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Abstract: In order to evaluate an indoor airflow, which may cause the spread of viruses, it is effective to measure the
speed and direction of the airflow using several accurately evaluated anemometers. However, since calibration of
anemometers is a time-consuming task, so the authors developed a compact wind tunnel that can evaluate the accuracy of
anemometers in a short amount of time. The design concept and performance of the wind tunnel are described by several
indices, including averaging time, settling time, spatial distribution, and blockage effect. These results demonstrate the
capability of the wind tunnel to evaluate several anemometers in a short measurement time with sufficiently high precision.
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1. Introduction

The speed of an indoor airflow is generally low, i.e., less
than 1.0 m/s. Compared with higher velocity ranges, the
drift of the zero point and thermal convection associated
with the anemometer itself may cause significant mea-
surement errors. Hence, anemometers used for observation
or monitoring of indoor airflow must be calibrated with
sufficient accuracy. The calibration of the anemometers is,
in most cases, conducted by facilities owned by calibration
laboratories or manufacturers [1-4]. However, it takes a
long time to calibrate even one anemometer.

Since January 2020, when the first person infected by
SARS-CoV-2 was confirmed, the number of infected
people has been increasing in Japan. Indoor spaces, such as
houses and restaurants, were particularly prone to infection
[5-7]. One reason for the spread of the virus is assumed to
be the diffusion of the virus caused by indoor airflow.
Because the virus is carried to the downstream side of the
indoor airflow, the virus may diffuse over a social distance
[8-10]. To determine the location of the downstream side
and understand the local velocity distribution, the indoor
airflow should be evaluated.

Velocity measurement is conducted at various compa-
nies, such as those making air conditioners, in order to
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clarify the indoor airflow. For example, velocity measure-
ments have been conducted in cleanrooms, in experimental
draft chambers, and in local ventilation equipment. Since
the size and airflow control system in such spaces are
standardized, the velocity measurement method for these
spaces can also be standardized [11-13]. However, it is
difficult to apply the same velocity measurement method to
indoor spaces such as houses or restaurants. These spaces
have several variations, for example, the size of the spaces
is not the same, various HVAC systems are installed, and
the location of furniture is not fixed. Hence, in order to
clarify the indoor airflow in various spaces, several
anemometers should be placed over the entire space. Since
it takes long time to calibrate a number of anemometers,
equipment that can perform this task in a short amount of
time is required.

The authors have developed a new wind tunnel that is
compact and can calibrate an anemometer in a short time.
Since the wind tunnel is a set of commercially available
products, the assembly time is short, and the cost is not
high. A stable and constant airflow in the range of
approximately 0.2 to 0.6 m/s can be produced in the test
section of the wind tunnel in order to evaluate anemome-
ters used for monitoring indoor airflow. Since uniform
airflow can be generated over the entire test section, several
anemometers can be calibrated simultaneously.
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Fig. 1 Overview of wind tunnel. a Schematic diagram. b Photograph

In the present paper, the design concept for the wind
tunnel, the specifications and requirements of the experi-
ment, and the experimental verification are described.

2. Design Concept for Wind Tunnel

There are two requirements that the wind tunnel must
satisfy. First, the accuracy of the velocity produced by the
wind tunnel must be higher than that of anemometers
commonly used. The accuracy of an anemometer for
indoor airflow measurement is generally 30-50% [14].
Hence, the target accuracy of the wind tunnel is set as 10%
[15].

Second, the calibration time using the wind tunnel is
expected to be shorter than that using a calibration facility.
In order to shorten the settling time from start-up until the
airflow is stabilized, a pair of clean partitions with an air
filter is used as a fan and a settling device for the wind
tunnel. A filter having a high air-pressure loss, called a
high-efficiency particulate air (HEPA) filter, is used instead
of a nozzle and is able to alleviate instability in the flow
and vortices caused by the fan. Moreover, since the clean

Table 1 Component list for wind tunnel

partition is thin in the streamwise direction, the wind tunnel
is very compact.

Figure 1 and Table 1, respectively, show a schematic
diagram and a component list of the wind tunnel. A hori-
zontal flow is formed by the clean partitions. A push flow is
produced by the clean partition on the upstream side across
the air filter. A pull flow is produced by the clean partition
on the downstream side to diminish stagnation in the
downstream area and secondary flow behind the
anemometer. The air speed controller for the clean parti-
tions was modified using an inverter device so that the
revolution of the fan could be adjusted in a stepless
manner.

The test section was enclosed by clear acrylic boards.
The length of the test section in the streamwise direction
was 1500 mm. A closed test section was adopted to
diminish disturbances due to indoor ventilation airflow or
human movement. The measurement plane was rectangu-
lar, 700 mm in the spanwise direction and 550 mm in the
vertical direction, and was defined as being at the 750 mm
position in the streamwise direction from the upstream
partition. The origin was located at the center of the
measurement plane, and the x, y, and z axes were set as the

No Name Material Quantity Content

1 - 1 ACP-897AH (AIRTECH JAPAN, Ltd.) [16]
2 Clean partition - 1 ACP-897CH (AIRTECH JAPAN, Ltd.) [16]
3 Test section Acrylic 1 t5

4 Screen meshes SUS 4 40#

5 Honeycomb cores Aluminum 2 AL1/8-
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streamwise, vertical, and span directions, respectively, as
shown in Fig. 1. Screen meshes and honeycomb cores were
placed on both the upstream and downstream sides of the
test section to produce a uniform flow. Since the increase in
temperature caused by the fan on the upstream side was
negligibly small, the flow rates in the test section were
assumed to be constant during the measurement. For
effective accuracy evaluation, periodic calibration of the
wind tunnel by the calibrated anemometer is desirable.

3. Evaluation of Wind Tunnel
3.1. Evaluation Index

In the present study, the performance of the wind tunnel
was evaluated by two indices: the streamwise velocity and
the combined velocity. These indices are important in order
to evaluate the performance of both anemometers, the
sensitivities ~of  which are  unidirectional and
omnidirectional.

The streamwise velocity is indicated by Vi, and the
combined velocity is determined by the following
equation:

V=\/Vi+Vi+V} (1)

where Vy and V, indicate the vertical velocity and the
spanwise velocity, respectively.

The temporal performance of the wind tunnel was
evaluated by estimating the average time per measurement
point, and the settling time from start-up until the airflow
was stabilized. The spatial performance was evaluated
from the spatial distribution of the velocities and the
blockage effect caused by the anemometer placement.
These evaluations make it possible to operate the wind
tunnel precisely and efficiently.

An ultrasonic anemometer WA-790 connected to a TR-
90 T probe (Sonic Corporation) was used for this purpose.
The anemometer was calibrated at the low-air speed stan-
dard calibration facility of the National Metrology Institute
of Japan (NMIJ) in advance [3, 17]. The output frequency
and resolution of the anemometer were 10 Hz and
0.005 m/s, respectively. The anemometer was placed such
that the center of its sensing area was located on the
measurement plane.

3.2. Average Velocity at the Origin

A certain averaging time is required to obtain a reliable
velocity on the measurement plane. An experiment to find
the optimal averaging time was conducted. The
anemometer was placed so that the center of its sensing

area was located at the origin. The fan controller of the
wind tunnel was varied from 30 to 100% in 10% steps, i.e.,
at eight points. By varying the averaging time from 10 to
60 s in 10 s steps, the average velocities were measured for
each controller setting. The fan controller settings of 10%
and 20% were not used due to the instability of the inverter
controller of the fan.

In the present paper, we considered that a 60 s averaging
time was sufficient to obtain a reliable and stable stream-
wise velocity, so that this value was defined as the refer-
ence value. The deviation of the streamwise velocity for
each averaging time from the reference value is shown in
Fig. 2. The calibration and measurement capability (CMC)
of the low-air speed standard set by NMIJ [17] is indicated
with dashed lines. Even for the shortest averaging time of
10 s, the deviations were considerably smaller than the
CMC, and 10 s was therefore considered to be sufficient
for the measurement time using the wind tunnel.

The velocities at the origin were observed for each fan
controller setting. The average velocity in each direction is
shown in Fig. 3. The average streamwise velocity Vyx was
approximately 0.2 m/s at a fan setting of 30% and was
approximately 0.6 m/s at a fan setting of 100%. The
velocities in the y and z directions, Vy and V,,, respectively,
were less than & 0.06 m/s for all velocity ranges. The
standard deviations of the average velocities in each
direction were less than 0.005 m/s, which is the same level
as for commercial low-speed wind tunnels [18]. Moreover,
the streamwise velocity Vx was approximately proportional
to the fan controller setting, indicating that this wind tunnel
can be operated easily. From the data, it was cleared that
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Fig. 2 Deviation of streamwise velocity from reference value. The
dashed lines indicate the calibration and measurement capability
(CMC) of the low-air speed standard set by the National Metrology
Institute of Japan (NMIJ)

@ Springer



1070

A.Iwai et al.

the desired reference air speed at Origin can be achieved
simply by adjusting the fan setting.

Next, the ratio of V to Vj is shown in Fig. 4. The dashed
line indicates the CMC of the low-air speed standard set by
the NMIJ [17]. Although a 2% difference was observed
between V and Vy at a fan setting of 30%, these values can
be regarded as equivalent because the difference was
smaller than the CMC value.

3.3. Settling Time from Start-Up of Wind Tunnel

The settling time was evaluated from start-up of the wind
tunnel until the airflow was stabilized. The instantaneous
streamwise velocity at the origin from the start-up to 60 s is
shown in Fig. 5. The fan controller of the wind tunnel was
set at 30%, 50%, and 100%. In the cases in which the fan
controller was set at 30% and 50%, the instantaneous Vi
30 s from start-up was stable at the set air speed. Although
overshoot occurred at the 100% fan setting, the instanta-
neous Vy after 50 s was stable. After 60 s had passed from
start-up, no drift was observed in the instantaneous Vy for
any fan setting. Having no drift means that the airflow is
adapted for the evaluation of the anemometer.

3.4. Spatial Distribution of Velocity

The velocity components in each direction, Vy, Vy, and V,,
on the measurement plane were investigated in order to
confirm the area where the velocity profile can be consid-
ered to be uniform. The ultrasonic anemometer used as a
reference in this paper has high sensitivity and high accu-
racy in the low-air speed range and can measure three-
dimensional velocity. Besides, the ultrasonic anemometer
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yields little effect on the distribution of velocity although
its physical dimension is large. The measurement points
were set at every 1/4 of the total distance in the y and
z directions on the measurement plane, i.e., nine points in
total. The locations of the measurement points and their
identifications are shown in Fig. 6a, and the fixture used for
this measurement is shown in Fig. 6b. The measurement
point labeled M2 is the origin. The air flows from the back
side to the front side in this figure. The average velocity
over 10 s at each measurement point was measured after
the flow had settled. The reproducibility of the average
velocity at M2 was comparable with the CMC.

The ratio of Vi with respect to that at the origin M2 is
shown in Fig. 7. In the range where the streamwise
velocity is more than 0.4 m/s, the ratio was less than 5% at
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all measurement points. Even at 0.3 m/s, where the scat-
tering of the spatial distribution is the largest, the deviation
is at most = 10%. At the middle points in the vertical
direction, M1 and M3, the deviations were less than 5% at
all air speed settings.

Hence, for the case in which the wunidirectional
anemometer is evaluated and a precision of better than 5%
is required at all air speed settings, the sensor unit of the
anemometer should be located at the middle points in the
y direction on the measurement plane. On the other hand,
for the case in which a precision of 10% for evaluation of a
unidirectional anemometer is sufficient, the sensor unit of
the anemometer may be placed at any measurement point
on the measurement plane.

Next, the ratio of V with respect to that at the origin M2
is shown in Fig. 8. Whereas this figure exhibits a trend that
is similar to that in Fig. 7, the deviation of V in Fig. 8 due
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Fig. 8 Ratio of air speed on measurement plane against that at the
origin

to the measurement point being different was larger than Vy
at 0.2 m/s and 0.3 m/s. There was a measurement point at
which V exceeds 10% of that at point M2. At the middle
points in the y direction, M1 and M3, the deviations were
less than 5% at all air speed settings.

In conclusion, for cases in which an omnidirectional
anemometer is being evaluated when a better than 5% pre-
cision is required at all air speed settings, the sensor of the
anemometer should be located in the middle point in the
y direction on the measurement plane. When a 10% precision
is acceptable, the sensor of the anemometer may be placed at
any measurement point on the measurement plane.

3.5. Blockage Effect

In this section, the velocity variation caused by a blockage
was evaluated in order to evaluate the flow when more than
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one anemometer is located on the measurement plane.
Evaluation of the blockage effect is essential when cali-
bration is conducted because a wind tunnel having a closed
test section is sensitive to blockages [19-21]. A rectangular
plate resembling the anemometer was placed in the wind
tunnel, and the velocity at the origin was measured. The
reason for adopting the rectangular plate is that it was
planned to ensure that the flow is blocked, and the blockage
effect is maximized. We evaluated an index indicating
whether the blockage effect is sufficiently small, and
additional anemometers can be located on the measurement
plane.

The blockage effect of the block in the test section is the
change in the velocity profiles on the measurement plane
caused by the decrease in the effective cross-sectional area
and the non-homogeneity of the flow profiles. The influ-
ence of the blockage effect differs depending on the shape
and size of the block. Nevertheless, the decrease in the
effective cross-sectional area, which is considered to be the
largest factor, was evaluated. The cross section and thick-
ness of the block are 0.15 m x 0.125 m and 0.025 m,
respectively. This cross-sectional area is approximately 5%
of that of the measurement plane. This blockage ratio is
larger than that for most commercial anemometers used for
indoor flow.

An overview of the evaluation and a photograph is
shown in Fig. 9. The anemometer was placed at the origin.
The block was located at either d1 or d2, which are the
middle points between the anemometer and the side wall.

The ratio of Vi with and without the block at the origin
point is shown in Fig. 10. The solid line indicates the
velocity theoretically corrected by the cross-sectional area.
The ratio of Vi agreed with the theoretical value. Almost
the same result was observed for the ratio of V.

Based on these results, by applying the correction of the
cross-sectional area, if more than one anemometer is
placed in the wind tunnel and the blockage ratio for the
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Fig. 10 Ratio of streamwise velocity with and without block. The
solid line indicates the velocity theoretically corrected by the cross-
sectional area

total blockage for all the anemometers is less than 5%,
then, evaluation of all the anemometers can be performed
at the same time because the deviation of the corrected
velocity is negligibly small. In general, thermal and ultra-
sonic anemometers for indoor airflow have a less than 5%
blockage ratio with respect to the cross section of the
measurement plane. We are confident that this wind tunnel
can evaluate anemometers in a short measurement time
with a sufficiently high precision and will be useful for
taking preventative measures against infectious diseases.

The solid line indicates the velocity theoretically cor-
rected by the cross-sectional area.

4. Conclusion

A compact wind tunnel was developed for the quick
evaluation of anemometers used to measure indoor airflow.
This wind tunnel is composed of a clean partition with an
air filter that has high pressure loss and various

Fig. 9 Overview of the evaluation method for the blockage effect. a Schematic diagram. b Photograph
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commercially available devices. The temporal and spatial
performance of the wind tunnel, which can be described by
several indices, including averaging time, settling time,
spatial distribution of the velocity, and the blockage effect,
was examined on the measurement plane. An averaging
tine of 10 s was found to be sufficient, and the airflow was
confirmed to be stable after 60 s from the start-up of the
wind tunnel. A streamwise velocity of approximately 0.2 to
0.6 m/s can be produced, and the ratio of V to Vi can be
regarded almost the same. Regardless of whether the
anemometers are unidirectional or omnidirectional, the
anemometer sensors should be located at the middle points
in the vertical direction on the measurement plane in order
to evaluate the anemometers at a precision of greater than
5%. In addition, the increase in velocity due to the block-
age effect caused by additional anemometers approxi-
mately agrees with the theoretical value.

We are confident that this wind tunnel can evaluate
anemometers in a short measurement time with a suffi-
ciently high precision and hence, can contribute to the
understanding of the indoor airflow. In the future, the
relation between the number and the layout of the
anemometers and measurement precision will be
investigated.
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