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Abstract

Accurate calibration of anemometers at ultra-low airspeeds (i.e. speeds below 1 m/s) is essential for applications such
as indoor airflow measurement, cleanroom monitoring, and environmental sensing. To address this need, the National
Institute of Standards and Technology has modified a bench-top wind tunnel to produce stable flows in the range of less
than 0.1 m/s to 5m/s and to support optical and image-based measurement techniques. The test section of the tunnel
measures approximately 15 cm x 15 cm, and typical anemometers may occupy up to 5 % of this cross-sectional area. While
a compact wind tunnel offers advantages in achieving and controlling low-speed flows, it also presents unique challenges.
Chief among these are the blockage effects introduced by the sensor itself and the influence of nearby tunnel walls, both
of which can significantly distort the local flow field and reduce calibration accuracy. This work discusses mitigation
strategies including blockage correction methods and tunnel design considerations. Numerical simulations indicate that the
effects of both sensor and wall blockage can be quantified and largely corrected. Preliminary experimental results support
the simulation findings, though further refinements to the tunnel design are needed to fully validate and implement the

corrections.

1. Introduction

Accurate measurement of airflow at airspeeds below 1 m/s
is essential for applications such as indoor airflow mea-
surement, cleanroom monitoring, and environmental sens-
ing. To provide Sl-traceable measurements in these ap-
plications, anemometers must be calibrated at or below
the airspeeds at which they are used. Currently only five
national metrology labs provide SI traceable calibrations
down to 0.1 m/s with their uncertainties near 10 % [1] and
inter-comparison studies demonstrate how difficult these
calibrations are. [2] Because anemometers vary widely
in size, shape, and operating principle, the only univer-
sal calibration approach is to install them in a wind tunnel
and compare their readings to SI-traceable measurements
of the free-stream airspeed to which the anemometer is
exposed.

The goal of an anemometer calibration is to produce a cal-
ibration factor

Voo = CUryT (D

which relates the reading of the instrument under test,
vruT, to the true airspeed of an infinitely large, uniform
flow moving at v.,. In practice, accurately determining
C in a wind tunnel requires careful consideration of all
ways in which the flow in the tunnel is not a stable, in-

finitely large, uniform flow. One of the most important
effects is the blockage effect [3, 4, 5] caused by the instru-
ment itself disturbing the flow. As the required calibration
airspeed decreases, several other challenges arise, chief
among them the generation of stable airflow.

Generating airflow at speeds below approximately 1 m/s in
a large wind tunnel, such as the primary wind tunnel at the
National Institute of Standards and Technology (NIST),
is challenging for several reasons. NIST’s primary wind
tunnel is a closed-loop facility with a test-section cross-
section of 1.5m x 2.m. [6] The large physical size of
the tunnel implies a correspondingly large mass of air
that must be accelerated and precisely controlled, placing
stringent demands on the control system. Achieving such
low airspeeds also requires the fan to operate at very low
rotational speeds, where its efficiency is significantly re-
duced. Together, these factors make it difficult to produce
and maintain stable, low-speed flow.

To overcome these challenges, NIST has modified a
bench-top wind tunnel to produce stable flows in the range
from below 0.1 m/s to 5m/s, enabling the calibration of
ultra-low-speed anemometers. The bench-top tunnel is
an FEiffel-type (i.e., open-loop) tunnel with a test section
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approximately 15cm x 15 cm in cross-section and 50 cm
in length. The smaller scale of the tunnel allows the fan
and control system to operate at substantially lower power,
alleviating challenges associated with high-power control
at low speeds. To further mitigate issues associated with
low fan rotational speeds, a pressure-drop element can be
installed downstream of the test section. This additional
pressure drop allows the fan to operate at higher, more
efficient rotational speeds, thereby enabling stable, low-
power control of the airflow.

However, the use of a smaller wind tunnel introduces new
challenges. The significantly reduced test-section cross-
section means that a typical anemometer occupies a non-
negligible fraction of the flow area, making blockage ef-
fects significant. For example, a typical Pitot tube with
an 8§ mm diameter has a projected cross-sectional area
equal to approximately 3.4 % of the test-section area. The
presence of the anemometer therefore alters the flow field
within the tunnel, complicating the inference of the appro-
priate free-stream airspeed to ascribe to the instrument. In
this paper, we describe a procedure for quantifying and
correcting for blockage effects in ultra-low-speed wind-
tunnel calibrations based on numerical studies.

Section 2 of this paper outlines the conceptual frame-
work, Section 3 describes the numerical setup, Section 4
presents the results, and then in Section 5 is a discussion
of the take-away of this study.

2. Conceptual Approach to Quantifying
Blockage Effects

The presence of an anemometer within a confined wind-
tunnel test section introduces a coupled fluid—structure in-
teraction in which the instrument and the surrounding flow
influence one another. In general, introducing a probe
may alter the pressure and velocity distributions through-
out the entire test section, such that the resulting flow
cannot be interpreted as a simple perturbation of an un-
derlying “undisturbed” state. Under these conditions, the
free-stream velocity that would exist in the absence of
the probe is no longer directly accessible or relevant, and
the interpretation of calibration measurements becomes
nontrivial; there is no direct way to measure the “true”
flow experienced by the instrument. In the most general
case, resolving this ambiguity would require a geometry-
specific analysis accounting for both the probe and the
wind-tunnel configuration.

When the characteristic size of the probe is small relative
to the test-section cross-sectional area, however, the re-
sulting flow disturbance may remain spatially confined. In
such cases, the probe-induced modification does not fun-
damentally reshape the global tunnel flow, and the domi-
nant effects are largely limited to the vicinity of the probe
and its downstream wake. The validity of this approxima-
tion depends on probe geometry, blockage area ratio, and

location within the flow.

In the present work, this issue is addressed by numeri-
cally examining the spatial extent of the flow modification
caused by a Pitot tube installed in a small, bench-top wind
tunnel. The numerical domain and inlet conditions are
chosen such that it represents those of the bench-top wind
tunnel NIST has recently acquired and modified. The
study is designed to determine whether the probe-induced
disturbance remains localized or pervades the test section.

The analysis proceeds by first characterizing the flow
without any probe, establishing a reference state of the
tunnel’s velocity and pressure fields absent an instrument.
The Pitot tube is then introduced at several axial locations,
and the resulting flow fields are compared directly to the
empty-tunnel case. Both the empty and probe-occupied
configurations are adjusted to have the same velocity at
a reference point, mimicking the experimental procedure
in which a non-intrusive measurement, such as a laser
Doppler anemometer (LDA), is used to set the flow and
provide the SI traceable measurement of the free-stream
speed. This approach provides a quantitative basis for as-
sessing the magnitude and spatial extent of probe-induced
flow modifications.

For the configuration considered here, the numerical re-
sults indicate that the dominant effects of the Pitot tube
are confined to the region near the probe and its down-
stream wake, while the broader flow remains largely un-
affected. This observation motivates interpreting the flow
non-uniformity experienced by the probe as the combined
effect of intrinsic tunnel gradients and localized distor-
tions introduced by the instrument.

3. Numerical setup

Numerical simulations were performed using a RANS
model in COMSOL Multiphysics 6.3 [7] to model the
wind tunnel described in Section 1. Two configurations
were considered: an empty test section and a test section
containing a standard, 8 mm diameter Pitot tube (Sens-
ing Precision L-Type Pitot Probe). The dimensions of the
Pitot tube were made to match the specific geometry of
a Pitot tube that NIST had on hand. The computational
domain represents the full tunnel flow path, including re-
gions upstream of the test section and mesh refinement
was performed near the wind tunnel intake to preserve
system-level pressure—flow behavior.

For the probe-installed configuration, the Pitot tube was
positioned along the tunnel centerline at several axial lo-
cations parameterized by the non-dimensional distance
L/D, where L is the axial distance from the measurement
location (e.g. the LDA’s location) and D is the probe di-
ameter. The range of L/ D values was limited by the phys-
ical geometry of the test section.

Simulations were conducted at nominal freestream veloc-
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Figure 1: Center plane airspeed field of the empty wind tunnel test-section computed numerically. Flow moves from the left to the right at 5 m/s. The
color map represent percentage deviation in the air speed compared to the airspeed at the reference location marked with the green dot. Note that there is

gradient in the airspeed in all three dimensions, which are as large as +1%.

ities of 1 m/s, 3 m/s, 5m/s, 7m/s, and 10 m/s. Rather than
prescribing an inlet velocity, the outlet pressure was ad-
justed such that a specified axial velocity was achieved at
a reference point corresponding to the LDA measurement
location in our actual tunnel. This velocity constraint was
applied consistently to both the empty-tunnel and probe-
installed cases, mimicking the experimental procedure in
which the tunnel speed is set using a non-intrusive ref-
erence measurement. A velocity goal-seeking procedure
was employed to determine the outlet pressure required
to achieve the target reference velocity. For each nominal
velocity, goal-seeking was performed for the empty tun-
nel and for the probe-installed case at the largest L/ D to
compute the tunnels total blockage-based pressure drop,
which was assumed to not depend on the axial location
of the probe. The resulting outlet pressure was then held
fixed for all remaining probe locations at the same veloc-
ity, allowing probe-induced flow modifications to be com-
pared under consistent operating conditions.

The computational mesh was refined locally in the vicin-
ity of the Pitot tube and its downstream wake to re-
solve probe-induced gradients, while coarser resolution
was used elsewhere to maintain computational efficiency.
Final meshes contained approximately 5 x 10° vertices
and were found to adequately resolve the flow features of
interest.

Velocity and pressure fields were exported for post-
processing. For the probe-installed cases, static and stag-
nation pressures were evaluated at locations correspond-
ing to the physical Pitot tube ports and used to assess
probe-induced flow modifications as a function of axial
position and freestream velocity.

4. Results

Figure 1 shows the numerically computed center-plane
airspeed field for the empty wind-tunnel test section. The
color map represents the percentage deviation of the lo-
cal airspeed relative to the airspeed at the reference loca-
tion, indicated by the green marker. Even in the absence

of any probe, the flow is not spatially uniform: gradients
in airspeed are present in all three spatial directions, with
deviations of up to approximately £1 % relative to the
reference value. These gradients arise primarily from a
growing boundary layer in the tunnel along the tunnel ax-
ial direction and mass flow conservation. As a result, an
anemometer placed at a location (x/D,y/D, z/D) will,
in general, experience a different airspeed than that mea-
sured by a non-intrusive LDA system located at the refer-
ence point.

The presence of these spatial gradients mean that a di-
rect comparison of the reference LDA and an anemometer
placed somewhere else within the test section would not
constitute a calibration since the anemometer would ex-
perience a different “free-stream” airspeed just due to its
different location in the gradient. Figure 2 shows the cor-
responding center-plane airspeed field when a Pitot tube is
installed along the tunnel centerline, operated at the same
nominal flow setpoint as in Figure 1. In this case, the
colormap represents the percentage deviation of the local
airspeed relative to the empty-tunnel reference field. The
presence of the Pitot tube produces a localized disturbance
in the flow field, characterized by a region of accelerated
flow around the probe and a downstream wake. Impor-
tantly, sufficiently far upstream of the Pitot tube, the devi-
ation from the empty-tunnel flow field is negligible. This
indicates that, for the configuration considered here, the
probe-induced blockage effect does not pervade the entire
test section but remains spatially confined.

This result has direct implications for the calibration pro-
cedure. Provided that the reference measurement location
is sufficiently far (this study found L /D approximately 10
or greater) upstream of the Pitot tube, the influence of the
probe on the flow at the LDA location is 0.001 %, which
is negligible compared to other uncertainty factors. Under
these conditions, the free-stream airspeed measured by the
LDA remains a valid, SI-traceable reference for setting the
tunnel operating condition during calibration.

However, as demonstrated in Figure 1, the intrinsic ve-
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Figure 2: Numerically computed center plane airspeed field of the wind tunnel with the Pitot tube installed in the center of the test-section. Flow moves
from the left to the right at 5 m/s. The color map represent percentage deviation in the air speed compared to the airspeed reference field. Note that the
deviation from the empty tunnel field sufficiently far upstream of the Pitot tube is negligible, meaning the effect is localized.

locity gradients present in the empty tunnel imply that
the airspeed measured at the LDA reference location can-
not, in general, be directly assigned to the Pitot tube mea-
surement location. Even in the absence of probe-induced
blockage, spatial variations in the flow lead to systematic
differences between the local airspeed experienced at the
instruments location and the reference measurements lo-
cation. To account for this effect, the empty-tunnel flow
field is characterized to determine a position-dependent
correction factor that relates the local airspeed at the probe
location to the reference airspeed measured by the LDA.
This correction factor, often called the “position correc-
tion", is a function of spatial location (z,y, z) and nom-
inal airspeed as measured at the position of the reference
LDA (Zyof)

Vg (Z‘, Y, Z)
(% (xrefv Yref Zref)

2

C’pos. (x7 Y, z, Uref) =

Example centerline correction factors derived from the nu-
merical simulations are shown in Figure 3.
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Figure 3: Centerline position correction factors as a function of x/D.

This airspeed dependent correction function accounts for the natural
gradient that is present in the test section absent an anemometer.

In addition to the position correction made in Equation

2, the gradients formed by the growing boundary layer in
the tunnel may also affect how the instrument itself per-
forms, thereby affecting the calibration. This is the case,
for example, with a Pitot tube. A Pitot tube subtracts the
measured static pressure from the measured total pressure
to infer the flow pressure, but the static pressure measured
on the downstream surface ports of the tube are not the
same static pressure as the port on the tip of the probe. In
the analysis here this effect has been neglected; however,
this effect may be important and needs to be investigated.

5. Discussion

The numerical results demonstrate that two distinct ef-
fects must be addressed when performing ultra-low-speed
anemometer calibrations in a small wind tunnel: intrin-
sic spatial gradients in the tunnel flow from the confined
test section and probe-induced blockage effects. Even in
the absence of an anemometer, wall friction and flow de-
velopment produce measurable, non-negligible, velocity
gradients throughout the test section, with magnitudes on
the order of £1% in our test section. The spatial gradient
in velocity has a few effects in the calibration (e.g., posi-
tion dependence of IUT, the IUT’s reading is affected by
the gradient, and efc.), but typically the largest effect is
the position dependence. These gradients imply that a ref-
erence airspeed measured at a single location cannot, by
itself, be assumed to represent the airspeed experienced
by an instrument placed elsewhere in the flow.

The simulations further show that, for the Pitot tube geom-
etry and operating conditions considered here, the block-
age effect introduced by the probe remains spatially lo-
calized. Beyond a sufficiently large upstream separation
from the reference measurement — approximately L/D >
10 in this study — the probe has a negligible influence on
the flow at the reference measurement location. This ob-
servation supports a calibration strategy in which a non-
intrusive reference measurement, such as LDA, may be
used to establish the tunnel operating condition without
being contaminated by the presence of the instrument un-
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der test.

Importantly, the localization of the blockage effect is not
assumed a priori but emerges from the numerical analy-
sis. In the most general case, the introduction of a probe
could alter the global flow field in a non-separable man-
ner, rendering the concept of an “empty-tunnel” refer-
ence meaningless. The present results indicate that such
global flow disturbance does not occur for the probe size,
blockage ratio, and flow regime examined here. However,
this conclusion should not be generalized without caution.
The degree to which blockage effects remain localized
will depend on probe geometry, frontal area, placement
within the test section, and tunnel dimensions. Estab-
lishing quantitative criteria for when this approximation
breaks down remains an important topic for future inves-
tigation.

If the blockage effect is non-local or cannot be miti-
gated due to tunnel-specific constraints, probe-geometry-
specific corrections is required. This blockage correction
can be determined experimentally when calibrating mul-
tiple instruments of the same type in the same location of
the tunnel. In that case, a representative instrument can be
calibrated in a larger wind tunnel and then recalibrated in
the smaller tunnel. The difference between these calibra-
tions provides the blockage correction for an instrument
of that size and shape at that location. This correction can
then be applied to subsequent calibrations of similar in-
struments installed in the same position. If this approach
is not feasible, additional investigation is required to de-
termine an appropriate blockage correction factor.

When the blockage effect is localized, calibration accu-
racy is instead limited by the intrinsic flow gradients of
the tunnel. In this regime, the appropriate free-stream
airspeed to assign to the instrument is not the reference
airspeed itself, but the reference airspeed corrected to the
instrument location using a position-dependent correction
factor v

C= Cpos. et 3)

UIUT

where vry is the airspeed indicated by the instrument un-
der test. It should be noted that Equation 3 implicitly as-
sumes that v,ef = Voo, Which is only approximately true
(e.g., the anemometer itself may be affected by the flow
gradients), and in general, needs to be further corrected.
The results demonstrate that such correction factors can
be determined from a characterization of the empty-tunnel
flow field and applied consistently across operating condi-
tions.

Although the position correction functions presented here
are derived from numerical simulations, their role in an SI-

traceable calibration requires experimental determination.
In practice, this characterization must be performed us-
ing non-intrusive measurement techniques, such as LDA
or Particle Image Velocimetry (PIV), to map the velocity
field throughout the empty test section. Once established,
these correction factors can be applied to subsequent cal-
ibrations, provided the tunnel configuration remains un-
changed.

Overall, the results support a calibration framework in
which (i) the reference measurement is placed sufficiently
far upstream to avoid probe-induced disturbance, and (ii)
intrinsic tunnel gradients are accounted for through a prior
characterization of the empty flow. This approach enables
accurate, SI-traceable calibrations of small anemometers
in compact, ultra-low-speed wind tunnels, while clearly
delineating the assumptions under which it remains valid.
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