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Room Airflow Studies Using Sonic Anemometry
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Abstract To ensure prompt response by real-time air monitors
to an accidental release of toxic aerosols in a workplace, safety
professionals should understand airflow patterns. This under-
standing can be achieved with validated computational fluid
dynamics (CFD) computer simulations, or with experimental
techniques, such as measurements with smoke, neutrally buoy-
ant markers, trace gases, or trace aerosol particles. As a supple-
mentary technique to quantify airflows, the use of a state-of-
the art, three-dimensional sonic anemometer was explored. This
instrument allows for the precise measurements of the air-velo-
city vector components in the range of a few centimeters per
second, which is common in many indoor work environments.
Measurements of air velocities and directions at selected loca-
tions were made for the purpose of providing data for charac-
terizing fundamental aspects of indoor air movement in two
ventilated rooms and for comparison to CFD model predic-
tions. One room was a mockup of a plutonium workroom, and
the other was an actual functioning plutonium workroom. In
the mockup room, air-velocity vector components were meas-

ured at 19 locations at three heights (60, 120 and 180 cm) with

average velocities varying from 1.4 cm s™! to 9.7 cm s7!. There
were complex flow patterns observed with turbulence intensit-
ies from 39% up to 108%. In the plutonium workroom, meas-
urements were made at the breathing-zone height, recording
average velocities ranging from 9.9 cm s~ ! to 35.5 cm s™! with
turbulence intensities from 33% to 108%.
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Introduction

The need for airflow measurements in a work place
has been recognized by health and safety professionals
not only as a problem of workplace comfort, but also
as a potential tool in designing engineering measures
to reduce accidental exposures of workers to toxic
aerosols. A specific case is the radiation protection of
workers in nuclear facilities. The possibility of acciden-
tal airborne releases of radionuclides during the hand-

ling and processing of radioactive materials, which are
not detectable by human senses, is a fact of which
every health physicist is constantly aware. The proper
placement of alarming devices in a nuclear workplace,
such as continuous air monitors (CAMs), is a factor in
determining how effectively these devices respond to
accidental release of radioactive gases and aerosols
(Crites, 1994). Accordingly, an understanding of air-
flow patterns and their effect on dispersal of the radio-
active material in the room can be an effective tool in
improving CAM performance.

Another reason for determining the airflow patterns
is to help in design of workplace ventilation systems,
including the placement and shape of inlet and outlet
registers to remove accidentally released airborne
radioactivity from the workers’ breathing zone as
quickly as possible and thus minimize harmful ex-
posure. Several qualitative tracing techniques such as
neutral buoyancy balloons, smoke, trace gases, and
trace particles have been tried in the past with mixed
results (Vavasseur et al, 1986; Mishima et al.,, 1988;
Whicker et al., 1997). The main disadvantages of these
techniques are the qualitative nature of the results, or
difficulties in performing actual measurements. Quan-
titative techniques, such as thermal anemometry and
Laser Doppler Velocimetry (LDV), have also been used
to measure indoor airflows. These techniques have
provided valuable information regarding room air-
flows, but also have limitations. For example, the velo-
city threshold of hot-wire systems is around 10-15 cm
s~ 1, without special calibrations, which is too large for
typically encountered indoor air velocities (Matthews
et al, 1989; Papadopoulos et al., 1996). The LDV tech-
nique described in Polyakov (1988) has the potential of
being a valuable tool for air velocity measurements in
wide range of velocities and sampling frequencies, but
the need for release of seed particles and the high cost
of current LDV systems limits its application.

An alternative non-instrumental method that can be
used for airflow pattern predictions is numerical simu-
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lation via computational .fluid dynamics (CFD) com-
puter models of room geometry and flow boundary
conditions, coupled with physical models of particle
response to the predicted flow field (Hirt et al., 1979;
Kurabuchi et al, 1990; Awbi, 1991; Skovgaard and
Nielsen, 1991; Buchanan, 1997). However, experimen-
tal validation of such CFD computer models has re-
mained a serious limitation in applying them with a
high degree of confidence to workplaces that have
complex configurations.

An experimental technique that may contribute to
airflow studies and help in validation of the CFD
models is direct measurement of three-dimensional
flow fields using state-of-the art sonic anemometry.
This technique provides highly accurate three-dimen-
sional measurements of the air-velocity vector compo-
nents in the range of centimeters per second. Two
earlier attempts in using sonic anemometers for indoor
airflow studies (Irwin and Paumier, 1990; Yost and
Spear, 1992) were only partially successful and were
limited by the lack of sensitivity to low air velocities of
the older instruments. Sonic anemometers used in
these two previous studies had a threshold of velocity
in the range of 2 to 5 cm s, implying that up to 20%
of measured velocity components were below the in-
struments’ detection limits. Recent technological im-
provements in ultrasound technology, combined with
transducers that are more accurate and faster, have re-
sulted in more accurate and sensitive commercial sonic
anemometers. Current instruments from different
manufacturers have the ability to detect air velocities
in a millimeter per second range, although in some
cases, a special calibration may be required. The results
of the application of the sonic anemometry in support
of the radiation protection program at Los Alamos Na-
tional Laboratory (LANL) are presented here.

The primary goal of this project was to use sonic
anemometry to measure the airflow quantities of velo-
city and turbulence in a mockup room for comparison
with measurements in the active plutonium work-
room. These measurements could then be used to in-
crease our understanding of the fundamental mechan-
isms involved in dispersion of toxic materials into a
workroom. In addition, this data set can be used to
validate CFD model prediction. Ultimately, this infor-
mation could be used to increase worker protection
from other inhalation hazards.

Material and Methods

Experimental Room

The obvious technical difficulties of making extensive
airflow measurements in a production facility handling
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nuclear materials forced the construction of an experi-
mental mockup room simulating a real workroom. The
mockup room used in this study is a freestanding
structure located within a larger building. The room
is a modular metal-wall structure with dimensions of
6.1X48%24 m (V=703 m? and is furnished with
mockup gloveboxes and an overhead passbox (a sealed
tunnel used for moving radioactive samples between
gloveboxes in a plutonium facility) inside. A schematic
diagram of the room is presented in Figure 1. The room
is supplied with close-looped high-efficiency particu-
late filter (HEPA)-filtered air through four 0.2-m diam-
eter inlet registers in the ceiling equipped with 0.3-m
diameter horizontal deflecting plates. Four 0.2-m diam-
eter adjustable exhaust registers are located in the
room corners, 0.3 m above the floor. The nominal air
exchange rate was set to 6 h™'. Measurements of the
volumetric flow rate at the inlet and outlet registers
using an industrial flow measurement instrument
(Model CFM-88-1, Shortridge Instruments, Scottsdale,
AZ,USA) yielded average values presented in Table 1.
The near-uniform distribution of air velocities around
the deflector plates was verified by measurements with
a hot wire anemometer (Model 630, Sierra Instruments,
Carmel Valley, CA, USA) at the edge of the deflector
plates. As the experimental room is located indoors
with a thermally insulated floor, there was no signifi-
cant (less than 0.5°C) temperature gradient detected be-
tween opposite walls (including ceiling and floor), as
measured with fine wire thermocouples (Model FWO05,
Campbell Scientific, Inc., Logan, UT, USA).

The 19 locations marked in Figure 1 were selected
for measurements of air velocity vectors. As the experi-
mental room has a ceiling-mounted passbox, the sam-
pling heights varied depending on location. At loca-
tions 7, 8, 9, the two sampling heights were 60 and 120
cm, whereas for all others the sampling heights were
60, 120 and 180 cm above the room floor. Sonic anem-
ometer was positioned 50 cm from glovebox faces and
the room walls. Experimental room measurements
were performed under steady-state conditions, estab-
lished by waiting for at least 10 min (one nominal air
exchange) after closing and sealing the room door. The
remaining room openings (e.g., sampling or cable

Table 1 Volumetric flow rate at inlet and outlet registers

Location Inlet (X103 m3*~') Outlet (X103 m?3¥~!)
SW 389 33.6
SE 33.8 359
NE 27.6 314
NW 32.0 33.0
Total 132.3 133.9
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Fig. 1 Schematic diagram with sampling locations of the experi-
mental mockup facility
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Fig. 2 Schematic diagram with sampling locations of a plutonium
workroom at LANL
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ports) were sealed, although it was not intended to
make the room completely air tight.

Plutonium Facility

The schematic diagram of a workroom in the LANL
plutonium-handling facility, accessible for the airflow
study, is presented in Figure 2. The room dimensions
are 15X18X5 m. Several rows of gloveboxes and an
overhead transport passbox were present in the room.
HEPA-filtered air is supplied into the room through
four ceiling registers. The four rectangular outlet regis-
ters (0.3X0.6 m) are located in the room corners 0.3 m
above floor. The nominal air exchange rate was 10 h ™.
Because this is a plutonium handling facility with re-
stricted access, only a limited number of sampling
locations (marked in Figure 2) were available for this
study. A sampling location at a height of 150 cm and
30 cm from the glovebox face was selected to represent
the breathing zone of a worker. All measurements were
performed with people present in the room; however,
an attempt was made to have no one in the vicinity of
the sonic anemometer sampling head.

Sonic Anemometry

To characterize the airflow patterns we used a com-
mercial sonic anemometer (Model CSAT3, Campbell
Scientific, Inc., Logan, UT, USA). The critical dimen-
sions of its sampling head geometry are presented in
Figure 3. The sonic anemometer measures the time of
flight of pulsed sound waves across a 10-cm measure-
ment path. From these measurements the three orthog-
onal air velocity components are determined with a
programmable sampling rate that can be set from 1 to
60 Hz. To measure air velocity on each axis, two ultra-
sonic signals are pulsed in opposite directions. The
times of flight of the first signal (out), t,, and second
signal (back) ty,, are given by,

1.59 cm dia. -, N =
cm dia s 1_1

\ 7

. — ')

Fig. 3 Geometry of sonic anemometer sampling head (courtesy
of Campbell Scientific, Inc)
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d
tout= —— 1
out = (1)
d
thack= —— (2)
c—u,

where u, is the first nonorthogonal wind component
along the transducer axis, d is the distance between
transducers, and c is the speed of sound. From the
above equations, the wind speed along any axis can be
found by solving for u,:

ua=9[i— L ] 3

tout tback

All of the nonorthogonal wind speed components are
then transformed into orthogonal wind speed compo-
nents uy, u, and u, that are referenced to the axes of
anemometer head with a 3X3 transformation matrix,
A:

Uy u,
U |[=Al wp @)
u? uC

As the expected air velocities were small, a special cus-
tom calibration and instrument adjustments were per-
formed in the manufacturer’s wind tunnel facility.

The results of this new, custom calibration for all
three velocity-vector components yielded average
threshold velocity values of 02 cm s™! at 21°C. These
values are an order-of-magnitude smaller than the
standard factory calibration and far below the guar-
anteed value of 4 cm s™! that is derived for a much
wider temperature range outdoors. The accuracy of
several sonic anemometers, including a model
(CSAT3) similar to the one used in this project, was
evaluated by Vogt (1997). According to his wind tun-
nel studies, the average difference between CSAT3
and the reference wind speed values was —1.1%. The
minimum and maximum difference between the
measured wind speed and the reference tunnel speed
for all tested wind speeds and angle of attack were
—103% and +6.0%, respectively.

The sonic anemometer head was mounted on a mo-
bile cart for ease of transport and leveled after any
change in sampling location. The mounting arrange-
ment allowed for changes in the sampling height. The
sonic anemometer head (Vogt, 1997) and the mobile
cart were designed to minimize local airflow disturb-
ance.
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In the mockup room every sample consisted of 600
individual measurements, as the sonic anemometer
controls were set to collect data for 10 min with the
sampling frequency of 1 Hz. In a plutonium work-
room, due to restriction in available access time,
samples consisted of only 300 measurements (5 min
run). The raw, binary data files containing air velocity
individual components were converted to ASCII text
format, corrected for offset, and rotated to align orien-
tation of the sonic sampling head with common room
coordinates.

By vector summation of individual air velocity vec-
tor components u,, u, and u,, the absolute air velocity
was calculated for every sample, i, with the equation,

u; (ems™1) = Jud+uf,+uf, 5)

The time average velocity for a 10-min run was cal-

culated as t = —Eu Statistical measure of the disper-
i=1
sion of data of a variable A about the mean A is the

unbiased variance ¢4 defined as,
1 i°N-
A== Z (A-AY ®)

However, any turbulent variable A, can be split into
mean and turbulent part as A=A +a’, and the substi-
tution of a turbulent part a’=A—A into the definition
of variance gives (Stull, 1988),

1 e —
%=N—§ (a")? =a” (7)

Therefore, since the standard deviation is interpreted
as a measure of the magnitude of the spread or disper-
sion of the original data from its mean, it can be used
as a measure of the intensity of turbulence. The inten-
sity of turbulence might be expected to depend on the
mean wind speed, so the dimensionless measure of the
turbulence intensity, K, is often normalized to the air
velocity. Using average air velocity and sample stan-
dard deviations of individual air velocity vector com-
ponents s, s, and s,, the normalized turbulence inten-
sity, K, was expressed by Yost and Spear (1992) as,

N sx+5“+s

K (%) = 100 8)

In some publications, the turbulence intensity is de-
fined differently (Pruppacher et al., 1982, Stull 1988).
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However, to allow for comparison of results, the defi-
nition used by Yost and Spear.(1992) was applied in
this work.

To find the dominant frequencies of the indoor tur-
bulence, a fast Fourier transform (FFT) was performed
on selected time series data with the commercial stat-
istical software packet STATISTICA (StatSoft, Inc., Tul-
sa, OK, USA). Data used for the FFT analysis were
tapered at 10%, detrended, the mean value subtracted,
padded to the nearest power of two, and smoothed
using a five-point Hamming window, as rec-
ommended by the FFT procedure.

Results and Discussion

Flow Field

Typical results from the mockup room, in the form of
projections of the appropriate air-velocity vector com-
ponents on different room planes: the vertical Y-Z com-
ponents projected on the central plane at x=240 cm,
and the horizontal X-Y-component at z=120 cm, are
presented in Figure 4.

The absolute air velocity values, as calculated with
Equation 5, varied from 1.4 cm s™! at location 14 (z=
60 cm) to 9.7 cm s~ ! at location 5 (z=180 cm), with an
average for all locations of 3.8+19 cm s™!. As ex-
pected, the highest velocities were registered at loca-
tions close to inlet and exhaust registers. There was a
factor-two difference between average air velocities at
z=60 cm and z=180 cm of 25 cm s~ ! and 5.1 cm s7},
respectively. Despite approximate geometrical sym-
metry in the design of the mockup room and similar
inlet/outlet flow rates, the results showed some asym-
metry.

However, even the obtained results show the com-
plexity of the airflow pattern. In this regard, our results
substantially differ from the simple uniform pattern
obtained by Yost and Spear (1992) of the nearly parallel
velocity vectors in their box-type test facility, and it
confirms a substantial influence of objects in the room
on the airflow. In addition, the results show that the
complex structure of the flow field is such that the
sampling density of the point measurements is not suf-
ficient to infer general room flow pattern by spatial
interpolation as was done by Yost and Spear (1992). As
well, the spatial averaging required by sonic anem-
ometer geometry has to be taken into account for com-
parison to CFD model predictions.

For the workroom, the X-Y velocity distribution and
flow direction projection is presented in Figure 5. De-
spite a limited number of workroom samples, it still
can be seen that the air velocities were higher than
measured in the mockup room, as was expected due
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Fig. 4 Vertical and horizontal air velocity components measured
at vertical (x=240 cm) and horizontal (z=120 cm) cross-sections
in mockup facility

to the higher ventilation rates in the workroom. The
overall average of 20.0-74 cm s™! was nearly five
times higher than the average for the mockup room.
The maximum velocity of 35.5 cm s™! at location 6 was
nearly four times higher.

A more detailed investigation of the air velocity dis-
tribution around a glovebox (marked X in Figure 2)
with six workstations equipped with circular
gloveports resulted in a situation presented in Figure
6. The measurements show substantial differences in
both average air velocity values (from about 20 up to
40 cm s™') and the direction of the vertical component
u, ranging from +18 cm s™!' (up) to —13 cm s!
(down). Despite apparent symmetry of values and z-
directions around two opposite sites of the glovebox,
the obtained results show the difficulties in creating an
effective (from the perspective of worker protection)
airflow pattern that will carry contaminants away from
the breathing zone. Here, for example, are two neigh-
boring locations 13 and 14, and 16 and 17 separated
by about 1 m, yet each has opposite vertical airflow
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directions, driving potential aerosol releases from or
into the workers’ breathing zone.

Turbulence Intensity

The forced ventilation, room geometry, and furnishings
were expected to be possible causes of highly turbulent
flow patterns both in the mockup room, as well as in
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the workroom. The intensity of turbulent energy trans-
fer is an important factor in a dispersion of radioactive
aerosols released accidentally, and in some cases may
improve the response of real-time air monitors. On the
other hand, intense turbulent energy transfer may ex-
pose other workers in the room and lead to dilution of
the contaminants to such an extent there is no detector
response. To quantify turbulence in a mathematical
metric, the values of turbulent intensity, K, defined
earlier (Equation 8) was used. The use of K is another
way of analyzing the type of data that may be uniquely
collected with sonic anemometry. The relative turbu-
lence intensity based on data collected in the mockup
room with the sampling frequency of 1 Hz for selected
horizontal and vertical cross-sections are presented in
Figurg 7. The values of K varied from 39% at location
19 (z=60 cm), to over 100% in locations 14, 15, 16 (z=
180 cm). K was high as well at some locations close to
outlet registers (108% at location 10, h=60 cm). The
plot of turbulence intensities in the workroom is pre-
sented in Figure 8. Comparing the workroom layout
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(Figure 2) with the turbulence intensity plot, it can be
seen, that the highest K-values of 108% and 98% were
measured between gloveboxes in the center of the
room (locations 4 and 5, respectively) and lower in
more open spaces in the northern part of the room and
along the walls. The range of measured K varied from
33% at location 3 to 108% at location 4 with an average
of 64%.

As turbulence may consist of many different size ed-
dies superimposed on each other, instrument design
and the selection of sampling frequency becomes im-
portant to determined the size of the eddy that is meas-
urable. For example, the 10-cm measurement path in
the sonic anemometer used prohibits detection of
smaller scale eddies. Also sampling with a frequency
that is too low may also result in loss of detection of
small-scale eddies.

To measure influence of varied sampling frequency
on K, a set of sequential samples was collected at two
locations: no. 14 (height 120 cm) in the mock-up facility
and no. 6 in the plutonium workroom. Results showed
no apparent changes in K with the increase of sam-
pling frequency in the range from 1 to 60 Hz. An expla-
nation of such behavior may be that small-scale, yet
detectable with the instrument used, eddies were not
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Fig. 9 Results of the fast Fourier analysis (FFT) of one data set
collected in the mock-up facility (location 6) with sampling fre-
quency of 1 Hz (a) and 20 Hz (b). Units of X-axis (period) depend
on units of observation (one observation is used as the time unit,
explanation in text)

present at the investigated sites. To verify such possi-
bility, an FFT analysis was performed on the data col-
lected in the experimental room with the sampling fre-
quency of 1 and 20 Hz, with the results of spectral
analysis presented in Figure 9a and b, respectively.
Both plots show similar spectral density distributions
with peaks at period values of 36 (f=0.03 Hz) and 128
s (f=0.008 Hz); and 819/20=41 s (f=0.02 Hz) and
2730/20=137 s (f=0.07 Hz), respectively. Such a two-
mode distribution suggests that only a limited range
of eddy frequencies, mostly in the low range (below 0.1
Hz), exist indoors and therefore increasing sampling
frequency (to include higher frequency, smaller eddies)
showed no effect on K. This behavior is in contrast to
the outdoor environment, where small, micro-scale ed-
dies on the order of a few millimeters in size are pres-
ent - thought to be produced from the turbulent en-
ergy cascade on environmental scales (Stull, 1989).

If we assume that the eddy is frozen, (i.e., it evolves
with the time scale longer than the time it takes the
eddy to advect past the sensor, which is Taylor’s hypo-
thesis), the air velocity can be used to translate turbu-
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lence measurements as.a function of time into their cor-
responding measurements in space with

=3
I
o>

©)

where, P is the time period, A is the eddy diameter,
and 1 is the mean wind velocity. Using Equation 9,
results of measurements and FFT analysis, the diam-
eters of the detected eddies can be estimated to be be-
tween about 1 m and 3 m. For comparison, a 10 cm-
diameter outdoor eddy moving with wind speed of 1
m s~ ! will result with time period of 0.1 s and fre-
quency of 10 Hz. Additionally, with a measured velo-
city of 1.2 cm s™! at location 14, the period of eddies
smaller than the 10 cm path length of the sonic anem-
ometer head would be less than 10 s.

Range and average values of K measured in an ex-
perimental room can be compared with values meas-
ured by Yost and Spear (1992) in their 143 m? experi-
mental rectangular test chamber. Even given the 10
times higher ventilation rate of about 1 min™! (60 h™1)
and about twice the average air velocity (9.1+4.7 cm
s”! in their test chamber versus 3.8+19 cm s™! in
our mockup facility), their average turbulence intensit-
ies were only 34% higher (99.3£62.2% versus
739%16.3%). As was the case in airflow pattern, these
results confirm the strong influence of room geometry
on turbulence. Computer modeling recognized that ob-
stacles in the room influenced turbulence (Buchanan,
1997); however, no extensive experimental studies val-
idating this have been reported.

Conclusions

Our results using sonic anemometry in the experimen-
tal room and the nuclear facility demonstrated the
benefits of using advanced instrumentation for direct-
air velocity measurements indoors. Moreover, the high
sampling frequencies now available may provide high-
resolution data on indoor turbulence. These data will
prove helpful in understanding the movement and dis-
persion of indoor air pollutants. The sonic anemometer
provides for direct measurements of air-velocity vector
components and their fluctuations, which is a valuable
information. This type of data will provide increase
our knowledge of the fundamental aspects of indoor
airflows. Also, because validation of CFD model pre-
dictions is always an issue, the availability of reliable,
low-velocity flow data for direct comparison of
modeling results can provide a higher level of confi-
dence in the quality of simulated predictions. One goal
of such studies is to provide tools for better under-
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standing air movement indoors and transport of toxic
aerosols, and consequently enhance the capabilities of
real-time air monitors for worker protection.
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