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Abstract. The paper investigates the processes of the airlownd a cylinder and an airplane
wing. These aerodynamic processes follow the sawmmdution laws as the processes in fluid
dynamics, heat-mass transfer, magnetism and othgsiqally different systems researched
previously. These laws are valid for all the nomilgrium macroscopic thermodynamic systems,
having been confirmed experimentally.

THCTEPE3HUC B ADPOJJUHAMUKE C ITO3UIIMNA HEPABHOBECHOM
TEPMOJAUHAMUKHA
Hezenvckuii B.I'., Kpvinoeckuit A.E.

KuaroueBble €JI0Ba: THCTEPE3UC, METIS TUCTEPE3HCa, KPHU3KUC CONPOTUBIICHUS, HEPABHOBECHAS
TEPMOIMHAMHUKA.

AnHoTanus. [IpoaHaan3upoBaHkI MPOIECCHI, MPOTEKAIOIINE IPH 00TEKaHWH BO3IyXOM LIIMHAPA U
KpbUTa camosieta. IlokazaHo, 4TO C MO3WIMK HEPABHOBECHOW TEPMOIMHAMHUKH 3TH MPOIECCH B
a’poIMHAMUKE, TaK XKe KaK HCCIIeOBaHHBIC paHee MPOIIECChl, IPOTEKAIOINe B THAPOTa30INHAMHUKE,
TEIUIOMAacCOOOMEHE, MarHeTU3ME M JPYTHUX (PU3MUYECKH OTIMYAIONUINXCS CHCTEMaX, MOTUYUHIIOTCS
OIHIUM M TEM JK€ JKCIIEPUMEHTAJIHHO IOITBEPKACHHBIM OONIMM 3aKOHOMEPHOCTSIM 3BOJIOINU
HEpaBHOBECHBIX MAaKPOCKOIIMYECKUX TEPMOJMHAMUICCKAX CUCTEM.

Hysteresis phenomena are well-known in aerodynarfios example, when
measuring the airflow around some airfoils, the dimd drag coefficients obtained
experimentally differed when angles of attackand the Reynolds numbers Re
increased and decreased. The angles of attack aytholds numbers were
determined, at which these coefficients changeuligmt times abruptly [1, 2].

In the region of relatively high Re numbers, thaglicoefficients of bluff
bodies decrease sharply at the specific incidemt flelocity corresponding to the
critical value of the Reynolds number. For examptethe critical values of Re, the
drag coefficient of a sphere decreases almostdilrf

It was demonstrated that hysteresis occurs in daad reverse transitions
between two quasi-stationary states of a non-dxjiiin thermodynamic system in
physically different processes [3-5]. These trams#t lead to changes in structure
(for example, current, boiling, magnetization, ettkepending on the physical
process occurring in the system), in thermodynaoharacteristics and other
parameters. Moreover, structural and parametrimgés in the system during
transitions occur quite sharply, often intermithgnt

Let us consider aerodynamic hysteresis phenomema fine perspective of
the non-equilibrium thermodynamics. We will begip tonsidering the air flow
around a cylinder, with a diametérand a sufficiently large length In the region
of relatively high Reynolds numbers (R&/=d /v, whereV; is the incident flow
rate,v is the kinematic viscosity of air) a sharp sewéold decrease in the drag
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coefficient of the cylinder is observed. This pheemon, called the drag crisis, is
characteristic of bluff bodies. Fig. 1 shows th@exxmental drag coefficier€yx as
function of Reynolds number.
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Fig. 1. Drag coefficient of cylinders as functiohRe number:
e — Wieselsberger’s data [6};— experiment from [7]

The graph is taken from [6] and is revised for>R& 1¢ according to the
subsequent experimental data in [7]. The drag miefit was determined using the

formula C, = F, /(0.5p1V12 S), whereFy is drag forceSis the body cross-section

relative to the incident flow directiomy is the incident flow density. It is evident
from Fig. 1 that in the region corresponding to ~R210"...2:10°, the drag
coefficient is practically constant and can be assiiCx = 1.22. This region is
often termed “self-similarity” by the Re numbergFRa shows the diagram of the
airflow around a cylinder for this range of the Rember values. The gas can be
viewed as ideal in its whole volume except for ldnminar boundary layer up to its
separation line. The tubular vortex area is formed beyond the rsdjom line. In
the range of the Reynolds numbers under investigatthe position of the
separation line is independent from the Re valuswéVer, as it increases up to
Re = (2.5...3.510° , the drag crisis emerges, which leads to the doafficient
decreasing almost fivefold. This is determined hugy flact that the laminar boundary
layer on the body surface becomes unstable andttineualent. It should be noted
that not the entire boundary layer, but only a édrit becomes turbulent. At the
beginning of the body surface, the laminar boundamer is preserved, it is
followed by the turbulent boundary layer, and afteat the area beyond the
separation line. The turbulence transition of terwary layer leads to a marked
displacement of its separation limedlownstream, as a result, the turbulent vortex
trail contracts (see the vortex area in Fig. 2l§)e Tontraction of the vortex trail
causes the reduction of drag and, consequentijneadirag coefficienCx. The drag
coefficient decreases abruptly up@ = 0.23 in a narrow range of the Reynolds
numbers and then remains practically stable atoufRé~ 10°. This area is the
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second “self-similarity” area by Re corresponding the fixed position of
separation line of the turbulent boundary layer.

(b)
Fig. 2. Flow patterns around a cylinder: a) inshécritical range
Re=~ 2:10%...2-10% b) in the supercritical region Re310°...1-10°

Let us consider a non-equilibrium thermodynamicteaysas a mass of gas
contained in a rectangular block with the heighand widthl between the entry
section1l-1and sectior?-2 (Fig. 3). The distance of latter section from drary
equals the distance at which the turbulent tradpears. Thus we assume that the
gas velocity aP—2is as uniform across the section a%-dt

|2
R __%Vz
—>P2
%Tz

|
|
A

y

~N o

ST

[

<

AR

()

Fig. 3. Section under consideration

Similar to problem 3 in [3] (where laminar and tuldnt flow regimes in a
cylindrical pipe were analysed in terms of non-&Qjium thermodynamics), let us
determine the entropy generation in the thermodynagstem under consideration.
We will investigate two quasi-stationary statesgesponding to the flow patterns in
Fig. 2.

Let us write down the integral equations of massmantum and energy
conservation for a mass of gas contained in amgatar block formed by—1and
2—-2sections (Fig. 3):

pViF =p,V,F=G; (1)

GV,-GV,= PF- BF05Gp,\V{ S 2
V2 V2

G{CP-E+_§]:G{QD-E+_§], 3)
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whereP, Ty, p1 are the gas pressure, temperature and densityla¥s, Py, Ta, p2
are the gas velocity, pressure, temperature ansitgeai2—2, Cp is the gas specific
heat capacity at constant pressiire; h - | is the area of the flow cross-secti@his
the flow rate througli—1and2-2 S=d- | is the area of the cylinder longitudinal
section.

In order to estimate only the drag crisis effect the changes in the
thermodynamic parameters of the system, we neglebteshear stress on the side
surfaces of the volume. The gas velocity gradientshese surfaces were assumed
to approach zero.

We assumed the gas to be ideal, the flow velooityet subsonic, the pressure,
temperature and density to be constant at evemt pbithe entry sectiod—1 and
the exit section2-2 (Fig. 3). Then for each section, the equation taites
P/p=Rs- Tis valid, whereR; is the gas constant. For the calculation purpoges

assume that the stagnation temperafijreand the total pressui@ at1-1remain

constant, while the gas flow is adiabatic, whichangT, =T, , where T, is the
stagnation temperature Zt2

From the above equations, we determine the gasglmameters &—2 using
the known parameters &t1and the drag coefficier@y :

v _—bx¥-4ac
=

a 4)
_ V2. 5
T2_T1 2CP’ ( )
V
=B PR Ty ©)
1 1. T, V V, = a1 5_d
= - _ |C—_Tyd—_'
wherea 2C. R b= V1 R; CXZI%DH 1 h

Using the given values &F , B’ and Py :RG—lD‘” the gas flow parameters at
1
1-1can be conveniently estimated with the help offthewing dependences [8]:
n l
Pl— _n_12ﬁ.L_ n12 n_l 7
5 (1 _n+1”1j T 1M | pl =1 M (7)

where n is adiabatic index); =Vi/ac is the gas superficial velocity dt1;

m is critical velocity.

Let us determine the effect of the Reynolds nundrethe specific entropy
generation /IS in the thermodynamic system under consideratiore Will
investigate its two possible states correspondinthé gas flow patterns shown in
Fig. 2a and 2b. When calculatingS, gas is viewed as air with the following

stagnation parameters il-1 cross-section: B = OMPa; T, = 293K and
corresponding thermophysical properties, also werasd = 005.
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By increasing the superficial air velocity at the entry, we determine the
flow parameters in sectiof—1 and the corresponding Re value by means of
formulas (7). We use (4)—(6) to determine the floavameters in sectio?-2 for
two values ofCx corresponding to the flow patterns of the cylingsleown in Fig. 2a
and 2b. Then we determine the specific entropy mgeioa /IS in the
thermodynamic system under consideration @ar= 1.22 (IS;)) and Cx = 0.23
(/1) using the known equation given, for example 3j [

T P
II1IS=C,In=2- RIn-2.
Ging ~Rinp

118, J/kg 'K
A
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Fig. 4. Specific entropy generation as functioRefnumber for the flow around a
cylinder (1S;: flow pattern for Fig. 2; /1S;: flow pattern for Fig. 2b)

The specific entropy generation productids is the amount of entropy that
occurs within the system per unit of time in redatito the gas flow rate. Fig. 4
shows the calculated dependences of the spectiiopngenerations/S, u I1S, on
the Reynolds number as lines, and the similar ddgeres constructed with a
number of experimentdly values as dots [7]. It is evident from the gralpét the
increase in the Reynolds number leads to suchcaritvalues that the non-
equilibrium thermodynamic system changes from dérigo lower entropy quasi-
stationary state. The decrease in the Re numbaltgaa the reverse transition:
from a lower entropy stat&S, (corresponds to the structure of a flow over a
cylinder in Fig. 2b) to a higher entropy stai8§; (structure in Fig. 2a).

According to the axiom concerning all natural pssms seeking perfection
formulated in [9] and experimentally confirmed fearious physical processes in
nature [3-5, 10]):

In a thermodynamic system, of the all possibleistaty states within the
nature laws, irreversible thermodynamics, boundang other physical conditions,
that state is the most likely which involves thenimally possible entropy
generation.

The minimal-entropy statgS, can be realized due to the existence of a stable
turbulent boundary layer on the surface of a c@md

According to the general laws of the changes instages of non-equilibrium
thermodynamic systems [3, 4], the transition ofoa-equilibrium thermodynamic
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system from a higher to lower entropy stationagtesbccurs when, in the process
of the system’s evolution, the difference betwdss éntropy generations of these
two states reaches a certain positive value. Thterment is in full compliance with
the dependences in Fig. 4.

In the case under consideration, the higher to Hoamropy transition is
determined by the loss of stability of the lamibaundary layer that is formed on the
cylinder at the initial moment due to the interoakxternal disturbances to the flow.

Thus, the drag crisis phenomenon in bluff bodiea igansition of a non-
equilibrium thermodynamic system from a higher epyr quasi-stationary state
(flow structure as in Fig. 2a) to a lower entropyasji-stationary state (flow
structure as in Fig. 2b).

According to the general laws [3, 4], transitiodgdct and reverse) between
the states of a non-equilibrium thermodynamic systeust exhibit hysteresis, with
thermodynamic parameters and flow patterns changimgyply, even abruptly
during these transitions. However, in the fundamlenbrks (for example [6]) and
many others, which are concerned with the dragscokbluff bodies, hysteresis is
not mentioned. It involved great effort to find aaper [7] experimentally
confirming hysteresis in the direct and reversaditions between the two states of
a non-equilibrium thermodynamic system.

Fig. 5 shows the drag forég of a cylinder as function of Reynolds number
in the near-critical region [7]. When the Reynoklismber increases, the direct
transition from the state corresponding to the floaitern in Fig. 2a to the state
corresponding to the flow pattern in Fig. 2b, is@apanied by two abrupt changes
(A andB) in the forceFx (Fig. 5). During the transitioA, the laminar boundary
layer is turbulized on the wall on one side of thdinder, which leads to an
asymmetric flow in a narrow range of Re numberse TfansitionB from an
asymmetric to a symmetric flow (Fig. 2b) occursatmewhat higher Re values due
to the turbulization of the laminar boundary lagerthe other side of the cylinder.
TransitionsB’ andA' in Fig. 5 correspond to the reverse transitiothatdecrease in
the Reynolds number. It can be evident that thectiand reverse transitions are
realized through hysteresis. In Fig. 4 arrows iaticdhe Re values (corresponding
to the experimental curve in Fig. 5) when the titams from one flow pattern
around a cylinder to another occurs, for examplemf subcritical (Fig. 2a) to
supercritical (Fig. 2b) flow pattern and in reverse

Thus, the transitions from higher to lower entrggte and back in the non-
equilibrium thermodynamic system under considenatere characterized by
abruptness and accompanied by hysteresis as inr otlo@-equilibrium
thermodynamic systems [3-5, 10].

However, a relatively stable asymmetric flow emerge the process of
transition from one quasi-stationary state to amotin the narrow range of Re
numbers. This flow turns into an absolutely stayiemmmetric flow only when there
is strong perturbation. This is similar to Rayleigbnard convection, when a stable
three-dimensional flow with a characteristic asynmnédetween the upper and
lower half of the layer may occur during the ungdlow development [11].
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Fig. 5. Hysteresis effects #fandB transitions (Re increasing);
B’ andA’ (Re decreasing)

Let us now consider the airflow around small wings the range
Re = 410%...2.10°. In this case, the reference length for deterngjrifre Reynolds
number is the chord airfoil length. The flow patt@round small wings is similar to
the flow pattern around a cylinder considered abdvig. 6 shows the drag
coefficient Cx and the lift coefficientCy of the wing as function of Re. The
presented curves were obtained for the flow aratedairfoil N 60 at an angle of
attack of 10° [1]. Similar curves were obtained fither angles of attack and
airfoils.

At low Reynolds numbers, a laminar boundary lageformed on the upper
front surface of the airfoil. This layer separaaépointz, since it cannot overcome
the pressure increase somewhat earlier (Fig. &g, Tais flow pattern corresponds
to theAFB sectors of the drag and lift coefficient experitaigurves in Fig. 6b, 6c.

As the Reynolds number increases, it reaches thieatwvalue, at which the
laminar boundary layer becomes turbulent, and #ygamtion pointz moves
downstream (see Fig. 6a, right). At the same tithe, area of the vortex trail
sharply decreases, and, as a result, the dragaerfiCx decreases intermittently.
At the same time, the lift coefficient increasesuglly. This transition corresponds
to theBC sections in Fig. 2b and 2c represented by dotted with the direction of
the transition indicated by an arrow. With a furthcrease in Re, the flow pattern
around the wing is basically preserved, which &pomds toCD in the
experimental curves. When the velocity decreasesydverse transition occurs at
the Reynolds number significantly lower than thd&ical values of the direct
transition. The reverse transition is representedrowsEF in Fig. 6b, 6c.

It should be noted that the critical Reynolds numdepends on the angle of
attack, the shape and profile of the wing, the eegf turbulence of the incident
flow and other factors. The comparison of Fig. 6l &ig. 6¢c demonstrate that a
sharp decrease in the drag coeffici€qtleads to the equally sharp increase in the
lift coefficient Cy, and vice versa: an increasednleads to a decrease@q.
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Fig. 6. Flow patterns corresponding to two quaaiishary statesaf; drag
coefficientCy as function of Re (b); lift coefficier@y as function of Re (c) [1]

0.5

Fig. 7 shows the specific entropy generation asuraction of Re. These
dependences are constructed for &tB (/1S;) and ECD (/1S;) sections of the
experimental curves in Fig. 6b. The specific engrgpneration for the two airfoil
flow patterns in Fig. 6a was calculated in a simiay as for that of a cylinder. It
follows that in the non-equilibrium thermodynamystem under consideration, and
in the system analysed above, transitions fromquasi-stationary state to another
one and back are realized through hysteresis. Tin@sstions are accompanied by
abrupt changes in both the parameters and thetwsteu¢flow pattern) of the
thermodynamic system. As is the case with a cytindte higher to lower entropy
transition of a quasi-stationary non-equilibriumerimodynamic system occurs
when there is a certain positive difference betwibenentropy generation of these
states. The lower to higher entropy state tramsitd the same thermodynamic
occurs when the conditions are reached when aestatidulent boundary layer on
the wing surface becomes impossible. Therefordyutimation of the boundary
layer on the wing tip will help delay the lower hagher entropy transition of the
thermodynamic system. This is confirmed by numemxjgeriments, for example,
with a tripwire at the beginning of the wing or thppropriate change in the shape
of the leading edge.
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Fig. 7. Specific entropy generation as functiofReffor the flow around a wing
(I1$ for the flow pattern in Fig.& left; IIS; for the flow pattern in Fig. 6a, right)

Nature also seeks perfection in creating certainditions. For example,
bird’s wing, as well as some insects’ wings, hake profile and high relative
roughness suited for flying with a turbulized boangdlayer. A dragonfly’s wing is
equipped with transverse folds and sharp-toothedt fedges for turbulization of
the boundary layer.

The hysteresis in the aerodynamic forces also mstsifitself through the
changes in the angles of attack during the subsibmig which is confirmed by
numerous experimental studies. For example, Figsh8ws the aerodynamic
coefficientCy as function of the angle of attack [12]. The cserage plotted for a
rectangular wing (profile NACA 0018) for two fixdtbw rates: 20 m/s and 35 m/s.
During the experiment, the angle of attack changeaksi-stationary, first upward
(forward), and then downward (reverse). In bothesashe dependences have the
form of hysteresis loops. According to [3-5, 9]staresis occurs in the parametric
range within which at least two quasi-stationatyudurally different states can
exist in the non-equilibrium thermodynamic systemader consideration.

In the sectiorCy = f (a) (corresponding to the upper branch of the hysiere
loop in Fig. 8a), the flow on the wing upper sudaat small angles of attack is
practically separation-free. However, asincreases and approaches the critical
angle of attack, in the trailing edge of the wirgpre emerge small symmetric
separation flow regions. The emergence of thesenseghanges the linear nature
of the dependendgy =f (a). At critical a value,Cy decreases sharply.

In the sectiorCy = f (a) (corresponding to the lower branch of the hysiere
loop), the flow separates completely along therergading edge of the wing at
large angles of attack, and the so-called stagnamé is formed. With a further
decrease in the angle of attack, the separatidinesfiow around the wing remains,
but small, symmetric regions of separation-fre@/femerge on a part of its leading
edge. This results in an increase&Cion the lower branch @@y = f (o) (Fig. 8a). A
further decrease in the angle of attack leadsdbaap increase i@y and a change
in the flow pattern around the wing, which becors@saration-free.
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Data from experiments (for example, [2, 12]) intkcthe curves o€y andCy
as functions ofr are smooth in those intervals of angles of atiabkre the flow
changes in an evolutionary way and there is nodommehtal transformation. These

coefficients change abruptly only with the altevatof the flow pattern.
iy
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Fig. 9. Change in the specific entropy generat®fuaction of angle of attack:
I1S, — separation-free flow regim&S, — complete separation flow regime

Fig. 9 shows the character of the specific entrg@yeration as a function of
angle of attacki/S, corresponds to a separation-free flow around ting vand//S;
corresponds to a complete separation. The arrowgate the directions of
transitions from one flow pattern to another. Tligse, as the other cases
considered above, complies with the general laws thed non-equilibrium
thermodynamic system evolution [3, 4]. In particuldahe non-equilibrium
thermodynamic system transits from the lower tchargentropy generation state
(I1S to I1S,) because a physical condition is not fulfille@, the boundary layer on
the wing surface loses its stability. This tramsitiis quite abrupt, with highly
unsteady, unstable flow patterns. When the critanadle of attack is exceeded,
there is a separation of the flow from the leadidge in different parts of the wing.
As a continues to increase, these separation zonesectmth to the diffuser
separation region. The number, size and locatiothefseparation regions vary
randomly both in time and along the wing surfaadjlat some value of a new
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quasi-stationary flow pattern emerges, charactgriby an almost complete
separation of the flow on the wing.

This process of transition from one quasi-statigrimw pattern to another in
a non-equilibrium thermodynamic system is similarthe process of transition
from laminar to turbulent flow regime in a pipe [& from nucleate to film boiling
regimes [4]. The laminar to turbulent flow reginrarsition also occurs through
unsteady states in a certain narrow range of Rebetsn The turbulized and
laminar gas flow regions continuously alternatehbiot time and space. When a
nucleate boiling regime transits to a film boilinggime, various combinations of
these two regimes form and erratically replace esbkr in different areas of the
heat-transfer surface.

Comparison of the hysteresis loops in Fig. 8a anddénonstrates that in the
latter case, in the transition from the separatrer-flow to the complete separation
flow, a certain intermediate flow pattern emergesainarrow range of angles of
attack. Visualization of the flow pattern [12] cesponding to this intermediate
structure showed that the flow around the wing Ims tcase is essentially
asymmetric and independent from the direction efahgular displacement. This is
similar to the formation of an asymmetric flow pait around a cylinder in
transition from one branch of the hysteresis lapprtother (Fig. 5).

In aerodynamics, both the clockwise and counteckalase hysteresis is
possible, depending on the varied parameter (argynrethe experiment and the
corresponding selected function. Fig. 4, 5, 6bnd & present clockwise hysteresis,
while Fig. 6¢c and 9 present counter-clockwise hgsis. The direction of
hysteresis can be influenced by a number of fadtatading the airfoil.

It can be concluded that from the perspective of-equilibrium
thermodynamics, the aerodynamic processes desatima are similar to those in
fluid dynamics, heat and mass transfer, magnegs$mm[3-5, 9].

These processes occur in physically different nguitésrium thermodynamic
systems. However, they comply with the same expartaily confirmed general
laws (rules) governing the changes in the stataiof systems [3, 4].

References

1. Schmitz, F.W. Aerodynamics of the Model AirplaneartP I. Airfoil
Measurements (Translated from German). RSIC —Z2November 1967. 201
p.

2. Ryzhov Yu.A., Stolyarov G.l.,, Tabachnikov V.G. @él regimes of the
transformation of a flow pattern around a rectaagwing under subsonic
unsteady flow // Scientific notes of TSAGI. 19960lV XXVIl. Issue 3-4.
P. 3-12.

3. Tsegelskiy V.G. On application of non-equilibriuhetmodynamics for solving
of hydrodynamic problems and definition of humativaty influence on Earth
climate // Journal of Advanced Research in Techr8cgence. 2017. Issue 6. P.
23-47.

55



N

©

10.
11.

12.

N

56

Tsegelskiy V.G. Thermodynamic analysis of the inipafcworld energy and
other aspects of human activity on the approachthd ice age on
Earth // Journal of Advanced Research in TechrBca¢nce. 2018. Issue 9-1. P.
5-20.

Tsegelskiy V.G. Hysteresis in magnetics from a fomsiof non-equilibrium
thermodynamics // Journal of Advanced Researchechiiical Science. 2018.
Issue 10 1. P. 28-38.

Schlichting H. Boundary-layer Theory. Moscow: Scenl974. 712 p.

Gunter Schewe. On the force fluctuations actingaomircular cylinder in
crossflow from subcritical up to transcritical Reyss numbers // J. Fluid
Mech. 1983. Vol. 133. P. 265-285.

Abramovich G.N. Applied Gas Dynamics. Moscow, Na&k#dl., 1976. 888 p.
Tsegelskiy V.G. On the application of irreversilheermodynamics processes
for the calculation of the supersonic ejector ofplegamodes // Proceedings of
the universities, Mechanical engineering, 20156NB. 26-45.

Tsegelskiy V.G. Jet devices. M.: MSTU named. N.&BuBan, 2017. 576 p.
Getling A.V. Rayleigh-Benard Convection. Moscow,itedal URSS Publ.,
1999. 248 p.

Kabin S.V., Kolin V.l., Svyatodukh V.K., Sukhanov.B, Shukhovtsov D.V.
Multiple hysteresis of static aerodynamic charasties // Scientific notes of
TSAGI. 1999. Vol. XXX. Issue 3-4. P. 61-68.

Cnucok Jureparypbl
Schmitz, F.W. Aerodynamics of the Model Airplaneartt I. Airfoll
Measurements (Translated from German). RSIC — 221November 1967.
201p.
PerxoB 1O.A., CromsapoB I'.M., TabGaunmkoB B.I'. Kputndeckue pexumbI
MEPECTPOUKH CTPYKTYpPhl 00TEKaHUS PSIMOYTOJILHOTO KpPbLIA MPHU TI03BYKOBOM
HectaronapaoM oorekanuu // Yuensie 3amucku [JATH. 1996.Tom XXVII. Ne
3-4. C. 3-12.

Herenbckuii B.I'. O npuMeHeHUN HEPAaBHOBECHOW TEPMOJMHAMUKH B PEIICHUU
TUAPOAVHAMUYECKUX 3a7a4 " B OlpeaeICHUHN BO3JICUCTBUS
JKU3HENEATENPHOCTH 4esioBeka Ha kiuMmar 3ewmum // Journal of Advanced

Research in Technical Science. 20558uUe 6. P. 23-47.

Tsegelskiy V.G. Thermodynamic analysis of the intpsficworld energy and
other aspects of human activity on the approachhefice age on Earth //
Journal of Advanced Research in Technical Scie2@#8. Issue 9-1. P. 5-20.
Herensckuit B.I'. I'mcrepe3nc B MarHeTu3Me C TMO3UIMU HEPABHOBECHOM
tepmoaunamuku // Journal of Advanced Research in Technical SEe2018.
Issue 10-1. P. 28-38.

HImuxTunr I'. Teopus norpanuunoro ciosi. M.: Hayka, 1974. 712.

Gunter Schewe. On the force fluctuations actingaowircular cylinder in
crossflow from subcritical up to transcritical Reyss numbers // J. Fluid
Mech. 1983. Vol. 133. P. 265-285.



JARITS. 2019. Issue 14, Vol. 1

8. Aopamosuu I'.H. [lpuknagnas razosas quHamuka. M.: Hayka, 1976. 888:.

9. Uerensckuit B.I'. O npuMeHeHnN TePMOANHAMHUKN HEOOPATUMBIX IPOLIECCOB B
pacderax peXHMOB pabOThl CBepX3ByKoBOro kektopa // W3B. By30B,
MamuHoctpoenue. 2015.Ne 6. C. 26-45.

10. Herensckuit B.I'. Ctpyiinbie anmapatel. M.: MI'TY um. H.D. baymana, 2017.

576¢.

11. I'etnmuar A.B. KonBekuwmst Panes-benapa. M.: Dnuropuan YPCC, 1999. 248.
12. Ka6un C.B., Komun B.U., Ceatonyx B.K., Cyxaor B.I., llyxosmnos /I.B.

MHOK€eCTBEHHBIN TUCTEPE3UC

CTaTHYCCKHUX A9POJNHAMUYCCKHUX

xapakrepuctuk // Yuensie 3anucku LIAI'M. 1999.Tom. XXX, Ne 3-4.C. 61-68.

Ierenbcknii Banepuii I'puropseBuy —
JOKTOP TEXHHYECKUX HAYK, TTTaBHBIA HAyIHBII
COTpyAHUK MOCKOBCKOTO TOCYJapCTBECHHOTO
TEXHUYECKOTO yHHBepcHuTeTa uM. H.J.
baymana, r. Mocksa, P®

Tsegelskiy Valery Grigorievich — Doctor
habilitatus, Chief Scientist of Bauman Moscow
State Technical University, Moscow, Russiah
Federation

KpbrioBekuii Anexcanap EBrenbeBu4 —
nmxerep OO0 «TexHoBakyym», T. MOCKBa,
PO

Krylovskiy Alexsandr Eugenievich —
engineer of «Technovacuum» Ltd, Moscow,
Russian Federation

Received 19.02.2019

57



