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Process plant used to handle powders or any other materials which could
cause a dust explosion are generally protected by the inclusion of venting
panels. The accurate design of venting panels requires knowledge of the
structural strength of the process plant being protected. A theoretical
procedure for predicting this strength has been developed but it was
thought necessary to validate the theory by experimental work. The
validation necessitated the design of a test rig which can subject weak
structures to representative rates of pressure rise. This paper presents the
design of the rig and the subsequent results obtained from the testing of flat
plates.
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of flat circular plates under pressure for different boundary conditions.

1. INTRODUCTION

Many dusts, such as flour, wood dust and organic pigments can explode if a cloud of sufficient
concentration is ignited within the process plant. The heat from the rapid combustion causes a
pressure rise that typically reaches 8 - 10 bar in totally enclosed plant. Most dust handling plant
in the industries involved is not designed to pressure vessel codes. In order to prevent
uncontrolled rupture of the plant in the relatively remote event of a dust explosion, a common
precaution is to provide some deliberate area of weakness in the main vessels and then to ensure
that, should these areas rupture, they will allow subsequent venting to a safe place.

Over the past 10 - 15 years much experimental work has been carried out in many countries
to establish the areas of venting panels that are needed to control the maximum explosion
pressures experienced inside process plant in the event of a dust explosion. Most of the design
methods now available need, as an input, the actual pressure strength of the plant to be protected.
Normal values of pressure strength are in the range 0.1 - 0.5 bar. There is very little published
advice on suitable methods for estimating the pressure strength of silos, filter cabinets, spray
drying towers and similar structures. The problem is complicated by the variety of construction
methods employed in such plant. A further complicating factor is that the concept of pressure
shock resistant plant has been developed to describe plant that is expected to distort, perhaps
markedly in the event of a dust explosion, but not rupture. For infrequent events, such as a dust
explosion, plant operators may well accept that it is economic to replace plant that has been
subjected to an explosion, rather than initially design it to a higher standard and be able to reuse it
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In order to produce a satisfactory method of estimating the pressure shock resistance of such
plant, a collaborative research programme was started by the British Materials Handling Board
(BMHB). They contracted the Production Engineering Research Association (PERA) to produce
a theoretical design guide, and this was duly produced about two years ago. The PERA approach
to this complex problem was to identify a range of common features used in dust handling plant,
analyse how each feature would distort under overpressure conditions, and then calculate a factor
indicating the strength of the particular feature. By rating all the features in a complete structure,
the weakest point could be identified, and the vessel itself rated accordingly. The PERA work has
resulted in a set of equations, released to members of BMHB, and these will be referred to as the
PERA equations.

The PERA report produced much interest among the contributors to this project, but all felt
that, because of the novelty of some of the ideas, the theory should be validated by a suitable
programme of experimental work, BMHB sponsored some initial validation work which was
undertaken both at the Fire Research Station and by PERA themselves, Subsequently, the current
phase of the project has been funded entirely by the Health and Safety Executive (HSE). This
involved the design and construction of a test rig for use on HSE's Buxton site. The test rig was
designed to produce rapid increases in pressure on specimens representing component parts of
dust plant, in order to simulate the early stages of a dust explosion. HSE contracted Salford
University Business Services Ltd. (SUBSL) to design, manufacture and test specific features
highlighted by the PERA equations. Concurrently HSE has carried out non-linear finite element
analysis of certain vessel features tested by SUBSL.

This paper deals directly with the design of the test rig and the early tests to validate the
PERA equations for the behaviour of flat plates bolted to rigid structures. The flat plates are
representative of blanking plates and discs used in dust plant. In the original PERA work it was
suggested that square plates could be designed to the equations with six plates being bolted
together to form box structures, such as filter cabinets.

2. RIG DESIGN

The rig, as designed, uses compressed air as the energy source and produces high rates of pressure
rise to represent the conditions at the start of a dust explosion. The use of compressed air as a test
medium is not normally recommended. In this case it was acceptable because of the availability of
a suitable open air site at HSE's Flame and Explosion Laboratory where safety systems for similar
work were well established.

The rig consists of three distinct parts, a variable volume pressure vessel, designed to 10 bar,
a test bed designed to 2 bar and a burst ceil which connects the pressure vessel to the test bed.
The test specimens are bolted to the test bed and the combination of the bed and specimen
provides an enclosed volume which will be subjected to the pressure rise. At the start of the test
the burst cell forms a seal between the pressure vessel and test bed. The breaking of this seal
initiates the test, allowing the charge of air in the pressure vessel to rapidly expand into the bed.

The complete rig, fig 1, has been designed to facilitate the testing of a variety of specimens,
representing a range of weak vessel features. The largest and most complex specimen that can be
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tested is one representing a large rectangular box. For testing, such box structures would have one
side removed with the four open edges bolted to the test bed. The bed itself would represent the
sixth side, closing the vessel volume. All other types of test specimens are designed to be bolted to
the top surface of the test bed.

2.1 Test Bed

The side length of the square test bed is 1830 mm, allowing a usable specimen size of 1500
mm square. A square frame was manufactured from 300 x 100 mm channel section welded
together such that the 10 mm webs of the channel are on the inside. The test bed was then
completed with 25 mm top and bottom plates welded and bolted to the channel flanges. At the
centre of the top plate is a 600 mm diameter hole over which the test specimens are bolted. The
charge air is introduced to the test bed via a 200 mm flanged pipe set in one side of the test bed.
This is the maximum size entry possible into the test bed and it is also a preferred size for 10 bar
steam fittings which are readily available,

2.2 Pressure Vessel

A maximum working pressure of 10 bar was chosen to enable the use of standard steam
fittings. This relatively low pressure also allows the use of a standard workshop compressor for
'topping up' the air charge from the on-site compressed air supply.

The volume of specimens to be tested can vary from zero for flat plates to a maximum of
3.375 m’, corresponding to a 1.5 m box. Additionally, the rig must be capable of providing a
range of test pressures to which the specimen can be subjected. The initial charge pressure in the
pressure vessel could be varied, but this would directly effect the rate of pressure rise, and would
only allow small variations in the specimen volume. This implies that the pressure vessel would
have to be of variable volume.

The decision was therefore made to design a cylindrical pressure vessel with the necessary
maximum volume and to introduce water into the cylinder to reduce the charge air volume as
required for each test. This required the air outlet to be on top of the cylinder and the cylinder to
be inclined backwards to control the air space. The connection between pressure vessel and test
bed uses three ninety degree elbows in the form of a swan neck. The minimum charge volume is
the volume of the swan neck, with the main vessel full of water. It was realised that this may be
too large a volume for testing simple flat plates at low pressures. To overcome this difficulty the
swan neck was designed to allow the removal of the top two elbows. The remaining single elbow
could then be blanked off or standard pipe lengths fitted to give a range of fixed volumes.

Following the initial commissioning of the rig, two simple tube lengths were manufactured to
fit directly on top of the single elbow. This gave the possibility of having four different fixed
volumes arranged such that, with limited variation of the charge pressure, any final pressure above
0.5 bar could be developed when testing a flat plate specimen,
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23 Burst Cell

In order 1o operate the rig some means of rapidly releasing the 10 bar air charge into the test
bed had to be designed, In theory this is easily arranged by using two single diaphragms, each with
a burst pressure between 5 and 10 bar. The burst cell has one diaphragm at each end of a small
sealed pressurised volume. The cell is fitted between the pressure vessel at 10 bar and the test bed
at atmospheric pressure, with the pressure between the two diaphragms set at 5 bar. To fire the rig
the volume between the diaphragms is vented to atmosphere. When the differential pressure
across the upstream diaphragm reaches its burst pressure the diaphragm fails and this is
immediately followed by the failure of the downstream diaphragm. The second failure allows the
air charge to expand into the test bed raising its pressure very quickly (30 - 40 bar/sec typically) to
a typical gaupe pressure of 1 bar.

The diaphragms used initially were made from thin aluminium sheet in an 'as-received
condition' and problems were experienced in getting the discs to burst at a consistent pressure.
This was resolved by annealing the discs which then burst consistently at pressures of 6.5/7 bar
for 24 swg material.

The whole rig was mounted on two bogies running on a railed track. This allowed rapid

splitting of the rig at the burst cell with an absolute minimum of effort. The design allowed the
removal and refitting of the burst discs in under half an hour.

3. STRENGTH OF FLAT PLATES

The strength of a flat plate subjected to pressure is very low if the material has to remain elastic,
with the loading carried primarily in simple bending. However, if plastic deformation is allowed,
fully restrained circular flat plates can be assumed to form a spherical cap supporting the pressure
loading primarily in membrane stresses.

3.1 PERA Equation

Fig 2 shows a symmetrical section through a flat plate in both the undeformed and the
assumed deformed conditions. Equations relating central deflection ( & ), strain ( € ) and applied
pressure (P) are derived with the following assumptions :-

1) the edge of the plate is fully restrained against in-plane movement but is free to rotate,

2) the plate curvature can be considered as part of a sphere of a radius R,

3) the plate bulge is directly caused by plastic radial strain in the plate, and

4) all rotations are small allowing series expansion of trigonometric functions.
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From assumption 2, if points A on an internal radius, r, move radially to positions A' on a
radius, r', the radial strain is constant over the whole plate. The corresponding increase in radius
from r to r' results in a circumferential strain which is ignored in the analysis. (If A moves to A"
then the circumferential strain would be zero but the radial strain would no longer be constant.)

From fig 2, using simple geometry and assumption 4), the resulting radial strain is :-

e = 1-snf = @° 0]
] 6

Based on a constant radial membrane stress system (yield stress) over the whole plate area,
the final simplified formulation of the PERA equation for a circular plate can be expressed as :-

P = 98 Oymp L (€)* (i)
D

where

P = the applied pressure

t = the plate thickness

D = the plate diameter

O yimn = the material yield stress

[ = the allowable plastic strain

Corresponding to this equation the geometric relationship between strain and central out of
plane displacement, 8, is :-

5 = 061 D (&) (iif)

The relationship between pressure and central displacement can be obtained by eliminating
the strain from the above two equations:-

P T 16.1 Oygyp 81t (iv)
D

The PERA equation for the strength of flat plates under pressure is then based on an
assumed permanent strain of the plate. The allowable strain is subject to many interpretations but
currently a strain value of 0.02, or 2%, is favoured for all plastic materials. Assuming a 2% strain
corresponds to a central displacement of 9% of the diameter of the plate.

2 Non-Li Fini

Finite element analysis (FEA) is used widely in engineering to calculate the deflections and
stresses in loaded components or structures. Inherent in the common, so called linear, FEA
packages are the assumptions that any deflections will be small and that stresses will remain below
the material yield stress. Therefore to apply linear FEA to dust processing plant would result in
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erroneous answers. However, there is a branch of FEA that is applicable to such problems and this
is non-linear FEA. HSE has a suite of finite element programs including a non-linear analysis
module suitable for analysing large deflection, and/or non-linear elastic/plastic behaviour of
structures. A simple finite element model of the flat plate was created and the non-linear programs
were used to analyse its deflection and stress distribution under pressure loading If the
correlation between experimental results and finite element results was good then the method
could be used, in conjunction with the experimental work, to validate other PERA equations.

3.3 Experimental Results

The main assumption in the PERA equations of zero in-plane edge movement is extremely
difficult to achieve in practice. It was realised that this assumption is satisfied by the discs used in
the burst cell and, during hydraulic testing, central displacement and pressure measurements were
taken.

The discs finally used in the burst cell were 200 mm diameter, 24 swg commercially pure
aluminium. Tensile tests on the aluminium material used for these discs indicated virtually perfect
elastic plastic behaviour with a yield stress of 100 N/mm’. Final failure of the discs occurred at 6.9
bar with a 35 mm central displacement. This corresponds to a mean strain at failure of 8%, based
on the formula given above.

3.4 Di . R

The non-linear finite element analysis of this disc assumed perfect elastic plastic behaviour
with a yield stress of 100 N/mm’, and indicated that onset of plastic deformation occurs at a
relatively low pressure. Fig 3 shows the radial stress distribution, predicted by the finite element
analysis, for top, mid and bottom surfaces in the plate, at the onset of plastic strain. Plastic
behaviour starts when the stress reaches 100 N/mm®*at some point in the disc. This occurs at the
disc edge on the top surface, the surface to which pressure is applied, at a pressure of 0.68 bar.

The stress on the mid surface is equivalent to the membrane stress system and can be seen to
be almost constant over the whole plate. The difference in the stress between the upper and lower
surfaces is twice the bending stress. The maximum bending oceurs around the edge of the plate, as
would be expected, and is very localised. There is a radial position where the bending effects are
zero, this is a point of contraflexure, This position will move toward the edge of the plate as the
pressure is increased. Plasticity starts at the edge on the top surface at relatively low pressure and,
as the pressure increases, the plate can be considered to develop a plastic hinge around the plate
edge. Once the hinge is developed membrane stresses balance most of the pressure loading and the
bending stresses present are of a much lower order.

The finite element analysis justified the assumptions made in the PERA formulation once
large strains have occurred.
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Fig 4 shows the relationship between pressure and central displacement as measured in the
tests and as predicted by the PERA equation and the finite element method. As can be seen, the
experimental results indicate greater displacements at large pressures. This is likely to be due to
excessive thinning of the material at the centre of the plate which is not considered in either the
finite element analysis or the PERA equation.

With this information the PERA approach for fully restrained thin circular plates was
validated, albeit for static pressure loading.

4. STRENGTH OF BOLTED JOINTS

Bolted joints are a common feature of weak pressure vessels. They are present in various types of
construction for connecting similar thicknesses of material together in the form of lapped or
flanged joints. PERA equations are presented for failure of both these types of joint but are not
considered in this paper. This investigation relates only to bolted joints where a flat plate is bolted
to a relatively rigid supporting structure.

4.1 PERA Equations

The PERA equations consider only two modes of failure for this type of structure. These are
bolt tensile failure and bolt pull through. The plate itself is given a strength in accordance with the
analysis previously described. Preliminary testing indicated that other modes of failure may be
more important and the current investigation concerns such behaviour.

From the analysis of the simple plate it can be seen that large radial tensile stresses develop
around the plate edge. At a bolted edge this tension is generated by shear on the bolt and
compressive stress in the plate immediately behind the bolt. The presence of both compressive and
tensile stresses in the plate subjects the material between the bolt hole and the plate edge to double
shear.

The compressive stress in the plate is known as the 'bearing stress' and an eventual shear
failure of the plate is referred as 'shear out'. Failures due to bearing stress (bearing failures) are
progressive with the bolt hole elongating as the material crumples and in general is not considered
catastrophic. The elongation of the hole reduces the shear area between the hole and the plate
edge and may lead to catastrophic shear-out failure.

> Initial :

Initial testing was on 410 mm diameter aluminium alloy and mild steel plates, with a 360 mm
bolt pitch diameter. No data was collected other than the test pressure. Successive tests al
increasing pressure on the same specimen produced only small differences in the final deformed

63



| CHEM E SYMPOSIUM SERIES Ne. 134

shape to that of a single test at the largest pressure on a virgin specimen. The rate of pressure rise
was in the range 30 - 40 bar/sec for these tests.

It became apparent that neither of the modes of failures considered by PERA occurred for
the size of plates tested. Failure was caused by the deformation of the plate material due to
bearing stress, allowing the plate to pull from under the washers on the bolts so that only partial
support of the washer was available. Bolt pull through then followed when the full support of the
washer was no longer available. Shear-out failures were also recorded. Plate deformations
involved large inward radial movements of the edge, enabling the necessary bulge to develop, with
only a small central area of the plate reaching the yield stress. This deformation results in
circumferential buckling of the plate between bolts. This buckling will carry some of the applied
pressure load. Tt is this mode of failure which is investigated in this paper.

\ditional Ti

Any theory has to be based on the changes in geometry as witnessed, the simplest
relationship being between the hole elongation, due to non-catastrophic bearing failure, and the
central out-of-plane displacement. A simple geometric relationship between radial edge
movement, A , and central displacement, 3, can be obtained with the following assumptions :-

1) the plate bulge is directly caused by bearing failure at the bolt holes with the yield stress
of the material not being reached away from the bearing area,

2) the edge of the plate moves in-plane and is free to rotate;
3) the plate curvature can be considered as part of a sphere of radius R;

4) The radial tensile loads developed at the bolts are uniformly distributed around the plate
edge; and,

5) all rotations are small allowing series expansion of trigonometric functions.
Using the notation used in fig 5, the resulting equation, reduced to its simplest form, gives :-

A = 4 & )
3D

The equilibrium equation, based on these assumptions, was developed, relating the pressure
to radial movement. Its correlation with experimental results was extremely poor, however, and it
is not presented.

The current test series on two sizes of circular plate provided visual and photographic
evidence of the actual deformed shape. This indicated that only the central area of the plates could
be considered as a spherical cap with the outer annulus being subjected to circumferential
buckling. This is indicated in fig 6, where it can be seen that the tension developed at the bolts
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appears to be transmitted directly to the central dome. Assumptions 3) and 4) are therefore invalid
and must be replaced, for equilibrium consideration, by :-

1) the deformed shape consists of three straight lines whose total length remains unchanged
and is equal to the original plate diameter,

2) the central 'dome’ remains substantially flat, and

3) the radial tensile loads developed at the bolts are uniformly distributed around the central
dome.

The original geometric relationship between radial movement and central deflection
isconsidered to remain valid as the central plate does become domed and errors are therefore
likely to be small.

The main assumption made in the present analysis is that the radial tension in the plate from
the bolt to the edge of the central dome is constant. This implies that the pressure loading on the
annulus is carried directly by the circumferential buckling stress system and not by radial tension,
The behaviour of the full plate is therefore analogous to pressure applied to the 'central dome'
only, supported by a system of 'guy ropes' as illustrated in figs 7a and 7b. Applying this concept
to the analysis of the plate, however, requires an estimate of the resulting size of the central dome.

Using simple geometric relationships and equilibrium between the pressure and the radial
stresses the resulting simplified equation can be written as :-

P = 8 Nog, dt _(A/D) (vi)
D’ K (1k)™

where

P = applied pressure

N = number of bolts

d = diameter of bolts

D - pitch circle diameter of the bolts

t = plate thickness

(v = bearing stress of plate material, normally assumed to be twice the
yield stress

k = ratio of central dome diameter to D

This result is in terms of k, the ratio of central dome diameter/plate diameter, but P has a
minimum value corresponding to k = 0.8, with all other parameters unchanged. With this value of
k the equation reduces to :-

P - 28 N g, d t (A/D) (vii)

D2

Currently it is felt that some procedure for placing limits on the radial movement should be
applied in order to rate the pressure strength of this feature. It is proposed that this is in terms of
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the bolt diameter, washer outside diameter and the hole diameter. In the worst situation the
minimum plate movement before the hole reaches the outside of the washer is :-

A = (bolt diam + washer diam ) - hole diam (viii)
2

Using this value of A will result in a design pressure for the premature bolt pull through mode.

Consideration of shear-out failure indicates that the distance from the bolt centre to the plate
edge should be greater than the normally accepted value of twice the bolt diameter, say Kxd.

Assuming that the shear stressis Oy, / 3°° and that the hole diameteris 1.1 xd then
the limiting A for shear-out failure in the worst condition is

A = (K-1782) d (ix)

Using this value of A will result in a design pressure for the shear out mode.

4.4 Further Expermental Work

Two sizes of circular plate, 750 mm and 1220 mm diameter manufactured from 22 and 18
swg mild steel plate respectively, were progressively pressure tested. Tensile tests on the materials
gave a yield stress of 300 N/mm® for both thicknesses. Extra-large diameter thick washers were
manufactured for these tests so that large radial movement of the plate could be measured while
the plate remained fully under the washer.

Radial movement, at all bolt positions, and the central displacement were measured during
progressive pressure testing. Previous experimental work with simple flat plates had indicated that
progressive testing gave similar results to a single load test. To confirm this result some single
tests were also carried out at the maximum pressure that had been applied progressively.

Fig 8 shows a plot of the results for the geometric relationship, in non-dimensional
form, of A /D against (8/D ) for the 18 swg plates of both diameters. The thecretical line
relationship, with a slope of 4/3 is also given.

Fig 9 indicates how the theoretical radial displacement varied with pressure compared with
the experimental results. Initial displacements will occur at very low load as all the hole clearances
are taken up. Two 750 mm diameter plates of different thicknesses were tested to destruction with
standard washers. The experimental results obtained were :-

Thickness 22swg=0.711 mm Pressure = 1,15 bar
Thickness 18swg = 1.219 mm Pressure = 1.79 bar
Thickness ratio = 1.71 Pressure ratio = 1.56
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In order to verify that progressive testing produces valid results for analysis, the maximum
possible rate of pressure rise possible was used for all these tests. Even at the high pressure rise
rate used, 50 - 60 bar/sec, the single pressure tests produced deformed shapes equivalent to those
for tests at approximately 90% of the maximum progressively applied pressure. This implies that,
for pressure rise rates generated in a dust explosion any dynamic effects will be a minimum once
permanent deformations of the structure has occurred. It is therefore concluded that progressive
testing is valid for this type of plastic deformation.

Fig 8 indicates that the simple geometric relationship stated in section 4.3 between A and
8 is valid, the results for the smaller diameter plate being excellent. The larger diameter plates
however, developed a central displacement without any radial edge movement. By applying
standard classical elastic theory the stress in the central area of the plate can be shown to reach
yield at very low pressures. This could explain the initial central displacement as this is likely to
occur before bearing failure at the bolts starts.

Figs 9a and 9b plot the radial edge movement against applied pressure for two different
plates. They show both the theoretical relationship and the results obtained in testing. The
theoretical results are based on a bearing stress of 600 N/mm”® (ie twice yield stress) for different
dome ratios (value of k) of 0.8, 0.6 and 0.5. From the experimental work, k was estimated as
0.55 - 0.60 for the plates tested, see fig 6. The correlation between the experimental results and
the theoretical results, assuming a value of k of 0.5 - 0.6 is thought to be excellent considering the
assumptions made for the development of a theory.

For the specimens used K = 2.08 and for a bolt diameter of 12 mm the critical A for shear out
is 3.6. The hole, bolt and washer combination used in the tests gives, a limiting value of A = 4
mm. Because these values of A are so close either mode of failure could apply and in fact both
modes occured in both specimens tested. From the experimental results for the 0.711 mm thick
plate, shown in fig 9a, the value of A =4 mm would give 2 failure pressure of 1.3 bar. This
correlates to a failure pressure of 1.15 bar as measured in a single pressure test. The theory
predicts a failure pressure of 0.84, 1.06, and 1.36 bar when using k = 0.8, 0.6, and 05
respectively.

5. CONCLUSIONS

The theoretical approach used by PERA to predict the strength of a circular plate with fully fixed
edges has been verified under static pressure conditions. However | for weak vessel structures the
condition of zero in-plane movement is never likely to be satisfied for non-circular plates. Great
care must therefore be taken in applying this equation as in most cases the assumption of fixed
edges will not be valid.

For all bolted plates the PERA equations consider only the tensile failure of the bolts and the
failure of the plate in shear due to bolt pull through.
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The use of testing at progressively increased pressures seems to under-estimate the
deformed shape when compared with a single test. This effect is greater at higher pressure rise
rates, as would be expected, but at values of 30-40 bar/sec the effect would appear quite small.
This may be important but currently it is felt that a simple factor could be applied to take this into
account,

The use of the radial displacement versus pressure curve for a specific bolted plate joint
geometry to predict failure pressure appears valid. On this assumption, an equation based on this
approach has been presented and must be used together with equations for bolt failure and bolt
pull through.

Results of failure tests on two different thickness specimens indicate that the failure pressure
of bolted plate joints could be proportional to plate thickness, with all other parameters the same,
as indicated in the theory in 4.3,

This work has successfully combined three different approaches and demonstrated the value
of each of the them. The experimental work identified unusual plastically deformed shapes without
which no theoretical approach could have been made; non-linear finite element analysis has proved
extremely useful in verifying certain assumptions used in the development of theoretical equations
and the theoretical approach has enabled the observed deformations to be quantified in readily
usable equations.

This investigation has highlighted the complex behaviour of certain features in weak vessels
under internal pressure. The PERA equations represent a good groundwork for vessel rating, but

require extending and modifying in the light of the results. Ultimately it is hoped that this work
will contribute to the development of a guide to assist in the design of weak pressure vessels.

UNITS

1 bar &= 0.1 N/mm?*
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Fig.7a - 'Guy rope' analogy for a pressure loaded bolted plate.
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Fig.9b - Plot of radial edge movement against

applied pressure for a 1220mm diameter plate.
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