
Parallel Simulation of Atmospheri Gas DispersionS.S. Beauhemin, Q. Brandon, M. Kotb, H.O. Hamshari, and M.A. BauerDepartment of Computer SieneThe University of Western OntarioLondon ON N6A 5B7AbstratEvents suh as atmospheri gas dispersion by in-dustrial aidents or proesses are generally pre-dited with Gaussian plumes, oupled with loalmodels of gas emission. In this ontribution weinvestigate the assoiation of integral models ofinstantaneous emission with Gaussian dispersionproesses, for prediting the progression of poten-tially hazardous low-altitude emissions over sensi-tive or populated areas. In partiular, we developan approah whih aounts for dynami wind bymeans of gas plume fragmentation and parallel es-timation of gas dispersion.1 IntrodutionBeause of its simpliity, the Gaussian dispersionmodel is often used for prediting the progression ofatmospheri gas plumes [1, 4, 8℄. This model relieson a number of hypotheses to determine the pathand spread of plumes, the most fundamental stat-ing that the dispersion must be passive, whih isequivalent to onsidering the gas density as roughlythe same as that of the surrounding atmosphere.Before reahing the stage of passive dispersion,initial onditions of gas emissions are often ad-dressed di�erently, as various gases may have den-sities di�ering from ambient air (depending onmoleular weight, temperature, altitude of emis-sion, and so on). Failing to onsider suh parame-ters in the early stages ould result in onsiderablepredition errors, either in onentration levels orgeographial spread.The use of Gaussian dispersion models requirethat terrain be free of signi�ant obstales suh asskysrapers or mountain ranges, or that the alti-tude of the emission soure be suÆiently high toignore obstales. Other hypotheses inlude the ab-sene of atmospheri turbulene, and gas densities

whih minimize the e�et of gravity on the plume.Under suh onditions, the dispersion results areusually onsidered orret from approximately 100meters from the emitting soure and beyond [2℄.Hene, in our low-altitude emission framework,the sole use of a Gaussian dispersion model islearly inadequate. A loal emission model for thesoure is required, and we adopt the integral modelas an instantaneous emission soure, providing theinitial onditions for the Gaussian dispersion simu-lation. An additional hypothesis pertaining to theintegral model requires that gas dispersion be rel-atively signi�ant, generally in the order of a fewm3s�1. A gas loud following an integral modelevolves at very small spatio-temporal sales whenompared with the muh larger dispersion sales in-herent to a Gaussian model. However, the integralmodel is required, if only to provide the dispersionproess with adequately realisti initial parameters.The integral model employs a stak of ylinders,desribing volumes (or pu�s) ontaining gas parti-les. These pu�s are updated through an iterativeproess until they reah the density of surround-ing air. Ultimately, pu�s with suh densities areinjeted in the stak of the Gaussian model, forlarge-sale dispersion omputations to begin.To ombine the integral and Gaussian modelswhile preserving a relative exibility, we hoose anapproah in whih both models share ommon envi-ronmental parameters, operating over a disretizedgrid map desribing dynami atmospheri and ter-rain onditions. At eah iteration, the ombinedmodel updates the environmental onditions andthe harateristis of emission soures, and injetsgas pu�s in the integral or Gaussian model. Re-sults are expressed as onentration and dispersiongrids over the region of interest.



2 The Integral ModelOne a dense gas is emitted, it enters a gravityow stage where it ollapses under its own weightfor a period of time, until the ensuing entrainmentof air (and possibly heating by solar radiation) di-lutes the gas suÆiently to enter a passive disper-sion stage. At this point the loud forms a layerwhih is in ontat with the ground. Air ow thenbeomes the dominant fator involved in the dis-persion of the loud. The gravity ow stage foran instantaneous gas emission is generally modeledwith a vertial gas ylinder whose properties, suhas the atmospheri entrainment of air it reates,dimension, temperature, volume, and density maybe estimated over time with the integral model.
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Figure 1: Collapse of gas ylinder under various envi-ronmental and gravitational e�ets.The radius of the ylinder orresponding to theinstantaneous emission is expeted to grow, as thegas loud ollapses under gravity. As this proesstakes plae, the di�erene between the air and thegas densities diminishes to reah a point in timewhen the radius of the ylinder beomes stable [9℄(at � = �a)1: R0 = KrgH �� �a�a (1)The total mass of air entrained by the gas loud,whih signi�antly ontributes to its dilution,1A omplete desription of the variables and their unitsis given in Appendix A.

evolves in time at a rate given by:M 0a = ��a�R02�1HR+R2�2 UtR1� (2)The entrainment of air is a funtion of the areasof the edge and top of the ylinder, as well as thespeed of turbulent air.The temperature of the loud is inuened byvarious fators, the most signi�ant being the tem-perature of the ground (Q1) with whih the gas isin ontat with, and the temperature of the sur-rounding air (Q2):T 0 = Q1 +Q02MaCa +MgCg (3)It is assumed that turbulent onvetion is themeans by whih heat is supplied to the gas fromthe ground: Q1 = �3 (T � Ts) 43 (4)The heat transfer between the air and the loud isexpressed as: Q02 =M 0aCa (Ta � T ) (5)From previous equations, we an derive the vol-ume, height, mean onentration and density of theloud: V = Ma +Mg� (6)H = � VR2 (7)C = MgV (8)� = T (Ma +Mg)T�1a �Ma�a + Mg�g ��1 (9)The integral model is adequately suited fordense gas dispersions until the di�erene in gas andair densities beomes negligible. At this point, themodel provides the initial parameters to a passivedispersion alulation, suh as that arried out bya Gaussian model.3 The Gaussian ModelThe simplest form of atmospheri dispersion is pas-sive. Nonetheless, determining the standard de-viations for the Gaussian model in realisti ases



wind solar radiation (W m�2)m s�1 � 925 925-675 675-175 � 175< 2 a a b d2� 3 a b  d3� 5 b b  d5� 6   d d> 6  d d dTable 1: Daytime atmospheri stability lass as a fun-tion of wind and solar radiation.wind loud over (in %)m s�1 � 50 < 50< 2 f f2� 3 e f3� 5 d e> 5 d dTable 2: Nighttime atmospheri stability lass as afuntion of wind and loud over.remains a omplex and experimental problem. A-ording to Pasquill's experiments [5, 6℄, the initialstandard deviations �y and �z (the rosswind andthe vertial dispersion oeÆients2, respetively)for the Gaussian model an be omputed as:�y or �z = axb +  (10)where x, the distane from the soure, is expressedin km. Values for parameters a, b, and  are ob-tained from Tables 3 and 4, aording to six at-mospheri stability lasses, from a (very unstable)to f (very stable). The values of these parametersdi�er whether �y or �z is omputed. Atmospheristability depends on fators suh as wind speed,inident solar radiation, loud over, and possiblyground roughness at low altitudes. Tables 1 and2 give the atmospheri stability lass as a funtionof wind and solar radiation for daytime and as afuntion of wind and loud over for nighttime.One �x, �y , and �z are omputed and the simu-lation is ongoing, onentrations may be estimatedat a given time step with the following Gaussian:C = M(2�) 32 detS� exp��12[S�1(x� x)℄TS�1(x � x)�(11)2Pasquill assumed �x = �y, whih is a reasonable hy-pothesis for rosswind dispersion.

x � 1kmlass � a b a �y 0.215 0.858 0.00�z 0.467 1.890 0.01b �y 0.155 0.889 0.00�z 0.103 1.110 0.00 �y 0.105 0.903 0.00�z 0.066 0.915 0.00d �y 0.068 0.908 0.00�z 0.032 0.822 0.00e �y 0.050 0.914 0.00�z 0.023 0.745 0.00f �y 0.034 0.908 0.00�z 0.014 0.727 0.00Table 3: Standard deviations aording to Pasquill'satmospheri stability lasses, for passive dispersionsunder 1 km [6℄.where S = 0� �x 0 00 �y 00 0 �z 1Ais the matrix of dispersion oeÆients. Conentra-tion is obtained at x = (x; y; z)T while the enterof the Gaussian is loated at x = (x; y; z)T . Asthe wind pushes the Gaussian loud, its enter isupdated with the prevailing wind veloity vetor u.In addition, the distane x from the soure to theenter of the Gaussian loud is reomputed as3:x = ��x � a � 1b (12)This desription of the Gaussian model aountsfor one instantaneous emission of gas only. Asoure emitting in a ontinuous fashion must bemodeled di�erently. The instantaneous integraland Gaussian models an be extended to inludeseries of instantaneous emissions over time, eahemission at time ti possessing its own mass of gasMi. Hene, in order to simulate a ontinuous emis-sion, the integral model is �tted with a gas ylin-der stak while the Gaussian model reeives a pu�stak. Eah new emission is plaed in the gas ylin-der stak, where the simulation begins. When aylinder has reahed relative stability, its param-eters are fed into the pu� stak of the Gaussian3The initial dispersion oeÆients for the Gaussian areprovided by the integral model after the gas ylinder hasollapsed. Hene, the position of the soure is said to bevirtual, as it does not reet the position of the gas ylinder.



x > 1kmlass � a b e �y 0.050 0.914 0.00�z 0.148 0.015 -1.126f �y 0.034 0.908 0.000�z 0.031 0.306 -0.017Table 4: Standard deviations aording to Pasquill'satmospheri stability lasses, for passive dispersionsover 1 km [6℄. Standard deviations for lasses athrough d are as per Table 3.model, where it is left to develop aording to pre-vailing environmental onditions. The resulting setof instantaneous emissions forms a plume governedby passive dispersion.These models are obvious simpli�ations of en-vironmental reality whih entails more omplexphenomena suh as ground reetion, absorption,roughness, and partile fallout [2℄.4 Pu� FragmentationThe Gaussian model, when used to predit ontin-uous emissions, possesses a relative adaptability aseah pu� evolves with respet to its loal environ-mental onditions, provided that these are avail-able on suh a loal sale. Over time, the saleof Gaussian pu�s inreases to a point where atmo-spheri onditions within their extent may vary sig-ni�antly. To aount for suh variation, an e�e-tive approah onsists of fragmenting large Gaus-sian pu�s into smaller ones, while preserving theproperties of the plume, suh as spread and on-entration. The original Gaussian pu� prior to thefragmentation is represented by an elliptial sphere.We use a hexagonal sphere paking sheme to re-ate a group of elliptial spheres, eah a Gaussianpu� with a distribution as lose to the originalsphere as possible. This fragmentation ensures aminimal number of elliptial spheres with relativepositional symmetries. Figure 2 shows suh a frag-mentation.This proess results in a entral pu� ontaining21.81% of the initial gaseous mass with the remain-ing 12 pu�s ontaining 6.52% eah. The dispersionoeÆients �x; �y , and �z from eah of the 13 pu�sare set to 23 of the initial loud oeÆients. Figures3, 4 and 5 show the positional symmetries of thesphere pak.

Figure 2: The fragmentation of a Gaussian pu� intosmaller pu�s. A ompat hexagonal paking of 13Gaussian pu�s replaes the original one. The entersand standard deviations of the resulting pu�s are hosento minimize the di�erene in gas onentration observedwithin the larger pu�.
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Figure 3: The positional symmetries of the top layerpu�s starting at the bottom enter of the initial loud.5 ParallelizationFrom a omputational standpoint, the ombinedintegral-Gaussian model with pu� fragmentation isdemanding, partiularly when the number of Gaus-sian pu�s beomes large. Fortunately, the modellends itself rather naturally to parallelization.A number of observations onerning the har-ateristis of the ombined model an be made:during a simulation, the integral model is in use forwhat amounts to be a small duration per emittedgas ylinder, owing to rapid ollapse and dilution.In omparison, the Gaussian model is omputation-ally ostlier, due to the number of Gaussian pu�sfed to its stak by the integral model, the durationof eah pu� (hours, perhaps days), and partiu-



Figure 6: a) (right): Classial plume progression from a ontinuous emission soure. b) (left): Plume progres-sion with Gaussian pu� fragmentation. Di�erent trajetories under idential wind vetor �elds are experiened.

Figure 7: (from left to right): A Sequene of images showing the Gaussian pu� fragmentation, ourringat pu� radii reahing 500 m. a) The initial pu� progression. b) The �rst fragmentation ourrene. ) Theprogression of the resulting pu�s. d) The seond fragmentation ourrene.larly the pu� fragmentation mehanism, whih ex-ponentially inreases the number of pu�s enteringthe simulation. In addition, one of the most de-manding proesses is the alulation of estimatedonentrations over grid maps.Consider a ontinuous gaseous emission lastinga total time T = N1t, with a Gaussian pu� emit-ted at every t. The total number of pu�s, withoutfragmentation is thus N1. If we assume that eahpu� is fragmented n times, then N , the number ofGaussian pu�s in the simulation is:N = N1 nXi=0 P i (13)

where P = 12. For instane, if 1000 initialpu�s are released, after 4 simultaneous fragmenta-tions, the number of pu�s in the simulation reahes22,621,000. In addition, numerous onentrationalulations must be arried out for eah pu�, andthe amount of these inreases as the extent of thepu�s beomes larger. A monoproessor arhite-ture is learly inadequate for long simulations suhas radiologial emissions and volani phenomena,whih may last for days.An adequate parallel arhiteture for the paral-lelization of the ombined integral-Gaussian modelis a shared-memory, multiproessor arhiteture al-lowing omputing units to share one instane of the
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Figure 4: The positional symmetries of the middlelayer pu�s starting at the bottom enter of the initialloud.
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Figure 5: The positional symmetries of the bottomlayer pu�s starting at the bottom enter of the initialloud.grid map of the region of interest, while ensuringan adequate distribution of the omputation of dis-persion and onentration. For instane, the pu�sould be evenly distributed among available pro-essors in a natural fashion eah time they are in-trodued in the simulation. In the ontext of thepreeding example, a multiproessor arhiteturewith 210 available omputing units would, at thepeak of the simulation, redue the omputing loadfrom 22M pu�s to 22,091 per proessor, whih isan aeptable omputational burden.6 ExperimentsSimulation experiments were onduted over an el-evation grid map of the Sarnia region in Canada.Elevation is olor-oded from yellow (low eleva-tion) to orange (high elevation). The Gaussianpu�s forming the gaseous plumes are displayed

with transpareny fators unrelated to onentra-tion, in order to show their position. The extent ofthe displayed pu�s is a fration of their dispersionoeÆients. These experiments are onduted withaverage atmospheri onditions, for 1.5 to 3 hoursof real dispersion time. Wind diretion is variablewith speed kuk2 averaging 1.5 m s�1. The gasemission Mg is set to 0:005 kg and ours at everyseond. The simulation time step Æt is set to 1 s.A list for the values of the remaining parametersan be found in Appendix B.The �rst experiment, shown in Figure 6 demon-strates, under a spatially variable wind vetor �eld,the di�erene in gaseous progression between thelassial integral-Gaussian plume model with andwithout pu� fragmentation. Figure 6a) shows thedispersion results when the extent of pu�s beomessuÆiently large to be subjeted to more than asingle, onstant wind vetor: the plume deviatestoward the dominant wind. However, as shownin Figure 6b), with a pu� fragmentation meha-nism, the trajetory of the plume is onsonant withthe variation observed in the wind vetor �eld, re-sulting in an improvement in auray, whih stillneeds to be quanti�ed [7℄.The seond experiment, shown in Figure 7, is asequene of images showing the pu� fragmentationmehanism. The blue region represents the emis-sion site, simulated with the integral model. In�gure 7a) the initial gaseous emission starts witha single Gaussian pu�. After a amount of timeinto the simulation, the largest dispersion oeÆ-ient (�x, �y , or �z) reahes 500 m, and triggersthe fragmentation proess. The resulting pu�s aredisplayed in Figure 7b). As time elapses, the pu�sexperiene progression and inreased extent (Fig-ure 7)). Ultimately, the fragmentation proess istriggered a seond time, as depited in Figure 7d).7 ConlusionAir dispersion modeling remains an elusively im-preise branh of environmental siene [7℄. Inher-ent diÆulties are numerous, among whih we �ndthe experimental evaluation of various ritial pa-rameters, suh as Pasquill's dispersion oeÆients[6℄, or the mathematial omplexities involved withmodeling turbulent phenomena.We proposed a ombined integral-Gaussian at-mospheri dispersion model inluding a mehanismfor the fragmentation of gas pu�s. The immediate



bene�ts of this model reside in the qualitative im-provement in onentration and spread preditions,at an inreased omputational ost, whih may bealleviated with an adequate parallel implementa-tion on shared-memory, massively parallel omput-ing equipment.Improvements to this model inlude the quan-ti�ation of the gain in dispersion modeling a-uray, the inlusion of light gases, and ade-quate model orretions for terrains with signi�-ant slopes and obstales, in the ase of dense gasemissions.Referenes[1℄ M. Benarie. Urban Air Pollution Modeling. MITPress, Cambridge, Mass., 1980.[2℄ European Proess Safety Center. Atmospheri Dis-persion. Institution of Chemial Engineers, 1999.[3℄ F.A. Gi�ord and S.R. Hanna. Urban air pollutionmodeling. In Conf. of Int. Union of Air. Poll. Prev.Asso., Washington, DC, 1970.[4℄ R. MaDonald. Theory and objetives of air dis-persion modeling. University of Waterloo, InternalReport, 2003.[5℄ F. Pasquill. The estimation of dispersion of wind-borne material. Meteorology Magazine, 90:33{49,1961.[6℄ F. Pasquill and F.B. Smith. Atmospheri Di�u-sion. Ellis Horwood Series in Environmental Si-ene. Chihester, West Sussex, 3rd edition, 1983.[7℄ J.S. Touma, W.M. Cox, H. Thistle, and J.G. Za-pert. Performane evaluation of dense gas dis-persion models. Journal of Applied Meteorology,34(3):603{615, 1994.[8℄ D.B. Turner. Workbook of Atmospheri DispersionEstimates: An Introdution to Air Dispersion Mod-eling. CRC Press, 2nd edition, 1994.[9℄ A.R. Van Ulden. Simple estimates for vertial dif-fusion from soures near the ground. AtmospheriEnvironment, 12:2125{2129, 1978.A NotationThis setion provides de�nitions and units for parame-ters used in the ombined integral-Gaussian model.

C : gas onentration (kg m3)Ca : spei� heat of air (kg J K�1)Cg : spei� heat of gas (kg J K�1)H : height of gas ylinder (m)K : Van Ulden's parameter (m)M : mass of pollutant (kg)Ma : air entrained by ylinder (kg)Mg : mass of gas in ylinder (kg)Q1 : heating by the ground (J)Q2 : heating by the air (J)R : radius of gas ylinder (m)R1 : Rihardson's numberT : gas temperature (K)Ta : air temperature (K)Ts : ground temperature (K)Ut : horiz. turbulent air speed (m s�1)V : ylinder volume (m3)g : gravity (m s�2)�1 : air entrainment by ylinder edge�2 : air entrainment by ylinder top�3 : gas thermal ondutivity (J K 34 )� : average ylinder density (kg m�3)�a : air density (kg m�3)u : (u; v)T wind veloity (m s�1)x : (x; y; z)T point of onentrationx : (x; y; z)T Gaussian enterB Experimental ValuesCa : 1000 J kg�1 K�1Cg : 2400 J kg�1 K�1K : 1Ma : 0:4 kgR1 : 1T : 300 KTa : 295 KTs : 293 KUt : 1 m s�1g : 9:81 Nkg�1�a : 1:184 kg m�3�g : 2:4 kg m�3


