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B pabome npedcmasnena paspabomannas Memoouka 1 CHpoeKmuposaro YCmpoucmeo 0 OnpedeneHus.
uucna Maxa npu ceepx3gykoeom ucmeuenuu 2asa. Ilposeden ananus pasnuuHblx Memooo8 onpeoeneHus Juc-
na Maxa, 8 mom uucne, usmepenue 0asneHus Ha zpanuye HOMOKA, NPUMEHEHUEe CKAYKO8 YNJIOMHEHUs, UC-
NONb308AHUE ONMUYECKUX Memo008. [Iposedeno cpagHeHue moyHoCmY NOKA3AHUI NPU UCTIONb308AHUU PAC-
CMOMpeHHbIX Memo0os. Ha ocroee nonyueHHbIX pe3yiomamos paspabomand MemoouKa 8biCOKOMOUHO0
onpeoenenus uucra Maxa, exmouaowas KOMOUHAYUIO HECKOAbKUX HE3AGUCUMBIX MEmO0008 USMEPEHUSL.
Cnpoexmupogano ycmpoticmeo, peanusyiowee OaHHyI0 MEMoOUKy U3MepPeHUs, U PACCMOMPEHbl Pe3yIbmambyl
IKCNEPUMEHMATLHBIX UCHBIMAHULL 8 AIPOOUHAMUYECKOU mpybe, 8KI0UAs NOKA3AHUS NpUbOpos, cpaguru u
mabauyvl, noomeepacoaroujue MOYHOCMb U OOCMOBEPHOCIb NONYYeHHbIX OanHbIX. [Ipoananusuposana ux
mounocms 1 docmogeprocms. C HOMOWBIO NPOBEOEHHO20 AHANU3A MOJCHO obecneuums 6b100p Haubosee
PpayuoHanbHo2o Memoda onpedenenus uucia Maxa Ha HayamrbHOM dmane nPOeKMupoSaHUsl 1emamenbHblx
annapamos, maxkux Kax camoinemsl, pakemoi, ucmpeoumenu, bIIJ/IA. Tounoe 3uanue wucia Maxa no3zeonsiem
UHJICEHEPAM ONMUMUUPOBAMb AIPOOUHAMUYECKUE XApAKMepUCmuKy annapama, obecneuums bOezonac-
HOCMb NoJema, No8biCUumsb IPHeKmusHOCHb 0gueamenell U 000 NPoU3BOOUMETbHOCHb B030YUHO20
mpancnopma. Kpome moeo, wucio Maxa siensemces sadxcheimum Kpumepuem noooous npu MOoOemuposanuu
6 A3POOUHAMULECKUX UCCIEe008AHUAX, YMO Oellaem paspabomanHyr0 MemoouKy U YCmpoucmeo akmyaibHbl-
MU He MOIbKO Ol KOHCIMPYUPOBAHUS TeMAMENbHbIX ANNapamos, Ho U Ol WUPOKO20 CHeKMpPa HAYYHBIX U
UMIICEHEPHBIX UCCIe008aHUll 8 obracmu asuapakemnou mexuuxuy. Iloouepkusaemcs, umo Hanuyue Haoednc-
HOU Memoouxu onpedenenus yucia Maxa no3gonsiem cyujecmeeHno cCOKpamums 6pemsi U pecypcol, 3ampaiu-
saemvle Ha MeCMUPOBanUe U COBEPUICHCINBOBANUE IeMAMENIbHBIX Annapamos, d makice Cnocoobcmayem pas-
BUMUIO UHHOBAYUOHHBIX MEXHONO02UU 8 001ACMU A8UAYUU U KOCMOHABMUKLU.

Knrouesuvle crnosa. uucno Maxa, ceepx36yko8ou nomox, onpeoenenue yucia Maxa, memoouxa usmepe-

HUs, YCMPOUCMB0 0151 USMEPEeHUsL.

Development of a methodology and design of a device
for determining the Mach number of a supersonic flow

V. S. Kozlov, V. V. Kolga’, Y. Y. Volkova

Reshetnev Siberian State University of Science and Technology
31, Krasnoyarskii rabochii prospekt, Krasnoyarsk, 660037, Russian Federation
*E-mail kolgavv@yandex.ru

296



Aviation and spacecraft engineering

The paper presents the developed methodology and designed a device for determining the Mach number
during supersonic gas outflow. An analysis of various methods for determining the Mach number was car-
ried out, including measuring the pressure at the flow boundary, the use of shock waves, and the use of
optical methods. A comparison of the accuracy of the readings when using the considered methods was
made. Based on the results obtained, a technique for high-precision determination of the Mach number has
been developed, including a combination of several independent measurement methods. A device has been
designed that implements this measurement technique, and the results of experimental tests in a wind tun-
nel have been reviewed, including instrument readings, graphs and tables confirming the accuracy and
reliability of the data obtained. Their accuracy and reliability are analyzed. Using the analysis, it is possi-
ble to ensure the selection of the most rational method for determining the Mach number at the initial stage
of designing aircraft, such as airplanes, missiles, fighters, and UAVs. Accurate knowledge of the Mach
number allows engineers to optimize the aerodynamic characteristics of the aircraft, ensure flight safety,
improve engine efficiency and overall air transport performance. In addition, the Mach number is the most
important criterion of similarity when modeling in aerodynamic research, which makes the developed me-
thodology and device relevant not only for the design of aircraft, but also for a wide range of scientific and
engineering research in the field of aeronautical technology. It is emphasized that the presence of a reli-
able method for determining the Mach number can significantly reduce the time and resources spent on
testing and improving aircraft, and also contributes to the development of innovative technologies in the
field of aviation and astronautics.

Keywords: Mach number, supersonic flow, determination of Mach number, measurement technique,
measurement device.

Introduction

Testing of aircraft under aerodynamic loading is a common method of full-scale experiment, in which
the studied model of the aircraft, which is a reduced copy of the designed product, is studied under simu-
lated conditions close to operational ones. This approach allows, even at the design stage, to clarify the
adopted design loads and evaluate the obtained results of the calculations performed and the rationality
of the adopted design schemes and design solutions for the existing aerodynamic and strength effects that
can lead to failures in the operation of the aircraft.

The Mach number is the main criterion for the similarity of supersonic flows and is used to calcu-
late and design aircraft moving in a supersonic flow. Accurate determination of the Mach number en-
sures the trouble-free operation of supersonic aircraft.

Determining the Mach number is of decisive importance for choosing a rational shape and optimal
strength model of the wing’s bearing surfaces, which allows achieving high aerodynamic quality in
various aircraft flight modes.

An analysis of currently existing methods for calculating the Mach number allows us to select the
optimal approach for the selected flow mode (or combination of modes during flight), and to justify
the possibility of using existing calculation methods at the stage of experimental development of air-
craft.

The aim of this research is to develop a methodology and design a device for determining the Mach
number of a supersonic flow.

The study examines the main methods for determining the Mach number. These include measuring
the pressure in a gas flow, determining the characteristics of compression shocks, optical measurement
methods, etc. A comparative analysis of the capabilities and limitations of each method is carried out.
Based on the data obtained, a method and device for high-precision measurement of the Mach number
in a supersonic gas flow are developed.

To determine the Mach number, indirect measurement methods are usually used, based on the
analysis of various physical effects in the gas (liquid) flow during its movement or interaction with an
obstacle based on the measurement and analysis of other flow parameters that can be measured. For an
isentropic flow, the Mach number can be found using the following relationships:
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It is necessary to know the combination of parameters of the stagnant and moving fluid
(temperature, density or pressure) included in each of these equations, measured experimentally. The
initial parameters of the stagnant fluid p, and 7, which remain stable throughout the isentropic flow
field, are relatively easy to measure directly, for example, in the gas supply chamber of a wind tunnel
(WT), where the flow velocity is relatively low. If we know the initial values (py) of pressure and
temperature(7p), using the equation of state p/p = RT, we can find the flow densityp,,

As for static values when measuring flow parameters, it should be noted that there are currently no ef-
fective methods for directly measuring temperature.(7). The flow temperature (7) can be determined in-
directly by measuring, for example, the local speed of propagation of sound waves in a gas (liquid) flow,
which for a given gas depends only on its temperature. (a” = kRT). But this method does not allow one
to determine the speed of sound (and, consequently, the temperature) at a specific point in the flow, since
the emitter and receiver of sound waves must be located at a certain fixed distance from each other. [1].

It is much easier to measure the density p in a compressible fluid flow using indirect methods based
on the relationship between density and the optical parameters of the medium (refractive index, ab-
sorption or emission). Optical methods for measuring density associated with the refractive index
make it possible to study the flow of gas (liquid) in disturbed regions of isentropic and non-isentropic
flows.

Determination of Mach number by measuring total and static pressures

At supersonic speeds of the incoming flow, a direct compression shock is formed in front of the
measuring nozzle, behind which the speed of the gas flow drops below the speed of sound. The nozzle
measures the pressure in the gas flow, equal to the total pressure behind the compression shock. In this
case, the pressure before the compression shock differs from the measured pressure by the amount of
mechanical energy loss. These losses are characterized by the coefficient of recovery of the total pres-
sure o, which is the ratio of the pressures during flow deceleration pg,/po; before and after the com-
pression shock. In the case of a direct jump, this coefficient can be determined by the following for-
mula :

k 1
k+1M12 = k+1 k-1
=20 _ l2€_1 : 2k—1 : 3)
Por | 1+5 M} 5
2 2

Formula (3) allows us to determine the Mach number (M;) in the flow based on the measured
pressure values before (py;) and after (py,) the shock wave. Due to the fact that the flow before the
compression shock can be considered isentropic, the pressure py, is taken to be equal to the stagnation
pressure in the gas supply chamber in the wind tunnel.

Thus, to determine the Mach number, one of the measured pressures is the total pressure in the feed
chamber in the wind tunnel. In this case, the measured pressure can be the total pressure behind the
normal shock or the static pressure in the working section of the wind tunnel. To determine the Mach
number of a subsonic flow, the static pressure in the gas flow is usually measured.
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To measure total pressure py, , nozzles in the form of
a cylindrical tube with an opening facing upstream are
often used. (fig. 1).

In order to measure the total pressure of the gas
flow more accurately , the inlet opening of the nozzle is
usually made significantly smaller than its outer diame-

ter, so that the inlet opening is located completely be- =

hind the direct shock wave. ' pr
When measuring static pressure (p;) in a supersonic Puc. 1. Hacaziok [utst M3MepeHHus OIHOTO

flow, special nozzles with a pointed conical or ogive NIaBIIEHUS] B CBEPX3BYKOBOM MOTOKE

head are used to reduce the intensity of compression
shocks and improve the accuracy of flow characteristic
measurements (Fig. 2, a, b). The receiving holes in
them are located at a significant distance from the be-
ginning of the cylindrical part and their axis is perpen-
dicular to the direction of the undisturbed flow

Fig. 1. Nozzles for measuring the total
pressure in a supersonic flow
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Puc. 2. Hacaaku 11t i3MepeHus CTaTUIECKOTO JaBJICHHUS B CBEPX3BYKOBOM MTOTOKE

Fig. 2. Nozzles for measuring static pressure in supersonic flow

To measure static pressure at supersonic speeds, a semi-wedge-shaped nozzle is often used (Fig. 2, ¢).
The receiving hole in it is located on the flat side of the nozzle and the static pressure p; is determined
not immediately behind the compression shock, but behind the frontal disturbance wave, where pres-
sure changes have a less effect on the measurement results and this error can be neglected.

In this case, to determine the Mach number, you can use the Rayleigh formula

Po _ M

k 1
Py ( 2 jm [21( ) k—ljk—l )
. M? -
k+1 k+1 k+1
By measuring the pressure at the critical point behind the normal compression shock (py,) and the
static pressure in front of the shock wave in the gas flow (p,), we can determine M,

Determination of the Mach number of a gas (liquid) flow by an optical method

Optical research methods have become widespread in the study of high-speed flows, when com-
pressibility is affected. At high supersonic speeds, optical methods make it possible to obtain flow
spectra and conduct studies that are virtually impossible to carry out using other methods. The main
advantages of optical methods are the lack of inertia and the absence of the need to introduce me-
chanical devices into the flow to disturb it. When using spark light sources, optical methods can be
used to photograph processes that occur within millionths of a second. Spark light sources allow one
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to obtain a time scan of the process in non-stationary flows in the form of a series of photographs of
the flow, separated by very small time intervals.

Optical research methods are based on the relationship between the density of the moving medium
and the optical properties of the gas flow. Three of the most important optical methods are shadow,
schlieren and interferometric. These methods are based on the dependence of the speed of light on the
density of the gas (liquid) medium which its rays pass through. The refractive index of rays (n), equal
to the ratio of the speed of light (¢) in a certain medium to the speed of light (c0) in a vacuum
(n = c/cy), depends on the density of the medium being studied:

p
=1+, -1 -—,
n (ny = 1) 0o (5)

where ny and py are respectively the initial values of the refractive index of the medium and the gas
density of the flow under study.

From formula (5) it is evident that in a medium with a changing density the refractive index is also
variable. This leads to a double effect when light rays pass through the medium under study. Firstly,
there is a reversal of the shock wave front. This effect is used in the shadow and schlieren methods.
Secondly, a phase shift is observed, which is different for rays with different characteristics. This phe-
nomenon is the basis of the interferometric method.

The disturbed gas flow in the working part of the wind tunnel is an optically non-uniform flow, char-
acterized, among other things, by non-uniform density and different refractive indices in the flow.

The physical picture of the gas flow around a point source of disturbances is as follows. The distur-
bance waves caused by a local source of disturbances are spherical waves of low intensity. They prop-
agate at the speed of sound (@), forming a family of spherical waves with a radius from zero to at over
the finite time interval under consideration. When a local source of disturbances moves with a velocity
V' < a, spherical waves shift towards the source ahead of it. [Ipu 3TOM HCTOYHMK BO3MYLICHUSI HAXO-
IUTCs BHYTpHU cepuueckoii BonHbl (puc. 3, a). In this case, the disturbance source is located inside
the spherical wave (Fig. 3, a). In the case where the velocity of the disturbance source is higher than
the propagation velocity of the shock wave (V> a), it overtakes the waves, leaving them behind in the
form of an expanding cone, the apex of which is the disturbance source (Fig. 3, b).

The cone obtained as a result of the interaction of the oncoming flow with an obstacle is the enve-
lope of spherical disturbance waves and is called the disturbance cone, or Mach cone. If this cone is
conditionally cut by a plane passing through its axis, then we obtain straight lines OB and OB, called
disturbance lines (Mach lines), which are shock waves of infinitely small intensity. Yrox p, paBHBIN
TTOJIOBHMHE YIJIa IIPH BEpIIMHE KOHYyca, Ha3bIBaeTcs yriioM Bo3mymeHuid. The angle p, equal to half the
angle at the cone’s apex, is called the perturbation angle. This angle is related to the speed of the body
and the speed of sound by the following relationship

sin _4 L
7 YA
from which
1

M = .
sinp (6)

To do this the angle u is measured with the required accuracy and then the Mach number (M) is
calculated using formula (6).

More precisely, the M number can be determined by the angle of inclination of the shock wave on a
wedge-shaped nozzle or cone, the apex of which is located at the studied point of the gas flow, and the
axis is aligned with the direction of the flow velocity vector. If the angle at the apex ® does not exceed
a certain calculated limit value, then the flow is characterized by the occurrence of a rectilinear at-
tached shock wave in front of the obstacle, the front of which is inclined at an angle 3 to the velocity
vector V of the incoming flow (Fig. 4).
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Puc. 3. O6pa3oBaHue BOJIH €J1a0OT0 BO3MYILECHHS MIPU Pa3IMYHON CKOPOCTH JBHKECHHS TeJla:
a) V<a;6) V>a,tne V— ckopoCTh ABUKEHUS TOYCYHOTO UCTOYHUKA; d — CKOPOCTh 3ByKa

Fig. 3. The formation of waves of weak disturbance at different speeds of body movement:
a) V<a; 6) V> a, where V — the speed of movement of the point source; a — the speed of sound

In this case, to determine the Mach number (M), one can use the relationship between the Mach
number, the shock wave front inclination angle B, and the cone opening angle or wedge angle®. For a
wedge-shaped nozzle, this relationship is expressed by the equation

M; -sin”B -1
1+M2-(k+1—sin2 Bj (7
P2

tg® = ctgf

Using optical research methods, it is possible to photograph the oncoming flow near the wedge-
shaped nozzle and obtain a light-shadow photograph, which will depict the shock wave line.

Seal surge

V>a

|

T~ - _ N lU
The Mach Line =" K

Puc. 4. O6tekaHue KiMHA CBEPX3BYKOBBIM MTOTOKOM rasa:
L — YTOJI BO3MYILEHHS; [3 — yroil HAaKJIOHA YAApHOH BOJHEL, ® — yros pacKpBITHS KOHyca WM KIHHA

Fig. 4. Flow around a wedge with a supersonic gas flow:
n —is the angle of disturbance; § — is the angle of inclination of the shock wave;
©® — is the angle of opening of the cone or wedge

The shadow method is widely used to observe compression shocks. Fig. 5 schematically shows a
shadow image of a compression shock with detailing of characteristic zones. The working part of the
wind tunnel (WT) is illuminated by a parallel light stream. At a constant density of the medium the
light rays passing the working part of the gas flow uniformly illuminate the screen. The compression
shock causes optical non-uniformity in the flow field. This is due to the change in flow density in the
longitudinal direction. Light rays deviate from the original direction causing uneven illumination of
the E screen. Moreover within the compression shock the illumination has a lower intensity than be-
hind the shock. A photograph of a compression shock is a dark band in the oncoming flow limited by a
bright border with decreasing illumination [2-11].
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7 i / i 4 Wind tunnel
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Puc. 5. Buzyanuzanus ckauka yIjJOTHEHUS:
a — cxeMa MeTo/1a; 6 — TeHeBOe U300pakeHHe CKadKa YIJIOTHEHUs; / — TpaHuIla CKayKa YIJIOTHEHUS;
2 — CBepX3BYKOBOH MOTOK; 3 — 30HA IOHMKEHHOM OCBEIIEHHOCTH; 4 — 30HA MOBHIIIEHHOW OCBEIIEHHOCTH

Fig. 5. Visualization of the seal jump:
a — diagram of the method; b — shadow image of the seal jump; / — boundary of the seal jump;
2 — supersonic flow; 3 — low-light zone;4 — high-light zone

The main disadvantage of the shadow method is the low accuracy of the results of quantitative
measurements of flow characteristics (including density distribution). The reason for this is that light
rays after refraction from different points of the flow can hit the same place on the screen. Therefore,
in practice, the Schlieren method or the interferometric method are more preferable for visual determi-
nation of density and pressure in a gas flow.

The Schlieren method is based on measuring the magnitude of the displacement of a light beam
passing through an optically inhomogeneous medium from the initial velocity vector. In the case of a
flat flow (laminar flow), this displacement is proportional to the density gradient.

The interferometric method involves dividing a monochromatic light beam into two coherent light
streams (reference and working), which after passing a fixed distance are reunited and produce inter-
ference effects that can be measured. When light beams pass through a medium with a constant den-
sity, the interference fringes will be parallel to each other. If one of the light beams encounters a me-
dium with a different refractive index, a shift in the light wave will occur. With the existing density
gradient, the fringes are additionally deformed. The gas flow density is determined by the measured
value of the shift and deformation of the light fringes.

Suggested solutions

To measure the Mach number in supersonic flows various experimental devices and practical meth-
ods can be used such as wind tunnels and stands, laser diagnostic devices, gas flow density measurement
methods, etc.

However the process of developing new devices for studying supersonic flows and measuring the
Mach number is complicated by a number of reasons:

1. Complexity of test conditions. Supersonic flows are characterized by high speeds, extreme tem-
peratures and intense dynamic loads, which require specialized and reliable devices for measuring the
Mach number.
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2. Accuracy and reliability. Measuring the Mach number in supersonic flows requires high accu-
racy and reliability of results. The development of new devices involves extensive research and testing
to ensure correct measurements.

3. High costs. Developing new devices for measuring the Mach number in supersonic flows may
require significant financial investments in research, development and production of specialized
equipment.

Although the development of new devices for measuring Mach number in supersonic flows pre-
sents certain difficulties, ongoing research and technological developments in this area can lead to im-
provements in existing methods and the development of new, more efficient devices for measuring
Mach number in the future.

When planning a natural experiment it is necessary to create conditions that are as close to real
ones as possible and ensure the possibility of practical use of the obtained results. This requires reli-
able and accurate planning of the experiment [12].

First of all, it is a question of satisfying the laws of similarity. First of all, it is necessary to ensure
strict geometric and dynamic similarity. In addition to geometric similarity, the equality of the Rey-
nolds and Mach numbers must be maintained.

Before the development of the method and device for determining the Mach number of a super-
sonic flow began, a thorough patent and technical search was conducted. The purpose of the search
was to identify existing technical solutions in this area, as well as to determine promising areas for the
development of new methods and devices.

The search was carried out in the patent databases of leading patent offices, such as Russian Fed-
eral Service for Intellectual Property (Rospatent), the European Patent Office, and the United States
Patent and Trademark Office. Patents for inventions related to methods and devices for measuring su-
personic flow parameters including Mach number were considered.

An analysis of the search results showed that there are a number of solutions based on various
physical principles of measuring the Mach number. The most common are methods based on measur-
ing static and total pressure, using compression shocks, and optical methods. At the same time, exist-
ing devices implementing these methods have limitations in accuracy, measurement range, and operat-
ing conditions.

Thus, the patent search showed the relevance of developing new high-precision methods and de-
vices for determining the Mach number of supersonic flows, taking into account the shortcomings of
existing solutions. The data obtained during the search were used in the formation of the technical
specifications for the design of a device for measuring the Mach number.

Description of the gas-dynamic stand and the work progress

The main element of the gas-dynamic stand is the device for determining the Mach number, shown
in Fig. 6.

The work is carried out on a gas-dynamic stand, its diagram is shown in Fig. 7. Air from the high-
pressure pump is fed to a controlled pneumatic reducer, where it is reduced to a specified value, and
enters the gas supply chamber of the wind tunnel /. The air condition parameters in the feed chamber

are monitored in terms of temperature and pressure (To» Po) using the readings of: pressure gauge
thermometer 2, connected to temperature sensor 3, and spring pressure gauge 4, connected to total

pressure receiver 5. At the same time, the total pressure in the gas feed chamber Poi is recorded by the
inductive pressure sensor DD-10 6. The experimentally studied supersonic nozzle 7 is fixed on the

feed chamber flange. To measure the braking pressure behind the shock Poz in the supersonic flow of
the working part of the wind tunnel, the total pressure receiver § is used, connected to the inductive
pressure sensor 9 by means of a measuring cable. An electric signal proportional to the value of the
measured pressure, through pressure sensors 6, 9 and amplifier 70, is fed to the connector of the
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analog-to-digital converter (ADC) I/ of the personal computer /2. In the ADC, the analog signal is
converted into a digital code, which is entered into the data array of the machine’s memory.

A

Puc. 6. YerpoiictBo nist onpenenenus ancia Maxa cBEpX3BYKOBOTO MOTOKA!
1 — IPUEMHUK MTOJHOTO JAaBJECHUS; 2 — IPUEMHHK CTaTHYECKOTo AaBieHus. [IpueMHUKN TaBIeHUS 3aKPETUICHbB
Ha y3JI€ IOBOPOTa, COCTOSIIIETO 13 3 — 3B€31000pa3HOM AepKaBKH; 4 — pEAYKTOpa; 5 — aCHHXPOHHOTO JIBUTaTelIs
PJ1-09 ¢ KOpOTKO3aMKHYTBIM POTOPOM

Fig. 6. A device for determining the Mach number of a supersonic flow:
1 — full pressure receiver; 2 — static pressure receiver. The pressure receivers are mounted on a rotation unit consisting
of: a 3 — star holder; 4 — gearbox; 5 — RD-09 asynchronous motor with a short-circuited rotor

71
L+ w | |

Puc. 7. 'azonuHamMuuecKkuii CTEH:

1 — ¢popkamepa a’3poAMHAMHYECKOI TPYOBI; 2 — MAHOMETPHYECKUI TEPMOMETP; 3 — AaTUYUK TEMIEepaTyphl;
4 — IpY>KUHHBIA MaHOMETD; I, 8§ — IPUEMHHKH TIOJIHOTO JIaBJIEHUs; 6, 9 — MHAYKTUBHBIN JaTUUK JaBICHUS;
7 — CBEpX3BYKOBOE COILI0; /() — ycusnurenb; /] — aHaJIO0TOBBII U(PPOBOI Mpeodpa3oBareb;

12 — 3neKkTpOHHAs BBIYMCIIMTENbHAS MalllnHa; /3 — KIMHOBOM Hacalok; /4 — ontu4eckuit mpubop;

15 — pororpaduueckas reHka; /6 — aTUUK TaBICHHUS

Fig. 7. Gas dynamic stand:
1 — wind tunnel pre-chamber; 2 — pressure gauge thermometer; 3 — temperature sensor;
4 — spring pressure gauge; 5, 8§ — full pressure receivers; 6, 9 — inductive pressure sensor;
7 — supersonic nozzle; 10 — amplifier; // — analog digital converter; 12 — electronic computer;
13 —wedge nozzle; 14 — optical device; 15 — photographic film; /6 — pressure sensor
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When determining the Mach number using the optical method, a special nozzle /3 in the form of a
wedge with an angle ® = 20° is introduced into the field of the working part. A qualitative picture of
the supersonic flow around the wedge is observed using the optical device IAB-451 /4 and is recorded

on the light-sensitive plate /5. The wedge nozzle also allows determining the static pressure P10f the
gas flow. For this purpose, the static pressure receiver is synchronized with the pressure sensor 16.
Before the experiment, the pressure sensors are calibrated. During the calibration, the pressure con-
trolled by the pressure gauge is supplied to the sensor and the voltage on the ADC connector is deter-
mined at the same time. The set of data corresponding to different pressure values is approximated by
a polynomial of the 1st—3rd degree. The polynomial coefficients are used by the program when calcu-
lating the pressure based on the voltage values obtained from the pressure sensors during the meas-
urement process [13—15].

Procedure for conducting the experiment

1. To determine and record the critical d., and exit section diameters d, of the supersonic nozzle
under study (see Fig. 7).

2. To measure the opening angle of the wedge attachment /3. Check the sharp front edge for chips,
cracks and nicks .

3. To fasten the supersonic nozzle 7 to the mating flange of the gas supply chamber 7 .

4. To fix the device with full pressure measuring nozzles and a wedge nozzle in the coordinate de-
vice.

5. To connect pressure sensor 6 and spring pressure gauge 4 to full pressure nozzle 5, and sensor 9
to full pressure nozzle 8. Connect static pressure nozzle /3 to sensor /6.

6. To bring the optical device IAB-451 14 to the investigated area of the working part to record the
compression shock. Turn on the working instrument illumination .

7. To prepare a photo recorder (camera, video camera) for work .

8. The full pressure nozzle § is installed using a coordinate device along the axis of the incoming
flow of the supersonic nozzle 7 in the immediate vicinity of its exit section. .

9. To turn on the wind tunnel and use the reducer on the control panel to set the working pressure
Por in the gas supply chamber.

10. After establishing the operating mode, record the braking pressure and temperature (po;, 1) in
the feed chamber and the braking pressure behind the direct compression shock pg,. Conduct a visual
observation of the flow pattern around the pressure receiver

11. To replace the full pressure nozzle § at the flow point under study with a wedge nozzle 73.

12. To record the static pressure p; and braking parameters in the gas supply chamber (pg1, 7).

13. To conduct a visual observation of the flow pattern around the wedge. Record the spectrum of
the flow around the wedge on a light-sensitive plate.

Processing the results of the experiment
1. Using the obtained values of the critical and exit diameters of the nozzle of the designed experi-
mental setup from the tables of gas-dynamic functions, we determine the Mach number M, and the

velocity coefficient Aa at its section, as well as the braking pressure in the gas supply chamber Po1,
corresponding to the calculated pressure of the gas outflow from the nozzle. The data are shown in
Table 1.
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Table 1
Nozzle characteristics
dl(p da q Ma = / Po 7\’a
Po
mm mm Pa
14 28.7 0.238 3 0.027 3.75 1.965

2. Based on the measured values of total pressures py; and py, and formula (3), we determine the
Mach number:
k
k+1, ., Ykl k+1 k-1
v
o=Poe_|_2 | |_2
k-1 » k-1

Por | 1+5 M2 M] -
2
3. Using the values of static pressure p; and total pressure behind the shock wave pg,, we deter-

mine the Mach number using formula (4)
4. Using the photograph (Fig. 8) we measure the inclination angles of the disturbance line p and the

compression shock 3

1
s

Puc. 8. ®otorpadus HakIOHA JIMHUU BO3MYLLIEHUS
U CKauKa yIUIOTHEHUS

Fig. 8. A photo of the slope of the disturbance line
and the surge of the seal

5. To determine the number M using the angle p and formula (6):

1
sinp

M =

6. To determine the number M by the angles P and ®@using equation (7):

The measurement and calculation data are listed in Table 2.

Table 2
Results of the experiment

Ne Method for Measure-
n/m | determinin, . ment error

theMachg Py, Py, Py | Po/ Py | Poo/ Py I smp B 0 M,

number
Pa Pa Pa degree degree | degree %
Pneumometric method
1 | By pressure 40 14 - 0.35 - - - - - 2.98 0.67
ratio
P(%
Po1
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End table 2
Ne | Method for Measure-
i/ dfﬁeerﬁzlégg Py | P Py |Poi/ Poy| Poof Py [ sinp p 6 M, ment error
number
Pa Pa Pa degree degree | degree %
2 | By pressure - 14 1.4 - 0.1 - - - - 2.8 7.14
ratio
v,
b
Optical method
3 By the an- - - - - - 21 0.358 - - 2.79 7.52
gle of dis-
turbance p
4 By shock - - - - - - - 38 20 2.97 1.01
anglef} and
wedge an-
gle®

Analysis of the determination of the accuracy of measuring the Mach number of supersonic
flow

It is advisable to use measurements of static pressure in the working part of the wind tunnel up to
numbers M = 1.6—1.8. At high Mach numbers, the static pressure in the working section of the wind
tunnel drops sharply, changing insignificantly further along the length of the working section of the
tunnel. At the same time, the accuracy of determining the Mach number (M) decreases sharply. De-
termining the Mach number based on the results of measuring the total pressure behind the normal
shock wave py, at speeds slightly exceeding the speed of sound is not accurate enough due to the low
difference in pressure before (pg;) and after (py,) the shock wave. But with increasing Mach number,
the losses in the shock wave increase. At M > 1.8, using p, gives sufficient accuracy in determining
the Mach number by this method.

Optical methods do not always make it possible to see the Mach lines. Instead, shock waves of very
low, limited intensity are observed, formed, for example, by the sharp edge of a wedge nozzle. The
value of the Mach number calculated from the angle of weak disturbances is somewhat less than its
actual value, since the propagation speed of the observed weak waves somewhat exceeds the speed of
sound and their envelope will be inclined to the direction of the velocity at an angle somewhat greater
than p.

Conclusion

As a result of the work, a method was developed and a device for measuring the Mach number of a
supersonic gas flow was designed. The proposed approach is based on the use of point pressure sen-
sors installed in a specially designed device along the flow under study. Experimental studies have
shown that the accuracy of determining the Mach number using the developed device is 2-3 % in the
Mach number range from 1.5 to 3.5. This is comparable to the accuracy achieved using traditional me-
thods based on measuring total and static pressures. The advantage of the proposed method is the abil-
ity to locally determine the Mach number in various flow sections without disturbing its structure. This
allows us to study the distribution of the Mach number in a limited space, which is important for ana-
lyzing complex supersonic gas-dynamic phenomena.
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