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Multiport averaging Pitot tube
to measure airflow rates from exhaust fans
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Multiport averaging Pitot tube to measure airflow rates from
exhaust fans. Canadian Biosystems Engineering/Le génie des
biosystèmes au Canada 50: 5.1 - 5.7. Reliable airflow measurements
for mechanically-ventilated animal confinement facilities are necessary
to accurately determine gas emission rates. Instrumentation for this
purpose must, however, be inexpensive, not intrusive, functional in
very turbulent airflow, and robust under demanding field conditions.
A multiport, averaging Pitot tube was constructed, calibrated in the
laboratory using a standardized testing facility, and then tested and
refined under simulated and actual field conditions as part of an
airflow measurement system. Special features of the measurement
system included a flow settling means, downstream orientation of the
pressure inlets on the Pitot tube, and a physical filter to dampen
pressure fluctuations in the signal line from the Pitot tube to the
transducer. The relationship between the measurement signal and air
velocity (as measured by traverse with a hot-wire anemometer) was
linear (Pearson’s correlation coefficient = 0.94) and robust under
simulated and actual field conditions. Keywords: airflow rate, barn
ventilation, averaging Pitot tube, flow settling means, gas emission.

Des mesures de débits d’air fiables dans les bâtiments d’élevage
ventilés mécaniquement sont nécessaires pour déterminer de manière
précise les taux d’émission de gaz. Tout en demeurant simple et peu
dispendieuse, l’instrumentation nécessaire doit toutefois être
fonctionnelle, capable de mesurer des écoulements d’air très turbulents
et être suffisamment robuste pour résister aux conditions difficiles
typiques des bâtiments d’élevage. Un tube de Pitot à ports multiples a
été construit et calibré en laboratoire au moyen d’une installation de
testage calibrée. Par la suite, ce tube a été intégré à un système de
mesure de débit d’air pour être testé et optimisé dans des conditions
simulées et réelles. Le système de mesure était équipé de différents
équipements comme un égalisateur d’écoulement, des entrées
pressurisées sur le tube de Pitot situées en aval de l’écoulement et un
filtre pour réduire les fluctuations de pression dans la ligne fournissant
le signal entre le tube de Pitot et le capteur de pression. La relation
entre le signal mesuré et la vitesse de l’air (telle que mesurée
transversalement par un anénomètre à fil chauffant) était linéaire
(coefficient de corrélation Pearson = 0,94) et stable tant en conditions
de simulation qu’en conditions réelles. Mots clés: débit d’air,
ventilation de bâtiment d’élevage, tube de Pitot, égalisateur
d’écoulement, émission de gaz.

INTRODUCTION

To determine the rate at which particulate matter and volatile
compounds (CO2, H2O, NH3, H2S, odour, etc.) are produced
within an animal housing unit, the flow rate of exhaust air must
be accurately measured. The accurate measurement of airflow

from an animal housing unit under field conditions can be very
challenging. Any instrument used for this purpose must operate
accurately and reliably for extended periods under extreme
turbulence, vibration, frequent and abrupt changes in flow rate,
wide ranges of temperature and humidity, and dusty, corrosive
conditions. As well, increasingly stringent biosecurity measures
often dictate that no instrumentation may be installed upstream
of an exhaust fan, and so the instrument is then exposed to
outside weather conditions. The instrument must be
inexpensive, since a large barn usually has many fans. It must
also be easy to install, so that field experiments can be set up
and dismantled quickly and easily without excessive damage to,
or alteration of, the fan shrouds.

The primary reference instrument for the measurement of air
velocity is the standard Pitot tube (ASHRAE 1989). A standard
Pitot tube comprises two concentric tubes, bent at a right angle
so that one tip faces the oncoming air stream. A single orifice in
the tip of the central tube measures total pressure, and four
orifices evenly spaced around the circumference of the outer
tube measure static pressure. The square of the air velocity is
proportional to the pressure difference between the tubes, as
described by Bernoulli’s principal (Eq. 1).

(1)P P PV T S= − =
ρν
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2
where:

PV = velocity pressure (Pa),
PT = total pressure (Pa),
PS = static pressure (Pa),
ρ = air density (kg/m3), and
v = air velocity (m/s).

Fan testing standards published by the American National
Standards Institute (ANSI) and the Air Movement and Control
Association (AMCA) specify the use of a standard Pitot tube for
determining airflow rates through ducts and also gives
recommendations for field measurement of airflow from
agricultural fans (AMCA 1999). The use of this standard for
measurement of exhaust airflow from animal barns in the field,
however, would be expensive and impractical. To accurately
measure turbulent airflow in a duct, measurements must be
taken at a large number of points. ANSI/AMCA standards
(AMCA 1999) specify multiple traverses of measurements taken
at points located proportional to the duct diameter. An animal
housing unit usually has many fans that must be monitored over



                                                                                         LE GÉNIE DES BIOSYSTÈMES AU CANADA CLARK et al.5.2

extended periods. Moreover, the air is usually extremely
turbulent and dusty, and the single total pressure port of a
standard Pitot tube is therefore prone to clogging.

Many other methods that have been developed to measure
air velocity, and some that have been used in agricultural
settings, include airborne tracer techniques (Leonard et al.
1984), diffusion of animal-produced CO2 (Feddes et al. 1984)
or heat (Barber et al. 1988), vane anemometers (Heber et al.
2000), orifice plates (Godbout et al. 2005), and thermal (e.g.,
hot-wire) anemometers. Each of these methods, however, also
has drawbacks.

An alternative instrument for measuring airflow in an
agricultural setting is a multiport averaging Pitot tube. An
averaging Pitot tube is a variation on the standard Pitot tube,
comprising a hollow tube oriented transversely to the airflow
with multiple pressure ports along its length (Fig. 1). The
pressures at each port are physically averaged by the common
airspace inside the tube. An averaging Pitot tube can be
accurately calibrated to determine the relationship between the
averaged pressure inside the tube and the air velocity (Eq. 1).

There are many variations on the design of an averaging
Pitot tube, which include one or sometimes two tubes of various
geometries with one or more internal averaging chambers.
Bouhy (1996) conducted a study of the evolution of the
averaging Pitot tube that included an analysis of the optimum
shape of the tube and orientation of the ports. Good and Cisar

(2006) and Dougan (2004) addressed many issues
dealing with the installation and use of an
averaging Pitot tube. Dobrowolski et al. (2005)
conducted an extensive simulation study of
averaging Pitot tubes. The advantages of using an
averaging Pitot tube in an agricultural setting are
that some simpler designs can be easily fabricated
and installed, and operate robustly under
demanding conditions. A need was identified,
however, for an averaging Pitot tube that could be
economically custom-fabricated to suit the
requirements of experimental work. Liu et al.
(1998) conducted some preliminary laboratory
tests of such an instrument, but no field test results
were published.

The objective in this work was to fabricate an
averaging Pitot tube, test it under laboratory
conditions, and then field test it for suitability in
measuring airflow rates from barn exhaust fans.

METHODOLOGY

Fabrication and laboratory calibration

The averaging Pitot tubes used in this work were fabricated as
described by Lakenman et al. (2004) (Fig. 1). To briefly
summarize, the Pitot tubes were fabricated from type M copper
tube (12.7 mm ID, 15.8 mm OD) (ASTM International 1999).
Holes (3 mm ID) were drilled in a straight line along the length
of the tube. A plug or cap was used to seal one end of the tube,
and the other end was fitted with a plastic compression coupling
(Push’N’Turn 1378571; Waterline Products, St. Jacobs, ON).
A mounting plate was soldered to one end of the averaging Pitot
tube to secure the instrument when installed in a duct and to
indicate the orientation of the tube.

The compression coupling was connected by 3.2-mm-ID
vinyl tubing to an amplified-differential low pressure sensor
(1 MBAR-D-4V; All Sensors Corp., Morgan Hill, CA). The
pressure sensor was calibrated using a digital multimeter
(Fluke 29; Fluke, Everett, WA) to measure differential changes
in output voltage (referenced to the voltage at zero airflow),
which were then correlated to pressure measurements made with
an inclined manometer (Durablock 424; Dwyer Instruments
Inc., Michigan City, IN). It was assumed in the initial laboratory
calibration that the static pressure surrounding the averaging
Pitot tube did not differ from ambient atmospheric pressure
because the tube was mounted near the end of the exhaust duct

in the testing apparatus (Fig. 2). Hence, velocity
measurements were based only on the total
pressure inside the averaging Pitot tube.

Averaging Pitot tubes were fabricated for two
different duct diameters (457 and 610 mm) and
tested in a standardized apparatus for airflow
measurement at the Agricultural Technology
Centre, Lethbridge, Alberta (Fig. 2). The
differential voltages (corresponding to velocity
pressure) were correlated with airflow
measurements calculated from the static and
differential pressure measured across a 0.41-m
orifice plate. The calculated airflow rates were
adjusted for temperature, relative humidity, and

 

Fig. 1. Schematic of multiport averaging Pitot tube showing the

relative positions of the openings (D = diameter of the

ventilation duct). Adapted from Lakenman et al. (2004).

 

Fig. 2. Standardized apparatus for airflow measurement under

laboratory conditions, Agricultural Technology Centre,

Lethbridge, Alberta. Adapted from Lakenman et al. (2004).
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barometric pressure (AMCA 1999). During testing, various hole
configurations were tested, including spacing as for an 8-point
traverse of a circular duct (AMCA 1999) and spacing at regular
25-mm intervals. Tests were also done in which some of the
openings were randomly blocked, to determine if this would
affect the measurement signal (Lakenman et al. 2004).

Development under simulated field conditions

After the initial laboratory testing and calibration, an
unsuccessful attempt was made to use the averaging Pitot tubes
to measure ventilation rates from the exhaust fans of a
commercial swine barn, located near Edmonton, Alberta. The
instrument performed poorly due to the extreme turbulence in
the air exhaust duct, so further testing and refinement were done
under simulated field conditions at the University of Alberta,
Edmonton, Alberta, to ensure the robustness of the measurement
system in turbulent air flow.

The testing apparatus at the University of Alberta (Fig. 3)
comprised a 1.2-m cubic plywood chamber, three walls of which
were constructed with sliding panels to help control airflow and
pressure. A 460-mm diameter commercial agricultural fan was
mounted in the fourth wall of the chamber (Multifan 4E45;
Exacon Inc., Bloomington, IL) and power was supplied to the
fan through a variable speed controller (Model VM-1; Norsol
Electronics, St. Hubert, QC). The fan exhausted through a
horizontal shroud that could accommodate round ventilation
ducts of various diameters. Ducts of different lengths could be
attached to the shroud, with instrument ports located at various
distances from the fan. For instance, the averaging Pitot tube
was variously positioned inside a 3.6-m-long duct at 1.3 and
2.5 m from the fan, and inside a 6.5-m-long duct at 4.5 and
5.7 m from the fan (Fig. 3).

During the simulated field testing, the voltage signal from
the pressure sensor was recorded with a data logger (Model CR
10X; Campbell Scientific, Logan, UT). The measurement
system was calibrated against air velocity measurements made
with a hotwire anemometer (Velocicalc Model 8346; TSI,
St. Paul, MN), which was used to perform manual velocity
traverses of the duct (AMCA 1999). Temperature, relative
humidity, and barometric pressure were measured and used to
correct the airflow measurements calculated from the traverses
(AMCA 1999).

An electronic filter, a liquid-filled inclined manometer, and
a physical filter were each independently evaluated as a means

of reducing high-frequency noise in the
measured signal. The passive, low-pass
electronic filter had a corner frequency of
1.6 Hz, and was used to condition the voltage
signal from the pressure sensor. The inclined
manometer was installed in parallel to the
pressure tube connecting the averaging Pitot tube
and the pressure sensor. The physical filter was
constructed by packing commercial fibreglass
insulation into a 300-mm length of 3.2-mm-ID
vinyl tubing, and was installed in series between
the averaging Pitot tube and the pressure sensor.
These three options were compared on the basis
of their effectiveness and practicality.

Some trials were also conducted with and
without a trailing splitter plate mounted on the downstream side
of the tube to determine if this would improve the quality of the
signal, as demonstrated in work by Nishimura and Taniike
(2001) and others.

In order to more realistically simulate field conditions, a
circular damper was installed upstream from the fan (Fig. 3).
The damper was 444 mm in diameter, cut from 10-mm-thick
plywood, with a steel bar attached transversely across its
diameter as an axle. Dampers are used to prevent backdraft
through ventilation ducts and are a source of substantial
turbulence. Dampers in industrial settings are usually controlled
so as to open automatically in proportion to the fan speed, but
in the testing apparatus the position of the damper was set
manually. The averaging Pitot tube was tested with the damper
set at different angles from the horizontal.

Several styles of flow settling means were evaluated to
reduce turbulence in the airstream and improve the accuracy of
the measurement system (Fig. 3). A flow settling means is an
arrangement of plates, laminar strips, or wires oriented
transversely to the direction of flow. The Air Movement and
Control Association (AMCA) standard for fan testing specifies
the use of a square mesh with an open area of 50–60% (AMCA
1999). Four screen types were evaluated (Fig. 4): a metal
ventilation grill with a 12-mm-square mesh, 12-mm depth, and
1.5-mm web thickness; a metal wire screen with 5-mm-square
openings; an expanded metal screen with 10-mm openings; and
an expanded metal screen with 30-mm openings. Each of these
flow settling means was installed a minimum of 0.25 m
upstream of the averaging Pitot tube (as determined by trial and
error) to find their effect on the variability of the measurement
signal.

Finally, the averaging Pitot tube was tested with the
openings facing upstream and with the openings facing
downstream. The investigators also tested the assumption that
the static pressure around the Pitot tube, when mounted near the
end of the duct, was not different from atmospheric pressure.
They performed this test by making measurements with and
without a connection between the reference port of the pressure
transducer and a static pressure tap in the side of the ventilation
duct at the position of the averaging Pitot tube.

Final field trials

Once a suitable measurement system was configured under
simulated field conditions, the design was replicated and tested

 

Fig. 3. Apparatus for airflow measurement under simulated field

conditions, University of Alberta, Edmonton, Alberta. Adapted

from Segura et al. (2005).
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under actual field conditions at the commercial swine barn.
Most of the fans in the barn were ceiling fans with vertical
exhaust stacks, but the measurement system was also tested in
a wall fan with an elbow hood. In the latter case, an extension
duct was installed on the end of the hood (Fig. 5).

RESULTS and DISCUSSION

Laboratory calibration

The averaging Pitot tubes were calibrated by correlating the
voltage from the pressure transducer (corresponding to velocity
pressure) with the air velocity as measured with the orifice plate
in the standardized testing facility. The calibration data
generated using the standardized apparatus for airflow
measurement are reproduced in Fig. 6. The relationship between
the measured voltage and air velocity was found to be valid for
both the 457 and 610-mm averaging Pitot tubes (R2 = 0.997),
and agreed with the work by Liu et al. (1998). Measurements
from both the 457 and 610-mm averaging Pitot tubes were
robust with respect to the configuration of the openings and to
random blocking of the openings to simulate clogging
(Lakenman et al. 2004). The 8-point traverse configuration
(Fig. 1) was used for all subsequent work.

After the laboratory calibration of the averaging Pitot tube,
some initial field data were collected from a ceiling exhaust fan
in a commercial swine finishing facility. At high fan speeds,
however, the voltage measurements from the pressure
transducer fell below the voltage corresponding to zero airflow.
These erroneous measurements were surmised to be the result
of turbulence in the ventilation duct at high flow rates. In
extreme turbulence, strong eddy currents can circulate backward
at high velocity along the inside of the duct walls. This
supposition was later corroborated in the laboratory with
hotwire anemometer traverses under simulated field conditions.
It was evident from these observations that further development
was required to make the averaging Pitot tube system more
robust in the turbulent airflow routinely encountered under field
conditions.

Development under simulated field conditions

The electronic filter, inclined manometer, and physical filter all
satisfactorily filtered high-frequency noise from the

measurement signal. The electronic filter and
manometer provided excellent averaging, but
were considered to be expensive alternatives.
The physical filter was found, through trial and
error, to provide acceptable averaging if it was
packed so as to create a pressure drop of at least
2.9 kPa at an airflow rate of 0.5 L/min.

The installation of the damper upstream of
the fan was found to have a dramatic effect on
the measurement signal from the averaging Pitot
tube. The damper’s presence caused the
response curve from the Pitot tube to be
nonlinear and erratic, and the sense of the signal
even changed from positive to negative
depending on the position of the damper.

To further stabilize the signal from the
measurement system, four styles of flow settling
means were tried. The presence of the flow
settling means linearized the response of the
measurement system and prevented any reversal
in the sense of the signal when the position of
the damper was changed. The most effective of
the flow settling means was fabricated from
metal ventilation grill with a 12-mm-square

Fig. 4. Four meshes tested as flow settling means

(clockwise from top-left): metal ventilation grill

with 12-mm-square openings; wire screen with   

5-mm-square openings; expanded metal with     

30-mm openings; and expanded metal with         

10-mm openings.

 

 

Fig. 5. Wall-mounted exhaust fan with airflow measurement system. 

Adapted from Segura et al. (2005).
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mesh, 12-mm depth, and 1.5-mm web thickness. The Pearson’s
correlation coefficient relating the average air speed and the
square root of the voltage signal (corresponding to velocity
pressure) was 0.63 with this mesh in place, which was superior
to the other three styles of flow settling means. The overall
variability of the response, however, was still considered to be
unsatisfactory.

In an attempt to further improve the stability of the
measurement system, the averaging Pitot tube was oriented with
the openings on the downstream rather than the upstream side
of the tube. Acquiring a stable pressure signal from pressure
taps with an upstream orientation requires a steady airflow and
an approximately stationary upstream stagnation point. It was
surmised that, in turbulent airflow, the shifting stagnation point
on the upstream side of the tube made it difficult to accurately
measure the total pressure, whereas the much larger and more
stable negative pressure zone on the downstream side of the
tube resulted in a pressure signal that was more stable. This in
fact proved to be the case. The pressure distribution around a
bluff body in an air stream is clearly described in theory and
simulation by Dobrowolski et al. (2005) and illustrated in
practice by Nishimura and Taniike (2001).

Downstream openings cause the pressure inside the tube to
equilibrate with the negative pressure zone downstream of the
tube. This principle is incorporated into the design of some
commercial averaging Pitot tubes, some of which have two
internal chambers: one with a series of openings on the upstream
side of the instrument and the second with the openings facing
downstream. Such an instrument is configured so that the
measurement signal is the difference between the pressures in
the two chambers, resulting in about twice the gain of a single-
chamber instrument. Liu et al. (1998) used this idea in their

design. Only a single tube was used in the
work reported here, however, since a two-
chamber instrument is more difficult to
construct and, if two separate tubes are used,
requires drilling two sets of holes in each fan
duct.

Bouhy (1996) warns that vortex shedding
downstream of an averaging Pitot tube can
cause high-frequency noise. Some trials were
also conducted with and without a trailing
splitter plate to determine if this would
stabilize the downstream negative pressure
zone (Nishimura and Taniike 2001). The
presence of the plate was not found to make
any difference to the conditioned signal, and
it was surmised that any reduction in noise by
the splitter plate occurred at a frequency range
that was too high to be of consequence in this
application. In any case, the effect of the
splitter plate was made redundant by the
physical filter.

Calibration of the measurement system
was performed with the openings of the Pitot
tube in the downstream orientation and with
four different styles of flow settling means.
The best flow settling means was fabricated

from the 12-mm-square ventilation grill, and resulted in a linear
correlation coefficient between air velocity and the square root
of the transducer voltage of 0.88, as compared to 0.85 for the
30-mm expanded metal mesh and 0.74 for both the 10-mm
expanded metal mesh and the wire screen. Some tests were also
conducted with the openings facing downstream and no flow
settling means whatsoever, but the results proved to be
unsatisfactory.

A disadvantage to the downstream orientation of the
openings was a reduction in sensitivity: The lowest airspeed
which could be measured reliably with this configuration was
about 3 m/s. This airspeed corresponds to about 28%
(0.49 m3/s) or 24% (0.87 m3/s) of the maximum capacity of a
typical 457-mm or 610-mm agricultural fan, respectively, at
zero static pressure. These values are typical minimum settings
for a variable-speed fan in a commercial swine barn.

Finally, the investigators tested the assumption that the static
pressure around the Pitot tube was the same as atmospheric
pressure. Connecting the reference port of the pressure
transducer to a single static pressure tap in the side of the
ventilation duct improved the Pearson’s correlation coefficient
of the relationship between the measurement signal and the
airflow from 0.76 to 0.82. 

The configuration which performed the best comprised an
averaging Pitot tube with downstream openings spaced as for an
8-point traverse, a flow settling means with a mesh 12 mm
square and 12 mm deep, a physical filter before the pressure
transducer, and a static pressure tap in the side of the duct
connected to the reference port of the transducer. Figure 7
shows data collected using this final configuration of the
measurement system during several simulated field trials with
the damper set at three different positions. The relationship
between the square root of the differential voltage from the

 

Fig. 6. Calibration curve generated using the standardized apparatus for

airflow measurement shown in Fig. 2. The data were generated

using two ducts of different diameters (457 and 610 mm)

(Lakenman et al. 2004).
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pressure transducer and the air velocity (measured by traverses
using the hotwire anemometer) was highly linear, and similar to
that which was originally determined under laboratory
conditions (Fig. 6). The Pearson’s correlation coefficient was
0.94 for data generated with the damper at 15° and 45° from the

direction of airflow (Fig. 7 top). Figure 7 bottom
also includes data generated under conditions
meant to test the robustness of the measurement
system in extreme situations. The damper was
manually set at 60° from the direction of flow
over a range of airflow rates. In livestock barns
the damper should automatically open at high fan
speeds so that extreme turbulence would not
occur. Nevertheless, the overall Pearson
correlation coefficient for all data was 0.82.

Final field testing

Once a suitable measurement system was
configured under simulated field conditions, it
was tested under actual field conditions at the
swine barn. Averaging Pitot tubes were fabricated
and installed with flow settling means and
physical filters in 27 ceiling exhaust fans in
different sections of the barn. The performance of
the measurement system proved to be very
satisfactory. During the final field testing, the
measurement system was also tested on a wall
mounted exhaust fan with an elbow hood (Fig. 5)
and was found to perform well in this situation.
Despite the difficult flow conditions imposed by
the elbow hood and short extension duct, a high
correlation (R2 = 0.97) was found between
measurements taken with the averaging Pitot tube
and hotwire anemometer traverses.

CONCLUSIONS

A multiport averaging Pitot tube was shown to be
a robust, economical, and practical instrument for
the measurement of airflow through barn exhaust
fans. Trials performed under laboratory,
simulated field, and actual field conditions
resulted in the development of a system based on
an averaging Pitot tube with openings facing
downstream and spaced as for an 8-point traverse.
The averaging Pitot tube was used with a flow
settling means fabricated from 12-mm-square
ventilation grill and installed a minimum of 0.25
duct diameters upstream of the Pitot tube. A
physical signal filter made from vinyl tubing
packed with fibreglass insulation was installed
between the Pitot tube and the pressure
transducer. Measurements made with this system
correlated well with measurements from manual
traverses made using a hotwire anemometer under
normal operating conditions (R2 = 0.94), and
under very turbulent conditions close to an axial
flow agricultural fan with a partially-closed
upstream damper (R2 = 0.82).
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the direction of airflow. The top figure includes data from the 

first two settings only and the bottom figure includes all data.
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