
 

 

 
 

  
 

  
 

 
 

 
 
 
 
 

 
 
 

 

Validation of a Fast-Fluid-Dynamics 
Model for Predicting Distribution of 
Particles with Low Stokes Number 
 
Wangda Zuo, Lawrence Berkeley National Laboratory 
and 
Qingyan Chen, Purdue University 
 
 
Environmental Energy Technologies Division 
 
June 2011 
 

 



 

 

Disclaimer 
 

This document was prepared as an account of work sponsored by the United States Government. While this 
document is believed to contain correct information, neither the United States Government nor any agency thereof, 
nor The Regents of the University of California, nor any of their employees, makes any warranty, express or 
implied, or assumes any legal responsibility for the accuracy, completeness, or usefulness of any information, 
apparatus, product, or process disclosed, or represents that its use would not infringe privately owned rights. 
Reference herein to any specific commercial product, process, or service by its trade name, trademark, 
manufacturer, or otherwise, does not necessarily constitute or imply its endorsement, recommendation, or favoring 
by the United States Government or any agency thereof, or The Regents of the University of California. The views 
and opinions of authors expressed herein do not necessarily state or reflect those of the United States Government or 
any agency thereof, or The Regents of the University of California. 
 

 
Ernest Orlando Lawrence Berkeley National Laboratory is an equal opportunity employer. 



 

 

Energy Simulation Tools for Buildings:  
An Overview 

 
Wangda Zuo1* and Qingyan Chen

 

2 
 

1Environmental Energy Technologies Division, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA 
2School of Mechanical Engineering, Purdue University, 

 
West Lafayette, IN 47907, USA 

 

 
 

 
Simulation Research Group 

Building Technologies Department 
Environmental Energy Technologies Division 

Lawrence Berkeley National Laboratory 
Berkeley, CA 94720 

 
 

June 2011 
 
 
 
 
 
 

Qingyan Chen would like to thank the U.S. Federal Aviation Administration (FAA) Office of Aerospace Medicine 
for funding this project through the National Air Transportation Center of Excellence for Research in the Intermodal 
Transport Environment under Cooperative Agreement 10-C-RITE-PU. Although the FAA has sponsored this 
project, it neither endorses nor rejects the findings of this research. The presentation of this information is in the 
interest of invoking technical community comment on the results and conclusions of the research. Wangda Zuo was 
also supported by the FAA when he worked with Qingyan Chen at the Purdue University. After he joined the 
Lawrence Berkeley National Laboratory, his work was supported by the Assistant Secretary for Energy Efficiency 
and Renewable Energy, Office of Building Technologies of the U.S. Department of Energy, under Contract No. DE-
AC02-05CH11231. 

 



1 
 

Validation of a Fast-Fluid-Dynamics Model for Predicting Distribution of 
Particles with Low Stokes Number 
 
Wangda Zuo1* and Qingyan Chen
 

2 

1Environmental Energy Technologies Division, Lawrence Berkeley National Laboratory, 
Berkeley, CA 94720, USA 
2School of Mechanical Engineering, Purdue University, 
 

West Lafayette, IN 47907, USA 

*

 
Corresponding email: wzuo@lbl.gov  

 
SUMMARY 
To design a healthy indoor environment, it is important to study airborne particle distribution 
indoors. As an intermediate model between multizone models and computational fluid 
dynamics (CFD), a fast fluid dynamics (FFD) model can be used to provide temporal and 
spatial information of particle dispersion in real time. This study evaluated the accuracy of the 
FFD for predicting transportation of particles with low Stokes number in a duct and in a room 
with mixed convection. The evaluation was to compare the numerical results calculated by the 
FFD with the corresponding experimental data and the results obtained by the CFD. The 
comparison showed that the FFD could capture major pattern of particle dispersion, which is 
missed in models with well-mixed assumptions. Although the FFD was less accurate than the 
CFD partially due to its simplification in numeric schemes, it was 53 times faster than the 
CFD.  
 
IMPLICATIONS 
This study evaluates the FFD for predicting airborne particle transportation in buildings. By 
quickly providing estimations of airflow motion, temperature distribution and contaminant 
transportation, the FFD can be useful for ventilation design and indoor environment analysis 
during building conceptual design. 
  
KEYWORDS  
FFD, CFD, Particle Transportation, Low Stokes Number 
 
INTRODUCTION 
Indoor airborne particles, such as cooking oil droplets, tobacco smoke particles, and microbe, 
are critical for occupant’s health (Owen et al., 1992). To design a healthy indoor environment, 
it is important to know the distribution of airborne particles in different indoor conditions. The 
distribution information can also be used for the selection and design of ventilation system to 
ensure indoor air quality. Computational fluid dynamics (CFD) is often used to predict 
particle transportation in enclosed spaces, such as a room or an air craft cabin (Zhang and 
Zhao, 2007, Zhang and Chen, 2007). However, CFD simulations of particle distribution 
usually require a long computing time (hours or days), which may not be too time consuming 
for building conceptual design since it needs to quickly evaluate many different options in a 
short time. Thus, it is necessary to find a tool that can quickly predict particle distributions. 
The tool is not necessarily to be as accurate as the CFD, but it must be much faster than the 
CFD. 
 
Multizone network models need little computing time and have been used to predict the 
contaminant concentration in buildings (Dols and Walton, 2002). However, it can only 
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provide averaged contaminant concentration in a room due to its well-mixed assumption. 
Therefore, the multizone models are not appropriate for detailed analysis of indoor 
environment although they are fast. To fill the gap between CFD and multizone models, a fast 
fluid dynamics (FFD) model (Zuo and Chen, 2009) was proposed. The FFD can provide 
temporal and spatial information for flow velocity, temperature distribution and particle 
transportation. By scarifying some accuracy, the FFD can be 50 times faster than the CFD. 
Our previous work (Zuo and Chen, 2009, 2010) has validated the accuracy of the FFD model 
by comparing the predicted velocity and temperature with literature data. To apply the FFD 
for predicting airborne particle distributions, it is necessary to validate the FFD that is 
reported in this paper.  
 
METHODS 
The FFD model used in our investigation solves the continuity equation (1) for mass 
conservation and Navier-Stokes equation (2) for flow momentum: 
 
   (1) 
 
  (2) 

 
where , 1, 2,3i j = , iU  is the ith component of the velocity vector, P  the static pressure of a 
flow field, and ,F iS  the ith component of the source, such as buoyancy force and other 
external forces. ν denotes the kinematic viscosity and νT ρ tubulent kinemtic viscosity, and  
the density of fluid. The FFD also solves an energy equation for non-isothermal flow: 
 
  (3) 
 
where T  is the temperature, α  the thermal diffusivity and αT

TS
 turbulent thermal diffusivity, 

and  the heat source. 
 
As concluded by Holmberg and Li (1998), interactions between indoor particles and fluid 
(indoor air) can be sorted into three groups: one-way coupling from fluid to particles, two-
way coupling between fluid and particles, and four-way coupling between fluid and particles, 
as well as particles to particles. Our FFD model uses the one-way coupling from fluid to 
particles since it is the simplest among the three groups. A Stokes number can be used to 
decide if the one-way interaction is appropriate: 
 
   (4) 
 
where Pρ  Pdis the particle density,  the particle diameter, Fµ  the molecular viscosity of air, 

FU  the characteristic flow velocity, and FL  a length scale. When , the one-way 
interaction from fluid to particles is sufficient (Crowe et al., 1996). The particles can be 
treated as gaseous and their concentrations can be solved by using the Eulerian approach 
(Holmberg and Li, 1998, Zhang and Chen, 2007). These particles can be viruses, tobacco 
smoke, bacteriophage and cooking oil smoke (Owen et al. 1992). Note that other approaches, 
such as the Lagrangian method (Panton, 2005, Zhang and Chen, 2007), may be necessary if 
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the Stokes number of the particles is large. Applying the Eulerian approach, the transport 
equation of the particles is: 
 
  (5) 

 
where C is the concentration for specie, kC  the diffusivity of species, kC,T turbulent 
diffusivity, and SC
 

 the source of the species. 

Due to the similarity of equations (2), (3) and (5), the FFD solves them in a similar way. It 
first splits the equation into several simple ones by using a time splitting scheme. Then it 
solves the advection equation by using a semi-Lagrangian method. After that, the diffusion 
and source terms are solved together by using an implicit scheme. In addition, a pressure-
correction method is applied to solve the continuity equation (1) together with pressure 
equation to ensure mass conservation. The details of FFD model can be found in our previous 
work (Zuo and Chen, 2010). In that paper, we also showed that the original FFD model had 
significant numerical viscosity due to the linear interpolation in the advection solver. A hybrid 
interpolation was then proposed to reduce the numerical viscosity. The results showed that the 
FFD simulation for laminar flows could be improved by using the hybrid interpolation. In this 
paper, we further added turbulent treatments to study turbulent flows. A simple approach is to 
assume that turbulence viscosity is constant. Since many turbulent viscosities are several 
hundred or a thousand times the molecular viscosity (Ilegbusi et al., 1999), we can estimate 
the turbulent viscosity νΤ by the following by using a constant turbulent viscosity ν  T = 100 ν. 
Because the value of υt

 

 is a constant, no additional modeling or computing effort is necessary 
for this approach. However, the turbulent viscosity actually varies when the flow condition 
changes, such as an increase or decrease in the flow velocity. We adopted this simple but less 
accurate approach to make a balance between computing speed and simulation accuracy. 

RESULTS 
To quantitatively validate the FFD model for predicting airborne particles indoors, we 
selected two flows related to buildings. One is particle dispersion in a pipe flow (Figure 1a), 
which is similar to flow in an air duct or in a long corridor. The other is particle dispersion in 
a room with mixed convection (Figure 1b). This case is more complex since the flow is 
impacted by both inertia force from the inlet and buoyancy force from the warm floor.  
 

               
(a)      (b) 

Figure 1 Schematic view: (a) particle dispersion in a pipe and (b) particle dispersion in a 
mixed convective room 
 
Particle Dispersion in a Pipe Flow 
The particle dispersion in a pipe flow is widely used to validate computer programs for 
particle transport (Derevich and Zdor, 2009, Snyder and Lumley, 1971) because the flow is 
comparably simple and high quality experimental data is available (Snyder and Lumley, 1971, 
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Wells and Stock, 1983). Thus, our investigation also used this flow for validation. The 
experiment data from Snyder and Lumley (1971) was selected for reference because the data 
has low Stokes number (St = 0.055 for hollow glass particles). 
 
Figure 1a shows the schematic view of the experiment. A grid generated homogeneous 
turbulent flow was given at the inlet of a circular pipe. The diameter of the pipe is 0.2m and 
the length is 4 m. The inlet velocity of the flow is 6.65 m/s. Particles were released at the 
center of the pipe inlet. Then they were dispersed due to the turbulent flow motion. The flow 
pattern and particle dispersion were axially symmetric so that they could be simulated by 
using a two-dimensional code. This study tested grid independence by using three different 
meshes and found that the mesh with 100 × 41 grids was sufficient. 
 
To simulate the particle dispersion using Eulerian approach, this study assumed kC = 

 

ν. The 
experiment measured averaged displacement of particles on an axial surface at a certain 
position. The displacement data was given by using a mean square average: 

   (6) 
 
where ri is the shortest distance of particle i to the axis and N is the total number of particles 
on the surface. Although the Eulerian approach does not have individual particle information, 
one can still calculate the displacement d2

  
 by using particle concentration: 

  (7) 

 
where C(r) is particle concentration at a location with distance r to the axis and R is the radius 
of the pipe. 
 
Figure 2 compares the simulated displacement with the experimental data. The particle 
displacement increases from the inlet (x = 0m) to the downstream. The FFD simulation 
successfully captured this trend. Although there is difference between the FFD prediction and 
experimental data, the FFD prediction is better than a uniform distribution by models with 
well-mixed assumption. 

 
Figure 2 Comparison of particle displacement predicted by the FFD with experimental data. 
 
Dispersion of Particles with Small Stokes Number in a Room with Mixed Convection 
The flow in a room with mixed convection is based on the experiment from Blay et al. (1992). 
As shown in Figure 1b, the cold air, which was injected from the upper-left corner, was mixed 
with warm air heated by the floor. The experiment measured the air velocity and temperature, 
but not particles distributions. This paper assumed that the Stokes number of studied particles 
was much small than one so that their behaviour was similar as tracer gas, such as CO2, in the 
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Eulerian approach. As a result, we could use CO2 concentration to represent the particle 
distribution. We added CO2 in this study by releasing it homogenously in the room air at a 
rate of  mg/m3s. A commercial CFD code FLUENT (www.ansys.com) with RNG k-
ε model was used to provide reference data. The CFD code was validated to ensure that it 
could precisely calculate the velocity and temperature. Then it generated reference data for 
CO2

 

 concentration by using Eulerian approach. A grid of 32 x 32 was used in the FFD 
simulation. The time step size was 0.1s and a time-averaged solution was obtained for both 
simulations for comparison. 

As shown in Figure 3, the FFD predicted the highest concentration in the center of the room 
and the lowest concentration near the inlet. It also captures the decreasing of concentration 
from the center to the wall. Due to simplification in the FFD scheme and the limitation of 
constant turbulent viscosity assumption, the flow predicted by the FFD is not as the same as 
the one by CFD. We compared the computing time for both FFD and CFD simulations. The 
computing time required by the CFD is 54.12 times of that by the FFD. This is consistent with 
our previous finding (Zuo and Chen, 2009) that the FFD was about 50 times faster than the 
CFD. 

            
(a)                                  (b) 

Figure 3 CO2
 

 concentration predicted by (a) CFD and (b) FFD 

DISCUSSION 
Current FFD model only considers the one-way coupling between the flow and particles with 
small Stokes number. Thus, the Eulerian approach seems sufficient. To study particle with 
large Stokes number, a Lagrangian approach would be necessary. To track each individual 
particle, the accuracy of Lagrangian approach highly depends on the flow field predicted. 
However, our previous studies have shown that the predicted velocity by using FFD was not 
very accurate. Thus, it is necessary to use CFD if two-way or four-way coupling is needed.  
 
The principle of FFD model is to achieve high speed by scarifying accuracy. As an 
intermediate model, the FFD is not to take place of CFD or nodal models, but rather to fill the 
gap between these two approaches. Thus, the FFD can be useful when one expects a 
simulation with speed and accuracy between multizone model and CFD. For instance, during 
the conceptual design of ventilation system and indoor environment, a designer can use FFD 
to try various configurations in a relatively short time. Then he/she can select the most 
promising candidates for more accurate simulation using the CFD.  
 
CONCLUSIONS 
This study validated an FFD model for predicting particle transportation in buildings by 
applying it to the particle dispersion in a duct and particle dispersion in a room with mixed 
convection. The results show that the FFD model can capture the major pattern of the particle 
dispersion, but there is difference between prediction and reference data. By scarifying some 
accuracy, the FFD can be 50 times faster than CFD. Being able to quickly providing general 
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information for flow and particles distribution, the FFD can be used as a pre-screen tool for 
the conceptual design of indoor environment before detailed CFD study is applied.  
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