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- - SUMMARY

The published data on the pressures developed in vented dust explosions
+has been reassessed in an attempt to bring it together and form a basis for.
discussion.

Nine basic assumptions are listed, the most important being that at
.some instant in a severe explosion the combustion could be taking place
throughout the whole volume of the vessel. The assumptions have led to the
derivation of equations relating the explosion pressure to the area of vent,
the volume of vessel, and explosion parameters of the dusts. Calculated
explosion pressures have been compared with the published data. Only
unrestricted vents have been considered,

The severe conditions of explosion would be of mest interest in practice,
to the design engineer, but modified calculations could be made for less
severe conditions.

The present ad hoc procedure for stipulating vent area has been compared
with calculation, and appeared to be reasonable,

The gaps in the pubiished data were listed, and attention drawn to those
aspects where further information is particularly required.
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SYMBOLS

A Area of relief wvent
c Discharge coefficient
(dR/dt)av .Average rate of pressure rise in the closed standard
explosion vessel
(dP/dt)max Maximum rate of pressure rise in the closed standard
explosion vessel .
g - Acceleration due to gravity
K Constant
Maximum pressure in vented explosion
Po Atmospheric pressure
Py Pressure in closed standard explbsion veasel when rate

of pressure rise was & maximum

Ppax ‘Maximum pressure in the closed standard explosion vessel
v Volume of vessel

Vo Volume of apparatus for which.(dp/dt)max was measured
)’ Ratio of specific heats

/9 Density of combustion products at pressure p
,qg Density of combustion products at pressure p,

‘Density of unburnt dust suspension at pressure p. and of

/3 combustion products at pressure Py °
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;. . DUST -EXPLOSION.VENFING - A REASSESSMENT OF THE DATA

-

by
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INTRODICTION

' "The llterature of dust explosion rellef may be falrly descrnbed as
chaotle ' Efforts to distil any general relationships between: relief area and
maxlmum exploslon pressure from the -empirical data available are not
partlcularly rewardlng. The essential difficulty probably lies in producinga

and igniting fully dlspersed dust clouds in vessels of varlous shapes and
1
"

There is no consistent approach, combining experiment and theory, to

_ relate the principal variables. :The main requirement is to relate the'ﬁaximum

pressure in a vented explosion to the explosibility characteristics of -the
dust as measured.in small scalé tests, the area of vent, and the size and shape
of the plant. The venting has often been characterised, on an empiijaalbbasts,
in terms of the vent ratio, i.e. area of vent per unit volume of plant. The
vent ratlo has the dlmen51ons of (length)- =1 and when the maxlmum;messure is
related to the vent ratlo in the design of plant, there is doubt about the

-valldlty of applylng empirical relationships to plant of dlfferent scale,

The ventlng of exploelons in gases and vapours has been put on a

vreasonably systematlc ba31s, both experimental and theoretical, and it has

been suggested that the same treatment should be applled to dust explos:n.ons1 2,

Correlation of the explosion parameters of dusts, vapours and gases, measured

in the ‘same apparatus, would enable this approach to be used. Final judgement

of {ts validity must await a fuller understanding of the mechanism of

propagation of the ‘dust flames because, if this is dlfferent from that in
vapours and gases, reliable predlctlon of venting requlrements may not

. necessarily be obtained.

The absence of an agreed method for the calculatlon of ventlng requirements

-has important’ practlcal consequences, because venting is a relatively cheap

‘-method of obtaining protection of plant handling explosible dusts. As a result

it is commonly used, and the degree of safety obtained cannct be adequately
judged .at present. The situation is steadily worsening because the scale of
industrial processes .involving dusts is increasing rapidly, but the eamount of

design information for safety precautions is not increasing correspondingly.




Extrapolations are therefore ‘becoming greater, and causing increasing
uncertaint# in the effectiveness of the explosion protection measures applied.
The situation can only be remedied by a. better understanding -of the principles
involved, for example in dust explosion-ﬁenting, coupled with confirmatory

experiments on larger scale equipment than that customarily used.

This note is an attempt to reformulafe the problems in the venting of
dust explosions, and is put forward as a basis for discussion, - It considers
data published elsewhere and attempts to systematize some of the information.
The assumptions which have been made are described in more detaillbélow;
equations have been derived based on these assumptions, and are comparediﬁith
the published data. J | ' o |

OBSERVATIONS AND ASSUMPTIONS

In order that realistic assumptions shall be made it is useful to consider
firstly some of the properties of. dust.explosions which have been reported,’
from various sources,rfollowing experiments. The principal observations
included:

1. Dust flames were longer or thlcker than gas flqmes. If'thé
‘-equipment containing the explosion was of sufflclent 5129 the dust
flame thickness could be of the order of metres3. ' h

2. 1In explosions in closed compact vessels (i'e. all three dimensions
.of the same order) of volumes 1007 and. 1900u,the duratlon of the
-explosion, using an unsp601f1ed plastlcs dust was approxlmately

proportional to the cube root of the vessel volume4.

3. In sﬁgar dust explosions in closed coﬁpagt vessels, of volumes 1.2 1
' and 1000 1, the maximum rates of pressure rise were of_the ssme o:derB.
The ratios of maximum rates varied between 2.0 and 0.4, .for the two .

vessels respectively, depending on particle diameter.

4. In vented dust explosions the maximum pressure increased with the ' '
size of the ignition source. The pressure could be particularly
high if the dust had been ignited by a large external source ..

projected into the suspension.

5. The maximum pressure in vented explosions also. depended on the
method of dispersion of the.dust and on its concentration. By -~
suitable adjustment.of the variables, explosions could be graded from

mild to strongs.



Using these observetions as-a basis, certain tentative concluslons can
be urawn regardlng the mechanism of dust exploslon ventlng The tthk flsme.
. implies that the dust particles-became 1gn1ted relatlvely rapiﬂ;y .and
‘subsequently burned relatively slowly. Thus in a vented. exploslon in: a
. compact vessel, 1n1t1&11y completely filled with a dust suspenslon, the A
enclosure may be completely filled- with flame when the’ pressure reaches a.
.-maximum, This would partlcularly be the case when the. ventlng is generous,
.80 that maximum explosion pressures are kept-low as is requlred “for many )
industrial applications, being ss31sted by the expansion due to the formstlon
of combustion products with 1gn1t10n remote from the vent. Because of the
" expansion, the maJorlty of the dust 1n1t1a11y in suspenslon in the enclosure
may be ejected before it is completely burned, and would form a flame outs1de
the vent, The émission of large volumes of flame from the vents durlng dust

explosions is a common obzervation.

The relatively rapid igmition of dust throughout the enclosure, and.its
. continued buruing throughout the volume, would be assisted by turbulence of
the suspension which is often generated during the dispersion of the dust. In
experimental’ dust exp1031ons in compact enclogures the dlsper51on of the dust
is usually by some form of’ V1gorous mechanical action, and thls can. be’ expected
to 1lédd to an intensely turbulent suspenslon. In suoh.a susPenslon, the .
existence of pockets of unignited mixture would not be favoured, again leading
. to the cohclusion that simultansous burning of the susPens1on throughout the

entire volume of the enclosure would be likely.

"'For enclosures w1th llttle or no venting, so that pressures are hlgh nass
'flow to the exterlor would not be dominant. Flame speeds within the enclosure,
asS1sted by expan51on of the combugtion products, would be lower than for well
vented explos1ons but the dlstrlbutlon of flame due to the turbulence arising
.;durlng the dlsPersmon of the dust would still be present For very small
enclosures with a v1gorous dispersion technlque, such as the Hartmann apparatus
for determination of maximum explos1on pressure and rate of pressure rise, in
al.21 closed vessel7, ignition throughout the volume is likely to be rapid.
-Hence the measurements of rate of pressure rise would correspond to combustion
:simultaneously throughout the. volume, It is likely that these conditions
would not apply in larger volumes, w1th a relatively small source of ignition
and dust dlsperslon from the centre of the vessel, for example with the tests
in ‘the vessels of 190 and 1900 1 volume4 Under such conditions dependence of

the duration of the exploslon on the vessel volume is reasonable as in (2) above.




In the-sugar~explosions-in-(3) above;, the~dustAwas-dispersed‘vigorouslj from
Hear. the 1000 1 vessel walls, with the source of ignition at the centre?,
These conditions apparentiy gavé rapid ignition throughout'the volume,

-When the size of the ignition source is ihcreased, there will clearly he
a tendency for the dust to be ignited throughout the volume of the enclosure
quickly, even in large enclosures, Further, the introduction or generstion of
a large ignition source is' likely to increase turbulence, which again-faﬁours-j
the rapid ignition of the dust. As a first step, it has been assumed that an.
ignition source was large if its dimensions were of -the same order as the '
enclosure containing the dust suspension. A typical example would be injectioﬁ
of a flame from explosion in an attached vessel. A small ignition source
-would be of dimensions of order(s) smaller than the enclosure, such &s an-
.electiric spark or a wire coil. The ignition source was algo taken as : i
effectively large if the dust suspensions were intensely turbulent throughout
.its volume. This would be the case when the dust was dispersed by the action
of detonators. .

Where enclosures are not compact, as in ducting or galieries, some
-modifications of the above conclusions may be required. BEven if the ducting
.wefe filled with a turbulent dust suspension, ignition from a single point is
.unlikely to propagate flame along the whole length of the ducting sufficiently
rgpidly for the assumption to be valid that combustion is taking place
simultaneously throughout the volume. The assumption may be reasonable only
if the ducting is relatively short, and the ignition source is large. In
other cases the flame would take a relatively long time to propagate zlong the
ducting, particularly if the léngth were markedly greater tﬁan the thickmess ‘
of the flame., The rate of generation of combustion products would then be less
than if the flame were present throughout the ducting simultaneously. A
further complication is that in some reported experiments only part of the
“.length of the ducting was filled wifh dust suspension at the commencement of
the exploéion. To obtain full understanding of the problem a detailed
analysis would be neceasary, and unfortunately there are relatively few .
. experimental results with which to comparé. As a first step two 1imiting;case§
have been taken. The first was that the dust suspension was ignited throughout
the whole length of the ducting, and was burning at all points; and the
estimated pressures would give an upper limit. The second case was that only

‘the part length of ducting containing the dust suspension was involved, and




that' the combustion products werewgenerated;onlvsfrom this volume.of ducting
-throughout the explosion. This weuld give a{10wer limit to- the explosion
.pressure; -bécause in the- exploslon the dust - suspenslon would be heated and-
occupy more than iis original volume. The- true ‘pressure should thus lie -

between those calculated for these 1im1ts "As and when further 1nformat10n

becomes available, both theoretical and expermmental it may be p0351ble to -

make a more accurate eatimate of the’ pressures to be expected The above
considerations have led to the following baslc assumptlons belng used

1. In small compact volumes‘ W1th vmgorous dlsperS1on and 1n large
compact volumes with v1gorous dlsperS1on and large 1gn1tlon source,
in vented exploslons, combustlon would take place- throughout the o
-whole of the volume either before or when the maxlmum _pressure was,
Aobtalned dependlng upon the vent ratlo
2. The maximum rate of ‘generation of combustion products, derived from® "
the standard test apparatus for measurement of exploslon pressures7
_would be gensrally appllcable where combustlon was taklng place

throughout the enclosure volume,

3.  In exploslons in large compact closed volumes, w1th small 1gn1t10n K
source, combustion would take place in only part of the volume when
‘the maximum pressure was obtained. The maximum rate of pressure rise

would be inversely proportlonal 'to the cube root of the volume

4. For elongated enclosures, such as ductlng, under vented condltlons,§
slmultaneous combustion throughout the volume would generally not be
obtained, the nearest approach being 1gn1t10n in-a short length by a

:large ‘source.

5. _Uhere only part of the length of the ductlng was fllled with dust

 suspension, modlfled oaloulatlons were necessary.

6. For all enclosures where vents were large so that explosion pressures '

were low, the maximum pressure was obtalned when the rate of generation

.of combustlon products reached & maxlmum.

7. Where vents were very small, so that exp1031on pressures were high, the
maximum pressure may not have been obtalned when the rate of generatlon

of products reached a maximum,

8. The. main effect of'turbulence of the suspension was to prométe ignition

throughout the stirred volume. Once ignited, the burning rate of a unit

;VOlume was calculated from that measured in the standard pressure test
apparatus.

-
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9. The paximum burning rate of a dust suspension in the standard pressure -

test apparatus, per unit mass of dust, was independent of the pressure.
SELECTION OF AVATLABLE DATA

Some selection of the published data is inevitable, In general the aim -
has been to use information obtained frém the most. gevere conditions of test
for a given ven{ing arrangement, as any relationships thus derived should -.-
cover the conditions 6f intérest in practice. In no case has information
. been rejected solely on the basis that the observed pressures were not in
egreement with others reporfed elsewhere, Where a range of experimental
conditions has been reported usually only the most severe ﬁas been considered.
In some cases results have been used although they were not obtained under the
most severe conditions that could have been employed in the experiments,
providing that data for the severe case was ndt availgble,.and spéciﬁl notes

to this-effect are provided,

Apart from these exceptions, the data used was obtaiﬁed from experiments

in which the following criteria could be applied.

1. The ignition gsource selected was the most severe, where choice existed.
Ignition by'a'large flame was preferred to that by small flame, hpf'

wire coil, or electric spark.

2. The ignition source was remote. from the vent. This would encourage . the
rapid movement of flame throughout the enclosure, and strengthen the
assumption that in compact enclosures the flame was preéent throughout

. the whole volune,

3. The dust was ﬁniformly distributed throughout the volume, preferably
asgisted by intense turbulence. In elongated enclosures, such as
ducting, where the suspension was initially present in only rart of the

.volume, account was taken'in the calculations.

4. The dust concentration was stoichiometric, or richer, to avoid using
.preasures cbtained in explosions of reduced severity due to lack of
fuel. .

5. All vents were open, and not obstructed by covers, or by any form of

external restriction.,

6. For explosions in ducting, only straight lengths were considered, with
venting at the end. ' -

-6 -



THEORETICAL
CRITICAL PRESSURE RATIO

In the venting of explosions two flow regimes must be considered. The
relationship between the mass rate 6f-éas discharge through a vent and the
pressure difference across the vent changes when. the ratio of absoclute-
pressure downstream to that upstream of the vent reaches the critical value.
For practical purposes-the'uenting of dusf explosions the downstream_pressure‘
may” he teken”as'atmospheric and for hiéh explosion pressures (lew values of
the pressure ratio) the linear velocity of gas through the vent is sonlc. Eer
low’ exp1031on pressures (the pressure ratio belng above the crltlcal) the gas

veloc1ty 1s subsonlc and depends on the explos1on pressure.

oo
) 4 .

' + 7) ., where ¥ is
.the ratlo of spec1flc heats. A value of 1.27 has been teken for )f -, assuming

The crltlcal pressure ratlo8 is glven by (

the gas dlscharged through the vent is diatomic and at 2300°K. - This ...
temperature has been calculated for a dust giving a maximum exploslon pressure
(gauge) of 100 lbf/ln (690 kN/m?) in a closed vessel. .The critical pressure
ratio was cslculated as 0.5%. If fhe pressure downstream of the vent is
atmosphsrlc the crltlcal value upstream would be 12 1bf/1n (83 kN/mz) gauge .

. Thus in considering dust explosions vented to atmosphere,zdifferent
relationships are obtained between vent area and maximum explosion'pressure

.for pressures greater or less than 12 1bf/in® (gauge)..
DERIVATION OF EQUATIONS

'The conditions considered were for the maximum exploslon pressure (p)
developed by a dust exploslon in a vessel of volume V hav1ng a rellef vent .
area A, 'The products of combustion discharged through the vent were of denslty
. o ‘at atmOSpherlc pressure po " Because the’ combustlon products were at hlgh
temperature the dust is likely to have vsporlzed ~and the products were taken

to be in the gas phase.
Unless stated otherwise, all pressures were absolute, -

Maximum explosion pressures below critical (12 lbf/inz, 83 kN/m?).gauge

It is assumed that the maximum explosion pressure would be generated when
the rate of formation of combustion products within the vessel reached a

meximum.




‘Mags rate of flow of combustion products through vente, agsuming

isothermal conditions, was

ca (2 'pofo 1n ¥/p,)
where C .was a diacharge coefficient.

The mass rate of generation of combugtion products is not measured.
directly in dust exp1031ons, but an estimate of the maximum mass rate may be
obtained as follows In the measurement of maxlmum explosion _pressures, by
standardlzed technlques in a closed explos1on vessel7, a value is found for .
the maximum rate of pressure rise ( ) which occurs at an intermediate stage
-in the explosion. If the exp1031on pressure is p1 at the instant the'rate of
;rise is a maximum, then the volume rate of generation of combustlon products per
unit volume of reactants would be: 1/p1 (E?) . That is, each volume of dust
suspension would generate, in unit time, 1/p ( ) volumes of products,
measured at the same pressure. The maximum volume rate of generation of
products could develop at a pressure slightly below, but not above, that at
which the maximum rate of pressure rise occurs (p1). 'The error 1uvolved is hot
likely to be serious because '%% is usually near its maximum for & NArTOW range
of pressure, and any error would be further reduced because p4--is measured on

an absolute ba51sv

Conslderlng now &an explosion in a vented vessel it is assumed see'9 aboue,
that the maximum volume rate of generation of products per unit volume of - '
reactants would be unaltered, provided reactants and products were measured at

”the same pressure Alternatlvely, this assumption may be expressed as the
maximum rate of reaction, per unit mass of reactants being independent of the -
pressure. - However, the combustlon products dlscharged through the vent enter an
atmosphere at. constant pressure, 3)’ and thelr specific heat will be greater than

in’ the closed exp1051on vessel7 by the factor )l Ina vented vessel each.’

)fP

volume of dust suspension would generate, in unit time, (gt) volumes of

max -
products havlng density /o at pressure p.

The. maximum mass rate of ‘generation of products in unit volume of a vented
vessel would be

Pl @ o WaPoryn @



The maximum mass rate of generation in a vessel of volume V would be

/OV()

0 Yp1

This mass rate of generation would apply to the severe conditions of
explosion considered in assumptions 1 and 2 above. For the less severe cases,
.ag in aasumption 3, the maximum rate of pressure rise would be reduced by a
.factor inversely proportional to the cube root of the vessel volume.
Alternatively, if values of rate of pressure rise are available from direct
.determinations in a closed vessel of the same volume as that to be vented, these’
-values can be used directly. The severe conditions are most likely to be of
industrial importance and are considered here. The less severe cases are

congidered later.

Then at maximum explosion pressure

‘20,V d : ¥

/e, 5 (%), = o (2 v fo 1n P/p,)

0/4)° - Y1 odpy V2o

P, . . S ’
/’bépb = o/p1 approximately, where /’c is density explosion.products at
_pressure 31 and /Po is their density at Py-

(po/p)2 1n ¥/p, =3 C£°2 (% p115/2" (%%iax) e (1)

b

For situations of most practical interest the maximum explosion pressure
(gauge) is low, so that (p-p.) is small compared with P,s 2nd as pressures are

absolute p/po is approximately unity. Equation (1) can be approximafed to

2
(p-p,) = E__E;TE 3/2 ( ) ) R -3

As P, is atmospheric pressure, (p—pb) would be the maximum explosion
pressure (gauge) obtained in a vented dust explosion.




The expleosion pressure at the instant of maximum rate of rlse, Py is.
not measured in the standard test7 and neither are values avallable from the
literature. Direct measurements can, however, be made  easily. An- analysis
of the results on 23 dusts tested recently ét JFRO -has shown that there was an
approXximate proportionality between Py and Prax? the maximum explosion
pressure .(absolute) in a closed vessel (see Appendix). The proportionality

constant was 0,57, with a standard deviation of 0.,12. Thus approximately T

P1 .= 'o’6pmax

.Equations (1) and (2) then respectively approximate to

(/) 3n s - 22;@0({' Dpag ! 2 (dt) 2 (3)
B ) 0

Pmax3/2

For the less severe explos1ons where the 1gn1t10n source was small -
compared with the veasel volume, the values of ( ) in equations (3) and (4)
should be multiplied by & factor Cﬁr)%, where V is the volume of the

apparatud from which A(%%) was obtained.
max

Maximum explosion pressures above critical (12 1bf/in°, 83 kN/m?) gauge-

Mass rate of flow of combustion products throughrvents, assuming non-

isothermal conditions,. was.

ca (ypp( y?+ 1)?'+ 1,3,.- 1)%'

Now /0 =f’ao PYpo hence ﬁgss rate of flow of.products was

ot (L2 ¢ >Y+ Vy-1yt

)r+ 1

or, KA p where

and .is approximately constant for dust flames discharging to atmosphere.

-10 -



Where the vent is relatively small, so that high explosion pressures are
developed, the maximum explosion pressure can occur after the rate ‘of formation - -
of combustion products has-reached the maximum. For instance, with no vent,
the maximum rate of pressure rise clearly precedesithe development of the
maximum explosion pressure. In a vented explosion, with a2 small vent-and high
explosion pressures, different conditions obtain as compared with large vents,
and low pressures where the maximum exp1031on pressure would be generated whenr
. the rate of formation of combustlon products reached a maximum as was assumed

in the derivation of equations 3 and 4

. The approach taken for the high pressure/émall vent system has been to
calculate‘tne loss of combustion producfs from the vent during. the.explosion,’., .-
to compare the loss with the amount of dust suspension originally present, and -
hence to calculate the maximum pressure in terms of the maximum explosion ‘

pressure in a closed vessel with no vents. o

‘Magg rate of flcﬁ oflconbustion products at-maximun‘explosion pressure ©p
"was KA p ;
Mean mass rate of flow durlng 1ncrease of exp1051on pressure to maximum -
was . (p po) epprox1mately The approxlmatlon arises. because whilst. the.
' pressure is stlll below the crltlcal (12 1bf/1n2) the flow rate: 1e,proport10nal
to a fractlonal power (about 0. 5) of the pressure (see above). The approx1mat10n

overestimates the mass of combustion products vented.

The duration of the explosion, from the igni%ion to the maximum pressure,
has been taken as

(Pgax - po>/(g$>_av

where' ( )av is the average rate of pressure rlse in the closed standard

7

explosion vessel . This introduces a further approx1mat10n because, in the
vented eXp1081ons under con31derat10n the maximum pressure is probably

developed sllghtly more rapldly than w1th a closed vessel. A more accurate )
estimate cannot be ea31ly ‘made, and the approx1mat10n has therefore been accepted
The value of (dt)av would be reduced by the same factor as preV1ously when the
ignition source was small compared with the vessel volume, The less severe case

is considered later.

The total mass of combustion products delivered through the vent was

B (p-py) (ppax - 2,0/ (Pav

-1 =




The total mass of dust suspension originaslly present was V /00

Hence, fraction of mass vented was

KA (p-p,) (pmax - Do)

2 V}’c ' )av

. Fraction remaining was
KA (p-pg) (Ppax = Dg)

2 V,ﬁz( )av

1 -

. _ . | = B/p_..» neglecting adiabatic cooling of the mass
remaining in the veasel. S
Rearrangiﬂé,”

& ! ., =2 pmﬂx veee. (5)
(p-v,) (Pmax - Pgs) 2V/a )av

With some dusts, values of (%%)av may not be available. An analysis of
130 published values2 for agricultural and plastics dusts, and Pittsburgh coel,
obtained by the U.S. Bureau of Mines, has shown that the mean ratio of the
average to the maximum rate of pressure rise was 0.40, with a standafd deviation
of 0.11.

i.e. ( Hav = 0.4 (dt)max
Equation (5) then became
1 1 KA -
= — Pmax veerenee. (6)
(P_po) (Pmax - po) 0.8 vf (dtmax

For the less severe explosions, where the ignition source was small compared
with the vessel volume, the values of ( ) in Equation (6) should be
multiplied by a factor ( °/v)%. ‘

- 12 -



APPLICATYON OF EQUATIONS TO AVAILABLE DATA

Maximum exploalon presaures below cr1t1cal (12 lbf/ln , 83 kN/mz)'

It is convenient- to: use Equatlens (3) and- (4). As-all the available
explosion pressures-were~publmshed-1n-Br1tlsh units, these have been retained
for practical simplicity. Dust concentrations were usually published in g/1'
or oz/ft3,.and all have been quoted here in g/l. The conversion is
1 o2/t = 1 g/1.

In Equaﬁon‘s (3) and (4) the right hand side must be divided by the
constant 144 g, because the practlcal pressure units were 1bf/1n and the

-equations were derived using pdl/ft as the British units. The following values
were taken for the constants:

C = 0.68

P = 0.081.1v/£¢7 .
g = 32 ft/s : oo ,
p, = .14.7 1bf/in? | o ;

7' = 1.27

j
.Details. of the explosion parameters of the dusts, and-of-the"expefimental
arrangements are summarised in Table 1, In Fig.1 the measured explosion o

pressures are plotted against calculated values from Equations (3) andi(4).5

. 'r:l
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Table 1

Dusts and explosion veasels for which data is available
(maximum explosion pressures below eritical)

e L Tagr

Coal pulverising mill

50 ££3 cylinder,
connected by ducting
23 in. diameter, ‘
length 20 ft .

Prax (QE) Exploéionfvéésel . . -
_Ref. Dust . 2 dthax oo Notes' Symbolas on Fig.?
- 1bf/in 2 Shape 1 Volumeg (V) .- B .
(absolute) [1bf/in%.s T 13 g '
9 | Cornstarch 150 8700 |Cubical . 1, 64 and 216 0, X, @
10 | Cork 102 2900 |Gallery L ft diameter, 691 lGallery open at one end,| 4@ and a®
55 ft length ignition near closed end
Gallery open both erids, v@ and '®:
ignition at centre :
Gallery 10 in d.iameter,f 5.5 Gallery open at one ei'l;i,
10 ft length ’ ignition near closed end| El.
Phenol 122 6500 |
_tformaldehyde & -
resin i
I
6..|Cellulose | 125 5000 |Cubical 1 ,<>
acetate
12 {coal 96 2600 183. External ignition, from




The following notes .apply to Table 1:

The values of explosion préssure‘and‘vent'ratio,'givén in’ )
Ref.9, wére obtained in earlier work, The' explosion parameters o
of the cornstarch, given in Ref.9, have' been used here-' ‘the o
maximum rate -of pressure rise was obtained. at a dust; C e
;concentratlon of 0.6 g/1 and the value of maximum exp1031on
‘ pressure was also taken at this concentration. The dust N

concentratlon in the ventlng experlments was not stated but '

‘was varied to obtain the severest condlt;onss.

The exp1081on
parameters for cork dust were not given in Ref.10, so values:

.*" .obtained at the Fire Research Station were taken?, Valuéé-féf'{:
‘phenol formaldehyde resin were taken from the same source.” The =
explosion pressures measured in the vented explosions in Ref.10
were produced by dispersing dust over a 20 ft length of the 55 ft
Jlong gallery. In calculating explosion pressures from the '
equations, the volume of gallery generating combustion products
was taken to be either that corresponding to .the 55 £t length or
to the 20 ft length; +the alternatives are marked with |

superscripts A and B respectively in Pig.i1 and in Table 1. Dust

was dispersed over the whole length of the 10 ft gallery. The

explosion parameters for cellulose acetate were estimated from
,'Fig.B8 of Ref.6, and from Ref.11. 1In Ref.12 two cosls were used,

Silkstone and Besmshaw, of similar volatile and ash contents but

the explosion parameters were not stated. The values of Ppay
and (%%%ax obtained at the Fire Research Station for Silkstone
.coal have been used. The coal mill was fitted with four 'trash
.doors', of total area 3 ftz, which were open but which may not
-have participated fully in the venting. Calculations were made “
assuming either no parficipation or full participation; the
alternatives are marked with superscripts A and B reaspectively in
~Fig.1 and in Table 1. In all the exferimental arrangements given
in Table 1, except for the 1 £17 cubical gallery, the dust was
dispersed by detonators. In the 1 £ gallery compressed air was
used, as this procedure was found to be fairly efficients. The
dust suspensions were ignited by a flame in all cases. Because of
the intense turbulence present the ignition sources have been taken
ag effectively large, and the explosions to be severe.
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Pigure 1 is concerned with explosioﬁfpressures below éritical, and
calculations of pressures above this value using Equations (3) and (4) are not
valid. Two such calculated pressures, at 25 1bf/iﬁ2, are included for

.comparison and are discussed below.

Maximum explosion pressures sbove critical (12 1bf/inZ, 83 kN/m}2)

A

The calcuiated-preésures-for véntéd explosions are given by‘Eqﬁ&tion (6).
‘In calculations, to obtain Rractigéi British units, the second term on the

‘right hend side of Equation (6) was multiplied by the constant 144 g.

The explosion vessels, and dusts used, are detailed in Table 2, and in
- Pig.2 the reciprocals of the measured explosion preasure are plotted against-

. the calculated values from Equation 6.
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Table 2

Dusts and explosion vessels for which data is available
' (maximum explosion pressures above critical)

stearate

P%?x ’ (dp) Explosion vessel .
Ref. Dust Abf/in Atpax _ ' - : " Notes Symbols on Fig.2
(absolute)|1bs/in2.s Shape Volune (V)
12 |Coal 96 2600 Two cylinders 2 ft 6in| 50 (Vol of 1 |Vent area distributed
: diameter, 10 ft length,| cylinder) unequally between the
connected by pipe 10 in two cylinders. A
diameter, 30 ft length Vent area of vessel with
majority of area and
with pressure gauge used
in calculations
Coal pulversising mill 183 External ignition, frm
‘ o 50 ££3 cylinder + @ and + @
connected by ducting
23 in diameter, -
length 20 f't
13 |Cornstarch 116 6500 Cylinder. 0.13 Ignition near vent o
15 [Phenol 122 6500 Gallery 50 ft iength 246 Ignition from 10 ft ‘
formaldehyde 2 ft 6 in diameter length 10 in )
resin with ' : diameter pipe '
wood flour
filler
16 |Lead 63 34,00  |Cylinder 0.046 - - v




The following notes apply to Table 2:

In Ref.12 two coals were used, Silkstone and Beamshaw, of
gimilar volatiles and ash contents but the explosion
parameters were not stated. The values of Ppay and (g%gai
obtained at the Fire Research Station for Silkstone coal -have
.been taken, In tests with cylindrical explosion vessels.
.connected by a long narrow ducting in which ccal was not
initially present only the vent area and volume of one vessel . -
was uged in calcplation because the ducting woulﬁ restrict
movement of combustion products. The external ignition source
for the coal puiverising mill was & cylinder 10 ft in length,
. connected by 20 ft of ducting in which coal was not initially -
.present. 'Th9 mill was fitted with four 'trash doors' which were
either closed or open (not stated) of total area 3 ft2; the
;-dlterﬁatives are marked ﬁith-supérscripts A and B respectivély

in Fig.2 and in Table 2. The value of was not stated

()
'dtnax
.in Ref.13 for cornstarch, so an estimate was made by taking a

value from Ref.14 for a cornstarch having the same pp .- as

_that in Ref.13. The explosion parameters for phenocl formaldehyde
resin, Ref.1%, were taken from Téble 1. The explosion pressures
measured in the vented explosions were produced by dispersing:

~dust over only a 20 ft length of the 50 ft long gallery; in
.calculating explosion pressures from Equation 6, the volume of
:gallery generating combustion products was taken to be two fifths

of that corresponding to the full length and the maximum explosion
. pregsure (gauge) and rate of pressure rise were also multiplied bj.

-the same factor.

In the small cylindrical vessels listed in Table 2, of | .

voiumes O.Qﬂﬁand 0.13 ft3, the dusts were dispersed by compressed
‘air. With;the other, largér vegsels detonators were used. The
ignition sources for the dust suspensions were either flames from
attached vessels or, with the small cylindrical vessels, were hot
.wires. Because of thé intense turbulence, or large ignition

.sources, or both, the explosions were taken to be severe,
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DISCUSSION
COMPARISON OF MEASURED AND CAICULATED PRESSURES

In the majority of applicatioﬁs of dust explosion venting the maximum
:explosion pressures must be reduced to a few lbf/inz, frequently less than
.2 lbf/iﬁ2, and these pressures are well below critical (Fig.1). Any treatment
of available data which can be applied to this range of pressures is of |
-practicai interest. The data, as plotted in Fig.1, show that for cuﬁical
enclosures up to 216 ££3 volume (Table 1) the measured explosion pressures -
varied approximately linearly with calculated values, with some scatter. The
data for cornstarch had been published originally with the pressure/vent ratio
plotted on a log/linear graphg; the straight line relationship broke down at

pressures below 4 lbf/inz.

The.data for the experiments in the 691-’f‘t3 gallery were plotted against

.two calculated pressures, as explained in the notes to Table 1 above. The
_calculations were based on two extreme conditions, aimed at bracketlng the
actual case. The need for the alternative calculations arose because of the
uncertainty due to only part of the length of the gallery initially containing
dust, As far as Bquation (4) is concerned Fig.i indicates that explosion
pressures are under-estimated if it is assumed that combustion products are
generated from only that part of the gallery which initially contained dust.
On the other hand, assuming that all the gallery generated combustion products
simultaneously leads tc a great overestimation of the explosion pressure,
sometimes giving values outside the range of validity of the equations. An
alternative approach would be to assume that as the burning suspension expanded’
it accelerated the column of gas shead of it, and the force required;would cause
.the ﬁreséure to rigse. The maximum pressure would be .reached when the flame

. velocity relative to the gallery attained a maximum; data on flame telocities
would be-required and few are available. Some flame velocities were reported

- for cork dust in the 691 £t3 gallery ©, which was 55 £t in length (Table 1).
The aversge flame velocities over the half of the gallery containing. the vent
were 520 and 1090 ft/s for dust concentrations of 0.25 and 0.5 oz/£t7
respectively. As the average velocities were only 160 ft/s in the adjoining

. quarter length of the gallery, the rises in flame velocities were probably

| about 10dOéyﬂi2000 ft/s respectively. The forces required to accelerate a
column of gas, half the length of the gallery, from rest to the maximum

velocities give calculated explosion pressures of 4.4 and 17.6 1bf/in
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respectively. The measured pressures -were 3.2mand-5.4‘1bf/in respectively,
and so agreement was not good. This approach would only be fruitful if flame
-velocities in galleries could be predicted from routine tests. Further work

is needed to decide which approach is the more useful.

- The lines in Fig.1 representing Equations (3) and (4) show that for. explosion
pressures up to 2 1bf/in2 the difference between calculated values was small,
and that Equation (3) gave higher estimates as the vent area was reduced. - Except
where pressures were calculated.-on a bracketing basis, Equation (4) gave-a
reasonable representation of the data over a relatively wide range of pressures,
.up to 8 1bf/in2, Equation (3) gave overestimates when pressures exceedéd
.3 lbf/inzf Likely sources of error include the approximations in the derivation
of the equations, the numerical values taken for the dust suspénsion parameters,
and experimental difficulties associated with measurements of vented dust
explosions. Some doubt attaches to the value which should be taken for the
discharge coefficient, C, in Equations (3) and (4). Here a value ofAQ.6 has
been used, but other workers17’18 have taken C = 0.8. Use of the 1at£éf value
would Iowef.the calculated explosion pressures, in Equation (4), vy neailytv

‘50 per cent.
. [ PR

Inserting_values for the constants in Equation (4) gives

1072 vV .4 2 .
(p-pg) = 29— (3 () ) e (T)
0 P3 ‘A ‘dt
max - max
vwhere % is measured in feet and all pressures are absolute and measured in .

1bf/in2. For practical purposes Equation (7) can be used for relating venting
requirements to dust explosion parameters, for pressures below critical, and .
for plant of similar design to that considered in Fig.1. In practice (%%)
_varies much more widely than >Pmax. so that for many dusts py,y can be reggrded
as a constant, of order 100 1bf/in2. Equation (7) can then be further simplified
as a rough guide. This step is only acceptable if p ., does not have an extreme

value,

When the vents were small, so that explosion pressures were above critidal,‘
Equation (6) was used. Figure 2 shows that the reciprocal of the measured
explosion pressure was never less than the calculated value, for the results
available. Thus Equation (6) consiastently overestimated the éxplosion pressure.
The equation gave reasonably close estimates of explosion pressure for the

majority of results obtained with c¢ylindrical explesion vessels of volumes
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0.046 ano 50 ft3, and for a gallery of 246 £43 volume.with powerful ignition
Bource,(Table 2). -Because -of the difficulty experimentally of obtaining severe
explosion conditions in vessels with small vents, where dispersion of the dust and
rapid spread of ignition receive relatively little assistance from eXpansion of
_combustion products, the measured explogion pressures would tend to' be lower than
the maxima that might be obtained. Equation (6) thus appears to give the-
pressures which might be obtained under the worst possible conditions, i.e. the
severest case. Particularly low explosion pressures were reported for a '

0.13 £42 vessel, using corn starch, Table 2, and.the reason may be that the
ignition source was near the vent; the results were included in Fig.2 for
comparison. Because of the approximations used in the derivation of Equation‘(G),
it is 1ihely to be moat reliable at higher explosion pressures, say SO lbf/in2 and
above, and particularly inaccurate for pressures of 30 lbf/in2 down to the critical

pressure.

Cther attempts have been made to correlate explosmon ventlng data,
Straumann17 derived expressions for pressures below and above crltlcal and
applied them fo a limited range of data.' The rate of generation of combustlon
prodﬁcts was taken directly from the aveérage rate of pressure rise, i.e. was
'assﬁmed'constant, and estimates were needed for their molecular weight and
temperature When tested against the data for corn starch9 Table 1 the
calculated pressures were about half those measured. Heinrlch18,‘presented a
nomogram based on an equation which took into account the adlabatlc compr9331oh
during the explosion, but the nomogram was not compared with available data.. The
equation contained vent area to the power of unity end vessel volume o the N

power two—thlrds
IMPLICATIONS REGARDING EXPLOSION FROPERTIES

The extent of the correlation between experimental data and the calculated
pressures, shown in Figs 1 and 2, gives support to the assumptions made in the
derivation of the equations It is useful to consider the implications arising
if these ‘assumptions were to be accepted because they could influence the
design of future experlments, and also focus attentlon on varlables of partlcular

importance.

The ‘crucial assumption was.that in severe explosions, even in large volumes,
combustion would be taking place ‘throughout the whole. of the volume when the
maximum pressure was obtained. Explosion parameters obtained in the:standard

small scale tests were also used in the .calculations, and gave the cérrelations-

T
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shown in Figs 1 and 2. ' Evidence has thus been provided for a link between the
small scale tesis and the explosion venting data'obtained in experiments up to--
full industrial scale, provided these e;plosions were severe, This link could -
. be important in practice, to enable'esfimétes of the behaviour of large scale’
-plant to be made, under the worst conditions of explosion. The available data
is limited to volumes up to 700 £47 (Tables 1 and 2) and there is no evidence
as to whether important discrepancies between experiment and calculation might
appear with larger volumes, Such discrepancies might be expected on several
grounds, The vesgel could be so large that combustion throughout the entire
~volume simultaneously could not take. place. The turbulence of the dust
suspension may never be sufficient to ensure that dust in all parts of the vessel
_could become ignited as Fapidly as has been assumed. Finally,'even if the source
of ignition were injected into the vessel from a dugt it might be of such small’
size relative to the volume of the vessel that a severe explosion could not: be
produced. The p;ac#ical difficulties involved in this type of experiment may be
demonstrated by,:éferénqé fo tests in a vertical cylindrical veésel, ofvvolume
2650 ffs, usiné various pfovender dusts!8, The top of the cylinder had vent
areas ranging from'1/3th.to the whole area, The dust was dispersed by tipping
.it from shelves at the top of the vessel, and allowing it to fall under gravity
Ante a gés fléme near thg base. The dust was not likely to become uniformly . .
distributed throughout the voiume.and dispersion was not assisted -by intense
.turbulence, the experimental conditions could not be regarded as severe and the
results were not included in Figs 1 and 2. It is of interest that with large
vents the explosion pressures were very low but they increased rapidly as the,
vent area was reduced, Apart from increased restriction due to smaller vents,
increased turbulence due to the explosion may alsoc have occurred leading to a
more uniform dispersion of the dust, o more rapid flame propsgation, and to
more severe explesion conditions. It is unlikely that this design of experiment

would give the most severe conditions that could arise in practice.

Some indications of limitation on the assumptions, as plant size is
increased, may be gained from the data on galiery tests. The neérest approach
-to combustion throughout the whole volume of & gallery appeared to be when the
gallery was short and a large external ignition source was used. Otherwise the
obéerved pressures were well below those which could have arisen if the whole
vbiume of the gallery were involved. The available information is relatively
scanty, and further work with galleries would be especially valuable, 1In all

gallery tests the dust suspension, although intensely turbulent when formed,
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had no mass flow along the duct before ignition. In industrial situations,
where dusts are frequently conveyed through ducting, the velocity may be high
and the residence time of the dust within the ducting correspondingly short.
Thus, if burning dust, or an ignition source, were.introduced the ignition could
be carried rapidly along the ducting by the normal working processes. A
situation might then arise in which dust burnlng at 1ts most rapid rate was

- simultaneously present throughout the entire volume and this could give more
severe conditions than any of those so far reported e;perlmentally. Higher
explosion pressures would then be expected. In other plant units within which
.dust is in turbulent suspension during normal working, the conditions in the
.event of a dust explosion should be taken as severe, particularly if the exp1051on
is caused by the introduction of burning dust. Milder explosmons would be o
expected from small sources wlthln the plant, coupled with weak agltatlon ‘of the

suspens:.on

So far it has been assumed that profiding the dispersion within the vessel
is hiéhly turbulent, then even distribution of the suspension throughout the
volume would be favbured. Whilst this may be correct for the vessels listed in
- Tables 1 and 2, it is unlikely to be so for other plant units such as cyclones
or fabric filters. The equations_that have been der;ved cannot be-used directly
for such plant'units; experiments on the venfing of a ¢yclone are in progreéa

at the Fire Research Station,

The majdrity of plant units whicﬁ require venting againét dust explosions
are_relatively weak, and capable qf withstandiﬁg up to 2 lbf/in2 and the
-pressures of interest are below critical. The form of equation 7 will now be
examined in more detail. For a given dust, the exp10510n pressure varies
inversely w1th the square of the vent ratlo ( ). The use of the vent ratio,
even though it has residual dimension, appears justified and explosion pressures
would be expected to fall rapidly as vent area on a given vessel was increased.
-Cdﬁparison may also be made between the vent ratio requirements of Equation. (7)
and the ad hoc values used in practice. Typical values of the explosion -
parameters for dﬁst, of moderate, intermediate and high explosibility are given
.in Table 3 together with the calculated vent ratio éssuming explosion'pressures
were not to exceed 2 lbf/inz.' The vent ratio increased from 1/12;5'to 1[5:0 as

.the explosibility of the dusts increased.
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Table 3 . - T . RS '.;.

Vent ratio required to give explosion pressures of
2 1bf/in? calculated from Equation (7)

. . 2 ) T, .
Ppay 1bf/in (%E) 1b£/in°.s | Vent ratio -f(%) £t
(absolute) max -
100 3000 1/12.5
110 - 6000 1/7.1
120 10000 1/5.0

Theéqﬁﬁmxetios reqﬁired in pfactice‘would be 1/20, 1/15 and 1/10 respectively,
giviﬁg 1essrvent area than that calculated. In both cases at least twice as
mﬁch vent area would be needed for the highly explosible than for the moderately
explosible dust, In'pfactice other factors would be involved which would reduce
the likelihood of the most severe conditions being obtained throughouf the plant
unit to be vented. Thus part of the volume couid be occupied by déposited dust
and the concentration needed for the most severe explosion is unlikely to be
present, by chance, throughout the whole volume. The calculated vent ratios are
thus reasonably in accord ﬁith the requirements found from practice, but also

indicate that these requirements cannct be safely reduced.

Further examination of Equation (7) shows that with a given value of vent
ratio the explosion pressure varies directly with the square of the maximum rate
of pressure rise and inversely with the éube of the maximum exploeion fressure.
As rates of rise tend to vary much more widely between dusts than do meximum
pressures, the pressure in a vented explosion depends strongly on the vealue fof:
the rate of pressure rise for the dust. The fundamental reason why the max imum
explosion pressure appears in the denominator is that for a given rate of riaé,
the duration of the explosion would increase as the maximum pressure rose.
Additional time would be provided for the venting process, and the explésion

pressure developed would be less than in a more rapid exploéibn.

The explosion pressure in a vessel of fixed vent ratio has been found

empirically to be épproximately proportional to the average rate of pressure rise

6

determined in the standard pressure test apparatus™, and comparison can be made

with Bquation (7). The average rate of pressure rise has been shown abovgkggpgmwﬁw”""‘

be directly proportional to the maximum rate (%%) . Because p_.. would=kend

. dp max . .
to increase with (d ) (Table 3) although much less rapidly, the effect in.-
ax : ‘ -
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Equation (7) would be to reduce the square law dependence to -that for a power
between one and two. There is sufficient scatter in.the quoted results6 for

an index between one and two to give reasonsble agreement,
REQUIREMENTS FOR FURTHER DATA

Although use of the equations derived above may- be juétified on the
available data, there is a great need for -additional information. This would
give further testing of the equations, and the assumptions on which the& were
based, as well as illustrating other factors which may have been overlooked.

Further information is particularly needed on the following topics.

1. Data along lines already available, but covering a much wider range of
dusts. The results for a series of dusts tested in the same explosion

equipment would be particularly valuable.

2. Ezplosions in larger volumes than so far repdrted, with dust conééﬁtfations

a8 uniform as possible.

3., Explosions of flowing dust suspensions, in plant units, including-.

dispersion of ignited dusts.
4. Explosions in plant items which produce non-uniform dust distribution.

5. BEffect on explosion pressures of vent closures and ducting to carry away
combustion products. For simplicity, these problems have not been

considered here, but they are of practical importance.
CONCLUSIONS

1. On the basis of certain listed assumptions, equations have been derived
which related explosion pfessure, in a vented explosion, .to area of ‘vent,
volume of vessel, and explesion parameters ofrdusﬁs measured in small

scale test apparatus.

2. When compared with published data for vented explosions, over a .wide range -
of plant scale, the equations and the assumptions by which they were

obtained received support.

3. Because of the variation in experimental conditions, and alsc for practical
.requirements, only data for severe explosions were analysed in detail. TFox
published data the severe conditions involve vigorous dispersion of the

dust, intense turbulence of the dust cloud, and a large ignition source.

4. Some allowance could be made in the equations for less severe conditions,
but there was insufficient data for adequate checking.
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10.

1.

12.

13.
14.

' information is needed on dust explesibns in flowing suspensions, Dust which '

The relation between vent ratio and calculated explosion pressures up to

2 1bf/in2, which is of major practical interest, was explored for dusts of

différing'explosion parameters. The present ad hoc procedure for spe01fy1ng

vent ratio appeared to be réasonable’

Further experimentation is necessary to analyse the assumptions more
rigorously, and to provide additienal explosion data.- Particular attention

should be given to obtaining results for a wider range of dusts, with

.plant of greater volume, and with uniform and non-uniform suspensions., More

is ignited before dispersion would appear to be particularly hazardous.
Analysis should also be made of the effect of vent closures on explosion . .
pressures. |
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Dust explosion parameters used in establishing

APPENDIX

-relationship between pq and p o

Dust (%‘E 1be/in2.s | P1 10/in? | pray 1b£/in?

max (absolute) | -(absolute)
Phenol formaldehyde resin 6500 63 122
Cork 2900 54 102
Sugar 2100 39 108
‘Tea 1700 42 108
Esparto grass 7300 54 109
Rubber crumb 3300 65 99
;Dinitroaniline on '

p -naphthol 12300 53 ‘145
Provender 1800 45 - 98
Distillers dried solubles 700 36 79
Wood 5700 46 105
Caprolactam 1650 61 94
Aluminium 19300 65 107
Calcium propionate 1850 66 105
-Benzoic acid 10250 59 110
Polypropylene 450 53 T4
. Diphenylol propane 8200 55 99
Glasg fibre reinforced 11650 61 107

polyester
Milk, spraydried 1600 73 113
*Protein concentrate 5750 76 123
Sodium acetate 100 29 35
Polyethylene 600 57 81
Grass 350 39 71
Linoleum 450 59 82 ..
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