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Abstract

A method is proposed which enables one to perform par-
allel simulations of particle transport in a completely de-
coupled (embarrassingly parallel) manner. In the first
step the method uses the conventional domain decompo-
sition to split the whole simulation domain into smaller
sub-domains, and to assign the simulation of each sub-
domain to a single processing node. However, the simula-
tions proceed completely decoupled and generate the sets
of domain transfer probabilities, which can be used to an-
alyze different aerosol dispersion scenarios. The method
is appropriate for building express risk analysis systems.
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1 Background

One of the major obstacles in the deployment of CFD
solvers on distributed computing systems, such as work-
station clusters or grid computing environments, is the
tightly coupled nature of the CFD discretization schemes,
based on continuum approximations. This is especially
evident for multi-phase fluid - particle systems, including
particle laden flows, aerosol transport, etc. These systems
present even more formidable parallelization problems
than pure fluid dynamics systems. In particular, when
discrete solvers are used for the particulate phase, such
as Lagrangian particle dynamics (LPD) solvers, one may
encounter serious load balancing issues, related to non-

uniform particle distributions inside the domain. Also,
particle transport across the sub-domain boundaries may
contribute significantly to the communication overhead.

However, in some cases this situation can be avoided,
and a loosely coupled system can be constructed, thus
enabling an efficient multi-processor implementation. In
this study we propose a method, which enables a com-
pletely decoupled domain decomposition strategy based
on the idea ofdomain transfer probabilities(DTP) and
probabilistic implicit tracking (PIT) algorithm. The
method is illustrated on the case of aerosol dispersion
modeling in an urban environment. The method is effec-
tive when a large number of various aerosol release sce-
narios needs to be analyzed in a timely manner, and can
form a basis for an express risk analysis system of aerosol
dispersion and tracking. A prototype of such system was
developed and demonstrated.

2 Method

The main idea of the method is to replace one complex
tightly coupled multi-physics simulator of particle trans-
port in a large domain with a sequence of two simpler
simulators: (1) a completely decoupled (embarrassingly
parallel) multi-physics simulator run for each sub-domain
separately and independently on other sub-domains and
(2) stochastic (Monte-Carlo type) simulator applied to all
sub-domains using the input from the previous decoupled
simulations.

Essentially the approach is based on earlier ideas of re-
placing complex physical modeling with a query to the



database of scenarios created in prior CFD simulations
[1]. However, these ideas proved to be difficult to im-
plement, because of the enormous number of scenarios,
which needs to be stored in order to cover a representa-
tive range of all possibilities. The improvement offered
by the current method consists in replacing the database
of scenarios with the database of domain transfer proba-
bilities (DTPs), and replacing the query procedure with a
simplified stochastic simulator. This method essentially
reduces the size of the data that needs to be stored, since
the set of DTPs incorporates many scenarios. Given this
data set, one can emulate the results of a current scenario
using stochastic simulations.

An important step in constructing the DTP set is to rep-
resent the whole simulation space as a collection of well
identified objects. In the case of an urban environment
this representation comes naturally, with objects repre-
senting buildings, bridges, etc. In this case a DTP is the
probability for a particle to be transfered from a pointA at
the boundary of a domain to an object inside the domain,
or to a pointB at some other boundary of the neighboring
domain.

Once the DTP sets are constructed for each sub-
domain, particle depositions on objects arising from an
initial source (S) can be reproduced by stochastically gen-
erating particles and letting them transition, following the
assigned DTPs. Figure 1 illustrates this concept, which
we callprobabilistic implicit tracking(PIT).

Thus, in the first stage of physical modeling the DTP
data is assembled into two sets: the external transi-
tion probabilities, which represent boundary-to-boundary
transition events, and internal transition probabilities for
the events of particle fallout on the objects inside each do-
main. It should be noted, that representing each domain
by objects is essential in reducing the overall size of the
DTP data. This is because this representation uses point-
to-object rather than point-to-point transfer probabilities,
and the number of objects in the domain is smaller than
the number of all possible discrete locations.

In this study we used an open source CFD solver Open-
FOAM (openfoam.org) to compute the fluid phase and a
simplified aerosol transport model based on the equation
of particle motion, expressed in terms of particle velocity,
v(x, t), in a given mean flow field,u(x, t):

Figure 1: Implicit particle tracking using DTPs: S - ini-
tial particle source, 1 - boundary particle sources, 2 -
boundary-to-boundary transfer probabilities, 3 - object
sinks, 4 - boundary-to-object transfer probabilities,

dv
dt

= CD(u− v) + CT u′ − g (1)

whereCD is the drag coefficient,CT the turbulent dif-
fusivity, u′ is the instantaneous turbulent fluctuation vec-
tor, andg is the gravity acceleration vector [2]. The po-
sition of the particle at each time step is computed using
second order Runge-Kutta time-stepping scheme. The ef-
fects of turbulent dispersion on the particles encapsulated
in the second term of (1) which was modeled using the
RFG technique [3].

In the physical CFD/LPD solver each aerosol particle
is convected in a velocity fieldu, and is traced inside the
computational domain until it crosses the domain bound-
ary or hits an object inside the domain. In the second
event the hit count for that object is incremented. The fi-
nal DTP is obtained by dividing all the hit counts by the
number of particles released.

The statistical error of predictions will decrease with
the number of particles,n, as:≈ 1/

√
n.

3 Results

To validate the method a generic city landscape was set
up and prototyped after the Pittsburgh downtown area
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Figure 2: Web interface to simulate aerosol release in a
city

http://mulphys.com/sim/demo

(Fig.2), using the voxel-based 3D graphics system [4, 5].
The whole domain was discretized on theNx = 92,
Ny = 92, Nz = 32 grid and populated with characteristic
features like rivers, hills, bridges, park area, pavements
and buildings.

The parallel simulator of aerosol transport and disper-
sion was implemented in C++ language. In the simula-
tions the whole scene was sub-divided into 16 domains
and the runs were conducted on a computer cluster with
4GB, 2GHz computing nodes (teragrid.org). One sub-
domain was assigned per each node. Figure 3 shows the
typical velocity distribution in a horizontal cross-section.

The processor time required followed a near linear de-
pendence to the number of particles, and for the105 pro-
cessor run the average time for executing the DTP calcu-
lations on a single node was(3769 ± 460)s. The execu-
tion time of the stochastic algorithm on the laptop took
on the average 27s, which did not significantly depend on
the number of particles. This is because size of DTP set is
only slightly affected by the number of particles primarily
due to the increase in the number of non-zero particle hits.

To validate the method, separate simulations were per-
formed in a conventional (non-parallel) manner, where
the physical CFD/LPD solver was applied to the whole
computational space without using domain decomposi-
tion. Figure 4 shows a typical comparison histogram of
particle distributions between LPD and PIT methods. The

Figure 3: Velocity field

Figure 4: Comparison of aerosol deposition data com-
puted with LPD and PIT methods

data collected for different scenarios show a very good
agreement between the two methods with the average de-
viation of the results typically within 5%.

To demonstrate the viability of this method for express
risk analysis a prototype web interface was developed,
which enabled us to test different scenarios of aerosol re-
lease and dispersion (mulphys.com/sim/demo). The inter-
face is written in Java language and provides a 3D repre-
sentation of a city landscape with the possibility of navi-
gating through the landscape, arbitrary positioning of the
aerosol source, and setting wind direction (Fig.2). The ap-
plet also performs a real time simulation of aerosol propa-
gation and dispersion for a limited number of particles as
well as a web-retrieval the particle deposition data from a
remote database.
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4 Conclusions

The method of this study is based on information retrieval
from the compressed data sets obtained in prior exhaus-
tive simulations of different aerosol release scenarios.

Using the idea of domain transition probabilities (DTP)
and implicit probabilistic tracking (PIT) it was possible to
replace a complex physical simulator with a simpler and
more flexible stochastic simulator for the purpose of ex-
press analysis of simulation data. The physical simulator
is still needed to produce the DTP data sets, but it can be
implemented in a completely decoupled (embarrassingly
parallel) manner, since no inter-processor communication
is required to produce the DTP data sets. The algorithm
can then be efficiently executed in multi-processor and
distributed computing environments,

Thus, the method serves dual purpose of (1) provid-
ing anembarrassingly parallelimplementation for certain
classes of transport problems on grid computing environ-
ments and (2) facilitating express risk analysis of multiple
scenarios of a complex physical event. A particularly rel-
evant problem is the express analysis of possible aerosol
contamination in urban environments. The results show
that this method provides a viable and efficient tool for
fast analysis of different contamination scenarios.

A significant saving of retrieval time and data space
was achieved by querying objects rather than particular
space locations for fallout data. If a more differenti-
ated approach is needed, this approximation can easily be
refined by splitting large objects into smaller ones, like
buildings can be split into floors, etc.
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