AEPOI'TAPOAMHAMIKA TA TEIINIOMACOOBMIH

DOI: https://doi.org/10.15407/pmach2024.01.006

UDC 628.85 Measurement of the swirling air flow rate and average speed of air at air

distribution units of ventilation systems is a rather difficult task due to the
DEVELOPMENT fact that the air flow enters the measuring device at different angles. As a
OF THE UNIVERSAL result, significant measurement errors can occur when using point ther-

AIR COLLECTOR DESIGN moanemometers or other flow meters. The use of integral anemometers fa-

cilitates the measurement process. However, it is necessary to eliminate the

FOR MEASURING errors associated with changes in the angle of the air flow to the sensing
THE FLOW RATE element of the measuring device. To do this, it is necessary to ensure a recti-

OF SWIRLING AIR FLOW linear structure of the air flow using a transitional air collector and recti-

fier. The aim of this paper is to develop a design of an air collector device

USING AN INTEGRAL that will allow to measure the flow rate of a swirling air flow. The objectives
THERMOANEMOMETER of the paper are to optimize the geometrical parameters of the air collector

to ensure a rectilinear flow, minimize its dimensions and aerodynamic drag.

1 . The correctness of the air collector design was evaluated by matching the
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calibration characteristic of the probe of an integral thermoanemometer in
the presence of a vortex diffuser in front of the air collector and in its ab-
sence. The proposed device has a rectangular shape and consists of a re-
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cal parameters were studied using computer modelling. The dependence of
aerodynamic drag on air flow was plotted. The optimal design of the air
collector was chosen, for which a life-size physical model was created. The
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Introduction

To adjust the ventilation systems of buildings, air flow measurements are carried out on air distribution
devices: ventilation grids, anemostats, vortex diffusers. Their design can be different. The air flow, passing
through them, changes its flow structure [1-5]. However, if the air flow at the outlet of the air distribution devices
has a rectilinear structure, then measurement problems usually do not arise. When it is necessary to measure the
flow rate of air swirled by a fan or a vortex diffuser, the process becomes complicated and time-consuming, and
the error can be significant. To increase the accuracy of air flow rate measurements, it is necessary to transform
the structure of the air flow in such a way that a rectilinear flow passes through the probe of the flowmeter.

An air collector with a built-in rectifier is used as an air flow rectifier. The receiver of the air collec-
tor has a trapezoidal shape. This is how the testo 420 device from the well-known manufacturer of measuring
equipment Testo [6] is arranged. Its disadvantage is low sensitivity at low air flow speeds (below 5 m/s).

There are flowmeters with a cone-shaped air collector, at the outlet of which an impeller is in-
stalled [7]. They allow to measure air flow rates at the outlets of anemostats with a diameter of slightly more
than 200 mm. The impeller is an integrating device and correctly measures the flow rate even in turbulent air
flow with uneven speed distribution, but it cannot correctly measure the flow rate of the swirling air flow.

This work is licensed under a Creative Commons Attribution 4.0 International License.
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Another device designed to measure the average speed or air flow rate in air ducts is an integral
acoustic anemometer [8]. Its disadvantages include the impossibility of use on air distribution devices.

There are also other types of anemometers that make it possible to make point measurements of air speed
with the subsequent averaging of the results over a section: diffmanometers [9], thermoanemometers with a
string [10] or thermal film [11]. All of them are point sensors and require preliminary preparation of the air flow.
To obtain reliable results, it is necessary to conduct multiple measurements at different points of the section.

It is much easier to measure air flow rates at the outlet of a fan or air distribution devices using a
highly sensitive integral thermoanemometer based on a heating cable [12], developed by the authors of the
paper [13]. This device can be used in a wide range of changes in the speed (rate) of the air flow and, most
importantly, allows to obtain its average value. A special air collector was developed to measure the air flow
rate using an integral thermal anemometer on air distribution devices during its rectilinear flow [14].

However, if the structure of the air flow at the outlet of the air distribution devices or the fan is not
rectilinear, but swirled, then it is necessary to minimize the influence of the swirling angles on the sensitive
element of the thermoanemometer with the help of a transitional air collector and a rectifier. Their design
should have minimal aecrodynamic drag and ensure the rectifying of the swirling air flow.

Development of the design of the air collector for the air flow rate measurement at the outlet of vortex
diffusers

From the experience of building wind tunnels [15], it is known that if a rectifying grid and a set of
wire meshes are installed in the flow part of the nozzle, it is possible to turn the swirling flow into a rectilin-
ear flow with a degree of turbulence of about 0.2%. By analogy with the nozzle of a wind tunnel, the design
of the air collector should repeat its shape and have, at least, two compressions of the flow, followed by two
rectilinear sections with a constant cross-sectional area. An important characteristic of the nozzle is the uni-
formity of the field of flow speeds at the outlet. Irregularity can be caused by two main reasons: the presence
of a boundary layer on the inner surface of the nozzle, formed due to viscous forces in the gas and frictional
forces between the gas and the nozzle surface, and the presence of small vortices, which leads to a change in
the flow speed at different points on the section nozzle.

In the developed air collector, the air flow after the first narrowing
enters a chamber with a grid designed to break up vortices and form a
plane-parallel flow. The design of the grid is a honeycomb with square-
shaped honeycombs, the sides of which will be denoted as S. To equalize
the air flow in the direction of the flow, the honeycomb depth L was cho-
sen taking into account the presence of at least five gauges from the mini-
mum cell size L>5-S (according to [16]). The second narrowing increases
the air flow speed along the nozzle, and the vortices crushed by the grid
weaken due to their interaction with each other. After the second narrow-
ing, the nozzle of the air collector has a rectilinear section, where the final
rectifying of the flow takes place in front of the sensitive element of the
thermoanemometer probe, for which the flow with an angle of attack of at
least 75° is required. The turbulence of the flow must be reduced to the |  Fig. 1. Model of the air collector:

level of sensitivity of the thermoanemometer probe, since it has thermal 1 — receiver, 2 — rectifying grid,
inertia, which will smooth out the presence of fluctuations in the flow. 3 — chamber, 4 — accelerating section,
The design of the air collector is shown in Fig. 1. 5 — stabilizing section,
The source of the flow turbulence is its vortex-like movement, 6 — probe of the integral
thermoanemometer

which is created by the guide lamellas of the diffuser, the instability of the

angular rotation speed of the fan, as well as the roughness of the inner surface of the air collector and struc-
tural elements located in the air flow. The presence of small vortices interacting with each other and the mass
of air in the transport movement affects the fluctuation of the instantaneous speed. At the same time, the in-
stantaneous speed W at each point of the flow changes in time, fluctuating within some average value of the
speed W,. The speed of the air flow can be given as the sum of the average speed W, and the root mean
square pulsation speed W, for the selected measurement time interval. The turbulence of the flow is esti-
mated by the ratio W,/ W..
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The choice of geometric parameters of the air collector is based on the fulfillment of the condition of
free access of the air flow to the flow part of the air collector. This is achieved when the free cross-sectional
area of the vortex diffuser is less than the free cross-sectional area of the sensitive element by at least
2.5 times. In this case, according to [16], the condition of minimum aerodynamic drag will be met, which
affects the increase in dimensions of the measuring device, which cannot always be ensured when measure-
ments are taken in the ventilation system.

The optimization of the design of the air collector is reduced to the minimization of its dimensions and
aerodynamic drag, provided that the flow passing through the sensitive element of the thermoanemometer is
rectilinear. The intermediate dimensions of the design elements of the air collector are determined by their co-
ordination among themselves. The main element of design optimization is the grid, or rather the size of the
honeycombs along and across the air flow, as well as the location of the sensitive element in the channel. As for
the wire meshes, which are usually located behind the grid, their use affects the alignment of the speed field in
the cross section of the flow part of the probe and increases the aerodynamic drag of the air collector. Since the
probe of the thermoanemometer has integrating properties [12], the fulfillment of the requirement for equaliza-
tion of the air flow loses its meaning, and therefore the need to install grids in the chamber disappears.

The method of determining the aerodynamic drag of the air collector for the flow rate measurement of
the swirling air flow
The aerodynamic drag of the air collector af-
fects the change in the load on the inflow fan and, as a
result, the change in air flow in the ventilation system.
In order to choose an air collector with minimum resis-
tance, it was necessary to study several designs with
different geometries. In addition to the results of
physical quantities measurement, it was necessary to
visualize the flow pattern of the air flow to determine
the presence of swirl. These tasks were solved with the
help of computer modeling of the process of air
movement in the room. The computer modeling tech-
nique has significant advantages over physical meas-
urements, W hich i.s primarily due to the. low resolution 1 — room, 2 — air collector, at the outlet of which a
of measuring dev%ces and .the complex1ty of manufac- thermoanemometer probe is installed, 3 — inflow
turing various options of air collector designs. ventilation hole with a vortex diffuser,
The computer model of the room with an air 4 — rectifying grid, 5 — exhaust ventilation hole
collector is shown in Fig. 2.
Source data for research:
—room dimensions are 4x4x3 m;
— the diameter of the inflow hole under the vortex diffuser is 450 mm;
— the diameter of the exhaust hole is 300 mm;
— length of section 1 — 200 mm;
—length of section 2 — 200 mm;
—length of section 3 — 100 mm;
— length of section 4 — 100 mm;
—honeycomb depths — 100 and 200 mm;
—side lengths of square honeycombs — 45, 60, 75, 90 mm,;
— thickness of the honeycomb walls is 1 mm;
—inlet section of the air collector is 600x600 mm;
—section of the rectifying grid — 450x450 mm,;
— cross section of the measuring section of the probe — 300300 mm,;
— air flow swirling angles — 0, 10, 20, 30, 40, 50 radians.
Without an air collector, the following flow pattern is observed: air enters the room through the in-
flow vortex diffuser and, before entering the exhaust hole, performs a swirling movement, loses speed and

Fig. 2. Computer model of the research object:
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mixes with the surrounding air. Thanks to this, the temperature of the inflow air can be much lower than the
temperature in the room.

A completely different picture is observed when an air collector with a grid appears at the outlet of
the diffuser. After it, a rectilinear jet of air is formed, which, after hitting the floor, spreads in all directions
along its surface. Then the flow rises along the walls and, reaching the ceiling, goes to the center, where the
air flows collide. After the collision, they turn downwards the room, creating a circulation between the walls
and the center. The asymmetry in the described picture is introduced by the exhaust hole (see Fig. 2), through
which the circulating air flows exit the room.

In order to determine the aerodynamic drag of the air
collector in real operating conditions, it is necessary to establish
the dependence of the resistance of the room with and without
the air collector on the air flow rate and the angle of rotation of
the flow, and then subtract the second value from the first value.
Several designs of air collectors with different geometry were
studied, for which similar dependencies were obtained.

When carrying out calculations for various design pa-
rameters of the air collector when changing the air flow rate and
the angles of its rotation, a series of dependences of the aerody-
namic drag on these values was constructed.

Computer modeling made it possible to construct trajec-
tories of air movement (Fig. 3), which can be used to draw con-
clusions about the nature of their behavior during the passage of
the measuring section of the probe. Observing the structure of
the flow in the flow part of the measuring probe for different
values of the air flow rate and changing the length and width of
the honeycombs of the rectifying grid, the optimal dimensions of
the honeycombs for which the air flow acquired a rectilinear
structure and at the same time had minimal aerodynamic drag
were determined.

When measuring air flow on real objects, the aerody-
namic drag of the air collector can be taken into account with the
help.of a correc‘.[io.n. For this, it is necessary to have thg aerody- Fig. 3. Trajectories of the air flow formed by
namic char.act'erlstlcs of the fan apd to knoW the operating point the air collector at a swirl of 50 radians and
of the Ventl.lat1on system. .In practice, graphic dependences of the | = .. flow rate of 1500 m’/h for 200 mm
aerodynamic characteristics of the fan and load curves of the deep grids with honeycomb sizes of:
ventilation system are used. a—60 mm, b—90 mm

When analyzing the dependencies of the aerodynamic drag of the air collector, the following trends
are observed:

1. As the size of the honeycomb S decreases, the resistance slightly increases (Fig. 4).

2. With the increase in air flow rate V for the studied swirl angles, the aerodynamic drag increases
significantly.

3. For air consumption less than 1000 m*/h (corresponding to a 20-fold replacement of air in the
room) the aerodynamic drag of all analyzed air collectors is less than 5 Pa, which practically does not affect
the reduction of air flow for most industrial fans.

The dependence of the aecrodynamic drag on the swirling angles of the air flow has a maximum,
which shifts towards an increase in the swirling angle with an increase in the air flow rate. A further increase
in the swirling angle leads to a decrease in resistance (Fig. 5).

Computer modeling showed that a fully rectified air flow is observed at the side dimensions of the hon-
eycombs of 45 and 60 mm, while the depth of the rectifying grid can be reduced from 200 to 100 mm.

Given that an air collector with a honeycombs side of 60 mm will have less aerodynamic drag than a
45 mm one, this design is chosen as optimal. Below, all the results obtained after modeling and experiment will
be given for it.
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20 ——8=60 mm, V=2000 m’h
=-S8=75 mm, V=2000 m¥h

~~8=90 mm, V=2000 m’h
$=60 mm,V=1500 m*h

10 S=75 mm, V=1500 m*h

S=90 mm, V=1500 m¥%h

’ P $=60 mm, V=1000 m¥h

_— / —$=75 mm, V=1000 mh

0 —= ~-$=90 mm, V=1000 m*h

Aerodynamic resistance, Pa
Aerodynamic resistance, Pa

0 400 800 1200 1600 2000 0 0 10 2 30 40 50
Air flow rate, m*h Swirling angle, rad
Fig. 4. Dependence of the aerodynamic drag of the air Fig. 5. Dependencies of the aerodynamic drag of air
collector with the size of the honeycombs side of 60 mm collectors on the swirling angles at air flow rates
and the depth of the rectifying grid of 200 mm of 1000, 1500 and 2000 m’/h for a rectifying grid
on the air flow rate for different swirling angles with a depth of 200 mm with side dimensions

of the honeycombs of 60, 75 and 90 mm

Dependencies shown in Fig. 4 can be used | 800
as corrections when measuring air flow rates. To
take it into account, it is necessary to use the aerody-
namic characteristics of the fan. In our experiment, it
is a Systemair 315L channel fan [17], the acrody-
namic characteristics of which are shown in Fig. 6.

We will give an example of calculating the
air flow rate using this method. Let's say the inflow
diffuser has a swirling angle of 20 rad, and the meas- | 20
ured air flow rate is 1500 m*/h. Using Fig. 4, we de-
termine the aerodynamic drag of the air collector,

600

400

Pressure, Pa

which in this case will be AP=15.1 Pa. From the char- 0 400 800 1200 1600 2000
acteristics of the fan (see Fig. 6) for the air flow rate Air flow rate, m*/h

of 1500 m’/h, we determine the pressure, which is Fig. 6. Aerodynamic characteristics

80 Pa. Then the true pressure, by which the air flow of the Systemair 315L channel fan

rate is determined, will be 80-5.1=64.9 Pa. Let's look at Fig. 6 for this pressure and determine that the air
flow rate is 1550 m*/h, that is, it will increase by 3.33%.

Experimental study of the feasibility of using an air collector

To confirm the feasibility of using the proposed air collector, an experimental plant (Fig. 7) was cre-
ated, which was an open wind tunnel to which a life-size air collector with a rectifier and thermoanemometer
probe placed inside was connected. To create a swirling flow, a VD 400 vortex diffuser was installed in front of
the air collector.

The correctness of the design selection of the air collector was assessed by the coincidence of the calibra-
tion characteristics of the integral thermoanemometer probe in the presence of a vortex diffuser in front of the air
collector and in its absence. The results of the research are shown in Fig. 8, which also shows the benchmark cali-
bration curve of the thermoanemometer probe, obtained when a rectilinear, rectified air flow enters [12].

As we can see in Fig. 8, the difference between the two dependencies is about 12% on average. This
correction should be taken into account when measuring on real objects. Obviously, to reduce the discrep-
ancy between these curves, it is necessary to reduce the size of the honeycomb side or to increase the grid
depth. It should also be noted that the heat transfer curve of the thermoanemometer probe in the absence of a
vortex diffuser practically coincides with the benchmark calibration curve (especially in the range of
180<Re<800), which indicates that the selection of the air collector with the rectifying grid was made cor-
rectly. A small difference (no more than 6%) is observed only at 800<Re<1450.
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The dependence in the presence of
a vortex diffuser in front of the air collec-
tor has the following form:

Nu=0.59-Re"*, (1)
where Nu is the Nusselt number; Re is the
Reynolds number. Scope of the formula
application is: 170<Re<700.

The dependence in the absence of
a vortex diffuser in front of the air collec-
tor has the following form:

Nu=0.34-Re**. )

Scope of the formula application
is: 270<Re<1460.

In order to more accurately calcu-
late the correction when measuring the
flow rate of a swirling air flow, it is neces-
sary to subtract (2) from (1). Scope of cor-
rection application is: 270<Re<700.

The made measurements also al-
lowed to determine the dependence of the
aerodynamic drag of the air collector on
the air flow rate. It looks like this:

Pst:7 . 10-6, GWIA%’
where Py is the aerodynamic drag, Pa, G, —
1s the volumetric air flow rate, m’/h.

Taking into account the small coef-
ficient of the obtained dependence before
the value of the air flow rate, we can talk
about the small aerodynamic drag of the air
collector, especially in comparison with the
resistance of air distribution devices. So,
for consumption of 2000 m’/h, resistance
will be only 21.3 Pa, which will practically
not affect the reduction of air flow for the
absolute majority of modern fans used in
ventilation systems of buildings.

Discussion of results

> ____

—_————

16

Fig. 7. Scheme of the experimental plant:
1 — channel fan with speed controller; 2 — adapter; 3 — duct;
4 — chamber of transition from round to square section;
5 — probe of the integral thermoanemometer; 6 — air collector consisting
of a flow receiver, a rectifying grid and an acceleration section;
7 — assembly area; 8 — vortex diffuser; 9 — adapter; 10 — duct;
11-13 — measuring sections with built-in Pitot tubes;
14 — power supply unit; 15—17 — devices for measuring
electrical quantities; 18 — pressure drop gauge

24
= With vortex

20 diffuser

Without vortex
diffuser

Benchmark
dependency

Nu

0 500 1000 1500
Re

2000

Fig. 8. Comparison of the heat transfer of the probe of the integral
thermoanemometer during the inflow of direct and swirling air flows

Unfortunately, experimentally, it was not possible to achieve coincidence of the calibrating curves when

rectilinear and swirling air flows hit the probe of the integral thermoanemometer. Nevertheless, taking into ac-
count the introduction of the correction, it is possible to talk about sufficiently accurate measurements of the
swirling air flow rate. It is possible to get rid of the correction when reducing the length of the honeycomb side
and increasing the rectifying grid depth, but this will affect the increase in aecrodynamic drag of the structure.

Conclusions

1. A universal air collector, which allows to measure air flow at the outlets of almost any air distribu-
tion devices of ventilation systems, has been developed.

2. The accuracy of the measurement does not depend on the structure of the air flow, since the latter
is transformed into a single form inside the device. As a result, an air flow with a rectilinear profile flows
onto the probe of the measuring device.

3. The developed air collector has minimal aecrodynamic drag, due to which the air flow does not "sag".
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Buwmiprosanns eumpam i cepednvoi wmsuokocmi 3aKpyueHo2o nOmoxy nogimps Ha nogimpopo3no0iibHUX Npu-
CMPOAX 8EHMUNAYIUHUX CUCEM € 00CUMb CKIAOHOI0 3a0ayero yepe3 HAMIKAHHA NOMOKY NOGIMPs HA GUMIPIOBANbHULL
npucmpiil nio pizHumu Kymamu. K HACAiOOK, Npu SUKOPUCMAHHT MOYKOBUX MePMOaHeMoMempie abo THuUX sumpa-
MOMIPI8 MOXCYMb SUHUKAMU 3HAYHI NOXUOKU. 3ACOCY8AHHA IHMESPANbHUX AHEMOMEMPI8 NOe2ULYE GUMIPIOBATbHUL
npoyec. OOHax NOXUOKU, NOG'I3aHI 31 3MIHOIO KYMA HAMIKAHHSA ROMOKY NOGIMPSL HA YYMIUBUL eJleMeHm GUMIPI0BATbHO-
20 npucmporo, ciio ycyHymu. /i ybo2o HeobXiono 3abe3neyumu NpaMONIHIUHY CIPYKIMYPY NOSIMPAHO20 NOMOKY 3d
00NnOMO2010 nepexiono2o noGimpo3oipHuKa i sunpamisiua. Memor pobomu € po3podoxa KOHCMPYKYii nogimpo3oipHuKa,
wo 003601UMb BUMIPIOBATNU BUMPAMY 3AKPYYEHO20 NOGIMPAHO20 NOMOKY. 3a80aHHA — ONMUMI3AYIA 2e0MemPUUHUX
napamempie nogimpo30ipHuKa 015 3a0e3neyeHHs NPIMONIHIIHOT meyii, MIHIMI3ayis tlo2o eabapumis i aepoOUHAMIYHO-
2o onopy. Ilpasunsricms 8ubopy KOHCMPYKYii NOGIMPo30ipHUKA OYIHI08ANACA 30i20M 2pA0YI08ANbHOT XAPAKMeEPUCMUKY
30HOA IHME2PAaIbHO20 MEPMOAHEMOMEMPA NPU HAABHOCMI BUXPOB0O20 OuPy30pa nepeo nosimpo30IPHUKOM Ma 3a 1020
giocymHnocmi. 3anponoHo8anull npUCmpiil Mae NPAMOKYmMHY opmy i CKIad0aemsvcs 3 RPULMaid, BUNPAMIAIOYOL peuim-
KU, Kamepu, po3einnoi i cmabinizyiooi OiaHoK, Ha UX00i AKUX 6CMAHOBTIOEMbCS 30H0 mepmoanemomempa. Iputimay
i po3einHa OLNAHKA 38YIAHCYIOMbC NO CBOIU 008IHCUHI, @ Kamepa i cmabiniz3yioua OLIAHKA MAloms NOCMIUHUL nepepis.
Bunpsmasioua pewimka 6cmanogniocmobcs 6cepeouni kamepu i A6715€ co00I0 KOHCMPYKYIIO 31 CMITbHUKIE K8AOpamHoi
opmu. 3a 0onomocoio Komn'romeproeo Mooen08an s OOCIIONHCEHO OEKiIbKA 8aAPIAHMI8 KOHCMPYKYIl NOGIMpPo30ipHUKA
3 pisHUMU 2eomempudnHumu napamempamu. Ilodyoosano 3anexcnicms aepoOUHAMIYHO20 ONOPY 8i0 GUMPAMU NOGIMPAL.
Hx onmumanviy 00pano KOHCMpPYKYilo nosimpo30ipuuxa, 01s saKoi oyna cmeopena Qizuyna mMooenb Yy HamypaivHy 6e-
audUHy. ExchepumenmanoHum wiasaxom ompumani 2paoyiosanbHi Xapakmepucmuru 6UMIpro8aibHo20 30H0A 3 NOGIMpo-
30IPHUKOM NPU HAMIKAHHI 3AKPYHEH020 NOBIMPAH020 NOMOKY. Po3pobnenuii ynisepcanvhuil nogimpo30ipHux 00360.15€
npogooUMuU 8UMIPIOBAHHS BUMPAMU NOGIMPS HA 8UX00AX NPAKMUYHO 0YO0b-AKUX NOBIMPOPO3NOOiNbHUX NPUCTPOI8 Ge-
HMUAAYIUHUX cucmem Oyodiseb.

Knrwouoei cnosa: nosimpo36ipnux, mepmoanemomemp, UMIpIOGAHHA BUMPAMU NOBIMPAHO20 NOMOKY, 3AKPY-
YeHutl NOGIMpPAHULL NOMIK.
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