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*ye initially, after vowels, and after », b; & elsewhere.
When written as & in Russian, transliterate as yé& or é.
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RUSSIAN AND ENGLISH TRIGONOMETRIC FUNCTIONS

Russian English Russian English Russian English ;
sin sin sh sinh arc sh sinh:i

cos cos ; ch cosh arc c¢h cosh_1

tg tan th tanh arc th tanh_

ctg cot cth coth arc cth coth_l

sec sec sch sech arc sch sech_l

cosec csc csch ¢sch arc e¢sch csch

Russian English ‘ i

rot curl
1g log
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Page 2.

In the book are set forth the physical bases of 2xperimental
aeromechanics, th2 methods of aeromechanical tests under varied
conditions. Is given description of the devices of 1iffarant wind
tunnels and instal lations, intended for experimental investigations
at subsonic, supersonic and hypersonic speeds. Ar2 set forth methods
and are described instruments for determining the flos# parameters
during aerodynamic tests, and also experimental proce2dure and
introduction of corrections to the results of experim2nts. The
considerable plac2 in the book occupies the presentation 9f the
rasults of investigations in the experimental determination of the
aerodynamic wing characteristics of aircraft, rockets, different
bluff bodies, groand-based transport and above-ground structures and

element s of structures.

The book is intended for the students of VUZ _ [Institute
of Higher Education], who study aerohydromechanics and gas dynanmics
and their application/appendix to different branches >f technology.
It will be also useful for the workers of design bureaus and

scientific organizations, which directly conduct experimental

research in the field of aeromechanics or using results

aeromechanical experiments, and also for persons, occapied with
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equipping of diffarent aeromechanical installations and with the

development of equipment to thea.
Pigures 447. Tables 21. Bibliographies 8.
Reviewvers:
MAIX E

department of the aerohydrodynamics of LPI im. Kilinin prof. I.

Ya. Pabrikant,

e ——
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Page 3.
Preface.

Experimental aeromechanics in contrast to theoretical proceeds
not from one or the other mechanical analogs, but it investigates
the behavior of bodies under the actual conditions of their
interaction with the fluid flow and gases and transfers the results
of experiments for other analogous cases with the aid of the laws

of similarity.

The object/subject of its experiments are physical bases,

experimental methods and results of aeromechanical investigations.
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In this work special attention is devoted to the examination
high velocities whose study in recent years occupies the increasing
place both in theoretical ones and in experimental aeromechanical
investigations. Ia the book are consecutively presented the physical
properties of liqnid and gases, the fundamental laws >f movement of
air at small and high rates of flow, the cell/elements of gas
dynamics, the laws of the flow around the bodies of various fornms,
similarity and simulation in aeromechanical experimants, methods,
vays and results of different aero-echanical measurements, air foil
data, wings, bodies of revolution, flow in ducts, nozzlas and exit

comesdiffusers.
Page 4.

The limited size of the book will not make it possible to
preseat some, although specific questions of aeromechinics as that:
the characteristic of bodies with unsteady motion, etc. In all
possible cases tha aeromechanical phenomena and the processes are
characterized not only physically, but are given also the
quantitati ve data, which make it possible to rate/estimate the
specific gravity/weight of different factors, which affect the flow

around diverse bodies of the fiow of gas.
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The dimensional values, given in the book, are given in the
majority of the cases in MKGSS system since aeromechanical
measurements and processing of their results are adapted to the
system indicated. When dimensional values are not connect2i1 directly

vith measurements it is utilized international system (SI).

Por the facilitation of the conversion of ones of one system
into another in text, is given the table of the dimansionality, which
are encountered in aeromechanics of physical quantitia2s in MKGSS

system and international system (SI).

Page 5.

The author 2xpresses deep appreciation to the reriewers Prof.
Nicholas Yakovlevich Pabrikant and Prof. Leo Gerasimovich
Loytsyanskiy, wvho made is many observations, which contributed to an
improvement in th2 book, V. V. Nazarenko and G. E. Khadyakov - for
the useful discussion the manuscripts, aand also by N. A. Yironovoy
and 6. I. Antonova after aid ip preparatiop for the manuscript for

pressyprinting.

Aushor.
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Page 6.

Introduction.

Aeromechanics is called the science, which is occupi2d by the
study of the laws of the motion of gases (air) under varied
conditions and investigating their effect with the coatacted bodies.
In this narrow sense aeromechanics is the part of the hydromechanics,
i.e., the mechanics of the unsteady bodies vhich can b2 subdivided

into three groups:

1) fluid bodies with high viscosity (glycerin);

2) fluid bodies with small ductility/toughness/viscosity (water,

gasoline, mercury) ;

3) gaseous substances (air, nitrogen, oxygen, 2t:.).

Between thes2 groups there are no sharp boundari:s. However, it
is difficult to establish/install the boundary between solids and
liquids. The basic difference betveen tham lies in tha fact that

salid bodies chanje form approximately proportional t> the affecting

Cmen s g ————— -——
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ther force, unsteady - are deformed even under the effect how
conveniently of small forces, if the defaormation rate is low. The
forces which must be overcome in this case, are callel of the viscous

forces.

Liquid and gaseous substances essentially differ from each other
in terms of the degree of ccmpressibility. While th2 liquids axert
extremely high resistance to a change in their volume and because of
this are considered in hydromechanics as incompressible, gases are
compressed during comparatively small changes in the prassure. On
these reasons for the investigations, connected takiny into account
the compressibility effect of air and gases, they occupy in

aeromechanics the exclusively important place.

The propertias of gases, liquids and solid bodies are connected
vith their molecular structure. As is known, between aolecules there
are attracting forces. In solid bodies they are most significant, and
it is necessary to greatly strengthen in order to overcom2 them (to
change form, but those more to divide solid body on part). In liquids
these forces are auch less; therefore lijuids do not have their own
form, they are flowving and always is taken the form of th2 container
in vhich they are located. In gases of the force of the matual
attraction, barely they are exhibited anl become noti:eable only at

very high pressuras and lov temperatures when the intarmolecular
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distances strongly decrease.

Page 7.

At sufficiently low (for this pressure) temperature the gases are

converted into lijuid (for example, nitrogen with -195.8°C; oxygen

with -183°C).

The basic dif ference for gases from liquids consists: first, in
the insignificance of cohesive forces between the molecules of gas,
caused by the large distances between th2m and which leads to the
fact that the molacules fly off in diffecent directioas, and gas is
spread by entire given to it volume, liquid, filled into container,
is formed floatinj surface; in the second place, in the large
intermolecular distances of gas, which causes its powarful
compressibility in comparison with the negligible comprassibility of

liquids.

The liquid, 1eprived of the viscous forces, is called ideal. The
examination of the courses of ideal fluil makes important sense
because many phenomena in aeromechanics (in real liguids and gases)
little depend on the viscous forces vhose effect is substantial near
body surface and t herefore in the first approximation, th2y can be

considered as the phenomena in ideal fluid. Although jases consist of




DoC = 78201101 PAGE 9

the molecules, between vhich there are interval/gaps however for

convenience in their theoretical study, they consider that the
substance of gas is continuously distributed in all volume, i.e.,
that gas is continuous medium. As a result of the smallness of the
particles, which compose substance, this representation (simulation)

of gases and liquids are not virtually affected the obtained results.

In 1 cm3 of air it is found at normal atmospheric pressure
2. 7e1029 molecules (number of Loschmidt). Examining, for a2xample,
cube with fin/edgss 0.01 mm, ve will obtain that in this volume it is
contained 2.7¢10%0 molecules. Under thesa conditioms air can be
considered continazous medium. Such position will not accur at the
very low values of density (pressure), so, at a pressare of
approximately one billionth standard atmosphere (1¢10~¢ ma Hg) into
of 1 cm3 will be located 2.7¢1010 molecules, but in cabe with
fin/edges 0.01 mm - 27 molecules. On these reasons with the motion of

the strongly rarefied gases or during flights at very hi~t altitudes

(for example, at the heights/altitude of 200 ke and hijher) already it

is not possible to consider gas as continuous aediua.

Under normal conditions the pressure gas on barrier/obstacle
(vall) on the average remains time-constant, siace a aumber of
molecules is very great, is also great and a number of collisions of

molecules with wall. For example, at temperature of 0°C and pressure
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760 am Hg the velocity of the motion of the molecules of air is equal
about 450 m/s, the collision frequency per second of 2ach molecule
with other or with wall comprises 7.5¢10°, and the mean free path of
molecules - about one decamillion part of the meter (~5.9¢107¢ cm).
With a decrease of pressure, which corresponds to elevation to
height,saltitude, it decreases both number of molecules and collision
rate, and increases the average path of their mean fr2e path which
reach at the height/altitude of 100 km - 10 cm, at th2

height raltitude of 150 km - 8 m, but at the height/altitude of 200 km

- more than thousand meters.

Page 8.

At similar heightraltitudes separate molecules is clashed with the
flying apparatus only one time. The laws of the effect of air on this
apparatus will be others, rather than at the low altitudes where the
mean free path of molecules is negligible in comparis>n with the

siZe/dimensions of the flying bodies.

Thus, aeromechanics studies air circulation and its interaction
vith bodies under the manifold conditions, characterized by both the
different state of the gas (pressure, teaperature, ieasity, etc.)and

by different forms of bodies.
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The tasks, connected with aeromechanics, are encount2red in many
areas of science and technology; however, principal direction is
connected with th2 study of relative motion of liguid (gas) and solid
body. Here first of all it is necessary to note the cases wvhen the
streamlined bodies are completely immersed in liquid aircraft,
submarines, rockasts, etc.) and the conditions, under #hich the liquid
or gas flows within different channels (gas pipes, wind tunnels,

veptilation systess, compressors, turbines of jet engines, etc.).

Although thesretical aeromechanics achieved larg2 successes, it
; not always can be used for solving the manifold practical tasks,
advanced by the d2velopaent of technology amd industry. On these
reasons in aeromechanics, intensely are developed the experimental

F methods of the studies which actually can be considsr2d4 as
independent important discipline. The experimental methods of
aeromechanics are utilized not only for checking the ieveloped
theory, but also t hey are the source of the creation >f more precise

theories on the basis of the phenomena and facts, detacted

experimentally.
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Page 111,

Chapter V.

BOUNDARY LAYER.

§vi1. Laminar and turbulent boundary layers.

Until now, was examined, mainly, the motion of iieal fluid,
i.e., the liquid, not having internal frictional forcas. the forces
of internal friction or ductility/toughness/viscosity exist in all
real liquids and jases. As a result of their effect, all strict
conclusions, made for an ideal fluid, for real liquids anl gases are
those approximatal, that need some corrections and refinements. One
of primary tasks of aeromechanics (in particular, experimental) is
the deteraination of the corrections into theory whica introduce the

forces of viscosity of liquids or gases.

The viscous forces attempt to inhibit the rapidly driving/moving

particles of liquid and to accelerate the motion of slower particles.
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They are in essenze forces of periphery and it is espacially great
vhere the liquid flows by layers with a large differeac2 in the
rates. Ductility/toughness/viscosity serves as a reason for the
education/formation of eddy/vortices, very substantially affecting
flow of liquid or gases. On the other hand, the formed ediy/vortices

due to ductility/toughness/viscosity gradually are resolved.

If we take the liquid between two parallel plates and to give to
upper plate rate u (Fig. V.1), then observation they make it possible

to establish/install following:

1) liquid adhreres to surfaces so that the particles which
directly f it clos21ly to plates, have ratas, equal to> the rates of

plate;:

2) the rate of the liquid between plates along tae normal to

them changes according to linear law;

3) internal fluid friction is resisted to motion, proportional

to the velocity gradient.

i e
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Fig. V.1. Plov of liquid between plates.

Page 112,

Analogous experiments show that during the flow around body of
liquid on very body surface the liquid is motionless, it "adheres",
and at certain small distance from it, it acguires already the rate,
comparable with the local velocity of inleakage (Fig. V.1) . This thin
layer, in which takes place the increase of velocity from zero to the

local velocity of flow, is called boundary layer.

Ductility/toughness/viscosity in ligjuids and gas2s is the
consequence of their molecular structure. The moleculas of gases and
liquids according to kinetic theory possess the complately definite
average random velocities, wvhich depend only on temperature. In each
more rapidly driving/mcving layer I (FPig.e V.2) molecule, they have,
except the velocity of irregular molecular motion, evan additional

ordered velocity of overall forvard motion. Thus, the veldocity of

s £

| —
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molecules in layec I will be more than in layer II., With the mixing
of layers, the more rapidly driving/moving molecules, falling into
the slow layer II, transfer to the molecules of this lLayer certain
momentum/impulse/pulse and they wvill accslerate them, and themselves
to brake. And vica versa, "slow"™ molecules, falling into rapid

layers, will be brake them, and themselves somewhat azc2larated.

Newton assumed, and further investigations justified this
assumption that the forces of viscosity dX, acting along two closely
spaced area/sites (or layers) in the boundary layer of liquid (Fig.
Ve 3):

; v
dX=—p (3;) ds,

vhere py - the coef ficient of dynamic viscosity, charastarizing

physical propertizs of liquid;
dS - area;

‘§% - velocity gradient along the normal to body surface.

—————— g —




DOC = 78201102 PAGE /6

)
v ds
e =
G ey
A
’ [ 3
a l >
i:iq. v.3.

Pig. V.2. Molecular motion as the reason for

ductility/toughness/viscosity.
Pig. V.3. Interaction of layers according to Newton.
Page 113.

The forces, which act on two adjacent pads, are 2qaal in

magnitude, but thay are oppositely directed.

If we divide force dX into area dS, then we will obtain voltage

equal to

dX o0’
t-.‘—s o (35)1-0'

This voltage directed along area/site is therefore tangential

(tangent).

ey
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The coefficiant of ductility/toughnass/viscosity there is a

value dimensional (see‘(able III.1):

[g ] , ;’i' . G @

W= =ty =[5

/'.
Key: (1. kgf. (21 kges. (3)e Nes. (4). m/sS. u*{ln the examination

of the flow of lijuid or gases, it is very frequently necessary to

compare the viscoas forces, which depend on u, with tae insrtial

forces, the propor tional ones to mass deasity p. Therefora proves to
be advisable to iantroduce an additional one coefficient of the

ductility/toughness/viscosity

V-.E
p'
that characterizing the acceleration of single mass froa the viscous
forces. This coefficient is called kinematic modulus >f viscosity.

Its dimensionality

‘v] -[7:%;]

-

Key: (1). m2/s, (QQAII calculations in aeromechanics ara conducted
usually in system of practical units, and values p anl +v ome should
represent in the same system. However, the majority of the laboratory
investigations of ductility/toughness/viscosity is conducted in the

absolute system of ones. As ones of ductility/toughness/viscosity, is
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accepted one poise, vhich correspoads to value r, equal to 1 dynes to
of 1 cme? under th2 assumptionm :,3-!, that velocity from area/site to
area/site, removed to a distance of 1 cs, changes on 1 -m/s. Under
these coniitions

p=a-=1
T

Page 114,

Are used als> small/finer one of ductility/toughaess/viscosity -
centipoises and millipoise. Transition from poises to working
standard of ductility/toughness/viscosity can be founi from the

relationship/ratio

[‘xl‘-uxl wooom m
M i en?

081[““ “",—98! mm

Key: (1). dynes, (2). poise.

or
[ (Y]

| = A

Key: (1). kges. (2). poise.
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In exactly taie same manner for a kinematic modulis of viscosity

let us find

(4 cm?
‘o] M V] eex
v —'=
cex .

Key: (1). m2/s,

In practice value u is determined in the majority of the cases
by viscosimeters, gauging consumption of the liquid through the
capillary or capillary tubes flows in which are suboriinatad to
poiseuille eguation, into honor of whom is named on2 of
ductility/toughness/viscosity. Poiseuille flow - this is the flow of
viscous fluid along the duct of a small diameter. In 2xamination in
the glass duct of flow of water, to wvhich are mixed small solid
suspended particlas, it is possible at considerable rate of flow to
note that together with main x x-motion of duct are clearly visible
the incideantal particle motions in the direction, noramal to the
axlesaxis of duct. If the rate of motion in duct is dacreased, then
at certain rate will become the evident that the particles of liquid
move with separat2 layers over the trajectories, to aad walls. This
flov is called lasinar. If ve examine lasinar flow in the tube of so
small a diameter, that the boundary layer thickness is mora2 than a
radius, then boundary layer will be linked on axles/axis and will f£ill

entire tube. Bhe lav of rate change in a radius is detecmined by
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Poiseuille equatid>n (Fig. V.4)

03775_ (R‘_,.:)' "

vhere ; - distanc» of the section in question from ths beginning of

duct;

Ap - jump/drop in the pressure under action of wiich occurs the

flew;
R - radius of duct;

r - variable radius.

—— - a it it kil
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Fig. V.4. Rate change across duct during Poiseuille flow.

Page 115.

Prom this formula it follows that the rate changas according to
parabolic law. This flow is called Poiseuille flow. Pluid flow rate

through the tube is equal to

where U - a volum2 of the liquid, which escape/ensued for time unit;

Ap - the pressure differential at the length of the capillary of
tube;

! - leagth of capillary;

R - radiues of tube.

Value of the coefficient of ductility/toughness/viscosity for
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the air
p=(1,745-10"*-1-5,03. 10%°C) kges/m2

of t=15°C pu=1.82010"6 kgf s/m2. Hence v=1,45-10%(with t=15°C p=760 mm

Hg). For the water

" 0.0178p
¥ = T 0,0337 + 0,000207% ]
at 15°cC

p=1,164.10¢ kges/n2,

The kinematic viscosity of wvater is small:

v=%=!'!-%ﬂ=o,n45.m-s m2/s (at 15°C).

Comparing this value with value v for air, w2 >btain

Vaosx 1,45- 108 -t

Veomu  O,1145.10°%

ise. the kinematic viscosity of air 12,7 times of mor2 than the

kinematic viscosity of vater.

The ductility /toughness/viscosity of air and other gases

increases with temperature. A change in tie kinematic sodulus of
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viscosity during a change in the temperature and pressure for air is
shovn on Fig. V.5. The viscosity of true ligquids from a t2amperature

rise falls.

Under the effect of viscosity (internal friction) the gas
velocity on the surface of the streamlinesd plate becoaes esgqual to
zero. During removal/distance from plate alcng the normal to its
surface, the speel grow/rises to the value, which corresponds to the
speed of undisturbed flow (vgy) . The sanme occ&rs, also, iuring the
flcv around other bodies despite the fact that the speed along thenm

can be changed.
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“0-5 9 5 0B XX s

Fig. V.5. Curve/graph v.j for air.

Key: (V). ca2/s. (2). mm Hg.

Page 116.

In laminar boundary layer the flow occurs by the nonaiscible
layers (Pig. V¥.6), but in this case the flow is whirled (Fig. V.7),
and boundary layer occasionally referred to as also tie layer of
surface turbulenc2. Despite the fact that the particlas in this layer

rotate, there is no their transverse mixing.

Lf boundary-layer flow is accompanied by the ranlom movement of
particles and their mixing in transverse direction (parpendicular to
flov direction), then this boundary laye: is called tarbulent. Single
particles in it describe complex curved paths, which 10 not coincide

vith the flow linas of the averaged flow (Pig. V.8).
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This state of boundary-layer flow and connectel with frictional
resistance to motion, and also all the a2zrodynamic proparties of the
streaalined bodies depend on Reyrolds number, vhich characterizes the
ratio of inertial forces to frictional forces. To numier Re, =2.]¢0¢
for a flat/plane plate, the boundary layer retains its lasminar
structure. Hence it follows that the length of the lamsinar part of

the boundary layer

=2 21002,

Por standard air
L=2.100 h65- 107 290
1 ¥y "

The increase of velocity or boundary layer velocity profile can

be described by the approximate theoretical expressions

o=o2(8)—5(§)' +o(§) —2(4)]

s~ ).

vhere y - point, in which the velocity is equal v;

6 - thickmess of the entire boundary layer (FPij. V.9), with y=6

v=v,,
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Fig. V.6. Diagrammatic representation of viscous moti>n ia boundary

layer.

e
i
37)

Fiq. V.¥

[/
Fyq.-v.1

Pig. V.7. Bddying of laminar boundary layer.

Pig. V.8. The schamatic of turbulent motion in the boandary layer: I

- durbulent boundary layer; II - laminar sublayer.
Page 117.

These airfoil /profiles satisfy the condition of 1dhesion on wall
and the condition of steady transition to> the velocity of the
inwiscid flow v,. However, virtually the increase of tha valocity in

boundary layer oczurs on its larger part almost lineacly, and
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beginning approxinately with the half of thickness of the layer it
begins bending of the velocity profile. Phe thickness of laminar
boundary layer along plate, as shov experimental data, is changed

according to parabolic law, i.e., it is proportiomal 'x
() &83 /vx
‘;-‘,—k—e-; or v6=6]/ &
here Re, - Beynolls nuaber at a distance x from leading edge plate.

Priction stra2ss for a flat/plane plate variably lecreases

inversely proportionally Vx

Taeu = 0,382 ]'/ L

vhich is confirmel well by experimental data.

Coefficient of friction drag of smooth plate, in reference to
its complete surface:

Xagu

o™ ot

P58

vhere X, - frictional force, which acts on both of sides (surface)
of the plate

Xaeu= 1,33V ppl vi*,
\x...-zicas}. AS=1.AX; Sel.l,

c,---%—"’f—--l.ﬂ Vﬁ_;-n;n Ve

|
{
.

hence
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The velocity of single particles in laminar boundary layer along
plate at certain constant distance from its beginning (with Y=const)

due to friction dacreases. Kinetic energy of these particles also

decreases, and laminar layer becomes unstable.
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) AW gy

Fig. V.9. Comparison of the velocity profiles in laminar (a) and

turbulent (b) boundary layers.
Page 118,

At certain distance from the leading edge of plate, called *» and
corresponding to this distance Rq,==§§h. the flow becomes turbulent.
The transition of the stream-line conditions of flow to turbulent

occurs in the so-called transition region where the flow mixed.

Near wall rezains the very thin{°= Vg%;j laminar sublayer, in
vhich the velocity gradient is very gtoat; vhich produces an increase
of the frictional resistance in boundary layer. For a turbulent
boundary layer th2 velocity along the nocmal to surface (wall)
grow/rises approximately of proportionally to the root seventh degree

of distance from t he vall (see Pig. V.9):

_—e
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The thickness of turbulent boundary layer along ¢#all grow/rises

more rapid than the thickness of the laminar boundary layer:

() 0.37

Friction stress and coefficient of frictionm drag in tirbulent
boundary layer is also more, rather than with the laminar boundary

la ger:

= 0,0225pv?7' (-é-)'l‘ 4

. 0,074
o=t (18 more precise, oS

In transient coefficient domain of friction (Fig. V.10)

= 0074 1700

T —— .

c
Tor " YRe  Re 1

Ratio of the coefficients of friction drag for a flat/plane

plate of purely turbulent and purely laminar flows following:

Re 108 100 100 10 100 ;
Uegps 7! 336 IS 1603 3704
 aau

b

shnenminiine it
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Pig. V.10. Coamparison of the coefficient of friction ¢ of different

flov conditionss /=, 1 —e g N —c

Page 119. 1

As can be sean from that presented, with an incr2ase in Reynolds
number turbulent resistance increasingly more exceeds laminar. By
this is caused tendency how it is possible longer (at the larger
length of body) t> preserve the stream-line conditions of flow during
the flow around iifferent bodies (airfoil/profiles and fuselages of
aircraft, rockets, ships, etc.), since thus it is possibl2 to
decrease their resistance and to increase the velocity of motion (at

given pover).

Prictional rasistance depends substantially on the
compressibility of air. FPor a laminar boundary layer this a2ffect can

be estimated for a flat/plane plate on G. F. Burago's approximation

formulas
faan. !
(0 +01Mm)" 1
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while for turbuleat
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The dependence of turbulent friction on Mach numder is given in
Pig. V.11, For determination of the position of the transition point
of laminar boundary layer into turbulent for smooth airfoil/profiles,
it is possible to use t.he curve/graph, given in Fig. V.12, in which
is given the dependence G&r — Xm) = (Re)

Xr. uep
. »

Xr=

x,..-‘_"""'"

vhere b - a chori.

Xmin, sen is deta2rmined usually from dependence P=f (x) for this

airfoil/profile, obtained from experiment or by theoratical method.
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Pig. V.11, Dependance of the coefficient of friction >f tarbulent

toundary layer on Mach nuaber.

Pig. V.12, Curvesgraph for determining the position of transition

point.

Page 120.

It must be noted that with an increase of the angle of attack
within small limits the transition point with increas2 ¢y |is
displaced on the upper surface of airfoil /profile forward, and on
lover - back/ago, and its mid-position for this Re nuaber does not
virtually change. With an increase in Reynolds number the transition
point is displaced forwvard, the region of laminar flow is reduced,

and drag coefficiant increases (Fig. V.13).

The initial tnrbnlencg.of flov. The flow, which encoanters to

bodies, is uswally filled by small/fine eddy/vortices. In wvind
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tunnels the sourc2 of vortex formation, >r turbulence, are different
cell/elements, which are located in flow (diffusor jrids, blades of

elbows, etc.), and also very walls of duct.

In the preseace of small/fine vortex flows, the velocity its
always fluctuates (Pig. V.14), since the carried by flow
eddy/vortices they will first increase, then decrease the local
velocity in depenience on their direction of rotation and position
relative to flow-rate meter (nozzle). Ths usual met2rs (besides
hot-vire ones), used during aerodynamic investigations, give only the

averaged velocity of flow. True airspeed

Uner = Uep 09,

vhere Vv - average gquadratic value of the pulsatimg velocity of flow;

can be positive (i.e. directed to the sase side, as v, and negative.
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Fig. V.13, Effect of a number Re and of a position of tramsition

poeint for frictional resistance.

Pig. V.14, Stream-velocity fluctuation: 1 - speed/rat2 meter.
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The initial turbulence of flow the greater, the jreater the

value v, determined according to the expression

here (t,-t,) - certain period of time for which falls the large
nusber of pulsations of velocity (Fige. V.14). Por measure, or degree,

turbulences acquire the value

v
g=—,

"g' b

The value of the degree of initial turbulence expresses
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frequently in the percentages

e°/.-°—f; 100.

Investigatiols showed that in wind tunnels the initial
turbulence of flow oscillates within limits by 0.1-20/0. Turbulence
of natural atmospheric air at the height/altitude of several hundred
meters is equal t> e~ 0,02%. In spite of its low valu2 th2 initial
turbulencs of flow in duct strongly affects the character of flow. If
in flow is initial turbulence, then, as show experiments, the laminar
part of boundary layer on body sharply is reduced, since laminar
layer little is st able, and initial turbulence of its flow easily
"swings". Prictional resistance in plate, wing profils and similar
bodies in this case strongly grow/rises. Increases also overall drag

¢ (Pig. V.15).

Not always, however, the increase of initial tursulence
increases the resistance of body. An increase in the cesistance is
obtained in such bodies, whose main thing it is compris2 friction,
but not the resistance, caused by forces of pressure. The bodies of
good streamline shape include the plates, placed by fin/edge to flow,
fuselages and winys of aircraft, missile body, dirigislas, ships,

etc. In such bodies friction reaches 70-300/0 of total resistance.
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Fig. V.15. Effect of the intensity of turbulence ¢ and of number Re

on the drag coefficient of bodies of revolution.

In the bodies whose resistance depends, mainly, on pressures
(shape drag), caused by boundary-layer separation, in the turbulent
flov sometimes is created smaller resistance than in laminar flow. An
example is sphere. Its coefficient ¢, strongly depenis on Reynolds
number (see Fige. V.19). An incidence/drop in the drag coefficient
occurs simultaneously with the transition of boundary layer from
laminar state into turbulent. With the small Re numbers, the laminar
boundary layer in sphere blows away from its surface 1lmost over the

greatest transverse section (diameter).

According to the available experiments, at the first
torque/moment the flow flows about the sphere without breakaways

(Pig., Vv.16a), in front and from behind it is obtained elevated
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fressure, while on transverse to flow - equator, - losered/reduced,
i.e., flow pattera the same as for the case of ideal fluid. In the
following instant the boundary layer begins leak from r2gions with
elevated pressure (i.e. from front/leading and rear eands) into region
with lowered /reduced (i.e. to equatorial cross section). About
maximum (transverse) cross section these layers collile (Fig. V.16b).
As a result of collision, occurs the flow breakaway from the surface
of sphere and air begins leak as shown in Fig. V.16c, mdra2over
pressure after spiere decreases, that also creates pra2ssure
difference from the front and from behinl sphere is ciusel the high

resistance, measured by coefficient ¢, a 048

With the larje Re numbers, the boundary layer in sphere
transfer/converts into turbulent state. It in exactly the same manner
blcws away from surface, but only at the point, wvhich lies further
along flow, than with laminar boundary layer. This is explained by
the fact that on the boundary of turbulent boundary layar occurs the
energetic mixing of air of this layer with the driving/moving above
its surface of layer external flow. Therefore the lay2r, whicn flows
from the front back/ago (along flow), is carried alony by external

flov, and the layer, which flows forward, it is braked by it.
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Fig. V.16, Flov around sphere at different moment of tiae.

Page 123.

As a result the first layer pushes aside separation point back/ago.
During this displacement of separation point, the picture of the
distribution of pressure according to sphere becomes aore favorable
(FPig. V.17) and approaches a flow pattern of ideal fluil. In this
case, the coefficient tc flow pattern of ideal fluid. In this case,
the drag coefficiant of sphere falls to very lowv value (¢ =0,
despite even the fact that the frictional resistanca 1gainst the

surface of sphere in turbulent layer will be increaseil.
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Sphere is very sensitive to initial turbulence. 3ufficient
| before the sphere to place several thin wires so that the boundary
layer would pass into turbulent state. Is very exponeantial the
following experieance in Prandtl. If we Jan to the front of sphere
(Fig. v.18) place fine/thin wire ring, then it not only will not
increase t he draqg coefficient of sphere, but it vice versa decreases

it more than twic2 (at low speeds) .

Sphere they use for the indirect determination of the initial
turbulence of flow in wind tunnels. Graphically the ra2sults of the ¥
tests of sphere in ducts with different initial turbulence of flow i
take the form, depicted inm Pig. V. 19. This curve/grapa can be changed |
in the foram ¢% = f (Rey), vhere Re,, - there is Reynolds aumber, with
wvhome, =0,3.This curve is very steady and >n it satisfactorily lie down

all experiments in different ducts.

For the deter mination cf the degree of initial turbulence in the
newly constructed duct, it is necessary to test there sphere at

different volocitios and to construct curve c;v-'f(Re). After finding Re

vith which ¢, =03, it is possible on curve/graph, givea on Fig. V.20,

to find the value of the initial turbuleance of flow &%.
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Fig. v.i§

:q \)ul"

Pig. V.17. The distribution of pressure iccording to sphere during
different conditions/modes of the flow: 1 - ideal floa; 2 - turbulent.

breakaway; 3 - laminar breakawvay.
Fig. V.18. Sphere with wire ring.
Page 124,

During the d2termination of the degree of the initial turbulence
of flow with the aid of sphere, it is necessary to take into
consideration, that dependence e% = [ (Re),,, shown on Fig. V.20 and

approximated by the foraula

¢./0 =. :

o-u-z- 1}
[W 7 |
is obtained accoriing to the experimeamts, carried out in the

/740s with the spheres with a diameter of 12-22 cam in ducts wvith the
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relatively high dagree of initial turbulence (0.5-30/5). In recent
years the quality of flow in wind tunnels increased and the degree of
initial turbulence in them was lovered to 0.2-0.30/0. Purthermore, it
vas noticed, that the obtained value ¢’ depends on the diameter of

sphere and size/dimension of the test section of th2 1uct.

The experiments conducted regarding initial turbulence with the
use of spheres of different diameter and hot-wire anecometars showved
following. Value Re,, in duct with the size/dimension >f the test
section of 3 m varies from 400000 for sphere d=100 am to 310000 for
sphere d=500 mm, with respect varies and value ¢%. The gr2ater the
diameter of spher2 with the assigned/prescribed diameter of test
section, those thz more obtained from it value e%. whica corresponds
to the larger frajuency band of the pulsations of the velocity,
“recovered" by sphere. So, sphere d¥300-350 mm covers entire range of
pulsations and gives great value g9, K sphere d=100 mm gives the
reduced vialue ¢% which corresponds to the range of palsations froa

1000-2000 Hz and it is above.

e A At i 5 A A 2
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Pig. V.20. Dependance 4 oOn Reyp for a sphere. Differant small

circles showed dif ferent wind tunnels.
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It is necessary to keep in mind that the spectruam of

stream-velocitys fluctuation covers very wide frequency band: from

ones to hundreds of thousand hertz. However, those determining the

intensities of turbulence are lov frequencies (Pig. V.21). On these

reasons during th2 determination of values Re,, and ¢° with the aid
of sphere, it is necessary to introduce correction At%=/(d,) for the
ratio of its diameter to the diameter of test section, but in the
case of the measurement by hot-vire anemometer - to consider its

frequency charactaristic, frequency band of the pulsations of
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velocity, measur2l by hot-wire anemometer.

Taking into account the results of experiments in recent years,
it is possible for determining initial turbulence of flow in wind

tunnelst with the aid of sphere to use the following lepeniences.

FOOTNOTE . There are in the form of duct with the relatively small

initial turbuleuc2 of flow in test section (% =05+07. ENDPOOTNOTE.

1. Expected c-ritical Reynolds number is comnectel with

size/dimensions of tested sphere and test section

<

10-*Re,, = 0,8¢'4 éx —oxs 4 3

vhere

q
X= =
D,_.'

hepe d, - diametar of tested sphere;
Dy« - diametar of test section of duct.

2. Intensity value of imitial turbulence of flow in terms of

obtained in experiments value Res:

-‘
B .

Reey (0.1 5‘-::)‘

e — i s i i i s i ek el e

[ —-—
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Fig. V.21. Dependance of the intensity of turbulence >n the spectrum

of the measured frequencies and the turbislence equipmant sdevices.

Key: (1). Hz.
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Fig. V.22, ¢y my=f(@, e%) for a model airplane with th2 sweptback

ving.

Pig. V.23. Characteristics of model airplane with delta wing at

different intensity of turbulence of the incident flow.

Page 127.

The initial turbulence of flow affects also such a2radynanmic

e v ——— <47 5 — O
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characteristics as lift coefficient ¢, apd coefficient of ﬁitching

_maoment, Pigure V.22 and V. 23 gives values ¢y =f(z) and m;=f(a) for

aircraft with swept and delta wing, in Fig. V.24 for rectangular and
in Fig. V.25 for 2 laminar wing, obtained with differznt initial
turbulence levels of flow. As can be seen from diagras (Pig. V.22),
at the high angles of attack of larger imitial turbula2nce,
corresponds the larger value of coefficient ¢y, and m;. This is
explained by the fact that with the large initial turbulence of flow
and at anyle of attack of wing the flow around upper surface is
steadier (the sam2 effect, as during the flow around sphere). The

same effect of increase ¢yms» gives an increase in Re naamber.

—
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Pig. V.24, Characteristics of the rectanjular wing at different

intensity of turbulence of the incideamt flow.
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Duering the evaluation of the results of the experiments in wind

tunnels importantly to divide and to rate/estimate an effa2ct both of

the initial turbuleace ¢% and Re numbers of the experiment. Figure
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V.26 shows the effect of the intensity of turbulence on th2

resistance of some bluff bodies.

Taking into account the considerabl2 eddying effact of flow in
wind tunnels on the results of experiments in them anl the fact that
the contemporary forms of flight vehicles are very id2al, and
frictional resistance for them plays the significant role, they
attempt during tests in ducts to have the initial turbuleace of flow,

a close to atmospheric.

Boundary-layer separation. As a whole to the position of the
transition of lamimar boundary layer into turbulent state, besides Re
number, the form of wall (airfoil/profile), local bendings, angle of
attack, that cause pressure gradient in the direction of the motion
of gas and the ini tial turbulence of flow, are exertel effect and
state of fairing (degree of its roughness). Figure V.27 gives changes
in the value of the coefficient of friction for ducts from different

by roughness surface in dependence on Re naumber.

| R S——
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Fig. V.25. Polars of laminar-flow profile NACA63,=616 at iifferent

intensity of turbulence of incident flow (Re=1.25¢106),

Fig. V.26. The dependence of the relativ2 resistanca >f different
bodies on the intansity of turbulence of the incident flow: 1 -
cylinder after crisis (Re=4¢10S); 2 - cylinder to crisis (Re=2e10%);
3 - cube (Re=4¢10%); 4 - model of electric locomotive on screen

(Re=4¢106) ,

Page 129.

As can be seen froam figure, by good surface finishing it is possible
to attain the decrease of frictional resistance several times. An
especially importamt value this fact bhas for the aircraft of rockets,
ships and the similar bodies, frictional resistance ia which

comprises the considerable portion of total resistanc2.

B ————— ” TEr— ” _ R s oo o —
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The effect of different inequalities (rivet head, slot, surface
vaviness, heavy graininess in coloration) lies in the fact that they
agitate laminar flow, move transition point into turbulent flow
forvard (to the laading edge of body), increase section with
turbulent boundary layer and, consequently, also resistance. The
degree of the surface roughness is called tbhe ratio of
height/altitude k of the prominence/protuberances of rouganess to
radius r of duct or to wing chord (to length of body). this roughness
is called of relative, Absolute roughness is measured in millimeters
or portions of millimeters. Values in the millimeters of the
height/altitude of the projections of the roughness of dif ferent

materials following:
clean drawn tubes from brass, copper, lead. 0.0015-0.001

new steel seamless pipes. 0.04-0.17

zinc-coated iron ducts. 0.39

nev cast-iron pipes. 0.25-0.42

birch plywool. 0.025-0.05
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pinewood plywood. 0.1

wooden ducts. 0.25-1,.25

vooden planed blades. 0.25-2.0

surface from clean cement. 0.251.25

plasterings by cement mortar. 0.45-3.0

concreted channels. 0.8-9.0

covered with glaze earthenware ducts. 0.25-6.0

ducts from glass. 0.0015-0.01

coating with oil paint over the puttied surface. 0.1.

The permissible degree of rouganess, not calling change in the
resistance, is given for a wing profile inm Pig. V.28. In the free
flov out of boundary layer, air friction is not virtually exhibited,

and the total pressure in all points is 2qual. In boundary layer it
is less than in the free flow, and it changes from one point to the

next due to the losses of the kinetic emergy, which converts into
heat.
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Pig. V.27. The dependence of the coefficient of friction of ducts on

roughness and Re number: 1 - rough; 2 - corrugated; 3 - saooth.
Key: (1). Large. (2). Small.
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Page 130.

Heating by boundary-layer friction >f the surfac2 of the
driving/moving at a high speed bodies reaches the significant
magnitudes (Fig. V.29) and it is commensurable with h2ating from the

compression of gas at critical point.

The flow pattern into boundary layer and stability of this layer
is had considerable effect on interaction of flow and str2amlined
body. Boundary layer stability, its thickness and tenlency toward
br eakaway on body depend, mainly, on the distribution of the
velocities in the free flow out of boundary layer. If above it due to
the curvature of body velocity grov/rises (flow is accelerated) or
camber of velocity does not change its sign, then boundary layer will
be stable. This flow pattern occurs on the nose sections of the

profiles of wings, in nozzles, etc.

If the velocity in the direction of flow due to th2 2xpansion of
jets (channel, etc.) decreases, then in accordance with this

grow/rises pressure.
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Pig.K#EEbndinq on Re nusber and flow conditions: I - b/k for

turbulent motion (aerodynamic smooth surface); II - b/k for viscous

motion.

Key: (1) . Roughnes