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ABSTRACT 
The present work is concerned with the effect of the 

ventilation intensity on the worker exposure in a tunnel when 
the worker is facing the downstream direction and a gaseous 
contaminant is released in an arm length of his reach. A three­
dimensional model of a manikin which was used in the 
experiments was created in order to study the effect of the mean 
inlet velocity which can be characterized by the Reynolds 
number based on the equivalent diameter of the head of the 
manikin. For this study, turbulent flow was assumed to enter the 
ventilation tunnel and exit at the other end from an exhaust 
duct. The scalar transport method was employed to determine 
the ethanol vapor concentration field. The results with the 
low _Re RNG turbulence model are compared to the ones with 
the RNG turbulence model. The results with the RNG k-c 
turbulence model seem to agree better with the experimental 
data at higher Reynolds numbers. At lower Reynolds numbers 
there are significant differences between experiments and 
predictions. 

KEYWORDS: RANS, RNG turbulence model, exposure 
assessment, Reynolds Number 

NOMENCLATURE 
C mean concentration 
Sc 
p 
Re 

scalar source term 
density 
Reynolds number (based on head dimension) 
laminar Schmidt number 
turbulent Schmidt number 
Cartesian coordinate in tensor notation 
fluid dynamic viscosity 
turbulent viscosity 
effective viscosity 
kinematical viscosity 
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turbulent kinematical viscosity 
time 
turbulent kinetic energy 
turbulent dissipation rate 

averaged velocity 
turbulent intensity 
turbulence length scale 

INTRODUCTION 
Wind tunnels are widely used to study human exposures to 

airborne contaminants because they allow investigators to 
control airflow conditions. Usually, the wind speed in a 
ventilation tunnel is I 00-150 fpm, which is comparable with the 
face velocities of local ventilation hoods. However, for full­
scale studies, the large airflow rate due to the large cross section 
requires relatively high energy consumption. A thorough 
numerical analysis on the effect of Reynolds number on the 
exposure level may help to optimize the running conditions of 
the wind tunnel and alleviate the economic limitations to some 
extent. In the current study, the flow around a worker is 
investigated for the important case where the air flows from the 
back of the worker towards the direction he is facing. This flow 
creates, among other things, a recirculation region around the 
head, and it forms a wake flow with complex dynamics. The 
Reynolds number used in this paper is based on the head 
dimension, as the wake fonned behind the head plays a 
significant role in the worker exposure levels. 

Neither Direct Numerical Simulation (DNS) nor Large 
Eddy Simulation (LES) is practical to solve this problem 
because of the complex geometry of the human body. Different 
Reynolds-averaged Navier-Stokes (RANS) turbulence models 
have been used previously in predicting the flow field around a 
human body (Hyun and K.leinstreuer, 2001; Flynn and Sills, 
200 l ; Longest et al., 2000; Li et al., 2003). The RNG 
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turbulence model has shown better capability in predicting the 
turbulence quantities consistent with the Reynolds Stress Model 
results (Li et al., 2003). In the current study, it is interesting to 
compare the low_Re RNG turbulence model to the RNG 
turbulence model, which is not well documented in the 
literature. In addition, the laminar flow is also simulated for 
690<Re<3450, since we don' t know if the flow is turbulent or 
not in this Reynolds number range. 

The objective of this study is to evaluate the performance 
of the low_Re RNG turbulence model compared to the RNG 
turbulence model, in the assessment of the exposure levels of a 
worker in front of a gaseous contaminant, and to investigate the 
effect of the velocity of the ventilation intensity on the exposure 
levels. 

COMPUTATIONAL DETAILS 
The simulations have been performed using the Fluent CFO 

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 I Im 
length), and a manikin (1.69m height). The human body faces 
downstream of the isothermal flow. The fluid medium is air. 

Turbulence Model 
The RNG based turbulence model is derived from the 

instantaneous Na vier-Stokes equations, using the 
Renormalization Group method (RNG). The details on how to 
derive the RNG turbulence model may be found in Yakhot and 
Orszag (1986). The scale elimination procedure in RNG theory 
results in a differential equation for turbulent viscosity: 

d(p2kJ=I.72 v dv 
J"ik ~v3 - l+Cv 

(1) 

where V = µ eff / µ , Cv :::::: 100 , and µeff = µ, + µ . 

In the high Re limit, µ, tends to 

k 2 
µ, =pCµ ­

£ (2) 

with C µ = 0.0845, derived using the RNG theory. It has the 

same form as the standard k-e turbulence model, except 

Cµ = 0.09 is used by the latter. The model parameters in thee 

equation are also different from those for the standard k-e 
model. In this paper, the low_Re RNG turbulence model 
represents the model using differential equation (I) and the 
RNG turbulence model is represented by equation (2). Besides 
the difference in the model parameters, another major 
difference between RNG and standard k-e is that there is an 
additional term in thee equation for the RNG turbulence model, 
which accounts for the effect of the rapid strain. The RNG 
model is known to be more responsive to the effects of rapid 
strain and streamlines curvature than the standard k-e model, 

which explains the better performance of the RNG model for 
certain classes of flows. 

Scalar Transport 
If a species ( ethanol in the present study) is added to the 

system, the mean concentration can be calculated by making use 
of the following transport equation: 

ac a [ v v, ac] - + - u1C -(-+-)- = Sc a, ax, a~ ac,t ax, (3) 
Here, Sc is the source term. Oc is the laminar Schmidt 

number and crc,r is the turbulent Schmidt number. crc= l .32 and 
crc,,=0.7 are used in this paper. (Mills, 1995) 

A source pan (<!>=0.23 m) as shown in Figure 2 is used to 
r~ll::a~e the mixture of nitrogen and ethanol vapor from 90 small 
boles (5 mm) in the experimental study. The source pan is 
1.04m above the ground at the manikin's waist height and 
0.25m downstream of the manikin's torso. The mass flow rates 
of nitrogen and ethanol vapor are l.98e-5 kg/sand 9.34e-7 kg/s, 
respectively. The mass average velocity of the released mixture 
is 0.0026 mis in the vertical direction. The nitrogen is treated as 
air in the numerical study since this approximation greatly 
simplifies the calculation without loss of accuracy (By 
numerical experimentation it has been verified that the 
concentration at the breathing zone is not affected by the 
presence of the nitrogen). Source terms including mass, 
momentum in the vertical direction, as well as turbulence 
quantities such as k and e are added to the corresponding 
equations in the source pan region {the green region in Figure 
1 ). The turbulence quantities are calculated from 

k = Icun2 
(4) 

2 
k312 

c=C­
µ l 

(5) 

where U is the average velocity of the mixture, I is the 
turbulent intensity which is assumed 3-0% to be in the present 
study, and I is the turbulence length scale (which equals the 
diameter of the hole). 

A source tenn representing the ethanol vapor is also added 
to the scalar transport equation in the same region. In addition, 
a thin volume underneath the releasing region is set as an 
impermeable zone to simulate the bottom surface of the source 
pan. 

•-{ 
Figure 1 Schematic view of the computational domain 
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seen from Figure 4 that the concentration at the breathing zone 
(In this study, the breathing zone is represented by a point 1 cm 
downstream of the mouth) predfoted with low_Re RNG varies 
significantly with iteration (pseudo time marching). Without 
appropriate averaging, the instantaneous concentrations 
calculated with low_Re RNG can't be compared with 
experimental data. It should be noted that the measurements 
were obtained on a relatively long time (15 minutes) sampling, 
hence represent ensemble averaged values. Details on the 
experiment are described in a paper submitted elsewhere 
(Guffey, 2004). To obtain reasonable mean concentrations, we 
need at least 1000 iterations for low_ Re RNG, but 500 iterations 
would be enough for RNG. Simulations with low Re RNG 
demand more computational cost than that with RNG -The mean 
data shown in Figure 5 are averaged values of 1000 iterations 
for low_Re RNG and laminar flow, and 500 iterations for RNG. 
A detailed unsteady simulation could provide the typical 
frequencies of the flow, which could clarify if 15-minute 
sampling time is sufficient for the contaminant sampling. 

0 0 0 0 0 
oO o O 0 

o o o o a 
0 0 

Figure 2 Top view of the source pan 

Boundary Conditions 
Constant velocity inlet and pressure outlet boundary 

conditions were used. The inlet velocity was varied in the range 
0.051-0.762 m/sec (10-150 fpm) with a turbulence intensity of 
10%, values representative of typical working environments 
(Baldwin and Maynard, 1998). The characteristic turbulent 
length scale was chosen to be 0.01 m, which represents the 
turbulence generating honeycomb size at the inlet of the tunnel. 
At solid surfaces the usual non-slip and impermeability 
conditions are applied. The standard wall function is used for 
the calculation with turbulence models. 

Other Considerations 
The mesh at the center plane is illustrated in Figure 3. The 

grid around the manikin is much finer. The smallest tetrahedral 
grid size on the manikin surface is around 0.005 m. The 
hexahedral mesh is used in other regions to make the 
computation cost affordable. In total there are around 1,100,000 
cells. Using this grid, a fairly grid independent solution could 
be obtained (Li et al., 2003). 

The SIMPLE scheme is used to solve the pressure-velocity 
coupling. QUICK Scheme is applied to calculate the momentum 
and scalar transport equations. Second order upwind scheme is 
used for turbulence quantities. 

Figure 3 The computational mesh in the center plane 

RESULTS AND DISCUSSION 

Before the effect of Re is analyzed, some consideration 
should be addressed on the unsteadiness of the flow. It can be 

J- :-...... J 

Figure 4 Concentration at the breathing zone vs. iterations at an 
inlet velocity of 30 fpm 

Figure 5 presents the comparison of the numerical and 
experimental results of the concentration at the breathing zone. 
When the inlet velocity is greater than 90 fpm (0.46 mis), the 
numerical results with both low_Re RNG and RNG agree well 
with the experimental ones. The concentration at the breathing 
zone changed very little in this Re range. When the inlet 
velocity is in the range of 30-90 fpm (0.15-0.46 mis), the 
calculated results witb the RNG model stiU have good 
agreement with the experiment. When the inlet velocity is 
below 30 fpm (0.15 mis), the simulations lead to much higher 
exposure levels than the experiments. Overall, low_Re RNG 
and RNG give 20-30% different results at low Re (Re<3000 in 
this study). The results predicted with low_Re RNG at low Re 
are much higher than the experimental results and more like the 
ones calculated with laminar flow. 

Figure 6 shows that the coefficient of variation (standard 
deviation divided by the mean) of the concentrations with 
low_ Re RNG are much higher than the ones with RNG and 
more like the results obtained from laminar flow simulations. 
Averaging over iterations is necessary for calculating the mean 
quantities with low_Re RNG, even at Re= 10000. 
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Figure 5 Comparison of the numerical and experimental results of the concentration at the breathing zone 
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Figure 6 The coefficient of variation of the concentrations at 
djfferent inlet velocities with laminar flow and two turbulence 

models 

Figure 7 shows the instantaneous concentration contours 
and the pathlines in the center plane at a certain iteration 
moment. It can be seen that the pathlines with low_Re RNG 
shows more recirculation zones. From Figure 7(b), it is clear 
that there are two large recirculation zones in the center plane. 
The upper one is formed due to the separation of the flow from 
the head, and it can bring the gaseous contarrunants to the 
breathing zone. The lower one is created by the flow past the 
legs and this may affect the size of the hlgb concentration 
region. Comparing 7 (d) with 7(b), we can see that the upper 
recirculation zone at inlet velocity of 90 fpm (0.46m/s) has 
similar shape with the one at 30 fpm (0.15 mis). However, the 
size of the upper recirculation zone at hlgber Re becomes 
bigger, which seems to reduce the size of the lower 
recirculation region. As a result the high concentration region 
is concentrated to a much smaller region. 

The concentration contours and the pathlines at another 
iteration shown in Figure 8(a) illustrate how different the flow 
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field and the concentration field could be at different instants. 
When the low_Re RNG turbulence model is used, a highly 
unsteady flow is predicted. At the shown pseudo time, the flow 
directly transports the contaminant to the breathing zone, 
which should correspond to a peak in Figure 2. Figure 8(b) 
shows how the flow separates from the head and forms a 
recirculation region. A similar behavior is also seen in Figure 
9(a), which shows the conducted Particle lmage Velocimetry 
(PIV) measurements. 

The turbulent viscosity contours with RNG are shown in 
Figure 10. The high turbulent viscosity region indicates the 
separated shear layer flow there. When the Reynolds number 
increases from 2070 to 6210, the turbulent viscosity also 
increases, whlch indicates a higher turbulence. Whereas, the 
calculations with the low_Re RNG model predicted an almost 
laminar flow field for both Reynolds numbers, i.e. a very low 
turbulent viscosity. This indicates that the low _Re RNG model 
predicts a flow field which is more like a laminar flow around 
a sphere. The flow over a sphere remains laminar up to a Re of 
-105

• Nevertheless, the Re subject for this study is much lower 
than this number and may indicate that the actual flow may be 
laminar. 

However, if Figures 9(a&b) are observed closely, they 
seem to indicate turbulent flow. This could be explained by the 
fact that the free stream flow may be turbulent, which is not 
the case in the simulations. Then, it could be reasoned that the 
RNG model is causing a turbulent flow field, which in tum 
exhlbit better agreement in comparison to experiments. 
Additional experiments are needed to measure the turbulence 
intensity and length scale in the free stream and to clarify, if 
the free stream flow is indeed turbulent. 
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a) low_Re RNG c) low_Re RNG 

b)RNG d)RNG 

Figure 7 Concentration contours and pathlines in the center plane 

a) low_Re RNG b) low_Re RNG (Close up around the bead) 
Figure 8 Concentration contours and pathlines in the center plane at another iteration moment different from the one in Figure 7 
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a) V(inlet) = 47 fpm b) V(inJet) = 97 fpm 

Figure 9 Instantaneous smoke test images captured by PIV (Guffey, 2004) 
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Figure 11 Turbulent viscosity in the center plane 

CONCLUSION 

The dispersjon of contaminants in the v1cm1ty of a 
simulated human working in a wind tunnel has been 
investigated using computational fluid dynamics. And the 
results are compared to the experimental data. The objective 
was to assess the effects of Re on the predicted contaminant 
levels in the breathing zone of the worker. 

The results show that the calculated exposure levels with 
the RNG turbulence model have good agreement with the 
experimental data for Re>2000 CUmie, > 30 fpm). The exposure 
levels remains nearly constant when the inlet velocity exceeds 
90 fpm (0.46 mis). However, following the above discussion, 
more experimental and numerical data is needed to support 
tbis conclusion. 

\290 

The unsteady flow features should be investigated 
thoroughly. This would reveal more realistic flow 
characteristics and clarify if the sampling period used in the 
experiments is reasonable under these flow conditions. 
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