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Abstract—The velocity field downstream of a worker is approximated with a discrete vortex
algorithm This information is used to calculate trajectories of massless tracer ‘particles’ released from
a point-source of contaminant. Concentrations in the plane of this source are estimated by averaging
over a number of such trajectories. Approximations include: (1) representing the worker by a two-
dimensional elliptical cylinder; and (2) representing tracer gas contaminant by massless particles
generated without momentum. These particles are transported by both vortex shedding and
turbulent diffusion. Computer-predicted mean concentrations in the near-wake region downstream
of the worker compare well with results from wind-tunnel tracer gas experiments employing a
mannequin. Subsequently, the concept of a computational breathing zone is introduced, and
predictions of worker exposure are made. These simulations of time-integrated breathing zone
concentration also compare well with measured values.

INTRODUCTION

One of the most significant aspects of contaminant dispersion in the vicinity of a worker
is the tendency for the contaminant to recirculate. As air flows around the worker,
boundary layer separation produces counter-rotating eddies on the downstream side
of the body. These eddies or vortices can transport contaminant into the breathing
zone, and reduce the effectiveness of any intended ventilation. Theoretical and
experimental studies (Ljungqvist, 1979; George et al., 1990; Tum Suden et al., 1990;
Flynn and Miller, 1991; Kim and Flynn, 1991a,b), as well as field observations (Heriot
and Wilkinson, 1979), call attention to the importance of this effect in determining
worker exposure.

To predict exposure, and evaluate the potential benefit from any intended control
intervention, a mathematical model capable of simulating boundary layer separation
around a worker was developed (Flynn and Miller, 1991). The model employs a
computational technique known as the discrete vortex method (DVM) for the solution
of the incompressible Navier—Stokes equations in vorticity transport form. It provides
a two-dimensional prediction of the time-dependent velocity field around a worker
{modelled as a cylinder of elliptic cross-section) immersed in a uniform freestream. This
estimated velocity field was used to predict the average concentration near the worker
based on the assumption of contaminant transport by vortex shedding exclusively.
Transport by turbulent diffusion at scales smaller than the eddies captured in the
computational simulation was not considered in that work.

The objective of this research is to expand the model, solve the advective-dispersive
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278 M. R Flynn et al.

equation, and obtain estimates of the spatial and temporal concentration field in the
plane of a fixed point-source downstream of the worker. This information is then used
to extend the work and make predictions of time-averaged breathing zone
concentration. A procedure (Turfus, 1988) is employed to capture turbulent transport
at scales smaller than those resolved by the DVM program. An important issue is the
limitation of a two-dimensional simulation in providing predictions of this three-
dimensional phenomenon. Computational estimates of concentration are compared
with measured values taken in wind tunnel studies employing a mannequin.

THEORY

The transport of a passive scalar, such as neutrally buoyant tracer gas in an air flow
field, is governed by the advective-dispersive equation:
oC
E+U'VC=V~(I*VC), (1)
where C is the tracer concentration, U is the velocity field, ¢ is time and I is a turbulent
diffusion coeflicient. The time-dependent air velocity field around a worker is governed
by the incompressible continuity and Navier—Stokes equations:

V-U=0 (2)

du
E+U-VU=vV2U—VP, (3)
where P is the dynamic pressure and v is the kinematic viscosity. The standard

Cartesian co-ordinate representation of the velocity field is:
U=ui+uvj+wk (4)

here u, v and w are the x, y and z velocity components, respectively. In this work the
origin of the co-ordinate system is the geometric centre of the ellipse representing the
worker, and the x direction is perpendicular to the freestream direction, see Fig. 1.

In the case of two-dimensional flow the Navier—Stokes equations can be written in
vorticity transport form with pressure conveniently eliminated:

Z—(;)+U'Vw=vV2a) (5)
here w, the vorticity, is the curl of the velocity field, for flow in the x-y plane:
dv  du
@ dx dy ©)

NUMERICAL METHODS

The time-dependent air flow around the worker (cylinder), is computed by
approximating solutions to Equations (2) and (5) with the discrete vortex code
described in Flynn and Miller (1991). The code is improved here by employing the fast-
multipole algorithm developed by Greengard and Rokhlin (1987) to speed up vortex
calculations. In addition, a boundary integral method is employed for the potential
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Fig 1. The computational domain

flow calculation. The output of the program is the time evolving velocity field needed to
solve Equation (1) and provide an estimate of the spatio-temporal concentration field.

Figure | shows the flow domain, rectangle ABCD. It is the region within which
velocity is calculated. The Cartesian co-ordinates are: A(— 100, —100); B(100, —100);
C(100, 100)and D(— 100, 100). The concentration domain, rectangle EFGH, defines a
zone for the calculation of concentration. The co-ordinates are: E(—7.5, 0); F(7.5, 0);
G(7.5, 18); and H(—7.5, 18). Finally, the computational breathing zone is defined by
rectangle IJK L. This region was selected to average concentrations for comparison to
breathing zone measurements. The co-ordinates are 1(—1.25,0); J(1.25,0),
K(1.25,2.75) and L(—1.25, 2.75).

Solution of Equation (1) is obtained by assuming that the small-scale diffusivity, I',
is constant in both space and time. A Lagrangian particle-tracking algorithm is
employed to calculate concentrations in the plane of a point source located
downstream of the worker (elliptical cylinder) by using a time-dependent particle
weighting factor (Turfus, 1988). Dispersion of contaminant in time is simulated by
calculating trajectories for a number of massless ‘particles’ released into the flow. Mean
concentrations are predicted by imposing a uniform grid of cells on a sub-domain of the
wake region (see Fig. 2) and averaging the number of particles in each cell over time.
This sub-domain is slightly larger than the computational breathing zone and was
selected to examine equilibrium conditions in the vicinity of the worker.

Trajectory calculations

The DVM used to calculate the air velocity field, employs a fractional step method
(Bui and Oppenheim, 1987) to split the vorticity—transport equation into Euler’s
equation and the diffusion equation, respectively:
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The solution for Euler’s equation depends upon a theorem (Batchelor, 1967) that
guarantees an incompressible velocity field may be decomposed into the sum of a
potential and a rotational flow. The solution (Bui and Oppenheim, 1987) for the
diffusion equation, with an impulse initial condition, is a Gaussian distribution of zero
mean and variance:

ol =2vAt, 9)

where ¢, is the standard deviation of a given vortex element displacement and At is a
finite interval of time. A random walk algorithm is used to obtain the solution of the
diffusion equation.

With a constant small-scale contaminant diffusivity, I', the advective—dispersive
equation is also split into Euler’s equation and a diffusion equation:

a—C+U-VC=0 (10)
ot
9C_rvec, (11)
ot

Concentration particles are generated without momentum, their movement is
affected by convection from the vortex elements, and small-scale diffusion. Concentra-
tion particles move according to the equations:
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Xpr1 =X, +u,(At)+1, (12)
and

Yni1 =Yt 0,(AL) 415, (13)

where At is a finite interval of time, and the n subscript refers to the time step. The
variables n, and 5, are independent random variables drawn from a Gaussian
distribution of zero mean, and variance, ¢, equal to 2I'At.

The trajectory algorithm splits the movement of a concentration particle into a
diffusion step with one half the variance, a convective step, and finally another diffusion
step, again with one half the variance. This improves the accuracy of the fractional step
method (Tiemroth, 1986; Bui and Oppenheim, 1987).

The magnitude of the small-scale diffusivity is assigned somewhat arbitrarily.
Turfus (1988) shows a method for estimating it which is applied here without
modification. I is the product of a length scale (/,) and a velocity scale (1,). The length
scale is selected as the vortex blob cut-off radius, for the simulations conducted here
[,.=36.4cm (0.077 ft). The velocity scale is calculated with the assumption that the
turbulence intensity is 10% and the ratio of u_ to the rms velocity fluctuation is 0.145;
this is based on several other assumptions as outlined by Turfus (1988).

Concentration calculations

The main purpose of this research is to predict concentration resulting from a point
source with a constant generation rate. Concentration particles are released, 10 per
time-step, from a fixed point, at a location designed to mimic a typical hand-held
source. They move under the influence of the flow field, according to Equations (12)
and (13). These particles are removed when they cross the removal boundary (RB). RB
issetat y=5.5 m (18 ft), beyond this boundary simulations suggest the probability of a
particle being recirculated back to the near-wake region is essentially zero.

Turfus (1988) provides a description relating concentration to the particle
positions: “After a given time, the distribution of particles in the flow reaches a
statistical equilibrium, i.e. the expected number of particles in any given region at a
single time-step does not tend to increase or decrease with time. By the ergodic theorem
(Panchev, 1971), if the distribution of particles were statistically stationary throughout
this time period and the average number of particles in each cell at each time-step had
therefore converged to a number independent of time, then we could equate this
number to the ensemble mean concentration (due to a line-source of strength Q, =N
particles/At) integrated over the cell”.

Turfus (1988) presents a method for estimating concentration from point and line
sources in two-dimensional flow. For a line-source, the mean concentration, C can be
expressed as a dimensionless group x,4 by the following transform:

Ccu,D
L2d = ’
o,
where U, is the freestream velocity, Q, is the two-dimensional source strength, and D is
the mannequin width perpendicular to the free stream.

By imposing a uniform grid over the computational domain with square cells of
length S(D), where S is a fraction, then if N, is the mean number of particles in a cell

(14)
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with centre (x;, y;), the dimensionless mean concentration within this cell is
approximated as:

_N,UA 5)

P4 = SID)N
N is the number of particles generated per time-step (Turfus, 1988).

A similar analysis is presented (Turfus, 1988) for calculating concentration fields in
the plane of a point-source, in a two-dimensional flow, by including a weighting factor
inversely proportional to the age of the particle (i.e. the time since the particle is
released). Thus, the dimensionless mean concentration for a point-source, ¥4, 1S:

C(xia ylz=0)UcDD2

0, ’
where @, is the contaminant source flow in cfm. Equation (15) can be modified to
account for the point source as:

X34 = (16)

NEU AL
g = 17
/3d (S2D)N (17)
where N, is the number of weighted tracer particles in the ij cell. Equation (17) is used
to approximate the concentration field in the plane of the point source by weighting the
contribution of each particle with a factor, f(t), where

1

O

(18)

and

af(t):62+20i7‘f<1—e"'/m+i>, (19)
TL

62(t) is the particle variance in the z direction, t is the dimensionless age of the particle,
7, is the Lagrangian integral time scale based on the streamwise velocity fluctuations, é
is a small distance to avoid singularity in the formulation (set here as 0.01), and a2 is the
velocity variance out of the plane of simulation (i.e. the square of the z-velocity
fluctuation). o2 is calculated assuming a 10% overall turbulence intensity. A
dimensioniess value for 7, of 0.58 was suggested by Turfus (1988). In the work
conducted here T; was subjected to a sensitivity analysis and used as a calibration
factor to tune the model with experimental data. After calibration the model was
strained by examining conditions outside the calibration range.

EXPERIMENTAL METHODS

The ultimate objective of the modelling effort is to develop algorithms for
estimating worker exposure. The flow of air around a worker in a uniform freestream
has been studied extensively by Kim and Flynn (1991a, b) with wind tunnel
simulations employing a mannequin and the concept of Reynolds number similarity.
Flow visualization work indicates that while vortex shedding does exist, complex
three-dimensional flow patterns are also present, and a two-dimensional computation
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Table 1. Summary of numerical simulations

Velocity Strouhal Time step Concentration
(ft min™") number (min) (ppm)
| 50 0.21 0.0020 420
I 50 0.21 0.0020 13.2
111 333 0.19 0.0025 17.2
8% 83.3 020 0.0015 9.0

will be somewhat limited. Nevertheless, the cost of three-dimensional simulations is
substantial, and in an effort to examine the limitations of the approach outlined here,
experimental data from Kim and Flynn (1991b) are used to examine the numerical
predictions.

A wind tunnel of 1.524 m (5 ft) square cross-section was operated at freestream
velocities of 0.51,0.76 and 1.27 m s~ ! (100, 150, 250 ft min~'). A mannequin 1.04 m
(41 in.) tall and 20.3 cm (8 in.) wide at the chest was placed in the flow facing
downstream. A small 0.635 cm (0.25 in.) dia. ceramic diffuser was placed in the hands
of the mannequin, and neutrally buoyant 10% sulphur hexafluoride tracer gas was
metered through it at a flow of 2.36 x 107% m® s~ ! (0.005 ft> min~!). Concentrations
were measured at locations downstream of the mannequin approximately in the plane
of the source (chest level) and in other planes (Kim and Flynn, 1991b). Each sampling
location was 10.1Scm (4in.) away from its nearest neighbour. In addition,
measurements of breathing zone concentration were taken from the mouth of the
mannequin. SF, concentration was measured using a calibrated i.r. spectrophotometer
samplingat 1.0 1. min~'. Sampling was conducted for a 5 min period after allowing the
flow 15 min to achieve an equilibrium.

RESULTS

Numerical simulations conducted here represent flow of air around a worker by
modelling him or her as a two-dimensional elliptical cylinder. The cylinder is 0.61 m
(2.0 ft) wide, by 0.31 m (1.0 {t) deep, and the point-source of contaminant is at the co-
ordinates (0.0 ft, 1.0 ft). Free stream velocities in the simulations were selected to
produce the same Reynolds numbers as those around the mannequin used in the wind
tunnel study (Kim and Flynn, 1991b) for comparison. Four numerical simulations
(I-TV) were run. Table | presents a summary of these simulations. The first two
simulations were used to calibrate the model; the remaining two were conducted to
examine the ability of the model to operate outside the range of calibration.

After 15 time steps, concentration particles were released into the two-dimensional
flow field. The time needed for the concentration field in simulation I to reach statistical
equilibrium is presented in Fig. 3. This shows the development of concentration with
time in the sub-domain —-0.69m<x<0.69m (—-225ft<x<225ft) and
Om<y<130m (—0.25ft<y<4.25ft) as well as in the concentration domain
—23m<x<23m(—75ft<x<7.51t)and O m<y<5.5m (18 ft). After a transient
phase of about 200 time steps in the sub-domain, and 300 time steps in the
concentration domain, the total particle weights (i.e. concentration) approaches
equilibrium. The simulations were continued for a total of 800 time steps to calculate
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Fig. 3. Total particle weights as a function of time step for simulauon I.

the mean concentrations. The concentrations reported here are obtained by averaging
over approximately 500-600 time steps after equilibrium in the global domain has been
achieved.

In addition to concentration, velocity fields were time-averaged as well. Figure 4
presents a vector plot of an instantaneous velocity field taken from simulation IV, while
Fig. S presents the velocity field for the same simulation only averaged over 800 time
steps. Surprisingly the time-averaged velocity field shows little recirculation, indeed the
anticipated result of two counter-rotating eddies was not realized. However, Strouhal
numbers were well predicted in all cases (see Table 1).

Computer-predicted mean concentration contours resulting from simulation I are
presented in Fig. 6 for 7, =0.2. This value for 7, was selected to provide good
agreement with the spatial average reported by Kim and Flynn (1991b) for the plane at
the mannequin’s chest level. In other words by averaging the numerically predicted
concentrations over a region comparable to the experimental scale, and adjusting 7, to
provide good agreement, a preliminary calibration of the model was effected. It is
encouraging to note the close agreement between this value and Turfus’ value of 0.58,
as well as the symmetric nature of the contours. The numerically predicted average
concentration was 42.0 ppm while the comparable measured values were 36.7 and
47.2 ppm taken in two separate replications.

At this point it was desirable to examine whether or not the model could be used to
generate predictions of exposure, i.e. breathing zone concentrations integrated over
time. A computational breathing zone was selected as the downstream region
—038m<x<038m (—1.25ft<x<1.25ft)and 0 m<y<0.84m (0ft<y<2.75ft).
This was based on the concept that the formation region for vortex shedding is on the
order of a body dimension. The numerically predicted concentration (simulation IT) in
this region at 50 ft min ™! with 7, = 10.0 was 12.0 ppm while the measured breathing
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Fig. 4 The instantaneous velocity field from simulation IV after 500 time steps.

zone concentrations (Kim and Flynn, 1991b) were 9.78 and 14.22 ppm for the same
conditions. Subsequently the value for T, was kept at 10 and simulations III and IV
were run at 33.3 and 83.3 ft min~', excellent agreement with measured values of
breathing zone concentration were obtained (see Table 2).

Note that to maintain Reynolds number similarity different values of velocity are
used in the numerical simulation than those in the experiment. Appropriate
dimensionless variables are used to calculate concentrations which are then rescaled to
experimental values for comparison. These simulations were run on a Convex
supercomputer and took a total of about 5 h of CPU time for 800 time steps.
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vortex shedding is critical. A numerical simulation must be able to capture this
phenomenon if reasonable estimates of exposure are desired. The two important pieces

out in the plane of simulation.
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Table 2. Comparison of predicted and experimental breathing zone
concentrations

Average measured

Average predicted

Experimental breathing zone breathing zone
velocity concentration* concentration
(ftmin™") (ppm) {ppm)
100 19.5(17.0, 22.0) 17.2
150 12.0 (9.8, 14.2) 13.21
250 7.2(8.3,6.1) 904

*Values in parentheses indicate 1 SD Experimental values from Kim and
Flynn (1991b).

287

020Z 1890190 |0 U0 J8SN UolusAaId PUE [0J)U0D 8seasiq 10} Siejua) Aq 06E21L/LLZ/S/6E /0101 /yamuue/woo dno olwapese//:sdiy Wol) papeojumod



288 M. R. Flynn et al.

of information are the shedding frequency, i.e. Strouhal number, and the eddy size. Our
simulations capture the Strouhal number quite well over a range of Reynolds numbers,
however the eddy shape and size may not be simulated quite so well. The time averaged
velocity fields do not indicate the counter rotating eddies downstream of the ellipse that
we might anticipate.

This may be due to the fact that after the eddies begin to shed they tend to grow over
the whole length of the ellipse rather than preferentially occupying one side, see Fig. 3,
which illustrates an eddy about to be shed growing along the length of the ellipse. This
may be due to errors in approximating the geometry as well as in long-time integration
errors which are associated with these types of calculations.

Despite the limitations, reasonable concentrations are possible not only for the
plane of the source, but the breathing zone as well. Using a value for 7; of 10.0 and
averaging over the computational breathing zone, produces excellent agreement with
measurements of breathing zone concentrations obtained using a mannequin. The
ability to average over the smaller region close to the cylinder means that faster, more
economic simulations are possible. Indeed averaged values for 400-600 time steps
produced results quite comparable to the longer averages.

Despite the rather limited nature of this simulation velocity fields, worker motion,
and even hood flows can be incorporated into the approach. A recent article (Kim and
Flynn, 1991a) incorporates multiple objects and examines the impact of worker
position on the air velocity field.

CONCLUSION

The design of control interventions to reduce worker exposure to toxic airborne
pollutants is hampered by the lack of a model to predict exposure as a function of
appropriate variables. Two of the most important predictors of exposure are the
contaminant generation rate and the air flow field in the vicinity of the worker. If the
worker’s breathing zone concentration as a function of time can be estimated before
control equipment, e.g. local exhaust ventilation, is installed, then the probability of it
being successful can be evaluated prior to its construction. The extra cost of over-
control can be eliminated, and the optimal design implemented.

In addition, a model capable of examining work practices, i.e. worker activity level,
orientation with respect to airflow, etc., would have the capability to evaluate the
relative effectiveness of alternate control strategies. For example, in some cases it may
be that increasing air flow will result in only minimal reduction in exposure (possibly an
increase?), whereas changing how the job is done, i.e. worker orientation with respect
to the flow, may prove a more effective intervention.

The equations governing the flow of air around the worker and the transport of
contaminant in such a field are well known. The discrete vortex method is an effective
tool for capturing the vortex shedding responsible for contaminant transport when a
worker is immersed in a uniform freestream. A particle trajectory procedure outlined
by Turfus (1988) for solution of the advective—dispersive equation is employed here to
make reasonable estimates of worker exposure in this sample flow.

The method is limited in that the velocity predicted by the DVM is two-dimensional
and the flow around a worker is truly a three-dimensional phenomenon. Results
presented here suggest that by selection of the appropriate Lagrangian time scale (7, ),
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and by averaging over an appropriate computational breathing zone, this drawback
can be minimized.
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