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ABSTRACT
There is considerable concern today over indoor air quality (IAQ).  The factors that infl uence IAQ may be numerous, and there is 

considerable research aimed at quantifying these factors.  This research is of particular interest to industries that manufacture products used 
in residential and commercial dwellings, such as the carpet industry.  With respect to carpet, there are various opinions about its role in IAQ, 
but little quantitative data.  Much of the quantitative data that does exist either ignores or makes crude assumptions about the infl uence of 
fl uid dynamics on the experimental observations.

In this paper we discuss our use of Computational Fluid Dynamics (CFD) to model the transient behavior of airborne particles in 
dwellings with and without carpeted fl oors to quantify the impact of fl oor covering on IAQ.  In particular, we discuss the theoretical 
considerations that are required to construct an accurate and practical CFD model that captures the correct fl uid and particle dynamics, and 
present and summarize CFD predictions that account for the effects of HVAC systems, room geometry and virtual objects, such as people 
moving about the dwelling.

In addition to getting the fl uid and particle dynamics correct, there are two additional aspects of this problem that will be discussed.  
First, in order to draw reasonable conclusions about IAQ, a large number of simulations are required to capture the wide range of realistic 
dwelling conditions of interest.  In order to perform these simulations in a timely manner, the process of building and meshing the geometry, 
specifying all relevant room conditions, conducting the simulation and interrogating the results has been automated by constructing a Digital 
Expert for the problem, wherein the user can automatically complete these tasks with little CFD expertise and no intervention.Expert for the problem, wherein the user can automatically complete these tasks with little CFD expertise and no intervention.Expert

Second, it is essential to communicate the results of these simulations to lay audiences – the wide range of people interested in IAQ, 
including school boards, politicians and other government offi cials.  We have developed a means of generating “Hollywood grade” animations 
that are more realistic in appearance than conventional CFD animations, and consequently more appealing and more readily understandable, 
but that refl ect the correct fl uid and particle dynamics.  We believe that the integration of CFD with realistic animation capability will see 
greater applicability as our society becomes increasingly dependent on technology and decreasingly technically literate.

INTRODUCTION
Over the last 25 years, substantial effort has been focused on the study of indoor air contaminants, starting with chemical exposures 

and eventually including airborne particles.  Interest in the latter is the result of 1) research that associates small particles with increased 
mortality (Creason, et al., 2001), and 2) observations of a dramatic increase in reported asthma in the last 30 years (Lang and Sears, 2001), 
which correlates with the evidence that most Americans presently spend about 90% of their time indoors.  The economic impact of asthma 
and allergy is signifi cant as well.  The direct cost of asthma morbidity and mortality in 1998 in the United States alone was estimated at $12.7 
billion (Weiss and Sullivan, 2002).

The etiology of asthma is apparently intricate, but many of the triggers are believed to be airborne allergens.  While considerable 
attention has been given to experimental measurement of airborne allergens in dwellings, little attention has been given to the fl uid and 
particle mechanics that dictate particle motion.  Consequently, the development of an understanding of the exposures and associated risks 
has been diffi cult to obtain.  Factors such as settling rates, multiple primary sources, re-suspension rates, effects of turbulence, and affi nities 
for interior surfaces make it a challenge to accurately quantify exposures.

In this paper we discuss the application of computational fl uid dynamics to the airborne allergen problem, to show that it is the 
appropriate tool and to generate some initial results regarding the relative impact of carpeted and uncarpeted fl oors on airborne allergen 
concentration.

PROBLEM DEFINITION
The domains of interest are residential, commercial, governmental  and other types of dwellings.  As such, the geometry must account 

for rooms of various sizes, interior walls and passageways, HVAC systems and fl oor coverings.  A typical domain is illustrated in Figure 1, a 
four room residence with an HVAC inlet in the ceiling of each room, one HVAC return in an exterior wall of one room, two carpeted surfaces 



and two uncarpeted surfaces.  In principle, the dwelling can be as simple as a single room or as complicated as desired. 

Figure 1.  Geometry of four room dwelling showing carpeted and uncarpeted surfaces, walls and interior 
passageways, HVAC inlets and returns.

Flow in the dwelling can be induced by the HVAC system and by moving occupants.  Buoyant and other thermal effects are not 
considered in the present work3, hence the air fl ow is essentially incompressible.  The airborne allergen particles of interest 
are typically between 2 and 40 μm in average diameter, and have densities on the order of 1-3 X103 kg/m3.  

The problem is inherently transient, in view of typical HVAC cycles and traffi c patterns in typical dwellings of all types, and of course 
three dimensional.  A simulation can be started at any stage, of course, but certain scenarios are convenient.  For example, it is convenient to 
uniformly seed the dwelling at a particular particle concentration and then devote the fi rst portion of the simulation to particle settling (HVAC 
off), prior to cycling the HVAC or introducing a moving occupant.  Furthermore,  particles can enter and leave the domain through the HVAC 
inlets and returns, and the inlet particle concentration can be set at will, to correspond to perfectly fi ltered air (inlet particle concentration = 
zero) or unfi ltered air (inlet particle concentration specifi ed).  Presently the inlets and returns of the HVAC system are not connected, which 
provides an additional degree of freedom.

CFD MODEL
Particle Model

In general, a fl uid-borne particle dynamics problem is a multiphase fl ow problem.  However, the regime of interest allows us to make 
certain simplifi cations that reduce the complexity of the simulation without sacrifi cing accuracy.

First, the response times of the particles of interest are much smaller than the characteristic convection time scales in the dwelling. A 
force balance on a single spherical particle that obeys Stokes drag reveals that the response time, that is the time required for the particle to 
accelerate to the local fl uid velocity, is 

                                           (1)
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 density in air at room temperature, t =7.4 ms.  This is at least two orders of magnitude smaller than typical convection time 
scales.  Thus, we assume that particle acceleration is unimportant, so that the particles move according to the sum of the local fl uid velocity 
and the particle settling (slip) velocity everywhere within the dwelling at all times.

Second, the particle concentrations of interest are very dilute, typically less than 10-4 volume fraction.  Thus, the particle motion does 
not have a signifi cant impact on the fl ow fi eld or on the motion of other particles.  The combination of these two factors permits the problem 
to be treated as a single phase fl ow problem, where the particle phase is continuous and behaves like a passive scalar, with the addition of a 
vertical velocity component equal to the particle settling velocity.  This is the so-called algebraic slip model4, which is described in greater 
detail elsewhere (AEA Technology, CFX4.4, Volume 3, 2001).

Carpet Model
Carpet is geometrically quite complicated, and this complexity must be accounted for by some sort of spatial averaging.  Figure 2 shows 

an electron micrograph of the tip of a typical carpet tuft.  The scale indicates that the individual fi lament diameter5 is on the order of 60 μm, 
and that the spaces between fi laments are somewhat larger.  In fact, carpets are mostly air, with void fractions on the order of 0.9.  Clearly, 
there is suffi cient space in typical carpet tufts for allergen particles to fall into the carpet tufts and, under certain conditions, to remain there.

The obvious approach is to model the carpet as a porous medium that obeys Darcy’s law,

                                      (2)



where v represents the local fl uid velocity, p the local fl uid pressure and  the resistance tensor for the porous medium.  This is a physically 
appropriate means of representing the detailed fi brous structure of a carpet, providing that the physical properties of the porous medium, the 
void fraction and permeability (or resistance) tensor, are obtained from a sensible physical analysis of the fi brous structure/fl uid interaction 
or from a valid experiment.  Void fraction is readily obtained from the details of carpet construction6. The resistance tensor can be estimated
from drag correlations for fi brous porous media (Dullien, 1992), or from a more fundamental consideration, such as by treating the carpet as 
a regular array of cylinders and applying known or computed drag relationships.

Figure 2.  Electron micrograph showing structure of a typical carpet tuft (after service), illustrating approximate size 
of void regions.

In the latter case, it is easy to show that the resistance to fl ow normal to the axes of the cylinders is given by

                              (3)

where R
⊥
 represents the magnitude of the resistance tensor, r the fi lament radius, Re the fi lament Reynolds number (2ρUr/η), C

D
 the drag 

coeffi cient, <A/V> the fi lament surface area per unit of occupied volume, ρ the air density and U the free stream air speed.  The drag 
coeffi cient over a wide range of Reynolds numbers has been measured experimentally (Perry, 1997) and has been computed analytically at 
lower Reynolds numbers.  The expression (Batchlelor, 1977)

                                  (4)

agrees very well with the experimentally obtained curve found in Perry for Re<1.  For a 60 μm diameter circular fi ber in room temperature 
air, this corresponds to U<0.25 m/s.  We do not expect air speed within the carpet to exceed this value, so this expression for the drag 
coeffi cient is appropriate.  It turns out that the product ReC

D,
, which appears in the expression for the resistance, changes by only a factor 

of 3.3 as Re changes by two orders of magnitude, from 1.0 to 0.01, hence this expression for the resistance is not only physically sensible 
but it is relatively insensitive to local variation in the air velocity fi eld.  It also leads to predictions for the resistance comparable to known 
correlations for fi brous porous media, such as that given by Davies (Dullien, 1992).  One advantage of the fundamental approach to 
estimating the resistance tensor is that it is possible to attempt to take into account the impact of non-round cross section, fi nite fi lament 
separation and fi lament orientation.

Typical carpet fi ber cross sections are shown in Figure 3.  These trilobal fi bers clearly have higher <A/V> than round fi bers.  It is a 
straightforward task to digitize these images, compute perimeters and areas and correlate with convenient measures of trilobal fi lament 
geometry used in the trade, such as modifi cation ratio7 (MR).  From a sample of about 200 Solutia trilobal fi laments we fi nd that the area 
enhancement factor correlates extremely well with MR, according to

                    (5)

Typical carpet fi bers exhibit MRs between one and four, hence the area enhancement factor can be as high as about 1.75.



Figure 3.  Visible micrograph showing typical carpet fi ber cross sections illustrating high and low MR fi laments.

The impact of cross section on drag can be estimated by applying CFD to real fi lament cross sections, such as those shown in Figure 
3.  Since the cross sections are irregular, we used an unstructured grid code to solve the problem (AEA Technology, CFX-5, 2001)8

’
9.  A 

typical grid in the vicinity of a trilobal fi lament is illustrated in Figure 4.  The drag problem was defi ned in a three dimensional domain with 
symmetry planes defi ned on upper and lower planes and on the planes normal to the fi lament axis.  The domain was a rectangular solid of 
prescribed size, with inlet 10 hydraulic diameters upstream of the fi lament axis, outlet 10 hydraulic diameters downstream of the fi lament 
axis, and upper and lower symmetry planes separated by a prescribed amount.  We have found that 40 hydraulic diameters is equivalent to 
infi nite separation for right circular cylinders.  The inlet velocity was prescribed to be uniform over the inlet, and the mass fl ow at the outlet 
was specifi ed accordingly.  The results don’t change signifi cantly if the outlet pressure is applied instead for Re<1.

Figure 4.  Typical mesh in the vicinity of a fi lament.

As indicated by Figure 5, these calculations reveal that the drag coeffi cient enhancement due to cross section shape10 is nearly independent 
of MR for 1.9<MR<2.9 and fi lament Reynolds number11 for 0.01<Re<1.0, and is approximately equal to 1.3.  The drag coeffi cient is defi ned 
in terms of hydraulic diameter12, not fi lament extent normal to the fl ow.  Presumably the drag enhancement is 1.3 at lower Reynolds numbers 
as well.

While drag enhancement due to cross section shape is modest, it depends strongly on average fi lament separation distance.  Average 
fi lament separation distance can be computed from the details of carpet construction, and it turns out to be 2-4 fi lament diameters for typical 
constructions, consistent with the micrograph of Figure 2.  The computational results shown in Figure 6 indicate that, in this range, drag 
coeffi cient enhancement is on the order of 2.5-10.5.



Figure 5.  Enhancement of drag coeffi cient by trilobal cross section as a function of MR and Reynolds number.

Figure 6.  Enhancement of drag coeffi cient by circular cross section as a function of separation distance and 
Reynolds number.

When all of these factors are combined, we fi nd that while the Davies correlation predicts the magnitude of the resistance tensor to be 
approximately 1-2 X104 kg/m3-s, our array-of-fi laments model predicts values about 20 times larger.  Of course, the actual geometry of carpet 
tufts is more complicated in that fi bers are not typically parallel over long distances, as indicated by Figure 2, which probably leads to even 
larger resistance and certainly less anisotropy.  Thus, at the moment we can only state that the appropriate value for the resistance tensor is 
probably between 104 and 106 kg/m3-s.  Results reported herein treat the carpet as isotropic with a resistance tensor magnitude of 105 kg/m3-s 
and void fraction of 0.9.

Traffi c Model
Pedestrian traffi c is simulated by imposing a velocity fi eld in the domain according to the location and local motion of a virtual human 

being.  A canonical motion is defi ned using Shout3D13 and Java script, the result being a set of data fi les that contain three dimensional 
position and velocity information for the virtual human walking in place, each data fi le corresponding to a particular time in the treadmill-
like walking cycle.  The digital resolution of the human is selected to provide a reasonable approximation of the human without undue 
computational burden.  We typically use about 4000 spatial positions (each with a three dimensional velocity vector) to specify the human 
at all times, and 12 temporal positions to specify one walking cycle. The path of the virtual human and speed along the path in the dwelling 
is defi ned, and the treadmill motion is mapped onto this contour beginning at the specifi ed time and subsequently throughout the CFD 
simulation of the dwelling.  Linear interpolation between the 12 temporal positions is used to obtain the spatial positions and velocity vectors 
at the simulation times, since in general the integration step size used in the CFD simulation of the dwelling is not equal to the temporal 
interval used to defi ne the virtual human motion.

The local velocity fi eld is set equal to the human velocity fi eld in every computational cell14 in which the human exists, and it is imposed 
on the solution at the appropriate locations using CFX-4 user FORTRAN subroutine USRSRC, as described elsewhere (AEA Technology, 
CFX4.4, Volume 2, 2001).  In essence, at each node on which we impose virtual human motion, we overwrite the diagonal element of the 
coeffi cient matrix and the corresponding element of the constant vector of the linearized system of algebraic equations that results from 
discretization of the appropriate momentum conservation law, such that the solution at that node reduces to the imposed velocity component.  
This approach correctly captures the velocity fi eld on the surface of the virtual human without requiring either unstructured or adaptive 
meshes.  The excluded volume of the human is not taken into account.  We believe that this omission does not have a signifi cant impact on 
the results.



Contact Force Model
Presently our model ignores electrostatic and van der Waals interactions between carpet fi bers and allergen particles, and we  believe 

this is a conservative approach (Hedge, 2001).  However, one can estimate the impact of particle-fi ber attraction by estimating the particle-
fi ber collision probability within the carpet and subsequently removing particles that have collided with carpet fi bers from the problem 
domain.  In this respect, the carpet will behave like a fi brous fi lter wherein some fraction of the airborne particles that pass through the fi lter 
are irreversibly captured and retained by the fi lter. An elementary approach to this problem suggests that the collision rate N

p
[=]volume of 

particles per volume of domain per second15, should be approximately given by

                                         (6)
where V

p
 represents local particle speed, ε particle volume fraction, D

p
 particle diameter and D

sep
 the average fi lament separation distance.  

Results are presented in this paper with and without irreversible particle capture.

MODEL PREDICTIONS
The following results correspond to the single room dwelling with single HVAC inlet and single return shown in Figure 7.  The room 

is 3.66 m X 3.66 m X 2.44 m with HVAC inlet centered 0.92 m from the corner in both directions.  The return is centered 0.92 m from the 
nearest adjacent wall and 0.49 m from the fl oor.  The HVAC circulation rate, when on, is 0.0564 m3/s.  When the virtual human is in the 
domain, it corresponds approximately to an adult male walking in a 1.83 m circle centered at the center of the fl oor translating along the 
circle at 1.22 m/s.  The computational grid is 40X40X4016, uniform in the plane parallel to the fl oor, uniform vertically in the fi rst half inch 
(where the carpet resides) and progressively scaled upward from there.  Note that the same grid is used with and without carpet.  Simulation 
parameters are summarized in the Appendix.

In Figure 7, the virtual human is visualized by defi ning a user scalar (human) that is identically 1 in grid cells that contain the human 
and identically zero everywhere else.  The image corresponds to an isosurface of human=0.5.  It is shaded according to local speed.  Note the 
higher speed of the left hand and the right foot in this particular image, which refl ects normal walking.

Figure 7.  Single room showing HVAC inlet in ceiling, HVAC return, uniform mesh parallel to fl oor, non-uniform 
vertical mesh and virtual human.

Figure 8 compares the concentration of 5 μm airborne particles, spatially averaged over the cross section of the room, at approximately 
child height and adult height over 8-9 HVAC cycles, each cycle consisting of ten minutes off followed by one minute on.  In both cases, the 
room was initially uniformly fi lled with particles at 10-4 volume  fraction. The upper set of curves correspond to unfi ltered HVAC inlet air 
with particle loading of 10-4 volume fraction, and the lower to  perfectly fi ltered inlet air.  Irreversible particle capture by the carpet does not 
occur.



Figure 8.  Instantaneous time dependent concentration of 5 μm diameter particles in adult and child breathing zones 
over multiple HVAC cycles without particle capture; hard vs. carpeted surface; 40X40X20 grid.

The drop in concentration in every cycle when the HVAC system is off is due to particle settling, of course.  The settling velocity of an 
isolated spherical particle under the infl uence of Stokes drag for Re<0.1 is given by

                                   (7)

where v
s
 represents particle settling velocity and g acceleration due to gravity.  For the particles used in this simulation, the settling velocity 

is 0.00148 m/s and at that velocity the particle Reynolds number is 4.8X10-4.  As the particles settle to the fl oor, if the fl oor is carpeted, they 
enter the carpet and remain there until they are swept out by the air currents caused by the HVAC system.  However, the carpet offers a greater 
resistance to air fl ow than the corresponding volume of unfi lled space at the fl oor in the uncarpeted case, hence the particles are more diffi cult 
to dislodge.  This leads to lower concentrations in the breathing zones over time.  In this particular case, the HVAC fl ow, when on, was 0.0564 
m3/s, which corresponds to an average residence time for the room of 578 s = 9.6 min.  For a perfectly mixed room with this residence time, 
the concentration would drop from 0.2 to 0.0736 kg/m3 in one residence time, which is fairly close to the average concentration in the room 
after nine HVAC cycles17.

Figure 9 illustrates spatially averaged concentration in the adult breathing zone for the same room during a 40 second walk by the 
virtual human after 10 minutes of quiescent settling.  The room was initially uniformly fi lled with 2, 5 and 10 μm diameter particles, each at 
10-4 volume fraction.  The HVAC system was off throughout the simulation.  The settling velocity of the 10 μm particle is 0.592 m/s, which 
corresponds to a particle Reynolds number of 3.82X10-3.  



Figure 9.  Instantaneous time dependent concentration of 2, 5 and 10 μm diameter particles in adult breathing zone 
during 40 second walk period, after 10 minute settling period; hard vs. carpeted surfaces, with and without particle 

capture; 40X40X40 grid.

At the beginning of the walking period, the 10 μm particles have completely settled below the adult breathing zone, whereas the 5 
μm particles have not, although the concentration of the latter is about 1⁄4 of the initial concentration at that point.  The 2 μm particles have 
settled very little.  The velocity fi eld is entirely induced by the motion of the virtual human, who circles the center of the room as described 
previously.  The combined action of his translation and local motion, particularly the feet moving near the fl oor, stirs up the particles 
substantially, as indicated by the fi gure.  Again, there is a clear difference between carpet (without capture) and hard surface, due to the 
greater resistance to fl ow offered by the carpet, which makes it more diffi cult to dislodge particles.  The impact of irreversible particle 
entrapment, based on collision probability, leads to a further and substantial decrease in airborne particle concentration.

The impact of irreversible particle entrapment is also shown in Figure 10 for 2, 5, 10 and 20 μm particles.  The conditions of this 
simulation are otherwise identical to those that correspond to Figure 8.  The difference is striking but not completely surprising.  In this case 
the carpet behaves much like a fi brous fi lter, retaining airborne particulates until they can be removed by vacuuming, whereas a hard surface 
cannot retain the particles and they remain airborne at much higher concentrations.

Figure 10.  Instantaneous time dependent concentration of 2, 5, 10 and 20 μm diameter particles in child breathing 
zone over multiple HVAC cycles with irreversible particle capture; hard vs. carpeted surface; 40X40X20 grid.

DIGITAL EXPERT
The results presented in this paper provide clear indications about the impact of carpeted fl ooring on airborne particle concentrations, and 

that CFD is the appropriate tool to study the issue.  One can easily imagine a large number of scenarios worth investigating, such as various 
room confi gurations, HVAC systems and cycles, traffi c patterns and particle characteristics.  Thus, we expect to use this model frequently.

In order to facilitate use, we have constructed a Digital Expert for the problem (Davidson, 2001), a tailor-made CFD tool that allows the Digital Expert for the problem (Davidson, 2001), a tailor-made CFD tool that allows the Digital Expert
user to solve meaningful engineering problems around some area of technology or some manufacturing operation without any knowledge of 
CFD or CFD packages whatsoever.  Digital experts have an important place in industry today, in both off-line and on-line applications.  There 
is in fact one commercial example of a tool designed to facilitate the construction of digital experts by in-house experts (Dewhurst, 2001).

Presently, one need only fi ll out a table that completely defi nes the problem, specify the number of CPUs to run the simulation on and 
submit it.  The geometry is built and meshed from scratch and all physical and simulation control information written to the appropriate CFX-
4 command fi le.  User FORTRAN is used extensively to control and monitor the simulation as well. The digital expert maintains an archive 
of cases with both input and output information to permit organization of the results.

Post processing is accomplished with user FORTRAN and FIELDVIEW 8.0 (Intelligent Light, 2001)18.

HOLLYWOOD ANIMATION
The intended audience for the ultimate results and conclusions of this work is primarily non-technical, for which the format typically 

used for scientifi c results is not optimal.  To this end, we have developed a method of rigorously transforming the CFD results into what 
we call Hollywood-grade animations that preserve the quantitative aspects of the results but cast them into a more readily understandable 
format.

Our approach uses a combination of FIELDVIEW, 3D Studio Max19 and Perl, which allows us to convert images such as that shown 
in Figure 7 into images such as those shown in Figure 11.  The spatially and temporally dependent fi eld variables are extracted from the 



CFD results fi le with FIELDVIEW, and converted to particles and particle motions with 3D Studio Max and Perl.  When such animations 
are incorporated into self-contained presentations that provide the appropriate auxiliary information, such as quantitative comparisons and 
specifi cation of conditions, we believe they are much more effective with non-technical audiences.

SUMMARY
Although indoor air quality has been a popular research topic for the last 25 years or so, little or no attention has been given to the 

importance of fl uid and particle mechanics to the issue.  In fact, a complete understanding of the relevant fl uid and particle mechanics is 
essential not only to a complete understanding of indoor air issues, but also to appropriate design and interpretation of IAQ experiments.  It is 
common practice to put particle and chemical samplers in rooms, record measurements and draw conclusions with no regard for or discussion 
of the fl uid and particle mechanics.

In this paper we have shown that computational fl uid dynamics is ideally suited for the careful study of IAQ issues, and that the 
complications associated with dwelling geometry, particle dynamics, porous media such as carpet, traffi c patterns and HVAC cycles can be 
dealt with in a reasonable fashion.

CFD simulations on a model single room with and without carpet indicate that there is a signifi cant impact of fl oor covering on 
airborne particle concentration, which is lower if the fl oor is carpeted as opposed to a hard surface.  This difference can be great if the carpet 
irreversibly traps particles that collide with the carpet fi bers, due to the much greater surface area available for particle collision in a fi brous 
carpet compared to that of a hard surface.  The impact of carpet on allergic responses can be great both in terms of instantaneous and long 
term exposure.

To facilitate repetitive simulation of various scenarios, we have embedded the CFD simulation within a digital expert.  Furthermore, 
we have combined a variety of commercially available CFD, visualization and rendering tools with our own code to convert the quantitative 
results provided by CFD to Hollywood-grade animations that are faithful to the CFD predictions but that are visually more appealing to the 
non-technical audience that this work is primarily intended for.  We believe that both digital experts and Hollywood-grade rendering of CFD 
results will become increasingly important as the use of technology continues to outstrip technical literacy.

Figure 11.  Several frames from Hollywood-grade animation.  Frame sequence is top to bottom.
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NOMENCLATURE
A fi lament surface area (m2)
C

D
drag coeffi cient



D
p

particle diameter (m)
D

sep
average fi lament separation distance in carpet (m)

MR modifi cation ratio for trilobal fi lament
N

p
particle-fi lament collision rate (s-1)

R
⊥

magnitude of resistance tensor (kg/m3-s)
R resistance tensor for porous medium (kg/m3-s)
R

p
particle radius (m)

Re Reynolds number
U free stream air speed (m/s)
V volume occupied by a fi lament in carpet (m3)
V

p
local particle speed (m/s)

g gravitational acceleration (m/s2)
p local fl uid pressure (kg/m-s2)
r fi lament radius (m)
t
p

particle response time (s)
v local fl uid velocity vector (m/s)



v
s

particle settling velocity (speed) (m/s)

Greek
ε particle volume fraction
η air viscosity (kg/m-s)
ρ

p
solid particle density (kg/m3)

Symbols
< > denotes average over all fi laments in a carpet

Subscripts
o denotes circular cross section

denotes trilobal cross section
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APPENDIX – SIMULATION PARAMETERS

(Footnotes)
1 Present address: Dept. of Chemical Engineering, Massachusetts Institute of Technology, Cambridge MA 02139 - 4307.
2 Corresponding author: dldavi@solutia.com.
3 Thermal effects could be considered, but this would complicate the analysis somewhat and probably add little to the conclusions.
4 Thus we use the Eulerian approach to this problem.  The Lagrangian approach can be used as well – indeed we started out that way, but it is more resource 
intensive and is not straightforward to implement near solid surfaces.
5 Carpet fi ber cross sections are typically not round, as indicated by this micrograph.
6 Polymer type, face weight, pile height, linear tuft density, tuft denier, fi laments per tuft, yarn twist, longitudinal fi lament geometry (crimp) and transverse 
fi lament geometry (cross section) are controllable elements of carpet construction, and they are generally known or easily measured.



7 Modifi cation ratio is defi ned as the ratio of diameters of the circumscribed and inscribed circles that can be constructed on each cross section.  Thus MR=1 
corresponds to a perfect circle.
8 www.software.aeat.com/cfx.
9 This is an example of the advantage of using commercial CFD codes outside of the gui.  The shear number of distinct cross sections and their orientations 
(they are not symmetric about their axes) can lead to thousands of individual simulations required to construct a complete drag curve.  Using a little FORTRAN 
and a template CFX-5 session fi le (and lots of CPU cycles) we can completely automate the process of generating the simulated drag curves.
10 Defi ned as the ratio of drag coeffi cient of a particular cross section to drag coeffi cient of a circular cross section of equal hydraulic diameter.
11 It is our intention to thoroughly study these drag relationships over a larger set of fi lament cross sections, but these results represent the extent of our 
computations at the time of this writing.
12 Hydraulic diameter is used since it is independent of fi lament orientation.
13 www.shout3d.com.
14 The grid used to defi ne the virtual human and the computational (CFD) grid imposed on the dwelling are independent, although the fi nal resolution of 
the virtual human in the CFD simulation does depend on both grids.  In most cases, we set the human grid resolution much higher than the dwelling grid 
resolution, whereby in a particular dwelling grid cell, the nodal velocity is set to the average velocity of all virtual human nodes that are within that grid cell 
at that particular time.
15 This rate is needed in terms of particle volume since we are using the algebraic slip model and solving for the fi eld variable of particle volume fraction.
16 40X40X20 was used as well in some simulations.
17 This is offered merely as a rough check on the CFD calculations.
18 www.ilight.com.
19 www.discreet.com.


