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B cmamve paccmampusaemcs o30eiicmeue ROMOKA HA MOOeNU, UCCLe0yeMble 6 A2POOUHAMUYECKUX
mpybax. [{ns onpedeieHuss Cuno8020 8030€UCMBUs NOMOKA HA UCCIeOYeMYI0 MOO0elb NpeonoxceH bolee
MOYHbLI U HAOENHCHBIIL MEMOO0 HENOCPEOCMBEHHO20 USMEPEHUs. CUL U MOMEHNOE C NOMOWbIO AIPOOUHAMU-
yeckux meHzomempuueckux éecog. Ilpu peuwienuu niockou 3a0ayu Ok CUMMEMPUYHOT MOOeIU Npu HyJle-
B0M yee CKObICEHUs, NPeONazaemcs KOHCMPYKYusi MPEXKOMNOHEHMHbBIX 8€C08, USMEPAIOUWUX NOOBEMHYIO
cuny, cuny 10608020 CONPOMUBTICHUS U MOMEHM manzaxca. [isi UCKIIOUeHUs 83aUuMOOelicmeue Mexcoy
ROO0EPIACUBAIOUUMYU YCIMPOLICIMEAMU U MOOENbIO, KOMOPOE Gbl3bleAe B03MYUCHUsL 8 NOMOKe GOU3U MO~
Oenu, 8ecvl pacnonaearmes 6He Mooelu U paboyell yacmu aspoourHamuyeckou mpyowvl. Komnonenmol as-
POOUHAMUYECKOT CUTbL U MOMEHMA, 0eliCmEyloujie Ha MOOeb, USMEPSIOMCS NPU NOMOUWU MEH300AMYUKO8
CoOnpomuenenusi, npeodpPaAsyVIoWUX oeopmayu ynpyeo2o 1emenma 8 usmMeHeHue 31eKmpuieckozo conpo-
MUBJIEHUs, KOMOPOoe UMepAemcs: npubopoM, COCOUHEHHbIM C COOMBEMCMEYIoWel UMepUMENbHOU cXe-
Mot Boibop menzo0amuukos 6 kawecmee 6eco8biX 3NEMEHMOE8 00YCIOBIEH UX 8eCbMd MABIMU PAZMePaMU
U 8eCOM, BOZMOJMCHOCMIBIO USMEPEHUS OUYEeHb HE3HAYUMENbHbIX OMHOCUMENbHbIX Oeopmayuil ynpyeux
INEMEHMO8, MALOU UHEPMHOCIBIO, YO NO360SEM USMEPAMb He MOAbKO CIAmu4ecKue, Ho U OuHamuye-
CKUE HAZPY3KU, d MAKAHCE OZMONCHOCTBIO OUCTNAHYUOHHBIX UMepeHutl. /s KoMnencayuu elusuue pas-
JIUYHBIX UCTNOYHUKO8 NOSPEUWHOCEN, NOBLIUEHUS LYECMEUMETbHOCIU U 0becneyeHus Oonbuell MmoYHOCmU
U3MEPEHULl MEeH300amYUKU COCOUHEHbL N0 MOCMOBOU CXeMe U BKIIOYEHbl 80 6Ce Hemblpe niedd MOCma.
Hepopmayus copuzonmanvrou usmepumenvHoli 6AIKy 6bl3bl6Aem UIMEHEHUe CONPOMUBTIEHUs He MOJbKO
8 MEH300aMYUKAX, USMEPSIOWUX MOMEHM TAH2AXHCA, HO U 8 MEH300aMmYUKAX, NPeOHA3HAYEHHbIX O U3-
MepeHust noOObeMHoU cunbl. Tak Kak KOHCMPYKYus 6ec08 He NO360sAenm 2NeKMPUYeCcKU pazoeiums mu
KOMNOHEHNMbL, MO GIUSHUE MOMEHMA MAH2ANCA HA 8eTUYUHY NOOBEMHOU CULbL ONPedesiemcs 6 npoyecce
MAapUposKU U OYEHUBAEMC C NOMOWBIO CHEYUATLHO20 SPAPUKA STUAHUS, NOCMPOEHHO20 NO PE3VIbMAmam
mapuposouHvix OauHwix. IIpu meH30Mempuyeckux UsMepeHUsxX bIXOOHbIE GEIUYUHbL CUL U MOMEHMA, Oell-
CMBYIOWUX HA UCHBIMYEMYI0 MOOEIb, RONYYAIOMCSL 8 8UOE COOMEEMCMEYIOWUX NOKA3AHULL npubopa, usme-
PpAIOWe20 NeKmpUecKue CUSHAIbL, NPONOPYUOHATbHbIE NPULONCEHHbIM cuiam. [ nepeeoda npubopHbix
OAHHBIX 6 GEIUUUHBL CUT U MOMEHMO8 NPOU3BOOUMCS COBMECMHAS MAPUPOBKA 6€C08 U NPUOOPOS C Yesbio
ROJYYEHUsT MAPUPOBOYHBIX KOIPuyuenmos. Jonoanumenvuvie coCmasnsaowue a3poOuHamuteckux cul u
MOMEHMOo8, co30asaemvle 0epPHCABKOl, ONPedeNOMcs nymem e€ npooyeku 6 npucymemsuu mooenu. Ipu-
8e0eHbl pacuemuble 3d8UCUMOCU O ONPeOeleHUst COCMABIIOWUX AIPOOUHAMUYECKO20 B030€UCMEUS.
Benuuunvt koagpuyuenmos aspoounamuueckux cui u MOMEHmMo8 0armcst 8 NOMOYHOU cucmeme Koopou-
Ham. JlaHo 3aKm04eHue 0 MOM, YUMo UCTIONb30BAHUE MEH3OMEMPUYECKUX 8€C08 NO380AEN 3HAUUMENbHO
COKpAmMUmMb 8pems NPOBeOeHUs: IKCNEPUMEHTNA U NOBLICUND THOUHOCb ONPeOeNeHUs UCCIe0yeMblX napa-
MEmpOs8 N0 CPAGHEHUIO C BeCAMU MEXAHULECKO20 MUNA.

Knioueswie crosa: meH3omempudecKue 6ecsvl, cujia 7100606020 conponmueiernus, noovemHas cuna, mo-
MeHm maHeas;uca.
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The article examines the effect of flow on models studied in wind tunnels. To determine the force effect
of the flow on the model under study, a more accurate and reliable method of directly measuring forces and
moments using aerodynamic strain gauge balances is proposed. When solving a plane problem for a sym-
metrical model at zero slip angle, a design of three-component scales is proposed that measures the lift
force, the drag force and the pitching moment. To eliminate the interaction between the supporting devices
and the model, which causes disturbances in the flow near the model, the scales are located outside the
model and the working part of the wind tunnel. The components of the aerodynamic force and moment act-
ing on the model are measured using resistance strain gauges, which convert the deformation of the elastic
element into a change in electrical resistance, which is measured by an instrument connected to an appro-
priate measuring circuit. The choice of strain gauges as weight elements is due to their very small size and
weight, the ability to measure very small relative deformations of elastic elements, low inertia, which
makes it possible to measure not only static but also dynamic loads, and the possibility of remote measure-
ments. To compensate for the influence of various sources of errors, increase sensitivity and ensure greater
measurement accuracy, the strain gauges are connected via a bridge circuit and included in all four arms
of the bridge. Deformation of the horizontal measuring beam causes a change in resistance not only in the
strain gauges that measure the pitching moment, but also in the strain gauges designed to measure the lift
force. Since the design of the scales does not allow for electrical separation of these components, the influ-
ence of the pitching moment on the magnitude of the lift force is determined during the calibration process
and is assessed using a special influence graph constructed from the results of calibration data. In strain
gauge measurements, the output values of forces and moments acting on the model under test are obtained
in the form of corresponding readings from a device that measures electrical signals proportional to the
applied forces. To convert instrument data into values of forces and moments, a joint calibration of scales
and instruments is carried out in order to obtain calibration coefficients. Additional components of aerody-
namic forces and moments created by the holder are determined by purging it in the presence of the model.
Calculated dependencies for determining the components of the aerodynamic impact are given. The values
of the coefficients of aerodynamic forces and moments are given in the flow coordinate system. The pledge
has been given.

Keywords: strain gauge scales, drag force, lift force, pitching moment.

Introduction

The flow effect on the models studied in wind tunnels is reduced to forces continuously distributed
over the streamlined surface of the model. These forces are characterized at each point of the surface
by pressure and tangential stress. By integrating these loads over the surface, it is possible to find the
total aerodynamic characteristics. A more accurate and reliable method for determining the total aero-
dynamic forces and moments is the direct method of measuring the forces and moments using aerody-
namic scales. The problems of complex automation of a multifactorial experiment cannot be solved by
traditional measuring systems with mechanical transducers. To solve the problems of measurements
during aerodynamic tests and to increase the level of their automation, it is necessary to use strain
gauge measuring systems [1-4].

One of the main features of aerodynamic scales is the number of components measured. Depending
on this number, scales can be three-, four-, and six-component.
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Six-component balance measures the magnitudes (components) of the projections of the total aero-
dynamic force onto three selected mutually perpendicular coordinate axes and three components of the
total moment relative to these axes [5-8].

Three-component aerodynamic balance measures two components of the total acrodynamic force
(lift force Y and drag force X) and the longitudinal moment about the transverse axis (pitch moment
M;) [9].

Depending on the location of the aerodynamic balance relative to the model and the wind tunnel,
they are divided into two types: balances located outside the model and the working part of the tunnel,
and balances located inside the model or holder.

Design and operating principle of the device

In the aerodynamic laboratory of the Department of Aircraft, three-component scales of the first
type were developed.

The scales operate using the strain gauge method of measuring forces and moments. The elastic
force elements (beams) are designed so that they have the lowest rigidity relative to one of the axes.
When a load is applied along this axis, the greatest deformation of this element occurs. In other direc-
tions, the rigidity of the elastic element is significantly greater, and if forces act in the direction of oth-
er axes, then the deformation of the elastic element is practically absent. The beams have such small
deformations that the displacements of the model caused by them can be neglected. Measurement of
small deformations of elastic elements is performed using strain gauges that convert the magnitude of
the deformation into a change in electrical resistance, which is then measured by a device connected to
the appropriate measuring circuit.

The choice of strain gauges as weighing elements is due to their very small size and weight,
the ability to measure very small relative deformations of elastic elements, low inertia, which allows
measuring not only static but also dynamic loads, as well as the possibility of remote measurements
[10-12].

The stress state on the surface of the elastic element to which the sensor is glued can change from
point to point, so the change in sensor resistance is proportional to some average stress in a section
with a length equal to the sensor base. In order for the sensors to record the stress at a point, the aero-
dynamic scales use sensors with a small base (7 mm) with a resistance of 200 Ohm. The strain gauges
are connected in a bridge circuit and are included in all four arms of the bridge, which allows for a
significant increase in sensitivity and ensures greater measurement accuracy.

In aerodynamic scales located outside the model, the decomposition of the total acrodynamic force
and moment into components is carried out using elastic links, which simultaneously perform the role
of measuring elements. The structural diagram of the scales is shown in Fig. 1.

The model is installed in the flow using a tail L-shaped holder to eliminate the effect on the flow at
the location of the working part where the model is installed. During blowing in a wind tunnel, the
sum of two aerodynamic forces is measured, one of which acts on the model, and the other on the de-
vices supporting this model, placed in the flow. To find the force acting only on the model, the com-
ponent due to the supporting devices is subtracted from the total force. This component is determined
as a result of blowing the supporting devices without the model.

The drag force X, the lift force Y and the pitching moment M, are given in the flow coordinate sys-
tem, when the OX axis is directed along the flow, the OY axis is perpendicular to it upwards. The cen-
ter of pressure of the model is taken as the origin of the coordinates.

The drag force X acting on the model is transmitted through the balance stand to four vertical
beams I (only two of them are shown in Fig. 2, a). The elastic elements have very low resistance to
bending in the plane of action of the force X and significant rigidity in the perpendicular plane. This
component (X) causes an S-shaped bending of the beams (Fig. 2, a). Sensors glued to opposite sides of
the beams are included in the adjacent shoulders of the bridge (Fig. 2, b), and the bridge reacts only to
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the drag force X. The other components (Y, M.) are sources of tension or compression and do not cause
imbalance of the bridge.

Puc. 1. KoHcTpyKTHBHAs cXeMa a3pOJMHAMUYECKUX TEH30BECOB

Fig. 1. Design diagram of aerodynamic strain gauges

a 9]

Puc. 2. 3mepenne cuitbl T000BOTO CONPOTHUBIICHUS:
a — cxema eopManuy U3MEPUTEIHHBIX YJIEMEHTOB; 0 — YIEKTPUIECKas CXeMa COeIMHEHHS TEH30AaTINKOB

Fig. 2. Measurement of drag force:
a — deformation diagram of measuring elements; b — electrical connection diagram of load cells

314



Aviation and spacecraft engineering

To measure the lifting force Y and the pitching moment M., a horizontal beam II is used with a
holder fixed to it.

Under the action of the lifting force Y, an S-shaped bending of the elastic elements of this beam oc-
curs (Fig. 3). In order to obtain output signals proportional only to this component, strain gauges 9—12
are included in the measuring bridge, mounted on the lower and upper surfaces of the sensitive plates
in the central part of beam II. The diagram of the inclusion of sensors in the bridge is shown in Fig. 3,
b. Sensors 9, 11 and 10, 12 are included in different arms of the bridge. If a lifting force acts on the
elastic elements of beam II, then these sensors register deformations of different signs and a signal
appears at the bridge output.

The pitch moment M. is perceived by elastic elements located along the OX axis (Fig. 4, a, b).
Strain gauges 13—16 are installed on the peripheral part of the sensitive plates of beam II, included in
the measuring bridge, which reacts to the deformation of the elastic elements bending only under the
action of the pitch moment. The deformation of the horizontal beam II causes a change in resistance
not only in the strain gauges measuring this moment, but also in strain gauges 9, 11 and 10, 12, de-
signed to measure the lift force. Thus, there is a certain influence of the pitch moment on the value of
the measured lift force.

y
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% % 1 ! XU
v = °
12
I \[ Iff ‘

olJ o

a 9]

Puc. 3. 3mepenne mor-eMHON CHITBL:
a — cxema JieopManuy U3MEPHTEIBHBIX YJIEMEHTOB; 6 — DIIEKTPHIYECKas CXeMa COeTMHEHHS TEH30aTINKOB

Fig. 3. Measurement of lifting force:
a — diagram of deformation of measuring elements; b — electrical diagram of connection of load cells

When beam Il is deformed under the action of only the lifting force, no change in resistance is ob-
served in strain gauges 13—16, designed to measure the pitching moment. Therefore, the influence of
the lifting force on the pitching moment is absent.

Since the design of the scale does not allow electrical separation of the Y and M, components, the
influence of the pitching moment on the magnitude of the lift force is determined during the calibra-
tion process and is assessed using a special influence graph constructed based on the results of the ca-
libration data.

In strain gauge measurements, the output values of forces and moments acting on the test model are
obtained in the form of corresponding readings of the device measuring electrical signals proportional
to the applied forces. To convert instrument data into values of forces and moments, it is necessary
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to calibrate the scales and devices together in order to obtain the so-called calibration coefficients
ky, ky, k..

The calibration coefficients represent the value of one division of the instrument scale in newtons
when measuring forces or in newton-meters when measuring moments. By multiplying the data ob-
tained in the experiment by the corresponding calibration coefficient, taking into account the influence
of the supporting devices, we obtain the values of forces in newtons and moments in newton-meters.
In this case, additional components of aerodynamic forces and moments created by the holder and de-
termined by blowing it in the presence of the model are subtracted with their signs from the instrument
data [13-15].

S
=

Puc. 4. I3amepeHne MOMEHTa TaHTaxa:
a — cxema feopManuy H3MEPUTETBHBIX AIEMEHTOB; O — 3JTeKTPHIECKas CXeMa COeINHEHNUS TeH301aTIYNKOB

Fig. 4. Pitch moment measurement:
a — diagram of the deformation of the measuring elements; b — electrical diagram for connecting strain gauges

The magnitudes of the forces acting on the model can be represented as

Xmod = Xinstr - Xholder

Ymod = Yinstr - Yholder - AYMZ
where X, Vi are the instrument readings during the blowdown of the model-study system as a
whole; Xjoger, Yiower are the instrument readings during the blowdown of one sting; AY), is the magni-
tude of the influence of the pitch moment on the lift force, determined from the influence graph.

The magnitude of the pitching moment acting on the model can be determined by the formula

M

Zmod Zinstr Zholder

If we know the calibration coefficients ki, k,, k., the components of the aerodynamic forces and
moment acting on the model can be calculated using the formulae

X[H] = kx 'Xmod’
Y[H] :ky 'Ymod’
M[Hm] = km 'Mzmod
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To determine the aerodynamic coefficients of forces, it is necessary to relate the dimensional quan-
tities Xju), Y(u to the dynamic pressure ¢, and the characteristic area of the model S,
The drag coefficient is determined as follows:

I L
C, - - = Xy = C\ Xy,
Go Sy pvy o P20VR g QYAS,,
2 ™M 2 p 7
1
C1: s
OYHS,,

where ¢ is the coefficient of the air pressure receiver; vy is the volumetric weight of the liquid poured
into the micromanometer, N/m’; 4 is the height of the liquid column in the micromanometer, m; S, is
the area of the mid-section of the model.

Similarly for the lift coefficient

Aerodynamic coefficients C, C, are given in the flow coordinate system, when the OX axis is di-
rected along the flow, the OY axis is perpendicular to it and upwards.

The pitch moment coefficient relative to the center of gravity located on the longitudinal axis of the
model can be determined by the formula

m,, :Cy (x_t_cd)’

where C, is the coefficient of the center of pressure, determined by the formula

Here *: is the relative coordinate of the position of the model’s center of gravity, counting from
the nose point, in fractions of the model’s length:

where b is the wing chord or the length of the model.

Conclusion

The use of strain gauge scales allows to significantly reduce the time of the experiment and to in-
crease the accuracy of determining the studied quantities. The absence of complex supporting devices
in strain gauge scales, typical for mechanical scales, allows reducing the influence of holders on the
flow around the studied model and thereby increasing the reliability of the measurement results.
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