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An approach was proposed for the assessment of the expected number and drag factor of fragments
generated in the collapse of a vessel due to internal pressure. The analysis of a database reporting data
on more than 140 vessel fragmentation events allowed the identification of a limited number of frag-
ment reference shapes. The correlation of fragment reference shapes to the vessel credible fragmentation
patterns allowed the assessment of the expected number and reference shape of fragments generated.
Starting from the fragment reference shapes identified, simplified functions for drag factor calculation
were developed, based on few geometrical parameters of the vessel undergoing the fragmentation event.
The probabilistic models for the expected shape and number of fragments generated and the simpli-
fied drag factor functions developed may constitute an important input for the analysis of the possible
fragment trajectories in the framework of missile hazard assessment.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Accidental scenarios involving the catastrophic failure of ves-
sels may result in the projection of fragments at relevant distances
[1-9]. In several industrial accidents, fragment projection was
recorded as the cause of fatalities, injuries and of damage to pro-
cess equipment [1,2,10]. A particular concern related to fragment
projection comes from the possibility of triggering domino events.
Since projection distances may be very high, projected fragments
are capable of generating secondary accidents at relevant distances
from the primary scenario. Safety distance criteria may hardly be
applied to prevent escalation events (domino accidents) triggered
by fragment projection [6,11,12]. Therefore, the use of quantitative
risk analysis (QRA) may be effective to manage the risk of domino
accidents triggered by fragment projection [13-15]. However, a
well-accepted and validated comprehensive approach to the quan-
titative assessment of risk caused by fragment projection still needs
to be defined. Several simplified procedures were proposed, based
on a direct statistic analysis of post-accident data [7,16].

The fundamental approach to fragment trajectory analysis pro-
posed by Baker et al. [10] was used to develop comprehensive
ballistic methodologies for the calculation of the impact probabili-
ties of a fragment [17-20]. These more advanced models, however,
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need the probabilistic assessment of the initial projection param-
eters. Previous studies on this issue were mainly oriented to the
analysis of the fragmentation of LPG pressurised vessels due to fired
BLEVEs [7,8,20,21]. More recently, the concept of “fragmentation
pattern”, first introduced by Holden and Westin [7,8,21,22], was
revisited and used for the analysis of an extended set of acciden-
tal events [23]. The results suggested the presence of preferential
fragmentation modes, dependent on the accidental scenario and
the vessel shape. A limited set of credible fragmentation patterns
was identified.

In the present study, a database including detailed data on more
than 140 vessel fragmentation accidents was used to investigate the
shapes, the expected number, and the drag factors of fragments. The
data on the geometries of fragments generated in past accidental
events allowed the identification of a limited set of “ideal” reference
shapes. The analysis of the reference fragment shapes was used to
develop simplified drag factor functions to be used in the assess-
ment of expected fragment flight distance and trajectory using the
approach developed by Baker et al. [10]. The available data also
allowed the development of a simplified probabilistic approach to
the assessment of the expected number of fragments generated
in a fragmentation event. Probability distribution functions were
obtained for the number of fragments and for the corresponding
drag factor as a function of vessel fragmentation pattern.

It is worth mentioning that the present study was carried out
within a more general research project, aiming to the develop-
ment of a comprehensive and systematic methodology for the
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Nomenclature

a dimensional constant (kgm—3)

Ap section of the fragment on a plane perpendicular to
fragment trajectory (m?2)

b dimensional constant (m~1)

Cp drag coefficient, function of the fragment shape and
of its orientation with respect to the flow direction
(kgm—2)

CE cylinder (model shape in Table 2)

CR cone roof (model shape in Table 2)

D target distance from the fragment source point (m)

DF fragment drag factor as defined by Baker et al. [10]

k fragment drag factor (m~1)
length (see Table 2) (m)

L length (see Table 2) (m)
fragment weight (kg)

N number of fragments

PL plate (model shape in Table 2)

PT tube section (model shape in Table 2)

PTE1 tube-end section—reference 1 (model shape in
Table 2)

PTE2 tube-end section—reference 2 (model shape in
Table 2)

r radius (see Table 2) (m)

SC spherical cap (model shape in Table 2)

u initial fragment projection velocity (kgs—1)

1% vessel volume (m3)

Greek symbols

o sensitivity index

Xim threshold value for the sensitivity index «;

X ratio between the maximum and the minimum drag
factors of the fragments due to the variation of a
single geometrical parameter selected from those
used to define the fragments shape (Eq. (6))

1% spherical cap angle (see Table 2)

w weight factor in drag factor functions

& tube-end angle (see Table 2)

W tube-end angle (see Table 2)

quantitative assessment of fragment damage probability in the
framework of quantitative risk analysis and of domino effect assess-
ment [11,19,24].

2. Fragment reference shapes
2.1. Fragmentation patterns

Several simplified approaches were proposed in the literature
to estimate the number and shape of fragments generated in the
catastrophic failure of a vessel (e.g. see [1,9,10,25-28] and refer-
ences cited therein). The assessment of the expected number of
fragments formed in the failure of a vessel may be approached by
the analysis of likely reference fragmentation patterns, that may
be defined for different vessel categories. The concept of fragmen-
tation patterns was introduced by Holden and Westin to analyze
the shape of fragments formed in the BLEVEs of horizontal cylin-
drical pressurized vessels [8,21]. In a previous study, this approach
was extended to other vessel shapes and explosion scenarios, and
a limited number of likely fragmentation patterns were identified
from the analysis of more than 140 vessel fragmentation events
[23]. Fig. 1 summarizes the main features of the credible fragmen-

tation patterns identified. Fragmentation patterns are determined
by the fracture mechanism, that in turn is influenced by the mate-
rial toughness. Vessel wall temperature and transient loads due to
internal pressure are the main factors that determine the fracture
propagation mechanism. It is widely recognized that ductile frac-
tures resulting in a limited number of fragments are expected to be
the prevailing fragmentation mechanism in BLEVEs and in physi-
cal explosions [26-28]. On the other hand, in the case of confined
explosions and of runaway reactions, brittle fracture resulting in
a high number of fragments may be expected, although brittle-
ductile transition is possible for high toughness vessels. A strong
correlation thus exists among the vessel type, the scenario causing
vessel fragmentation and the fragmentation pattern experienced
by the vessel [23,27]. Table 1 shows the results of the analysis of the
available data on past accidents. A clear correspondence is present
between the vessel type and the primary scenario causing the ves-
sel collapse, as well as between the likely fragmentation pattern
and the explosion scenario.

2.2. Fragment reference shapes

The analysis of vessel fragmentation patterns may give impor-
tantinformation on the expected shape of the fragments generated.
The expected fragment shape is of fundamental importance in
order to estimate the fragment drag factor, that is needed to assess
the projection distance of the fragments [19].

As shown in Fig. 1, the different fragmentation patterns result
in the detachment and projection of different parts of the vessels
undergoing fragmentation. The vessel fragmentation process obvi-
ously results in fragments having irregular shapes, as shown in
Fig. 2. However, on the basis of the actual fragment shapes and
having in mind the original shape of equipment parts that origi-
nated the fragments, it was possible to define a few reference model
shapes for the fragments. These reference shapes may be used to
represent the actual fragment shapes, at least in the framework of
the estimation of the fragment drag factor.

A systematic analysis of an extended database reporting details
on more than 140 fragmentation events was thus undertaken. The
results allowed the identification of the fragment reference shapes
reported in Table 2. The comparison of Table 2 with Fig. 2 gives an
example of the clear correspondence that may be found between
the actual fragment shapes and the reference shapes considered in
the present analysis.

Afurther element coming from the analysis of the database is the
evident correlation among the fragmentation pattern of the vessel
and the reference shapes of the fragments formed. Fig. 1 shows that
well defined fragment reference shapes may be associated to each
fragmentation pattern.

3. Expected number of fragments

Table 3 reports the expected and the observed ranges of frag-
ment number for the fragmentation patterns considered in the
present study. The observed ranges of fragment number were
derived from the analysis of 143 fragmentation events reported in
the database developed within the present study [22]. The results
of the analysis evidenced that the number of fragments is strictly
dependent on the vessel fragmentation pattern, as shown in Table 3.
Well defined ranges of values may be associated to the expected
number of fragments for each likely reference fragmentation pat-
tern. As shown in Fig. 1, several reference fragmentation patterns
lead to the formation of a fixed number of fragments (this is the case
of FPs CV1, CV2, CV3, CV4, CV7,CV11, and CR1). On the other hand,
a few more complex patterns may lead to the formation of a vari-
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Fragmentation Number of
ID g Expected fragment reference shapes
pattern fragments
An axial fracture starts and propagates in two opposite
directions. If the two tips do not meet (more probable), 1
| S — _) |fragment (the entire vessel) may be projected, but no
e ) detached piece is formed. The equipment may not be 1(CEor PL)
deformed thus giving a CE fragment or may be flattened,
thus giving a PL fragment.
The fracture, likely to start in the axial direction, may
H propagate in the circumferential direction thus generating 1 (PTE2)
Ccv2 ( : ) two tube-ends (PTE2). If the axial crack propagates on the 1 (PTE2 or PL
T tube-end and stops, a flattened tube-end may be generated ( or PL)
(PL), thus one tube end may become a plate.
t 1 (PTE2, y=0
V3 ( 17) | Similar to CV2, but one entire tube-end is projected while 1 EPTEZ’ w;og
the other tube-end is separated in 2 fragments ¥
1 (PTEI)
L s Similar to CV2, but one entire tube-end is projected while 1 (PTE2, \If=0)
Cv4 ( ! {_) |the other tube-end is separated in 3 fragments, one of which 1(PL)
T is generally flattened 2 (PTED)
An axial crack may propagate in circumferential direction
| : in zones where a stress concentration (thickness change,
L. ! supports, pipe connections), defects or weldings are| 2 (PTE2, y=0)
Cv7 % 1 o . :
1 1 present. It is highly probable that the circumferential cracks 1(PL)
! ' are located at the ends. The shell fragment is generally
flattened during the flight
1 (PTE2, y=0)
cvil ( R e r 'D Similar to CV7, but one entire tube-end is projected while | 1 (PTE2, y>0)
' ' the other tube-end is separated in 2 fragments 1(PL)
1 (PTEI)
cval ( :-1-:-:- -:--: fS‘rimilar to CV7, but the shell is separated in more than one | 2 (PTE2, y=0)
o ol ke agment. >3 (PL or PT)
A fracture on a spherical vessels may propagate in all
. directions since it will be always subjected to the same
R stress. It is possible to have more than one point of failure.
Sv1 The number of fragments tends to grow with the vessel >1(SC)
volume (higher the volume of the sphere higher the surface
area) because there is a higher probability for the fracture to
undergo conditions for branching
CR1 — The cone roof is projected 1 (CR)
SEE Sharp-edged Fractures along the edges >1 (PL)
Equipment

Fig. 1. Expected fragment reference shapes and expected number of fragments for credible vessel fragmentation patterns (fragment reference shapes: CE: cylinder; SC:

spherical cap; CR: cone roof; PL: plate; PT: tube section; PTE1: tube-end section 1; PTE2: tube-end section 2; see Table 2 for reference shape definitions).

able number of fragments (FPs CV21 and SV1). The considerable
agreement present in Table 3 among the expected and observed
ranges of fragments formed thus allowed the use of observational
data to obtain indications on the expected number and shape of
fragments. Table 3 summarizes the expected number of fragments
for each fragmentation pattern, and, where needed, the probabil-
ity distributions of fragment number, validated using the available
data on past accidents.

For cylindrical vessels, the only fragmentation pattern that leads
to a variable number of fragments is CV21 (see Fig. 1), for which a
number of fragments comprised between 5 and 9 was observed,
as shown in Table 3. A uniform probability of distribution well
represented the observed data on past accidents.

In the case of fragmentation patterns CV1, CV2, and CV21, a fixed
number of fragments is expected but the reference shape of frag-
ments may be different (see Fig. 1). The overall number of fragments
for each of the different reference shape was thus estimated on the
basis of observational data and is reported in Table 4.

In the case of spherical vessels, a rough correlation is present
among vessel volume and the number of fragments generated,

since a higher probability for fracture branching corresponds to
higher vessel volumes and higher vessel surface areas. The more
extended data set available allowed an updating of the linear corre-
lation originally proposed by Holden and Reeves [7]. The correlation
obtained in the present approach, reported in Table 3, gives more
reasonable results for low vessel volumes (number of fragments
approaches zero for volumes near to zero). Nevertheless, as shown
in Fig. 3, the scarce data available result in a relevant uncertainty
of the correlation, that may easily result in errors up to a factor 2.
However, due to its simplicity, the proposed correlation is attractive
for a preliminary estimation of the expected number of fragments
in the framework of quantitative risk analysis.

4. Drag factor functions for fragment reference shapes
4.1. Development of drag factor functions
The estimation of the expected number of fragments and of

fragment reference shapes is a first step towards the calculation
of possible fragment trajectories, that should be assessed to esti-
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Table 1
Categories of primary scenarios leading to vessel fragmentation: number of events recorded with respect to vessel type and observed probabilities (%) of credible fragmentation
patterns

Id BLEVE (F) PE, BLEVE (NF) CEx RR Total
Type of vessel
Atmospheric vessel (any) AV 0 0 4 12 16
Horizontal cylindrical pressurized vessel HCV 100 19 8 0 127
Vertical cylindrical pressurized vessel vcv 5 1 5 6 17
Spherical pressurized vessel N 11 0 0 13
Fragmentation pattern
Ccv1 6 0 0 29 5
C !
: Cv2 55 67 90 43 60
D
1
1
T CvV3 11 8 0 0 g
o
1
-
T cv4 0 13 0 0 2
| 1
F===== 1
: ' cv7 28 8 0 14 21
.' e
Fe———- 1
I : i 0 4 0 0 1
P
P
4= =-=-
LI Cv21 0 0 10 14 2
- SV1 100 100 0 0 100
ﬁ CR1 0 0 100 0 100
Sharp-edged equipment (fractures along the edges) SEE 0 100 100 0 100

BLEVE: Boiling liquid expanding vapor explosion; F: fired; NF: non-fired; PE: physical explosion; CEx: confined explosion; RR: runaway reaction.

Actual shape Reference Shape FP

L. 1 »
I

(a) Cv1l

CE: Cylinder

b
8 Svi

SC: Spherical Cap

Fig. 2. Examples of actual fragment shapes. (a) Tube-end fragment projected in the accident of San Juan de Ixhuatepec (Mexico City, Mexico), November 19th 1984 [29]. (b)
Spherical cap fragment projected in the accident of Albert City (Iowa, U.S.A.), April 9th 1998 [30].
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Table 2
Reference shapes defined for the analysis of fragment drag factors

CE: CYLINDER

projection of the entire
S e 5 equipment (in the case of
& horizontal or vertical

/ cylindrical vessels)
#
=

Parameters: wall thickness, t; density, p; | and r as shown in the figure |
SC: SPHERICAL CAP

reference shape assumed for
fragments generated in the
rupture of a spherical vessel if
; the number of fragment is
i higher than 4.

Parameters: wall thickness, t; density, p; r and y as shown in the figure l
CR: CONE ROOF

roof of an atmospheric tank

_,_,,;"’/’/ \\\ (fragment generated by the
/,,ﬁ// \'“;:\,_\ propagation of a crack along
o »l the connection with the

cylindrical shell).
Parameters: wall thickness, t; density, p; r and h as shown in the figure
PL: PLATE

T
' » flattened shell or pipe section

1 end, or section of a sharp-

edged atmospheric equipment.

Parameters: wall thickness, t; density, p; | and ; as shown in the figure |

PT: TUBE SECTION

Fragment of a cylindrical
shell, generated by the
propagation of two
1 circumferential cracks and of
-« »> 3 one or two axial cracks.
’/-'— ' V. In the first case the fragment
N\ /" |results from the flattening of a
- - - "-}" cylindrical shell of smaller
A radius.
If £ = 2 7: tube, fragment of a
cylindrical shell generated by
the propagation of two
circumferential cracks.
Parameters: wall thickness, t; density, p; r, | and & as shown in the figure
PTE1: TUBE END SECTION - reference 1

- fragment of a cylindrical shell,

\\2/ p T =S “ - generated by the propagation

of a circumferential and of an
\ axial crack
-~

Parameters: wall thickness, t; density, p: r, | and y as shown in the figure [

PTE2: TUBE END SECTION - reference 2
Fragment of a cylindrical
shell, generated by the

propagation of a
circumferential and of an axial
crack

If y=0: tube end, fragment of
the shell of a cylindrical
vessel, generated by the
propagation of a
circumferential crack.
Parameters: wall thickness, t; density, p; r, | and y as shown in the figure




444 G. Gubinelli, V. Cozzani / Journal of Hazardous Materials 161 (2009) 439-449

Table 3
Observed and expected range of the number of fragments formed in each vessel
fragmentation pattern

FP Expected Range of observed Probabilistic models
fragment number of introduced for fragment
number fragments number (N)

CvV1 1 1 N=1

Cv2 2 2 N=2

Ccv3 3 3 N=3

Cv4 >3 4 N=4

Ccv7 3 3 N=3

Ccv11 4 4 N=4

cv21 >4 5-9 Uniform pdf for 5<N<9

SV1 >1 3-19 N=-0.425+6.11510"3V

CR1 1 1 N=1

Probability distributions for fragment number were obtained from observational
data. See Table 2 for symbol definition.

mate the probability of fragment impact on a secondary target. The
method proposed by Baker et al. [10] is among those more widely
used for the calculation of the trajectory of projected fragments.
As shown in a previous study [19], the method is also suitable to
assess the impact probability of projected fragments. However, one
of the main difficulties in the use of the approach of Baker et al. [10]
in a risk assessment framework is the prediction of the drag factor
of the fragments. As a matter of fact, the calculation of a drag con-
stant k is needed to assess fragment trajectories by this approach
[10].

o data
20| — present study
== Holden & Reeves

Number of Fragments
S

500 7 1000 1500 2000 2500
\'% (mg)

Fig.3. Comparison ofthe correlation obtained in the present study for the number of
fragments generated in the rupture of spherical vessels (N=—0.425+6.115 x 103 V)
with available data on past accidents. The correlation of Holden and Reeves [ 7] is also
reported (NF=—3.77+0.96 x 10~2 V). V: Vessels volume in m3. Heavy grey region:
less than one standard deviation (o =4) with respect to the correlation. Light grey
region: less than two standard deviations with respect to the correlation.

Table 4

The following general expression may be used for the calculation
of the drag constant [19]:

k(X)=a-DF(X)+b (1)

where a and b are dimensional constants, DF is the fragment drag
factor, and the set of geometrical parameters used to define the
fragment is expressed as follows:

X=[X1, ..., Xn] (2)

For chunky fragments, the fragment drag factor may be esti-
mated as follows [10]:

_ CoAp
-2 3)

where Cp is a drag coefficient, function of the fragment shape and
of its orientation with respect to the flow direction, Ap is the section
of the fragment on a plane perpendicular to the trajectory, and M
is the mass of the fragment. Since the orientation of the fragment
with respect to the trajectory is usually unknown when possible
fragmentation accidents are assessed, an average value of DF may
be used in Eq. (3):
DFmax —2|— DFpin (4)
where DF,ij, and DFpax are, respectively, the minimum and the
maximum values of DF that may be obtained considering all the
possible orientations of the fragment with respect to the flight tra-
jectory. In a previous study [19] it was shown that this approach
is acceptable since the errors deriving from this assumption in the
estimation of the drag factor are unlikely to cause relevant errors
in the values of the impact probability.

As discussed above, the fragment drag factors depend on frag-
ment shape, but also on fragment size and weight. The latter two
factors are dependent on the actual geometrical sizes of the ves-
sel that undergoes fragmentation and on the actual position of the
cracks formed. Thus, the calculation of the drag factors of frag-
ments that may be generated requires to take into account all these
elements. The reference shapes defined in Table 2 made possible
the description of the fragment shapes using a limited number of
geometrical parameters. This allowed the development of simple
analytical functions for the evaluation of the fragment drag factors,
reported in Appendix A.

DF

DF, =

4.2. Identification of the critical parameters of the drag factor
functions

The drag factor functions include several parameters that may
vary depending on the actual fragmentation accident and on the
geometry of the vessel undergoing the fragmentation and that
are unknown “a priori”. However, only some of these parameters
are likely to have a non-negligible influence on the final values
of the drag factor. The identification of these critical parameters

Number of fragments for the different reference shapes of each vessel fragmentation pattern

FP CE SC CR

PIL PT PTE1 PTE2

CV1 0.5 - -
CV2 - - -
Ccv3 - - -
Ccv4 - - -
Ccv7 - - -
cv1l - - -
Cv21 - -
SVi1 - See Table 3 -
CR1 - - 1

0.5 - -
0.72 -

|
N o=

1

1 = =
1 1
0.5 (NF-2)

NN =N =

= 0.5 (NF-2)

See Table 2 for symbol definition.



G. Gubinelli, V. Cozzani / Journal of Hazardous Materials 161 (2009) 439-449 445
Table 5
Credible intervals and reference values assumed for the parameter of the drag factor functions
k functions Parameters Mass ranges
[(m) Iy (m) r(m) h (m) y (rad) & (rad) ¥ (rad) t(m) Min (kg) Minax (kg)
Kce 1-20 1-5 0.01-0.05 1400 370,000
Kksc 0.27-m 0.01-0.05 50 120,000
Ker 1.5-20 0.25-3.5 0.005-0.01 300 96,000
ke 1-10 1-10 0.005-0.05 40 40,000
kpr 1-10 1-5 0-2m 0.005-0.05 5 120,000
Kpre1 1-10 1-5 0-(m/2 0.005-0.05 5 92,000
KprE2 1-10 1-5 0—(7[2 0.005-0.05 245 184,000
Table 6
Sensitivity index «; estimated for each parameter and each fragment shape calculated assuming a material density of 7800 kg/m?
k functions Range Parameters
[(m) h (m) r(m) h(m) y (rad) § (rad) ¥ (rad) £(m)
Kce 1.9%x 104 to 1.6 x 103 1.4 - 1.2 - - - - 11.6
Ksc 5x 10 to 4.5 x 103 - - - - 1.42 = = 10.5
Ker 2x 103 to 1.1 x 1072 - - 2.8 2.8 - - - 2.0
ke 1x1073 to 9 x 103 1.1 1.1 - - - - - 10.2
kpr 4x10%to1x102 1.3 - 1.0 - - 3 - 10.6
KprE1 4x10%to1x102 1.3 - 1.2 - - - 2.2 10.3
KprE2 3x10%to5x103 1.5 - 1.5 - - - 1.2 123

2 1.1 for y<0.7m.

is an important step to simplify the drag factor functions in the
framework of fragment impact probability assessment. A sensi-
tivity analysis was thus performed on the drag factor functions.
Considering the general expression for the drag factor constant
given by Eq. (1), for each of the x; parameters needed for the calcu-
lation of the drag factor it is possible to identify a range of credible
values of the parameter, AX;:

xie AX;, fori=1,...,n

(5)

By conservative assumptions based on the analysis of the design
characteristics of the different types of vessels used in chemical
and process plants, the maximum credible range of each parameter
was determined for the more relevant categories of process vessels
(horizontal cylindrical pressurized vessels, cone roof atmospheric
vessels, columns).

Table 5 reports the parameters considered in the sensitivity
analysis. Vessel material density, influencing fragment weight but
not fragment surface, does not appear in the table since it was
directly assumed as a critical parameter. Table 5 also reports the
range considered in the analysis for each parameter. Using these
ranges it was possible to evaluate the ratio x of the maximum over
the minimum value of the drag factor function k obtained for the
variation of the x; parameter in the interval AX;, assuming for the
other parameters constant reference values, X;:

i maxy(k(x.J)

(6)

miny (k(x;, )

J=lx1=X1, ... %1 =Xi 1, X1 = Xip1, - -+, Xn = Xal

(7)
A sensitivity index «; was introduced to assess the influence of
the parameter x; on the function k. This was defined as the maxi-
mum value of x that may be obtained for all the possible vectors
J:
o; = max (')
J

(8)

A high value of «; thus indicates a high influence of the
parameter x; on the function k. Table 6 reports the values of the

sensitivity index calculated for each parameter on the basis of
Table 5.

The above defined sensitivity parameter was compared to that
of a threshold value to understand the influence of each parame-
ter on the value of the drag factor. The model for fragment impact
probability proposed by Gubinelli et al. [19] allows the calculation
of the impact probability of a fragment on a defined target as a
function of the initial projection velocity (u), of the fragment drag
factor (k), and of the distance (D) of the target from the position of
the fragment source:
Pirnp :Pimp(u’ks D) (10)

The sensitivity threshold value, o, was thus identified using
the impact probability model [19]. A conservative range of veloc-
ities (50-300m)/s), drag factor values (10~ to 10~2), and target
distances (15-3000 m) was considered in the analysis [19]. Differ-
ent target geometries were considered. Several geometrical series
were defined for the k values (k;=k;_16, with 6 parameter of the
series) within the assumed drag factor range. For each k; series, the
maximum absolute difference (MAD) and the maximum relative
difference (MRD) of the probability of impact estimated consid-
ering all the adjacent k values (k;_q, k;) within each series were
calculated.

A sensitivity threshold value, «;;,,, was defined as the higher
6 value for which MAD resulted below 1 x 10~3 and MRD lower
than 50%. Thus, a variation of the drag factor k yielding a value «;
lower than the sensitivity threshold, «;;,, results in a maximum
absolute difference of the probability of impact always lower than
1 x 1073 and in a maximum relative difference always lower than
50%. It must be recalled that Gubinelli et al. [19] found that the
maximum credible values for the probability of impact of a single
fragment are of about 2 x 10~! for realistic geometries. Thus, the
above selection of the threshold value «y;,;, seems compatible with
the usual uncertainty associated in a QRA framework. On the basis
of the ranges considered for the drag factors, the fragment velocities
and the target distances, a value of 1.6 was calculated for o;p,.

The comparison of the «; value calculated for each parameter
of the drag factor functions (see Table 6) with the threshold value
ojim allowed the identification of the critical parameters of the drag
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Table 7
Critical parameters identified in drag factor functions

Drag factor Critical Reference values

functions parameters for non-critical
parameter

CE t, p [=10;r=2.5

SC t,p y=0.6

CR r,ht p -

PL t,p I=5;1 =5

PT Et, p I1=5;r=25

PTE1 v, t,p 1=5;r=25

PTE2 t, p 1=5;r=25; y=m/4

factor functions that verify the condition «; > «);y,. Table 7 reports
the critical parameters identified by this procedure for each drag
factor function associated to a fragment reference shape. As stated
above, vessel material density was directly assumed as a critical
parameter in the analysis.

Table 7 also reports the reference values assumed for the
non-critical parameters. In the following, a constant value was
considered for these parameters, equal to the mean value in the
credible range considered in the analysis (see Table 5). It is impor-
tant to remark that, in analogy with material density, the fragment
thickness always resulted a critical parameter in the evaluation of
the drag factor. The reason for this lies in the fact that, as in the
case of material density, the thickness heavily influences the frag-
ment mass, but not the surface of the fragment exposed to the
drag forces (see Eq. (3)). A second important observation com-
ing from Table 7 is that the results obtained evidence that only
in the case of the fragments formed from cone roof projection it
is necessary to know all the geometrical parameters of the frag-
ment in order to calculate the drag factor. For all the other fragment
shapes, the influence of some parameters could be neglected. This
is due to the fact that the variation of these parameters has an
almost equal influence on the fragment mass and on the sur-
face area exposed to drag forces, so that the two effects balance
each other in the final value obtained for the drag factor (see Eq.

(3
4.3. Simplified drag factor functions

The identification of the critical parameters made possible the
simplification of the drag factor functions. Revised drag factor func-

Table 8
Simplified drag factor functions for the evaluation of fragment impact probability

tions were developed and are presented in Table 8. In the simplified
revised functions, only the critical parameters listed in Table 7 are
present, while the constant reference values reported in the table
were assumed for the non-critical parameters.

With few exceptions, the simplified drag factor functions allow
the calculation of the fragment drag factor only on the basis of
the wall thickness and the material density of the vessel undergo-
ing the fragmentation. In the case of cone roof shaped fragments,
Table 7 evidences that all the geometrical parameters of the roof
are necessary to evaluate the drag factor. Thus, in this case the
knowledge of the design details of the vessel undergoing fragmen-
tation is needed to estimate the drag factor. On the other hand,
as shown in Table 8, the drag factor functions obtained for tube
sections and for tube ends (1) still show a dependence on the
& and ¥ angles (see Table 2), as the sensitivity threshold oy,
was exceeded for both these parameters. Since the value of these
parameters is unknown and is not predictable “a priori”, a further
simplification was introduced to allow the use of these drag fac-
tor functions. The values of the sensitivity parameter «; is strictly
influenced by the credible ranges chosen for each parameter. If the
credible range of a given parameter is reduced, it is possible to
neglect the influence of the parameter on the value of the drag
factor. Therefore, as shown in Table 8 a discrete distribution of the
values of & and ¢ was introduced, and different simplified drag
factor functions were obtained for each value considered. A uni-
form probability distribution was assumed for each of the values
considered, in coherence with the results coming from past acci-
dent analysis that did not evidence any preferential value of these
angles.

5. Assessment of expected number and drag factor of
projected fragments

In the framework of probabilistic risk analysis, the approach
developed for the assessment of the number and drag factor of
fragments allows the estimation of the expected values of these
parameters in a vessel fragmentation event. It is worth to recall that
these are important input parameters in the analysis of fragment
trajectories aimed to the assessment of possible damage caused by
projected fragments.

As shown in Table 1, on the basis of past accident data anal-
ysis it is possible to identify the credible fragmentation patterns
and their expected frequency, f(FP;). The approach developed

k' function? K value range Parameters Proposed simplified function®

ke 19x10-4-1.6x 103 pit DFg; = 000

ke 5x1074-4.5 x 1073 oot DF§. = 2460

ker 2x 1074, 1.1 x 102 rht p DF(; = DFR(r, h, t)

Ky, 1x103-9x 1073 ot DFy, = L1041t

ki 4x104-1x 1072 Etp E=m2 DFp; = & (%3 +0.205¢
E=m DFp; = % (122 +0.205¢
£=37/2 DFp; = 2 (122 +0.205¢
&=2m DFpr = & (%22 +0.205¢

K 4x1074-1x 102 Y.t p v=m/8 DFpgy = 2530
Y=m/4 DFpre; = %
¥ =37/8 DFpre; = 0:?0
V=12 DFpygy = 2322

Kes 3x1074-5 x 1073 tp DFjp, = 2240

2 In this case k” =0.69 and DF”’ —3.28 x 10-°.
b DF” are the simplified functions.
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Fig. 4. Drag factor coefficients (from Baker et al. [10]).

allows the identification of the expected fragment reference
shapes and the assessment of the expected fragment number
(see Tables 2 and 3 and Fig. 1). These data may be used to esti-
mate a minimum and maximum expected number of fragments,
as well as the expected probability of obtaining a given num-
ber of fragments in a vessel fragmentation accident. Moreover, a
simplified approach to fragment drag factor calculation may be

Table 9

associated to each fragmentation pattern (see Table 8). Table 9
summarizes the models and reports the probability values that
should be used for the combination of the drag factor functions
in Table 8.

The data in Table 9 are an important input for a more sound
analysis of the hazards deriving from vessel fragmentation events.
The results of this procedure allow the characterization of a frag-

Correlation between FPs (see Table 1), fragments shapes, simplified drag factor (k") functions and weight factors (w)

BB Total number Reference Conditional Number of Simplified drag
fragments shape probability @ fragments factor function
CV1 1 CE 0.5 1 ke
PL 0.5 1 ki,
V2 2 PTE2 1 1 Kies
PTE2 0.28 1 o
PL 0.72 1 ki,
Ccv3 3 PTE2 1 2 -
PTE2 1
PTE1 0.25 1 kpreq (W=m/[8)
0.25 ke (W=m/4)
0.25 kprey (W=37/8)
0.25 kpreq (Wr=m[2)
Cv4 4 PTE2 1 1 -
PTE1 0.25 2 kg (Y =7/8)
0.25 kpreq (W=m/4)
0.25 ke (¥=37/8)
0.25 ke (W=m/2)
PL 1 1 ki
Ccv7 3 PTE2 1 2 o
PL 1 1 ko
11 4 PTE2 1 2 Kk
PTE2 1
PTE1 0.25 1 kpreq (Wr=m/[8)
0.25 ke (W=m/4)
0.25 kprey (Y=37/8)
0.25 kprgq (Wr=m/[2)
PL 1 1 ki
Cv21 5<N<9 PTE2 1 2 s
PL 0.5 3 <N <7 unif. pdf(N) K’pL
PT 0.125 3 <N <7 unif. pdf(N) kir (§=7/2)
0.125 ki (E=m)
0.125 ki (§=37/2)
0.125 kpr (§=27)
Sv1 >1 SC 1 See Table 3 ke
CR1 1 CR 1 1 kg
SEE >1 PL 1 Edge number/2 ke
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Table 10

Results obtained for the fragment reference shape, the number of fragments, the fragment drag factor and the conditional probability of fragment reference shape for the

fragmentation of a cylindrical vessel by two alternative fragmentation patterns

Vessel type Volume (m?3) Diameter (m) Length (m) L/D Thickness (m) Design pressure (bar)
Cylinder 150 3 18 6 0.018 15
ID Fragmentation pattern Reference Shape Number of fragments Kk’ w
: )
1
cv2 T PTE2 1 1.1x1073 1
PTE2 1 1.1x10°3 0.28
PL 1 5.8 x 1073 0.72
badobooa
LI I B B B |
4= —---
Cv21 T T T T T 7T PTE2 2 1.1x1073 1
PL 5 5.8 x 1073 0.5
PT 3.8x103 0.125
5 2.7 x1073 0.125
1.8x103 0.125
14 %1073 0.125
Table 11

Results obtained for the fragment reference shape, the number of fragments, the fragment drag factor and the conditional probability of fragment reference shape for the

fragmentation of a spherical vessel

Vessel type Volume (m?) Diameter (m) Length (m) L/D Thickness (m) Design Pressure (bar)
Sphere 1600 14.5 - - 0.072 10

ID Fragmentation pattern Reference shape Number of fragments K’ [0}
Sv1 Ne 10 21x1073 1

mentation event on the basis of the scenario leading to vessel
fragmentation and of few details on the vessel undergoing the
fragmentation accident. Tables 10 and 11 show some examples of
the results obtained by the application of the procedure, respec-
tively, to a cylindrical and spherical vessels. As shown in the tables,
fragment drag factors were calculated for different fragmenta-
tion events. In the case of the cylindrical vessel, two different
fragmentation patterns were considered. The corresponding frag-
ment number, fragment drag factor and probability fragment shape
were easily calculated by the above procedure and are reported in
the tables. The data in Tables 10 and 11 may be combined with
those in Table 1, concerning the probability of alternative FPs,
in order to estimate the overall probability of fragment genera-
tion.

6. Conclusions

A general approach based on fragmentation patterns was devel-
oped to estimate the expected number of fragments and the
fragment drag factors in vessel fragmentation events. The approach
was based on the definition of reference fragment shapes, derived
from the analysis of available data on fragmentation accidents. Sim-
plified functions were derived for fragment number assessment
and for drag factor calculation. The proposed approach provides a
route to the assessment of input data required for the characteri-
zation of a fragmentation events in the framework of probabilistic
risk analysis. The approach yields useful input data for the appli-
cation of models for fragment trajectory analysis and for fragment
impact probability assessment.

Acknowledgement

Financial support from Shell Research is gratefully acknowl-
edged.
Appendix A

The functions in Egs. (A.1)-(A.7) allow the evaluation of the
drag factors for all the fragment model shapes defined in Table 2.
The parameters and symbols used in the following equations are

defined in Table 2 and in Fig. 4.

Cparrr + Cpgl

DFce = 2w pt(l+ 2r) (A1)
_ Cpa |y —sin(y)+2msin?(y/2)
DFsc = 4mpt 1—cos(y/2) » V=T (A2)
_ CDCrh-i-CDDT[TZ
DFer = 2mtp(r2 + h?) (A3)
Cpp + Cpct(min(l, [;)/1l
Dy, — o0+ Coc (th( 1)/lh) (A4)
1 CDBTSiH(S/Z) CDC
N At o | =T
DFpr = 4 P {t(E/Z)(Zrt) 2l : (A5)
L
p Ltg/2)2r—t) 2]’
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1 | Coar [msin®() + ¢ — sin(y) cos()] + 2Cppl [2sin(y) + 1 — cos(y)] 1)
[ . 1
4atp 7r(1 — cos(v)) + 21y
DFprg1 = 5 . . (A.6)
1 | Cpar [7{ sin“(y) + 24 — 2 sin(yr) cos(t/f)] + 4Cpglsin(y) if(2)
—_— . 1
4atp 7r(1 — cos(¥)) + 2y
L _ Con [¥—sin(y)cos(y) -
r — 2Cpg 1 — cos(vr)
I _ Cpa | ¥ —sin(yr)cos(yr)
- > 2)
r- 2Cpg 1 — cos(¥)
1 | 3Cpar[m — ¥ + sin(yr) cos(¥)] + 2Cpgl[1 + cos(¥))] .
— , if(3)
4atp 7r[1 + cos(y¥)] + 2(r — )l
1 | 2CpgI[2 + cos(¥)] + Cpar[27 — ¥ + sin(yr) cos(r)] .
DFprez = { - Y+ sin(y . if@) (A7)
4tp 7r[1 4 cos(y¥)] + 2(mr — )l
1 | 4Cpgl+ Cpar[3m — 2y + 2 sin(y¥))cos(¥)] .
— , if(5)
4tp 7r[1 + cos(y)] + 2(r — )l
1 Coa [T . [13] V. Cozzani, S. Zanelli, An approach to the assessment of domino accidents haz-
- < |:7 — i+ sin(y) COS(I//)} 3) ard in quantitative arearisk analysis, in: Proc. 10th Int. Symp. on Loss Prevention
r 2Cpp L2 and Safety Promotion in the Process Industries, Elsevier, Amsterdam, 2001, pp.
1263-1274.
Cpa [ . 1 [14] V. Cozzani, E. Salzano, The quantitative assessment of domino effect caused by
[* - 1/f + Sln(‘ﬁ) COS(l/f)] < - overpressure. Part I: probit models, Journal of Hazardous Material 107 (2004)
ZCDB 2 r 67.
[15] V. Cozzani, E. Salzano, The quantitative assessment of domino effect caused by
< Cpa |7 — ¥ +sin W) COS(IP (4) overpressure. Part II: case-studies, Journal of Hazardous Material 107 (2004)
~ 2Cpp 1+ cos(yr 81
[16] N.E. Scilly, ].H. Crowter, Methodology for predicting domino effects from pres-
sure vessel, in: International Conference on Hazard Identification and Risk
1 C T — sinl cos Analysis, Human Factors and Human Reliability in Process Safety, 1992, p. 1.
- > DA I/j + (I//) (W) (5) [17] U. Hauptmanns, A Monte-Carlo based procedure for treating the flight of mis-
r 2Cpp 1+ cos(yr) siles from tank explosions, Probabilistic Engineering Mechanics 16 (2001) 307.

The values of the drag factor coefficients used in these functions
are reported in Fig. 4.
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