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ABSTRACT

Accidental contamination events often threaten people’s health and life,
and it isnecessary to identify acontaminant sourcerapidly so that prompt
actions can betaken. Therefore, it’s crucial to develop investigation about
identification of sudden contaminant source and prediction of contami-
nants’ harmfulness, which could help to improve the ability of enclosed
environments to deal with sudden contaminant. Source location is the
key to source identification. In this paper, a discrete concentration sto-
chastic model was set up, moreover, an identification method based on
Sensitivity Analysis Algorithm (SAA) was developed to locate a source
position and estimate its emitting strength. The proposed method could
identify the source position by estimating its initial emission time and
approximate strength. Numerical simulations are conducted to identify
the position of a source with continuous emission.
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INTRODUCTION

Acddentd environmenta pollutionsoften occur with
therapid devel opment of society, and environmental
protection has becomeasecurity issue. Thisissueisa
key for some enclosed spaces, such as manned space-
craft andlargeaircraft. Onceacontamination event hap-
pens, location of the source should beidentified quickly
so that mitigeation procedures can be then taken to mini-
mizetheimpact on the environment. Some sudden air
pollutionincidentsinthe cabin haveincreasingly called
our attention along with the prolonging of navigation

time*3. Therefore, itisvery important toidentify asud-
den unknown contaminant source.

Researches on contami nant sourceidentificationin
enclosed spaceshavejust Sarted recently in other coun-
tries. Sofar, methodswidey usedincludetheoptimiza:
tion approach, theanal ytical approach, the probabilis-
tic approach and the direct approach using CFD re-
versing thegoverning equationsdirectly. Qingyan Chen
from Purdue University and Zhigiang Zhai from Tiandin
University havecarried out thorough researchtoiden-
tify acontaminant sourcein an aircraft cabin by using
probabilistic gpproach combining with direct CFD ap-


mailto:plpbuaa@163.com

BTAIJ, 8(12) 2013 Qu Honggquan and Chang Haijuan 1599

————, FyurL PAPER

proach®%, Their researches have provided somethought to identify the source characters. But these devel oped
methods can not predi ct the source strength dynamically. The aboveattempts have been promoting the devel op-
ment of sourceidentification.

Theprimary goa of thisresearch proposesamethod to identify the contaminant source. Therest of this
articleisorganized asfollows. Section 2 introduces a discretized concentration stochastic model. Section 3
introducesasengtivity analysisagorithm (SAA) for preliminary analysison the strength and | ocation of an un-
known source. Section 4 containsnumerical S mulation to demonstrate the method.

DISCRETIZED CONCENTRATION STOCHASTIC MODEL

First weset up athree-dimensiond discreti zed concentration transport model by di screti zing the convection-
diffusion transport model, then add the stochastic noi seterm to themodel to overcomemodeling error caused by
fluctuation of air flow or someother factors.

For anincompressible, with the equations of continuity, momentum, energy and mass, thedistribution of air
flow velocity u in enclosed space can be obtained by using SIMPLE algorithm. The transport equation for
contaminant concentration C can bewritten as:

Inthiswork, weare assuming that the contami nant undergoesno chemica or physicd transformationsduring
itstransport. Thetransport equation for contaminant concentration, C, can bewritten as.

%+V(UC):V[F-grad(C/p)]+S 1)

whereuisthebulk air velocity, I" isthediffusivity, p isthe densty of thefluid and Sisthefunction that describes
the strength and | ocation of contaminant sources.

Discretizing Eg. (1) using power format based on control volumeintegration’®”, thediscretefunctionfor any
arbitrary point can bewritten as

a,(i, 1, KIC T —ac (i, J,KICL  +a, (1, 1. KCT  +ay (i, 1 K)C L +

831, 1O+ (1 KIC! e +a 0, 1 KICH, = @000 1.KIC, +S @
Thissystem of equationsfor al thepointsisthen represented asasinglematrix equation intermsof the state

trandtionmatricesA, and A,.

ACH=AC+S ©)
Consideringthecal culationtime, weusethe dlassicAlternating Direction Implicit scheme (ADI)®. Then Eq.

(3) can bewritten as EqQ. (4)~(6).

. 1 . . .
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1 + + +
+E[aTCit,j:,lk+l —(ar + aB)Ci!,j%k + aBCit,j],.k—l + aTCi!,j,kﬂ —(a; + as)q,j,k + aBCit,j,kfl] + b|,j,k

Thus, the discretized concentrati on equations can be expressed asthefollowing equations:
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whereA,, A and A aretridiagona matrixes. Theequa-
tionsset isthen represented asasinglematrix equation
intermsof thestate transition matricesM and N.

MC®*=NC“+B (8)

where

Ct — (C:T , Ct**T , CtT )T (9)

A a, 0 0
2

M= -a —%+ag 0 10

1
0 -a’ 7%+a

00 %+A\/+Az+ag

N=[0 0 —% )
00 —%

B=(b"00)" 12)

Assumethe system uncertainty caused by thefac-
torssuch asrounding error asdiscretizing, fluctuation
of air velocity and eddy diffusivity, itisnecessary to
add astochastic disturbance o, to overcomethe sys-
tem uncertainty. Thus, the model turns into a new
discreti zed stochastic modd:

MC*=NC'+B+Uw, (13
where U, representsthe stochastic disturbancetransi-
tion matrix acts upon o,, and e, is an uncorrelated
Gaussian white sequencewithazeromeanand E|w, -
w,"] =Q, Qisadiagona matrix that represents the
model noise. A highly accurate model would havelow
valuesfor its Q; onthe other side, amodel that does
not represent thephysica processtoo accurately would
have highvauesfor itsQ.

Themodd involvesthreekindsof boundary condi-
tions, which areduct in, thewall and duct out.

IDENTIFICATIONMETHOD BASED
SENSITIVITYANALYSS

Theidentification of sudden sourcecharacteristics

BioTechnology —

containstwo parts, which arelocation and dynamicemit-
ting strengthidentification of source. Thelatter can’tbe
realized without accurateposition information of source.
Here we locate a sudden source by using a SAAMY,
Meanwhile, thisalgorithm cangiveaninitia guessfor
the strength of the unknown source.

We assumethat thereisan unknown source, which
releases CO, a aconstant valueinashort time.

Definethesensitivity coefficient™
-(z.z] z)) (14)
where
oC
Z " og, 712N (15)

S, representsthe assumed unknown sourceat point
i, thesensitivity coefficient Z isa1xN vector, which
represents how does the source at the i " grid point
affect theconcentration distribution. And Nisthenum-
ber of grid points.

Inorder to calculate Z, wemultiply Eq.(1) through-

o
out by R thenweget

7y —+V(uC)=

9 [ac
(16)

[F-grad(C/p)]+Su}

Since S, isindependent of the co-ordinate axes,
wecanrewrite EQ.(17) as

8 oC v[@]:vlr o d[ ac ﬂ oS,
atos, 09 P 08, )| 08,
Replacing Z for E from thedefinition for the

sengitivity coefficient, weget thedirect well-posed prob-
lemequation

(17)

%V (u2) =V pgradz ]+ (18)

wherel. representsthei ™ column of theidentity matrix.
Theboundary conditionsand theinitia conditions

will also bedivided throughout by % to obtainthe

initial and boundary conditionsfor sengtivity problem.

Sincetheequation structureisunchanged from the
original model equation, the samealgorithmsand nu-
merical techniquescan be used in computing thesens -
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tivity matrix. It worth attention that thispart of compu-
tations can be performed off-lineand before thereal
contaminant source gppear, which can savemuchtime
for theidentification of sourcecharacters.
Thesolutionto Eq. (18), Z(t), isafunction of time,
wherethetimerefersto thetime e apsed sincethe con-
taminant source occurres. Sinceonly direct information
about the concentration at sensor locationshaving been
known, wefocus how the sourceat different location
influencesthe concentration at sensor locations. There-

fore, Z(t) canbedividedintoausablepart Z , _ _anda
non-usablepartZ .
Z= [Zsensors’ Znon-smsors] (19)

Thediagnosis system can detect asudden source.
Thetimewhen the sudden sourceis detected can be

writtenast___ . Inorder toidentify the source charac-

tersmoreaccurately, we maketheidentification using

z2°=Z7 attimet=t,_.+z,, wherer isthe
lag time after the sudden sourceis detected; Z¢isan
Nxm matrix; N isthenumber of grid points, misthe
number of sensors. Inother words, Z; represents how
doesthe concentration changeat the " sensor location
aftert, .+, secondswhen the source changes one
unit strength at thei "' grid point.

However, when a sudden unknown source ap-
peared, the estimated § will not consistent with the
measurement valuez. e= (e, e, ..., € ) represents
the predicted error at timet, where e =z — . repre-
sentsthe predicted error by the i sensor.

c_9C _ & .
i = a_sm = A—Sm , SO source strength can be writ-

SeNsor's| 7, =t —tger ect

tenas AS,, =e, / Z; . Redefinethesource strength as

STR, = -

Rj - Z_”c
where STR is an Nxm matrix, STR; represents the
source strength estimated by thej " sensor in casethat
thesourceisassumed at i " grid point; N isthe number
of grid points, and misthe number of sensors.

Then thealgorithm being used for thisestimationis

givebdow:
(1) Notethepredicted error eby sensorsat t=t
(2) Input thesensitivity matrix Z%(z );

(20)

detect+ TW’
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(3) Calculatethesourcestrength matrix STRusing Eq.
(20);

(4) Scdeeachm-dimensionlinevector usngthemean
of thestrengthswithin thelinevector;

(5) Cdculatethestandard deviation of the calculated
strengthsfor each m-dimensionlinevector.

(6) Choosethelinewiththeminimum standard devia
tion, the point corresponding with thislineisthe
sourcelocation.

(7) Cdculatethe mean of thislinevector, whichisthe
source strength.

Theidentification algorithm based on sensitivity
matrix isdeveloped and wecan call it SAA. Actualy,
theremay beonly part of the sensor predict errorsex-
ceed thethreshold vaue at timet=t, _ +z . In other
words, the sudden unknown source only affect the con-
centrations at part of the sensor locations, while con-
centrationsat other part of thesensorslocationshaven’t
be affected. Inthiscase, theinactive sensors need to
beeiminated. Otherwise, it will affect theaccuracy of
the SAA result. Therefore, therow dimension of STR
matrix weused actualy ismor lessthan m.

SIMULATIONS

A spacewithoneinlet and oneoutletisused to test
the proposed method further. AsshowninFigure 1, it
i1s560 mm long and 360 mm wide. Thewidth of the
inlet and theoutlet is20mm. Theflow fidld with0.5m/s
airoutlet velocityisshowninFigure 1.
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Figurel:Air flowfield

A mesh consisting of 29x19 nodes is adopted in
the simulation, as shownin Figure 2. The sampling
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point or the sensor point is set to be near the outlet at
(7,17). A continuous sourceisat (16, 22). Itssource
srengthis 10 mg/(m*s) and its initial emission time t_
is50s. Thesampletimeis1s. Theinitial concentration
C,=0.05 mg/m°.
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Figure?2: Air flow space

Figure 3 showsthe ca culated concentration distri-
bution at timet =55s (5 seconds after the emission of
the source).

0 0.1 0.2 0.3 0.4 05 06

Figure3: Concentration distribution at t =55s

Assumewe usetwo sensorswith 1% and 5% mea-
surement errors, respectively. Their measurement ranges
aredl 1 mg/mérange. TABLE 1 givesthe source esti-
mationresults.

TABLE 1: Sourceestimation results

Sensor error te L ocation S
% s (i,)) mg/(m*s)

True 50 (22, 16) 10
2 1 55 (22,17) 9.50835
3 5 56 (22,13) 10.1222

From theidentification results, we can know that:

(1) Thesourceisestimated near at itstrue position,
(22, 16) by using thesetwo sensorswith different
measurement error.

(2) Duetothefirst sensor with lower measurement er-
ror, itssourceidentification result isbetter than the
second sensor with higher measurement error.

(3) Thesensor error isakey factor for location. The
smdleritis themoreaccuratethelocationresultis.
Therefore, agood | ocation result can be obtained
when themeasurement noiseof thesensor issmdller.

CONCLUSION

Based on a dimensional discretized stochastic
model, asourceidentification method based on SAA
was devel oped by using the sengitivity matrix. Inthis
method, the SAA canlocate asource position and es-
timateitsemitting strength preliminary. Simulation re-
sultsshow that, this presented method can identify an
unknown source gppearing inthe enclosed spaceswhen
ahigh accurate sensor isused. The position and emit-
ting strength can be obtained together aswell asthe
concentration distribution prediction. Theseresearches
may makeit convenient for occupantstodea withair
pollution accidentscorrectly and quickly.
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