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a b s t r a c t

The improvement of passive fire protection of storage vessels is a key factor to enhance safety among
the LPG distribution chain. A thermal and mechanical model based on finite elements simulations was
developed to assess the behaviour of full size tanks used for LPG storage and transportation in fire engulf-
ment scenarios. The model was validated by experimental results. A specific analysis of the performance
of four different reference coating materials was then carried out, also defining specific key performance
eywords:
ajor accident hazard
omino effect
LEVE
inite element modeling

indicators (KPIs) to assess design safety margins in near-miss simulations. The results confirmed the wide
influence of coating application on the expected vessel time to failure due to fire engulfment. A quite differ-
ent performance of the alternative coating materials was evidenced. General correlations were developed
among the vessel time to failure and the effective coating thickness in full engulfment scenarios, provid-
ing a preliminary assessment of the coating thickness required to prevent tank rupture for a given time

lowed
stnes
hermal protection lapse. The KPIs defined al
analyzed and of the robu

. Introduction

In the framework of liquefied petroleum gas (LPG) transporta-
ion and distribution, one of the more critical issues under the
oint of view of safety is related with the potential consequences
f BLEVEs (boiling liquid expanding vapour explosions). This may
e caused by the catastrophic rupture of LPG tanks, exposed to fires
uring the travel or during loading/unloading operations as a con-
equence of accidental events [1,2]. Data on past accidents obtained
rom specific databases demonstrated that among the more severe
ccidents occurred during the transportation of LPG by road or rail
95 records), more than 33% involved “fired”-BLEVEs [3]. Moreover,
ccident records evidenced that this scenario is likely to occur at
oading/unloading facilities (such as refuelling stations) in vulner-
ble urban areas (24% of the total “fired”-BLEVEs accidents).

Hence, a key issue to enhance safety and to reduce the risks
elated to LPG transportation is the development and the applica-
ion of protective measures, able to prevent or, at least, to delay for a
ime lapse sufficient for emergency response, the thermal collapse
f the tank. The required time lapse can be assessed on the basis of

tandards and/or experience concerning the response times needed
y emergency teams to reach the site of the accident and to start
ffective mitigation actions [4].

∗ Corresponding author. Tel.: +39 051 2090240; fax: +39 051 2090247.
E-mail address: valerio.cozzani@unibo.it (V. Cozzani).
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the assessment of the available safety margins in the reference scenarios
s of thermal protection design.

© 2009 Elsevier B.V. All rights reserved.

Data on several fire tests carried out and available in litera-
ture [5–8] pointed out that LPG tanks with no fire protection may
withstand pool fire engulfment conditions for time lapses typically
comprised between 5 and 25 min, depending on fire intensity and
tank characteristics. Such a time lapse, in general, is not sufficient
to assure the prevention of BLEVE scenarios by external mitigation
actions in the case of road and rail transport accidents [4]. Protec-
tive measures as relief valves and fire protection by thermal coatings
may hinder tank pressurization and tank wall heat-up, thus delay-
ing and/or allowing the prevention of “fired” BLEVEs occurrence.
The adoption of such measures is compulsory in several countries
[1], but not in Europe, where the ADR [9] and the RID [10] standards
allow respectively road and rail transportation of LPG in uncoated
tanks.

Several issues are still open concerning the possible implemen-
tation of effective fire protections based on thermal coating for road
and rail tankers in the specific European context. A wide uncer-
tainty is present concerning the time lapse required for emergency
response on road or rail accidents. This leads to the need for an
accurate selection of the coating material and of the thickness of
the coating layer, in order to enhance the available time lapse before
tank failure, optimizing the costs due to the adoption of the protec-
tive measures.
Although several simplified models [11–21] and some more
detailed approaches [22–24] were proposed in the literature for
the calculation of the time to failure of LPG tanks engulfed by fires,
scarce work was done to understand in detail the effects of pro-
tective coatings on the time to failure of pressurized tanks. In 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.2009.07.029
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Nomenclature

ADR European agreement concerning the international
carriage of dangerous goods by road

BLEVE boiling liquid expanding vapour explosion
FEM finite element model
KPI key performance indicator
LPG liquefied petroleum gas
MG geometric mean bias
PRV pressure relief device
RI robustness index
RI* reference value for the robustness index
RID European agreement concerning the international

carriage of dangerous goods by rail
sins minimum coating thickness to avoid the vessel fail-

ure (mm)
SI stress index
SI* reference value for the stress index
tm reference time for effective mitigation (min)
tR reference time (min)
ttf time to failure (min)
T1 reference temperature for vessel shell weakening

(◦C)
T2 reference temperature for hydrocarbon flames (◦C)
TD design temperature for real scale tanks (◦C)
Texp measured temperature (◦C)
Tf temperature of a generic node at the end of simula-

tion run (◦C)
TI temperature index
TI* reference value for the temperature index
Tmod temperature predicted by the model (◦C)
VG geometric variance

Greek letters
�� residual stress margin (MPa)
�adm maximum allowable stress or stress intensity limit

(MPa)
�eq stress intensity (MPa)

p
w
o
s
i

The transient evolution of the tank exposed to fire was simulated
�max maximum value of local stress intensity at the end
of simulation (MPa)

resent study, an approach based on finite element modeling (FEM)

as selected to explore the problem. A FEM developed in a previ-

us study [25] was extended and further improved to allow the
imulation of the protection offered by different types of coating
n accidental fire scenarios. The model was validated using spe-

Fig. 1. Methodological approach
s Materials 172 (2009) 447–456

cific experimental data and was applied to analyze the behaviour,
the failure modes and the time to failure of protected tanks in fire
engulfment scenarios. In particular, the coating performance and
the time to failure were assessed for road tankers, tank wagons and
large scale storage vessels, obtaining data on the expected effec-
tiveness of the protection.

2. The finite element model

2.1. Model set up

The model of real scale tanks engulfed by fire was based on a
finite element approach summarized in Fig. 1. The FEM was imple-
mented on the ANSYSTM software, using the ANSYSTM/Multiphysics
module [26]. The basic approach used to develop the FEM was
described in detail in a previous publication [25] and is only briefly
outlined in the following.

The procedure to carry out the model runs may be divided in two
parts: (i) thermal FEM, step 1 in Fig. 1; and (ii) mechanical FEM,
step 2 in Fig. 1. The present approach, which allows assessing in
a decoupled manner the thermal and hydraulic behaviour of fired
tanks, is similar to the one used by Tan et al. [24]. This supports
the validity of the applied methodology, and allows carrying out a
detailed analysis.

The same geometry domain is implemented for both the anal-
yses. In the case of cylindrical vessels, the calculation mesh was
schematized as a uniform brick type, consisting in 6192 cells. For
spherical tanks, the free mesh was preferred, and 6834 cells were
defined. An overview of both geometry settings and meshes is
reported in Fig. 2.

In step 1 (thermal FEM), the effect of radiation due to fire expo-
sure, internal fluid behaviour and surface emissivity are the model
inputs. The software carries out a thermal balance on the nodes,
schematized in Fig. 3. Complicating effects related to the liquid
temperature stratification and non-constant liquid level, which are
extensively described in [27], are neglected. More details concern-
ing the implementation of the thermal balance and thermal balance
equations are reported elsewhere [25]. The outcomes of the thermal
simulations are the detailed calculation of the temperature profiles
on the vessel shell as a function of time and of radiation mode.

The second step of the modeling (step 2 in Fig. 1) is the sim-
ulation of the transient stress field as a function of the local
temperatures and of the other loads present on the equipment shell.
dividing the simulation total time in several stationary time steps
(each 5 s real time) and applying a stress field analysis to each time
step [26]. The results of the thermal simulations obtained in step 1
were implemented as thermal loads together with the other main

used for FEM development.
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Fig. 2. Geometry and mesh definition for (a) horizontal cylindrical ta
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coating thickness equal or higher than 35 mm, an effective thermal
conductivity function was used. The function is reported in Table 1
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Fig. 3. Energy balance and boundary conditions used in the thermal FEM.

mechanical” loads (weight, internal vapour pressure and hydro-
tatic pressure) to step 2. The distribution of the equivalent intensity
f combined stress [28,29], in the following indicated as the stress

ntensity (labelled as �eq), was calculated. The stress intensity was
hen compared to a maximum allowable value, �adm. Data provided
y Section VIII, Division 2 of ASME codes [28] were used to obtain
relation between �adm and the temperature, thus a temperature-
ependent maximum allowable stress value was considered in the
nalysis.

The time to failure, ttf, was defined as the minimum value of

ime since the start of the simulation run at which at least in one
oint of the calculus domain, the following equivalence is verified:

eq = �adm (1)

able 1
hysical properties assumed for the reference fire proofing materials.

oating characteristics Type 1 Type 2

efinition Epoxy intumescent Vermiculite spra
hermal conductivity (W/m K) 0.066 0.03–0.2a

eat capacity (J/kg K) 1172 970
urface emissivity 0.9 0.9
ensity (kg/m3) 1000 680

a Low value for thicknesses greater than 35 mm; high value for thicknesses lower than
nks and (b) spherical vessels, considered for model validation.

The plasticity region, associated to material residual strength, or
the eventual creep arising, were thus not considered in the model,
obtaining conservative results.

2.2. Modeling of thermal coatings

The implementation of the thermal coating in the FEM devel-
opment is a crucial point for the thermal simulations (step 1). In
the present analysis specific approaches were introduced to model
the four type of coatings considered: (i) epoxy intumescent; (ii)
vermiculite spray; (iii) fibrous mineral wool; and (iv) cementitious
inorganic materials.

In the case of the two latter materials, constant thickness and
average physical properties were supposed, neglecting thermal
degradation effects that may follow the exposure to fire. In the case
of epoxy intumescent coatings, the coating was supposed to expand
instantaneously up to the final thickness, while constant proper-
ties were assumed during the simulation, neglecting the increase
in the thermal conductivity that was experimentally verified for
some intumescing coatings [30]. A uniform geometry and constant
properties in simulation runs were thus obtained by these assump-
tions.

In the case of vermiculite sprays, a different approach was nec-
essary. These coating materials exploit the water content to limit
the temperature of the non-exposed side [31]. Water evaporation
keeps the temperature to a constant plateau (close to the saturated
steam temperature) for a time that depends on the coating thick-
ness, which is related to the water content [31,32]. Experimental
data evidenced that the minimum required thickness necessary for
the activation of this behaviour is of 35 mm [31–33]. Thus, for a
and was obtained from experimental data fitting. For a thickness
lower than 35 mm, an average thermal conductivity value was con-
sidered for the material, as in the case of fibrous mineral wool and
cementitious inorganic coatings.

Type 3 Type 4

y Fibrous mineral wool Cementitious inorganic formulation
0.38 0.9
920 1507
0.9 0.9
100 850

35 mm.
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Table 2
Data used for the validation of FEM.

Test ID

EXP1 EXP2 EXP3 EXP4 EXP5

[32]a [32]a [32]a [25]a [34]a

Tank specifications
Tank geometry Spherical Spherical Spherical Horizontal cylinder Horizontal cylinder
External diameter (m) 1.7 1.7 1.7 1.25 1.25
Total length (m) – – – 2.68 4.3
Minimum wall thickness (mm) 10 10 10 5.1 6.4
Filling level (%) 20 20 20 50 20
Type of material Low carbon steel Low carbon steel Low carbon steel Low carbon steel Low carbon steel
Pressure relief device nominal diameter (mm) – – – 32 32
Opening gauge pressure (MPa) 1.6 1.6 1.6 1.46 1.46

Insulating coating properties
Coating type Intumescing Mineral cement Mineral cement Intumescing Rock wool
Applied thickness (mm) 10 38 35 10 100b

Data on stored material
Type Propane Propane Propane LPG grade A Propane
Average liquid temperature (◦C) implemented in FEM 45 45 45 65 45
Vapour temperature (◦C) implemented in FEM 250 99 90 287 150

External heat source
Exterior temperature (◦C) 29 20 22 12 25
Type of fire Engulfing burners Engulfing burners Engulfing burners Pool fire (3 m × 6 m) Surrounding fire
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Thermal load in simulations (kW/m2) 186.7 1

a Data source.
b Coating was incapsulated in a watertight steel sheet coating 1 mm thick; 30 mm

.3. Model validation

The FEM was validated against experimental results obtained
n bonfire tests on thermally insulated tanks [25,32,34]. Computer
imulations were performed to simulate the field tests reported in
able 2. Test conditions, features and sizes of the tanks are also
ummarized in the table, in which the key parameters for the FEM
imulations are reported. More details on the coating material prop-
rties are reported in Table 1.

For the sake of brevity, only two examples of detailed compar-
son between the experimental results and the model predictions
re reported in Fig. 4. Data are referred to the maximum wall tem-
erature (e.g. the tank shell section in contact with the vapour
hase) obtained from EXP1 and EXP2 (see Table 2 for details). In
hese tests, spheres for propane storage, having a 2.5 m3 capacity,
ere totally engulfed in fire. The heat source reproduced a butane
ool fire with different burner-banks distributed among the sphere

urface. Considering the maximum flame temperature for the two
ests, the thermal load on the coating was calculated assuming the
ame as a blackbody, thus obtaining the values reported in Table 2.

ig. 4. Comparison between experimental and model temperatures for tests EXP1
nd EXP2. Temperatures in ◦C. End of simulation: 110 min.
177 130 170

ap was left between the sheet and the coating.

In EXP1, a commercial intumescing coating was used. Therefore,
the coating expansion was considered, following the indications
reported in Section 2.1. As shown in the figure, a good agreement
is present between experimental data and model predictions, up
to about 95 min from the beginning of the test. In the final part of
the run, however, the model under-predicts the actual wall tem-
peratures of about 30 ◦C, with a relative error of about 10%. This
error may be caused by model limitations in the simulation of coat-
ing behaviour: in particular, on the basis of supplier indications
[25], constant properties were used for the coating layer, and a uni-
form behaviour of the protection coating was assumed, without
considering the coating consumption due to fire exposure.

In EXP2, a commercial mineral coating, based on a vermiculite
spray, was used. In this case, supposing an initial thickness of
38 mm, the water loss was considered. As shown in Fig. 4, in the first
part of the run the wall temperature presents a plateau at 100 ◦C,
lasting about 1 h, well predicted by the model runs. The use of the
effective thermal conductivity values reported in Table 1 allows a
sufficiently accurate assessment of the behaviour of the mineral
cementitious coating material, with a small average relative error
(6%). Also in this case the coating degradation was not considered
in the model. This is the likely cause of the under-prediction of the
temperature in the final part of the run (a maximum temperature
difference of 26 ◦C is present, as shown in Fig. 4).

The method proposed by Hanna et al. [35] was used to ana-
lyze model performance in wall temperature prediction. The model
is based on the calculation of the geometric mean bias (MG), the
geometric variance (VG), of measured and predicted values:

MG = exp
[

ln(Texp) − ln(Tmod)
]

= exp

[
ln

(
Texp

Tmod

)]
(2)

VG = exp
[

(ln(Texp) − ln(Tmod))2
]

= exp

[(
ln

(
Texp

))2
]

(3)

Tmod

where Texp is the measured temperature and Tmod is the tempera-
ture predicted by the model at the reference time of interest. The
over-bars indicate that an average is performed over the data set.
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ig. 5. Geometric mean bias (MG) and geometric variance (VG) for model simula-
ions compared to experimental results as defined by Eqs. (2) and (3). Dashed line:
eference parabola defined in Eq. (4).

Good model performances are achieved when both MG and VG
re close to unity. In order allow a systematic performance assess-
ent, VG values may be plotted vs. the corresponding MG values

or each data set and may be compared to the following reference
arabola:

n(VG) = (ln(MG))2 (4)

As evident from Eqs. (2) and (3), Eq. (4) represents the correla-
ion among VG and MG values in a model having only a mean bias
ith respect to experimental data (that is, a model in which the

atio of Texp/Tmod is nearly constant), but showing no systematic
eviations. Thus, models having a good performance and showing
o systematic deviations should provide VG values that fall on or
bove the correlation curve given by Eq. (4).

Fig. 5 reports the reference curve from Eq. (4) and the VG and
G data calculated for the maximum wall temperature values pre-

icted in the different model simulations. As shown in the figure, all
he spots calculated are above the correlation curve and are quite
lose to unity. The best results are obtained in the case of epoxy
ntumescent coatings (EXP1 and EXP4), which, however, present a
light underestimation of temperature due to coating degradation
n the final part of the test. Data obtained for vermiculite sprays (e.g.
XP2 and EXP3) present slightly higher values of VG. Data obtained
or EXP5 result in a VG value very close to unit, also showing a good

odel performance.
Therefore, both error analysis and statistical indicators show

hat the model is able to successfully predict the values of wall tem-
eratures for coated tanks in bonfire experiments. Thus, the model
as applied to analyze the real scale case studies of interest in the
resent study.
. Definition of case-studies

The approach developed was applied to assess the performance
f thermal coatings in the protection of LPG tanks in the framework
f the LPG distribution chain. In particular, a set of case studies of

able 3
ata assumed for the three reference tanks used in model runs.

tem Reference vessel #1 (road tanker) Re

ominal volume (m3) 60 11
iameter (m) 2.4
ength (m) 13.5 1
inimum wall thickness (mm) 12.2 3
orking pressure (MPa) at 25 ◦C 0.5

esign gauge pressure (MPa) 1.82
RV discharge area (m2) 0.004
s Materials 172 (2009) 447–456 451

interest was defined, considering both storage tanks used in fixed
installations and for LPG road and rail transport. Three horizontal
cylindrical vessels were considered:

- Reference vessel #1: 60 m3 tank for road LPG transportation;
- Reference vessel #2: 110 m3 tank for rail LPG transportation;
- Reference vessel #3: 220 m3 fixed bulk storage tank.

The vessels were selected in order to represent reference tank
geometries typically used in the applications considered. Table 3
summarizes the main geometrical data assumed for the tanks. Ref-
erence sizes of trailer tanks complying to European ADR and RID
standards were selected [9,10]. ASME standards [28] were used to
select the wall thickness of reference vessel #3. The pressure relief
devices (PRV) were sized following the guidelines provided by API
RP521 standard. A low carbon steel (DIN 17102 St E460 grade) was
considered as the building material of all the tanks. A 50% filling
level was assumed for all reference tanks.

Past accident analysis was used to identify and select the more
significant fire scenarios leading to tank catastrophic failure for each
type of reference tank considered. A thorough analysis of BLEVE
case-histories reported in the MHIDAS database [3] was carried out.
For all the three reference tanks full engulfment in a pool fire was
assumed as a conservative reference accidental scenario. In the case
of road accidents, this may be caused by the release and ignition of
diesel fuel due to engine damage in the accident. In the case of rail
accidents, the pool fire may be caused by the damage of nearby tank
cars carrying flammable liquids. In the case of fixed tanks this may
arise from the late ignition of LPG released from tank connections.

The characterization of the scenarios allowed the estimation of
the thermal load on the vessel due to fire impingement in each
scenario (see Section 2.1) [4,36]. The quantification of the net ther-
mal load was based on available experimental data for large pool
fires [37,38]. The results of this preliminary assessment are sum-
marized in Table 4. The thermal coatings described in Section 2.2
were considered for real scale simulations. The detailed proper-
ties assumed for the coatings are reported in Table 1. Different
thicknesses were implemented in the analysis, ranging from 5 to
100 mm. Simulations runs were carried out as for the unprotected
tanks.

4. Results and discussion

4.1. Vessel temperature and stress maps

In Fig. 6a an example of wall temperature distribution is reported
for reference vessel #1. A 40 mm thick fibrous mineral wool coating
(type 3) was considered, incapsulated in a watertight steel sheet
coating, with a 30 mm air gap between the sheet and the coating.
The tank is sectioned among the axis in order to show tempera-

ture distributions on both internal and external surfaces. The figure
shows the temperature map of the inner tank wall at different times
since the beginning of the fire. As shown in the figure, higher inner
wall temperatures are present on the wall section in contact with
the vapour phase, due to the low heat transfer coefficients between

ference vessel #2 (tank wagon) Reference vessel #3 (large scale storage)

0 220
3.04 3.35
6.04 27.43
1 31
0.5 0.5
2.4 1.6
0.005 0.01
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Table 4
Reference scenarios associated to the three reference tanks.

Reference tank Fire scenario Fire attack conditions Range of thermal loads (kW/m2)

Reference tank #1 (road tanker) Naphtha/diesel pool fire 100–180

Reference tank #2 (tank wagon) Hydrocarbon pool fire 100–180

Reference tank #3 (large scale storage) LPG pool fire 150–250

t
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F
5

he wall and the vapour. However, the maximum wall tempera-
ure value never exceeds 470 ◦C, even after 100 min of exposition to
re. The wall section in contact with the liquid presents lower tem-
eratures that show a very limited increase during the simulation.
trong temperature gradients are present on the structure, since
or the entire simulation the heat load applied leads to an almost
onstant peak temperature of 1130 ◦C on the surface of the external
oating in contact with the flame.

The results of thermal FEM were implemented in the mechan-
cal FEM (see Fig. 1) to calculate the stress intensity distribution.

ig. 6b reports the stress maps calculated on the basis of the tem-
erature distributions reported in Fig. 6a. As shown in the figure,
uring the simulation the structure experiences an increasing inter-
al pressure (due to vapour pressure increase) and an increasing

ig. 6. Temperature maps (a) and stress intensity distributions (b) on reference vessel #1
0 and 100 min). Type 3 coating: 40 mm thick rock wool.
temperature, which result in higher stresses among the entire tank
wall. The stress intensity strongly increases in the upper part of the
vessel, due to the effect of higher temperatures in contact with the
vapour phase.

A second critical zone is in correspondence of the liquid/vapour
interface. In this zone, the model predicts the highest stress inten-
sity values among the structure, due to the strong temperature
difference between the upper and the lower part of the tank. As
shown in Fig. 6a, a temperature difference of about 400 ◦C is present
in the vessel inner wall temperature between the area of the vessel

shell in contact with the vapour and the part of the vessel wall in
contact with the liquid. This causes strong local stresses due to dif-
ferences in thermal dilatation between the two parts of vessel shell
(see Fig. 6b). As a matter of fact, in several past accidents as well

during fire engulfment (180 kW/m2 heat load) at different simulation run times (5,
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Fig. 8. Minimum coating thickness (mm) needed to avoid tank rupture as a func-
tion of the thermal conductivity of the coating (W/m K). Fire scenario: 180 kW/m2
ig. 7. Time to failure (min) as a function of coating effective thickness (mm) and of
oating type for: (a) reference vessel #1 (60 m3 road tanker); (b) reference vessel #2
110 m3 tank wagon); and (c) reference vessel #3 (220 m3 large scale storage). Fire
cenario: 180 kW/m2 constant heat load.

s in experiments the rupture of tanks exposed to fires was expe-
ienced at the liquid/vapour interface [6,32]. These results clearly
how the advantages of a detailed analysis, which allows taking into
ccount phenomena that are neglected by simplified criteria based
n maximum wall temperatures that are proposed for a preliminary
ssessment of the possibility of tank failure [39,40].

.2. Optimal design of thermal protections

The simulations carried out on large scale tanks were aimed at
emonstrating the effectiveness of the thermal coatings in prevent-

ng the structural damage of tank shell, and/or a catastrophic tank
upture following fire engulfment. Fig. 7 reports the variation of
ime to failure for different tank geometries, coating materials and

oating thicknesses. The simulations were carried out for a maxi-
um reference time tR of 100 min. As shown in the figure, coating

ype 1 was the only category of material which allowed preventing
he failure of the tank up to the reference time tR in all the scenarios
onsidered. This is due to the extremely low thermal conductivity
constant heat load; 60, 110 and 220 m3 vessels. (a) Coating thickness vs. thermal
conductivity, reference time 30 min; (b) coating thickness vs. thermal conductivity,
reference time 100 min; (c) minimum coating thickness (mm) vs. reference time
(min) as a function of the thermal conductivity (W/mK).

of the coating material that is about an order of magnitude lower
than that of the other coatings considered. However, it should be
remarked that changes of thermal conductivity during fire exposi-
tion were not considered in the model.

Coating types 2 and 3 also showed good performances, prevent-
ing the tank failure in the reference time for thicknesses higher
than 10 mm. Nevertheless, it appears that the lower “thermal iner-
tia” (e.g. the effect of the small density of coating type 3) affects
negatively the effectiveness of the protection. In the case of type
4 coating, the results are drastically worse than those of the other
materials. This is due to the higher thermal conductivity, which
causes a higher temperature rise.

A preliminary indication for fireproofing design may be obtained
from the analysis of the minimum thickness of each coating, sins,
needed to avoid the rupture before reference time tR considering
the application of different coating materials. The thermal conduc-
tivity of the coating was identified as the key parameter for the
characterization of a fire proofing material. Fig. 8 shows the calcu-
lated minimum coating thickness sins reported as a function of the

reference time, tR, for different tank geometries and coating types.
It is obvious that an increase in the coating performance directly
results in a reduction of the required thickness, sins. This effect is
amplified for higher values of tR, as confirmed by the increase in
the slope of the interpolating curve in Fig. 8b with respect to the
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Table 5
Key performance indicators defined to assess the robustness of thermal protection
design (ttf: time to failure; tm: reference time for effective mitigation; T1: reference
temperature for vessel shell weakening, ◦C; T2: reference temperature for hydrocar-
bon flames, ◦C).

KPI Symbol Definition Reference value
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ne in Fig. 8a. This issue is further evidenced in Fig. 8c that shows
he minimum thickness, sins, as a function of reference time tR for
ifferent thermal conductivities corresponding to different coating
ypes.

The geometry of the vessel plays an important role only in the
ase of higher values of thermal conductivity, with a higher thick-
ess needed as the tank volume decreases. On the contrary, in the
ase of more performing coating materials, the protection appears
ffective in all the scenarios considered and shows a limited depen-
ence from geometry (see Fig. 8a and b).

.3. Key performance indicators for thermal protection robustness

In the above discussion, the results of FEM simulation were only
sed to assess tank failure conditions. However, the results of the
EM may also yield important information on the expected perfor-
ance of the coating and, in particular, on the robustness of the

esign of thermal protections. Three key performance indicators
KPIs) were introduced to obtain an assessment of the robustness
nd the safety margins available for a specific thermal protection
esign. The three KPIs defined are listed in Table 5. As shown in the
able, the KPIs are based on calculated values obtained from FEM
imulations for the time to failure, the vessel shell temperatures
nd the vessel shell stresses. The table also reports a safety refer-
nce value for each KPI that may be considered as a blue line for a
obust protective action (see Table 5).

The first KPI, labelled as RI, was defined as the ratio between
he calculated time to failure, ttf, for a specific fire scenario (full
ngulfment) and a reference time of interest, tR. This was assumed
qual to the maximum time required to start effective mitigation
ctions, tm, likely to prevent the BLEVE of the vessel. Further details
n the definition and on the assessment of site-specific values for
he time required for effective mitigation are reported elsewhere
29]. In the present study, a value of 100 min was assumed for tm
n the case of reference vessels #1 and #2 (fire scenarios involving
oad or rail accidents) [4], and a value of 30 min was assumed for
eference vessel #3 (fixed installation) [29,39].

The RI may be interpreted as a robustness index that provides a
uantitative assessment of the time lapse still available with respect
o failure condition following fire exposure in the reference scenar-
os considered. The reference value of this KPI is obviously equal to

(that means that the ttf equals the maximum time for effective
itigation). Values of RI below 1 define an “unsafe” region, where

ank failure may be expected even in the presence of the coating,
ince the protection provided may not be sufficient to allow the
tart of mitigation actions.

The second KPI defined, labelled as TI, is based on the assessment
f vessel shell temperature gradients. The TI index is defined as
he ratio between the maximum temperature reached by the inner
urface of tank wall and the maximum temperature of the external
oating surface at a reference time of interest, tR. The reference time

f interest should be selected as the time for effective mitigation,
m, or the time to failure, ttf, if the latter has a lower value.

A blue-line reference value for TI may be defined as the ratio
f two significant temperatures, the first representing a reference
alue for the thermal weakening of the vessel shell material, the sec-
s Materials 172 (2009) 447–456

ond representing the typical temperature of flames in hydrocarbon
fires. According to the indications reported in literature [39,40] a
value of 400 ◦C may be assumed for the first reference temperature,
T1, in the case of steel vessels. The second reference temperature,
T2, may be derived from the standard fire curve which describes the
transient evolution of a hydrocarbon fire (see [40] for more details).
A value of 1100 ◦C may be assumed that corresponds to the steady-
state temperature according to the fire curve. Since it is reasonable
that the temperature of the outer coating surface is close to that of
the flame in full engulfment scenarios [40], it is clear that a temper-
ature gradient lower than that defined above identifies an unsafe
region where tank failure may start. Thus, TI values lower than the
reference value define an unsafe region where tank shell failure
becomes possible.

The third KPI considered, SI, was defined as the ratio between a
reference value for the residual allowable stress at a reference time
of interest, tR, and the maximum allowable stress in the absence
of fire. Again, the reference time of interest, tR, may be assumed as
the time for effective mitigation, tm, or the time to failure, ttf, if the
latter has a lower value. The residual stress margin at time tR, ��,
may be calculated as:

�� = �adm(Tf ) − �max(tR) (5)

where �adm(Tf) is the maximum allowable stress at the final temper-
ature of the run, Tf, and �max(tR) is the maximum value of local stress
intensity at time tR. Being �adm(TD) the maximum allowable stress
at the design temperature, TD, the SI index may thus be expressed
as follows:

SI = ��

�adm(TD)
(6)

Clearly enough, the SI index should be evaluated in the more
critical point of the structure that is the one where the local stress
is higher. In this condition, the SI index expresses how far the vessel
shell is from the failure conditions at the reference time of interest.
The value of the index equals 0 if vessel rupture is predicted.

In order to provide a reference value for the SI index, the factor
used in ASME section VIII standards [28] to derive the stress inten-
sity design limit was taken into account. In particular, the stress
intensity limit is obtained by reducing the tensile yield of the mate-
rial by a factor 1.5. Hence, a safety margin equal to the 33% of the
tensile yield is considered between the stress intensity limit and the
tensile yield itself in design conditions. Therefore, 0.33 is assumed
as a reference value for the SI index. The region where the values
of SI become lower than 0.33 is therefore considered an “unsafe”
zone, where vessel integrity is jeopardised.

Fig. 9 reports the values calculated for the KPIs considering a
full engulfment scenario, the reference tanks defined in Section 3,
the four coating materials listed in Table 1, and three coating thick-
nesses: 10, 25 and 40 mm. The same reference times assumed for
RI index, e.g., 100 min for reference vessels #1 and #2 and 30 min
for reference vessel #3, were also considered in the calculation of
SI index.

In Fig. 9a, the values calculated for RI were plotted as a function of
TI for several simulation runs performed. In the case of simulations
which did not result in tank rupture, the RI index is equal to 1. For
the thicknesses considered, coating types 1 and 2 always resulted
in unit values of the RI index, due to their low thermal conductivity
resulting in high performances.

Nevertheless, some of the scenarios in which RI is equal to 1
show values of the temperature index exceeding the safe reference

value, TI*. These spots fall into an “unsafe zone” (the red region
in Fig. 9a), where the coating may not prevent the wall material
weakening due to high temperatures. Quite obviously, all the spots
having a non-unitary RI (thus the runs for which tank failure was
predicted) fall all inside the unsafe region.
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Fig. 9. Comparison among the KPIs calculated for different thermal protection sys-
tems: (a) robustness index (RI) vs. temperature index (TI); (b) stress index (SI) vs.
temperature index (TI) for the three types of reference vessels. Green and red back-
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round identify “safe” and “unsafe” regions respectively. RI*, TI*, SI*: reference values
or KPIs reported in Table 5 (For interpretation of the references to color in this figure
egend, the reader is referred to the web version of the article).

As shown in Fig. 9a, an increase of the TI index always cor-
esponds to a decrease of RI which approaches 0 in the case of
oating type 4. Moreover, the geometry strongly affects the results.
s shown in Fig. 9a, the number of spots in the unsafe zone
ecrease with the increase in the size of the tank. This is due to the
igher wall thickness coupled to a different design pressure and
hickness/diameter ratio of larger tanks (110 and 220 m3), which
nhances the resistance of the structure [28].

Fig. 9b reports the stress index SI as a function of temperature
ndex TI, calculated for the same scenarios shown in Fig. 9a. The SI is
articularly influenced by the vessel shell temperature that affects
he steel residual strength. Thus, SI is strictly dependent on the TI
ndex, as shown by the linear trend of the spots in Fig. 9b. Also in this
ase, the reference values defined identify an unsafe zone (the red
egion in Fig. 9b), where residual strength is below the usual design
afety margins. The lower performance of coating types 3 and 4 is
vident from the figure, even for the high thicknesses considered.
oating types 1 and 2 present both only one spot in the unsafe zone
hen the lower thickness is considered (10 mm).

Thus, the calculation of the KPIs allowed the assessment of the
obustness of design of thermal protections. On one hand, as shown
n Fig. 9, even if no failure is predicted, “unsafe” regions may be iden-
ified, where a detailed assessment of the effectiveness of thermal

rotection design needs to be carried out for the specific fire sce-
arios of concern. On the other hand, KPI values below the safe
eference values defined are indicators of a robust design for the
re scenario considered in the assessment.

[
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5. Conclusions

A numerical approach based on FEM was developed to assess
the behaviour of LPG tanks engulfed by fires. The model developed
was applied to investigate the performance of different materials
proposed for the passive fire protection of tanks. A specific method-
ology, based on key performance indicators, was developed to allow
an effective screening of alternative coating materials.

The results confirmed on one hand the wide influence of coating
application on the expected time to failure. On the other hand, the
comparison of the KPIs evidenced a quite different performance of
the alternative materials proposed. In particular, organic intumes-
cent and vermiculite sprays resulted in better performances due
to inherent thermal properties, which limit the vessel shell heat-
ing for extended time lapses. Conventional fibrous mineral wool
or cementitious inorganic formulations appeared not effective in
some scenarios considered, allowing a stress increase among the
vessel shell, combined with the material wall weakening due to
high temperatures.

On the basis of the results obtained, general correlations were
developed among the vessel time to failure and the effective coat-
ing thickness in full engulfment scenarios, providing a preliminary
assessment of the coating thickness required to prevent tank rup-
ture for a given time lapse. Indications on safety margins required
to obtain a robust design were also provided by a specific set of KPIs.
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