following equations. 

3
2' ku =   [12a] 
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where ν is the kinematic viscosity, SL is the laminar burning velocity, k is the turbulent kinetic energy per 
unit mass, and e is the rate of turbulent energy dissipation per unit mass.  Ferrara et al. used this model to 
simulate several vented gas explosion tests with vent ducts.  They found that the turbulent augmentation 
of the laminar burning rate occurs suddenly when the flame enters the duct and causes a duct pressure 
increase and reverse flow back into the vessel. They also used their code to determine the effects of vent 
duct diameter and length on Pred. 

FLACS has been by far the most widely used CFD code for vented gas explosions.  Numerous 
validation runs have been made to compare the FLACS results to pressures measured in many of the 
large-scale test programs listed in Table 5 and to other test projects with unpublished data.  Figure 17 
shows an example of the comparisons with one set of data in which the methane-air concentration of the 
gas mixture was varied.  The comparison shows that FLACS slightly under-predicts the measured 
pressures (by no more than 25%) at worse-case concentrations, and achieves excellent agreement at 
concentrations near the lower and upper flammable limits. 
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Figure 17 Comparison of FLACS calculated and British Gas measured pressures as a function of methane-air equivalence 
ratio (from Hansen et al, ) 

Several large companies with complex gas processing facilities are using FLACS to simulate 
various explosion scenarios, including the gas dispersion prior to ignition.  CAD representations of these 
facilities are input to the FLACS pre-processor, called CASD.  An example of one of the most complex 
facilities is the offshore platform module shown in Figure 18.  The module dimensions are 49 m x 19.75 
m x 6 m high.  Bakke and Skogrand (2004) have reported on the explosion scenario simulations pertinent 
to that facility.  These simulations included varying the amount of flammable gas in the module, the 
location of the gas cloud, the ignition location, and the extent of the vent area.  Results for 66 different 
simulations were reported (the authors conducted a total of 176 simulations) with maximum Pred values 
varying from 0.06 barg to 15.2 barg.  The lowest values of Pred occurred when the gas cloud volume was 
limited to the less congested region of the module in the lower left area of Figure 18.  The highest values 
of Pred occurred when the gas cloud occupied the entire volume of the module, and were relatively 
insensitive to the total vent area and location. 
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Figure 18.  Congested offshore module simulated with FLACS (from Bakke and Skogrand, 2004) 

 

Besides being able to account for complicated configurations such as the offshore modules, 
another important advantage of the CFD simulations is that they can account for locally high pressures 
due to flame propagation in corners and around complex piping and large process equipment.  The output 
can then be used with structural dynamics codes to determine the structural response to these locally 
enhanced pressures.  The drawback of this type of analysis is the level of effort required.  Thus, CFD 
codes such as FLACS provide a powerful capability when the facility and explosion scenario warrant 
such dedicated effort and analysis.  The simpler CFD codes listed in Table 7 may not entail as much input 
and computation time, but they have not yet been validated for the more complex configurations and 
explosion scenarios.  A validation exercise involving FLACS and several other CFD and 
phenomenological models is described in the following section. 

 

BFETS Model Evaluation Exercise 
The Blast and Fire Engineering for Topside Structures (BFETS) program included a computer 

model evaluation exercise intended: 1) to determine the ability of circa 1996 models to calculate the 
pressure transients measured during the BFETS experimental program, and 2) to facilitate model 
improvements motivated by the comparisons of calculated and measured results.  The calculations were 
carried out over three phases.  Phase A involved pre-test calculations based on the intended and simplified 
experimental arrangements for four tests in the 1638 m3 test configuration.  Phase B involved post-test 
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calculations for the actual experimental arrangement in those four tests7.  Phase C involved pre-test 
calculations for three tests in the 2688 m3 test configuration. 

A total of twelve different CFD and phenomenological models were used to submit calculated 
results to the BFETS model evaluation project managers.  The specific models, generic type, and 
submitting organization are listed in Table 8, based on information in the BFETS report (Selby and 
Burgan, 1998).  All of the models were used for Phase A submittals, but many did not submit for the 
Phase B or Phase C simulations. 

Table 8. Computer Models Used for BFETS Simulations 

Model Generic Type Submitting Organization 

CHAOS Phenomenological BG plc (formerly British Gas) 

COBRA 3D CFD BG plc (formerly British Gas) 

COMEX + NVBANG Phenomenological Det Norske Veritas 

EXPLODE Semi-confined deflagration model AMEC Engineering 

EXSIM 3D CFD Shell Research + Telemark Institute

EXTRAN 1D Math model NNC Ltd. 

FLACS 3D CFD Christian Michelsen Research 

μFLACS Simplified 3D CFD Christian Michelsen Research 

PHOENICS-MFTC 3D CFD CHAM 

AutoReaGas 3D CFD TNO 

SCOPE 2 Phenomenological Shell Research 

SPL-EXPSIM 2D Fluid Flow Snamprogetti Ltd. 

 

The submittals included transient pressures for 12 to 15 specific locations in the test rig.  The 
BFETS Phase 2 report described predicted versus measured pressures at each location in terms of 
maximum overpressure (for > 1 ms duration), pressure rise time (from 10% of maximum), and pressure 
duration.  Figure 19 is an example of the BFETS report presentation of the results of the ratios of the 
calculated-to-measured maximum overpressure at the various pressure transducer locations.  Results in 
this case are presented for the seven models that submitted predictions for Test 12.  The vertical axis is a 
log scale of the ratio, with the symbols +X2 and –X2 indicating ratios of two and 1/2 respectively. Two of 
the models predicted pressures that were well under half the measured values at all transducers.  A third 
model (EXSIM) predicted pressures that were between ½ and 1 times the measured values at all locations.  
The other four models predicted pressures that were larger than the measured values, but within a factor 
of two in most cases. 

                                                           
7 The differences from the Phase A pre-test arrangement included a 20% smaller vent area, and additional details 
on structural supports and equipment mockups. 
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Figure 19. Ratio of Predicted-to-Observed Overpressure at Various Locations for BFETS Test 12. 

The BFETS report included the geometric mean value (MG) of the predicted/observed pressure 
for all measurement locations in each test.  The equation used to obtain MG is: 

( )><= )/(lnexp op PPMG   [13] 

where Pp is the predicted pressure and Po is the observed pressure.  The report also included the geometric 
mean variance (VG) for the various locations, where VG is defined as: 

]))/(ln([exp 2 ><= op PPVG   [14] 

The overall accuracy of each model for each test can be represented in terms of MG and VG 
values, which were presented graphically in the BFETS report.  Based on these pairs of values, the 
models with the best and second best set of predictions for each test are shown in Table 9. Tests 1-4 are 
listed twice to indicate calculated results based on Phase A data and on Phase B data for each test. 
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Table 9. Models with Best and Second Best Predictions of Pressures for BFETS Tests 

Test # Most Accurate Model Second Most Accurate Model 

1A PHOENICS-MFTC SCOPE 2 

2A PHOENICS-MFTC EXPLODE 

3A CHAOS SPL-EXPSIM 

4A SCOPE 2 CHAOS, COBRA 

1B COMEX + NVBANG EXSIM, FLACS 

2B COMEX + NVBANG EXSIM 

3B EXSIM COMEX + NVBANG 

4B FLACS SCOPE 2 

11 AutoReaGas FLACS 

12 EXSIM AutoReaGas 

13 AutoReaGas FLACS, EXSIM 

The listings in Table 9 indicate that no single model produced consistently superior predictions in 
most of the tests.  Three CFD models (AutoReaGas, EXSIM, and FLACS) and two phenomenological 
models (COMEX + NVBANG  and SCOPE 2) are listed three or more times in the table, indicating 
relatively accurate predictions in at three sets of simulations.  Three of the models (AutoReaGas, FLACS, 
and COMEX + NVBANG) consistently over-predicted pressures within a factor of two in their blind 
predictions for the most obstructed test configurations in Tests 11, 12, and 13.  Thus, at least some of the 
models appear to be able to provide consistently calculated conservative pressures within a factor of two 
for these types of complex enclosures. 
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CONCLUSIONS 

Dust explosion vent areas calculated using the equations in NFPA 68 and CEN14491 for various 
large-scale test conditions have been compared to the vent areas used in the tests.  The overall ratio of 
actual to calculated vent area for the tests in the NFPA 68 dust explosion database is 1.19 for NFPA 68 
equations and 1.28 for the CEN 14491 equations.  Ratios less than 1 are more prevalent for tests 
involving dusts with low KST values and conditions that produce low values of Pred. Since ratios less than 
1 indicate that the vent guideline equations may produce vent areas that are too small to achieve a given 
value of Pred, additional test data and analysis of low KST and low Pred dust explosions are needed to 
develop improved guidelines for these conditions.  Publishable or proprietary data of this nature would 
facilitate either improved venting guidelines or better confidence in the existing guidelines. 

The phenomenological and CFD models currently being developed to simulate vented dust 
explosions use material properties that are much more fundamental than the measured value of KST for a 
particular dust.  Therefore, they should eventually be quite useful for analyzing the effects of non-
standard dust dispersion and turbulence conditions in vented dust explosions. In this regard, these models 
should eventually become a valuable supplement to the standard vent design equations, which will 
continue to be used for routine vent design.  However, before they can be relied upon for special design 
applications, the models need improvements to account for separation of larger dust particles from the 
surrounding gas flow, and for possible surface combustion reactions that can be important for some 
materials, such as combustible metals. 

A database of over 150 tests has been compiled for vented gas explosions in enclosures with 
various types of obstacles.  The data has been used to show how Pred varies with the ratio of obstacle 
surface area to enclosure surface area.  The sensitivity to obstacle surface area is much greater for small 
obstacles (Dobs/Denc < 0.05) than it is for larger obstacles. 

The ratio Avtest/Av68 has been calculated using the NFPA 68 gas equations for vent area as a 
function of Pred and the various other pertinent enclosure and gas parameters.  A plot and correlation of 
the ratio versus the obstacle/enclosure surface area ratio for small obstacles (Dobs/Denc < 0.25) shows that 
the vent area ratio falls sometimes below one when the obstacle/enclosure surface area ratio exceeds 0.21, 
and is consistently below one when the ratio exceeds 0.46.  A plot of the vent area ratio versus 
obstacle/enclosure area blockage ratio for the large obstacles shows that the vent area ratio often falls 
below 1 when the large obstacle area blockage ratio exceeds about 0.27.  A similar plot in terms of 
volume blockage ratio shows that the ratio of the unobstructed test vent area to Av68 often becomes less 
than 1 at volume blockage ratios of 0.13 and higher. 

NFPA 68 will need to provide guidance on how to increase the required gas deflagration vent 
area when the obstacle area or volume blockage ratios exceed the critical values cited above.  This will 
entail developing a simple way to account explicitly for the obstruction effects on Pred.  One possible 
approach toward this end would be to develop (or utilize existing proprietary) correlations for flame speed 
as a function of obstacle parameters and either analytical equations or phenomenological models to relate 
flame speeds to Pred and enclosure and vent parameters.  If possible, it would be helpful to check any 
revised guidelines against both the data reviewed in this report and the results of CFD calculations for 
special enclosure and obstacle configurations. 

Both phenomenological models and CFD models have been used successfully to simulate vented 
gas explosions in highly obstructed offshore production modules.  The best 1996 vintage models were 
consistently able to reproduce measured explosion pressures within a factor of two.  Since then, 
additional/revised models and improved agreement with data have been reported. 
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Appendix: Gas Explosion Venting Test Programs with Obstructed Enclosures 

The gas explosion venting test programs listed in Table 4 are summarized here. 

Christian Michelson Research and Gexcon Tests in 1/5th and 1/33nd Scale Offshore 
Modules 

Under the sponsorship of a group of oil companies, the Christian Michelson Research Institute in 
Bergen, Norway conducted tests in scale models of North Sea oil/gas production platforms.  A description 
and results of the first series of tests were reported by Hjertager et al in a 1988 paper in the Journal of 
Loss Prevention in the Process Industries.  The emphasis in these tests was to determine how scale model 
representations of process equipment in the modules influence the vented explosion flame propagation 
and pressure development. 

Two different process modules were set up at length scales of 1/33rd and 1/5th  of full-scale.  The 
1/33rd  scale tests were conducted in an enclosure that was 1.35 m long, 0.35 m wide, and 0.33 m high. 
The 1/5th scale model enclosure was 8 m long, 2.5 m wide, and 2.5 m high. Photographs of the enclosures 
are shown in Appendix Figures 1 to 4.  Plan view drawings of the equipment layouts are shown in Figures 
A-5 and A-6. 
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Figure A-5. CMR 1/5th-Scale Offshore Separator Module Plan View (from GEXCON Gas Explosion Handbook) 

 

 

 

Figure A-6. CMR-Gexcon 1/5th-scale Compressor Module Plan View(from GexCon Gas Explosion Handbook) 

The oil/gas separator module had seven large cylindrical vessels; four on the upper deck and three 
on the lower deck.  The axes of the cylinder were aligned along the length of the module.  There were 
also some pipes of unspecified size and number in the separator module.  The compressor module had 
two large boxes representing rooms on the upper deck, and four box shaped objects and two cylindrical 
objects on the lower deck.  Hjertager et al (1988) reported the volume blockage ratios associated with the 
equipment were 0.3 for the separator module and 0.13 for the compressor module.  Some tests were also 
conducted without any equipment in the modules. 
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Stoichiometric methane-air mixtures and propane-air mixtures were used in the tests described in 
the CMR 1988 paper.  The gas mixtures were ignited in the center of either the upper deck or lower deck 
in most tests, but there were some end ignitions as well. Pressures did increase when the ignition location 
was further from the vent location.  Deflagration venting provisions were provided with end wall venting 
and, in some tests, with portions of the front wall.  In some tests the open areas were partially closed with 
angled louvers.  The Av/V2/3 vent ratios varied from 0.92 to 4.78.   

CMR conducted another series of tests in the 1/5th scale compressor module to investigate the 
effects of initial turbulence and of non-homogeneous gas mixtures.  These tests were described by van 
Wingerden et al. in a 1998 paper presented at the International Symposium on Loss Prevention and Safety 
Promotion in the Process Industries.  The tests with pre-ignition turbulence involved homogeneous 
methane-air mixture jet releases with release velocities of 29 m/s and 54 m/s.  The corresponding RMS 
turbulence velocities were 1.7 m/s and 2.8 m/s.  Results for tests with Upper Deck ignition near the 
release site showed that the peak overpressures were 0.217 bar without pre-ignition turbulence, 0.322 bar 
with the 1.7 m/s turbulence velocity, and 0.378 bar with the 2.8 m/s turbulence velocity.  Ignitions on the 
Lower Deck, i.e. further from the release site produced peak pressures in the narrow range 0.42 to 0.47 
bar with and without the two different jet release velocities. 

In the non-homogeneous mixture tests, gas concentrations prior to ignition varied from 5.9 to 8.1 
volume % in one test, and from 6.5 to 10.2 volume % in the second test.  The corresponding peak 
pressures were 0.365 bar in the first test and 0.473 in the second test.  The reference test with a 9.5 
volume % uniform mixture produced a peak pressure of 0.45 bar with equipment obstructions in this test 
series, which was conducted with a slightly more congested representation of the compressor module than 
that used in the first series of tests described above. 

Christian Michelson Research Corner Cube Tests 

CMR conducted a series of stoichiometric propane-air explosion tests in the corner cubical 
enclosure shown in Figure A-7.  The cube was 3 m on each side, and had two walls and the top available 
for venting.  Internal obstructions consisted of the various piping arrays listed in Table A-1.  The tests 
were originally reported in a 1986 CMR report by Hjertager et al, and are now available in the GexCon 
Gas Explosion Handbook on their Web site. Peak pressures measured with the smaller diameter pipes 
were substantially higher than those produced with the larger diameter pipes, even though the volume 
blockage ratios were the same. 

 

Figure A-7 CMR corner cube with 820 mm diameter pipe array (from GExCon Gas Explosion Handbook) 
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Table A-1. 
Diameter (D), volume blockage ratio (VBR) and number of pipes in CMR cubical explosion vessel tests. 

 Volume Blockage Ratio 

d (mm) 0.1 0.2 0.5 

164 6×6 9×9 15×15 

410 3×3 4×4 6×6 

820  2×2 3×3 

 

Shell SOLVEX Tests 

Shell UK constructed the 550 m3 test enclosure shown in Figure A-8 for their Shell Offshore 
Large Vented EXplosions (SOLVEX) test program described by Bimson et al in a 1993 symposium 
paper.  Half of one wall had a vent, providing an Av/V2/3 ratio of 0.40.  As shown in the figure, there were 
two removable vertical rows of 0.5 m diameter pipes.  Methane-air and propane-air deflagration tests 
were conducted with both rows installed, with each row individually, and with the empty enclosure. 

 

Figure A-8. Shell SOLVEX Test Enclosure (from Bimson et al, 1993) 
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Although the SOLVEX 550 m3 enclosure was designed and constructed to withstand pressures up 
to 2 bar, the maximum deflagration pressure measured in the tests was 300 mbar.  This may be due in part 
to the use of an acoustically absorbing “Rockwall” wall lining on two walls to inhibit acoustically 
reinforced flame instabilities.  The methane-air and propane-air mixtures had concentrations of 1.1 times 
the stoichiometric concentrations.  The pipe spacing was 1.25 m within each row and 3.0 m between rows 
in the tests with both rows. 

Shell also conducted similar tests in a 1/6th linear scale model enclosure with dimensions of 
1.67m x 1.50m x 1.00m.  The ratio of the Pred obtained in the full-scale tests to the Pred measured in the 
1/6th scale enclosure for the same obstacle configuration were in the range 2.4 to 3.8 according to the 
comparison data reported by Bimson et al. 

 

Det Norske Veritas (DNV) Tests 

The DNV deflagration tests with obstacles were conducted in a 2.5m x 3.6m x 4 m enclosure with 
a vented end wall.  Propane-air mixtures with a concentration of 1.3 times stoichiometric were ignited at 
the end opposite the vent.  The DNV 1983 report by Pappas and Foyn described the complete set of 159 
tests, but the more readily available 1991 paper by Cates and Samuels listed the key parameters and data 
from most of the tests. 

Obstacles in most of the DNV tests were pipe racks across either half or all of the enclosure 
cross-sectional area.  A pipe diameter of 11 cm was used most often.  Some tests were conducted with 
12.5 mm thick boards, 75 cm long, instead of the pipe racks. A few tests were conducted with a 150 cm 
long wall across the 360 cm wide enclosure. The obstacle positions relative to the end wall, and the 
number of obstacles were varied in the test series to produce area blockage ratios varying from 0.16 to 
0.49.  Av/V2/3 vent ratios were in the range 0.094 to 0.82.  Pred values ranged from 13 mbar to 972 mbar. 

TNO Heating Plant Simulation Tests 

Van Wingerden (1989) described a series of methane (10 vol %) deflagration tests conducted in a 
38.5 m3 TNO concrete enclosure with one wall available for venting. Vent areas in the range 3.5 m2 to 5.2 
m2 correspond to AvV2/3 vent ratios of 0.31 to 0.46.  The vent opening pressure was varied (by using 
multiple layers of polyethylene sheets and a plaster plate) from 0 to 10 kPa (0.1 bar).  The ignition 
location was in the center of the enclosure for some tests, and at the end wall in others. 

A large rectangular box with dimensions of 1.5m x 0.75m x 1.5 m was installed in the enclosure 
in some tests to represent a gas furnace type heating apparatus.  The location and orientation of the box 
was varied.  The area blockage ratios produced by the different orientations were 0.12 and 0.23.  Values 
of Pred were in the range 6 kPa to 30 kPa. 

 

Monsanto-Fenwal Tests 

The Monsanto-Fenwal test structure described by Howard and Karabinis (1982) was 3m high, 
4.5m wide, and 5.5m long.  Propane-air (5 vol % propane) deflagrations were ignited by a 100 Joule spark 
in the center of the enclosure.  In some tests, the fans used to achieve mixing were running up until the 
ignition time.  However, the fans were shutdown about 30 seconds prior to ignition in most tests.  Figure 
A-9 shows the test building prior to a test, and Figure A-10 shows the vented explosion in progress. 
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Figure A-9 Monsanto-Fenwal Test Enclosure 

  

 
Figure B-10.  Vented propane explosion in Monsanto-Fenwal Test Enclosure 
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Four different vent panels were used in the Monsanto-Fenwal tests.  Corrugated Fiberglass 
Reinforced Plastic (FRP) panels with a mass of 1.83 kg/m2 were used in the first two tests, but were not 
used in later tests because they shattered as indicated in Figure A-10.  Aluminum panels with a mass of 
2.69 kg/m2 were used in some tests.  Galvanized steel panels with steel strips attached, such that the panel 
mass was 10.5 kg/m2 were also used in some tests to explore panel mass effects. The fourth type of panel 
was made of polyurethane foam insulation sandwiched between steel sheets such that the panel mass was 
12.7 kg/m2. The nominal release pressure for all the panels was 0.07 bar. 

The obstacles in these tests were the four cross-shaped baffles shown in Figure A-11.  The size 
and locations of the baffles shown in Figure A-11 refer to the configuration used in Tests 5 to 12, in 
which only about half the enclosure was filled with the gas mixture.  The first few tests were conducted 
with gas mixture in the full enclosure, and with baffles that were twice as large. 

 

Figure A-11. Obstacle arrnagement in Monsanto-Fenwal Tests. 
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FM  1978 and 1981 Tests  

Factory Mutual Research Corporation (FMRC) conducted methane-air deflagration tests in 1978 
in a 33.5 m3 vented concrete bunker.  Those tests, along with the corresponding small-scale tests, are 
described in the Zalosh 1978 AIChE Loss Prevention Symposium paper.  The bunker dimensions, as used 
for these tests, were 5.4 m long by 2.0 m wide by 3.1 m high.  The front face of the bunker was equipped 
with hinged vent panels such that vent areas up to 3.8 m2 could be achieved. 

Two of the methane deflagration tests were conducted with simulated process equipment and 
piping in the 33.5 m3 test enclosure.  There was a 0.9 m diameter, 2.7 m long cylinder, and some 2.5 cm 
diameter piping.  The equipment did cause the measured Pred values to be about 5 kPa higher than the 
corresponding values for the empty enclosure.  One propane test was also conducted with the piping in 
the enclosure. 

FMRC also conducted a series of vented deflagration tests in 1981 in a 62.3 m3 mock-up of a 
hammermill used for shredding Municipal Solid Waste.  The MSW shredder mock-up and the propane-air 
deflagration tests are described in a 1981 FMRC report for the Environmental Protection Agency.  The 
mock-up included a shaft with discs and hammers rotating at speeds from 250 rpm to 900 rpm.  The shaft, 
discs, and hammers also represent obstructions, but there is no obvious way to separate the effect of the 
obstructions from the high turbulence levels associated with the shaft and hammer rotation.  Values of Pred 
were in the range 0.3 to 1.1 bar.   

Baker Risk Industry Consortium Tests 

Baker Risk has been conducting vented deflagration tests in obstructed enclosures in a test 
program sponsored by a consortium of industrial companies.  The tests included in the database for this 
project are based on the 2006 AIChE Loss Prevention paper by Thomas et al.  Those tests were conducted 
in a 7.3m x 7.3m x 1.8m high enclosure formed by connecting 1.8m cubes equipped with vertical pipe 
arrays.  Figure A-12 shows the configuration with the pipe array obstructions. 

 

Figure A-12. Baker Risk obstructed test enclosure. (from Thomas et al, 2006) 
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Each of the 1.8m cubes in the Baker Risk tests had a 4x4 pipe array made from 5 cm pipe 
extending from floor to ceiling.  The pitch-to-pipe-diameter ratio of 7.6 corresponds to an area blockage 
ratio of 0.13 and a volume blockage ratio of 0.015.  Corrugated steel vent panels with a mass of 10 kg/m2 
were installed on the outer surfaces of the test rig as shown in the photograph.  The vent panel release 
pressure was 0.02 bar. 

Methane-air and propane-air deflagrations were ignited near the center of the obstructed test 
enclosure.  Measured pressures were approximately uniform in the enclosure except for some high 
pressures measured in one corner.  The average pressures in each test were compared to the NFPA 68 
low-pressure and high-pressure guideline calculations to demonstrate that the obstructions produced 
pressures that were one-to-two orders of magnitude higher than the guideline calculations. 

 

Blast & Fire Engineering for Topside Structures (BFETS) Test Program 

A group of petroleum companies involved in the operation of North Sea oil and gas production 
platforms joined with the UK Health and Safety Executive and the Steel Construction Institute in 1990 to 
sponsor a two phase research program called the Joint Industry Project on Blast and Fire Engineering for 
Topside Structures.  Beginning in 1995, Phase II of the project entailed building a 25.6 m x 12 m x 8 m 
steel framework that could also be utilized in a 8m x 8m x 25.6m configuration. The walls and roof had 4 
m2 panels that could be bolted onto the framework or removed to allow multiple venting arrangements. 
The obstructions used for the deflagration tests resembled offshore production modules.  Two different 
configurations of simulated petroleum production equipment were employed. 

Figure A-13 shows the so-called low density equipment configuration used in the BFETS tests.  It is 
geometrically similar to the 1/5th scale compressor module mockup in the CMR test project described 
above.  There are two large mockups of control rooms on the upper level of the enclosure and large 
cylinders representing large process equipment on the lower and upper levels of the module.  

 

Figure A-13. BFETS Low Equipment Density Configuration (without wall and roof)  

The high equipment density configuration included smaller equipment, piping and cable trays as 
well as the low density large equipment.  Figure A-14 is a drawing of the high equipment density 
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configuration in the 25.6 m x 8 m x 8 m structure, and Figure A-15 shows the high equipment density 
setup in the 28 m x 12 m x 8 m test structure.  Tests with the dense equipment configuration produced 
significantly higher pressures than those with the low density configuration. 

 

Figure A-14. BFETS high density obstructions in 25.6m x 8m x 8m structure. 

 

Figure A-15. BFETS high density configuration in 28m x 12m x 8m structure. 

Natural gas deflagrations in the BFETS Phase II tests were ignited either in the center or the end 
of the test enclosure.  Venting occurred through both end walls, with additional venting from panels on 
one of the long walls in many tests.  There were eight different vent arrangements all together.  Most tests 
were conducted with uniform stoichiometric mixtures, but some were also conducted with lean mixtures 
and rich mixtures.  Deluge systems were activated in some of the tests.  There 27 tests in total.  Details are 
available in the Steel Construction Institute Publication 253 (1998). 

  


