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r t i c l e i n f o

rticle history:
eceived 7 January 2008
eceived in revised form 20 March 2008
ccepted 27 March 2008

a b s t r a c t

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
vailable online 1 April 2008

eywords:
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ragment projection
essel 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
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. Introduction

Accidental scenarios involving the catastrophic failure of ves-
els may result in the projection of fragments at relevant distances
1–9]. In several industrial accidents, fragment projection was
ecorded as the cause of fatalities, injuries and of damage to pro-
ess equipment [1,2,10]. A particular concern related to fragment
rojection comes from the possibility of triggering domino events.
ince projection distances may be very high, projected fragments
re capable of generating secondary accidents at relevant distances
rom the primary scenario. Safety distance criteria may hardly be
pplied to prevent escalation events (domino accidents) triggered
y fragment projection [6,11,12]. Therefore, the use of quantitative
isk analysis (QRA) may be effective to manage the risk of domino
ccidents triggered by fragment projection [13–15]. However, a
ell-accepted and validated comprehensive approach to the quan-

itative assessment of risk caused by fragment projection still needs
o be defined. Several simplified procedures were proposed, based
n a direct statistic analysis of post-accident data [7,16].
The fundamental approach to fragment trajectory analysis pro-
osed by Baker et al. [10] was used to develop comprehensive
allistic methodologies for the calculation of the impact probabili-
ies of a fragment [17–20]. These more advanced models, however,
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eed the probabilistic assessment of the initial projection param-
ters. Previous studies on this issue were mainly oriented to the
nalysis of the fragmentation of LPG pressurised vessels due to fired
LEVEs [7,8,20,21]. More recently, the concept of “fragmentation
attern”, first introduced by Holden and Westin [7,8,21,22], was
evisited and used for the analysis of an extended set of acciden-
al events [23]. The results suggested the presence of preferential
ragmentation modes, dependent on the accidental scenario and
he vessel shape. A limited set of credible fragmentation patterns
as identified.

In the present study, a database including detailed data on more
han 140 vessel fragmentation accidents was used to investigate the
hapes, the expected number, and the drag factors of fragments. The
ata on the geometries of fragments generated in past accidental
vents allowed the identification of a limited set of “ideal” reference
hapes. The analysis of the reference fragment shapes was used to
evelop simplified drag factor functions to be used in the assess-
ent of expected fragment flight distance and trajectory using the

pproach developed by Baker et al. [10]. The available data also
llowed the development of a simplified probabilistic approach to
he assessment of the expected number of fragments generated
n a fragmentation event. Probability distribution functions were

btained for the number of fragments and for the corresponding
rag factor as a function of vessel fragmentation pattern.

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

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:valerio.cozzani@unibo.it
dx.doi.org/10.1016/j.jhazmat.2008.03.116
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Nomenclature

a dimensional constant (kg m−3)
AD section of the fragment on a plane perpendicular to

fragment trajectory (m2)
b dimensional constant (m−1)
CD drag coefficient, function of the fragment shape and

of its orientation with respect to the flow direction
(kg m−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)
l length (see Table 2) (m)
l1 length (see Table 2) (m)
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 (kg s−1)
V vessel volume (m3)

Greek symbols
˛i sensitivity index
˛lim threshold value for the sensitivity index ˛i
� 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))

� spherical cap angle (see Table 2)
ω weight factor in drag factor functions
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� tube-end angle (see Table 2)
 tube-end angle (see Table 2)

uantitative assessment of fragment damage probability in the
ramework of quantitative risk analysis and of domino effect assess-

ent [11,19,24].

. Fragment reference shapes

.1. Fragmentation patterns

Several simplified approaches were proposed in the literature
o estimate the number and shape of fragments generated in the
atastrophic failure of a vessel (e.g. see [1,9,10,25–28] and refer-
nces cited therein). The assessment of the expected number of
ragments formed in the failure of a vessel may be approached by
he analysis of likely reference fragmentation patterns, that may
e defined for different vessel categories. The concept of fragmen-
ation patterns was introduced by Holden and Westin to analyze
he shape of fragments formed in the BLEVEs of horizontal cylin-

rical pressurized vessels [8,21]. In a previous study, this approach
as extended to other vessel shapes and explosion scenarios, and
limited number of likely fragmentation patterns were identified

rom the analysis of more than 140 vessel fragmentation events
23]. Fig. 1 summarizes the main features of the credible fragmen-

n
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ation patterns identified. Fragmentation patterns are determined
y the fracture mechanism, that in turn is influenced by the mate-
ial toughness. Vessel wall temperature and transient loads due to
nternal pressure are the main factors that determine the fracture
ropagation mechanism. It is widely recognized that ductile frac-
ures resulting in a limited number of fragments are expected to be
he prevailing fragmentation mechanism in BLEVEs and in physi-
al explosions [26–28]. On the other hand, in the case of confined
xplosions and of runaway reactions, brittle fracture resulting in
high number of fragments may be expected, although brittle-

uctile transition is possible for high toughness vessels. A strong
orrelation thus exists among the vessel type, the scenario causing
essel fragmentation and the fragmentation pattern experienced
y the vessel [23,27]. Table 1 shows the results of the analysis of the
vailable data on past accidents. A clear correspondence is present
etween the vessel type and the primary scenario causing the ves-
el collapse, as well as between the likely fragmentation pattern
nd the explosion scenario.

.2. Fragment reference shapes

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

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

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

A further element coming from the analysis of the database is the
vident correlation among the fragmentation pattern of the vessel
nd the reference shapes of the fragments formed. Fig. 1 shows that
ell defined fragment reference shapes may be associated to each

ragmentation pattern.

. Expected number of fragments

Table 3 reports the expected and the observed ranges of frag-
ent number for the fragmentation patterns considered in the

resent study. The observed ranges of fragment number were
erived from the analysis of 143 fragmentation events reported in
he database developed within the present study [22]. The results
f the analysis evidenced that the number of fragments is strictly
ependent on the vessel fragmentation pattern, as shown in Table 3.
ell defined ranges of values may be associated to the expected
umber of fragments for each likely reference fragmentation pat-
ern. As shown in Fig. 1, several reference fragmentation patterns
ead to the formation of a fixed number of fragments (this is the case
f FPs CV1, CV2, CV3, CV4, CV7, CV11, and CR1). On the other hand,
few more complex patterns may lead to the formation of a vari-
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ig. 1. Expected fragment reference shapes and expected number of fragments fo
pherical cap; CR: cone roof; PL: plate; PT: tube section; PTE1: tube-end section 1; P

ble number of fragments (FPs CV21 and SV1). The considerable
greement present in Table 3 among the expected and observed
anges of fragments formed thus allowed the use of observational
ata to obtain indications on the expected number and shape of
ragments. Table 3 summarizes the expected number of fragments
or each fragmentation pattern, and, where needed, the probabil-
ty distributions of fragment number, validated using the available
ata on past accidents.

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

In the case of fragmentation patterns CV1, CV2, and CV21, a fixed
umber of fragments is expected but the reference shape of frag-

ents may be different (see Fig. 1). The overall number of fragments

or each of the different reference shape was thus estimated on the
asis of observational data and is reported in Table 4.

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

4

f
o

ible vessel fragmentation patterns (fragment reference shapes: CE: cylinder; SC:
tube-end section 2; see Table 2 for reference shape definitions).

ince a higher probability for fracture branching corresponds to
igher vessel volumes and higher vessel surface areas. The more
xtended data set available allowed an updating of the linear corre-
ation originally proposed by Holden and Reeves [7]. The correlation
btained in the present approach, reported in Table 3, gives more
easonable results for low vessel volumes (number of fragments
pproaches zero for volumes near to zero). Nevertheless, as shown
n Fig. 3, the scarce data available result in a relevant uncertainty
f the correlation, that may easily result in errors up to a factor 2.
owever, due to its simplicity, the proposed correlation is attractive

or a preliminary estimation of the expected number of fragments
n the framework of quantitative risk analysis.

. Drag factor functions for fragment reference shapes
.1. Development of drag factor functions

The estimation of the expected number of fragments and of
ragment reference shapes is a first step towards the calculation
f 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 SV 11 2 0 0 13

Fragmentation pattern

CV1 6 0 0 29 5

CV2 55 67 90 43 60

CV3 11 8 0 0 9

CV4 0 13 0 0 2

CV7 28 8 0 14 21

CV11 0 4 0 0 1

CV21 0 0 10 14 2

SV1 100 100 0 0 100

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.

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



444 G. Gubinelli, V. Cozzani / Journal of Hazard

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

FP Expected
fragment
number

Range of observed
number of
fragments

Probabilistic models
introduced for fragment
number (N)

CV1 1 1 N = 1
CV2 2 2 N = 2
CV3 3 3 N = 3
CV4 >3 4 N = 4
CV7 3 3 N = 3
CV11 4 4 N = 4
CV21 >4 5–9 Uniform pdf for 5 ≤ N ≤ 9
SV1 >1 3–19 N = −0.425 + 6.115 10−3 V
C
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robability distributions for fragment number were obtained from observational
ata. See Table 2 for symbol definition.

ate the probability of fragment impact on a secondary target. The
ethod proposed by Baker et al. [10] is among those more widely

sed for the calculation of the trajectory of projected fragments.
s shown in a previous study [19], the method is also suitable to
ssess the impact probability of projected fragments. However, one
f the main difficulties in the use of the approach of Baker et al. [10]

n a risk assessment framework is the prediction of the drag factor
f the fragments. As a matter of fact, the calculation of a drag con-
tant k is needed to assess fragment trajectories by this approach
10].

ig. 3. Comparison of the correlation obtained in the present study for the number of
ragments generated in the rupture of spherical vessels (N = −0.425 + 6.115 × 10−3 V)
ith available data on past accidents. The correlation of Holden and Reeves [7] is also

eported (NF = −3.77 + 0.96 × 10−2 V). V: Vessels volume in m3. Heavy grey region:
ess than one standard deviation (�N = 4) with respect to the correlation. Light grey
egion: less than two standard deviations with respect to the correlation.
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umber of fragments for the different reference shapes of each vessel fragmentation patt

P CE SC CR

V1 0.5 – –
V2 – – –
V3 – – –
V4 – – –
V7 – – –
V11 – – –
V21 – – –
V1 – See Table 3 –
R1 – – 1

ee Table 2 for symbol definition.
ous Materials 161 (2009) 439–449

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

(x̄) = a · DF(x̄) + b (1)

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

¯ = [x1, ..., xn] (2)

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

F = CDAD

M
(3)

here CD is a drag coefficient, function of the fragment shape and
f its orientation with respect to the flow direction, AD is the section
f the fragment on a plane perpendicular to the trajectory, and M
s the mass of the fragment. Since the orientation of the fragment

ith respect to the trajectory is usually unknown when possible
ragmentation accidents are assessed, an average value of DF may
e used in Eq. (3):

Fa = DFmax + DFmin

2
(4)

here DFmin and DFmax are, respectively, the minimum and the
aximum values of DF that may be obtained considering all the

ossible orientations of the fragment with respect to the flight tra-
ectory. In a previous study [19] it was shown that this approach
s acceptable since the errors deriving from this assumption in the
stimation of the drag factor are unlikely to cause relevant errors
n the values of the impact probability.

As discussed above, the fragment drag factors depend on frag-
ent shape, but also on fragment size and weight. The latter two

actors are dependent on the actual geometrical sizes of the ves-
el that undergoes fragmentation and on the actual position of the
racks formed. Thus, the calculation of the drag factors of frag-
ents that may be generated requires to take into account all these

lements. The reference shapes defined in Table 2 made possible
he description of the fragment shapes using a limited number of
eometrical parameters. This allowed the development of simple
nalytical functions for the evaluation of the fragment drag factors,
eported in Appendix A.

.2. Identification of the critical parameters of the drag factor
unctions

The drag factor functions include several parameters that may

ary depending on the actual fragmentation accident and on the
eometry of the vessel undergoing the fragmentation and that
re unknown “a priori”. However, only some of these parameters
re likely to have a non-negligible influence on the final values
f the drag factor. The identification of these critical parameters

ern

PL PT PTE1 PTE2

0.5 – – –
0.72 – – 1.28
– – 1 2
1 – 2 1
1 – – 2
1 1 2
– 0.5 (NF-2) 0.5 (NF-2) 2
– – – –
– – – –
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Table 5
Credible intervals and reference values assumed for the parameter of the drag factor functions

k functions Parameters Mass ranges

l (m) l1 (m) r (m) h (m) � (rad) � (rad)  (rad) t (m) Mmin (kg) Mmax (kg)

kCE 1–20 1–5 0.01–0.05 1400 370,000
kSC 0.2�–� 0.01–0.05 50 120,000
kCR 1.5–20 0.25–3.5 0.005–0.01 300 96,000
kPL 1–10 1-10 0.005–0.05 40 40,000
kPT 1–10 1–5 0–2� 0.005–0.05 5 120,000
kPTE1 1–10 1–5 0–(�/2 0.005–0.05 5 92,000
kPTE2 1–10 1–5 0–(�/2 0.005–0.05 245 184,000

Table 6
Sensitivity index ˛i estimated for each parameter and each fragment shape calculated assuming a material density of 7800 kg/m3

k functions Range Parameters

l (m) l1 (m) r (m) h (m) � (rad) � (rad)  (rad) t (m)

kCE 1.9 × 10−4 to 1.6 × 10−3 1.4 – 1.2 – – – – 11.6
kSC 5 × 10-4 to 4.5 × 10−3 – – – – 1.4a – – 10.5
kCR 2 × 10−3 to 1.1 × 10−2 – – 2.8 2.8 – – – 2.0
kPL 1 × 10−3 to 9 × 10−3 1.1 1.1 – – – – – 10.2
kPT 4 × 10−4 to 1 × 10−2 1.3 – 1.0 – – 3 – 10.6
k 1.2
k 1.5

i
f
t
C
g
l
v

x

c
a
w
(
v

a
n
d
r
r
t
v
o

�

w

j̄

t
m
j̄

˛

p

s
T

o
t
p
o
f
f
t

P

t
i
d
e
w
s
m
d
e
c

	
t
l
a
1
5
m
f
a
t

PTE1 4 × 10−4 to 1 × 10−2 1.3 –
PTE2 3 × 10−4 to 5 × 10−3 1.5 –

a 1.1 for � < 0.7�.

s an important step to simplify the drag factor functions in the
ramework of fragment impact probability assessment. A sensi-
ivity analysis was thus performed on the drag factor functions.
onsidering the general expression for the drag factor constant
iven by Eq. (1), for each of the xi parameters needed for the calcu-
ation of the drag factor it is possible to identify a range of credible
alues of the parameter,�Xi:

i ∈�Xi, for i = 1, . . . , n (5)

By conservative assumptions based on the analysis of the design
haracteristics of the different types of vessels used in chemical
nd process plants, the maximum credible range of each parameter
as determined for the more relevant categories of process vessels

horizontal cylindrical pressurized vessels, cone roof atmospheric
essels, columns).

Table 5 reports the parameters considered in the sensitivity
nalysis. Vessel material density, influencing fragment weight but
ot fragment surface, does not appear in the table since it was
irectly assumed as a critical parameter. Table 5 also reports the
ange considered in the analysis for each parameter. Using these
anges it was possible to evaluate the ratio � of the maximum over
he minimum value of the drag factor function k obtained for the
ariation of the xi parameter in the interval �Xi, assuming for the
ther parameters constant reference values, Xj:

i,j̄ = maxxi (k(xi, j̄))

minxi (k(xi, j̄))
, (6)

here:

= [x1 = X1, . . . , xi−1 = Xi−1, xi+1 = Xi+1, . . . , xn = Xn] (7)

A sensitivity index ˛i was introduced to assess the influence of
he parameter xi on the function k. This was defined as the maxi-

um value of � that may be obtained for all the possible vectors
:

i = max
j̄

(�i,j̄) (8)

A high value of ˛i thus indicates a high influence of the
arameter xi on the function k. Table 6 reports the values of the

o
a

o
˛

– – – 2.2 10.3
– – – 1.2 12.3

ensitivity index calculated for each parameter on the basis of
able 5.

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

imp = Pimp(u, k,D) (10)

The sensitivity threshold value, ˛lim, was thus identified using
he impact probability model [19]. A conservative range of veloc-
ties (50–300 m/s), drag factor values (10−4 to 10−2), and target
istances (15–3000 m) was considered in the analysis [19]. Differ-
nt target geometries were considered. Several geometrical series
ere defined for the k values (ki = ki−1	, with 	 parameter of the

eries) within the assumed drag factor range. For each ki series, the
aximum absolute difference (MAD) and the maximum relative

ifference (MRD) of the probability of impact estimated consid-
ring all the adjacent k values (ki−1, ki) within each series were
alculated.

A sensitivity threshold value, ˛lim, was defined as the higher
value for which MAD resulted below 1 × 10−3 and MRD lower

han 50%. Thus, a variation of the drag factor k yielding a value ˛i
ower than the sensitivity threshold, ˛lim results in a maximum
bsolute difference of the probability of impact always lower than
× 10−3 and in a maximum relative difference always lower than
0%. It must be recalled that Gubinelli et al. [19] found that the
aximum credible values for the probability of impact of a single

ragment are of about 2 × 10−1 for realistic geometries. Thus, the
bove selection of the threshold value ˛lim seems compatible with
he usual uncertainty associated in a QRA framework. On the basis

f the ranges considered for the drag factors, the fragment velocities
nd the target distances, a value of 1.6 was calculated for ˛lim.

The comparison of the ˛i value calculated for each parameter
f the drag factor functions (see Table 6) with the threshold value
lim 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
functions

Critical
parameters

Reference values
for non-critical
parameter

CE t, 
 l = 10; r = 2.5
SC t, 
 � = 0.6�
CR r, h, t, 
 –
PL t, 
 l = 5; l1 = 5
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T �, t, 
 l = 5; r = 2.5
TE1  , t, 
 l = 5; r = 2.5
TE2 t, 
 l = 5; r = 2.5;  =�/4

actor functions that verify the condition ˛i ≥˛lim. Table 7 reports
he critical parameters identified by this procedure for each drag
actor function associated to a fragment reference shape. As stated
bove, vessel material density was directly assumed as a critical
arameter in the analysis.

Table 7 also reports the reference values assumed for the
on-critical parameters. In the following, a constant value was
onsidered for these parameters, equal to the mean value in the
redible range considered in the analysis (see Table 5). It is impor-
ant to remark that, in analogy with material density, the fragment
hickness always resulted a critical parameter in the evaluation of
he drag factor. The reason for this lies in the fact that, as in the
ase of material density, the thickness heavily influences the frag-
ent mass, but not the surface of the fragment exposed to the

rag forces (see Eq. (3)). A second important observation com-
ng from Table 7 is that the results obtained evidence that only
n the case of the fragments formed from cone roof projection it
s necessary to know all the geometrical parameters of the frag-

ent in order to calculate the drag factor. For all the other fragment
hapes, the influence of some parameters could be neglected. This
s due to the fact that the variation of these parameters has an
lmost equal influence on the fragment mass and on the sur-
ace area exposed to drag forces, so that the two effects balance
ach other in the final value obtained for the drag factor (see Eq.
3)).
.3. Simplified drag factor functions

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

p

y
a

able 8
implified drag factor functions for the evaluation of fragment impact probability

′ ′ functiona K value range Parameters

′′
CE 1.9 × 10−4–1.6 × 10−3 
, t

′′
SC 5 × 10−4–4.5 × 10−3 
, t

CR 2 × 10−4, 1.1 × 10−2 r, h, t, 


′′
PL 1 × 10−3–9 × 10−3 
, t

′′
PT

4 × 10−4–1 × 10−2 �, t, 


′′
PTE1

4 × 10−4–1 × 10−2  , t, 


′′
PTE2 3 × 10−4–5 × 10−3 t, 


a In this case k′ ′ = 0.69 and DF′ ′ −3.28 × 10−5.
b DF′ ′ are the simplified functions.
ous Materials 161 (2009) 439–449

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

With few exceptions, the simplified drag factor functions allow
he calculation of the fragment drag factor only on the basis of
he wall thickness and the material density of the vessel undergo-
ng the fragmentation. In the case of cone roof shaped fragments,
able 7 evidences that all the geometrical parameters of the roof
re necessary to evaluate the drag factor. Thus, in this case the
nowledge of the design details of the vessel undergoing fragmen-
ation is needed to estimate the drag factor. On the other hand,
s shown in Table 8, the drag factor functions obtained for tube
ections and for tube ends (1) still show a dependence on the

and  angles (see Table 2), as the sensitivity threshold ˛lim,
as exceeded for both these parameters. Since the value of these
arameters is unknown and is not predictable “a priori”, a further
implification was introduced to allow the use of these drag fac-
or functions. The values of the sensitivity parameter ˛i is strictly
nfluenced by the credible ranges chosen for each parameter. If the
redible range of a given parameter is reduced, it is possible to
eglect the influence of the parameter on the value of the drag

actor. Therefore, as shown in Table 8 a discrete distribution of the
alues of � and  was introduced, and different simplified drag
actor functions were obtained for each value considered. A uni-
orm probability distribution was assumed for each of the values
onsidered, in coherence with the results coming from past acci-
ent analysis that did not evidence any preferential value of these
ngles.

. Assessment of expected number and drag factor of
rojected fragments

In the framework of probabilistic risk analysis, the approach
eveloped for the assessment of the number and drag factor of
ragments allows the estimation of the expected values of these
arameters in a vessel fragmentation event. It is worth to recall that
hese are important input parameters in the analysis of fragment
rojected fragments.
As shown in Table 1, on the basis of past accident data anal-

sis it is possible to identify the credible fragmentation patterns
nd their expected frequency, f(FPi). The approach developed

Proposed simplified functionb

DF′′
CE = 0.166


t

DF′′
SC = 0.460


t

DF′′
CR = DFCR(r, h, t)

DF′′
PL = 1.17+0.41t


t

� =�/2 DF′′
PT = 1


t

(
2.701
5−t + 0.205t

)
� =� DF′′

PT = 1

t

(
1.910
5−t + 0.205t

)
� = 3�/2 DF′′

PT = 1

t

(
1.273
5−t + 0.205t

)
� = 2� DF′′

PT = 1

t

(
0.955
5−t + 0.205t

)
 =�/8 DF′′

PTE1 = 0.550

t

 =�/4 DF′′
PTE1 = 0.450


t

 = 3�/8 DF′′
PTE1 = 0.440


t

 =�/2 DF′′
PTE1 = 0.350


t

DF′′
PTE2 = 0.240


t
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Fig. 4. Drag factor coeffi

llows the identification of the expected fragment reference
hapes and the assessment of the expected fragment number

see Tables 2 and 3 and Fig. 1). These data may be used to esti-

ate a minimum and maximum expected number of fragments,
s well as the expected probability of obtaining a given num-
er of fragments in a vessel fragmentation accident. Moreover, a
implified approach to fragment drag factor calculation may be

s
i

a
T

able 9
orrelation between FPs (see Table 1), fragments shapes, simplified drag factor (k′ ′) funct

P Total number
fragments

Reference
shape

Conditi
probab

V1 1 CE 0.5
PL 0.5

V2 2 PTE2 1
PTE2 0.28
PL 0.72

V3 3 PTE2 1
PTE2 1
PTE1 0.25

0.25
0.25
0.25

V4 4 PTE2 1
PTE1 0.25

0.25
0.25
0.25

PL 1

V7 3 PTE2 1
PL 1

V11 4 PTE2 1
PTE2 1
PTE1 0.25

0.25
0.25
0.25

PL 1

V21 5 ≤ N ≤ 9 PTE2 1
PL 0.5
PT 0.125

0.125
0.125
0.125

V1 >1 SC 1
R1 1 CR 1
EE >1 PL 1
(from Baker et al. [10]).

ssociated to each fragmentation pattern (see Table 8). Table 9
ummarizes the models and reports the probability values that

hould be used for the combination of the drag factor functions
n Table 8.

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

ions and weight factors (ω)

onal
ility ω

Number of
fragments

Simplified drag
factor function

1 k′′
CE

1 k′′
PL

1 k′′
PTE2

1 k′′
PTE2

1 k′′
PL

2 k′′
PTE2

1 k′′
PTE1 ( =�/8)
k′′

PTE1 ( =�/4)
k′′

PTE1 ( = 3�/8)
k′′

PTE1 ( =�/2)

1 k′′
PTE2

2 k′′
PTE1 ( =�/8)
k′′

PTE1 ( =�/4)
k′′

PTE1 ( = 3�/8)
k′′

PTE1 ( =�/2)
1 k′′

PL

2 k′′
PTE2

1 k′′
PL

2 k′′
PTE2

1 k′′
PTE1 ( =�/8)
k′′

PTE1 ( =�/4)
k′′

PTE1 ( = 3�/8)
k′′

PTE1 ( =�/2)
1 k′′

PL

2 k′′
PTE2

3 ≤ N ≤ 7 unif. pdf(N) k′′
PL

3 ≤ N ≤ 7 unif. pdf(N) k′′
PT (� =�/2)
k′′

PT (� =�)
k′′

PT (� = 3�/2)
k′′

PT (� = 2�)

See Table 3 k′′
SC

1 k′′
CR

Edge number/2 k′′
PL
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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 (m3) 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 k′ ′ ω

CV2 PTE2 1 1.1 × 10−3 1
PTE2 1 1.1 × 10−3 0.28
PL 1 5.8 × 10−3 0.72

CV21 PTE2 2 1.1 × 10−3 1
PL 5 5.8 × 10−3 0.5
PT

5

3.8 × 10−3 0.125
2.7 × 10−3 0.125
1.8 × 10−3 0.125
1.4 × 10−3 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 (m3) 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′ ′ ω

S
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t
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t
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o
f
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p
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r
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r
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i

A

e
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D

D

D

D

V1 SC

entation event on the basis of the scenario leading to vessel
ragmentation and of few details on the vessel undergoing the
ragmentation accident. Tables 10 and 11 show some examples of
he results obtained by the application of the procedure, respec-
ively, to a cylindrical and spherical vessels. As shown in the tables,
ragment drag factors were calculated for different fragmenta-
ion events. In the case of the cylindrical vessel, two different
ragmentation patterns were considered. The corresponding frag-

ent number, fragment drag factor and probability fragment shape
ere easily calculated by the above procedure and are reported in

he tables. The data in Tables 10 and 11 may be combined with
hose in Table 1, concerning the probability of alternative FPs,
n order to estimate the overall probability of fragment genera-
ion.

. Conclusions

A general approach based on fragmentation patterns was devel-
ped to estimate the expected number of fragments and the
ragment drag factors in vessel fragmentation events. The approach
as based on the definition of reference fragment shapes, derived

rom the analysis of available data on fragmentation accidents. Sim-
lified functions were derived for fragment number assessment
nd for drag factor calculation. The proposed approach provides a

oute to the assessment of input data required for the characteri-
ation of a fragmentation events in the framework of probabilistic
isk analysis. The approach yields useful input data for the appli-
ation of models for fragment trajectory analysis and for fragment
mpact probability assessment.

D

10 2.1 × 10−3 1
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ppendix A

The functions in Eqs. (A.1)–(A.7) allow the evaluation of the
rag factors for all the fragment model shapes defined in Table 2.
he parameters and symbols used in the following equations are
efined in Table 2 and in Fig. 4.

FCE = CDA�r + CDBl

2�
t(l + 2r)
(A.1)

FSC = CDA

4�
t

[
� − sin(�) + 2� sin2(�/2)

1 − cos(�/2)

]
, � < � (A.2)

FCR = CDCrh+ CDD�r2

2�t
(r2 + h2)
(A.3)

FPL = CDD + CDCt(min(l, l1)/ll1)
2t


(A.4)
FPT =

⎧⎪⎨
⎪⎩

1



[
CDBr sin(�/2)
t(�/2)(2r − t) + CDC

2l

]
, � ≤ �

1



[
CDBr

t(�/2)(2r − t) + CDC

2l

]
, � > �

(A.5)
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D

sin( 

sin( 

D

)]
]
,

]
]
,
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R

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[
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FPTE1 =

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

1
4t


[
CDAr

[
� sin2( ) + − sin( ) cos( )

]
+ 2CDBl

[
2

�r(1 − cos( )) + 2l 

1
4t


[
CDAr

[
� sin2( ) + 2 − 2 sin( ) cos( )

]
+ 4CDBl

�r(1 − cos( )) + 2l 

l

r
≤ CDA

2CDB

[
 − sin( ) cos( )

1 − cos( )

]
(1)

l

r
>
CDA

2CDB

[
 − sin( )cos( )

1 − cos( )

]
(2)

FPTE2 =

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

1
4t


[
3CDAr[� − + sin( ) cos( )] + 2CDBl[1 + cos( )

�r[1 + cos( )] + 2(� − )l

1
4t


[
2CDBl[2 + cos( )] + CDAr[2� − + sin( ) cos( )

�r[1 + cos( )] + 2(� − )l

1
4t


[
4CDBl + CDAr[3� − 2 + 2 sin( ))cos( )]

�r[1 + cos( )] + 2(� − )l

]
,

l

r
≤ CDA

2CDB

[
�

2
− + sin( ) cos( )

]
(3)

CDA

2CDB

[
�

2
− + sin( ) cos( )

]
<
l

r

≤ CDA

2CDB

[
� − + sin( ) cos( )

1 + cos( )

]
(4)

l

r
>
CDA

2CDB

[
� − + sin( ) cos( )

1 + cos( )

]
(5)

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