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Abstract: The quick identification of contaminant plume s@gcan greatly enhance emergency response effba<ritical questions are:
Where is the leak? What is the release mass floo®? ldng is the release duration? Accurate estimadfothe source term is essential to
predict plume dispersion, manage the emergencyjpigrand mitigate consequences in the surroundies a

Based on limited information provided by a finitedenoisy set of transient concentration measuresrastained from real-time gas sensors,
the source identification is also complicated by pinesence of building obstacles.

While high-resolution CFD simulations are availalide predicting plume evolution in complex geomesti a Bayesian probabilistic
inferential method can provide the probability dgnfunction of the source parameters (locationssniow, release duration, turn on and
turn off time) given a set of concentration measweets on the sensor network. The approach condighsmeasurements and forward
model errors in the probability density functionngautation. This method is coupled with a fast Markthain Monte Carlo (MCMC)
stochastic sampling method to determine the sowrce parameters. The developed algorithm avoidsinmgaime in generating samples
from regions in parameter space which contributeg Vigtle to the probability density function. lheuld be noted that the probabilistic
methodology can be used in many fields and is imsed for time-varying release rates with complexficonditions. Once a series of
MCMC samples has been obtained, summary statistiged to each variable can be built.

The results of the event reconstruction indicagegfobability of a source being at a particulaatam with a release rate. When the source
parameters have been defined a fast complemenispgrdion model can be used to estimate the ingiabe toxic release and activate an
emergency response.

After first validations based on a limited rangepaframeters but with complex flow patterns, thighoe is now being validated on a
modeling platform through measurements campaighs. dctivation of the simulation platform is triggdrby the detection of above
threshold concentrations at the sensors. The sderoecalculated is then used in forward dispersimue to simulate the dispersion in
Lagrangian puff mode. The industrial site of Laégafice) has been chosen as a pilot and the keydeazasubstance considered in this
project is hydrogen sulphide £8).

INTRODUCTION

On industrial installations devoted to oil and gegraction, processing, refining or petrochemicaldoiction, accidental
releases of toxic compounds represent a signifigaritof the risks related to these activities. Whach an accident occurs,
the knowledge in real time of the concentratioridBeresulting from the release of the hazardoustamiee would be
extremely valuable information as support for emeany actions and impact evaluation on the industiie itself and its
vicinity.

For that purpose, a modelling platform is developedsimulate in real time the atmospheric dispersid hazardous
substances at the scale of the industrial siteagsaon its surroundings i.e. from few meters tka0in any direction. The
industrial site of Lacq (France) specialized in g@sduction has been chosen as a pilot for thigeptdecause of a
favourable infrastructure in terms of network ofllggen sulphide (58) sensors and meteorological stations availability
A preliminary survey of existing tools (BorysiewikkJ., M.A. Borisiewicz, 2006) showed that they aitber unable to take
into account the detailed structure of the siteu&S@n dispersion model) or do not provide a sldtatmurce term
determination algorithm. This suggested the neetkt@lop a new approach.

The general principle of this development is topeun real time the sensor network of the indastite with appropriate
algorithm for source term determination and 3D disn modelling.

Significant technical difficulties have to be salvid develop this tool successfully: the calculataf the dispersion must
take into account the real structure of the inatmh to correctly simulate concentration fields the industrial site, the
location and intensity estimation of the accidemédéase has to be performed automatically by udirgecordings at the
toxic sensors and computational time must not ekeefew minutes to enable real time use of date.cHaracteristics of the
sensors bring other issues to the project: lowdrngper threshold concentrations, response time...

The project is divided in three phases: a firstgghdevoted to the development of suitable algosthfnsecond phase
concerns its implementation on the industrial miiglplatform and a third phase is devoted to to salidation of the CFD
model with an atmospheric tracer ¢pwhich took place in the first part of year 20Tis paper addresses the issue of the
development of a source determination algorithiphiase 1 of this project.

GENERAL DESCRIPTION

The 3D CFD (Computational Fluid Dynamic) model FluieJANEPR (Mazzoldi A.et al, 2008) has been chosen, to
simulate the 3D wind field pattern on the industside, taking into account the details of the atistions (Hill R.,et al,
2007). This model solves the Navier-Stokes equatinoluding mass, momentum and enthalpy conservasimte law and
equations for advection-diffusion. A ¥-model is used for turbulence simulatioasd a micro meteorological model
simulates the atmospheric temperature profile basedlonin Obukov similarity theory. This model isad in Eulerian
mode to computeind field pattern whereas the Lagrangian modeselufor the species dispersion. This approach eaabl
simulation as close as possible to the turbulemeckeflow around the buildings which could not be éomith a standard
Gaussian approach which tends to overestimatedheeatrations and impact distances and is unabdartolate correctly
concentrations at close range.
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In order to identify the location and compute tH®racteristics of the source event, a probabiliagproach has been
selected. Bayesian inference approach is partigutarited for application where scarce and noisya dat likely to be
available as in an industrial context. The prolightihat a set of parameters values for a souece tbe responsible for a
concentration field observed in real time is eveddeby comparing the concentration actually obskmteeach sensor with
pre-calculated concentration fields for each pdesiburce.

When a sensor series detects high concentratioel letiich exceed a preset limit (threshold detegtidhe source
reconstruction starts by an optimized researcthefléak parameters (location, mass flow rate alehse duration) with a
Monte Carlo Markov chain (Chow F.K., B. Kosovic and.SChan, 2006). Based on MCMC sampling, a probaldiégsity
function is produced for each parameter and assitatinalysis of this function provides the likstieharacteristics of the real
source term.

The advantage of this probabilistic approach igdtsustness since it is based on a comparison bativee concentration
fields resulting from the most plausible accidengahission release locations from the industriaé sind real time
observations from the sensor network. Also, CFD wation enables a reliable simulation of wind flamd dispersion
around complex geometries, taking into accountuierice effects thus giving the proper relationdigépveen concentration
fields at short range and source term value (Neusna2006).

Release rate

@:ﬂe dispersion

Sensors network detection
Leak lacation

Figure 1: General principle
DESCRIPTION OF THE SOURCE RECONSTRUCTION ALGORITHM

Bayesian inference
A probabilistic theory like Bayesian inference ir thource event reconstruction enables to compatékitliest parameters
on the sensors data basis (Keats A., F.-S. LierEantke, 2006).The posterior probability is a céindial probability which
is the link between the hypothesis and the conatalr at sensors and the prior information.
The general formulation for conditional probabilisy
P(X|Y,Z) 1)
X : proposal
Y : conditional information
Z : context

By considering the m parameter vector which inciutlhe leak characteristics:

m = (loc, g5, ton, d)
Where loc is the leak location, q is the mass flawe, t, is the turn on time and d is the release durafidre source
reconstruction algorithm computes probability dgnginction which after an statistical analysisades the most probable
values.
If the Bayesian theory is applied to the source ewdmtermination, the posterior probability for the vector with the
concentration C at sensors and the prior data E

P(m|C,E) = —P(’”'ﬁz;(;'m'” @
P(C|E) is a normalization constant. The posterior prolgifiinction is proportional to the product of tipeior probability
andP(C|m,E):

P(m|C,E) < P(m|E)P(C|m,E) 3)
P(C|Im,E) is the probability to get the C concentration swgad at sensors for a selected m vector. Thibaitity
estimates the deviation between the C concentratitorded at sensors and thg&nodelled concentration provided by the
atmospheric dispersion model for the m set of patars. This deviation includes the measurementsnanteric models
errors. By hypothesis, the deviation between thesomea concentration at i detector and the real emnation follows a
normal law distribution. The same statement is nfadéhe theoretical concentration at | detectat #re real concentration.
The two noise components are supposed to getverihge andc andcmeg variances.
The probability that the measured concentratiofobeseen by the dispersion model for the m veaaorle computed by the
following relation:

(Ci_ Cmoc,i(m))2

0c*=0cmod?

P(Clm, E) o | -2 3; @)
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P(m|E) is the prior probability for the m set of parammstén this project, this probability is set asomstant that means
there is no more probable leak in one source thamother.

P(m|E) = constant 5)
Nevertheless, it is obvious that the m parametegsdafined in a range between 0 and the maximdistieavalue (for
instance the maximal flow rate based on the prockasacteristics in the hazard study). Then, gupposed that the leak
can’t occur in a building and the probability is a0 inside buildings.

P(m|C,E) is the posterior probability for the m vector hsm the measured concentrations at sensors arghtheeter
space E. The relation for the probability dengitydtion (PDF) is:

(Ci_ Cmoc,i(m))z

2 2
0c*=0cmod

P(m|C,E) « |—>3; (6)

Random sampling by Markov Chain

The combination of the Bayesian inference technipug a sampling method as the MCMC (Monte Carlo Mai®Rbgin)
enables a reliable leak parameters determination.

Indeed, the PDF is a huge space which must be sdm@l classical Monte Carlo sampling is not an appated
methodology for a multidimensional function. Ifshéampling is done with a Markov chain which inésidhe PDF value,
the method is highly efficient. There is no wastdiine in exploring non useful parts of the pararespace which have low
contribution in the PDF.

For a set of m parameter®¢, g, t,,,, d) the posterior probability is computed by the aildpon. It is accepted if it improves
the PDF value of the previous set. Each new path@fMarkov chain jmdepends on the previous part;mThe MCMC
generates a point series as a chain and the distribof these points follow thE(m|C, E) distribution. Based on the
MCMC results, a statistical analysis (histogram, megne, standard deviation...) can be done for eachrpeter.

Sensors characteristics

The characteristics of the flammable gas detedtofiared or catalytic) are normalized and requinee response T50<10s
and T90<30s (T50 and T90 are the times to get 50808% of the real concentration). In the casexittsensors, there is
no standard. There are two kinds gBHsensors: electrochemical or semiconductor.

In terms of security, a quick detection enablesiglgefficient action. In case of 8 release it is really important because
low concentrations can trigger toxic effects.

Whatever measurement equipment, sensors have@gsespme before recording the real concentraffon.a given sensor,
the response curve is different for each conceatrabut the duration between the beginning of teeordingand the
stabilized measurement is constant. Thus, the T20,and T90 time for the detector to record 20%86%Md 90% of the real
concentration are constants.

The response curve can vary according to the seaoalytic method, ambient conditions, age...).
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Figure 2: Response curve of$isensors b6 ((a): electrochemical sensor, (b): semicondwsrtasor $ource: DRAGER Safe)y

The above characteristics have to be included énstiurce reconstruction. By using a mean response df the sensor
network and the standard response curves provigéuebconstructor, the following normalized cunasltipeen used:

F(t) =1—exp (=) (7)
This response time curve has been included inlgwgithm by a convolution product of the modellezhcentration. In order
to model the real behaviour and a sort of inertithe on-site sensors, the following standard fdenias been coded:

Cunit—conv,i(t) = Cunit,i(t) X (1 — exXp (_ %)) (8)
With Cyn; is the modelled concentration at the i sensads, the response time andfcony, 1 iS the modelled convoluted
concentration.
All the synthetic tests carried out for the aldgumitvalidation include the response time of the gens
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Step function
ho convolution
n] eanvolution

Gaussian function
no convolution
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Figure 3: Convolution products examples

In addition to the inclusion in the algorithm o&thesponse time, the,8l sensors on the site have a 20 ppm upper threshold
All the higher concentrations are not recordechatdetector. That means only the first recordingetivill be used by the
source inversion algorithm.

CASE STUDIES OF THE SOURCE TERM DETERMINATION ALGORITHM

Before full implementation, preliminary tests wermnducted to validate the principle of the Bayesigorithm. Initially a
very simple configuration test with 5 potential sems and 3 sensors and no numerical representatithe installation was
conducted successfully. A second series of teste warried out using the detailed numerical repradion of the site of
Lacq on a part of the local domain. A domain of @@0600 m was chosen within the local domain wighHkS sensors and
5 potential sources. So far this configurationrisitearily determined with the objective to tesetimference algorithm in a
complex situation basically identical to the fullgtailed configuration.
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I

Figure 4: Numerical model of terrain for sourceomstruction testing

In the case of this test the condition for the eady accidental release was chosen to be 10 kgrgydB0s from source n°4
with a boundary condition of 3m/s 115°N. The detetthreshold is fixed at 5ppm with only two measiat the sensor for
this case. A sampling frequency of the signal ahesensor has been set to every 5s. The algoritisrawthorized to run for
40 000 propositions of set of parameters. The sp&tpgosterior” i.e. source parameters tested ajaotual concentration
fields is sampled through a Markov Monte Carlo CHMCMC) process and a probability density functiomlésived from
these results. The histograms shown describe thgimaadistribution of the MCMC samples.
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Figure 5: Marginal distributions and summary stafis
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CONCLUSIONS

Some of the key elements of the modelling platfaledicated to the real time simulation of accidergédase on industrial
site have been tested successfully in unsteady .nReesian inference theory has been used to fotenthi@ problem of
source determination in the complex geometriehi@efindustrial site by using a CFD code and a Ma®bain Monte Carlo
sampling approach. The same algorithm frameworkhgilnow expanded to the full local domain. Thée, first phase of a
measurement campaign which took place in March 201Qacq site will provide real data for furtherlidations. The

second phase is likely to be carried out in sun20d0.
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