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Assessment of the Hazard Zones for Certain Fire Scenarios
Using a Numerical Experiment Design
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Abstract

This study aims to develop simplified mathematical models for the evaluation of hazard zones belonging to scenarios such as
flash fire, jet fire, and BLEVE (Boiling Liquid Expanding Vapour Explosion). The combinations of parameters at two levels
obtained through an experimental design were simulated using the Areal Locations of Hazardous Atmospheres (ALOHA)
software. Statistical analysis using determination coefficient (R?), Akaike information (AIC) and root mean square error (RMSE)
revealed that the quadratic model was the best. ANOVA helped assess the significant parameters, and the response surface
methodology highlighted the interaction of these parameters. For a flash fire, the coupling of wind speed and discharge hole
diameter was the most significant, resulting in a distance of 391 m and 911 m for the red and yellow danger zones. In the
case of a jet fire, air temperature and discharge hole diameter were the most significant, generating the impact distances of
47 m, 68 m and 106 m for the red, orange and yellow hazard zones, respectively. Finally, in the case of a BLEVE scenario, the
tank filling rate and air temperature generate the significant distances of 445 m, 629 m and 981 m for the red, orange and
vellow hazard zones. These results could help to improve the management of future incidents.
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1. Introduction
Hydrocarbons are of great importance for meeting consumers'

and explosive substances by rail involves major risks because
of their volume." A hydrocarbon release during an incident

energy needs. Their distribution requires transportation
methods, which constitute a central issue in oil supply,
including at the national level. It is necessary to find safe
delivery Different
transportation methods are possible, with rail being the most

routes while optimizing costs.[!
commonly used.?! During transportation, harmful incidents
can occur. Such an event also involves both direct and indirect
harmful effects on the population and the environment,
particularly when transporting hazardous or polluting
substances.! The transport of crude oil by rail has increased

considerably in recent years.[* Transporting toxic, flammable
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can lead to several fire scenarios. A devastating accident due
to a crude oil vapor explosion resulted in 62 deaths and 136
injuries on November 22, 2013, in Qingdao, China.l’ On
February 3rd, 2023, a Norfolk Southern train traveling through
East Palestine, Ohio derailed, releasing toxic chemicals into
the nearby soil, waterways, and air. This prompted mass
evacuations of East Palestine's residents.[” Fire scenarios
generate hazard zones, so the assessment of hazard zones
generated by fire scenarios is a very useful area of research for
safety and accident control.

During the last few decades, a number of research studies
have focused on several methods for assessing the hazard
zones generated by fire scenarios, including computational
fluid dynamics (CFD) simulation, semi-empirical modeling
and dispersion models.l® For CFD codes, Sun et al.,’! use the
CFD model in Ansys Fluent software for hazard zone
assessment. Thus the study by Palacio et al.'% provides a
compilation and comprehensive discussion of the most
of CFD modeling for

important aspects simulating
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hydrocarbon fires in the open environment. The FDS software
is the most widely used code. Semi-empirical models include
the Solid Flame Model (SFM) and the Point Source Model
(PSM).[11121 With regard to other methods Boot through their
study models thermal radiation from pool and jet fires,!!’]
discretizes the flame in EFFECT software and evaluates the
danger zone. According to the works of Misic et al.,l'¥ two
simulation tools where used, namely the Areal Locations Of
Hazardous Atmospheres (ALOHA) and: Process Hazard
Analysis Software Tool (PHAST) to evaluate the distance of
thermal radiation for a pool fire. Similarly, Bernatik et al.l'3!
used simulation tools such as ALOHA, EFFECTS GIS
(software of the Dutch company TNO) and TerEX (software
of the Czech company T-SOFT) to evaluate the impact
distance lading to the dispersion of more chemical product.
Previous studies reveal that several methods are used to
assess the danger zones generated by fire scenarios. The use
of commercial codes and considerable computer resources are
the most popular. Although the use of free code such as the
Areal Locations of Hazardous Atmospheres (ALOHA)
program has proved invaluable in improving the accuracy and
reliability of accident consequence predictions.'") Despite the
advantages of the ALOHA software. Simplified models for
predicting hazard zones have been the subject of some work,
following the example of Alfonse et al. (2022),'7 who
proposed simplified mathematical models for evaluating
hazard zones. The method consisted of combining a numerical
design of experiment with numerical simulation using the
ALOHA programme. Their study was limited to the
evaluation of danger zones for a toxic gas dispersion using five
parameters such as wind speed, ambient temperature,
humidity level, diameter of the discharge hole and height of
the discharge hole on the tank. Similarly Didem et a/. used the
same method,!' integrating a Box-Behnken design of
experiment, to propose mathematical models for evaluating
hazard distances for scenarios such as VCE (Vapour Cloud
Explosion), Jet and BLEVE (Boiling Liquid Expanding
Vapour Explosion) using three parameters such as wind speed,
ambient temperature and tank filling rate. However, the
method used by Alfonse et al.l'”! and Didem et al.l'¥! was
limited to using a few variables in their prediction models
when applied to certain fire scenarios, which could reduce its
effectiveness when used. The innovation in this study consists
of integrating more parameters such as wind speed, ambient
temperature, humidity level, tank filling rate, discharge hole
diameter and discharge hole position height into the prediction
model development method. For fire scenarios such as flash
fire, jet and BLEVE, and to have more information on the
interactions that may exist between the parameters. However,

2| Eng. Sci., 2025, 36, 1601

the method used by Alfonse et al.l'”!and Didem et al.l'8! was
limited to using a few variables in their prediction models
when applied to certain fire scenarios, which could reduce its
effectiveness when used. The innovation in this study consists
of integrating more parameters such as wind speed, ambient
temperature, humidity level, tank filling rate, discharge hole
diameter and discharge hole position height into the prediction
model development method. For fire scenarios such as flash
fire, jet and BLEVE, and to have more information on the
interactions that may exist between the parameters.

In this study, the main objective is to propose simplified
mathematical models for assessing hazard zones for scenarios
such as flash fire, jet and BLEVE. Firstly, the ALOHA
software is used to simulate the different combinations
obtained from a design of experiments for the different fire
scenarios. Then, the responses obtained are analyzed to
elaborate the different models, and finally, the interaction of
the significant parameters of each hazard zone belonging to
fire scenarios is studied using the surface response method.
The results of this study can be used as a decision-making aid
for emergency response plans.

2. Materials and methods

2.1 Theoretical model of fire scenarios

This section describes the different fire scenarios studied and
their consequences.

2.1.1 Flash fire

It is the leakage of a product that creates a flammable vapor
cloud, which mixes with the air and may ignite in the presence
of a heat source. The flammable zone is limited by two values
related to the Lower Explosive Limit (LEL). This is the lowest
concentration of a particular gas that can be flammable or
combustible. Gases below the LEL will not feed or sustain an
explosion, given that these concentrations are considered too
lean. The Upper Explosive Limit (UEL) is the highest
concentration of a gas in the air capable of producing a flash
fire when it encounters an ignition source. Concentrations
above the UEL will not feed or sustain an explosion, given that
these concentrations are considered too rich.'! Fig. 1
graphically shows the manifestation of hazard zones for a flash
fire scenario. The red zone indicates the upper explosive limit,
which must have a maximum concentration of 17,000 ppm,
and the yellow zone indicates the lower explosive limit,
accounting for a minimum concentration of 2,800 ppm.

2.1.2 Jet fires
A jet fire occurs when a pressurized hydrocarbon fluid flows
through an orifice and, in the presence of a heat source, ignites
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to form a jet flame. Jet fires are associated with very high heat
fluxes, and if they come into contact with equipment, they can
cause catastrophic failure in a very short time. 2"
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Fig. 1: Ignition zone for a flash fire scenario.

2.1.3 BLEVE

A BLEVE (Boiling Liquid Expanding Vapor Explosion) is the
explosion of a substance that has reached its critical
temperature. It is generally followed by a fireball and intense
thermal radiation.?'’ The fireball goes through three phases
(growth, combustion, and extinction), rises to a certain height
in a spherical shape, and then takes on the form of a mushroom
cloud.”” The thermal energy is released in a short amount of
time. Fig. 2 shows the zones generated by thermal radiation
for a jet fire and a BLEVE. The probable fatality zone is the
red zone, second-degree burn zone is the orange zone, and the
body pain zone is the yellow zone. The boundary conditions
defining the hazard zones for each scenario are shown in Table
1.
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Fig. 2: Thermal radiation zone for a Jet and BLEVE fire.

2.1.4 ALOHA

ALOHA is based on conceptual and mathematical models
designed to simulate dispersion and capable of estimating
hazard zones caused by the release of hazardous chemicals,
toxic vapor clouds, fires, and explosions. ALOHA uses a
graphical interface for data entry and results display.
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Exposures to toxic chemical vapors, overpressure, thermal
radiation, or areas with flammable gases are graphically
represented and accompanied by a textual summary.['¢!

Table 1: Conditions limiting hazard zones. ]

Consequence Red Orange yellow
Flash fire (the 60% LEL 10%LEL
vapour cloud (17000ppm) (2800ppm)
ignites)

Thermal radiation Potential  for 2nd degree Slight burn
(BLEVE - JET death for 60s burn for for 60s (2.0
fire) (10.0 kw/m?) 60s (5.0 KW/m?

KW/m?)

2.2 Data used

Table 2 shows the values of each variable applied in the
simulations. The soil roughness used was urban/forest. The
dimensional characteristics of the tank used are shown in Fig.
3.

2.2.1 Atmospheric parameters

The atmospheric parameters used are those derived from the
atmospheric conditions in Cameroon: wind speed (A),
ambient temperature (B) and humidity (C).

2.2.2 Release parameters

Transport accidents can be collisions or derailments, which
can result to several types of release: instantaneous release
(less than one minute); critical release (catastrophic rupture of
300 mm release hole) and semi-continuous release for a 50
mm diameter.?¥ For this study, we consider a semi-continuous
discharge with a discharge hole diameter (E) varying from 15
mm to 50 mm and the discharge hole position (F) either at the
bottom of the tank or in the middle of the tank, 2 m from the
bottom .

2.2.3 Filling rate for wagon tanks

According to regulations, the fill rate must never exceed 95%.
In this study, the filling rate (D) varied from 50% to 95%.[>
The selection of the various data in the table is based on the
study carried out by Alphonse et al.,*® repetorizing for each
fire scenario the parameters that influence them

2.3 Experimental design and statistical analysis

2.3.1 Modelling using the Box Behnken design (BBD) of
experiment

The Box-Behnken experimental design, developed by Box
and Behnken in 1980, is one of the most commonly used
designs, along with the Central Composite Design (CCD), and
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is used to develop second-order response surface models. This
type of design is based on the construction of balanced
incomplete block designs and requires at least three levels for
each factor.l?”28) BBD is often considered a relatively efficient
and ideal alternative to CCD,[*°3% hence the motivation for its
use in this study. Each simulated scenario has four factors at
two levels 24. The coding of the factors for each fire scenario
can be found in Table 2. The design-expert program was used
to establish the experimental design, and the combinations are
simulated using the ALOHA software, which evaluates the
impact distance for each combination of the experimental
design according to each scenario. Tables S1-S3 of the
experimental designs for the different scenarios.

2.3.2 Statistical analysis
Several tools are used to select and analyse the mathematical
model.

2.3.2.1 Data analysis

Analysis consists in checking the shape and types of
distribution of the data set. Two tools are used: skewness,
which calculates the symmetry of the data set, and kurtosis,
which is the kurtosis coefficient representing the distance at
which the data moves away from the mean, or the distance at
which it moves towards it.’'l A negative skewness coefficient
indicates that most of the data lie to the right of the mean and
that the tail to the left is longer, while a positive skewness
coefficient indicates that most of the data lie to the left of the
mean and that the tail to the right is longer,*?! and a positive
kurtosis coefficient indicates that the distribution is sharper
than the normal distribution. On the other hand, a negative
kurtosis coefficient indicates that the distribution is flatter than
the normal distribution.*

2.3.2.2 Model selection

Three tools were used to select the model. The coefficient of
determination (R?), according to Eq. (1), refers to the
proportion of the variance of the response variable explained
by an adjusted model, compared with simply taking into
account the mean of the response. **! The Akaike information
criterion (AIC) Eq. (2) is a measure of the quality of a
statistical model, and the root mean square error (RMSE). Eq.
(3) measures the average difference between a statistical
model’s predicted values and the actual values. Selection
criteria: (Worst value = —oo; best value = +1).

_ IR (Xi=Y)?
R* = 2?;11(7402

(1)
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where X; is the predicted ith value, and the Y; element is the
actual ith value.

where £ is the number of model parameters to be estimated and
L is the maximum likelihood function of the model.

RMSE = \/gzz’;l(xi vy 3)

where X; is the predicted ith value, and the ¥; element is the
actual ith value

2.3.2.3 Model analysis

ANOVA was used to evaluate and analyze the effects of the
different variables on responses within a 95% confidence
interval.’3] Eq. (4) is used to calculate the F-value, which is
the ratio between the mean squares of the treatment (MSTr)
and the mean squares of the error MSE (error variance), this
tool is used to evaluate the significance of a parameter.©*®!

SSTr
a—-1
SSE

a(n—-1)

F, =

4)

where SSTr is the sum of squares of the treatment, SSE is the
sum of squares of the error, (a - 1) represents the degrees of
freedom of the treatment, (n - 1) represents the degrees of
freedom of the error, a is the number of treatments (number of
samples), n is the number of observations for a particular
treatment.

2.3.2.4 Uncertainty analysis and model validation

Two tools were used to assess the limits and uncertainties of
the chosen model. The reduced Chi-Sqr represents the error
between the fitted values and the actual values.’l As the
reduced Chi-Sqr approaches 0, the error of the simulated value
becomes smaller and the confidence interval (CI) indicates
whether the estimate is accurate or only a very rough
estimate.®! A narrower CI indicates a more accurate estimate,
while a wider CI indicates a less accurate estimate.*” Through
3D graphical representations, called response surfaces, the
interaction of each model's significant variables is described.
The flowchart in Fig. 4 shows the various stages involved in
achieving the desired results. At the end, each scenario
presents a mathematical model for calculating the impact
zones.

3. Results and discussion

3.1 Analysis of response

The maximum and minimum distances and distribution shape
indicators for each scenario are summarized in Table 3 for
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Fig. 4: Study organization chart.

Table 3: Summary of maximum and minimum distances for fire scenarios.

Distances
Scenario ) ) )
Hazard zones Units  obs Min Max Mean St dev Skewness Kurtosis
red m 30.00 68 391 186.17 78.85 0.451 0.297
Flash fire
yellow m 30.00 174 911 452.27 181.19 0.391 0.246
red m 30.00 14 47 30.47 9.90 -0.088 -0.361
Jet orange m 30.00 20 68 43.77 14.46 -0.033 -0.352
yellow m 30.00 32 106 68.53 22.72 -0.034 -0.361
red Km 30.00 340 445 393.13 26.30 -0.149 -0.404
BLEVE yellow Km 30.00 480 629 555.30 37.22 -0.164 -0.395
red Km 30.00 748 981 864.87 57.97 -0.146 -0.401

each hazard zone and fire scenario. For the flash fire scenario,
the minimum distances for the red and yellow hazard zones
are respectively 68 m; 174 m; when the combination is wind
speed (1.9 m/s); air temperature (24.5 °C); discharge hole
diameter (1.5 cm) and discharge hole height position (2 m).
The maximum distance varies from 391 m to 911 m belonging
respectively to the red and yellow zones when the combination
is made up of wind speed at 1.3 m/s, air temperature at 24.5 °C,
discharge hole diameter at 5 cm positioned 1 m from the
bottom of the tank. It can be seen from Fig. 5a that the danger
zones increase when the diameter of the discharge hole varies
from 1.5 cm to 5 cm, and fall from Fig. 5b when the wind
speed varies from 1.9 m/s to 1.3m/s, which could indicate that
hole diameter and wind speed are parameters to be taken into
account in safety measures for a toxic gas dispersion scenario.

As a result, for a jet fire scenario, the minimum distance
for the red, orange and yellow danger zones are respectively

Engineered Science Publisher

14 m; 20 m; 32 m when the combination is made up of wind
speed (1.9 m/s); air temperature (14 °C); humidity level (70)
and discharge hole diameter (1.5 cm). The maximum distance
in the different zones (red, orange and yellow) are respectively
47 m, 68 m and 106 m when the combination is made up of
wind speed at (1.9 m/s), air temperature at (35 °C), humidity
level (70) and reject hole diameter at 5 cm. According to Figs.
5c and 5d, the danger zones increase as the diameter of the
discharge hole varies from 1.5 cm to 5 cm and as the
temperature varies from 35 °C to 14 °C, which could indicate
that hole diameter and air temperature are parameters to be
considered in safety measures for a jet fire scenario.

Finally, for a BLEVE scenario, the minimum distance for
the red, orange and yellow danger zones are respectively 340
m; 480 m; 748 m when the combination is made up of wind
speed (1.9 m/s); air temperature (35 °C); humidity level (70%)
and tank filling level (50%). the maximum distance in the
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different zones (red, orange and yellow) are respectively 445
m, 629 m and 981 m when the combination is made up of wind
speed (1.9 m/s), air temperature (14 °C), humidity level (70)
and tank filling level (95%). From Fig. Se, we can see that the
danger zones increase with the tank filling rate from 50 to 95%,
and when the temperature varies from 35 °C to 14 °C, as
shown in Fig. 5f, the impact zone drops. Filling rate and air
temperature are parameters that vary the impact zones for a
BLEVE scenario.

Looking at the distribution shape indicators for each
scenario. We can see that for a flash fire the skewness is
greater than zero, i.e., 0.451 and 0.391, and the kurtosis greater
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than zero, i.e., 0.297 and 0.246 respectively for the red and
yellow zones. For the Jet and BLEVE fire scenarios, Skewness
and kurtosis are below zero in all hazard zones associated with
each fire scenario. Following the Skerwness and Kurtosis
values for the flash fire scenario, the distribution is
asymmetrical, with a sharper shape spread to the right of the
mean. The Jet and BLEVE fire scenarios show a more
asymmetrical distribution, with a flatter shape spread to the
left of the mean. According to Demir et al.?? the acceptable
interval for asymmetry and kurtosis coefficients is =1, which
is in line with our results.
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Fig. 5: Influence of certain parameters on hazard distance: flash fire diameter of discharge hole (a), wind speed (b); jet fire scenario
diameter of discharge hole (c), Air temperature (d); BLEVE Tank filling rate (¢) and air temperature (f).
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3.2 Choice of models for the different scenario

The different statistical models (linear, inter-factor action,
quadratic and cubic) are presented in Tables 4-6. The selection
criterion is based on the highest R? correlation, the model with
the lowest AIC and the lowest mean squared error.*"!

The model summaries for the flash fire scenario are
presented in Table 4, showing a preference for quadratic
models with a high R? correlation to other models. For an R?
predicted in the red and yellow zones we have 0.9683 and
0.9652 respectively. These correlations of the different zones
are in reasonable agreement with the adjusted R? of these
zones, i.e. 0.9894 (red) and 0.9883 (yellow), with a difference
of less than 0.2 for the red and yellow zones. The quadratic
model has the lowest AIC value, 254.41 and 307.10
respectively for the red and yellow zones, and the lowest mean
squared error.

Table 5 presents the models for the jet fire scenario. It can
be seen that the quadratic model has high R? compared with
the other models. For R? predicted in the red, orange and
yellow zones we have 0.9993, 0.9996 and 0.9999 respectively.

These correlations for the different zones are in reasonable
agreement with the adjusted R? for these zones, i.e., 0.9981
(red), 0.9989 (orange) and 0.9998 (yellow), with a difference
0f0.00123, 0.0068 and 0.0001 respectively for the red, orange
and yellow zones. The quadratic model has the lowest AIC
values of 44.78, 42.26 and 14.42 respectively for the red,
orange and yellow zones, and the lowest mean square error.

In the case of BLEVE, Table 6 shows that the quadratic
model has the highest R? compared with the other model. For
R? predicted in the red, orange and yellow zones, we have
0.9993, 0.9996 and 0.9999 respectively. These correlations of
the different zones are in reasonable agreement with the
adjusted R? of these zones, i.e., 0.9998 (red), 0.9999 (orange)
and 0.9999 (yellow), with a difference of 0.00123, 0.0068 and
0.0001 respectively for the red, orange and yellow zones. The
predicted R? is in reasonable agreement with the adjusted R?,
i.e., the difference is less than 0.2. The quadratic model has the
lowest AIC value, 73.86, 79.50 and 97.13 respectively for the
red, orange and yellow zones, and the lowest mean square
error.

Table 4: Summary of flash scenario models.

Scenario Models
IMPACT TOOLS LINEAR 2FI QUADRATIC CUBIC
Adjusted R? 0.941 0.949 0.989 0.999
Predicted R? 0.921 0.891 0.968 0.993
% - AlIC 269.02 280.78  254.41 273.88
g 2 Root-MSE (SD) 17.54 1439 593 0.52
:go Adjusted R? 0.943 0.950 0.988 0.999
5 Predicted R? 0.924 0.894 0.965 0.990
E E AIC 317.85 329.80  307.10 338.02
é E Root-MSE (SD) 39.64 32.61 14,28 1,51
Suggested Aliased
Table 5: Summary of Jet fire models.
Scenario Models
IMPACT TOOLS LINEAR 2FI QUADRATIC CUBIC
Adjusted R? 0.997 0.999 0.999
Predicted R? 0.997 0.996 0.998 0.995
AIC 45.63 59.88 44.78 138.5
o E Root-MSE (SD) 0.434 0.368 0.180 0.054
:‘% Adjusted R? 0.999 0.999 0.999 0.999
@ Predicted R? 0.998 0.998 0.998 0.998
Té g:)ﬁ AIC 49.79 43.07 42.26 138.5
g & Root-MSE (SD) 0.416 0.274 0.196 0.054
E Adjusted R? 0.999 0.999 0.999
?‘é Predicted R? 0.9991 0.9995 0.9998
& :% AIC 59.68 52.39 14.43 180.14
E >°ﬂ Root-MSE (SD) 0.549 0.325 0.109 0.109
Suggested Aliased
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Table 6: Summary of BLEVE models.

Scenario Models
IMPACT TOOLS LINEAR 2FI QUADRATIC CUBIC
Adjusted R? 0.992 0.991 0.999 0.999
Predicted R? 0.990 0.983 0.999 0.995
AIC 140.2 159.6 73.86 196.9
E Root-MSE (SD) 2.10 1.93 0.293 0.144
% Adjusted R? 0.991 0.990 0.999 1.0000
g Predicted R? 0.989 0.981 0.999 0.999
E ?::’n AIC 164.80 184.59 79.50 171.51
E g Root-MSE (SD) 3.15 2.93 0.322 0.094
g Adjusted R? 0.992 0.991 0.999 1.0000
g‘ Predicted R? 0.989 0.981 0.999 0.999
E E AIC 190.49 209.4 97.13 138.5
E E’ Root-MSE (SD) 4.84 4.44 0.433 0.054
Suggested Aliased
Table 7: Adequacy statistics.
Scenarios Hazard zones St Dev Mean CV. % Adeq precision
Red 8.14 186.17 437 55.666
flash Jaune 19.58 452.27 433 52.529
Red 0.24 30.47 0.811 186.87
jet Orange 0.268 43.77 0.61 249.96
Jaune 0.149 68.53 0.217 702.02
Red 0.401 393.13 0.102 374.64
BLEVE Orange 0.441 555.3 0.079 482.67
Jaune 0.5919 864.87 0.006 562.55

For all hazard zones related to the different scenarios, the
cubic polynomial was found to be alaisé, and could not be used
to fit the final model. All the quadratic models have
correlations that are close to 100%, so the estimated regression
equation corresponds better to the real data.l*!l The difference
between R? fit and prediction for all the quadratic models are
less than 0.02, which could satisfy the requirements of
assessing the hazard zones of the different scenarios. The
quadratic model has the lowest AIC and the lowest mean
square error.”! The adequacy of the quadratic models of the
zones belonging to the different scenarios is analysed in Table
7. It can be seen that the Adeq accuracy is well above 4, which
indicates that the models are adequate and that they are
navigable.?” Thanks to these models, it is possible to assess
the danger zone generated by the different scenarios.
Generally, a standard deviation greater than the mean value
produces the variation coefficients greater than 1. In this study,
Table 7 shows a very low CV, which indicates very low
variability of the parameters around the mean and also gives
the best measure of effectiveness.*344)

3.3 Model analysis
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3.3.1 ANOVA hazard zone model flash fire scenario

The ANOVA applied to the quadratic model for evaluating the
danger zone of a flash fire scenario is presented in Table 8. It
can be seen that the F-values of the red and yellow zone
models are 193.49 and 176.32 respectively. There is only a
0.01% chance that such a high F-value is due to error. P values
of less than 0.0500 indicate that the model terms are
significant. In this case, wind speed (A), air temperature (B),
discharge hole diameter (E), discharge hole position (F), A*E;
E*F; A% F? and A; B; E; F; A*E; B*E; E*F; A2, F? are
significant model terms for the red and yellow hazard zones
respectively. It can also be seen that the main parameters such
as wind speed (A), air temperature (B), discharge hole
diameter (E) and hole position (F) are significant for both the
red and yellow hazard zones. The interaction between the
diameter of the discharge hole and parameters such as wind
speed and the position of the discharge hole are significant for
the red and yellow zones. It can equally be seen that the
diameter of the discharge hole, the interaction between wind
speed and the diameter of the discharge hole have a high F
value compared with the others.
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3.3.2 ANOVA hazard zone model jet fire scenario

Table 9 presents the analysis of variance of the quadratic
model for evaluating the hazard distances for a jet fire. Firstly,
for the three hazard zones, we observe a high F value of
3320.12, 5995.66 and 48095.79 respectively. There is only a
0.01% chance that such a high F value is due to error. P values
of less than 0.0500 indicate that the model terms are
significant. The main parameters such as wind speed (A), air
temperature (B), moisture content (C) and discharge hole
diameter (E) are significant for all three hazard zones (red,
orange and yellow). The interaction between hole diameter
and air temperature is significant for all three hazard zones. It
can be seen that the diameter of the discharge hole has a high
F value compared with the other parameters monitored for air

temperature, as does the interaction between the diameter of
the discharge hole and the ambient temperature.

3.3.3 ANOVA BLEVE scenario hazard zone model

Table 10 presents the results of the ANOVA for the hazard
zone assessment models related to a BLEVE scenario. Firstly,
for the red, orange and yellow hazard zones, we observe a high
F value of 8890.51, 14756.83 and 19890.25 respectively.
There is only a 0.01% chance that such a high F-value is due
to error. P values of less than 0.0500 indicate that the model
terms are significant. The main parameters such as air
temperature (B), humidity (C) and tank filling rate (D) are
significant for all three hazard zones (red, orange and yellow).
The interaction between the tank filling rate and parameters

Table 8: Univariate ANOVA for flash fire hazard zone mode.

source Sum of Squares  df Mean Square  F-value p-value
Red Zone
Model 1.793E+05 14 12807.95 193.49 <0.0001 significant
Wind Speed(A) 19120.08 1 19120.08 288.85 <0.0001
Air temperature (B) 2352.00 1 2352.00 35.53 <0.0001
Diameter of discharge hole (E) 1.479E+05 1 1.479E+05 2233.60 <0.0001
High hole on the tank(F) 1900.08 1 1900.08 28.70 <0.0001
A*E 2162.25 1 2162.25 32.67 <0.0001
E*F 552.25 1 552.25 8.34 0.0113
A? 3293.76 1 3293.76 49.76 <0.0001
F? 1043.05 1 1043.05 15.76 0.0012
Yellow Zone
Model 9.463E+05 14 67594.54 176.32 <0.0001
Wind Speed (A) 68856.75 1 68856.75 179.62 <0.0001
Air temperature (B) 17864.08 1 17864.08 46.60 <0.0001
Diameter of discharge hole (E) 8.086E+05 1 8.086E+05 2109.27 <0.0001
High hole on the tank(F) 10502.08 1 10502.08 27.40 0.0001
A*E 10404.00 1 10404.00 27.14 0.0001 significant
B*E 2116.00 1 2116.00 5.52 0.0329
E*F 2550.25 1 2550.25 6.65 0.0209
A2 16157.44 1 16157.44 42.15 <0.0001
F? 5553.44 1 5553.44 14.49 0.0017
Table 9: ANOVA hazard distance model jet fire scenario.
Source Sum of df Mean Square F-value p-value
Squares

Red Zone

Model 2840.55 14 20290 3320.12 <0.0001 significant

Wind Speed (A) 2.08 1 2.08 34.09 <0.0001

Air temperature (B) 12.00 1 12.00 196.36 <0.0001

Moisture content (C) 0.7500 1 0.7500 12.27 0.0032

Discharge hole diameter (E) 2821.33 1 2821.33 46167.27 <0.0001

B*E 1.0000 1 1.0000 16.36 0.0011

A? 0.2976 1 0.2976 4.87 0.0433
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Sum of
Source df Mean Square F-value p-value

Squares
B2 0.7619 1 0.7619 12.47 0.0030
c? 0.2976 1 0.2976 4.87 0.0433
E? 2.33 1 2.33 38.18 <0.0001
orange Zone
Model 6062.28 14 433.02 5995.66 <0.0001 significant
Wind Speed (A) 3.00 1 3.00 41.54 <0.0001
Air temperature (B) 21.33 1 21.33 295.38 <0.0001
Moisture content (C) 4.08 1 4.08 56.54 <0.0001
Discharge hole diameter (E) 6030.08 1 6030.08 83493.46 <0.0001
B*E 1.0000 1 1.0000 13.85 0.0020
C*E 1.0000 1 1.0000 13.85 0.0020
E? 0.7619 1 0.7619 10.55 0.0054
Yellow Zone
Model 14963.13 14 1068.80 48095.79 <0.0001 significant
Wind Speed (A) 0.7500 1 0.7500 33.75 <0.0001
Air temperature (B) 36.75 1 36.75 1653.75 <0.0001
Moisture content (C) 6.75 1 6.75 303.75 <0.0001
Discharge hole diameter (E) 14910.75 1 14910.75 6.710E+05 <0.0001
A*B 0.2500 1 0.2500 11.25 0.0043
A*C 0.2500 1 0.2500 11.25 0.0043
A*E 0.2500 1 0.2500 11.25 0.0043
B*C 0.2500 1 0.2500 11.25 0.0043
B*E 2.25 1 2.25 101.25 <0.0001
C*E 2.25 1 2.25 101.25 <0.0001
A? 0.5833 1 0.5833 26.25 0.0001
B2 0.5833 1 0.5833 26.25 0.0001
c? 0.0119 1 0.0119 0.5357 0.4755
E? 2.01 1 2.01 90.54 <0.0001

Table 10: ANOVA hazard distance model BLEVE scenario.

Source Sum of Squares  df Mean Square  F-value p-value

Red Zone

Model 20053.05 14 1432.36 8890.51 <0.0001 significant
Air temperature (B) 3168.75 1 3168.75 19668.10 <0.0001

Moisture content (C) 408.33 1 408.33 2534.48 <0.0001

Tank filling level (D) 16354.08 1 16354.08 1.015E+05 <0.0001

B*D 16.00 1 16.00 99.31 <0.0001

C*D 2.25 1 2.25 13.97 0.0020

A? 0.7619 1 0.7619 4.73 0.0461

c? 4.76 1 4.76 29.56 <0.0001

D? 86.01 1 86.01 533.87 <0.0001

orange Zone

Model 40171.38 14 2869.38 14756.83 <0.0001 significant
Air temperature (B) 6348.00 1 6348.00 32646.86 <0.0001

Moisture content (C) 784.08 1 784.08 4032.43 <0.0001

Tank filling level (D) 32760.75 1 32760.75 1.685E+05 <0.0001

B*D 36.00 1 36.00 185.14 <0.0001

C*D 2.25 1 2.25 11.57 0.0039

c? 10.71 1 10.71 55.10 <0.0001
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Source Sum of Squares  df Mean Square  F-value p-value

D2 207.43 1 207.43 1066.78 <0.0001

Yellow Zone

Model 97462.22 14 6961.59 19890.25 <0.0001 significant

Air temperature (B) 16206.75 1 16206.75 46305.00 <0.0001

Moisture content (C) 2028.00 1 2028.00 5794.29 <0.0001

Tank filling level (D) 78570.08 1 78570.08 2.245E+05 <0.0001

B*D 100.00 1 100.00 285.71 <0.0001

C*D 6.25 1 6.25 17.86 0.0007

B? 4.30 1 4.30 12.28 0.0032

C? 25.19 1 25.19 71.97 <0.0001

D2 462.01 1 462.01 1320.03 <0.0001
such as air temperature and humidity is significant for all three 7, jee = 31+ 0.41A + B - 0.25C + 15.33E + 0.5BE -
all three impact zones. We can see that the tank filling rate has  ( »0A2- 0.33B2- 0.208C2- 0.58E2 7)
a high effect compared with the other parameters, followed by
air temperature. ZoRrG jet = 44+0.5A + 1.33B - 0.58C + 22.41E + 0.5BE -

0.5CE- 0.33E? (®)

Egs. (5-12) present the quadratic hazard zone distance
regression equations for the different scenarios studied. It is
made up of the different significant parameters that allow a
better prediction of the hazard zone distances. The quadratic
model is shown to be suitable for the different hazard zones
studied, depending on the fire scenarios. The equations
contain the main parameters, the interactions between the
parameters and the squared effect of the parameter. The plus
(+) and minus (-) symbolizes the positive or negative effect of
the parameters in the equation on the response (hazard zone)
and each parameter has a coefficient that expresses the
contribution of each parameter in the regression equation.

Egs. (5) and (6) are used to evaluate the hazard distance for
a flash fire scenario. The hole diameter (E) is the main
parameter and the combination of wind speed and hole
diameter (AE) makes a significant contribution to calculating
the hazard distance for a flash fire.

ZReD flash = 181-39.91A + 14B + 111E -12.58F - 23.25AE -
11.75EF +21.9A%- 12.33F? (5)

ZygL flash = 442 - 75.75A + 38.58B+ 259.58E - 29.58F -
51AE + 23BE - 25.25EF + 48.54A2— 28.45F2 (6)

where Zrep flash, ZvEL flash are the hazard distances for a flash
scenario respectively for the zones in meters; A is the wind
speed in m/s; B is the ambient temperature in °C; E is the
diameter of the discharge hole in cm. F is the height of the
discharge hole on the tank in m.

Egs. (7) to (9) evaluate the hazard distance for a jet fire
scenario in three zones, the main parameter diameter of the
discharge hole (E) and the combinations of ambient
temperature, hole diameter (B*E) and humidity rate, hole
diameter (C*E) have a high contribution in the evaluation of
the distances belonging to the hazard zones (red, orange and
yellow).
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Zygr jer =69 +0.25A + 1.75B - 0.75C + 32.25E - 0.25AB -
0.25AC + 0.25AE + 0.25BC + 0.75BE - 0.75CE - 0.29A% -
0.29B%- 0.541E> )

where Zrep jet; ZorG jet; ZYEL jet are the hazard distances in
meters associated with a jet fire scenario manifested in three
zones (red, orange and yellow); humidity content (C) in %.
The variables incorporated in these equations are similar to
those in Egs. (7) to (9).

Regression Egs. (10) to (12) characterize the assessment of
hazard distances for a bleaching scenario. The main parameter
(D) tank filling rate and the combination of ambient
temperature and tank filling rate have high contributions in the
different equations.

ZreD pleve = 394 - 16.25B - 5.8C +36.91D - 2BD - 0.75CD +
0.33A2+ 0.833C2- 3.54D? (10)

Zore bleve = 557 - 23B - 808C + 52.25D - 3BD - 0.75CD +
1.25C2 - 5.5D? (11)

ZyEL bleve = 867-36.75B-36.75C+80.91D - 5BD - 1.25CD
+0.79B%+1.91C? - 8.2D? (12)

where Zrep BLEVE; ZorG BLEVE; ZveL BLEVE are the hazard
distances in meters related to a BLEVE scenario manifested in
three zones (red, orange and yellow); the filling rate (D) in %.
The variables incorporated in these equations are similar to
those in Egs. (10) to (12).

3.3.4 Model validation

The limitations and applicability of the proposed models are
analyzed in Table 11. Only the reduced Chi-Sqr values
belonging to the quadratic models for the flash fire, Jet fire and
BLEVE scenarios show small values compared to the others.
As the reduced Chi-Sqr approaches 0, the error of the
simulated value becomes smaller.*”) This means that the
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model has good predictions. Looking at the confidence
interval for each model. By observing the confidence interval
of each model. The confidence interval is narrower for
quadratic models, indicating greater accuracy of estimation.*”
Although the proposed quadratic models are powerful tools
for analyzing and predicting the impact distances of fire
scenarios, it is essential to understand their limitations and to
use them with caution. These models must be used within the
limits well established by the variables studied. Generally
speaking, it can be said that the models currently used to assess
the risks and consequences of accidents have been developed
to suit tasks characterized by much simpler boundary
conditions and dispersion characteristics than those applicable
to real urban areas. However, these models can be applied to
obtain approximate results; the resulting hazard zone distances
are then conservative, with many uncertainties in the presence
of obstacles (tall buildings).

3.3.5 Analysis of parameter interaction, surface response

In this study the combination of the most significant
parameters of the quadratic models are analyzed through the
response surface. Figures 6 show the different interactions for
each scenario in 3D. Figs. 6a and 6b show the interaction of
parameters for a flash fire scenario. Fig. 6a presents the
interaction between wind speed and the diameter of the release
hole. The impact distance decreases when both the wind speed
and the diameter of the fluid release hole increase. The effect
of wind speed contributes to reducing the impact. In this
condition, wind speed accelerates evaporation.*! In fact, the
gas concentration under the wind direction is diluted as the
wind speed plays a diffusion role.?*#) Under its effect, the
chemical vapor disperses in the wind direction, and the gas
concentration dilutes, reducing the ignition zone.* However,
when the diameter of the release hole increases and the wind
speed decreases, the diameter of the fluid release hole impacts
the ignition zone. Indeed, this increase in the diameter of the
release hole in a semi-continuous release condition influences
the flow rate of fluid exiting the tank, which increases the

amount of evaporated fluid, thus enlarging the ignition
zone.?>?1 Fig. 6b shows the interaction between the position
of the release hole and the diameter of the release hole on the
impact zone. When the position of the hydrocarbon release
hole is almost at the bottom of the tank and the hole's diameter
is 5 cm, the impact zone increases slightly. However, this
increase is reduced if the position of the release hole is closer
to the top of the tank. The farther the hole is from the bottom
of the tank, the less fluid is released, while a hole positioned
toward the bottom promotes the complete flow of fluid from
the tank. These findings converge with the results of Xie et
al.,"which state that if the leak hole is located in the middle
of the tank instead of at the bottom, the liquid leak will turn
into a gas leak. Since the liquid level is below the leak orifice,
the hazard zone can be influenced.

Figs. 6¢ and 6d show the evaluation of hazard zones for a
jet fire scenario. The interaction between the release hole
diameter and the air temperature is presented in Fig. 6c. A
reduction in the hazard distance is observed when the release
hole diameter decreases, regardless of the ambient
temperature. Air temperature helps limit the leakage rate of the
overheated liquid and reach a maximum , which also limits the
combustion rate of the mass. Consequently, the maximum
thermal radiation decreases with the reduction in the leak
diameter, which aligns with the findings of Wang et al.l'? Fig.
6d shows the interaction between the release hole diameter and
the humidity level. It is observed that the thermal zone
distance slightly decreases as the humidity level and fill rate
increase. Indeed, according to,” the effect of humidity on
thermal risk increases when humidity decreases. Moreover,
the water vapor present in the air influences heat exchange
conditions which could likely explain the reduction in the
thermal zone when humidity increases.!

The interactions of significant parameters in the radiation
zones for a BLEVE scenario are presented in Figs. 6e and 6f.
The interaction between ambient temperature and the fill rate
of the tank is shown in Fig. 6e. This combination generates a
larger radiation zone compared to other interactions. When the

Table 11: Analysis of model error and uncertainty.

Red zone Yellow zone Orange zone
scenario  Model osvprc  edueed Chi- oy e Reduced 95% IC Reduced  Chi-
qr Chi-Sqr Sqr
Flash Linear 75.21 307,95 169.7 1571.50
2fi 62.01 207,34 139.62 1063.65
Quadratic 25.45 35,26 61.16 204.12
Linear 1.83 0,188 1.77 0,173 2.33 0.302
JET 2fi 1.55 0,135 1.17 0,075 1.37 0.105
Quadratic 0.77 0,032 0.88 0,038 0.47 0.011
BLEVE Linear 8.94 4411 13.46 9,981 20.67 23.50
2fi 8.26 3,758 12.25 8,633 18.94 19.74
Quadratic 1.25 0,086 1.37 0,104 1.85 0.187
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Fig. 6: Surface response of hazard zone parameter interactions. Distance impact flash fire: (a) diameter of discharge and wind speeds,
(b) high hole on the tankW and diameter of discharge; distance impact Jet fire: (c) diameter of discharge and Air temperature, (d)
diameter of discharge and rate humidity; distance impact BLEVE fire: (e) Tank filling rate and air temperature, (f) Tank filling rate

and rate humidity.

temperature increases, the impact zone decreases because, as
the air temperature rises, the difference between the fire tank
temperature and the ambient temperature decreases, reducing
the heat transfer surface, which in turn leads to a decreased
heat-affected area.>? The fill rate of the tank has a much higher
impact compared to other parameters in a BLEVE scenario.
This increase in the tank fill rate leads to an increased mass
combustion rate; as the liquid disperses, it lengthens the flame,
thus posing a higher thermal risk.[31 When the tank fills rate
increases and the air temperature drops, the impact zone is
larger. Despite the low air temperature having a negative
effect on the impact zone, the combustion of the hydrocarbon
mass generates a fireball that produces greater thermal

Engineered Science Publisher

radiation, which is a function of the amount of hydrocarbon
contained in the tank. The combination of the tank fill rate and
humidity level is presented in Fig. 6f. When the tank is almost
full and the humidity level increases, a slight reduction in the
hazard distance is observed. The effect of air humidity on
thermal risk increases when humidity decreases.>! Moreover,
water vapor in the air influences heat exchange conditions, ")
which could likely explain this slight reduction in the thermal
zone when humidity increases.

4. Conclusion
Assessing the danger zone produced by fire scenarios is a

priority for the safety of people and property. The aim of this
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study was to develop simplified models for hazard zone
assessment. Using a Box-Behnken design of experiments,
several combinations of different parameters were established,
and their simulation in the ALOHA software enabled us to
assess the hazard distance of different fire scenarios, most of
which were divided into 3 zones (red, orange and yellow). The
static analysis was used to select and analyze the different
models, and the response surface revealed the interaction
between the most significant parameters of the different
models. The results obtained in this study reveal that the
quadratic model is more suitable for the hazard zones
belonging to the different fire scenarios studied; the diameter
of the hydrocarbon discharge holes is the most significant
parameter in the hazard zone assessment model for the flash
fire and Jet scenarios, and the tank filling rate for the BLEVE
scenario. The quadratic model is the most suitable for the
hazard zones associated with the different fire scenarios
studied. The diameter of the discharge hole and the filling rate
increase with the hazard distances. In this case, tank materials
and storage conditions must be known. Tank surfaces need to
be protected to attenuate any shocks that may cause holes in
the tank, and the filling capacity of the liquid in the tank needs
to be controlled. It may be advisable for industries to increase
tank inspections and constantly evaluate their emergency
response plans in the event of a fire scenario. Some
suggestions for future studies can be made according to results
obtained here. One can use in the simulation other hazard zone
simulation tools such as EFFECTS, TerEX and PHAST.
Moreover modelling studies can be performed by taking into
account additional parameters such as the shape of the fluid
discharge diameter, the fluid's calorific value, etc. This could
provide a model with more efficient results.
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