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1. Introduction

Explosion venting is a commonly used method to miré or prevent damage to an enclosure caused
by an accidental explosion. By opening part ofshdace area of the enclosure, venting relieves th
pressure generated by the explosion with the goadaintaining a pressure below the design strength
of the structure. The size, type and release press the vent, however, can play a strong role on
how pressure inside the enclosure develops.

Engineering guidelines and standards such as NFEPJA]éhave correlations for vent sizing based on
the size of the enclosure, its design strengththedmixture present; however, these guidelines are
based on a limited set of experimental data andertain situations, they can be off by more than a
order of magnitude. In particular, while studies/é been performed examining the role of inertial
vent panels on vented explosions, many of whickelmen summarized in [2], there is a lack of data
for panel weights and deployment pressures reldeambom-sized enclosures.

Because of the limited reliability of the currenetimods for prediction of pressure increase during
vented explosions, a research project was initiatitlal the goal of generating a set of experimental
data examining how different parameters affectahelosure pressure during vented explosions. The
set of data will be used to develop new modelsexgineering tools. In a previous study, the effect
of mixture composition, ignition location, vent siand obstacles [3] was examined. In this study, i
was found that the overall peak pressure reachedgia vented explosion was dominated by one of a
number of specific pressure transients, corresponth different phenomena such as the external
explosion and the development of structure-acousiodlations. It was also found that these pressu
transients were typically separated by a sufficitame such that they could each be considered
individually and effectively independent of one #Hres. This allowed for the development of
correlations for each individual pressure peak.weler, these studies were all performed without a
vent panel in place, and it was unknown what etfieetopening of the vent would have on subsequent
peaks.

For the current study, the effect of panel relgasssure and panel density is examined for theerang
of values typically used for room-sized enclosuaesl industrial occupancies. In addition to the
experimental results, a simple model for the ptamticof the pressure transient associated with the
opening of the vent is developed.
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2. Experimental Setup

The experiments were performed in the 64amamber that was used in the previous study with a
open vent [3]. The test chamber had overall difegssof 4.6 x 4.6 x 3.0 m with a 5.4 went on one

of the chamber’s vertical walls. Four chamber gues transducers were mounted to the enclosure and
a high-speed camera was used to observe the d@ststed either into the chamber to observe the
effect of the vent deployment on the flame surfaceutside to observe the opening of the vent and
the external explosion. Ignition was supplied gsancarbon rod igniter at one of three locationthen
chamber, either at the center of the chamber (cégmétion), 0.25 m from the center of the wall
opposite the vent (back ignition), or 0.25 m frdma tenter of the vent (front ignition).

Stoichiometric propane-air mixtures were used flortests. The initial mixture was supplied by
injecting pure propane from the ceiling of the chamwhile mixing fans within the chamber were
used to create a uniform mixture. The concentnadiothe mixture was sampled using a Cirrus mass
spectrometer and a final gas concentration of 402% was used for all tests. The time between
when the mixing fans were stopped and ignition e@#rolled to ensure a consistent initial turbulent
intensity (u'= 0.1 m/s), which was determined in a series oftesing a bidirectional velocity probe.

A single 5.4-m vent was used for all tests and tests were peddrboth with and without a vent
panel. When a vent panel was used, it was hinfgeydhe bottom of the vent and explosion vent
fasteners, designed to deploy at a specific fonere used to hold the vent closed and control the
pressure at which the vent opened. Two panel tiemsB.3 kg/rh and 32.4 kg/fy and four vent
deployment pressures, 0.01, 0.03, 0.06 and 0.08nmae used in this study. In the tests without a
vent panel, a plastic sheet was used to containrtharned mixture which was then cut at the time of
ignition.

3. Experimental Results

The experiments performed in this study, and thek pgressures achieved associated with different
pressure transients are summarized below in Table 1

In the previous study, it was found that, withobstacles, two main pressure peaks would be possible
throughout the tests. The first pressure transieotirred when previously vented unburned gas is
consumed outside the chamber. This peak was dhakedxternal explosion peak, later referred to as
Po«. The second pressure transient occurs later, wiwet of the fuel inside the chamber is already
consumed and the flame approaches the walls ofttaeber. As the flame approaches the walls,
acoustic interactions with the flame surface causevibrate and increase the wrinkling of theniia
surface. At this stage, the remaining unburned ifuéhe chamber is rapidly consumed, resulting in
the second pressure transid®yf,. In the tests performed with the hinged vent paa@ew pressure
peak was observed. This pressure vaug, occurs before the external explosion and the mhadg

of the peak varied with panel density and releasssure.

Figures 1-3 show comparisons of 80 Hz low-paseréiti pressure-time histories of the tests for each
of the three ignition locations with different ratee pressures. These figures are used to illegtrat
effect of the hinged vent panel on the subsequeesspres that developed during the vented
explosions. The pressure transient associatedthétideployment of the vent occurs at approximately
0.2 s across the tests performed, regardless dfoigrocation. With the exception of some low
amplitude Helmholtz oscillations for front ignitiorases, it is clearly seen that followiRg,, the
subsequent pressure trace and pdaksandP,y, are not strongly affected by the opening of thetve
While there is some variability in the magnitudeRyf, the previous study [3] also observed this
variability which is consistent with the repeat#bpibf the tests.

It important to note, however, that the observatiwat P, did not impact the subsequent pressure
peaks may only be valid close to the range of paradses and deployment pressures used in this
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study. Panels with significantly higher densityl(® kg/nf) and/or higher deployment pressures may
not open sufficiently by the time of the externgplesion, thereby possibly affectify:. Also, other
studies [2] have observed that panels with very toass or that open suddenly, such as bursting
membranes or rupture diaphragms, may influencestisequent pressure-time history through the
generation of turbulence and or flame instabilitigs this study, however, this was not observedne

for the lighter 8.3-kg/fhpanel.

Table 1: Summary of peak pressure results fromanepests.

Test # Ignition Panel Density Release PressureP . (bar) | Py (bar) | Ri, (bar)
Location | (kg/nT) (bar)
1 Back 8.3 0.01 0.018 0.035 -
2 Back 8.3 0.01 0.023 0.038 -
3 Center 8.3 0.01 0.026 - 0.052
4 Center 8.3 0.01 0.025 - 0.036
5 Center 8.3 0.01 0.022 - 0.036
6 Front 8.3 0.01 0.019 - -
7 Front 8.3 0.01 0.020 - -
8 Front 8.3 0.01 0.018 - -
9 Back 8.3 0.03 0.030 0.043 -
10 Back 8.3 0.03 0.033 0.044 -
11 Center 8.3 0.03 0.037 - 0.061
12 Center 8.3 0.03 0.029 - 0.016
13 Front 8.3 0.03 0.022 - -
14 Front 8.3 0.03 0.025 - 0.029
15 Back 324 0.01 0.034 0.026 -
16 Center 32.4 0.01 0.042 - 0.019
17 Center 32.4 0.01 0.040 0 0.063
18 Front 32.4 0.01 0.033 - -
19 Back 324 0.03 0.040 0.031 -
20 Center 324 0.03 0.051 - 0.031
21 Center 32.4 0.03 0.054 - 0.063
22 Front 32.4 0.03 0.042 - -
23 Center 324 0.06 0.080 - 0.024
24 Center 324 0.06 0.076 - 0.085
25 Center 324 0.08 0.101 - 0.042
Peyt No panel
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Figure 1. Pressure-time histories inside the enctofor back ignition cases with the 8.3 kgirent.

It is also interesting to note that, in the casehef back ignition tests, the peak associated thigh
external explosion had a consistent magnitude amation with and without the vent panel, despite
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observations from the high-speed camera that thpesbf the cloud of unburned gas outside of the
chamber was significantly altered by the preseri¢cheovent panel.
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Figure 2. Pressure-time histories inside the encéofor center ignition cases with the 8.3 kgirant.
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Figure 3. Pressure-time histories inside the encéofor front ignition cases with the 8.3 kd/went.

There were also some inconsistent experimentaltsesor front ignition cases wheR,,; was lower
than the design deployment pressure. Howevercdhse of the premature fastener deployment could
not be determined.

4. Model

As the presence of the vent panel did not signifigachange the pressure-time history aRgy, it is
only necessary to account for the effect of thet pamel on determininB,e. This allows for the use
of a correlation based on each individual peakieseribed in [3].

To illustrate howP,e; can be correlated individually, a simple modelaagting for the physics of
how a hinged vent panel opens is described belbws approach is similar to those adopted in other
studies [4, 5].

First, a description is needed for how volume isggated inside the chamber as the flame propagates
and consumes the unburned fuel. For this, a siaggamption that the flame propagates at a speed of
023 is used, where is the expansion ratio of the mixtuf®,is the burning velocity and is a fitted
wrinkling factor accounting for the increase imfia surface area due to flame instabilities, sudhes
Landau instability, and turbulence. Next it isuaaed that the flame propagates spherically, suah th
its surface area as a function of time can be tdEstRSAjame = 44r(aES_t)2, wheret is the time after
ignition. This yields the following equation fdrd rate of volume generation in the chamber:

deIame — _1\=
dt _Aflame[(a 1)—3.]
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The unknown factoE is fitted to match the initial pressure rise seetests during the portion of the
pressure-time history when the vent panel is closkdactor of2 = 1.25 was found to closely match
the initial pressure rise throughout the testsxtNe description for the rate at which volume énted
from the chamber is needed. For this a simplemettic flow rate relation [6] is used:

dVvented — p — pe
dt abdA/ pcr - pe’

whereA, is the vent areq is the internal pressure of the enclosyxds the external pressungy is
the critical pressure for choked flowed throughhat, andhy is a velocity scale constant defined by:

| V+1RT,
A = Cy V‘yz 70'

where,cq is the discharge coefficient (taken to be 0.¢13,the ratio of specific heats of the vented gas,
Ris the gas constaril is the initial temperature, andis the molecular weight of the vented gas.

As the panel opens over time, the vent area isogtant. The effective vent area for a squargdun
panel, of heighH,, opened an angkcan be given by:

il )|

The motion of the panel, assuming that the presactiag on the panel is uniform across the panel
and equal to the internal pressure of the changla@rthen be described as:

d*6 _ pH;
da®> 21, °

wherel, is the moment of inertia of the panel.

Assuming adiabatic expansion of the gas insidecii@nber, these equations result in the following
expression for the pressure inside the chambechaan be solved numerically to form a pressure-
time history:

% - poy deIame _ dVventing
dt v [ dt dat

5. Model Results

The results of the model are summarized belowgn &i It can be seen that, despite the simplifity
the model, there is good agreement for higher gepdmt pressures, reproducing both the peak
pressure and duration of the pressure transieot.lolver deployment pressures, however, the model
under predicts the peak pressure in many casds;ytanly for center ignition. This difference may
be caused by the model assumption that the presautes vent panel is uniform across the panel and
equal to the pressure inside the chamber. Intye#tie moment the panel opens, the pressure across
the vent surface drops, particularly near the vieaducing the force on the panel. Also, in thdstes
with lower deployment pressures, it is possiblet the fasteners had difficulty deploying at their
design pressure due to leakage around the vent padethe slow rate of pressure rise. From the
modeled vs. measurd., plot it is also seen that center ignition casesewgpically under predicted
more than back and front ignition tests. This syrbe due to the model assumption that the flame
propagates spherically. While initially the flameopagates spherically for front and back ignition,
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the presence of the wall near these ignition locaticauses the flame to propagate slower in the
direction of the wall altering the shape of therfeaball.
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Figure 4. Summary of model results. Left: Compariesbexperimental and model pressure-time histdaes
center ignition tests with the 32.4 kd/mrent. Right: Overall model performance acrossesits.

6. Conclusion

For the range of deployment pressures and pansit@snused in this study, it was found that thetve
deployment pressure transient depended on bothretflease pressure and on the panel density,
increasing with both parameters. It was also fothat the pressure transient associated with the
opening of the vent had little or no impact on shbsequent external explosion and structure-a@ousti
pressure peaks. Thus, for panel densities andseleressures typical for room-sized or larger
enclosures, it was found that the pressure transignsed by the deployment of the panel can be
treated independently from the rest of the proceshis allows for each pressure transient to be
correlated individually and for the use of the peath maximum overpressure to size the vent panel.
To illustrate a correlation foP,y, a simple model to describe the opening of thet e its
associated pressure transient was developed. ‘©delrperformed well, particularly for higher vent
deployment pressures, providing reasonable estiniatehe external explosion pressure transients.
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