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ABSTRACT

The present study is concerned with the relative
concentrations of contaminants in the breathing-zone (BZ)
when toxic airborne contaminants are released within an arm-
length in front of a worker, a common location that often leads
to high exposures. Three-dimensional turbulent flow around a
modeled human body in a wind tunnel has been simulated
numerically and the results from various models are compared
with each other. A model was built using a mesh generator to
represent a real human body as closely as possible. Four
different turbulence models, namely, standard k-¢ turbulence
model, RNG k-¢ turbulence model, Reynolds Stress turbulence
model (RSM) and Large Eddy Simulation (LES), were used to
evaluate their effect on the predicted concentration levels used
in assessing the exposure of the worker. Results from Eulerian
scalar transport method and Lagrangian particle tracking
method are also compared. Concentration levels are calculated
at various sampling locations in the vicinity of the human face.
It is found that the predicted concentration varies significantly
from model to model: at the breathing zone the coefficient of
variation for predicted concentration is 30%.

NOMENCLATURE

C mean concentration

S scalar source term

p density

Rep particle Reynolds number
Cp particle drag coefficient
Dp diameter of the particle
Pp density of the particle

up velocity of the particle

O, laminar Schmidt number

Ot turbulent Schmidt number

X; Cartesian coordinate in tensor notation
n fluid viscosity

t time

Tke turbulent kinetic energy

Ksgs subgrid scale turbulent kinetic energy
INTRODUCTION

Predicting and controlling human exposure to toxic
airborne contaminants in the workplace is important.
Occupational hygiene engineers, confronted with the design of
ventilation systems to minimize human exposures to
contaminants, need experimental data and modeling tools to
assist in optimizing such controls.

Usually, wind tunnels are used to study experimentally
the underlying mechanisms that control exposure levels. The
factors which could affect the worker exposure in the wind
tunnel (representing a work room) include: the contaminant
generation rate and its position and momentum, the orientation
of the worker, the facilities in the room, the inlet velocity, the
turbulence intensity, the body temperature and the body shape.
Of particular importance when comparing human subject
results to those from mathematical modeling and mannequins
are the effects of breathing and the motion of the worker.

Among all these factors turbulence levels and
turbulence length scales associated with the turbulent eddies are
probably one of the most important factors that will influence
the dispersion of aerosol particulate. Hence, it is essential that
turbulence models used are capable of accurately predicting the
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major characteristics of the turbulent flows in the working
environment. This very issue is the main topic of the present
study. We performed simulations with four different models,
namely, standard k-¢ turbulence model, RNG k-¢ turbulence
model, Reynolds Stress turbulence model and Large Eddy
Simulation (LES), and compared the predicted concentration
levels at critical locations in the vicinity of the face of a
simulated worker manikin. There is also an experimental
component to this work which is currently underway (Guffey,
2003). The objective is to first perform predictions before the
experiments are carried out so that the simulations are not
biased, as is the case in much of the work presented in the
literature. The results will be compared to experiments for
assessment of relative performance of the commonly used
turbulence models in the future.

We also use two different scalar transport models. In
previous indoor airflow studies either Eulerian or Lagrangian
methods were used to investigate the concentration field (Flynn
and Sills, 2001; Kulmala et al., 1996; Hyun and Kleinstreuer,
2001). The comparison of the simulations with these two
methods would be helpful in deciding which is better when
analyzing human exposure to aerosols.

Our results from a previous experimental study with
mannequins strongly support the supposition that lapel
sampling does not well represent inhaled concentrations
(Guffey et al,, 2001). In this study, the concentrations at
different locations are compared to determine the optimum
sampling location and to determine errors from using samples
taken at the lapel as the surrogate for inhaled concentrations. A
concurrent experimental study with humans and mannequins
also is examining whether sites on or near the face are better
alternatives to sampling at the lapel.

COMPUTATIONAL DETAILS

In this study, a three-dimensional wind-tunnel
simulation has been performed with the Fluent CFD software
package (Fluent, Inc., Lebanon, NH). The geometrical
configuration of the flow domain is shown in Figure 1,
consisting of the wind tunnel (4.6m width x 2.6m height X 11m
length), and a human body (1.78m height). The human body
faces downstream of the flow. A moderately fine mesh was
constructed with 136,302 nodes and 470,234 mixed cells. A
cross cut from the 3-D mesh is shown in Figure 2. Much finer
tetrahedral mesh was used around the human body and
hexahedral elements were used in the other regions.

The governing equations solved are the well-known
Reynolds Averaged Navier-Stokes equations (RANS) and the
equation of continuity. In the RANS approach the turbulent
stresses resulting from the time averaging of non-linear terms
need to be calculated with an appropriate turbulence model,
hence the use of turbulence models mentioned above.

In addition to the equation of motion, the energy
equation was also solved. The buoyancy effects were included
in the mathematical model.

Release plane
1.0m above the floor
0.25m downstream from the body

Figure 1 Schematic view of the wind tunnel model and
location of release plane

Figure 2 Example of a computational mesh used in the
simulations

The governing equations employed for LES are
obtained by filtering the time-dependent Navier-Stokes
equations in physical space. The filtering process effectively
filters out eddies whose scales are smaller than roughly the
computational cell size. The resulting equations governing the
dynamics of large eddies are very similar to the RANS
equations, but in this case, the turbulent stresses are replaced by
subgrid stresses. The Smagorinsky-Lilly subgrid-scale model
(Lilly, 1966) is employed to solve the subgrid stresses in the
present application. For values of the model constants and
detailed information about these models, the reader is referred
to the Fluent manual.

Constant velocity inlet and pressure outlet boundary
conditions were used. The inlet velocity was taken as 0.3 m/s
with a turbulence intensity of 0.3%. These values were rough
estimates to the experimental conditions that would take place
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in the future. However, we believe they are also representative
of a usual working environment (Baldwin and Maynard, 1998).
The characteristic length scale was chosen to be 0.01 m, which
represented the turbulence generating grid size at the inlet of
the tunnel. All of the solid walls in this investigation were at
rest; therefore, both the mean and fluctuating velocities of the
fluid at these boundaries were identically zero for the turbulent
flow, as there was no slip and no mass-transport at the walls.
Standard wall-function boundary condition was applied at the
grid nodes nearest to the walls. Tracer gas was released from an
inert surface, which was approximated by a 0.3m x 0.3m square
and located 1.0m high from the floor and 0.25m downstream
from the body.

The heat transfer boundary condition for the human
body surface was taken as a convective heat flux of 16 W/m’,
which was based on a 2000-calorie diet and corresponds to a
slight activity level of a standing person. Air was selected as
the fluid medium and the tracer gas was nitrogen.

Eulerian Scalar Transport

If a species (e.g. nitrogen) is added to the system, the
mean concentration of this species can be solved for using the
following conservation equation:

ApC), 3| oo (M M9 (M)

ot ax[ ! O, O-c,t E)xi

Here o is the laminar Schmidt number and o, is the
turbulent Schmidt number. In the present application the source
term S is set to 0.0216xp. The volume of this region is 0.00463
m’, such that the mass flow rate of the scalar is 0.0001 kg/s.
The values of 6, = 0.32 and 6., = 0.70 (Lan and Viswanathan,

2001) are selected for the purpose of this study.

Lagrangian Particle Tracking

Particles are tracked according to a standard particle equation
of motion:

du
tp =F,(u—up)+g.(pp—p) pp+F, )

F, term represents the other forces, in particular the diffusive
force resulting from the fluctuating component of the fluid
velocity. The drag function is given by

Fp =24 Rep 3)
4ppDp
and the particle Reynolds number is
=pDP‘uP _“‘ (4)
Y7,

The drag coefficient relation is

Re,

a a
Cp=a,+——+— )
P Re, Re?

In Eq.(5) a;, a, and a; are constants that apply for
smooth spherical particles over several ranges of the particle
Reynolds number Re, given by Morsi and Alexander (1972).

The particles are released from the plane shown in Figure 1. In
order to conform to the Eulerian scalar transport method, the
flow rate and diameter of the particles are set equal to 0.1 g/s
and 1x10 m, respectively.

RESULTS AND DISCUSSION

Before comparing the results from different turbulence
models, a grid sensitivity study was performed using
approximately 30,000 nodes and 121,000 nodes. This has
shown that the results from the finer grid could be considered
more or less grid independent. Although a thorough grid
convergence study is still necessary, in this study we shall be
mainly concerned with trends.

The streamlines colored by y-velocity magnitude on
the center-plane are shown in Figure 3(a) for the case with
standard k-¢€ turbulence model. As the plane slices the human-
body in the center, the flow between the legs also can be seen
in this figure, which will create a re-circulation region around
the waist. The contaminants are usually trapped within such
recirculation zones if turbulent diffusion is not dominant. It
should be noted that if the worker wears an apron, the exposure
he/she would receive could be quite different from the one
observed in this study.

It can be seen from Figure 3 that the convective flow
will bring the contaminant upward from the waist region. This
flow is partly due to buoyancy as it is seen in Figure 4. This
suggests that the heat flux from the human body could
contribute to the worker exposure. Figure 3 shows that air
flows along the forehead and separates from the body near the
eye level. This means that such small issues as the hairstyle, the
size and shape of the hat worn, and the angle of the forehead
could be factors affecting the exposure levels.

Figure 3 further shows us that the overall quantitative
features of the flow patterns seen in the vicinity of the body are
very similar for the RANS simulations irrespective of the
turbulence model used. There are of course differences in the
predicted turbulent kinetic energy profiles (see Fig. 5) when
different turbulence models are used. The LES results (Fig. 3d),
which were averaged over a three minute interval, do depict
significantly different flow patterns compared to RANS results.
This also translates into species concentration prediction as
observed in Figure 8.
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(d) LES (Averaged flow field)

Figure 3 Streamlines colored by y-velocity in the middle
cross section plane with different turbulence models

(a) Heat loss rate of the body = 0 W/m®

(b) Heat loss rate of the body = 32 W/m®

Figure 4 Streamlines colored with velocity magnitude (This
case is with Standard k-¢ turbulence model and inlet
velocity v=0.1m/s which is different from the conditions
used in other figures.)

The turbulent kinetic energy and the tracer gas
concentration determined with the FEulerian method are
depicted in Figure 5 and 6 for different turbulence models at
different horizontal distances from the mouth along a vertical
line in the middle plane. The standard k-€ turbulence model
exhibited much higher turbulence kinetic energy levels than
RNG turbulence model and RSM. This usually leads to a more
diffusive concentration field. The turbulent kinetic energy
profiles obtained from the RNG turbulence model and RSM are
very similar. The subgrid turbulent kinetic energy, Ksgs,
presented in Figure 5 indicates that most of the energetic large
eddies are captured by the LES technique. Note that Ksgs
represents the unresolved part of the turbulent kinetic energy by
LES. This is apparent from the low levels of Ksgs compared to
K obtained from RANS. As for computation time, RSM took
approximately 50% more time than the RNG turbulence model
which took a little bit more time than standard k-e turbulence
model. Because of its unsteady nature, the LES model required
200% more time than the RANS turbulence models. The
contaminant concentration profiles shown at various locations
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in Figure 6 indicate that except very near the body all models
exhibit similar results. However, as seen in Figure 3d near the
face of the body, LES results are significantly different than the
other models.

e 7 -
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Figure 5 Tke/subgrid Tke at different horizontal distances
from the mouth along a vertical line in the middle plane
(Ksgs = Subgrid scale turbulent Kinetic energy)
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Figure 6 Scalar concentrations (kg/m3) at different
horizontal distances from the mouth along a vertical line in
the middle plane

Figure 7 Sampling locations 1cm downstream of the body
surface

It is believed that a useful measure of potential
exposure to a worker may be obtained by sampling from three
different locations within the breathing zone, as shown in
Figure 7. The predicted concentration levels with the Eulerian
scalar transport method and four turbulence models are
compared at these locations (Figure 8). The concentration at the
breathing zone is distinctively lower than the chest region,
which suggest that the neck and the chest might not be good

surrogates for sampling worker exposure. On the other hand the
conservative nature of the current sampling procedure near the
chest would be viewed as a positive factor. The concentrations
obtained from LES at the neck and the chest are much higher
than those from RANS models. But the opposite trend can be
observed at the nose region. This again demonstrates that LES
exhibits less smeared concentration fields than RANS models.

concentration
0.025+ O Standard k-e
BERNG
002y | |ORSM L
OLES
0.015+
0.014
0.005-
0,

nose neck chest
Figure 8 Concentration (kg/m") levels at different sampling
locations with different turbulence models; Eulerian scalar

transport
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(a) Eulerian method
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(b) Lagrangian method
Figure 9 Concentration (kg/m®) field with different
transport methods; RNG k-& model

The results from Eulerian scalar transport method and
Lagrangian particle tracking method are compared in Figure 9.
The Lagrangian method shows much more chaotic distribution,
which agrees with the simulation results done with a human-
like body by Yavuz et al. (2003). It is clear that the Eulerian
method exhibits a more diffusive pattern than the Lagrangian
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method. It seems that the random fluid velocity fluctuations
introduced into the equation of motion for particles via the F,
term in Eq.(2) recover some information lost in the averaged
Eulerian equations by acting like a sub-grid scale model. The
similarity of the concentration levels obtained from LES (Fig.
8) and those obtained from Lagrangian method used in
conjuction with RNG k-& model confirms the above assertion.

concentration

0.025+ O Eulerian
— | BLagrangian

0.02+

0.015+

0.01+

0.005

0+

nose neck chest

Figure 10 Concentration (kg/m’) levels at different locations
with different transport methods; RNG k-g¢ model

Figure 10 compares the concentration levels for the
Eulerian and Lagrangian methods. Both methods predict a
lower concentration at the nose than other locations. But the
levels at the neck and the chest predicted by Lagrangian is
about 30% higher than the mean, and at the breathing zone it is
about 80% higher.

CONCLUSIONS

The dispersion of contaminants in the vicinity of a
simulated human working in a wind tunnel has been
investigated using computational fluid dynamics technique.
The flow in the wind tunnel represents a typical working
environment, and the same wind tunnel will be used for a
supplementary experimental work at West Virginia University.
The objective was to assess the variations in predicted
contaminant levels in the breathing zone of the worker when
different turbulence models and scalar transport models are
used.

The results from this show that significant differences
in predicted concentration levels are observed when different
models are utilized. The coefficient of variation for species
concentrations predicted with four different turbulence models
ranged between 30-40%. The difference between Lagrangian
and Eulerian model predictions could be as high as 80%. The
assessment of the relative performance of these models has to
await the results of the experimental study. However, the
present type of simulations can be used for trend analysis.

Under neutrally buoyant conditions, i.e. no convective
component at the contaminant source, all models consistently
predict higher concentrations at the neck and the chest level.
The heat flux from the human body seems to have a significant

effect on the flow field. The Lagrangian scalar transport
method produces much less varied concentration fields
compared to those of the Eulerian method. A similar trend is
observed when LES is used in conjunction with the Eulerian
method. This indicates that RANS models when used with an
appropriate Lagrangian transport method could be the best
option for optimizing computational cost versus accuracy.

Given the uncertainty in modeling assumptions and
the many other factors involved in predictions, we believe that
a confidence interval for predicted concentration levels can be
computed using the coefficient of variation for the results
obtained from various turbulence models.
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