THE QUENCHING OF FLAME BY PERFORATED
SHEETING AND BLOCK FLAME ARRESTERS

By K. N. PALMER, M.A.*

SUMMARY

The performance of flame arresters consisting of metal or polyvinylchloride sheeting or blocks, perforated
with circular holes, has been investigated. The arresters were mounted in horizontal tubing systems of various
lengths filled with flammable propane/air mixtures which could be ignited either at the open end or at the closed
end of the tube. The velocity of the flame that was just quenched by an arrester was directly proportional to
the thickness of the arrester and varied inversely with the size of the apertures. No significant differences were
found in the flame quenching abilities of brass and polyvinylchloride sheeting, under the conditions of fest.
A comparison is made between the behaviour of perforated metal and wire gauze arresters. Some theoretical
consideration is given to the hehaviour of the perforated arresters.

Introduction

Most flame arresters or flame traps consist of a solid matrix
containing a group of small narrow passages or apertures
through which gases or vapours can flow, but which are
intended to be too small for a flame to pass through. Thus as
the flame enters the arrester it is subdivided into flamelets, and
it is clear that all of these should be quenched if the flame is
not to propagate to the other side of the arrester. The various
types of flame arrester differ mainly according to how this
subdivision is obtained and the number and size of the aper-
tures produced. The more common types of arrester include
wire gauzes, perforated sheeting, crimped metal ribbon,
sintered metal, and towers packed with pebbles or Raschig
rings. The arresters differ considerably in their resistance to
gas flow, This resistance i1s an important consideration
because in many industrial applications a flow of gas is
required through the arrester, and where the gas is propelled
by a fan the maximum pressure drop that can be tolerated
across the arrester may be only one or two inches water gauge.
Where gas is withdrawn from a cylinder, or is pumped, a much
higher pressure drop across the arrester is often permissible.

The types of plant and equipment in which flame arresters
are now used cover a wide range, so that a complete classifica-
tion cannot be attempted. Flame arresters are frequently used
in solvent-vapour recovery systems, in the vent pipes of storage
tanks for flammable liquids, for preventing flash-back in gases
supplied to burners or furnaces, and for preventing ignition
from the exhaust of motors working in flammable atmos-
pheres, The performance required of the flame arrester
depends on the type of system-in which it is installed. Tt is
unusual for the system to be completely enclosed, and to
remain enclosed should an explosion occur. It is far more
usual for a part of the system to be open to the atmosphere
cither through a duct opening, or a restricted opening such as
anozzle, or through a vent which opens when the gas pressure
changes from the normal working range. If ignition occurs
between the opening and the flame arrester then the bulk of
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the hot explosion proclucts are expelled to the atmosphere and
the arrester is required only to quench the flame front. If
ignition is between a closed end and the arrester, with the
opening on the far side of the arrester, then some of the com-
bustion products are expelled through the arrester, which is
required to absorb heat from these products as well as from
the flame front. In addition, if the gas mixture is flowing
through the arrester, and continues to flow after ignition, a
flame can stabilize on the arrester or upstream of it, so that
overheating can soon develop. It may be necessary to install a
detector near the arrester which can activate a valve to cut off
the flow of gas.

In order to specify economic designs for flame arresters,
information is required on the relation between the structure
of the arrester and its flame guenching properties. Recent
reviews have shown that in many cases the available informa-
tion was insufficient,’? so recent experimental work has con-
centrated on providing this information. Experiments with
wire-gauze arresters® showed that the velocity of the flame as
it approached the arrester determined whether the flame
passed through : the velocity of the flame that was just
quenched by the arrester was related to the size of the mesh
of the gauze. Cubbage?! has studied the behaviour of crimped-
ribbon arresters against town gas/air flames propagating at
high velocities, up to detonation. The present paper des-
cribes tests in which arresters consisting of sheeting and blocks
perforated with circular holes were subjected to propane/air
explosions. Perforated metal sheeting was used because it is
sometimes installed as an alternative to wire-gauze arresters ;
some lests were also carried out with perforated polyvinyl-
chloride sheeting to compare the performance of arresters of
different thermal properties, although these arresters would
not be of practical use due to the ease with which they distort
and melt. The perforated-metal block arresters were used to
determine the effect of substantially increasing the thickness
of the arrester, and also to provide a link in design between
the thin perforated sheeting and crimped-ribbon arresters
which are much thicker but which have non-circular aper-
tures. The velocities of the flames that perforated sheeting
and block arresters can guench have been related to the size of
the perforations and the thickness of the arresters.
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Experimental
Material and apparatus

The perforated sheeting was a commercial product and con-
sisted of brass or polyvinylchloride perforated with regularly-
spaced circular holes. The holes had square edges and were
perpendicular to the surface of the sheet. In all cases except
one the pattern of spacing of the holes was Pattern A (see
Fig. 1), but in one case Pattern B was used ; details of the
dimensions and spacing of the holes are given in Table L.
The diameters of the holes were accurate to 40-25%, but the
accuracy of the spacing distances (a and b) depended upon the
diameter of the hole. With diameters not greater than
0:175cm the values of ¢« and b were constant to within
-+-0-5%. but with the larger holes the tolerance rose to
+1:0%. The tabulated values of @ and b are means of at
least three determinations. These lengths are respectively the
least and the greatest distance between the centres of neigh-
bouring holes, measured at right angles to each other.

b b

Pattern A

=
o @

Pattern 8

Fig. 1.—The spacing of the holes in the perforated sheeting and blocks

K. N. PALMER

A set of perforated blocks was also made in brass with holes
of diameter 0+-175 cm arranged in the same pattern as the
corresponding perforated brass sheeting (Table I). The set
of blocks consisted of five units, each 1-00cm thick and
7:6 cm in diameter, that could be placed in contact so that
the holes were accurately aligned.

The tube used for the explosions was mounted horizontally
and was made from Perspex, the internal diameter being
6-4 cm and the wall thickness 0-6em. The length of the
tube and the position of the arrester were changed for different
experimental conditions ; details of these arrangements are
given in Fig. 2 and in Table II. The wide range of run-ups
(distance 1-J, Fig. 2) between the igniter and the arrester was
used because the velocity of approach of the flame was varied
by altering the run-up rather than by changing the gas'mixture
composition. '
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Fig. 2.—Details of explosion tube arrangement

The propane used as fuel was specified by the manufac-
turers as being at least 979, pure ; it was mixed with atmos-
pheric air in the preparation of the explosive gas mixtures.

Measurements of flame velocities near the arrester were
made using a rotating drum camera ; the speed of the drum
was calibrated electronically by means of a time-period
counter, The camera did not photograph the flame directly
but via two plane mirrors which reflected the top surface of
the tube into the camera. The camera lens was focussed at a
point 2-1cm below the interior top surface of the tube
(1-1 cm above the axis of the tube). The reason for this
arrangement was that when viewed from above in a horizontal
tube the flame appears more symmetrical than when viewed
from the side. Also, the foremost part of slow flames propa-
gated about a centimetre above the axis of the tube,

Procedure

The arresters were in the form of circular discs or blocks
whose diameter equalled that of the outside of the tube.

TaBLE I.—Characteristics of the Perforated Brass and Polyvinylchloride Sheeting

Area of hole

Diameter of  Thickness of a b in unit area

Material hole (d) sheeting (y)  Pattern (Fig. 1) (Fig. 1) of sheeting
(cm) (cm) (cm) (cm) (P)
Brass 0:359 Q-124 A 0-843 1-42 0-41
» 0-340 0-118 A 0-442 0-764 054
i 0-175 0:073 A 0-283 0-466 037
o 0-100 0-072 A 0:176 0-291 0-31
» 0-055 0:046 A 0-112 0-180 0-24
P.V.C. 0-339 0-129 A 0-454 0-793 0-48
) 0-174 0087 A 0-259 0450 0-41
W 0065 0059 B 0-149 0-159 0-14
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TaBLe TI.—Dimensions of Tube Systems used in Centimetres. This
Table refers 1o Fig. 2

Arrangement HI 1y KL

i 76 16°5 635

i 127 34-5 63-5

Igniter near iii 12-7 46 0 635
iv 12-7 790 635

open end v 12457 122 635
vi 127 153 63-5

of tube vii 12:7 305 635
viii 305 452 635

X 305 790 231

X 305 1140 262

Igniter near xi 8.9 11-4 685
closed end Xii T 16°5 710
of tube Xiii 89 34-5 635

Before use the arresters were washed in carbon tetrachloride
to remove oil and grease, and after drying were inserted in the
tube : the junction between the arrester and the tube was then
sealed with transparent tape. The gas mixture was metered
through the tube, allowing about ten changes of gas in the
tube : the supply was then cut off. The quiescent gas mixture
in the tube was ignited by an induction spark from a small coil
and the movement of the flame near the arrester recorded by
the drum camera. The velocity of the flame was measured at
a point 1-Scm from the arrester on the approach side,
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Fig. 3.—The quenching of flames by perforated brass sheeting arresters
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Tube arrangements (Table Il) : ii-vii
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A%/ = Theoretical points from equations (I) and (2) respectively

Fig. 4. —The quenching of flames by perforated brass sheeting arresters

although the velocity of approach was usually censtant over
several centimetres near the arrester. The flame velocity was
calculated from measurements of the slope of the flame front
on the photographic record and the speed of rotation of the
camera drum.

Results

Two series of tests were carried out with arresters made from
perforated brass sheeting and with the igniter near the open
end of the tube ; the results for the first seiies using 494 pro-
pane/air mixtures (stoichiometric) are given in Fig. 3. The
results for the second series, using 2-759%, propane/air mix-
tures (0-69 xstoichiometric), are given in Fig. 4. In both
figures the flame velocity is plotted against the diameter of the
aperture on logarithmic scales, and distinction is made as to
whether or not the flame passed through the arrester. Details
are also given of the various tube lengths used in each series
of tests, in general the flame velocity increased as the run-up
length (I-], Fig. 2) was increased, although there was a good
deal of overlapping of the flame velocities obtained with
neighbouring run-up lengths. The overlapping resulted from
the variation in the flame velocity obtained from various tests
in a tube of given length. The results of tests carried out
under similar conditions with perforated polyvinylchloride
arresters are given in Fig. 5. When the polyvinylchloride
arresters quenched a flame they appeared to be undamaged,
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49, propane fair mixtures
Ignition near open end of tube
Tube arrangements (Table 1) : i, fii, iv, vi, vii
O = Arrester quenched flame
X = Arrester did not quench flame
A = Theoretical points from equations (1) and (2) respectively

Fig. 5.—The quenching of flames by perforated polyvinylchloride sheeting
arresters

as were the perforated brass arresters. However, if the poly-
vinylchloride arresters failed to quench the flame considerable
charring and melting could occur, whereas the brass arresters
remained unaffected.

The results of tests with brass block arresters of various
thicknesses are shown in Fig. 6, the igniter being situated near
the open end of the tube. In all these tests cach block was in
contact with its neighbours so that the walls of the perfora-
tions were continuous through the arrester. The effect of
introducing a gap between neighbouring parts of the arrester
was also studied. The arrester was built up from two brass
blocks separated by a Perspex ring 2-55 cm deep : this com-
bination was tested in the usual manner, using 4", propane/air
flames. The minimum velocity of the flame that could pass
through the first block only was about 1000 cm/s. The mini-
mum velocity of the flame required for it to propagate through
both blocks was about 1800 cm/s. These velocities are close
to the respective values for a single block and for two blocks
in contact (Fig. 6) and are in fact slightly lower. It follows
that for practical purposes the efficiency of the arrester was
not greatly diminished by the introduction of the gap.

The results obtained with brass block arresters in contact
and with the igniter situated near the closed end of the tube
are given in Fig. 7. In these tests the gas mixture was stream-
ing through the arrester when the flame arrived, due to
expansion caused by the combustion. When the flame reached

the arrester its velocity relative to the gas was considerably
less than its velocity relative to the tube.

Discussion
Perforated sheeting arresiers

The results for the arresters made from perforated brass and
polyvinylchloride sheeting, represented in Figs 3-5, show a
clearly-defined dependence of the flame quenching ability of
the arrester upon the velocity of approach of the flame. For
cach size of aperture there was a critical velocity of approach
of the flame below which it was quenched by the arrester and
above which it passed through. The critical velocity increased
as the aperture size diminished. Similar behaviour was found
previcusly with wire-gauze arresters® although with gauzes the
critical velocity was not quite so clearly defined.

The relation between the velocity of approach of the flame
that is just quenched, the diameter of the aperture, and the
thickness of the plate is discussed in the Appendix. The argu-
ment is similar in principle to that already published for wire-
gauze arresters under similar conditions.® It is assumed that
the quenching of the flame was an effect caused by transfer of
heat from the flame to the arrester, so that if more than a
certain critical amount of heat were removed the flame would
be quenched. The amount of heat removed from the flame
by the arrester was calculated in terms of the velocity, tem-
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Fig. 6.—The quenching of flames by perforated brass block arresters
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Fig. 7.—The quenching of flames by perforated brass block arresters

perature and the thickness of the flame, and the dimensions of
the arrester. The amount of heat to be removed from the
flame for quenching was taken from published results for
propane flames on a flat-flame burner. Two conditions were
considered : firstly where all the flame front was reckoned to
be quenched by the walls in the apertures through the arrester,
and none by the blank face of the arrester, and secondly
where only that portion of the flame front directly opposed to
the aperture was quenched by the walls, the remainder being
extinguished at the blank face. In practice the behaviour of
the arresters should lie between these two limiting cases :
further discussion is given in the Appendix. The resulting
equations are represented by broken lines in Figs 3-5. The
broken lines are not always straight because when the dia-
meter of the apertures in the arrester was changed the thick-
ness of the plate also varied (Table 1), and the variation was
not uniform. '

It may be seen from Figs 3-5 that there is fair agreement
between the experimental results and the predicted critical
values of flame velocities at which the arresters just fail. In
each case equation (1) underestimates the critical velocities for
arresters with small holes (diameters not more than 0-1 ¢cm),
whereas equation (2) tends to overestimate the critical velo-
cities. Equation (1) is in better agreement with experiment
when arresters with large apertures are considered, but often
the theory overestimates the performance of arresters with

large apertures. It is not possible to discern in the experi-
mental results any Systematic variation with the material of
the arrester, and according to the Appendix none would be
expected. As both the thermal conductivities and the thermal
diffusivities of brass and polyvinylchloride differ by factors of
about 500 any dependence of the flame quenching properties
on the thermal properties of the arresters ought to have been
detected. Thus, under the experimental conditions, the flame
quenching ability of the arrester was probably not governed
by the heat transfer properties of the materials of construction
of the arrester, but by the rate of transfer of heat to 1t

Perforated block arresters

The results for block arresters again show that the velocity
of the flame as it approached the arrester is an important
factor in determining whether or not it was quenched (Figs 6
and 7). There was a marked increase in the flame quenching
ability of the arrester as its thickness was increased. The
behaviour of the arresters predicted by equation (1) 1s repre-
sented in Figs 6 and 7 by broken lines. The line in Fig. 6, for
flames propagating from the open end of the tube, is in good
agreement with experiment over a very wide range of arrester
thicknesses.

When the igniter was at the closed end of the tube the
unburnt gas ahead of the flame attained high velocities, owing
to the expansion caused by the combustion. As a result
entrance effects in the apertures through the arrester might
become more important, since the inlet length required to set
up the boundary layer is proportional to the Reynolds
number ; these effects were not considered in the derivation
of equations (1) and (2). However, the line calculated from
equation (1) is in fair agreement with the results (Fig. 7),
although overestimating the efficiency of the arresters, but it
predicts that the velocity of the flame that is just quenched
should increase linearly with the thickness of the arrester, and
this is borne cut by the results. In deriving equartion (1) it was
assumed that the gas flow through the arrester was stream-
line, although it is of course turbulent in the explosion tube,
If the flow through the arrester werc taken to be turbulent the
velocity of the flame that was just quenched would increase
with the fifth power of the thickness of the arrester, whereas
the results in Figs 6 and 7 show the velocity to be directly
proportional to the thickness of the arrester.

Comparison with wire-gauze arresters

The merits of perforated shecting and block arresters can
be compared with those of wire gauze®. With each type of
arrester it is the velocity of approach of the flame that is a
major factor in determining whether the flame will pass
through. As the velocity of the flame depends on the geo-
metry of the duct along which it propagates, this geometry
must be taken into account when considering the installation
of thesc arresters. The position of explosion relief vents
relative to likely sources of ignition is also important. Both
wire gauze and perforated metal sheeting, of the same size of
mesh or perforation, have similar effectivencss in acting as
flame arresters. These types of arrester are effective only
against relatively slowly-moving flames, such as may be
generated in short lengths of ducting. Perforated blocks are
considerably more effective than sheeting and can be more
effective than very fine gauze, which is often ruled out for
practical purposes by its high resistance to gas flow and its
ease of blockage. For high velocity flames, however, suitable
perforated blocks are likely to be impracticable and other
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types of arrester, such as crimped-ribbon arresters, should be
considered. From the practical point of view there are other
factors involved in the choice of arrester ; for instance the
mechanical strength, the thermal capacity, and the cheapness
of proposed arresters must also be taken into account.
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APPENDIX

The case is considered of a flame propagating along the
explosion tube towards an arrester of thickness y perforated
with holes of diameter . The velocity of the flame as it pro-
pagates along the tube is the sum of V, the velocity of the
flame relative 10 the gas, and v, the velocity of the gas relative
1o the tube. In the experiments measurements were made of
(V-+v). When ignition was at the open end of the tube the
assumption was made that owing to the movement of ex-
panded exhaust gases out of the tube, and to the acoustic
vibrations excited by the Aame, the unburnt gas was slightly
compressed ahead of the lame and the motion of the gas was
sufficient to establish a boundary layer in the passages through
the arrester. When ignition was at the closed end of the tube
the gas was streaming rapidly through the arrester when the
flame arrived. It may be shown that the flow of the flame
gases of 49, propanc/air mixtures will be streamline
(Re << 2000) through apertures 0-175 cm in diameter so long
as the velocity of the flame relative to the tube (V—+v) is less
than 5500 cm/s. Thus about half the results shown in Fig. 7
come in this region and most of the remainder are in the
region of transition to turbulent flow. It has been assumed
that the flow was streamline, whether the flame originated at
the open or at the closed end of the tube and that the boundary
layer was fully developed, i.e. that entrance effects could be
neglected.

Coulson and Richardson® considered theoretically the heat
transfer between a tube wall at constant temperature and
fluid in streamline flow. By using a cubic relation for the
radial distribution of temperature in the fluid, the rate of heat
transfer at the tube wall was obtained in terms of the axial
temperature of the fluid.

The rate of heat transfer per unit area of tube wall would
then be :*

2-4K(T,—T,)/d.

In the present case if the apertures in the arrester are
sufficiently close together for all the flame to be quenched by
the walls of the aperture, and none by the blank face of the
arrester, then unit area of arrester face corresponds to

(4P/md®)(myd) area of aperture wall = 4Py/d.
The rate of heat transfer per unit frontal area of arrester is
9-6KPy(T,—T,)/d*

If the flame is of thickness x (x >>y) and traveis at velocity
(¥F-v) it is in contact with the arrester for a time x/(V+v),

* Symbols have the meanings given to them on pp. 56 and 57.

so that the total heat transterred to unit area of arrester
- ¢ = 9 6KPxy(T),—T,)/d*(V-+v).

The flame front propagates at right angles to itself at the
adiabatic burning velocity S, and when the flame front is
wrinkled the velocity of propagation along a duct is increased
in proportion to the greater surface area of the flame, I
the velocity of the flame relative to the gas is ¥, each square
centimetre of arrester is opposed on the average by F/S cm?
of flame, i.e. Q = ¢S/V. The thickness of the flame, x, is
governed by the velocity of the chemical reactions in the flame.
If the flame is propagating at velocity V, greater than S, the
thickness of the flame is increased by a factor F/S, ie.
XV =2,/

. 9-6KPWT,—T,)
V9 = —Z557 N )

Thus

Equation (1) represents a hmiting case in which all the
flame front is reckoned to be quenched by the walls in the
apertures through the arrester, and none by the blank face of
the arrester. In the other limiting case only that portion of
the flame front directly opposed to the aperture is quenched
by the walls, the remainder being extinguished at the blank
face. In practice the conditions for the latter case, in which
the apertures are sufficiently widely spaced not to interact, are
probably modified since some of the flame front near to the
aperture, but not directly opposed, may enter the aperture.
The area of flame front to be quenched in the aperture is then
larger than the area of cross-section of the aperture. These
conditions are intermediate between those for the two limiting
cases. When only an area wd*/4 of the flame is quenched in
each aperture, P = 1.

9-6KW(T;,—T,)
d* Q/x,

Information is available from various sources on adiabatic
flame temperatures and other thermal properties.®** The
following values were taken for 47, propane/air flames :
T, = 2000°K, K=29%x58x10%cal cm1s1 K,
O/x, = 2:32x10*cal/em®.  Corresponding values for
2:75% propane/air flames are: T, — 1800°K, K = 2:75 %
5-8x10%calem™ s "KL, Qfx, = 8-92x 1072 cal/em®,

In both cases 7, — 290°K, and values of P were taken from
Table I.

The calculated values of (V-+v), the velocity of the flame
relative to the tube, are included as broken lines in Figs 3-7.
In Figs 3-5, where (V- v) is plotted against 4, the lines are
not straight because » does not vary regularly with o
(Table I).

(V+y) = (2)

Symbols Used

- = spacing of the apertures in the arresters (Fig. 1).

= diameter of aperture.

== thermal conductivity.

= area of hole in unit area of arrester face.

= heat absorbed by unit area of arrester.

= heat lost by unit area of flame,

= standard burning velocity.

= mean temperature of flame gases in arrester.
temperature of the arrester.

= gas velocity along the explosion tube.

= flame velocity, relative to the unburnt gas.

= mean thickness of flame propagating at velocity V.
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x, = thickness of flame propagating at burning velocity S. & Coulson, J. M. and Richardson, 1. F. * Chemical Engineer-

y = thickness of arrester, . Sn;’i'ﬁa, RVQ\INl,Eg\SnﬁdrdiL?-Td %T,.arfgrgBar?:&Tcimg? ]I;.[.d.)U,S,
The above quan[jt[eg may be expressed in any set of con- s _BHP'E’(HI of Mines R(.’,D!H‘I: of ."H}'(’S:-’fg{”.“t)ir 4938, 1953,
sistent units in which force and mass are not defined inde- H'é‘ﬁ:'_:f};?’ 5é4 ‘g\fa{:.tln;ljoﬁ ]";‘:?"m{ Bureau of Standards
pendently. 5 Botha, J. P. and Spa!ding: D. B. Proc. roy. Sac., 1954,
A225, 71.
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