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SUMMARY

EBxperiments have been carried out to ascertain the effect of obstructions on
gaseous explosions in duct systems containing quiescent flammabie mixtures.
Obstructions in the form of orifice plates, strips and pipe fittings were used.

It was found that these generated turbulence in the moving mixture, which increased
the combuation rate within the duct. As a result there was a considerable
increase in the pressure after the flame front had reached the turbulent region
downstream of the obstruction. During this stage of the explosion, high flame
Speeds along the duct were observed. Simple correlations between the maximum
pressure and the resistance of the obstacle to gas flow were obtained, Tests wiih
supplementary vents at various positions have shown that the most efficient verfing
was obtained, when an extra vent was inserted near the ignition source. This
reduced the velocity of the unburnt gases thus avoiding the turbulence.
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THE VENTING OF GASEQUS EXPLOSIONS IN DUCT SYSTEMS

PART IV - THE EFFECT OF OBSTRUCTIONS

by

D.. J. Rasbash and Z. W. Rogowski-

- " _ INTRODUCTION

Previous work at the Joint Fipe Research Organization on the venting of
gaseous explosions in duct systems 4) showed the need for investigation into the
effect of turbulence caused by .obstacles on the maximum explosion pressure?
atteined. Th%s phenomenon has been recognised in the past; Thomas et al 1) and
Simmonds et &l 2), reported some effects of obstacles and turbulence on explosions
in vessels of small length to diameter ratio. Although no results of such experi-
ments using ducts are published, the possible effect of obstacles has been appre-
clated: _this is reflected in industrial pracegfe where advice has been given for
vents to be inserted near industrial fittings“4 The object of the work described
below was to ascertain the effect of various obstructions in ducts on the maximum
pressure and flame speed and to obtain some indications of the most efficient
method of venting,~ '

APPARATUS
ﬁucts

The required lengths of ducting were assembled from 6 ft and 3 £t long sec-
tions of 6 in internal diameter carbon steel pipe, flanged at both ends. Each’
. length of pipe had three 1-in'B,S.P.T. bogses for the insertion of flame velocity
measuring probes, one 1% in B.S.P.T. boss for the insertion of a pressure gauge
and one § B.S.F., boss for the insertion of the ignition sourcs. In addition, any
of these devices could be located in any one of the end blank flanges.

t . . )

Ignition

The mixtures were ignited by the usé of an inductive spark and the ignition
source was located at the axis of the duct, 6 in from its end.

Obstructions

.Three types of -obstructions were used: (&) standard pipe fittings: tee,
square elbow, and streamlined elbow, (b) central orifice plates with the following
ereas of orifice, 23 in2, 20 in and 14 in?, (c) strips located along the verti-
cal diameter of the duct; these were of the following areas: 10.4 in®, 5.2 inz,
2.6 in? and 1.3 in2.

The orifice plates and the strips were made from ?/16 in thick aluminium plate
and could be olamped between twe of any end flanges of the duct, In this note
these orifice plates and strips will be referred to as obstacles. In all tests,
the obstruction was followed by a 6 £t length of pipe. -

Pressure measuring apparatus

Quartz crystal pressure transducers were used and these had a natural fre-
quency of 60 000Q.¢/s. - The signal from these transducers, after preamplification,
was displayed on the screen of a double beam cathode ray tube and photographed on a
variable speed revolving drum camera. This operation was timed by displaying at
the same time a sinusoldal wave of the required freguency on the other beam of the
cathode ray tube. This apparatus had the advantage of providing a long time base
with a large variation of the writing speed.
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The flame speed measuring apparatus ,

In earlier experlments the flams progress was followed by the use of the
ionisation probes; these protruded 1 in approximately inside the duct. . In this
series of experiments however such a large distortion of the flame front occurred
due to the presence of the obstacle that this type of probe gave misleading
results, and a photocell system was therefore designed where the most advanced
portion of the flame front could be detected. The probe was an infra red sensi-
tive photocell and was loocated in a sealed brass chamber with a window mede from
polished quartz plate. The whole unit was screwed into the available boss on
the wall of the ducts. The signals from these photocells were fed into the trans-
mitting cirecuit which included coldicathode: triodes:. The signal from the cell
triggered the tube and this in turn delivered a signal which was superimposed on
. a ginuseoidal timing wave. The use of these triodes had the advantage of blocking.
the‘31gnals which were caused by hot gases behind the flame front. = These 91gnals.
if not removed, interfered sericusly with the signals of the other photucella.

Apparatus measuring the friction loss caused by the obstructions

For these determinations the 24 ft long duct was used, with obstructions
mounted in the middle of the duct length as in the explosion tests. - Air was.
sucked into the pipe by a centrifugal blower. The smoothness of the flow was
improved by the use of gauze and a 3 ft long flow straightener.

" Vents

A1l vents were centresl square edge orifices machined from mild steel blank
flanges bolted to the end flanges of the duct. For convenience in some graphs
_ cross-sectional area of duct
~ cross-sectional area of vent

the size of vent is expressed by factor K =

| .
Test procedure

In all tests unless otherwise indicated, the duct was filled by displacement:
of air with a 5 per cent propane-air mixture. During that time the vent orlltnqq'
were closed, but before ignition their closures were removede

Test programme

Table 1 shows the duct arrangements used in these tests. This table aiac
shows the position of the relief vents and the pressure gauges, except for arreiga-
ment  with the Tee; with the latter arrangement when the vent F was closed the
gauge was placed in the flange F and not 6 in beyond the T piece as shown. In
the deseription of results and in the discussion below the part of the duct
between the flenge near the ignition source and the obstacle is regarded as bqing
"upstream" of the obstacle; the rest of the duct is "downstream" of the obstaclae, -

RESULTS
Effect of obstacles in an open~ended straight duct

For these tests, ducts a, b, ¢ and 4 were used. Typical pressure records -
are shown in Flate 1. In all cases, the maximum explosion pressures were recoried
by the gauge lopcated near the ignition source..

There were some general features common to all the pressure records obtained
near the obstacles. The initial stages of these explosion records were similar
to those obtained in a duct with no obstalces in that after ignition there was a
small pressure rise due to the inertia of the volume of gas inside the pipe ahead
of the flame front. However, soon after the flame front reached the obstacle
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another sudden increase in pressure toock.place. The shapeofi-thisipartiof the
record varied and with some obstacles there were several peaks in the form of -
" vibrations, the last one often occurring when the flame front-was at the open
end of the duct. The records of pressure measured fiear the igiition "séurce,
were initially similar to those measured near thé'obstaclea"hHoﬁeveﬁg”the
- pressure rise after the flame had passed the obstacle was diffefent.- -This
pressure rise took place a-few milliseconds after the pressure risé near ‘the
obstacle and seldom was there more than one peak., Often records takéh by both
gauges showed very hlgh rates of pressure risé.- ce T

Flg. 1 shows - the maximum pressure for ducts. of different lengths pletted
-against the distance -from the ignition source to the cbstaclé.’ :This graph shows,
that for obstacles of larger area, increasing the distance betweén the*ignition
source and the obstacle had little effect on the maximim pressure.‘- Wlth ob-
stacles of small area, however, this pressure tended to décrease as thls ‘distance

.. .increaseds Maximum pressures recorded downstream of-the obstaclé were lower and

Figs 2 end 3 show, for strips and central orifices respectively, the difference
A Pn between the maximum pressures near-the ignition source-and down§tréam of the

cbstacle, plotted agalnst the dlstance between the 1gn1t10n source and the
-obstaole. R cossnT

. Flame speed measurements indicated that, for a given length of pipé; the

flame speed from the ignition source to any abstacle did nét differ ‘grieatly from
that in an unobstructed pipe. However, when the flame front reached the obstscle,
the flame accelerated within a 3 £t length of the pipe beyond the obstacle and then
either continued to accelerate or decelerated, All the fleme speeds downstream

.~ of the obstacle were higher than corresponding speeds in an unobstructed duct.

Fig. 4 shows the flame speeds along the duct for different ducts with the same
obstacle and_ shows that the flame speed at the obstacle increases with the increase
of the distance between the ignition source and the obstacle up to and including

e length of 8 £t 6 in. When this distance was 11 ft 6 in the flame front decelera-
ted after travelling along.two thirds of the duct. This phenomenon occurred with
all obstacles and with the unobstructed duct.

Effect of a vent near the ignition source in a straight open ended duct

© For these tests ducts e and f were used. Figs 5 and 6 show the maximum
pressures plotted against the size of the vent near the ignition source for ducts
e and f respectively. It is evident that insertion of even a small vent near the
ignition source resulted in substantial reduction of maximum pressure. ‘Figs 7
and 8 show the maximum pressures plotted against the maximum flame speed for ducts
e and f respectively.  These graphs show that for all obstructlons pressursas
~increased with an increase in maximum flame spéed.

Pressure records obteined with vents near ignition source showed cdonsiderable
-reduction in the rates of pressure rise, and with vents of large ares the pres-
sures measured during the flame travel from ignition to the obstacle were very
‘small. There was little difference between the pressures recorded upstream and
downstream the cbstacle, with the exception of orifice plates blocking 75 and 87
per cent cross—sectional area of duct where higher pressures were recorded down-
stream of the obstacle.

Effect’ of industrial pipe fittings

Three industrial pipe fittings were useds a tee, a square elbow and a
streamlined elbow. Table 2 shows the maximum pressures and the maximum flame
speeds obtained with each fitting using duct arrangements gs h and i, with the
vent at-E fully open and the others shut. (see Table1)



TABLE 2 . .

Pressure .
‘ Buct Maxd mum . downstream £1 Mazximum
pressure o "lame speeds
arrangement 1b in-2 of obstacle £t =1
- 1b in™2

g Tee 18.8 . — : : 91‘1‘. ]
h Square elbow 15,2 . 9.6 1020
1 Streamlined '

elbow 5.0 ‘ . 702

, w
Pressure records obtained with the square elbow are shown in Flate 2.
Pressure and flame speed records obtained in these'msts-Were similar to these
where strip and orifice plate obstacles were used. Similarly, paximum pressures -
occurred after the flame front emerged from the fitting. The flams speed racords
indicated that the flame front accelerated rapldly after emergence from the fit=
ting, but the maximum flame speed occurred always in the last quarter of the duct.
Fig. 9 shows the maximum pressures obtained with duct arrangements g ard i for
different areas of vent E, other vents in the system being closed. With both
arrangements the maximum pressure increased with a decrease of vent area. On the
other hand, the flame speeds along the duct decreased with a decrease of vent area.
Fig. 10 showa the maximum pressures obtained with a number of vent systems using '
arrangement g. Evidently the lowest pressures for a given vent area were dbtained
when a supplementary vent was placed near the ignition source as in vent system d,’
It is worth noting that the addition of another vent to vent system c resulted in’
much higher pressures, as illustrated by the line showing the pressures for vent
system by  Some of the pressure records obtained in these tests are shown in
Plate 3. '

Effect of concentration of propane on the maximum pressure

‘Some experiments were carried out to show the effect of the concentration of
propane on the maximum pressure. Duct b was used both with an orifice plate
obstacle and without an obstacle. Fig. 11 shows the relation between meximum
pressure and maximum flame speed in the duct with and without an obstruction.

These graphs show that highest pressures and highest flame speeds occurred with
mixtures of compositions near the stoichiometric and that high pressures were
accompanied by high flame speeds. However; in the unobstructed duct the maximm
pressures did not vary as much as the maximum pressures in the duct with an obstruc-
tion. It is interesting that for a given flame speed in a duct with no obstruc-
tion, mixtures richer than stoichiometric gave lower maximum pressure than mixtures
leaner than stoichiometrice.

DISCUSSION
Effect of turbulence

The experimental results show that the violence of an explosion taking place
in a duct may be considerably increased by the presence of an obstacle. The
evidence from the explosion pressure and the flame speed records strongly suggests
that this increase in violence is due to an increased rate of combustion in a pocket
of turbulent gas caused by the obstacle. It has been recognised for some time that
turbulence might increase the rate of combustion in an explosive gaseous mixture.
Although the exact mechanism by which this occurs is not clear, probably the most
important faptor is an increase of the surface area of the flame resulting in a
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proportionate increase in the rate of combustion. If the turbulence is of very
high intensity, the flame might even be disrupted and this would result in several
flame fronts burning simultaneously. :
There are @-number of observatlons that illustrate gualitatively that turbu-~
lence downstream of* the obstacle was responsible for the increased violence of the
explosion. Thus the progress of the explosion between ignition and the flame
arriving at the obstacle is the same as would be expected from a duct without an
obstacle;. rapid rises.in the.pressure and the flame speed cccur only after the
flame has passed the obstacle. Moreover, for a given duct system the pressure
and flame speeds developed depend on the freedom with which the unburnt gases
ahead of the flamé.may pass through the obstacle and create a pocket of turbulence.
This is well illustrated in the experiments with the T-piece represented in Fig.10.
With vent system c; & limb leading away from the T-piece was closed at E but there
was a“relief_vent“in”G in line with the ignition ' source.” Under these conditions
the maximum pressure and flame speeds were no different than would be expected in
a straight length of ducting of the approépriate lengths  The provision of an extra
vent at point E gave rise to a considerasble increase in pressure for the larger
vent sizes, presumably because—a certain amount of the unburnt gas ahead of the
flame could travel towards the vent at E instead of towards the vent at G.

. . .The energy in the turbulent pocket downstream of the obstacle is probably
~orelated to the resistance to flow caused by the cbstacle in the gases moving ahead
- of 'the flame. This resistance to flow may be expressed by equation 1

. ) 2 .
L A h = n_‘fl_l - ‘ ---o'o"--nt.ooc(1)
2g-

"-where 'h is the pressure drop across the obstacle

Vu the, velocity of unburnt gas moving towards the obstacle
~n''is a constant dimensionless factor for a given obstacle
e and g is the acceleration due to gravity

n expresses the ratio of the resistance to flow across the obstacle, to the
ve1001ty head of the gas moving towards the obstacle. Assuming that the rate of
combustion depends on the intensity of turbulence, it would be expected that for
a given configuration of duct upstream and downstream of the obstacle, the maximum
pressure should increase as the factor nv2 increases« Figure 12 shows the maxi-
mum pressure obtained with different obstacles when using duct b plotted against
.the factor n for the different obstacles. The factor n was determined from sepa~
raté experiments in which air was propelled at different velocities through each
of the obstacles. In the tests represented in Fig. 12 the presence of the
obstacle dld not affect the progress of the flame towards the obstacle, and Vu
was.epprox1mately constant. Figure 12 shows a power relation between the maxi-
mum pressures and n-that covers all obstacles and fittings with the exception of
the streeamlined elbow,. This particular fitting was found to produce a steep
veloclty gradient across the pipe diameter, extending for some distance down—
stream from the elbow. These characteristics of flow may weéll have caused a
part of the turbulent combustion. to take place nearer the open end of the duct,
“thus giving a lower maximum pregssure. In Fig. 13 the maximum pressure is
plotted against the factor nVu® for explosions in duct e with strip and orifice
obstacles and with vents of different sizes close to the ignition source. Vu
was estimated from the recorded flame speed across the obstacle in the manner
indicated in the Appendix. Figure 13 shows that for any given obstacle, the
maximum pressure increased as nVu~ increased, and the results for all obstacles,
although scattered, fell sbout a stralght 11ne indicating that the maximum
pressure was proportlonal to the squareé root of the resistance to the flow of
_unburnt. gas. The correlations shown in Figures 13 and 14 could not be extended
" 'to cover the experiments with ducts of différent lengths. There are possible
explanatlons for this limitations Firstly, although the rate of burning in

the turbulent pocket may have been -similar for 'a given value of nVu2, the maxi-
mim pressure which would have devéloped as a result of this rate of burning



would depend on the geometry of the duct. Thus the distance between the closed
end and the obstacle would affect both the velume upstream of the obstacle into’
which expansion could occur and the ability of the shock waves to reach and be
reflected back from the closed end of the duct while the intensely turbulent com-
bustion was still in progress. Secondly, the values of Vy obtained with ducts
longer than 12 ft were generally higher than those occurring in the tests corre-
lated in Figures 12 and 13; wunder these conditions it is possible that the turbu-
lent pocket may have extended for a longer distance downstream of the duct and that
the intense combustion took place nearer the open end.

Effect of concentration of flammable gas

Figure 11 shows that the composition of the flammable mixture had a much
greater effect on the flame speed and maximum pressure when an obstacle was present
than when no obstacle was present. The highest pressures and flame speeds
occurred with mixtures of composition near the stoichiometric; this implied that
the turbulent burning velocity was very much dependent on the concentration of the
flammable gas. Figure 14 show? the maximum pressures plotted against the laminar
burning velocity of the mixtureld ) for duct b with and without the obstacle., The
curver showed a very much steeper increase in maximum pressure with laminar burning
velocity when an obstacle was present than when no obstacle was used.

The curves in Fig. 14 suggest that maximum explosion pressures in ducts con-
taining obstacles are very much affected by the composition of the mixture and
this in practice offers a certain margin of safety as explosible atmospheres will
in practice tend to be near the limits. It is unknown whether similar increases
in the maximum pressure would be obtained with a stoichiometric mixbture of a dif-
ferent gas with a higher laminar burning velocity, and this may be worth further
investigation.. .

Practical Implications

Obstacles similar to those tested in this work occur widely in duct systems.
The above information indicates that the presence of these obstacles is a prime
congideration in a831gn1ng venting relief for these systems. The most effective
way of providing explosion relief is for the combustion products of the explosion
to be relieved before the flame reaches the obstacle, This method of relief
reduces the velocity of the unburnt gases flowing through the obstacle, thus
reducing the turbulence downstream of the obstacle, and the rise in pressure which
follows when the flame reaches this turbulent g?cket. Practical metheods for
providing this relief are discussed elsewhere( :
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APPENDIX

Estimation of velocity of unburnt gas from flame speed approaching the obstacle
{ \ Kl '

1
' J%*"\/h 3‘75
N 7 i
/ - \\
Vent Flame Obstacle
area A1 front Area of duct

uncbstructed A2

Assume there is only one flame front approaching the obstacle.
Let S = (flame speed approaching the obstacle

Vi, = velocity of unburnt gas approaching the obstacle

Vy = velocity of burnt gas approaching the vent

Tu = absolute temperature of unburnt gas

Tp = absolute temperature of burnt gas

cq = discharge cceffiicient of uburmnt. gas through vent
co = discharge coefficient of unbumt gas through obstacle
Ay = area of vent

Ao = area of duct left unobstructed by obstacle

Assuming the pressure is uniform between the obstacle and the vent, i,e. the same
pressure drives the unburnt gas through the obstacle as drives the burnt gas
through the vent

-

Vp . cqi4 Ty (1)
—— = - = a srseaeneosesn s
Vu CoAp \ Ty

v

The flame speed relative to the unburnt gas is (8-V,). Therefore, assuming
that the pressure rise is negligible compared with atmospheric pressure, the rate
at which the gas expands is given by (%-1) (8-V,) where /A is the ratio of the
volume of burnt gas to unburnt gas at atmospheric pressure, This expansion may
be equated to the sum of Vu + Vi thus

(”"--1) (S-Vu) =Vu+vb oo.ooo.oo-o-oqn(z)

Substituting for Vy from equation 1 gives

K=~1)8 = Vy+aVy
"‘u"‘1 S
(jgg 2 Vu oa-o.oon-o--coo(5)

In the calculations S was taken as the mean flame speed between points 6 in
upstream and 6 in downstream of the obstacle. This flame speed differed somewhat
from the flame speed approaching the obstacle but was the nearest approach to the
true value of S for which data was availagble, ¢4 was assumed to be equal to c,
and a value of A0 was used fori.
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