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Abstract. The transient flow field in the standard 20-liter explosion sphere was investigated by
means of laser Doppler anemometry. Velocities were measured at various locations within the flow
field, and this information was used to quantify the transient behavior of the root-mean-square of the
velocity fluctuations and to investigate the spatial homogeneity and the directional isotropy of the
turbulence. The investigation involved the transient flow fields generated by the three most widely
used dust dispersion systems, namely, the Perforated Dispersion Ring, the Rebound Nozzle, and the
Dahoe Nozzle. With all three dispersion dust devices, the decay of turbulence could be correlated by
a decay law of the form
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It was found that no formal cube-root-law agreement exists between the 20-liter explosion sphere
and the 1-m> vessel. The results of this work also call into question the widely held belief that the
cube-root-law is a valid scaling relationship between dust explosion severities measured in laboratory
test vessels and the severity of industrial dust explosions.

Key words: cube-root-law, dust explosion, laser Doppler anemometry, turbulence decay.

1. Introduction

The safe operation of chemical plants handling combustible particles requires char-
acterization of the severity of an accidental dust explosion under actual process
conditions of pressure, temperature and turbulence. In the absence of a compre-
hensive approach which is capable of predicting the transient combustion behavior
of gas-particle flows in industrial plant units, researchers have adopted a practi-
cal methodology to assess the severity of an accidental dust explosion. In this
methodology dust explosion severity parameters are measured using laboratory test
vessels in order to estimate what would happen if the same mixture exploded in an
industrial plant unit.

Typical dust explosion severity parameters which form the design basis for
a great deal of practical safety in industrial plants are the maximum explosion
pressure, Pp.x, and the maximum rate of pressure rise, (dP/df)m.x. Their practical
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Figure 1. Explosion curve of a 500 g m~3 cornstarch-air mixture in the standard 20-liter
explosion sphere.

relevance can be understood with the aid of the pressure-time curve of a cornstarch-
air dust explosion shown in Figure 1. At the beginning of the explosion the pressure
is equal to the atmospheric pressure (1 bar) and increases up to a maximum value of
about 7 bar, which marks the end of the explosion process. During the explosion the
pressure increases progressively until the rate of pressure rise achieves a maximum,
after which the pressure continues to increase with a progressively decreasing rate
of pressure rise. The maximum explosion pressure and the maximum rate of pres-
sure rise are both determined from the experimental pressure-time curve as shown
by Figure 1. The reasons for choosing these quantities to characterize the severity
of an industrial dust explosion are also evident from this figure. The maximum
explosion pressure gives an indication of the magnitude of the damaging pressures
that may be generated and the maximum rate of pressure rise indicates how fast
these pressures can develop. From a practical point of view the maximum explosion
pressure may be used to determine the design strength of industrial equipment so
that it can withstand the violence of an explosion. The maximum rate of pressure
rise may be used to dimension pressure relief systems which counteract the de-
velopment of damaging pressures so that they do not exceed a particular design
strength.

Both the maximum explosion pressure and the maximum rate of pressure rise
are known to be a function of the chemical composition, pressure, temperature
and flow properties. In case of the maximum explosion pressure, the application of
laboratory test data to industrial plant units appears to be straightforward, provided
that similar conditions of pressure, temperature, and flow properties exist in the
laboratory test vessels and the industrial equipment. The maximum explosion rate
of pressure rise, however, requires the use of a scaling law which is known as the
cube-root-law [1-3]. In other words, if chemically identical mixtures are ignited to
deflagration in two differently sized vessels with identical conditions of pressure,
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temperature and turbulence, and changes in these conditions would be the same
during the course of an explosion in these vessels, one would measure identical
maximum explosion pressures. At the same time, one would find a lower maximum
rate of pressure rise in the larger vessel. As this is a consequence of the difference
in size between the vessels, researchers have adopted the cube-root-law,

dpP
Ks = (5) vis, (1)

which is to be applied as follows. The maximum rate of pressure rise measured in
one vessel (i.e. the laboratory vessel) is multiplied by the cube root of its volume
to yield a Kg-value which is assumed to be a volume invariant dust explosion
severity index. The maximum rate of pressure rise of the same mixture in the other
vessel (i.e. plant unit) is obtained by dividing this Kg.-value by the cube root of
its volume. The resulting dust explosion severity then forms the design basis for
explosion protection (e.g. explosion relief venting, explosion suppression). This
approach is known as the VDI-methodology and rests entirely on the validity of
the cube-root-law.

It is the purpose of this paper is to present experimental results which are rel-
evant to two issues in the study and prediction of dust explosion behavior. The
first issue concerns the formal cube-root-law agreement which is believed to ex-
ist between dust explosion severities measured in differently sized vessels, and
hence between dust explosions in small laboratory test vessels and accidental dust
explosions on an industrial scale.

Bartknecht [3] presented research which showed that Kg-values found using the
20-liter sphere were identical to those found using the 1-m? vessel (see Figure 2).
This research was initially carried out because the 1-m?® vessel, which was the only
internationally accepted dust explosion testing device (ISO 6184/1 [4]), required
much labor and large amounts of powder. With dust concentrations being typically
between 0.1 and 1.5 kg m~3, the cost of dust explosion severity testing involving
expensive powders (e.g. pharmaceutical compounds) would be greatly reduced
by the use of a smaller explosion vessel. Therefore, Siwek [5] developed a 20-
liter explosion sphere which requires much less labor and functions with 50 times
less powder, and was hailed as a significant advance in powder safety testing. Its
acceptance as a standardized dust explosion testing device, however, would depend
on whether or not it would give the same Kg-values as the 1-m?> vessel.

A particular problem which had to be overcome was that of the turbulence of the
dust clouds which are ignited to deflagration in the test vessels. The origin of this
problem stems from the fact that without some degree of fluid motion a dust cloud
cannot exist because the particles have a tendency to settle out. With both test ves-
sels an air blast is used to initially suspend the particles, and the turbulence which
is generated by the air blast keeps the particles air-borne until ignition occurs. In
order to clarify the difficulties posed by this problem it is necessary to consider the
method by which the air blast is generated in some detail.



162 A.E. DAHOE ET AL.

800 T T T T T 1
fine dusts

2 700 — —

2 600
2 g 500 -
§ g 400 { _
< & 300 oS —
n g o/ o
NI _

,_a 200"" @ >

£ 100 3 —

g O

[ ] 0 Q

| I I [ ] I I
0 100 200 300 400 500 600 700 800

1 m3-vessel, ignition delay time 600 ms

Kss (barms™1)

200 T T T T [ 1
@ A transparent powders
g 175 o EP/PES powders -
2 s aluminium-containing $ ot
o 150 — powders a A —
£ A D
{‘ Z 125 o —
w 3
g 2 100 — oo —
- ©
82
<5 754 .
0 g
Sy
< 2 50— -
&
g 25— —
2
0 — T T T T T 1

0 25 50 75 100 125 150 175 200
1 m3-vessel, ignition delay time 600 ms
Ks; (barms™!)

Figure 2. Kgi-values of various dusts measured in the 1 m>-vessel and the 20-liter sphere as
reported by Bartknecht [3].
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In case of the 1-m?® vessel, two 5.4-liter pressure canisters are mounted on the
explosion chamber. These are filled with the dust particles and with compressed
air of 20 bar, after which their content is discharged into the explosion chamber.
Before the air blast, the pressure in the explosion chamber is made equal to 1 bar
and it is only slightly affected by the discharge because the volume of the can-
isters is comparatively small. The air blast, during which considerable turbulence
is generated and a dust cloud is formed in the explosion chamber, lasts 600 ms.
Since the burning rate is increased by turbulence, and due to the transient nature
of the turbulence level, a practical test procedure was adopted which required that
ignition must occur as soon as the air blast is completed. The time between the
beginning of the air blast and the moment of ignition is known the ignition delay
time. It was assumed that the turbulence level in the 1-m? vessel was the highest at
an ignition delay time of 600 ms (after this time turbulence decay becomes larger
than turbulence production) and that this significant, but unknown, turbulence level
would never be exceeded by what might exist in industrial equipment. Dust explo-
sion severity parameters, measured in the 1-m? vessel, were therefore believed to
be a conservative estimate of what might happen when an accidental explosion
occurs in industrial equipment.

In case of the 20-liter sphere, the dust particles and compressed air are dis-
charged into the explosion chamber from a pressure canister with a volume 0.4 liter.
The explosion chamber is initially evacuated to a pressure of 0.4 bar and the pres-
sure canister is filled with compressed air of 21 bar. The air blast lasts about 50
ms, after which the pressure in the explosion chamber becomes equal to 1 bar
and turbulence starts to decay. As indicated by Figure 2, Bartknecht and Siwek
observed that the 20-liter sphere produced Kg.-values that were in agreement those
obtained with the 1-m? vessel when the ignition delay time in the former was
set equal to 60 ms. This observation did not only give rise to the belief that the
turbulence properties in the 20-liter sphere at an ignition delay time of 60 ms
were equal to those in the 1-m? vessel at an ignition delay time of 600 ms. It also
inspired the widespread belief that a formal cube-root-law agreement could exist
between turbulent dust explosions in small laboratory test vessels and large scale
dust explosions in industrial equipment. In addition to that, technical guidelines
adopted the notion that powder safety testing of all types of combustible dusts
can be performed using the 20-liter sphere by adhering to a single prescribed test
procedure with a single, fixed ignition delay time of 60 ms, and that these results, in
conjunction with the cube-root-law, can form the design basis of industrial safety.

In spite of the experimental evidence presented by Bartknecht and Siwek, based
on a variety of powders, other researchers questioned the generality of the observa-
tion of a formal cube-root-law agreement between the 20-liter sphere and the 1-m?
vessel. Van der Wel et al. [6], measured the Kg¢-value of potato starch, lycopodium,
and activated carbon with both test vessels (see Figure 3), and found that the Kg;-
value in the 20-liter sphere at an ignition delay time of 60 ms was not in agreement
with that in the 1-m? vessel at an ignition delay time of 600 ms. Instead, they
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found that the Kg-values in the 20-liter sphere were in agreement at ignition delay
times of 80, 100, and 165 milliseconds. Apart from measuring Kg.-values in the
20-liter sphere at various ignition delay times, and hence different conditions of
turbulence, van der Wel et al. used hot-wire anemometry to measure turbulence
frequency spectra in both vessels [6]. Although these researchers did not measure
the turbulence level in the 20-liter sphere explicitly, their research indicated that
conditions of similar turbulence existed in the two vessels when the ignition delay
time in the 20-liter sphere was equal to 165 ms, instead of the prescribed 60 ms. A
similar observation was also made by Pu et al. [7], who performed explicit turbu-
lence measurements inside the 20-liter sphere by means of hot-wire anemometry.
A comparison of their results with those obtained in a 1-m? vessel (see Figure 13)
indicates that equal turbulence levels exist in both test vessels when the ignition
delay time of the 20-liter sphere is 200 ms.

The work of van der Wel et al. and Pu et al. undermines the widespread belief
that a formal cube-root-law agreement generally exists between the 20-liter sphere
and the 1-m? vessel, and that dust clouds are ignited under similar conditions of
turbulence when both vessels are operated according to prescribed test procedures.
In fact, these observations undermine the entire notion that laboratory test results
may be used to predict what would happen under industrial circumstances on the
basis of the cube-root-law.

The second issue concerns the abandonment of the VDI-methodology and its
replacement by a more accurate and theoretically justified method of prediction. It
was pointed out by various researchers [8—10] that the cube-root-law is no more
than an approximation of a single realization of the explosion pressure curve and
that it is only valid as a scaling relationship under hypothetical circumstances.

First, the mass burning rate (i.e. the product of the burning velocity, the flame
area, and the density of the unburnt mixture which is to be consumed by the flame)
has to be the same in both the test vessel and the industrial vessel at the moment
when the rate of pressure rise reaches its maximum value. This condition is only
fulfilled when both vessels are spherical, ignition occurs at the center of both ves-
sels, the flow properties are identical, and changes in pressure, temperature and
turbulence of the unburnt mixture ahead of the flame have the same effect on the
burning velocity. In reality none of these requirements are fulfilled. In addition to
that, laboratory test results, obtained under particular conditions of turbulence, are
applied to industrial circumstances where different conditions of turbulence exist.
Since the effect of turbulence is not explicitly taken into account by the cube-
root-law, its application may lead to unacceptable over-estimations in situations
where turbulence levels in industrial practice are much lower than those created in
laboratory test vessels, but also to under estimations of the explosion severity under
circumstances where additional turbulence is generated by the explosion itself. It
was demonstrated by Tamanini [11] that worst case predictions by means of the
VDI-methodology may underestimate the dust explosion severity when turbulence
varies at the time of the explosion.
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Secondly, the thickness of the flame must be negligible with respect to the ra-
dius of the vessel. It was demonstrated by Dahoe and co-workers [10, 12] that an
inherent limitation of the cube-root-law is that it does not take the effect of flame
thickness into account. When the flame thickness is significant with respect to the
radius of a laboratory test vessel (i.e. > 1%), the cube-root-law no longer trans-
forms the maximum rate of pressure rise into a volume invariant explosion severity
index. Instead, it transforms a laboratory test result into an explosion severity index
which systematically underestimates the maximum rate of pressure rise in a larger
vessel. Since many powders have a flame thickness that is appreciable with respect
to the radius of laboratory test vessels, the cube-root-law may not be considered
as generally valid for the prediction of dust explosion severity. With some dusts,
the flame thickness is so large that application the cube-root-law irrevocably leads
to an underestimation of the maximum rate of pressure rise in larger vessels, even
when laboratory testing is carried out at considerably higher turbulence levels.

In order to overcome the limitations associated with the cube-root-law several
models have been proposed by other researchers. Unlike the cube-root-law, which
takes a single instant of the rate of pressure rise measured in a test vessel to predict
a single instant of the rate of pressure rise during an industrial explosion, these so
called integral balance models are capable of predicting the entire pressure evolu-
tion during an explosion. And, more importantly, since their derivation is based on
fundamental relationships between the pressure development and the mass burning
rate at any instant, the effect of mixture composition, pressure, temperature, and
turbulence on the transient combustion process can be taken into account in an
explicit manner. Existing models of this kind are those of Bradley and Mitcheson
[13], Nagy and Verakis [14], Perlee et al. [15], and Chirila et al. [16], Bradley et
al. [17], Tamanini [18] and Dahoe and co-workers [10, 12]. Ideally, these mod-
els enable the prediction of explosion behavior, and hence the explosion severity,
under industrial circumstances when the mass burning rate is known from labora-
tory experiments and the (varying) turbulence parameters are known for industrial
circumstances. In the case of premixed gases, the burning velocity and the flame
thickness are recognized as fundamental measures of the driving force behind the
combustion process and these quantities have been used with success to model the
mass burning rate. It is believed that the same approach may be also applied to
dust-air mixtures [9, 19].

When the burning velocity and flame thickness are used as key parameters in
integral balance models, a distinction is made between a laminar burning velocity
and a laminar flame thickness, on one hand, and a turbulent burning velocity and a
turbulent flame thickness on the other hand. A great advantage of this distinction is
that it separates the effect of mixture properties (chemical,thermodynamical) and
the effect of flow properties (turbulence level,turbulence length scale) on the flame
propagation process in a systematic way. When, for example, a flame is stabilized
in a laminar flow of combustibles, it establishes itself at a fixed position in the
flow field and its surface remains smooth. In other words, it inherits the laminar



ON THE DECAY OF TURBULENCE IN THE 20-LITER EXPLOSION SPHERE 167

behavior of the flow field. Moreover, the velocity at which the cold reactants en-
ter the flame zone in the normal direction, the laminar burning velocity, and the
width of the region in which reactants are converted into combustion products, the
laminar flame thickness, appear to be a mixture specific properties. They reflect
the sensitivity of the combustion process to changes in the chemical composition,
fuel concentration, oxygen content, particle size, pressure and temperature of the
approaching flow of reactants. By contrast, when a flame is trapped within a tur-
bulent flow of combustibles, it inherits the turbulent nature of the flow field: the
turbulence of the approaching flow continuously distorts the flame and ceaselessly
shifts its position in space between certain geometrical boundaries. As a result,
the surface area of the instantaneous laminar flame changes in a chaotic manner
which is determined by the turbulence of the flow field. Owing to the fact that the
relevant time scales of the fluid structures that compose the turbulent flow field are
much larger than the the chemical time scale of the instantaneous combustion zone,
the geometrical boundaries between which the instantaneous flame front shifts its
position are identified as a turbulent flame thickness. Due to the enhancement of
heat and mass transfer by turbulence, the turbulent flame zone propagates with
a turbulent burning velocity which is greater than the laminar burning velocity.
The local consumption of reactants at any particular portion of the flame surface,
however, occurs within a zone whose width is equal to the local laminar flame
thickness and at a rate which is determined by the local laminar burning velocity.
With this picture in mind, various researchers have developed relationships which
express the turbulent burning velocity and the turbulent flame thickness in terms
of a combination of the laminar flame propagation parameters and the turbulence
features of the flow field.

It was mentioned earlier that integral balance models can be used to replace
the VDI-methodology in the prediction of dust explosion behavior. Since integral
balance models are capable of predicting the entire pressure development of an
explosion, they can be used in conjunction with the above mentioned relationships
to determine laminar burning velocity and the laminar flame thickness by regress-
ing them to the pressure-time curve of laboratory experiments, as demonstrated by
Dahoe and co-workers [10, 12], provided that the turbulence properties in the lab-
oratory test vessels are known with sufficient accuracy. These fundamental flame
propagation parameters can then be used to predict dust explosion behavior in plant
units of a simple geometry by means of the same integral balance models, or, in
complex geometries using CFD-codes. The success or failure of this approach,
however, depends entirely upon our knowledge of the turbulence properties and
how they may vary during the course of an explosion in both the laboratory test
vessels as well as in industrial pant units.

Based on the foregoing it is evident that quantitative knowledge of turbulence
properties inside laboratory explosion test vessels is of critical importance to the
modelling and the prediction of dust explosion behavior. Hence, it is the purpose
of this paper to present experimental results on the transient turbulence levels in
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the 20-liter sphere. Although turbulence in the 20-liter sphere was studied previ-
ously there are still a number of shortcomings. First of all, Pu et al. and van der
Wel et al. used hot-wire anemometry to measure turbulence. While this technique
enables one to quantify turbulence levels and to measure power density spectra,
it is incapable of measuring independent velocity components simultaneously. As
a result, it is not possible to investigate whether practically isotropic turbulence,
or, a situation of highly non-isotropic turbulence exists in the 20-liter sphere. In
order to overcome this limitation a two dimensional laser Doppler anemometer
was used in this work. Secondly, previous research was limited to measurements at
the geometric center of the 20-liter sphere and ignores the question of whether or
not similar conditions of turbulence exist at other locations in the 20-liter sphere.
In the present work turbulence measurements are performed at various locations
in the flow field. Thirdly, the work by previous researchers is restricted to the
investigation of the flow field generated by one specific dust dispersion device,
namely, the Perforated Dispersion Ring. Since the dispersion behavior of particles
differs from one powder to another, dust explosion severity testing involves the use
of a variety of dust dispersion devices. In the present work, the flow fields of three
of the most widely used dust dispersion devices, namely, the Perforated Dispersion
Ring, the Rebound Nozzle and the Dahoe Nozzle, are investigated. Fourthly, there
appears to be a discrepancy between the results of van der Wel et al. and Pu et al. It
was observed by van der Wel et al. that conditions of turbulence, similar to those in
the 1-m? vessel, exist in the 20-liter sphere when the ignition delay time is equal to
165 ms. A comparison between the results of Pu et al. and the turbulence level in
the 1-m? vessel, however, shows that this ignition delay time should be equal to 200
ms. Since this discrepancy is significant in comparison with the prescribed ignition
delay time of 60 ms, and knowing that turbulence decays rapidly after completion
of the air blast, it would be interesting to measure turbulence levels in the 20-liter
sphere with a technique which is different from the one used by Pu et al. and van
der Wel et al., and to compare these results with the turbulence level in the 1-m?
vessel.

2. Measurement of Turbulence Levels in the 20-Liter Sphere

Due to the limited optical access of the actual explosion chamber, a plastic replica
containing optical quality glass windows was constructed and mounted on the
commercially available injection section. The transient flow fields were created by
means of a blast of compressed air according to the prescribed test procedure for
powder safety testing with the 20-liter sphere. This means that the pressure canister
was pressurized up to 21 bar, the sphere was evacuated to a pressure of 0.4 bar, and
the contents of the canister was subsequently discharged into the sphere. A two
dimensional laser Doppler anemometer was used to measure the velocity at various
locations in the transient flow field. The details of the laser Doppler anemometer
and its implementation are omitted here and can be found in [12]. It is sufficient to



ON THE DECAY OF TURBULENCE IN THE 20-LITER EXPLOSION SPHERE 169

E
E
=
L siL TIL el | |
Bl IS N1 - N SO
|| b
{3 SIL 4IL 3IL SIL 41

(c)

(a)

optical axis

3 positions:
x(ecm) y(cm) z(cm)
y 3IL 0.0 -1.5 0.0
8IL ﬂk 41L 0.0 0.0 0.0
b S i 5IL 0.0 1.5 0.0
SIL 41031 6IL 0.0 3.0 0.0
X 7IL 0.0 4.5 0.0
coordinate system in gIL 0.0 6.0 0.0

the horizontal plane
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Ring, and (d) the Dahoe Nozzle.

Figure 5. The Perforated Dispersion Ring (left), the Rebound Nozzle (middle) and the Dahoe
Nozzle (right).

mention here that the equipment was capable of measuring vertical and horizontal
velocity components between —250 m s~ and 4250 m s~!, and that data rates of
up to 25 kHz were observed (i.e. time scales down to 0.02 ms could be resolved).
The vertical and horizontal components of the instantaneous velocity were mea-
sured in the transient flow fields generated by three of the most widely used dust
dispersion devices, namely, the Perforated Dispersion Ring, the Rebound Nozzle,
and the Dahoe Nozzle (see Figure 5). Measurements were performed at six mea-
surement locations and in order to have a sufficient amount of data for statistical
averaging, at least ten time series were measured at each location. The measure-
ment locations and the placement of the dust dispersion devices in the model sphere
are shown in Figures 4 and 6. All dust dispersion devices are attached to the
inlet through which compressed enters the model sphere and the shaded regions
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Figure 6. Placement and initial flow patterns of the Perforated Dispersion Ring (left),
Rebound Nozzle (middle) and the Dahoe Nozzle (right).

in Figure 4 depict projections of these devices onto the equitorial plane of the
model sphere. The six measurement locations, 3IL, 4IL, 5IL, 6IL, 7IL, and 8IL,
are situated within the equitorial plane and along the optical axis of the beams
emitted by the laser Doppler anemometer. Their relative position with respect to
the dust dispersion devices is also indicated by Figure 4.

A few examples of the instantaneous velocity components measured at the geo-
metric center of the model sphere are shown in Figure 7. In the initial stage of
the flow field generated by the Perforated Dispersion Ring, the vertical velocity
component is seen to oscillate rapidly between —60 and 50 m s~! with no system-
atic preference for a specific direction. At the same time the horizontal component
varies between —50 and 40 m s~!, with a clear preference for the negative horizon-
tal direction in the beginning, followed by a preference for the positive horizontal
direction. Both velocity components are observed to decrease to a fraction of their
initial magnitude within a period of about 60 milliseconds. With the Rebound Noz-
zle, the vertical velocity component is observed to vary between -60 and 100 m s~!
with a preference for the positive vertical direction. At the same time, the horizontal
velocity component changes its magnitude between —45 and 40 m s~!. During
the injection process, the initial preference for the positive horizontal direction
is seen to change into a preference for the negative horizontal direction. After a
period of about 60 milliseconds, both velocity components exhibit a low frequency
oscillatory behavior. The velocity components associated with the Dahoe Nozzle
show a similar behavior, except that the vertical velocity component varies between
—30and 125 ms~!. The horizontal component lies between —60 and 30 m s~! with
a systematic preference for the negative horizontal direction.

In spite of the wild and spiky behavior of the instantaneous velocity, one may
still discern a mean motion with relatively large time scales. With the Perforated
Dispersion Ring, the mean motion appears to exist only during the first 60 mil-
liseconds of the injection process, which is about equal to the time needed to
discharge the contents of the storage vessel into the model sphere. With the Re-
bound Nozzle and the Dahoe Nozzle, there appears to be a sinusoidal mean motion
with a decreasing amplitude and frequency, which persists beyond the discharge
time. This is in spite of the fact that the driving force (i.e. the pressure difference
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Figure 7. The vertical and horizontal component of the instantaneous velocity at the geometric
center of the sphere (location 4IL).

between the storage vessel and the model sphere) is no longer present after the
first 60 milliseconds. According to Figure 6 this behavior must be attributed to the
initial flow patterns of the dust dispersion devices. During the injection process, the
Rebound Nozzle and the Dahoe Nozzle produce large jets which sustain their high
velocity and preferential direction for a longer period of time. Since the Perforated
Dispersion Ring consists of a metal tube with 112 holes of 3 mm diameter each,
the fluid enters the model sphere in the form of a large number of thin jet streams
that lose their initial velocity and preferential direction rapidly.

Due to the presence of a mean motion, every realization of the instantaneous
velocity had to be decomposed into a mean value and a fluctuation in order to
quantify the transient turbulence level in the 20-liter sphere. The mean value was
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Figure 8. Decomposition of the vertical velocity component into a mean value (top) and a fluc-
tuation (bottom). The instantaneous value corresponds to the result presented in middle-left
part of Figure 7.

determined by means of a moving regression routine which fits a polynomial of
a particular degree to a data window. The routine picks a sample record of a
particular length, say (t1, vy), ..., (t;, Vi), ..., (t;, v,), fits the polynomial to the
data set, uses the regression coefficients to calculate the value of the polynomial at
each ¢;, shifts the data window with one sample, and repeats the process all over
with another sample, until all data are processed. The values of the fitted curve at
the various values of #; are an estimation of the mean motion, and subtracting them
from the instantaneous values, v;, yields the velocity fluctuations. The effect of this
routine in decomposing a velocity data set into a mean value and a fluctuation is
shown by Figure 8.

In principle, the moving regression algorithm can be used with two kinds of data
windows. The first, which is called here a point-window, consists of a fixed number
of points. The second is called a time-window and consists of a number of samples
contained within a fixed time interval. If the data rate would be constant, both
windows would be identical with a fixed number of samples covering a fixed time
duration. In the case of laser Doppler anemometry, however, where the data rate
is not constant (it increases when the velocity increases and vice versa), a point-
window covers a variable time interval, and a time-window includes a variable
number of samples. Since the use of a time-window involves the risk of containing
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Figure 9. Behavior of the pressure in the model sphere (with the Rebound Nozzle) and the
canister during the air blast.

too few points to compute the average, a point-window was used. In this way
the algorithm adapted itself to the behavior of the flow: if the velocity decreased,
samples were taken from a larger time interval so that the averaging was always
performed with a large number of samples.

The size of the point-window, as well as the degree of the polynomial, are of
great importance. If the point-window is too small, the mean motion can not be re-
solved because the moving regression will follow the fluctuations. A point-window
which is too large will lead to a flattened-out average, and the mean motion will
appear in the fluctuation. When the degree of the fitting polynomial is too high,
it tends to follow behavior of the fluctuations instead of the trend of the mean
motion. This results in an underestimation of the fluctuations. The optimal choice
was found to be a point-window with 71 points (35 points to the left and 35 points
to the right of the point where the mean motion is to be estimated) and a second
degree polynomial. All velocity-time recordings, similar to the ones presented in
Figure 7, were processed with these settings. After subtraction of the mean motion
from the instantaneous velocity, the fluctuation of the latter (see the lower part of
Figure 8) was used to quantify and compare the turbulent flow fields generated by
the different dust dispersion devices.

The behavior of the root-mean-square value of the vertical and the horizontal
velocity component at the six different measuring locations is shown in Figure 10.
Each data point in this figure is the result of at least ten measurements and was
determined as follows. The fluctuation of each velocity-time recording was calcu-
lated as described above and the time axis was subdivided into equal time slices of
4 ms. The root-mean-square value associated with each time slice was subsequently
calculated by combining the corresponding data of all velocity fluctuations at a
particular location and by applying

2
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In this equation, v/, denotes the root-mean-square value, N the total number

of samples in each time slice and v; stands for the fluctuation of the instanta-
neous velocity. The resulting v, -value was finally assigned to the center of each
corresponding time slice.

The spatial homogeneity and directional isotropy of the turbulent flow fields
generated by the injection process may be considered by means of Figures 10
and 11. According to Figure 10 the root-mean-square value of both the vertical
and the horizontal velocity component, measured at various locations in the model
sphere have converged towards each other with all three dust dispersion devices at
60 ms. This implies that homogeneous turbulence exists in the 20-liter sphere at
the prescribed ignition delay time of 60 ms, and thereafter. Figure 11 shows the
behavior of the space averaged root-mean-square value of the vertical and horizon-
tal velocity fluctuations. Each point of this figure belongs to a time slice of 4 ms
and was calculated by superimposing all the corresponding velocity fluctuations,
measured at all six locations, and by applying Equation (2). It is seen that the
initially different v,s-values of the vertical and the horizontal velocity components
have converged to more or less the same value at the prescribed 60 ms. Hence,
conditions of practically isotropic turbulence exist in the 20-liter sphere with all
three dust dispersion devices. The associated turbulence level at the prescribed
ignition delay time of 60 ms is respectively equal to 2.68 m s~!, 3.75 m s~! and
2.79 m s~! in case of the Perforated Dispersion Ring, the Rebound Nozzle and the
Dahoe Nozzle.

3. Decay of Turbulence in the 20-Liter Sphere

In order to correlate the transient turbulence level in the 20-liter sphere it is helpful
to consider the decay of grid generated turbulence, of which the earliest extensive
measurements were made by Batchelor and Townsend [20-22]. These researchers
passed a stream of air with a uniform velocity profile through a regular grid of
bars and studied the behavior of the velocity fluctuations at the downstream side of
the grid. They observed that within a region of up to ten times the mesh spacing,
the magnitude of the velocity fluctuations at the downstream side of the grid was
increasing to a maximum. It was also observed that within this region, the root-
mean-square value of the individual velocity components became independent of
position across the stream, and approximately equal to each other. After this region,
the magnitude of the velocity fluctuations was found to decay with distance while
the turbulence remained homogeneous and isotropic. Batchelor and Townsend dis-
tinguished various stages of the decay process and classified them as the initial
period of decay, the transition period of decay, and the final period of decay. In all
cases the decay of turbulence could be generalized and correlated by means of an
equation of the form

v t\"
Vims _ (—) , 3)
Vims fo
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where the distance from the grid at the downstream side is represented by a time
coordinate, ¢ (this was accomplished by dividing distance by the mean velocity of
the flow). In the initial and final period of decay the exponent, n, was observed to
have a constant value of respectively —1.0 and —1.25. In the transition period of
decay the exponent, n, was found to change gradually from —1.0 to —1.25.

The turbulent flow field in the 20-liter sphere appears to behave in a similar way.
Figure 10 shows that with all three dust dispersion devices the prescribed ignition
delay time of 60 ms is preceded by an initial period of turbulence buildup, followed
by a period of turbulence decay. According to Figures 10 and 11, a strongly non-
homogeneous and anisotropic turbulent flow field is produced in an initial period
of about 10 ms. In this period the scatter in the v] -value measured at different
locations is in the order of 10 m s~!, and a difference of the same order of mag-
nitude can be observed in the v/, -value of the independent velocity components.
As time elapses the turbulent flow field becomes more and more homogeneous and
isotropic. At 60 ms both the scatter and the difference between the v;  -value of the
independent velocity components are in the order of 1 m s~!, and this decreases
further to 0.1 m s~! at 1000 ms. Although the injection process lasts about 50 ms
(Figure 9 shows that the pressure in the model sphere and the canister become equal
at about 50 ms), it is seen that turbulence buildup occurs only in an initial period
of about 10 ms, and that the decay of turbulence begins to occur while there is
still an injection flow of compressed air. In order to understand why the buildup of
turbulence is restricted to the first 10 ms, and why turbulence starts to decay while
the injection flow is still active, it is helpful to consider the various mechanisms of
turbulence generation which are active during the air blast.

The first mechanism may be inferred from the vorticity equation,

0w Vo xVp

— 41 Vo= -Vv+12Wo—w v+

o7 PO “4)

where @ = (1/2) V x v denotes the vorticity, v the velocity vector, p the density,
p the pressure, and v the kinematic viscosity. Prior to the injection process, the
storage canister is filled with compressed air of 21 bar (this has a density of about
27 kg m~?), and the model sphere is evacuated to a pressure of 0.4 bar (and the air
inside the sphere has a density of about 0.5 kg m—>). When these values are taken
into consideration, it is evident that the baroclinic term in the vorticity equation,
(Vp x Vp)/p?, must be regarded as a very strong source of vorticity during the
injection process. If the length of the duct (which is about 10 cm) that separates the
contents of the pressure canister from the contents of the model sphere is taken as
a measure of the distance across which the pressure gradient and density gradient
exist, and the gradients are assumed to be perpendicular to each other at every fluid
element present inside the duct, one finds a vorticity production rate, dw/9d¢, of
about 3-10° s=2 at the very beginning of the injection process. If this situation were
to last for only a millisecond, then the initially static state of each fluid element
would change into a rotating state of about 3000 cycles per second. In practice, of
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Figure 12. Decay of the root-mean-square velocity from 60 to 200 milliseconds in the 20-liter
sphere.

course, the pressure gradient and density gradient are not always perpendicular to
one another at every fluid element, and decrease rapidly. This estimate nevertheless
gives a reasonable impression of the vigorousness associated with the discharge of
the contents of the pressure canister into the model sphere. The second mechanism
of turbulence generation during the injection process is by wall friction. On its
passage from the canister to the model sphere, the air flows at almost sonic veloci-
ties through the duct and subsequently past the dispersion device, and turbulence is
generated by friction with the wall. The third mechanism is that of shear turbulence.
The air streams emerging from the dust dispersion devices enter the model sphere
with a preferential direction and at high velocities, and the associated sliding and
shearing of fluid layers is a source of turbulence.

Of all three mechanisms, the baroclinic effect in the region where high pressure
and low pressure air are initially separated is considered to be the most important
because it constitutes a source of turbulence which is much stronger than wall
friction or the shearing of fluid layers. In the first 10 ms the baroclinic effect
produces a large amount of turbulence which starts to decay when the pressure
and density gradient have decreased. During this decay process, the mechanisms of
turbulence generation by wall friction and sliding fluid streams continue to produce
turbulence. This additional turbulence, however, is insufficient to counteract and to
overcome the decay of the turbulence produced by the baroclinic effect. After the
first 50 ms, turbulence generation by wall friction is practically absent because
there is no longer a flow from the pressure canister to the sphere. The contribu-
tion of shear turbulence is also small after this time because the fluid streams that
emerge from the dust dispersion devices lose their initial velocity rapidly.

When the decay of turbulence in the 20-liter sphere (i.e. Figure 11) is com-
pared with the decay of grid generated turbulence, as observed by Batchelor and
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Figure 13. Decay of the root-mean-square velocity in the 20-liter sphere with the Perforated

Dispersion Ring (e our measurements, o Pu et al. [7], dashed line: 1-m? vessel at the prescribed
ignition delay time of 600 milliseconds [23]).

Townsend, it is seen that in the period of 10 ms to 50 ms the exponent, n, in
Equation (3) gradually decreases to a constant value, as indicated by Figure 12,
and that it remains at this constant value until 200 ms. After this time, the exponent
increases gradually and tends to become equal to zero. Both behavior and the value
of the exponent, n, appear to be different from what has been observed during
the decay of grid generated turbulence. The most striking difference is that the
decay process of grid generated turbulence consists of two periods in which the
exponent, n, assumes a constant value, while the decay of turbulence in the 20-liter
sphere involves only one such period. Moreover, the decay exponent in case of
the 20-liter sphere assumes a systematically larger (negative) value than the ones
observed during the initial and final period of the decay of grid generated turbu-
lence. The reasons for this discrepancy must be sought in the fact that the turbulent
fluctuations in the 20-liter sphere are generated by a different mechanism, namely,
the baroclinic effect, as described earlier. In the case of grid generated turbulence,
friction between the fluid and the grid is the predominant mechanism of turbulence.

In order to have a quantitative description of the behavior of the turbulence level
in the 20-liter sphere, our results in the period of 60 to 200 ms were correlated by
means of Equation (3). The reason for choosing this time interval was that the
decay exponent assumes a constant value and that the explosion times of dust-air
mixtures in the 20-liter sphere, ignited at an ignition delay time of 60 ms, rarely
exceed 100 ms. According to Figure 12, the constants v/, .° and n in Equation (3)
assume the values of 2.68 m s~! and —1.49 with the Perforated Dispersion Ring,
3.75 ms~! and —1.61 with the Rebound Nozzle, and 2.79 m s~! and —1.52 with
the Dahoe Nozzle. In all cases the constant 7y has a value of 60 ms. The data points
associated with the Rebound Nozzle were calculated in the same manner as those
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in Figure 11, except that the measurements with the Rebound Nozzle parallel and
perpendicular to the optical axis were combined.

Apart from reducing the volume of the explosion chamber, the development of
the 20-liter sphere also involved the development of a dust dispersion device that
was to be used in the new vessel. Since the 1-m? vessel uses a perforated half-ring
with 13 holes of 6 mm diameter each to disperse the dust, a Perforated Dispersion
Ring was designed for the 20-liter sphere which consists of a perforated half-ring
with 112 holes of 3 mm diameter each. As this device did not work well with a
large number of dusts, an alternative device was developed, namely, the Rebound
Nozzle, which gave the same Kg.-value as the Perforated Dispersion Ring. The
results presented in Figure 12, however, show that these identical Kg-values were
measured under significantly different conditions of turbulence using the two dust
dispersion devices. At the prescribed ignition delay time of 60 ms, the turbulence
level generated by the Rebound Nozzle is a factor 1.4 larger than that generated
by the Perforated Dispersion Ring. The turbulence levels produced by the Dahoe
Nozzle, on the other hand, are in close agreement with those produced by the
Perforated Dispersion Ring.

Figure 12 shows a comparison between our turbulence measurements in the 20-
liter sphere with the Perforated Dispersion Ring and the turbulence measurements
reported by Pu et al. It is seen that our results, obtained by means of laser Doppler
anemometry, are in agreement with those obtained by Pu et al., who used hot-
wire anemometry to measure turbulence. The turbulence level in the 20-liter is also
compared with the turbulence level in the 1-m? vessel at the prescribed ignition
delay time of 600 ms. According to this comparison, the turbulence level in the 20-
liter sphere is equal to that in the 1-m? vessel when the ignition delay time is equal
to 200 ms, instead of the prescribed 60 ms. This result contradicts the observation
made by van der Wel et al., namely, that similar conditions of turbulence exist in
both vessels when the ignition delay time in the 20-liter sphere is equal to 165 ms.

It was mentioned in the Introduction that the 20-liter explosion sphere would
only be accepted by technical guidelines for powder safety testing if it would
produce the same Kgi-values as the 1-m> vessel. Hence, Barknecht and Siwek
performed extensive measurements, involving a variety of powders, and found that
this was indeed the case when the 20-liter sphere was operated with an ignition
delay time of 60 ms. According to our turbulence measurements, these Kg¢-values
were produced at a turbulence level in the 20-liter sphere which is significantly
different from that in the 1-m? vessel. In other words, the 20-liter sphere was used
to produce Kg--values that were equal to those measured in the 1-m? vessel by
varying the ignition delay time and by making use of the fact that the combustion
rate changes with turbulence.
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4. Conclusions

Laser Doppler anemometry was used to measure the turbulence level in the 20-liter
explosion sphere. Two independent velocity components were measured simulta-
neously at six different locations in the flow fields generated by the three most
widely used dust dispersion devices, namely, the Perforated Dispersion Ring, the
Rebound Nozzle and the Dahoe Nozzle. A moving regression algorithm was used
to decompose the instantaneous velocity components into a mean value and a fluc-
tuation, and the latter was used to quantify the turbulence level. Our results on the
turbulence level in the flow field generated by the Perforated Dispersion Ring are
in agreement with the results reported by Pu et al., who used hot-wire anemometry
to measure turbulence in the 20-liter sphere.

During the injection process with the Perforated Dispersion Ring the instan-
taneous vertical velocity component varies between —60 and 50 m s~!, and the
instantaneous horizontal velocity component lies between —50 and 40 m s~!. With
the Rebound Nozzle, the vertical velocity component is observed to vary between
—60 and 100 m s~!, and the horizontal velocity component changes its magnitude
between —45 and 40 m s~!. The highest instantaneous velocity components were
found with the Dahoe Nozzle. In this case the vertical velocity component was
found to range from —30 to 125 m s~!, and the horizontal velocity component
was between —60 and 30 m s~!. The lower instantaneous velocities associated
with the Perforated Dispersion Ring and the higher velocities observed with the
other two dispersion systems can be ascribed to the different geometries and the
consequential difference in the fluid streams that emerge from them.

The turbulent flow fields generated with all three dust dispersion devices were
found to be spatially homogeneous and directionally isotropic at the prescribed ig-
nition delay time of 60 milliseconds, as well as thereafter. The spatial homogeneity
follows from the fact that the root-mean-square values of the velocity fluctuations
measured at different locations converge towards each other. The establishment of
directional isotropy follows from the observation that the root-mean-square values
of the horizontal and vertical velocity fluctuations converge to each other. At the
prescribed ignition delay time of 60 ms, the turbulence level in the 20-liter sphere
has a root-mean-square value which depends on the dust dispersion device. In case
of the perforated Dispersion Ring, v/ is equal to 2.68 m s~!. With the Rebound

Nozzle and the Dahoe Nozzle v/, . is respectively equal to 3.75 and 2.79 m s™.
When the standard 20-liter explosion sphere is operated according to the pre-
scribed injection procedure for dust explosion testing, the turbulence intensity in
the period from 60 to 200 ms after the very beginning of the air blast can be
correlated by means of Equation (3), where the constant 7y has a value of 60 ms
for all three dust dispersion devices. The constants v/, .° and n assume respective
values of 2.68 m s~! and —1.49 for the Perforated Dispersion Ring, 3.75 m s~! and

—1.61 for the Rebound Nozzle, and 2.79 m s~! and —1.52 for the Dahoe Nozzle.
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The decay of turbulence in the 20-liter sphere was compared with the decay of
grid generated turbulence and observed to behave in a distinct manner. While the
decay of grid generated turbulence consists of two stages where the exponent, 7, in
Equation (3) assumes a constant value, namely, the initial and final period of decay,
the decay of turbulence in the 20-liter sphere appears to have only one stage with a
constant exponent. The value of this exponent is systematically different from those
in the initial and final period of the decay of grid generated turbulence. The reason
for this disparate behavior is ascribed to the fact that the turbulent fluctuations in
the 20-liter sphere are created by a different mechanism (the baroclinic effect) than
in the case of grid generated turbulence (friction).

It was mentioned in the Introduction that various researchers discussed the lim-
itations of the cube-root-law and advocated its replacement by a more fundamental
approach which takes the effect of turbulence explicitly into account. Since this
approach involves the use integral balance models in conjunction with relation-
ships that describe the turbulent flame propagation process in terms of laminar
flame propagation parameters and the turbulence properties of the unburnt mixture
ahead of the flame, accurate knowledge of both becomes of crucial importance. In
practice, it is very difficult to stabilize a laminar dust flame in order to measure
the laminar burning velocity and the laminar flame thickness. It is comparatively
easy, however, to create turbulent dust explosions in laboratory test vessels, such
as the 20-liter sphere, and to measure the behavior of the pressure as a function of
time. When the turbulence properties in the test vessels are known at the moment of
ignition, as well as during the course of the explosion, integral balance models can
be fitted to the pressure-time recordings in order to determine the laminar burning
velocity and the laminar flame thickness. In this respect, the decay law expression
(3), with its parameters characterized for the three most widely used dust dispersion
devices, will contribute to the establishment of a more fundamental approach to
dust explosion severity prediction. Since correlations for the turbulent burning ve-
locity and the turbulent flame thickness also involve the turbulence length scale, it
is also important to investigate the behavior of this quantity in laboratory explosion
vessels.

A comparison between the turbulence levels in the 20-liter sphere and the 1-
m” vessel, based on our measurements, shows that equal turbulence levels exist in
both vessels when the ignition delay time in the 20-liter sphere is equal to 200 ms.
This result is consistent with the implication of the observations made by Pu et al.,
namely, that equal turbulence levels exist in both vessels when the ignition delay
time in the 20-liter sphere is equal 200 ms. At the same time the result of this
comparison contradicts van der Wel et al., who claim that similar conditions of
turbulence exist in the two test vessels when the ignition delay time in the 20-liter
sphere is equal to 165 ms.

As mentioned in the Introduction, Bartknecht and Siwek measured equal Kg;-
values in the 20-liter sphere and the 1-m? vessel. Apart from giving rise to the
notion that equal turbulence levels exist in both test vessels at the prescribed igni-

3
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tion delay times of 60 ms and 600 ms, their research also inspired the widespread
belief that a formal cube-root-law agreement exists between dust explosion sever-
ities measured in the two test vessels. In addition to that, their research stimulated
the use of the cube-root-law as a predictive tool which enables engineers to assess
the severity of an industrial dust explosion on the basis of dust explosion severi-
ties measured in laboratory test vessels. Our measurements show that significantly
different turbulence levels exist in the two test vessels at the prescribed ignition
delay times. Hence, the results of Bartknecht and Siwek, which form the exper-
imental basis of the cube-root-law, were obtained by igniting dust clouds under
significantly different conditions of turbulence in the two test vessels. As a result
the cube-root-law may not be considered as a generally valid. In fact, its use in
the practice of scaling laboratory test results into what might happen during acci-
dental industrial dust explosions must be regarded as fundamentally wrong. This
conclusion supports the idea of abandoning the cube-root-law and replacing it with
a more fundamental approach.
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