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Page 2.

Zn the book ire set fort h the physical bases of experimental

aeromechanic s, ths methods of aeromechanical tests under varied

conditions. Is giv en description of the devices of ~iffi ren t wind

tunnels and insta l lations, intended for expe rimental investigations

at subsonic , supersonic and hy personic speeds. Ar~ set forth methods

and are de scribed instruments for determining the f b i  paramete rs

during aer odynamic tests, and also experimenta l proce~dure and

introd uction of c rrections to the results of experim9n ts. The

col!siderable plac3 in the book occupies the presentation ~f the

results of investigat ions in the e xperime nta l det erm inn ti3rl of the

aerod y na mic wing characteristics of aircraft , rockets, different

bluff bodies , groa nd—based transpo rt and above—ground stractures and

element a of struct ures.

The book is L ntended for the student s of VUZ (Institute

of Higher Education ], who study aerohydromechanics and gas dynamic s

and their applicat ion/appendix to different branches f technology .

It will be also us eful for the wor kers of design bure s us m d

scientific organizations , which directly conduct exper imental

research in the field of aeromecha nics or using results

aeromechanical .xp.ri.. nts, a~d also for p.rsons~. occipied wit h
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eqmipping of diffirent aeroaechanical installations and with the

development of eqnipment to them.

Ligures •isi• Tables 21. bibliographies 8.

Rev iewers:

MAX

department of the aerohydrodynamics of LPI in. Ki lini n prof. I.

Ta. Fabrikant.
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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 .

L - _______..

~~~~~~~~~~~

_ _

~~~~~~~~~~

.

-— ,- 
~ — - -~ —-- -. ~-, —- - - ~~~~~~~~~~~~~~~~~~~~~~ ~~~~~



_____________ - 
-

- 

~1
DOC ~ 78201101 PAGE

In this work special attention is devoted to the examination

high velocities wh ose study in recent years occupies the increasing

place both in theoretical ones and in experimental mero.e:hanical

investigations. Is the book are consecutively presented the physical

properties of liqnid and gases, the fundamenta l laws ~f a vement of

air at s.all and high rates of flow, the cell/elements of gas

dynamics, the laws of the flow around the bodies of variou s forms,

similarity and sim ulation in aeromechani~al experiments, methods,

ways and results of different aeronechanical measurements, air foil

data, wing s, bodies of revolution, flow in ducts, nozzles and exit

co*e/d if f users.

Page $.

The li.it.d size of the book will n~ t make it possibl e to

present some, although specific questions of aeromechinics as that:

tb. characteristi: of bodies with unsteady otion, et:. In all

possible cases tta~ aeromech anical phenomena and the processes are

characterized not only physically, but are given also the

qwentitativ. data, which make it possible to rate/estimate the

specific gravity/weight of different factors, which affect the flow

around divers, bodies of the flow of gas.
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rhe dimension al values, given in the book, ar e given in the

ma jority of the cases in MKGSS system since aeromechani :al

measurements and processing of their results are adapt ed to the

system indicated. When dimensional values are not conae:tad directly

with mea su rements it is utilized international system (SI).

For the facilitation of the conversion of ones of one system

into anoth er in text , is given the table of the dine nsionility, which

are encoun tered in aeromechanics of physical quantities in MKGSS

syste . and intern ition a l system (SI) .

Page 5.

The i uth ~ r expresses dee p appreciation to the reviewers Prof.

Richota s Yako v ievich Pabrikant and Prof . Leo Gerasi movi:h

Lopt syan skiy, who made is ma n y observat i3ns , w hich con tr ib u ted to an

improvement in the book , V. V. Ja zarenko and G. E. Kh.I dV akov — for

th . useful disc ussion the manuscripts , aid also by H .  A. lironovoy

and G. I. Autonova aft er aid iii prepar atiop for the sinuscr ipt for

press /printing .
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Page &.

Introduc tion.

Aeromec hanics is called t he science, wh ich is oc~up ie d by the

study of the  laws of the motion of gases (air) under var ied

cox~ditions and inv estigating their effect with the con t ac ted  bodies.

In this na rrow sen se aeromechanics is the par t of the hy dromec hanics,

i.e. , the mechanic s of the uns teady bodies which can na subdivided

into three groups:

1) f l u i d  bodi es wi th high viscosity (glycerin)  ;

2) f luid bodies wi th  small  du ct i l i ty/t oughness/vi s:osity (water ,

gasoline, mercury)  ;

-3) gaseous su bstances (a ir . nitrogen , oxygen , a t : . ) .

Bet ween these groups ther e are no sharp boundarie s. ~owever , it

is d i f f i c u l t  to establish/install the boundar y between solids and

liquids. The basic difference b€t wee n the m lies in the fa ;t  that

soli d bodies cha nge form approximately proportional t the affecting

-~~~ -— -- 
_~~~I:-. 
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them force , uns teady  — are deforme d even under  the e f f ect how

convenien t ly  of smal l  forces, if t h e  de forma t ion  r a t e  is low , the

forces which must be overcome in this case, ar e callel of the  viscous

forces .

Liqui d and gaseous substances essent ia l ly  d i f f e r  f r o m  each other

in terms of the de gree of ccmpressibility . While the Li~ ui1s ~zert

extre mely high resistance to a change in their volume and beca u se of

this are considered in h ydromechanics  as incompressi bL e, gas es are

compressed d uring comparatively snail cha nges in th e p r essure.  On

these reasons for the inves tigations, connected  t ak in ;  i n t o  account

th. compressibility effect of air and gases, they o :cupy in

ae romechanics the exc lusively important  place .

The propertie s of gases, liquids and solid bodies are  connect ed

with their molecular structure. As is known , between aole:ules there

are attracting forces. In solid bodies they are most significant, and

it is necessary to greatly strengthen in order to overcome them (to

change for m , but  those more to divide solid body on part). In liquids

these forces are m uch less: therefore  li~ uids do not h av e their  own

form , they are f lowing and always is taken the for m of the container

in which t h e y  are located. In gase s of the force of the mutual

at traction , barely they are exhibited ani become noti :eabt e  only  at

very high pressure s and low tempe r atures when the intermolecular
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dista nces strongly decrease.

Pa ge 7.

At su f f i c i en t’y  l o w  ( for  this  pressure) t emp e r a t u r e  t h e  gases are

converted into li~piid (for examp le, nitrogen with —1 9~ .8° ; oxy gen

with —183 °C) .

The basic d i f f e r ence for gase s f rom l iquids consi sts: f i r s t , in

the insignif icance of cohesive forces between the mo lecule s of gas ,

caused by the larg e distances between them and which Leads to the

fact t~hat the molecules f l y  off  in di ft ecent  direction s, and gas is

spread by en t i re  g iven to it vo lume , liquid , f i l led into co n t a i n e r ,

is forme d floa t ia~ surface;  in the second place , in the large

intermolec ular d is tances of gas, w hich caus es its powerful

compressibility in com par ison wi t h the neg ligib le com p r essibility of

liquids.

The liqui d, leprived of the viscous forces, is called ideal. The

examination of the courses of idea l fluid makes important sense

because many pheno mena in aeromechanics (in real liquids and gases)

littl, depend on the viscous forces whose effect is su bstantial neer

body aurface and t herefore in the first approx imation, the y can be

considered as the phenomena in ideal fluid. Although jases consist of
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the molecules, bet ween which 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 continuou s medium. As a result of the smallness of the

partic les, which compose substance, this representation (simulation)

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

In  1 cm 3 of air it is found at normal atmospheric pressure

2.7.1019 molecules (number of Loschmidt). Examining, for exam p le,

cube with finledges 0.01 mm , we will obtain that in th is volume it is

contained 2.7.1010 molecules. Under these conditions air can be

consider ed co~tinious medium. Such position will not occ ur at the

very low values of density (pressure), so, at a pressure of

ap proximat el y one bil lionth standard atmosphere (1.10 ’ mm Hg) into

of 1 cm 3 will  be l ocated 2.7. 1010 molecules, but in cube with

fin/edges 0.01 mm — 27 molecules. On these reasons wit h the motion of

the strongly raref ied gases or during flights at ver y hi~’c alt itudes

(for examp le, at the height/altitude of 200 km and hi~her) already it

is not’ possible t3 consider gas as continuous medium.

Under normal conditions the pressure gas on barrier,’obstacle

(wall) on the average remains time—constant, sigce a num ber of

mo lecules is very great, is also great and a number of collisions of

molecules with wall. For example, at tempe rature of 0°C and pressure 

———- -.. - --.--~~-—____

_ _ _ _ _  —---~~



. - , r ~~~r p r~—~~~~~~~

DOC = 78201101 PAG E 10

760 mm Hg the velocity of the motion of the mo lecules of air is equal

about 450 a/s, the collision frequency per second of each  molecule

with other or with wall comprises 7.5.10’, and the mea n free path of

mo lec~iles — about one deca.illion par t of the meter (~5.9.10 S cm).

With a decrease of pressure, which corresponds to elei ntion to

height/altitude, i t  decreases both number of molecules and col l ision

rate, and increases the  average path of th~eir mean f re e pa th  which

teach at the h-eigh t/altitude of 100 km — 10 cm , at the

he ight/a l t i tude of 150 km — 8 a, but at the height/alt itude of 200 km

— more tha n thousand mete rs.

Pa ge 8.

At similar height~altitudes 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 comparison with the

su e/dimensions of the flying -bodies.

Thus, aeromechanics stud ies air circulation and its interaction

with bodies under the manifold conditions, characterin ed by both the

different state of the gas (pressure, tem perature, density, etc.)and

by differe nt forms of bodies.

—-
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The tasks, connec ted with aer omechanics, are encount retl in many

areas of science and technology; however, principal direct ion is

coqnec te~ with the stud y of relative motion of liguid (gas) and solid

body. Here first of all it is necessary to note the cases when the

streamlined bodies are completely immerse d in liquid a i r c r a f t ,

submarines, rockets , etc. ) and the conditions, under which the liquid

or gas f lows w i t h i n  d i f fe ren t  channels (gas pi pes, win d  t u n n e l s,

ve-~ t ilation systems, compressors , turbines of jet en gines, e tc . ) .

Although theoretical aeromechanics achieved large successes, it

not always can be used for solving the manifold practical tasks,

advanced by the development of technology and industry . On these

reasons in aeroma:hanics, intensely are developed the ex perimental

methods of the studies whic h actually can be considere d as

independent important discipline. The experimental met hods of

aeromechanics are utilized not only for checking the developed

theory, but also t hey are the source of the creation of more precise

theories on the ba sis of the phenomena and facts, detected

exper iment ally.
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Page 111.

Chapter V.

BOURDkRY LAYER.

§V.1. Lami nar  and t u rbu l en t  boundary layers .

Unt i l  now , was examine d, m a i n l y ,  the motion of id ea l f lu id ,

i.e., the liquid, not having  interna l frictional force s. the forces

of interna l fricti on or duct i l i ty/toughness/v iscosity ex ist in all

real liquids and gases. As a result of the i r  effect , all strict

conclusions, made for an idea l f lu id , for real liquids and gases are

these approxima te! • that need some corrections and refinem ents. One

of primary tasks of aeroaecbanics (in particular, experimental) is

the determination of the corrections into theory vhica introduce the

forces of viscosit y of li quids or gases.

The viscous fo rces  attempt to inhibit the rapidly driving/mov ing

part icles of liquid and to accelerate the motion of slower particles.

ii
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They are in essence forces of periphery an d it is especially great

where the liquid flows by layers with a large difference in the

rates. Ductility/toughness/viscosity serves as a reason for  the

educat ion/formation of eddy/vortices, very substantiaLly affecting

flow of liquid or gases.. On the other hand, the formed eddy/vortices

due to duct i l i ty/toug h ness/viscosity gradual ly  are reso lved .

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 estab lish/install following:

1) liquid ad~eres to surfaces so that the particles which

direct’ly fit closely to plates, have rates , equal to the rates of

plate;

2) the rate of the liquid between plates along tie  n o r m a l  to

them cha nges according to linear l a w ;

3) internal fluid friction is resisted to motion, proportional

to the velocity gradient.

____ _ _ _ _

. - . - - 
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T o

Fig. V.1. Flow of liquid between plates.

Pa ge 112.

Analogous experiments show that during the flow around body of

li -quid on very bod y surface the liquid is motionless, it •adheres”,

and at certain small distance from it, it acquires already the rate,

compa rable with the local velocity of inleakage (Pig. V. 1) . This t h i n

1a~ er, in which takes place the increase of velocity from zero to the

local velocity of flow, is called boundar y layer.

Ductility/toughness/viscosity in liiuids and gases is the

consequence of their molecular structure. The molecules of gases and

liquids according to kinetic theor y possess the completely definite

av erage random velocities, which  depend only on temperat ure. In each

more rapidly drivi n g/i~ ving layer I (Fig. V.2) molecuLe , they  have ,

except the velocity of irregular molecular motion, eve n addit ional

ordered ve locity of overall forward motion. Thus, the ve loc i ty  of
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molecules in layer I will be more than in layer II. V i th  t h e  mixing

of lay~ers, the mor e rapidly driving/moving molecules, falling into

th. slow layer II, transfer to the  molecules of this Lay er certain

- momentum/impulse/pulse and they will accelerate them, and themselves

to brake. And vice versa, “slow” molecules, falling into ra pid

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

New ton ass umed, and further investigations justified this

assumption that the forces of viscosity dl, acting along two closely

spaced area/sites (or layers) in the boundary  layer of l i qu id  (Fig .

V.3):

wher e p — the coef ficient of dynamic viscosity, charac terizing

physical propertie s of liquid ;

IS — area ;

velocity gradient along the normal to bod y surface.
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0
0 0

0
0 0  0 0 0

0 ‘I

:~ ~~~~~~~~~~~~~~~ 0~~0 0 0 0 0 0 0 0

~~~ v.~~.

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

ductility/toughues s/viscosity.

Fig. V.3. Interact ion of layers according to Newton.

Page .1 13.

The forces, which act on two adjacent pads, are equal in
magnitude, but  the y are oppositely directed.

If we divide force dl into area dS, then we will obtain voltage
eqeal to

dX
ds ~a,/, —.

This voltage direöted along area/sit e is therefor e tangent ia l

(tangent) .

~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ .~~~~~ -- -~~ -~~~~~~~~-
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The coefficient of ductility/toughness/viscosity there is a

va lue dime nsional (see ’çable 111.1):

[dXl (5~I~” (.ij

i i  IdLI li~’I fiCf.ci,c l ~~~~~~~~ 
~~~~~~~~ ~~i 

— I. ~
—J — I ~~~~

I~~J L~SK ~iJ

Keg: (1). kgf. (2,. kg’s. (3). u .s. (~$) .  s/s. ‘~— f l I n  the  examina t ion

of the flow of liguid or gases, it is ver y frequently necessary to

compare the viscois forces, which depend on p, with tie inertial

fo rces, the propor tional ones to m ass density p. Therefore proves to

be advisable to introduce an additional one coefficient of the

ductility/toug hnes s/viscosity

vI— 1~.p .

that characterizin g the acceleration of single mass from the viscous

forces. This  coefficient is called kinematic modulus f viscosity.

Its d imensionality

rlvi ~~ I—
I c~cN

Key: (1). •2/~~. ~~~~Aii calcu lations in aeromechanics ar m conducted

usually in system of practical units, and v alues p am! v ome should

represent in the same system. However, the •ajority of the laboratory

inwestigations of ductility/toughness/viscosity is :oadu ~ted in the

absolute system of ones. As ones of ductility/toughuessfvtscoaity, is

-~~~ -
-—-

~~~~~~ — — - --~~~~~~ -——---.- -~~~~~~— - - -~~~~~~~~~~~~~~~~~~~~ - - - ~~~~- -~~- - -m,-~~~--.-~~~~- -~~~~~~~~~~ 
A



~~~~~~
—-- ---

~
---

~~ ~
—.-- -

~
- - ,T —

~~--- ~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

DCC = 78201102 PAGE

accepted one poise , which corr.spomds to value -r, equal to 1 iynes to

of 1 cm’ under the assem ptios ~~~~~~ that velocity from area/site to

area/site, removed to a distance of 1 Ce, cha nges on 1 cm/s. Under

these conditions

— —i-- — 1 .
11

Page 114.

Are used also small/finer one of dUctility/toughness/viscosity —

cer~tipoises and mil lipoise.  Transi tion f r o m  poises to w or k i n g

standard of ductil il y/toughness/viscosity can be founi from the

relationship/ratio

(4,

f tt Cex 
— 

98i~000 diii CtA 

~ , f dun 
— ~~~

- I u’ - 

— 10 000 cv~~~ 
- I ~~~~~~

‘ 
- — 

~
“

Key: (1). dyn.s. (2). poise.

or

_____ M it,.3
I “ 

—

Key: 11). kg.s. (2). poise.

- _
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In ezactly tie same manner for a kinematic modulis of viscosity

let us f in d

(4 Ic.u~
I c,K

Kef : (1) . •~ /s.

In pr actice value p is determined in the majority of the cases

by viscosi .eters, gaug ing consumption of t h e  liquid th rough  the

ca pil lary or capi l lary  tubes f lows in which  are suborlinatad to

peiseuille .qsatios, into honor of whom is name d one of

ductil i ty/toughness/viscosity. Poiseuille f low - this  is t h e  f low of

viscous fluid alon g the d uct of a small diameter . In e x a m i n a t i o n  in

th. glass duct of flow of water, to which are mixed small solid

suspended particles, it is possible at consider-able rate of flow to

note that together with main x i— m otion of duct are c L e a r L y  visible

th. incidental particle motions in the direction, normal  to the

axle/axis of duct. If the rate of motion in duct is decreased , then

at certain rate will become the evident that the particles of liquid

move w i th  separate layers over the tra j ectories, to an d wal ls .  This

flow is called l a m i n a r .  If we examine laminar flow in the tube of so

smal l a di ameter, t hat the  bou ndary la yer t hickness is more  than a

radius, then boun dary layer will be linked on axle/axis and will f i l l

atira tube. Ike law of rate change in a radius is de~ ecmin e d  by 

--~~~~~~~~~~
-
~~~~~

.-.
~~~~~~~~~

—- -—
~~~~~

. -~~- -.~~
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Potseqille equati n (Pig. V . )

(Rt~~r’),

where j  
- distance of the section in guection from the beginning of

duct ;

- jump / dr op in t h e  pressure under action of va ich occurs the
fJ.iw ;

R — radius of duct ;

r — variable radius.
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rig. V.4. Rate change across d uct during Poiseuille flow.

Pa ge 115.

Prom this f o r m u l a  it follows that th e rate chan ges accor d in g to

parabolic law. This flow is called Poiseuille flow. Fl uid flow rate

through the tube is equal to

u -~~ ~‘-‘~

where U — a volume of the l iquid , wh ich escape/ensue d for  t ime un i t ;

- the pressur e d i f f e r en t i a l  at the length of t he ca pillary of

tube;

— l esgth of capillary;

R — radius of tube.

Value of the coefficient of ductility/toughness/v iscosity for 

_ — _ ~~~~~~~~~--
-.- - -_—  
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the air

~ =(1,745. ~ L~ 5,03. 10 ’t°C) kg.s/m’

of t=15°C p 1.82s10 ’ k gf  S/a Z . Hence v=1 ,45.10 5(with t=15° p l6O mm

Hg).  For the water

— 
U.O178p

~L—  I+O,03371+0,00022r1’

at 15°C

I~= 1,164.I0’ kg.s/.’.

The kinema tic viscosit y of water is sma ll :

v = -~-=~~~... I.Ie ;I0’.e~~,.~0 1145. 10-5 a’/s (at 15°C).

Com pa ring this value wit h value ,v for air,, we obtain

!~~~ 
1,45.10’ =12.7,v~~~~, 0,1145 10-’

i.e. the kinematic viscosity of air 12.7 times of sore than  th e

kimematic viscosit y of water.

The tl ucttl ity/touqhness/viscosity of air and other gases

increases with temperature. A change in the kinema tic mo dulus of
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viscosity during a change in the temperature and pressure for air is

shown on rig. V.5. The viscosity of true liquids f r o m  a tempera ture

rise falls.

Under the effect of viscosity (internal friction~ t he gas

velocity on the surface of the streamlined plate becomes equal to

zero. During removal/distance from plate a long the nor ma l to its

surface, the speel grow/rises to the valu e, which corc~es ponds to the

speed of u ndisturbed flow (v0) • The same occurs, also, l u r i n g the

flow a round other bodies despite the fact tbat the speed along them

can be cha nged .

— - ~~~~~~~~~~~~~~~~~~~~~~~~~
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Fig. V.5. Curve/graph 
~~~~~~~~ 

for air.

Key: (1) . cm 5/s. (2) . mm Hg.

Pa ge 116.

In la minar b o u n d a r y  layer the flow occurs by t he  nonmisc ib le

la yers (Fig. V.6) ,  but in this case the  f l o w  is whi r le d (Fig. V.7),

and boundary layer occasionally referred to as also tie layer of

surface turb ulence. Despite the fact that the particles in this layer

rotate, there is no their transverse mixing.

If boundary—layer flow is accompanied by the ranl om movement of

particles and t heir  mi xing in transverse direct ion (perpendicular  to

flow direction), then  this boundar y laye: is called t ir b u le n t . Single

particles in it describe complex curved paths, which lo not coincide

with the f l o w  line s of the averaged f low (Pig .. V.8~ .

-— — —- --_ - —%-—-.— -~~
_ --—-.- _ —— - ~. . ___ ___ _ _. .___z_i___. - ~~.._ _%t.~~~~~ S ~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~ - - -
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This state of boundary— layer flow and connectel with frictional

resistance to motion, and also all the aerodyn amic pr oper ties of th e

streamline d bod ies depend on Reynol ds num ber, which ch ar act eriz ee the

ratio of inertial forces to fr ict ional forces. To num oer Re~ — 2 .10’

for  a flat/plane plate, the boundary layer retains its lamina r

structure. Hence it follows that the length of the laminar part of

the boundary layer

~~~~~~~~~~~~~

ror standard air

1,= 2-  l ! ~~~~~-!! ~~~~... ?!!
- V -

The increase of velocity or boundary layer velocity profile can

be described by the approximate theoretical expressions

or

— ~, (2 f —

where y — point, in wh ich the velocity is equal v;

• — thichiess of the entire boundary layer (Fi;. V.9), with y—6 
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rig. V.6. Diagramm atic representation of viscous aoti n in boundar y

la~.r.

_

_

rig. v.7. Eddying of lamina r boundary layer.

Fig. V.8. The schematic of turbulent motion in the boindar y layer: I

— turbulent boundary layer; II — lamina r sublayer .

Page 117.

These airfoil/profiles satisfy the condition of adhesion on wall.

and tire co ndition of steady transition to the velocity of the

ineiscid f low v 0. However , vir tual ly  the increase of the  velocity in
boundary layer occ urs on its larger part almost linear ly, and 

_ _ _ _ _ _ _ _ _ _ _ _ _ _  — -
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beginning approximately with the half of thickness of the layer it

begins bending of the velocity profile. rhe thickness of laminar

boundary layer along plate, as show experimen tal data , is changed

according to parabolic law, i.e., it is proportional 1’x:

or 6=6J/~~f .

hers Re~ 
— Reynolds number at a distance x from leadin g ed ge plate.

Friction stress for a flat/plane plate variably decreases

inversely proporti onally Vi

Ta.. — 0,382

wh Ich is c onfirmed well by experimental data.

Coeff icient of fr iction drag of smooth plate, in reference to

its complete surface:

xC aa.

where X — frictional force, which acts on both of sides (surface)

of the pla te

- X,,,— I,33Vj~~v~ ,

£3—1.6X; S..I.i ,

he nce

1,33 J/~~~..I,33 ~~~~ 

~~~~~~~- _~~~~~~~--
-
~~~ -_ -~~~~- - -_ --- - ------- - -  - - - -- ----- ~~ -- -. ---- _- --
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The velocity of single particles in laminar  bou ndar y layer along

pl ate at certain constant distance from its beginning (vith Y=const)

due to friction decreases. kin etic energy of these particles also

decreases, and l aminar  la ye r becomes unstable.

_ _  -- - -  

-

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

turbulent (b) boundary layers.

Pa ge 118.

At certain distance from the leading edge of plate, called Z.i’ and

corresponding to this distance Re.p =r~~t~
-’, the flow bec omes turbulent.

The transi tion of the stream— line conditions of flov to turbulent

occurs in the so—called transit ion region where the  f low mixed .

Near wall remain s the very thin lasimar sublayer, in

wh ich the velocity gradient is very great , which produ ces an increase

of the frictional resistance in boundary layer. For a tur ulent

bounda ry layer the velocity along the normal to surface (wall)

grow/rises approximately of proportionall y to the root sev enth degree

of distance from the wall (see Fig. V.9): 

- _-- -- — --- —~~~~~- 
--- - - --- ---_-----

—- - - ~~~~~ --~ ---~~-- - - - -~~~~~~~~~~ - -  — - ---‘_-—rn---- -—--- .-- ---—--_-
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The thickness of turbulent boundary layer along tall g row/rises

more rapid than the thickness of the laminar boundar y layer:

6 0,37
x-~~~ syE~~

FrIction stress and coefficient of friction dra g in ti rbulent

boundary layer is also more , rather tha n with the l aminar  boun dar y

laser:

- 

T 0 ,0225PV~~(-~~~~~,

- 0,074 / 0 456
~~~~~~~~ (is mo r e precise, (Jg Re~11)).

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

0,074 1700
~~~~~~~~~~~~~~~~~~~~~~

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

plate of purely turbulent and purely laminar flows foilovi ng :

Re I~ 1~~ l0~ 10’ 10’
1.71 3.36 7.15 6.03 37,04

C/a..

-- ~~~~~~~~~~~~~~~~~ - “ -
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Fig. V.10. Compari son of th. coefficient Gf fr iction c~ of d i f fe ren t

fl-ow conditio~s: i ’— ~~~~ ii — c1,3,,6
: III — c

11~~ 
-

Page 119.

As can be seen from that presen ted, w i th an increase in Reynol ds

number turbulent resistance increasingly more exceeds laminar. By

this is caused ten dency how it is possible longer (a t the larger

length of body) to preserve the stream—line conditions of flow during

the flow around different bodies (airfoil/profiles and fuselages of

aircraft, rockets, ships, etc.) ,  since thus  it is poss ib le to

decrease their  res istance and to i ncrease the velocity of motion (at

given power).

Frictional resistance depends substantially on the

compressibility of air. For a lamina r boundary layer t h i s  e f fec t  can

be estimated for a flat/plane plate on G. P. Burago’s approximation

formul as

f~~. -- - ( 1+0 .1Mg,) ’

A 
—- - - -  —---——

~
_i__ ____ ________ 

— - _--- - ---~~~~ - ---------- --— - -- ----- ------- - . -  —
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wh Ile for turbulen t

C
7

(i +~~M~~

The dependence of turbulept friction on Nach num oer is given in

rig. V.11. For determination of the position of the tr ansition point

of laminar boundar y layer into turbulent  f o r  smooth a i r f oil/profiles,

it is Fossible to use the curve/gr aph , given in Fig. V .12 , in whic h

is given the depen dence (~r 
— i.) — f (Re)

S

where b - a chord.

5min~~~ is determined usual ly  from dependence P f ( m ) for  this

airfod i/pr ofile, obtained from experiment or by theoretical method . 

~~~~~~~~~~~~~~~~~~~~~~ _ _
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Pig. V . 11. Depende nce of the coefficient of f r ic t ion of t u r b u l e n t

boundary layer on Mach nu mber.

Pig. V.12. Curve/g r ap h for det ermining the position of t r a n s i t i o n

point .

Page 120.

It must be noted that  with  an increase of the an;l. of attack

with in  small  limit s the t ransi t ion point iiith increase c~ is

displaced on the up per surface of airfoil/profile forw ar d, and on

lover — back/ago, and its mid—position for  this Re n u mb e r  does not

virt ually change. With an increase in Reynolds number the transit ion

po int is displaced forward , the region of laminar f low is reduced ,

alid drag coefficient increases (Fig. V.13).

The initial t urbulence of f low. The fl-ow, which encou n ters to

bodies, is usually filled by small/fine eddy/vortices. In wind

-‘ -- ---— -~~~~------~~“ — -----~— 
_ _ _ _ _  _ _ _ _ _ _
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tunnels the sou rce of vortex form ation , r turbulence, are d i f ferent

cell/elements, which are located in flow (diffusor ;rids, b lad es of

elbows, etc.) • and also ver y walls  of duct.

In the prese~ ce of small/ f ine vortex flows, the veloci ty  its

aLways f luc tua tes  (Fig . V . 14 ) , since the carried by flow

eddy/vortices t hey wi l l  f irst  increase, t h e n  decrease the  loca l

ve locity in  de pendence on their direct ion of rotat ion and position

relative to f low—ra te  meter (nozzle) . The usua l meters  (besides

hot—wire ones) , used dur ing aerodynamic investigations, give  only the

averaged velocity of f low. True airspeed

t’tp ± 0,

where i — average quadrat ic value of the pulsating vel oc ity of f low;

can be positive (i.e. directed to the same side, as vi,) and negative.

-
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Fig. V.13. Effect of a number Re and of a position of t r ans i t ion

peint for f r ic t ional  resistance.

rig. V.14. Stream- velocity f luc tua t ion : I — speed/rate mete r .

Page 121.

The initial t urbulence of flow the  greater , the  grea ter  the

va lue i, determine d according to the expression

here (t 2-t 1) — certain period of t ime for which fa l ls  the large

nu mber of pulsat ions of velocity (Fig . V . 1 4 ) .  For m e a s u r e , or degree,

turbulence s acquire the value

V
C — — .

Vt,

The value of the degree of in itial turbulence  expresses

IL
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frequent ly in the percentages

Eh/,I1UI
~~
!.I00 .
C,

Inves tigatioi s shoved that in vied tunnels the initial

turbulence of flow oscillates within limits by 0.1—2o/o. Turbulence

of natural atmospheric air at the height/altitude of several hundred

meters is equal to ec~ O,02% In spite of its low value the  i n i t i a l

turbulence of flow in duct strongly affects the character of flow. If

in flow is ini tia l tur bulence, then, as show experiments , the laminar

pa r t of b o u n d a r y  l aye r on body shar ply is reduced, since l a m i n a r

laler litt le is st able, and in i t ia l turbulence  of i ts f low eas i ly

sving s” . Fric t ional  resistance in plate, win g prof i le  and s imi lar

bodies in this case strongly grow/rises. Increases also overall drag

c, (Pig. V. 15)

Not a lways , h ow ever , the increase of initial tur ulen:e

increa ses the resi stance of bod y. An increase in the r esis tance is

obtained in such bodies, whose main thing it is comprise friction ,

but not the resistance, caused by forces of pressure. The bodies of

good streamline shape include the plates, placed by fi n/ed ge to flow ,

fuse lages and wings of a i r c ra f t, missile body , dirigi les, ships,

etc. In such bodies friction reaches 70—30o/o of tot al resistance. 

- - - - ~~~~~~~~~~~~~~~~~ -- - -- —~~~~~~~~~ -~~~ -- — - —- - ~~~~-~~~~~~-----~ ~~~~ -—
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Fig. V.15. Ef f ect of the intensi ty of turbulence • and of number Re

on the dra g coeffi cient of bodies of revolution.

P~~ e 122.

In the bodies whose resistance depends, mainly,  on pressures

(shape drag) , caused by bou ndary— layer separation, in the turbulent

flow sometimes is created smaller  resistance th an in l amina r  f low . An

example is sphere. Its coeffic ient c. strongly depe nis on Reynolds

number  (see Pig. V . 19) . An incidence/drop in tbe drag  coefficient

occurs simultaneou sl y with the transition of boundar y layer f rom

lamina r state into t u r b u l e n t .  Wi th  the smal l  Re numbers , t h e  l a m i n a r

boundary layer in sphere blows away from its surface ilmost over the

greatest t ransvers e section (diameter) .

According to the available expe r imen t s , at the f i r s t

torque/mom ent the flow flow s about the sphere without  b r e a k a v a ys

(F ig . V . 16a) , in f r o n t and from behind it is obtained el evated

_ _  —~~~~~-- --- - - -~~~~- -~ -- - -— 
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çressure , while on transverse to flow — equator , - low ered/reduced ,

i .e . ,  flow patteri the same as for the  case of ideal f lu i d . In the

following instant the boundary layer begins leak from r egions  with

elevated pressure (i.e. from front/leading and rear ends) into region

with lovered /redu:ed (i.e. to equatorial cross section). A bout

maximum ( t ransvers e) cross section these layers collil e ( r ig .  V. 16b)

As a resul t of col lision, occurs the flow breakaway fr om the  surface

of sphere and air begins leak as show n in Fig . V.16:, m r eover

pressure a f t e r  spiere decre ases , tha t  also creates pressure

di f ference  from t he  f ron t  and from behind a ph.re is ca usel the h igh

resistance , measured by coefficient ~~~~~~

With the lar; e Re numbers , the  boundary  layer in sphere

tr ansfer/converts int o t u rbu l en t  state. It in exactl y t~e same mann er

blows away from surface, but only at the point, whic h lies further

along flow- , than w i t h  laminar  boundary layer .  This is expla ined  by

th. fact tha t on t h e  boundary of turbulent boundary layer occurs the

euergetic mi xing of a ir  of this layer  wit h the driving /m oving above

its surface of lay er external  flow . Therefore  the laye r, wh icn  f lows

from the front back/ago (along flow), is carried along by external

flew , and the layer, which flows forward, it is braked by it. 

—--~~~~~-~~~~~~~~ - — - — -  — -~~~~~~~~~~~~~~~~~
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Fig. V.16. Plow ar ound sphere at d i f f e ren t moment of t ime .

Pa ge 123.

As a resul t 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 mor e favorable H
(Pig. V . 17) and approaches a flow pattern of ideal fluil . In this

case, the coefficient to flow pattern of ideal fluid. In this case,

the  drag coefficient of sph ere fal ls to ve ry  low value ( 4 — 0,))

despit e even the  fact  that  the frictional resista nce a gai m st  the

surface of sphere in turbulen t layer will be increased .
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Sphere is ver y sensitive to initial turbulence.  ~u f fi :i en t

before the sphe re to place several th in wires so that the boundary

lager woul d pass i nto turbu lent state. Is very exponential the

following experien ce in Prandtl. If we Jan to the front of sphere

(Pig. V.18) place fine/thin wire ring, then it not onl y will not

increase the drag coefficient of sphere, but it vice versa decreases

it more than twice (at low speeds) .

Sphere they  use for  the indirect  de te rmina t ion  of the  ini t ial

turbulence of flow in wind tunnels. Graphically the r3sults of the

te sts of sphere in ducts with d i f f e ren t  in i t ia l  turbulence of flow

take the form, depicted in Pig . V. 19. This curve/grapa can be chan ged

in th. for m e~.w f(R e . ,), wher e Re 1~ - there is Reynolds n u m b e r , wi th

vhoic,=O ,3.This cur ve is very stead y and on it satisfactorily lie down

all experi me nt s in different ducts.

For the  determinat ion cf the degree of initial tu rb ulence in the

nevly constructed duct, it is nece ssary to test ther e sphere at

d i f fer ent velociti es and to constr uct curve c;—~~(Re). Af ter finding Re

with which c, — 03, it is possible on curvs/graph , given on Pig . V. 20,

to f ind the value of the in itial turbulence  of fLow 0%- 

_ _ _ _ _ _ _
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Fig. V. 17. The d is t r ibut ion of pressure accord ing to sphere  dur ing

dif ferent  conditions/modes of the flow: 1 — ideal flow ; 2 - turbulent
breakaway;  3 — laminar breakaway.

Fig. V.18. Sphere wit h wire r ing.

Page 1214.

During tire determination of the degree of the initial turbulence

of flow with the aid of sphere, it is necessary to tak e into

considerationw that dependence e% —F (Re), shown on Fig. V.20 and

approximated by the fotmula

0 — 2“~~1Ieurp 1”~ 
I

is obtaine d accord ing to the exper imeata, carried out in the

1?90s with the sph eres with a diamete r of 12—22 cm in ducts wit h the

_ _  ~t _ _
~

_. _
~~”~~ ~~~
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re la ti vely high d eg r e e  of init ial  turbulence (0.5—3o/o) . In  recent

years the qual i ty  of f low in  wind tunnels increased and the  degree of

in itial turbulence in them was lowered to 0.2—0.3o/o. Furthermore, it

was noticed, that  the obt ained value e°o depen ds on the diameter of

sphere and size/dimension of the test section of the Iu:t.

The experiments conducted regarding initial turbulence with the

use of spheres of different diameter and hot—wire arie~ometers showed

following. Value Re~ in duct with the size/dimension f the test

section of 3 . var ies from 1400,000 for sphere d=100 mm to 310,000 fo r

sphere d=500 mm , wi th  respect varies and value •% ?he g rea t e r  the

diameter of sphere with the  assign ed/prescribed diamet er of test

section, those the more obtained f r o m  it value r%, vhica corresponds

to the larger fra g uency band of the pulsa tions of the velocity,

“recovered” by sphere. So, sphere dZ300_350 mm covers entire range of

pulsations and gives great value e%. sphere d 100 mm gives the

re duced va lue t
~%. which corresponds to the range of pilsations from

1000—2000 Hz and it is above. 
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Pig. V.19. Depende nce c, of sphere on Re num bers an d “.

rig. V.20. Depend e nce ~,, on Re.~ for a sphere.. Different small

circles showed d i f f e r e n t  wind tunnels.

Pa ge 125.

I t  is necessary to kee p in mind that  the spectrum of

stream—veloci tys f luc tua t ion cover s very wide f requenc y b a n d :  f rom

ones to hund red s of thousand hertz. However, those determining the

intensities of turbulence are low frequencies (Fig. V.21). On these

reasons dur ing  the determinat ion of values Re,, ned ~~~ wit h the aid

of sphere, it is n ecessary to introduce :orr ctiom &‘~=f (d,~1) for the

ratio of its diameter to the dia meter of test section, but  in the

ca se of the measurement  by ho t—wire  anemometer — to consider its

frequency charact ristic, frequency band of the pulsations of

- ---- -
~~
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ve locity, measure ! by hot—wire anemometer .

Taking into account the results of experiments in recent years,

it is poss ib le for de termining initial turbulence of f l ow  in wind

tunnels’ wit h the  aid of sphere to use the following lepen d ences .

FOOTNOT E 1~~ There are in the  form of duct with the retativ .ly small

initial turbulekica of flow in test section (e~~ 
_O,5+0,7~. UDFOOPNOTE.

1. Expected critical Reynolds number is connected wit h

size/dimensioi~s of tested sphere and test section

10’ Re,,~~0,8e”•”—”a’+3,

where

x= D,.~

here d~, — diaseter of tested sphere;

1) ,,.— diamete r of test section of duc t .

2. Intensity value of ~aitial turbulence of flow in terms of

ob tained in experi ments val ue Rec,

‘0-s
I .

,, , ( ~~~~~~~~

)

T

L~~~~ .. __________
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Fig. V.21. Dependence of the inten sity of tu r bulence On the spectrum

of the mea sured frequencies and the turbilence equipment/dev ices.

Keg: (1) . Hz.
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Fig. V.22. Cy ,m~~..1(~.s%) for a model a i rpla ne wi th  t h e  sweptback

vi qg.

rig. V.23. Characteristics of model airplane with delt a wing at

different intensit y of turbulence of the incident flow.

Page 127.

The initial turbulen ce of flow affects also such aerodynamic

I 
_ _  _L _ _ _ _ _  _ _ _
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characteristics as lift coefficient C.v,,~~ apd coefficient of pitching

moment. Figure V .22  and  V. 23 gives valuss cv= f (a) and mz~~ f (a) for

aircraft wit h swept and delta wing, in Fig. V.2t for recta ngular and

ii Fig. V.25 for  a laminar  wing, obt ained wit h differe nt initial

turbulence levels of flow. As can be seen from diagram (Fig. V.22),

at the high angles of attack of larger initial turbule nce,

correspond s the la rger value of coefficient C~ max and nij. This is

explained by the fact that with the la~q. initial turbulen ce of flow

and at ang le of attack of wing the flow around upper surface is

steadier (the same effect, as during the flow around e ph ere~. The

same effect of increase Cym.~ gives an increase in Re number.

1~ 
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Fig. V .2t .  Charact eristics of the rectang u lar wing at  d i f f e r e n t

intensity of turbulence of the incident flow.

Page 128.

During the evaluation of the results of the  ezperimen~s in wind

tunnels im portantly to divide and to rate/estimate an effect both of

th• initial turbul ence e% and Re numbers of the exper iment. Figure

L —--- - — - — - - - -~~~ --— - -~~~~~~~~~~~~~~~~~
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V.26 shows the effect of the intensity of turbulence on tha

resistance of some bluff bodies.

Taking into account the considerable eddying e f f ec t  of f low in

wind tunnels on the results of experiments in them and the fact that

the contemporary f orm s of flight vehicles are very ideal , and

frictional resistance for them plays the significant role, th e y

attempt dur ing  tests in duc ts to have  the init ial  tu rbu l en ce  of flov ,

a close to atmosph eric.

Bou nd ar y— layer separat ion . As a w hole to the position of the

transition of lami nar boundar y layer into turbulent state, besides Re

number , the form ~ f wall (airfoil/profile) • local ben~ ings , angle of

attack, that cause pressure gradient in the direction of the motion

of gas and the initial turbulence of flow , are exerted e f fec t  and

state of fairiag (degree of its roughness) . Figure V . 2 7  gives changes

i~ the val ue of the coefficient of fr iction for duct s fr om d i f ferent

by roughness sur face  in dependence on Re number.  

_ _ _
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Fig. V.25. Pol-ars of laminar—flow profile NACA 632=616 at different

intensity of turbu lence of inciden t flow (Re=1.25.1O’I.

Fig. V.26 . Th. dependence of the relative resistance of different

bodies on the i n t e n s i t y  of turbulence of t h e  inciden t flow : 1 —

cylinder a f ter  crisis (Re=4 . 1OS) ; 2 — cylinder to cr isis (Re=2.105) ;

3 — cube (Re=t . 105) ;  ~ — mo de l of electric locomotive on screen

(Re=4. 10’).

Page 129.

As cani be seen from figure, by good su r face  f inishing it is  possible

to at-tam the decrease of f riction al resistance several t imes. An

especial ly import a nt value this fa ct has f o r  the a i r c r a f t  of rockets,

ships and the similar bodies, frictional resistance ia wh ich

comprises the considerable portion of total resistance. 

~~~~~~~~~~~~ -~~~~~~-~~ - -- —~~~~ 
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The e f fec t  of d i f f e r e n t  i nequalities (rivet head , slot , surface

waviness, heavy graininess in coloration) lies in the fact that they

agitate l amina r  fl ow , move transition point in to  tu rbu len t  f low

forward (to the lead ing  edge of body) , increase section w i th

turbulen t  boundary layer and , conseque nt ly ,  also r e s i s t ance .  The

degree of the surface roughness is called the  ratio of

he ight/a l t i tude k of t he  proainencefprotuber ances of r ougane ss  to

radius r of duc t or to wing chor d (to length of b ody) .  th is  roughness

is called of relat ive. Absolute roughness is measured in mi l l imeters

or portion s of mill imeters.  Values in the millimeters of t he

height/ a l t i tude of the projections of the roughness of d i f f e r e n t

materials fol lowing:

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

new steel seamless pipes. 0.04—0.17

zinc-coated i ron ducts. 0.39

new cast—iron pi pes. 0.25—0.42

birch pl~ woo!. 0. 025—0.05 

-- - --- -- - - - - ~~
- 
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pinev ood plywood. 0.1

wooden ducts. 0 .25—1 .25

woode n planed blades . 0.25—2. 0

surfa ce from clean cement .  0.25-1.25

pla sterings D y  cement  mortar .  0 .45—3.0

concreted channels.  0.8— 9.0

covered with gla ze ea r thenwar e ducts. 0.25—6.0

ducts f rom gLass. 0. 0015— 0. 01

coating with oil paint over the puttied surface. 0.1.

The permissible degree of r ougu~ ess, not call ing change in the

resistance, is given for a wing profile iq Pig. V.28. In the free

flow out of boundary layer, air friction is not virtually exhibited,

an d the to tal pressure in all points is equal. In bo un dary layer it
is I... than in t~ e free flow, and it ckan9.. from on. point to th.
nest due to  th. losses of the kinetic .rgy, which converts into
heat .

t 
_____

— -—- —
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Fig. V.27. The dependence of the coefficient of friction of ducts on

roughness and Re n u m b e r :  1 — rough : 2 — corrugatel ;  3 — siooth .
Key : (1). Large . ( 2 ) .  Small.
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I~eating by boundary—layer friction of the surface of the

driving/mo vi ng at a h igh  speed bodies reaches the significant

magnitudes (Fig. V.29) and it is commensu rable with heating from the

compression of gas at critical point.

The flow pattern into boundar y layer and stabilit y of this layer

is had considera ble effec t on interaction of flow an d streamlined

body. Boun dary layer stability, its thickness and tendency toward

breakaway on body depend , main ly ,  on the d is t r ibut ion of the

velocities in the free flow out of boundary layer. If abov e it due to

the curvature of body velocity grow/rises (flow is accelerated ) or

camber of velocity does not change its sign , t hen bounda ry layer wil l

be stable. This f l o w  pattern occurs on the  nose sections of the

profiles of wings, in nozzles, etc.

If the  velocity in the  direct ion of f l ow  due to the expansion of

jets tchanne l. etc.)  decreases, then in accordance wit h th i s

grow/rises pressure.
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Fig~~i!~j~ m ding on Re number and flow conditions: I - b/k for

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

mot ion .

Key: ( 1).  Roughness of the  surface of the airfoil/profile (it is

increased) . (2) . Ideal surface of airfoil/profile.

Page 131.

The particles in boundary layer, w h ich losed due to fr iction their

k~~eti1c energy,  at certain distance from leading edge cannot move

iqto high— pressure area and are stopped. Further wit h an increase in

the distance from leading edge, ap pears reverse/ inverse

1
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bounda ry—layer  flo w, wh ich wil l  entail change in the  ve loci ty

prefiile, education/formation of eddy/vortices and br ea kaway of lay er

from vail (Fig. V.30).

The point of boundary lay er, at whic h the frictional forc e turns

into zero and a fte r which begins reverse f low , it is called the

separation point of f low. The detached lamina r b o u n d a r y  l ayer  rapidly

transfer/c on verts into turbulent  state (Fig. v.30) and can wi th  small

curvature of walls again adhere to body. T .urbulent bou ndar y layer

longer does not blow away from bod y, since it scoops en ar g y f rom

external f low, but also it after breakaway can adhere to body. After

the breakaway of layer, somewhat descends frictional resistance, but

considerab ly is raised pressure drag.

The d etached awa y from body eddy/vor t ices at cert ain distance

from it are linked and is formed “trace” — the region of t h a t  braked ,

several chamfered and vorte x flow (Fig. V.31) . The controls ,

arrange/located in trace, have the  lowered/reduced e f f ec t iveness  and

are tested the shocks of the disappearing frcm body eldy/vortices.

Plow breakaway causes not only sharp increase in the resistance, but

also lift breakdown.

The state of boundary layer has high value, also, for the

characteristics of the flow of liquid and gases in of va rious kinds

L —— --~~~~~~~~~~~~~~ 
~~~~~~~~~~~~~
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ch annels, conduit/manifolds, nozzles and exit cone/d iffusers (see in

detail eha pter I) .
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200 ‘.00 500 8110 ,aw~4./ce%O)
Fig . V .29. The dependence of heating ru bb ing  surfaces against the

air: 1 — heat ing at the  point of zero velocity AT=v2/2000; 2 -

hea tin g th e surfaces  of aircraf t ~T=v2/2320; Pr=0.74.

Key: ( 1) . a/s.

Pig. V.30. Plow wi th breakaway in boundary layer.

Pa ge 132.

Bound ary layer control. Elimination or weakening of all

undesirable phenomena, connected with boundary— layer flow, is

possible with the aid of control of this layer.

One of tire simplest methods of the “tightening~ of the

transition of lami nar boundary layer into -turb alent state is

I~~TT~T~~1TIII1I11~
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impar t ing to the body (for exa mple , to the wing profile or fuselage)

of such forms, with which the point of the minimum of pressure it is

displaced to the rear portion. This method makes it possib le to

decrease t he  frict ional res ista nce . However , i n  m a n y  i ns tances , for

example for an inc rease in the lift of wing at high an gles of attack,

it is not effect ive.  Recently increasing propagation receive the

forced met hods of boundary layer control (UPS) with tie aid of

suction or b lowing . These methods pursue the target/pu rposes of

prevention or tigh tening of boundary—layer separation and transition

dela y of boun dary  layer  f r o m  l aminar  into tu rbu len t  st ate (Fig .

V. 32).

Il~ * . ~~~~ -- - - -- - - - - - —  -- - -  - - -- -— ---- --- ---- - 
_ -- - - - -~- -~— -~. . .  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Fig. V.31. The eda cat ion/ formation of wake af ter  the 3oiy: 1 — r e a l

thickness; 2 — hig h—speed/velocity boundary—layer prof ile; 3 -

high—speed /velocity airfoil/profile of trace; ~e — t u r b u l e n t  boundary

la yer; 5 — t ransi t ion point ; 6 - l aminar boundary layer.

Key: Cl) . Boundar y layer . (2) . wake.

Pig. V.32. Schematics of sectiom and blowing of boundary layer.
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Pa ge 133.

If we exha ust from lamin ar boun dary layer its those par ticles

wh ich to a considerable degree losed t heir kinetic energy,  then

boundary layer velocity profile will become more “filled”: in laye r

remain the particles, earlier more distant fro. wall and which

possess high kinetic energy, which raises the stabilit y of the newly

formable after place suction of layer. During the sitting of the

• suction slots or o pening/apertures and of correspondin g

expenditure/consuiption through then, it is possible to attain so

that the boundary lay er thickness nowhere would excee~ cri tical.

La mina r bounda ry—laye r flow iD this case succeeds in preserving to

the large Re numbers (—10’) . This method of laminarization is

actually directed toward the distance (displacement) of transition

point and has important value for decreasing the frict ional

resistance and heating of surface, which is substantia l  dur in g motion

with  high velocities. Tightening or preve ntion of b o u n d a r y — l a y e r

separation has the important  value for an improvement in t h e

ch aracteristics du r ing the flow around bodies at ang le s of attack or

flew of liquid in expanding ducts.

To the position of separation point, it is possible to affect

-- I
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both suction and t lowing of boundary layer. With suction (after the

place of breakaway) is reduced the pressure in the region between the

detached layer and the body surface.

__
~~~~~~~~ •~~~~~~__ 1~~~~_~~~~±
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Fig. V.33. The effect of boundary-layer bleed on th~ t race: 1 —

ve locity p rofile wi th out suction ; 2 — a i r f o i l/ p r o f i l e  w i t h  s u c t i o n; 3

— trace; z — verti cal distance fr om leading edge.

$

— —
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~~~~~~~

iig. V.31s. The effect of boundary-layer bleed on the Irag coefficient

of different Re numbers: 1 — airfoi l/profi le  wi thout  suction : 2 —

partia l suction; 3 — suction from an entire surface of

airfoil/profile; ~4 — recuperation of trace.

Kef : (1) . Turbulen t friction (smooth plate). (2). lamina r friction

(smooth plate).

_ _ _ _ _  
-~~
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Pa ge 1314.

The detached boundary layer in this case again adheres to  body,  its

flow becomes steadier and the breakaway of layer occur s in point,

wh ich is located f u r t h e r  along f low, than this would os wi thout

suction. Boundary- layer bleed , dis placin g separation poin t, attenuate

of bou ndary layer and thickness of trace (Fig. V.33) , of being basic

source resistance, which can be substaiitially decrease d (for example,

Pig.. V.34) . If the exhausted air is discarded into the trace which in

this case will obtain supplementary energy, then th is recu peration

(restoration/reduction) of trace, as can be seen from Fig. V.34,

additionally is decreased resistance.

In connectio% with the wings of aircraft suction it is possible

to produce vith one or several slots, arra nge/located usually for

thick wings (~= 10- 12o/o) before the flap, and for fine/thin ones —

additiona l ly , near nose section. The character of lift increment for

a wing wit h UPS depending on expenditure/consumption is siown on r ig .

V. 35. With this

where Q — expenditure/con sumpt ion ; $ - win g area, operated by

bounda ry—la yer bleed.
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~~ ~~ ~ L~Fig. V.35. Dependence of the lift coefficient when boundary layer

coqtrol sy stem is present,.

Page 135.

In recent years  ~re con ducted the invest igations in suction

through opening/ap ertures for the laminarizat ion of t ie  f l ow  aroun d

entire surface viig,  f uselage, etc. These investigations showed  the

possibility of real izat ion similarly of t h e  laminar iza t ion  of

boundary layer virtually on all wing and considerable reduction for

this count of wing drag. However , transfer  of the resi lts of

laboratory tests fo r  nature meets with g rea t  s t ructura l/design and

technologica l diff iculties, since the

preservation/retention/mainta ining of lam i nar bound ary  l aye r  requires

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  -
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careful surface finishing, precise execution of geom etric forms of

opening/apertures for suction, uniformity of the air bleed of other

factors wh ich on real aircraft to carry ut is complicated.

Another  method of the distance of separat ion poin t is boun dary

layer inject ion. This  ma k es it possible to inc rease k ine ti c  energy of

the stagna tion particles, to decrease the frictional resis tance  and

to shift/shear separation point in flow. It should be n ted that UPS

has especially i m p o r t a n t  value for an increase in the  ae rodynam ic

l i f t  of a i rc ra f t .

Figur e V.36 show s a change in the l i f t  coefficient  for  model

ai rplane w i t h  the sweptback wing in dependence on angle o[ attack

with blowi ng and wi th out blowing of the  deflected on 60° f lap .

hir_ —— - --- - -- 



~~---- ~~~~~~ -•~~ - ---——-~~~ -
~~~~~~~

--
~~~~~~~~~

• ---
~~~
--

~~~
-- 

~
- • - -

~~~~~~~~~~~
-

DOC = 78201103 PAGE

J M 1jJ
&
~~~~~i

Fig. V.36. the effect  of blowing on Cy 1(a) for a model airplane.
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Fig. 1.37. Effect of blow ing on the lift increment and torque/moment.

Fig. V.38. The schematic of the supply of air to the sodel: 1 — feed

of the com pressed air into model; 2 - flexible hose; 3 -
conduit/manifold , d=38 mm.

Keg: ~1). On. (2). From receiver .

Page 137.

The intensity of b lowing is characterized by t h e  coefficient  of

-
- 

— - -•----—-— - 
- ______________
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mo mentum

p0.1 TS

where ~ — averag e over the section of slot velocity of blown out

aix ; Q~~ — mama flow rate of the  blown out air; S - wing area ,

operated by blowing.

Figure V.37 lepicts for the same model the effect  of blowing on

the  l i f t  increment and pi tching moment dur ing  d i f f e ren t f l a p

deflection. The moderate Lift increment is connected dith relatively

low value of t he  coef f i cient C~. whic h in real construct ion/designs

due to the limitedness of possible air bleed f rom engines reaches

we Ames c,~ 0.I—O.15.

The experimen t al in vestigation of the effect  of olovi ng on

characteristics of wings and aircr af t , conducted in wind t u n n e l s,

runs into some diff icul t ies .  the  connecte d with the “e ar th / g r o u n d”

system of the supply  of the  compressed air to mo dels mus t not affec t

readings of the weights , wh ich measure the Lift  and ot her aerody na m ic

character ist ics. this  requires the application/usa of special

constructi on/desig n , which join s air duct w i t h model ( fo r  example ,

shown on Fig . V .39) .  The supply of air t model is

realize/accomplished through the hinged pa rallelog ram mechanism ,

establish/installed on the f rame of balance. The f r o n t /leading hinge
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joint of paral le logram is combined w i th  t h e  f ron t/ l ead ing  hing e li ne

of model , and its rear part is the part of the rear suspens ion of

model. This schematic of the  feed of the compressed a i r  does not

disrupt the kinema tics of weights dur ing  a change in t h e  angle  of

attack and it does not a f fec t  on the values of forces  and

torque/moments , which act on model during experiments.

A nother fa ct to which it is n ecessar y to focus att en t ion, is the

si mulat ion of slot , which  in  exp erime nts mus t  have the ide n t i c a l  wi th

respect to spread/scope width of 0.2—0.4 mm . And fin ally last/latter

d i f f i c ulty — this is the provision for un i f o r m blowing all over

leqgth of slot, wh ich requires the specia l chamber design of blowing.

§V:2. Boundary  layer  at high velocities.

Boun d ary  layer an d flo w pa ttern in it ha ve enor mo u s e f fec t on

the f-l ow a round bodies not only with smal l ones, but also at high

velocities (su bson ic an d supersonic) , since due to the ma n i f e s t a t i o n

of com pressibility sharpl y change all the aerodynamic characteristics

of body. As is known , transition f rom supe r sonic f l o w  to subsonic is

accompanie d by the ed ucation/ formation of shock waves  wi th  an abrupt

change in the velocity, pressure, density and t empe ra tu r e  of gas.

F orm , character and  in tens i ty  of shock waves  depend not only on rate

of f low, but also on the form of body and state of boindar y layer on

It.
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Boun d ary  l ayer  on the  bod y before the jump can be divided on two

part s ( Fig . V.39): lower — near vail with subsonic speed (v/a (1) and

uppe r — wi th super sonic speed (M > 1 ) .  In  the  supersonic region of

boundary layer  appear the shock waves which  do not rea ch the  surface

of wall .

Page 138.

Pressure , caused by jump  on the subsonic pa r t  of boundar y

layer, is spread upward on flow producing an increase in the boundary

layer th ic kness, an d subsequently and its b reakaway. )ue to boundary

la yer grow th , whic h for  l a m i n a r  flow is considerably more than  for

tu rbu len t, before the normal shoc k appear one or several oblique

shock waves which are l inked wi th  stra ight li ne , and , tt~us , appears

the double shoc k wave in the form of letter X (Fig. V. 40 and V .4 1).

The t u r bulent boundary  layer, whic h has hig h k i n e t i c  energy,  is

less sensi ti ve and to a change in the pressur e , than l a m i n a r  one.

Wh•n , before the  jump, turbulent layer  is present, do not appear

ob lique and X~~ sha ped jumps (Fig . V .42) , since here layer  it self in

subsonic part  considerably thinner has smaller tendenc y toward

br eakaway.
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Fig. V.39. Interac tion of j’~ p wit h the laminar boun dary layer: a —

the normal shoc k wave ; b — high—speed/velocity boundary-layer profile

before the jump; c — an abru pt change in t h e  pressure above the

boundary layer (in the supersonic part of boundary lat er) 1 — free

flow ; 2 — boundary of the free f low;  3 — supersonic part of boundary
la yer; 1$ — b o u n d a r y  l ine ; 5 — subsonic pa r t  of boundar y l ayer ;  6 —
boundary layer ; 7 — the total pressure; 8 — wedge of pressure: 9 —

steady change in the pressure in wall (in the subsonic par t of

boundary layer).

key: ( 1) . Wall . ( 2 ) .  Velocity.

Fig. V.40. k— sk aaed wave on the  case of t h e  laminar  b o u n d a r y  layer

before the jump:  1 — high—speed/ve locity profile; 2 — reverse flow ; 3

— ~—shap.d shock wave; 4 - lamina r boundary layer.

- - - - ~~~~~ - —-~~~~•- --- 
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But as a whole resistance (losses) in the direct/ straight impact jump

of turbulent  layer is more tha n resistance in the A—sh ap e d j u m p  of

la mina r layer , since in the first case jump more intense and passes

ne ar er to wall.

To the  state of the  bo undar y lay er before  the j u i p ,  are exer ted

themselves the eff ect both of the Re number  and sur face  condition.

With the small  Re numbers and smooth boundary  laye r su r f a c e , (in

spite of the la rge Mac h num bers) will be l amina r , whic h wi l l  give

ri se to of the X— shaped jumps which with an increase in lach number

(with Re=const) become more intense. With an increase in Re number

and an increase in the degree of the roughness of boundary layer

surface will pass into turbulent state and will arise the normal

shock wave whose intensity with an increase in Mach numoer of the

incident flow also will increase.

The separation point of flow behind shock waves (by straight

lines and x~~shape d) with an increase in Mach number is moved from

trailing edge to the basis of jump and with certain Ma ch numbe r,

which depe nds on t he  for m of bod y, breakaway occurs from un der jump,

wh ich caus es the power fu l eddy ing of flow, a change in the

distributi on •f pressure on body, an increase in the resistance and a

_
~~
1-

~~~~
_ 
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lift breakdown (for an airfoil/profile).

At the hypers onic speeds of the phenomenon in boundar y layer.

substantially they become cc.plicated. Braking hypersonic flow of gas

in shock wave s and boundary layer leads to the appea ra nce of the

regious with high temperature, physicochasical conversions in which

have great effect on the course of gas.

I 
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Fig. V.4 1. Tb. ana lysis of the k— shaped shock wave: I - large abrupt

loss in the norma l shock wa ve ; II — small abrupt  loss in oblique

shock wa ves; III - large loss of separated flow and f: ictional

resistance 1 — main normal shock wave;  2 - secondary obl ique  shock

wa ves; 3 — laminar bo undary  layer ; 14 — w a l l ;  5 — separ ation point; 6
— transition point ; 7 — small shock wave; 8 — stagnant air ; 9 —
boundary layer .

Fig. V .42. Normal shoc k wave with the turbulent boundary layer : 1 —

high—speed/velocit y airfoil/profiles; 2 - vertical shock save;  3 —
turbulent boundary layer.

Pa ge 140.

Such proce sses, as dissociation, ionization, emission/radiation, not

at all are exhibi ted or the y have the low value at th, low speeds of

j
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the course of gas. Their account composes one of the important sides

of the s tudy of high-speed flows. For describing these Processes , it

is necessa ry to examine  toget h er with  aer o dynamic ones als o the

fa ctors of chemist ry and physics of high tempe ra tures, w h a t  composes

the ob ject/subject of the i nvestigations of the  new r egion of

aero.echan ics — aerothermochemistry.

At the  flow a round  plate of nitrogen N 2 and e q u i l i b r i u m

dissocia ti on the t empera tu re  in boundary layer at a low pressu re of

approximate ly  6000°K. Nitrogen in this case is half dissociated. If

dissociation did not occur, then the tempe rature at the same pressure

would be about  l lep0 00 Lc . The effect of this process on f r i c t i o n a l

resistance is insignif icant (Fig.. V.43) . Effec t  on the  coeff ic ient  of

heat excha nge for air is given in Fig. V.44.
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Fi g. 7.43. Dissoci ation effect on fricti.,~~al  resistan,.: 1 —

- 
incompressible gas ; 2 — course of gas t a k i n g  into ac coun t

dissocia tion; 3 - course of ideal gas without  dissociation, Pr=O.75.

Fig. 7.44. Diasociatio~ effect on the coeff ic ient  of a e at  exchange

for  air ‘. and Tm — temp•rattre of vail cad external  fl ow.

Fig. 7.45. The schemat ic of the field of flow , induced wi th  boun d ary

la yer on f l a t/plane pla te at supersonic speeds : 1 — j im p ;  2 — flow

line; 3 — boundary layer edge.

Page 141.

From purel y a erodynamic special feature/pecul iar i t ies  in
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boun dary layer at hypersonic speeds, one should first of all note the

p.werfu]. inflation of boundar y lay er to the count of the decrease of

density with a tem perature rise. In this case, becomes essen tial the

boundary layer ef fect on f low out of it, i.e., on ex ternal  invisc id

flow ~pig. V .145) .

§V.3. Measurements  in boundary layer.

The mea sur ements, prod uced in boundary layer, pursue the

ta~rget/purpose of the determination of the pattern of flow (laminar

or turbulent), of distri bution of the velocities and p ressures in

boun dary layer, th e positions of the transi tion poin t of L a y er from

lamina x into turbulent state, to position s of the se para tion poin t of

layer, surface friction and other characteristics.

Determination of the profile of velocities. The velocity profile

in the inc om çressible boundary  l aye r  is t h e  fundamen ta l

characteristic, which makes it possible to determine virtually all

parameters of layer (turbulence or laminarity, surface fri ction,

br akaway, etc.). The de terminat ion  of full speed is con ducted by the

smal l—diam eter tub es, which contribute insignificant c h a ng e s  into the

distribution of the velocities in boundar y layer. Selection of the

typ. of tubes and their calibrating are tine basic cell/element, wh ich

are determ in in g t h e  accuracy of measu rements.  Some types of the
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surface nozzles , u sed for measuring the total pressure in boundary

laye r, are given in Fig. v. 116.

Static pressure on surface is measured with the aid of drainage

narrow holes (on the order of 0.2—0.3 an) op the very surface.

Te m pe rature on the body surface we can be measured by the

thermocouple , inst a lled into the bod y being investigat ed .
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Fi g. V.46. The sur face cap/ fillings of the total pressure: a -

Stanton ’s nozzle ; b - noz zl e of Feydzh and Fau lkner .

Key : ~1) . Displace m en t of e f fec t ive  cente r , ma. (2) .  Pos i t ion  of

effective center, mm. (3). velocity on cap/ fi l l ing,  m/s.

Pa ge 142 .

For measur ing of tan gen ts, that compose velocities into boundary

layer at d i f fe rent distances f rom body, it is necessary to have the

ca pabili ty to mon micronoz zles along the normal  to b dy .  This

displaceme nt is co n ducted wit h the aid of coordinate epacer ap para tus

(Pkg. 7 .47) ,  which makes it possib le to pass entire the velocity

field in b oundary layer.
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The nozzle , fasten/ strengthened to  coordinate space r  appa ratus.

is m d e  from medical needles by di ameter - 0.9 am, and intakes in

st at ic—pre ssure tube are dril led by usual needle. Together wit h the

careful ca l ibrat ing of nozzle , it is necessary to see to it tha t  its

opening/apertures would not be clogged by the condense d moisture.
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Fig. V . 117. Coordinate spacer appa r atus for the passa ge of fie ld  in

the bounda ry la yer : 1 — nozzle of stat ic pressure; 2 - nozz l e  of the

total pres sure ; 3 — micrometer screw/propeller . ~~~~~~~~~~~~~~~~~ cou rse

25 mm ; 11 — place of the attachment of flexible driving /homing

cylinder;  5 — regula t ing  turnbu ck le .

Fig. 7.48. the installati on of nozzle for studying t h e  b o u n d a r y  layer

at hig h velocities: 1 — ad jus tab le  wal l ;  2 — screw/pro peller  for

displacing the wire; 3 — optical glass ; Is — screw/pr opeller for  the

ax ial displacement of nozzle; S - nozzle.

Pa ge 143.

-
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Measurements in boundary layer with large Mach nu mbers require

specia l thor oug hne ss an d need of decr easing the

disturbance/perturbations, introduced into flow by no~ zle and

br acket , and also the careful account of pitot losse s f o r  the leading

sh~ock wa ve, wh~ich ap pears before the nozzle  in the supersonic  part of

boundary layer. Figure V.48 shows as example of one of the

installati ons for studyin g the boundar y layer with large velocities

and investigation of interaction of boundary layer and shack waves.

If surface bes not have noticeable curva ture, i. e. , it is close

to f lat/pl an e, eit her is absent considera b le pressure gradient along

chord, or f i n a l l y  boun da r y  layer h as smal l thickness , then it is

possible to  disreg ard a change in the static pressure alon g the

norma l to the surface and to measure it o n l y  on s u r f a c e. Vhe n this

ch ange can not be d isregarded, it is necessary on t h e  coord ina t e

spacer app arat us, which  moves the nozz le of the total  pressure , to

inat aJ. l add i t i ona l l y  the nozzle of static pressure (Fi g. V .4 9) . In

all cases special at tention must  be di rec ted to the smal lness  of the

distur bance/pertur b ations, int rodu ced by tube : —

1) to relat ive smallness of tube  in comparison wi t a  oun iary

layer thickness - the diameter of tube it is desirable to have not
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more than 100/0 of the predicted boundar y layer thic kness.

2) to the accoun t of the mutua l  ef fec t  of the low er par t  of the
tube and of the ar ranged/located about it surface, which  lies in the
fact that the ef fe ctive center of tube , to which should re late the
measured pressure , d i f f e r s  from t h e  geometric (see Fig . V. 49) .

3) to the account of Reynolds number whose low value introduces

the  regular  d i f fe r ence between rea dings of the micro—nozzles, which

ha ve of in ternal izat ions  diameter to 0.1 mm and by readings of the

nozzles of the sam e exter ior  form , but  hav ing  inner  diameter on the
order of 1— 2 mm .

To measure t~ e velocity in boundary layer is pos3 ible w i t h  the
aid of the hot— wire anemometers by which are recorded the

oscil lat ion/vibrat ions and velocity.

____________________________h. _______________________________________ _ _ _ _ _ _ _ _ _ _ _
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Fig. 7.49. The displacement of the effsctive center of t o t a l  pressure

tube in the  boundary layer: I — effective position; 2 - geometr ic

çosition ; 3 — effective center; 4 — center line.

Fig. 7.50. The duc t/contours of the equal velocities in  the  boundary

la yer: I — laminar flow; II — transition; III — breakaway .

Pa ge 144.

The re sult s of measuring the distribution of the velocities in

bounda ry layer usua l ly  are depicted in the  form of curves v ’..’t(f). or

- of “duct/contours” of the equal velocities (Fig. V.50I~ that depict

the fa mily of curves, each of which is locus (S , y ) ,  for which

remai n~ constant.  On these curves it is possible to note the

ch aracter of boundary— layer f low and to approximate ly  d e t e r m i n e  the

transition point of boundar y layer f r o m  laminar into turbulent state.

Determination of local skin friction coefficient. Zn a series of

: -.
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ae romechanical problems , are deter mined fr i c t ion  stree s and local

skin frict ion coefficient

C~ ~~

The complexity of the exper imental determination of values v and C1

is connected with the difficulties of mea suring of the velocities and

pressu res in boundary  layer. For p lane—para l le l  f low :esistauce of

friction of cylini rical bod y with generat r ix normal to direction of

the flow

where j . — chord ; b — width of body; C1 - local skin f r i c t ion

coefficient.

The i mmediate determinat ion of f r ict ional force by the  weight

possible met hed (Pig. V.51).
r
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Fig. 7.51. Veights for measurimg the frictional force: 1 - disk; 2 —
in dicator of displacement ; 3 - indicator of force; 4 - electromagnet;

5 — elastic pla tes ; 6 — displacement picki~p.

Key: (1) . To manom eter .

Pa ge 145.

Such mea su rements usually conduct on the  chosen with  a smal l

cleara nce (0.1—0.15 mm) cell/element of eur f ace  (d=50 In). In these

ex çeriment s it is important so that the cell/element being

investigat ed would not protrude from the surface of wall , but the

sensitivit y of ~~ighi ng device was high , since the measured

fr ictional force is very small. 

--.~ ---- -—~~~~~~~~~~--—~~ ~~~~--—~~—--~- - -- - —~~~~~
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Friction stre ss on wall can be found al so wit h the aid of the

measurements of boundary layer velocity profile. Such measurements ,

— the prod t~~ed by micronozzles tQtai. pres~ sr es a d  opening/a pertures on

wa ll , make it poseible to determine va lue s 
(

~~~~~)  
by the

extrapolation of d epen dence u = f ( y ) u~, into point ya0. Obtained values

prove to be insuf ficiently precise. sore precise they are

debermined by the method , instituted with the accoun t of a change of

the momentum in boundary layer (with the know n velocit y profile).

Thus, for instance , for the case of the flat—plate flow of the

un restricted flow in whic h velocity v does not depen d on t he

loqgitudinal  coor d inate x, the equation of momentum tak es the form

r.=~~
. ç P ( V _ V J 1 dV.

where v — longitud ina l component the  velocities in bo indar y layer at

a dista nce of y f r o m  wall.

Is possible also the determinat ion of surface frict ion on the

basis of velocity measurements wi th  the aid of surface  nozzles in

point , ver y close to the surface of wall w i t h i n  the  so—called laminar

su blayer . It is here assumed that  the velocity to zero on w a I l  from

the valu , shown by nozzle, varies linearly, i.e.,

‘— lii,

wh er e y — a distan ce of the •ffective center of the n zzle (see Pig.

7.159).
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It is necessary to bear in mind , tha t from expe riments according

to the indirec t determination of the local coefficient of friction,

i.e., its de te rmin a t ion  in boundar y layer velocity prof i le, one ought

not to expect high accuracy/prec is ion. This  is connected w i t h  the

fact bba t the leasurem ent of t he  distr ibution of the  vel ocities in

imme diate proximit y of wall even in the case of applying the special

micro—nozzles (d~~ 0.2—0.3 mm ) , op tical t iming devices of coor dina te

y does not f ree f rom known  arbitrariness in  the  determ ination of
sand ~on~ uent also

value 
(~~~~~)  

. e ex p er iments  ndicatel in the m a j o r i t y  of the

cases bear qualitative or comparative character and it is desirable

their results to compare  wit h the resu lts of direct m e a s u r e m e n t s  (in

a weight manne r or on pitot loss for the case flow in du ct) .

Determina tion of the position of the t ransi t ion point  and

beundary—l ayer sep arat ion.

Page 146.

The information about the position of the separation point and

transition point jives the representation of physical character of

flow and criteria for the evaluat ion of the  airfoil caara:teristics

of wings, fu e nl a g a s, bodies of revolution and similar cell/elements,

- - ---— ------ -- --—--------—- —— ___ _ _ __~~~~~__ _ _ _ _ _ _ _ _~___ Y
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and also they serv e for  checkin g the theoretical an d calcula ted

method s of their onstruction. By themselves the posit ion of

transition point and boundary— layer separation do not make it

rossible to unambi guously interpret the values of aerody namic

characteristics and into formulas for their calculation they b not

ente r, but it is suf f ic ien t  reliably indicated , in wha t direct ion of

these of character istic they wil l  change.

Det erminat ion of t rans i t icn  point .  &s was a l ready said earlier,

the transitios of boundar y layer from laminar state into turbulent is

accompan ie d by mor e ra pid increase of veloc ity in p ro?or ti on to

removing f rom surface  and by more rapid th ickening of qu i t e  boundary

layer. These fact e serve as basis for the fcllowing d e t e r m i n a t i o n s  of

t ransi t ion point:

1. Me thod of determining the transition point from the

me asurem en t of the velocity profile.  If is known prof i le  of the

velocities in several sections along chor d or surface, the n the

position of transition point is determined by the pl ac e of a change

of the character of a irfoi l/profi le  to the  side of the  l a rge r

slepe/tra n scond uctance of the growth/bu i ld—up of veloci ty on rigid

surface. This meth od is suf f ic ien t ly  complex and labor ious and

usually it they use when the velocity profile must be determine~1,

also, for other ta rget/purposes.

I

-- 
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2. Method , instituted on determination of turbulent ones of

pulsation. Since transition in laminar boundary layer to turbulent

flow conditions is accompan ied by the beginning of the intense

pulsations of velocity, the place of origin of the latter indicates

the position of transition point. Turbulent pulsations coe paratively

simply are detecte d with the aid of the nozzle of total pressure

connected to low- iner t i a  ma nometer or with the aid of the hot—wire

anemometer , connected to oscillograph . NDzz le  in thesa ex perimen ts it

is necessary to move along wall. frc~ front/leading to trailing edge

a~ d a lways to f o l l o w  the readings (nanomete r  or oscill ogra ph) .

3. Me th od of measur ing  total  pressures. The nozz le  of the total

pr es~~ire (or the  sensor of ho t—wire  anemometer ) , novel direct ly along

wall over surface in the  di rection of the flow , which f low s around

body, fallin g into the region of transition, it vii]. show a

noticeable increase in the total  pressure. This they  t i l l  be

ex plained by the  fact  that  in the transient and t u r b u l e n t  regions of

boun dary layer dur ing remov ing from sur face  the veloci ty ;rov/rise s

faster tha n in lam inar boundary layer. In a series of cases the total

pressure is determined not by displacemen t of one and the  same noz z le

(which is complica t edly — it is necessary coordinate spacer  apparatus

and osther devices) • but by the es tabl ishment  of certai n qian tity  of 

—- - - - ~~~-— - -—
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nozzle s (“houses”i~ of the total pressure, placed on body a f t e r  each

other in the direction of flow. So that the nozzles would not affect

each other they they are placed not into aback”, but with

displacement.

4. Visual ani optical methods. These methods are described in

§V 11.6.

~~~~~~~~~~~ -
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Page 2 911.

Chapter VIIL

Aerodyna mic characteristics of d i f f e ren t  bodies .

~~vffl~/. Flat/plane plate. Sphere. •ylinder .

In the overwhelming majority of the cases, aeromechanical

investigations are conducted for obtaining cne or the other

characteristics im connection with the varied conditions of flow or

lotion of bodies. To t hese characteristj ~s f i rs t  of aLl they are

related aerodynami c force coefficients, values of over pressures in

different Apoints of body, the coefficients Cf friction , the
W1i~r, bid IOA.

teaperature~ physi:oche.ical parameters of the gas, vhi ch flows around

body, etc. In many instances it is required on the basis of

aeromechanicaL mea surements to determine the losses of pressure or

the resistance and the parameters of gas during its motion in

c.Msit/ mifolds or channe ls of diverse form, characteristic of the
aeroaechaniul devices and machines as, for example, the pressure

recovery coefficient of the diffusion, efficiency of the propeller,

and flow rate of fan , compression ratio of compressor, etc.

— — — — —.~- -——-- - -—-.—-—~ — - --.————--~ ~—- -_ - - ~~
_
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rig. 7111.1. Dep.ndence of th. drag coefficient of flit/plane plate,

establish/installed across flow, on Re nu.ber .

Page 295.

Flat/plane plate. The aerodynanic investigations of flat/plane

thin plate occupy the considerable place in aeroaechani;s. This is

explained by the fact that sinilar flow is encounterel in nany

a.ro.echanical dev ices (fine/thin airfoil/profiles, vtlL f channel,

etc.).. Special pu ce occupy the investigations on the flat/plane

plate of boundary layer, wh ich are suppor t ing/reference ones for nany

theoretical invest igat ions.

The arag coefficient of the flat/pline plate,

.stablish/installed across flow , is graphically depicted in ~iq.

_____________ .4
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VI1I.t Distribution of pressure according to plate dapa nling on

angle of attack is given on Fig. VIII.2, and th. obtained on basis

distributions of pressure the value of coefiiciente cx and C y —  j fl

rig. VIII.3. As cnn be seen fron figures , C~ plate with Re > 1000 is

virtually constant and coaposes 1. 12 (or 1.~) . With R~ ( 1300 for the

circuLar plate

64 6 4 !  ReC,~~~jW HJIH

Key: (1). or.

In the presence of opening/aperture with a dianeter f d in

cincular plate C~ it varies approxinately paraboli:aLly froa 1.16

(with d 0.2D) to 1.78 (with d=O.8D).

A 
_______________ __________

_____  ___ _____  A
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Pig. 7111. 2.. Ristr ibutios of ptessure ac:ording to plite lepending on

~~gle of attack.

~~~~~ ( ‘). b); Iih.L2’). t Suc~*ce .
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Pig. 7111.3. Depen dence of coeff icients Cy, C,,~~~I (~ 5id c~~~l (a) for a

flat/plane plate.

Page 296.

For a square plat . the dr ag coefficient lx i~ cond it ionally

taken as the equal to 1.28 ‘ (with R e = 6.2.10’ C .~ 1,15):

—,~ — -—-- , — -- —- , .-  —-  — - —  —- - --
.
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FOOTWOTE t . Squarn flat/plane plate in aviation calculations is

applied sometimes as standard for bringing to it the resimtance of

co mpoun ds, for exam ple aircraft.~~n these ca ses they t,ll about

‘equivalent flat/plane plate”, i.e., the plat e of this area, which

C~~~~~~~ 1. 28 baa the same res istance as the ccipa re l with  it a i r c r a f t .

ENDFOOT $OT E.

Por a rectangular plate the coefficient C~ depends on th3

relationship/ratio of sides (Fig. V1II.I$)

Fine/thin cup— hemisphere in flow direction insile it has C X

1.43 (Re = 1.5.10’), and during its flow from spherical side C~

0.35 (for Re = 4.5.105).

The coefficient of f r i c t ion  dra g of the  long i t u d i n a l l y

streamlined fine/thin flat/plane plate depends on the state of its

surface and Re num bers and N .

In laminar zone of f low , acco rd ing to Blasius’s Law (i.e. for Re

numbers < 5.10’ — 5 • 10’) • the coefficient of frict ion 1 m g  of the

plate , moi stened am the o~~ hand :
UNCl_ j ?I~~

.

—. —- -~~ - - -  — -..

—. ~~~~~~ - — - -  -- . ,-. —- -- .. -~~~~~~ -

.

-~~~~~~- -.— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~
. - , —---.~~~~~~~ .- ~~~~~~~~~



I

DOC = 78201104 PAGE qg

wh er e
‘C.
,

Re ’- ---,

bet. 1— longitudi nal size/dimension of plate.

Boundary layer thickness at a distance x from leading edge can

be fou nd f r o m  the expression

6 s

~~he displacement thick ness of the boundaty layet

is the physically more specific measure. This is average distance, up

to which t hey are moved aside fro. bod y a long the n orual  to it of the

fl•w lin e of exter nal flow as a result of the educatian/formation of

boundary layer. For a plabe 61= 1/36 or

—
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Pig. 7111.4. Dependence of th. coefficient ‘

~~ of flat/pla ne plate on

the ratio/relation of sides.

Page 297.

The m omentu m thickness, which occurs as a res ult  of

boundary— layer  f r i ctio;

~~~~
._

cGaposem 0,664 J(~ .

The distribution of the velocities in laminar layer an the

longitudinally streamlined flat/plane plate is represented in Fig.

7111.5. During an increase in Re number, the boun~lary layer on plate

transfer/c on verts fro. laminar into turbulent state. this transition

is completed with numbers Re 0.5.10’. In this case, i3 observed the
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•ore intense increase of the velocity in boundary layer

(approxi.ately according to the law of the root of the seventh degree

c,_ O,74. Re T (2. l0’<Re< 10),

6_ 0,31z(!~!)
T
.
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?i~. 7111.5. Distr jbst jom of the velocities in laminar Domndary layer

om the fla t/plane plate, streamlined lengthwise (on measurements of
Pik.rads.~ .
Peg. 298.

Formula for C1 is val id , if bou ndar y lay er on an entire plate,
beginiring wits landing edge, turbulent. However, in ac tual ity on the
part of the plate, bou ndary layer will be iaminar, tha t ta decrease
the fricti onal ru istamc.. Onder th•se conditions for a
layer, the frictiGnil resiata sce

0,074 A’

where bc Atm ~~ deterr~ined b’~ the pns~!tion o~’ ~~t~ on point

and dnp.nde on ‘!e nurber , with which in bound~r’v layer is cor~p~eted

the ehanpin~ over f’e~~ l~~~ ’ia~’v to turbulent low

~~~~~~ 
b.I~~ IO~ 8.10’
1760 RO~ 87i~
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The depen den:e of the coefficient of fr ict ion on Re n u m bers is

represented i~ Fi~~. VIII.6.

The resistan:e of roug h plate is greater than resistance of

smooth, and it dep ends on relat ive roughness, i.e., on the ra tio of

the height/altitud e of the prominence/protuterances of roughness  K to

boundary layer thLckness. For technology has high valt e as the called

permissibl e degree of roughness, i.e. , tha t  ceiling o~ roughness

eleme n ts, wh ich dur in g the f low aroun d wal l does n ot y et produce an

increase in the re sistance in comparison with the resistance of

smooth plate. For determiaatiom K, (Pig. V 1iI.7) it is possible to

use the expression

- I®
100 H ~~~~~~~~
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Pig. 7111.6. ‘Ph. d epen denc. of the coefficient of fri:tioa for the

sm ooth fla t/plane plate: 1 — on R lasius f o r  lamina r f l ow ; 2 — for

t ransi t ion conditions/mode; 3 — for  t u r b u l e n t  flow (P r a n d t l

Schlichting)

Page 299.

~n the flow a round plate of the flow high velocity essential

ef fect on boundary layer  ex erts t e m p e r a t u r e  f ield, or temperature

bounda ry layer (Fig. VIII.8). If at the law speeds of f low heat from

hot body is spread into the environment virtually evenly in all

directions, then a t  h igh  velocities the zone  of flow , wh ich un der goes

heatin g, for ms narrow none aroun d bod y an d long trace of the heated

liquid of behind of it , in wh ich chan ges of the temper at ur e cause

su bstantia l change s in the viscosity’.
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~~~
- ) ,  1/2 < ~ < 1; fo r 0°C w = 0.~~. For low

tempera tu res  w ,~~~ 1, for  high ones — = 0.5. EN DFOOTN ) TE .

Fu rthermor e, appears the  need for considering the eff ~ ct ~f N ach

nu mber (Fig.. 7111.9), which characterizes in this case inc rease

tempera ture, cause d b y adiabatic com pression, and n u m b e r  of P randt l

Iltc,Pr~~—-.

The te?nv er~~~ r~ c~’ the wall 1tsel ~ T1

T._ T~ (1 +V Pt~~r! MI) .
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Pig. 7111.7. Permi ssible heig h t/altitude of roughness.

Page 300.

For air 4(X 1,4 Pr = 0.716)

T,= T~(1 +0,16g M’).

flow occurs with so high a velocity, that in the vicinity of

body are formed the regions in wh ich the local velocit y of flow

ex ceeds t h e  speed of sound , then in the places of the t rans i t ion

supersonic velocit y into subsopic appear shock waves. Their

emergence, as was shown in §7.3, strongly affects the character of
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boundary—layer flaw. tn  turn, the shock waves affec t the flow

pa t tern.  The part of boundary layer, most close to wal l, moves in any

event with subsonic speed. Jumps appear in area of supersonic speeds:

ill external flow they cannot w reachw the w all, and is formed the

system of A—shape d jumps . In this case, pressure gradient along vail

in the zone of jui p is considerabl y weaker than in external flow

(Pig. 7111.10).

Aft er jump the boundary layer thickness increases, •re over for

a laminar layer this build—up considerable, than for turbulent . In

the zone of jump, there are considerable pressure grad ients in the

direct ion, normal  to vail, namely :  to jum p in proporti on to

removal/dista nce (tom wail, the  pressure fa lls, and after jump, on

the contrary, it is powerful it increases.

_ _ _ _ _ _ _ _ _ _  _ _ _  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- -

~~~~~~~~~~~~~~~~~~



~~~~~~~~ — -_ ~~~~~~~~~~~~~~~~~~~ .—_ ~~~~~~~~~ 

DOC = 78201104 PAGE IPI

4135 ~~~~~~~~~~~~~
Tejipti (s ’~:: ~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~ = _ _ _ _

ft” Z ‘ 1 5 6 S 1i~ 7 4’

rig. 1111.8. R.sul ts of measu r in g its own t empera tu re  of t he

flat/plane plate, streamlin€d lengthwise and turbulent boundary

layer.

Key: (1). Theory. (2). Laminar .  ( 3) .  Tu rbu len t .

__ — —

44’

1, 
~

Pig. 7111.9. the d istribution of the velocities in the :oipressed

la.ina~ bo undary layer  on the flat /plane plate (heat t ra n s fe r  is

absent ) .

Pa ge 301 .
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Thereby is disrupted the main assumption, which lies at  the basi s of

the calculation nf the boundar y layer , namely the assimption of the

extreme small-qess of pressure gradient in the direction, normal to

wa ll. Furthermore, in the zone of jump the gradients of velocity

dv ,’dx and dy/dy along plate and along the normal to it are identical

with respect to the orders of their magnitudes , wha t in to its turn

leads to nonobservance and another importapt assumption of

bounda ry—layer theory — about the possibility of neglect in equations

cf motion b y the sq uar e of the gra dient of tangen tial velocity as by

lo~ value in comparison wit h the square of the gradieit of normal

velocity. On these reasons the theoretical analysis of in teract ion of

jump wit h boundar y layer meets the unsurm ounted , unti l  now ,

diff iculties and h ere widely are utilized d i f f e r ent  eE per iaent a l

methods of study.

Characteristics of sphere (sphere). To determinia g t~ e

charac teristics of sphere are devoted man y experimental and

theoretical studies, moreover considera ble place t h ey  o:cu py the

measuremen t of the dis t r ibut ion of pressure and of f r nta l  res istance

of spher. under the varied conditions of its flow (Re numbers and

•) (for •xasple, see Fig. 7.19) . Figure 7.17 depicts data according

to th. dtstr ibutim of pres sure for  a sphere during di f f e r en t

condit iions/modes of f low. The values of the  drag coeffi :isnt  of

sphere depending on Re number are show n on Fig. (V 1LI .11 , and to

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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dependence on Re numbers and N — in Fig. VIII. 12. Exa mple of the

distribution of pressure according to sphere when M=0. 7 — in Pig.

VI II .!13.
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rig. 7111.10. %sobars of shock wave wit h laminar  bounda ry  layer (A —

jump) .

Keg: (1).  Nain j u m p .  ( 2 ) .  oblique shock.

Page 302.

Rn can be seen from Pig. VIII.13, with number M=3.7 on sphere,

appear the shock w aves (at 80 and 2800), which leads to an increase

ii~ the coefficient C~ 
(Pig. 7111.12).

Given data served in essence for com parison and eva lna t ion  of

the st ream coqditions and turbulence in wind tunnels, and also 

~~~~~~~~~~~~~~~~~~~~~~~~~~~
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comparison of the conc1~usions of the theory of an ideal l iquid with

results of experiment . In recent years , in  connection wi th

developmen t of jet technology and space f l ights, determining the

aerodynami c characteristics of sphere at supersonic and hypersonic

speeds began to occupy the extremely large place in aerodynamic

investigat ions. 

~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ .~~~~~~~~~~~ -_~~ 
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Pig. VIII. 11. The dependence of the drag coefficient of sphere on Re

number:  1 — accorl ing to Stokes ’s theory;  2 — accordin g to the the ory

of 0mm .
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rig. 7111.12. Dependen ce of the drag coefficient of sphere on Re

nu.ber s and N.

Page 303.

This i~s explained by the fact that  in a series of cases the space

ob ject s are sphere . Further more , the ae rodynamic  and phy sico chemical

processes, which occur on sphere, especially in the vicini ty of

front/ lead ing critical point , are similar to the  phen o mena , tak ing

place on the nose sect ions cf rocket an d other bodies, vhich fly with

high supersonic velocities. On by these to reasons to the

in vest igat ion of f rontal  resistance of spheres, posi ti on

(departure/withdra wal) of shock wave, to the distribution of the

temperat ur es and pr~essmres and other characteristics i n  dependence on

Nach quibe rs , ke,Pr , x and the l ike devoted consider able number

both of theoreticel and experimental works.

In recent years receive increasing propagation the spherical

co~struc ti on/desi;ns of d i f ferent designation/purpose, calculation

for strength of wh ich requires the knowledge of the d i s t r ibu t ion  of

pressure and drag wit h the large Re nu mbers (Re>10’ — lOS) . Figure

7111.14 de picts to the photograph of shock waves dur ing the flow

areend hesispher. of th. supersonic flow. Theoret ica l dist r ibution of

pr eere and vain, of the depa rtnr~ Ivithd ra~~ l of sho k wave on
sp here a~~ bi .ntsd bodies with different ua~~ neabers of the incident

flew La given ii Pig. 7111.15 and TI’1.1’b *•re is aLso jivea the

co.psriaom of cal~nlatioss (solid line) with ezp.rianet (point). 
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Pig. VIII. 13. Distribution of pressure according to s? hera wit h N=0 . 7

(*e—7.1O’)

Pig. 7111.14. P1st aroend hemisphere of the supersoni~ f low.
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The character of t h e  d ependence of the drag  c~ effic ieat  on Mach

number of large Reynolds  numbers , obtained in the hype rsonic t unnel

of low density LD9 (center of Fig. in Arnold , USA) is show n on ~ iq.

VIII .17.

Characterist ics of cylinder . To de te rmin ing  the  :haracter istics

of cylin der, just as sphere, are devoted many d i f f e r eat

investigations. Cy lindrical cell/elements widely are encountered in

va rious fl ig ht veh icle s, and also constructions and

construction/desi;ns, strea mlined with the flow of ~as or liquid.

The distribut ion of pressure accordiqg to the surface of round

cylinder is represented in Pig. 7111.18, and dependen:e its drag

coefficient o~ Re number is given in rig. 7111.19. ?he :ritica l Re

number for  cylinde r is equal approximately 3.1O~ , a f t e r  th is

boundary—layer  fl~~v f rom l amina r  transfer /converts int o t u r b u l e n t

st ate and occurs ( b y  analog y wi th  sphere) the shar p decr ease of drag

coefficient. 
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Pig. VIII. 15. The distribution of pressure in the for.  ard  section of

th. sphere and other bodies: I — end/face with rounding; 2 — segment
.
.— 30° ; 3 - ellipsoid 6=2; 14 — sphere .

U.

3—
1 2 3 4

riq. 7111.16. The dep.rt.me/vithdraval of shock w ave ir a  depen dence

from Mach nu.ber : 1 — circular cylinder, 2 — ellipsoid 6=2; 3 —

- .~._ _.: 
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sphere .

Pig. VIII. 17. Resistance of sphere with the large Re numbers and M

(Re=O.4— 2. 10’).

Page 305.

As can be see n f rom Fig. 7111.20, at the i n i t i a l  m o m e n t  of

acceleration/dispe rsal (Fig. VIII.20a) the picture of flow is close

to poten tial (i rrotat ional) . Subsequent ly  begins the ~ r e a (n w a y at

rear critical poin t (Fig. V1II.20b).. Point is moved back/ago against

the curren t (Fig. VIII.20c) and  are formed two concentrated

eddy/vortices (Fig . YII I .20 d, e) vhich as a result of i n s t a b i l i t y

decompose and are taken away by external flow. After :ylinder is

formed the fluctua ting flow, which creates the distribution of

pressure, differen t from theoretical (Fig. 7111.21). rhe same

character of the flow around cylin der occurs, also, at hig h

• velocities.

Prsssnte4 fa:ta have high value fat det.rmiaiag af load , and

fl~~t.atioss of cyl iader La flow.
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?i~. VIII.18. The distribution of pressure on the surface of round

cyAimder with subcritical (R~~~=1.86.1O5) and supercritical
‘p

6.7.10°) Rey nolds num ber s: 1 — subcri t ical ;  2 — sup ercr i t ical ;

3 — theoretical.
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Pig. 7111.19. Dependen ce of the drag coefficient of t~ae  r und

cylinder on Re ynolds number . 
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Page 306 .

rig. 7111.20 . Edu~ atioa/for aation of eddy/vor tex  d u r i n g the  f low

ar ound of cylinder , novice from state of rest .

t\ ~~~~~~~~~~~~

3,
Pig. 711L2 1. Meas ureme nt of the d istribution of pressure ab out
cy’linder u pon acce leratiow/dispers al . To d ash of lines shown
theoretica l distri butio n of pressu re f or stead y flow .
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P19. 7111 .22. Dependence Sh=flRe) for a :ylinder.

~~~ge 308.

For the purpose of the reduction of freq~ ency and a.pl itule  of the

pulsations of pressure , is accepted the  number  of measures  for change

the character of t he f lows aroun d cylinde r , main targe t/purpose of

which is the prevention of the resonan ce of the  fr equency of exciting

force and the n a tur a l  frequencies of oscillation of

coqstr ucti on/desi;n. As showe d d i f fe ren t  investiyatioas, pulsations

of pressur e aft er cyl inder  they corrssp cn d over a wid r ange  of Re

nu mbers to Str ouha l number Sk.. !!L u . 0.2 (F ig. 7111.22 and Vt t I .23 ) .
PC, 
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As can be seen fro m Fig. 7111.23 because of superstructures it is

passible to  change St r ouhal number and to lea ve fro.  the  ~angerous

f c r  constr uc tion/~ esign zone of the rippl e frequenciec of pressure.

W ith  the character  of the f low a round  cylinder, is connected the

temperatur e field arouqd it (Fig. 7111.214) 

—
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V 4J  44 as 46 47 41 ~~~~ *“
Pig. 7111. 23. Effe ct of different snp.rstructures on n u m b e r  Sh for a

c~1.iuder.

rig. VIII .2 . Dependen ce of Iusselt numbe r for a rouni :ylinder  on Re

number R. (S 1 100’Q
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This chara ct er , te mperature distributions is retained to high

mso.ic speeds. The a verage value of the local its own t empera ture
1’, at transverse f low for  an unheated cylinder can be determined

accord ing to the e mpirical depende nce

(T,~~ TC,) ~~?_P..O,7.

the resistance of cylinders  essential effect exe r t s  the

degree of the roug hness of its surface (Fig. 7111.25). 

-—.-.-—- -
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Pig. 7111.25. Resistance of round cylinder with differ ent roughness

of its sur face.

~~~~~~~~~~~~~~~~~ ~~i~Er:

E

.4 
(I 2,4 ~~ ~

rig. 7111.26. ‘x Im’) cylinders with different superetructure s

(racks) .

Pa ge 310.
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In the  pra ct ice of the construction of the  various kin ds of

construction/designs, for exaa~ le cond uit/ manifolds, t h e  c ylindrical

cell/eleme nts used are smooth , but have v at ~ious kinds projections

(roughness on surf ace) . To a number  of such cell/elements can be

re ferred the superstructures and the combs , which  are one of the

resources of the reduction cf the aipl i tudes of the oscil la t ing  body,

and al so the l ining racks, empl oyees for a preserva tion from the

damages to insulation/isolation of the conduit/manifol ds, placed on

the bottom of rivers. The drag coefficients of this type of cylinders

differ s ignif icant ly  fro. values C~ for saooth cylind er s.

Figu re YII1 .26 depicts to  dependence Cx~~~~(Re) of ve ry  rough of

cylinders k/D= 3-~ .10~~ . As can be sees f r o m  diagrams, C~ the ver y

rough cyl inders  of more t h a n  value CX for smooth cy li nd ers; the

transi tion of lami nar layer in to  turbulen t and indepen dence C~ fr om

Re number begins i n  rough cylinders with Re),3.105, but in smooth ones

— with Pe>,6.10°. The device of vertical co sts on cylinders leads to

an inc rease Ô~ to 1.35 in comparison wit h C X —  0.6 f or cyl inders

with hor izontal  cell/elements (Fig . 7111.27) . The characteristics of

c~Ilinders with overloads are given in rig . 7111.28. Tan e f f ec t  of

different superstructures on cylinder on l i f t  coefficient is shown on

Pig. VI1I.29.
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Pig. 7111. 27. cx f fRe ) Øf  cy linders with coibe . 
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Pa ge 311.

2.19’ S~IO~

Pig. 7111 .28. c~~~ t (Re) cylinders with over loads: I - sao~ ta overloads;

2 — rack rough , b — 6 mm , h — 3 rn. , the distance between racks t —

0.33 k. 
~~~~

C, — — —  — —

4 0 — — —  — —  —

;
~~1:

~Z2D 44X ~~~

Fig. 7111. 2R . c1, — Us) for cylinde r s with ;aper st rizctur es .

- . .~~~ ~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Pig. ~~I.30. c,~~~f (M ,~~) for circular cylinders (9e 12.105).

Kef : ( 1) . Low speeds.

Pa ge 312.

The f l o w  a round cylinder at supersonic speeds , j i s t  as sphere ,

it is conn ec ted with  cons id erable changes of d is t r ibut in g the

press~are , the temperatures and other para meters.  Ifl FL~j. V 1II .30 and

7111.31 re presente d exp er imenta l  d istr ibution qf pressure and the

drag coefficients of d i f fe ren t supersonic velocities f the  flow ,

which encounters t o  cylinder.

*7111.2. Bodi es of revolution.

______________ —~~-- ---.—-- ..,-. . -- .-~~~ -~~~- -~~---—--
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Fuselages of aircraf t an d projectiles, dirigibles and torpedoes,

rockets and artificial satellites of the Earth are actually the

bodies of revolution of various forms. For bodies of revolution

depending on the velocity of their mot ion the dominant role play

these or other the characteristics. At comparatively Low speeds the

form of body of revolution must possess the smallest possible

resistance. At hig h supersonic and hypersonic speeds the value which

is not smaller acgui re  the  therma l phenome na and the connec ted  with

then physico— chenical processes, which occur in the vici ni ty of bod y

and its surface.

~t small  subsonic velocities the resistance of bodies of

revolution w i t h  t h e  smooth ly  outl ined forms  in essence connected with

fr icti on depends  on the thickness (completeness) of b~ dy .  The typica l

distribution of pressure on body of revolution is repr esented in Fig.

11.26. Figur e 7111.32 shows the aerodynamic cha racteristics of the

fuselage of aircra ft at low speeds.
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47 44 46 48 1,9 42 ~* 46 48 2.0 i,2fr’

Pig. 7111.31. Resistanca of circular cylinders wit h large Nach

numbers.

Ret : (1) . with .

— I — 
~~~~~~~~ 

-~—~ “~~

t ~c ~~~~~~~~ 
—

~
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_ L 449, ——— . .—

rig. 7111. 32 . &.r~ dyna .ic characterist ics of fuselage.

Page 313.
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The compressibility effect of the compressibilitf of air at

su bsonic velocities in essence depends on the aspect r a t io  of the

nose part  of the  body and can be d escribed by the coeEf ic i ent  (Pig .

7111.33) ,

~~~~~~ \~).

bf these cond itions the  dra g coefficient  of bodies  of revolution

(f uselages) ’

~~~~~ ~~!‘! ~. ~~~~~~.5,

where c,.— coefficient of the ~~~~~~~~~ flat/plane p late , depending

on Re number (Pig . VII1.34);

S —body surface of rotation;

S.. — area of maximum cross section;

~ the correction factor, which considers the difference for

tire resistance of bod y of revolution fro. the friction al resistance

of flat/plane plate (Fig. 7111.35)

_ _ _  ___  ____  —~~~~.--~~~~~~~~~~~~~~~ - - ,.. -.. . - ,.
~~~~~~~~~~~~~ _ _ _ _
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?O~ PNOTE ‘. The ma jor i ty  of the given below ex pression s for

determining the resistance and other characteristics of bodies of

revolintion is obtained on the  basis of processing e x p e r i m e n t a l  da ta .

ENDFOO TN OT E.

In  the  presence of d i f f e r e n t  for,  of supers truct ires  on body of

revolution, increa ses the drag coefficient

C,~~!s I,l~;1+ 
_

~~~‘~~ +Ac~.

where 
~~

_ a dra; coefficient of those cell/elements of the

su perstr uctures *ich it is d i f f i cu l t  to isolate f r o m  m a x i m u m  cross

section of the  fus elage.
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Pig. 7111.33. Dependence of coefficient ri. 1(A...)

— — — ~— — —

o W 1W ~~~~~~~

Fig. tIIl.3~ . c1=/(Re) for a f lat/pla ne plate.
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rig. 7111.35. D.p.md.R cs cf coeffici•mt n~=F~,

Pa ge 3114. 
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value ±cx 13 S.~ia varies w i t h i n  considerable limits , f o r  example for

antenna ones fighter it co.poses 0.01 , for~j he motionLess machine gun
. L ~ ,~O,001 —0 ,004

of bomber — 0.03 for the canopy of cockpit~”~ A 414 the like.

The dependence of the coefficient of frontal resistance of the

bodies of re vo luti on of dif ferent elongation on N ach n u m b e r  is given

in Fig . VIII .36.  & reduct io n in th i s  resistance at h i ; h  ve locities is

çessible by an increase in the elongation and impartin g to the

forward  sect ion of this  form that  would not  appear the  pea ks of

evac ua t ion/r a re fact ion ,, leading to the  educa t ion/ fo rma ti on of shock

waves. In this case, considerably increases M~, (P ig. 7111.36) , wh ich

for tire slim fuselages can ach ieve almost ~t.~= I (wit h c=1~o/o, M,,,=

= Q..95).

By others the method of decreasing t he r esistance of bodies of

revolution is impa r t ing  to them the la mina r form , w: ti w h i c h  maxim um
S

thickness is displaced back/ago to 40— *Oo/o of l eng th  of body,  ai1d

the decrea se of the  surface roughness.  The t ransi t ion point of

l a m i n a r  bo undary  l ayer into tu rbu l en t  in simila r type fusel ages  with

the large Be ~umbs rs li./rest s at a distance of 70— 80a/o of length of

fuselage. Compa rison CT f(s )  for  the  i sua l  and laminated fusela ges

is given in Fig. 7111.37, where is also shown the e f fec t  of the

~

— . . -
.
—.- —- . . -- -

~

—— - . .— —- .- -- —

~

..- - -,.
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su cking act ion of p lume  exhaust  of the engine, placed in the  rear

pottion of the fus elage. It should be noted that  very  low resistance

ha ve the bod ies of revolution of the  para bolic for ., for med , for

exampt e, by rotation around the axle/axis qf the curve of form ra2t(

x— x’) (F ig. 7111.38) .
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Pig. 7!!! . 36. Depe n den ce of the drag coeffici e~ t of body of

revolution on its elongation and M ach number
C,

E
~1 ~

0.5 48 40
Fig. 7111.37. ?he comparison of the drag coefficients of the usuni.

and lamina rized fuselages: 1 - classical fuselage w i t a ou t  jet engine:

2 — the same, with jet engine ; 3 - lamina r fuselage withou t jet

engine; Is — the sa me , with jet engine.
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Page 3 15.

Vith an increase in the velocity to smal l supersonic the

resistance of the streamlined bodies of revolut ion depends m a i n l y  on

losses in bow shocks. These losses depend on velocity and form of

nose section. As a whole resistance will  be composed f wa ve

i.pedance, frictional resistance and of the bottom, caused by

evacuation/rarefaction after the bottom bod y (fuselage, projectile,

etc.) ~

Experiments show that the resistance of bodies of revolution at

aspers onic speeds in high degree depe nds on the angle of taper of

nose section. Table 7111.1 depicts the values of the  c o e f f i c i e n t  of

presser. ~ depending  on Mach number  on projectiles wit h d i f f e ren t

~~ nict l kn ob/cap of numbers M= 1. 1- 3.5. As can be see n fr o .  these

data , the esser the angle of taper , the lesser the resistance.

As can be see n f rom table 7111. 1 d u r i n g  the  f low around

projectil, of the supersonic flow, pressere on the bot tom f a l l s,

wh ich ca uses the supplementar y res istance, called bot tom .  The

_ _ _ _  -. - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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resistance of tail. section can be decreased because of impart i ng to

it of conicjt)*.

Re num ber is the very important parameter, which characterizes

resistance at high velocities.
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Fig. 7111.38. Opt imum va lue of the thickness ratio of fuselage taking

into account surfa ce friction.

Table 7111.1. Ratio of pressure on the surface of projectile and

pressure in the incideet  flow depending on the angle ~ of the

dissolution of the cone of the nose section and Mach num ber

7Ti ~~~~~~ (i )
IC oayc~ Ia U.a.iups’e-

P SIClb CNau ~lCtb

20 1,11 0,64 0,64 0,48
1,6 1, 18 0,72 0,51
2,0 1,28 0,75 0.49
3,5 1,74 0,74 0,37

40 1,6 1,67 0,62 0,45
2,0 1,92 0,65 0,43
3,5 3,45 0,69 0,73

Io~ 2,0 2,8 0,64 0,44
3,5 6,8 0,70 0,40

Key: ~1).  Conical part. (2) . Cylin drical part . (ii . Bottom .

Pa ge 316.

Despite the fact  t h a t  with an increase in the Rack am ber due to

slope deviat ion of bow shoc k total coeffic ient c~ fails, resi stance 

-. ..-- -- . - .-  
_ _ _ _—- --

~

.- .

~ 

.. .-— -—~~~~ -- - -~~~-- -- -- . —~~~—~~~~~~~~~~~ —-
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from an incr ease in the Mach number sharply grow/rises due to an

increa se of vel oci ty  head.

Wave impedan ce and frictional resistance body of revolut ion are

ca lled head resist a nce . Coefficient of total drag cx:

~~~~~~~ +C~ irp +C~ a...

The coefficie nt ot wave inpedance depends both on the  Mach

number and for m a n d  elongation of body of revolution . For the body of

revolation, com prised of conical cell/elements (Fig. VI1I.39), value

c~ cam be found f r o m  the approximate dependence

= 0,02(0,8 + M~) [(~~ .1y
’ 
+ (P.,Y’ 

(i —~~)].

A
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Fig. 7111.39. Form s of the bodies of revolution, compr ised of conical

cell/elements.

czr C,J

020 ~~~~~ ____________

‘01 
___________ 

0,1:—
012 ~~~~~~~~ — ______

40; ~~~~~~~~~~~~~~~~~ = _ _ _ _ _ _ _ _ _

• 1 1 0 2 4 5 Re ~~~

Fig. 7111 .110. Change  of the coefficient of head res is tance  in

dependence on Re number.

Paqe 317.

For f ine/t hin bodies of r evolution wi th  arbi t rary ge2 eratr iz

_____ ____ —~~ _________
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C~. 0,415çP ,,

where

ç~~~~~~ O,S.

L-f body of re volmtion is very tine/t h in, then

c~,= 1, l7)~’.

From la st/latter expression it is eviden t that  in th i s  case the

wave impedance depends only on the value of e longat ion.

The coefficient of friction drag of bodies of revo lu t ion  depends

o~ the cha racter of boundary—layer  f low , surface  condit ion of Re

number and of form of bod y (Fig. 7111.110) . Experimenta sho w t hat head

resistance (Cj~,-f-C~~~) wit h turbulent  b oundary  laye r approx imate ly  to

200/0 is more than resistance with l aminar .  It must be noted that  for

the bodies of revo lu t icn  (of type of projectiles) the  f r i c t i ona l

resistance com pose s ~ 20o/o at total res istance.

Base dr ag . Th is resistance is the consequence of the

evacuation/rarefaction, which is formed after model (n the bottom) ,

and depends •ainly on surface con dition of body, its lengt h and of

contractio n , i.e., on the factors, which are  determi ning the

pr operties of boundar y la ye r in bottom section/shear . Observations

show that the flow a f t e r  the bottom of m del has a charact er ,

de picted in Pig. 7111.41. The distribu tion of pressure in the trace
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with of 11:1.3 for model d 7.62 mm (k 4) is shown on Fig. 7111. 112.

Great effect on the valu e of the pressure (are more precise,

ev~acuation/rarefactj ons) on the  bottom of model , exer t s t~ e boundary

1a~ er whic h separa tes the external  flow f r o m  internal  cavity a f te r

th e bottom . 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _ _ _ _ _ _  _ _ _  _ _ _ _ _ _
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Fig. 7111.111. Shalow photograph and schematic of the flow around

blunted body (~~=3) : 1 — body; 2 — sonic l ine;  3 — dece ler at ion  point ;

4 — the leading sh ock wave; 5 — fans of rarefact ion ;  6 - j u m p  of

secondary compress ion ; 7 — tailed jump;  8 — stagnation zone;  9 —
tu rbulent feed trace.

Pa ge 318.

The tkicke r the b o u n d a r y  layer , the  greater  the  f r i c t iona l  resistance

and the less the suck ing  action of externa l f low and , consequent ly ,

also evacuation/ra refaction on the bottom . Ease drag in th is  case
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de scends. On these reasons dur ing  the investigation of bas e drag,

so m etimes they are utilized as the parame ter the coaff i~ ien t  of

friction Cj,.. C, (/L, ’ referred to base area . E x p e r i m e n t a l  data

showed :
— 0,029

- 
PJI ou =—  r~~~~

~
‘ ~~~

and
0,029 Id \‘Cx y _ ~~~~~) .

where c~, — the coefficient of friction, in reference to lateral

su rface, equal  to cX f \ ~~-~-
” ; C x, it is calculated fro. lateral surface.

The d epen denc e of the ratio of pressure on the bot t om to static

pr essure in the incident flow is shown on Fig . 7111.43.

It is somet imes mor e convenie nt the c oefficient of base drag to

determine directly throug h the coefficient of base pressure. In this

case

C~ ~~~~~~~~IC.

_  

_
~~~~~~~~. . ~~~~~~~~~~~~~~~ _ _ _
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M pm.cm. (‘~~ _______

Fig. 7111.42. The distribution of pressur, in the trace: I - nozzle;

II — model; III — clearance; IV — exit cone/diffuser 1 - total
pressure in  empty duct;  2 - total pressur e trace af te r  model;  3 —

static pressure in em pty duct ; 4 — static pressure in trace after

model.

Key: (1). mm 11g. (2). bores. 

~~~~~~ -,— - -- -~~~ -——~ -_- 
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Pa ge 319.
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~~~ 41 42 4) 8’ 40 IS 1 2 .7 • Re l Y

Pig. 7111. 43. The ratio of pressur e in trace to static it is squashed

in the inc ident f l o w  depending on Re number : the  diameters  of the

model: 1 — 7.62 mm; 2 — 12.7 mm (norma J~ position) ; 3 - 12. 7 mm (50.8

after the bottom) ; 11 — 25 .4 m m ;  5 — 34.9 mm; 6 — 44 .4  mm; 7 — r i f le

tests.

= = = = = = = = = = = = = = 
::::: .::: :~~ :~~~;_ :{ :

4,8

ri~ ~w.m. 

_ ,.
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rig. 7111. 1111. Dependence of ba se pressure on Mach num o er

Pa ge 320.

La showed the results of processing numerous ex periments, value
P 01 can be determi ned depending on Mach n umbe r (1131.5) according to

the equati on, proposed by G. B. Khudyakov (Pig. 7111.44),

P,0. — — (M’~
’ — 0,92 M’ — 0,03).

In the extrele case with M — — this f o r m u l a  gives known  value

for P,. .=—4 ~?, which corres ponds to vacuum in bottom region.

Total drag of bod y of revolut ion at zero or low angle of attack

depends on form of body, Mach numb ers ani Re and state of boundary

layer (Fig . 7111.45) . The comparison of t h e  drag coefficients of the

various forms of t h e  bodies of revolution, and also di sk an d  sphere

of Mach number  is represented in Fig. 7111.46, but the  effect  of

an gle of at tack is shown on Fig. 7111.47.

- 

—
~~~~~-—--~~~--. ~
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Fig.. 7111.45. Dependence of complete drag coefficient on Re number

( M 1 .5): a)  lamina r f low , b) turbulent f low .
CI
—

—~~~~~~~~~~-

~~~~~~~~~~~~~~~~~~~

~~~~~~ 

_ _

C—  — — — — —o 
~
5 1,0 1,5 £1 ~$ 4?

Fig. 7111.46. The comparison of the drag coefficients of different

bodies: 1 — disk; 2 — sphere; 3 - the flat—beaded shell; 14 - pointed

prcjec tile .

Pa ge 321.

For bodie s of revolution high  value have not on ly resistance

ch aracterist ics,, but  also the l i f t  and the connec ted wi th it momen t

characteristics. In  practice in the m a j o r i t y  of the  cases, the  flow

_ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _  — —--- -.- ---—_ _— _— .--~~~~ 
_- --_ -.-.
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around bodies of revolution occurs asymmetrically, in consequence of

wh ich changes the distribution of pressure, appears L i ft  end t urning

mome nt (Fig. 7111. 48) . It is possi ble to cqun t dependmnc . cA on e

close to f ore ~~~~~~~~~ Th. same value CN gives the linearized theory

for very fins/thin bodies of revolution. This dependence can be

apçlied also for large Mach numbers.

In a wi desprea d manner  of determinin g the mom ent  coe f f i c i en t  is

its calculation:

~~~~

where CL, — a cent er— o f— pressure coetficient.

CL, —1?
- co.rdis ate of point of intersection wit h re su l tan t  of

aerodynamic  forces with the axle/axis of body .

~a —  leng th of body.

In the major i ty  of the pr actical cases , coefficii nts CN, C. and

CL~ find on th. ba sis of exper imental investigations in wind tunnels

or dur ing ballistic installations. The sh ortened bodie s of revolution

ha ve m ore rear cen ter—of— pressure locat iop (to c . . .) .  If to the

nose •sction of the body of revolution is cpemect.d ssppl..entary

long section, them center of pressure is displaced to the bottom .

During the contrac tion of cylindrical  section, it is sh i f t/ she ared

___________________ ____________ 
_ _ _ _ _ _  _ _ _ _ _ _ _  

~~~~~~~~~~~~~~~ ~~~~ ~ -.
~~~~
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less, whil e during expansion - it is m ore. The center- of-pre ssure

location bod ies of re volution has high value  for the eva lu at ion of

their st abilization and especially nose sections of tie rockets.

Static stabili ty occurs onl y in such a cas e, w hen cent er of pressu re

is arrange/locatel after the center of gravity, i.e., it is nearer to

bottom (x ,—x 01 >( ~. 

~~~~~~~~~~~~~~~
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Fig. 7111.47. A change in the complete coefficient ~x body of

re volution in dependence on Mach number a r ~d ang le of a t t ack

(turbulent boundar y layer) : 1 — exper imenta l  data; 2 - calculation

da ta .

c

~~~~~~~~~~~~~~~~~~~~~

r

~~~~~~

Fig. 7111.48. A change of the coefficient of norma]. force in

dependenc . on the angle of attack of of M=5.05: 1 — calculated curve;

2 — experi menta l c u r v e  when ~~~ — 5  3 — the  same , whsn ~~~~~~~~~

Page 322.

The stability factor is quant i ta t ive ly  determined by the

re lationsh ip/ratio

y_ . xL p _ X~~!~ ~~

~~~~~~~~~~ -~~~~~~~~-- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ——.----~- , . . .-.—~~~~~~~
-

~~~~~
— 

~~~~
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Usually Y= 8—lQo/ o .

W ith the impossi bility to attain the n ecessar y s tabi l i ty  factor

because of the displacement of the  center of grav i ty  and nose

section, are utilized different aerodynamic method s of stabilization .

They include the s tabil ization wi th  the  aid of the tai l assembly of

body of revolution and the s tabi l izing “skirts” (Fig. 7111.49) . Solid

cone, for example stat ic, is u nstable, since
a

—8 ,34%.
If  we extend cone to height/al t i tude  b, then wi th  the

in~ignific an t weig ht of the skirt
3 h

h

I f  ce n ter of pressure is arrange/Located at a di s tan c a 2/3h from

point , and the center- of— pressure coefficient is equal to  2/3, then
2 1 9 t h ~1T 1_ i~~ )j b 00.

3eing assigned YalOo/o, we will obtain

* 8 !  3 I O\

i.e. the addition of skirt with size/d imension to 1/14 cones provides

the requir ed stabil i ty factor.

Bodies of revolution at h yper sonic speeds . The char acteristics

of frict ion at hyp ersoiic speeds d i f fer  signif icantl y from

characteri stics with  the  moderate supersonic ones. This difference is
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coaneQted with the properties of the  hypersonic flows whos e f i r s t

specia l feature/peculiari ty is caused by large Mach nambers  of

notion, the second — by high energy of flow.
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Fig. VIII . 149 . The diagram of the mutual layout of the center of

pressure and center of gravity in conical body with tie s tab i l iz ing

skirt an d without it: 1 — center of g r a v i t y ;  2 — center of pressure.

Page 323.

La rge flow mach numbers (or f l i g h t )  lead to essential

slope/inclination and bending of intense shock waves , emergence of

the considerable gradients of the paramete rs of flow (entropy, etc.).

~o.ndary layer on body due to the decrease of density with a

te mpe rature rise i n f l a t es and is caused t h e  d is turbance/per turbat ion

of external (inviscid) flow.

Wit h the  high tem peratures, caused by braking f la w in po werful

shoc k wa ve s, are connected the physicochemical process es at

hy personic speeds. In this case, can be excited the v ibrat ional

. -
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degrees of freedom of the molecules, whic h then dissociate to atoms;

can take place the ionization of molecules or free atoms and the

edeca~~ion/ forma tioa of such mo lecular or ionic compone nt s whose role

at low tem peratures is insigni f ica nt.

&t the  suff ic iently high temperatures of gas, ent i re  the

increasing role plays the emission/radiat ion, callin g of energy

transfer. Due to t h e  h igh  concentration gradients  of d i f f e r ent

molecelar and ioni c components essentia l b ecome the processes of

diffusion. Furthermore, d ur in g hypersonic f lows they can take the

place of the phenomenon of interaction of the particle s of the gas

with bod y surface. However , the effect  of the physicochemical

pr ocesses indicate d usual ly bears loca l character  ( for  example , for

f lew in the nose section of the  body) and therefore in maa y insta nces

the hydrod ynamic characteristics of flow they are s u f f i c i e n t  ones for

evaluating interaction of body and hypersonic flow.

In the exaniiation of the flow around bodies by aypersonic flow

one should distinguish flow about the blunted bodies and t he  pointed

bodies . Common/general/total for  t hese ty pes of bodies is the

ne—perturbation of f l ow  to certain boundary at very small  distance

frcm nose section. Such boundary is the shock wave , which envelopes

body and which str etches downstrea m in the form of tha w e ak l y

ex panded surface.

L~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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If body ILas su f f i c i en tly large posit i ve slope/inclination

re la ti ve to direct ion of undis turbed flow , then the  envelope j u m p  is

arrange/located very c losely to the surface of bod y (Fi;.  7111 .50)

The na rrow region between this jum p and body is callel shock layer.

In sh ock layer the temperature , pressure and density of dissociated

and ionized gas is considerably more than in the undisturbed flow. If

the temperature of the body of the same order as the temperature of

the undisturbed f low, then proceed s considerable hea t  emission from

gas to b o d y .  

—~~~~~~~~--~~~---—-. ~~~~~~~~~~~~ .-.-- ~~~~~~~~~~~~~~~ 
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Fig. ‘VIIL. SO. The hypersonic flow around the b lun ted  iose section of

the body: 1 — emis sion/radiation of the heated gas ; 2 - shock layer;

3 — front of the ben t  shock wa ve; 4 — boundar y layer of gas;  5 —
emission/radiation from surface; 6 — body .

Pa ge 324.

I~ f l ow behind the bent shock wave , occur the high tra nsverse

gradients of entropy.

For slender bodies in hypersonic flo w, the veloci ty in the

distur bed region ( after jum p) changes barely  in comparison with the

ve locity of the undisturbed f l ow  despite th e  fact that  other

parameters of flos (pressure, dens ity, te m perature, speed of sound I

undergo considerab le changes ‘.

FOOTNOTE 1 , The speed of sound in the disturbed region about  slender
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body remains su f f i c i en t l y  small and entir e field of flow viii  be

hy ’personic . EIDFOOTNOTE.

Especially important in h ypersonic flow are  conditions nea r  the

leading ed ge/nose of slender body. In practice almost it is not

possible to  carry out a forward section of the bod y in the  form of

id ea l point. Moreover localized heating in nose sectio n at hypersonic

speeds is so great , tha t  the  f ine/thin point will be r a p i l l y  fused

and near this body will appear the same local flow, sich as is

observ ed before th at blunted , with the wh ich is inh erent in it

powerful shock wave and the large increase of entropy. Shadow

ph otogra ph and schematic of the flow around blunted bo dy (M=3) are

given in Fig. 7111.41.

Numer ous theo r etical studies of hypersonic f low , wh ich  appeared

in recen t years, consider the flow of ~onv Lscous gas IS t]? flow of

continuous med ium, and is considered the effect of rar efaction when

mean free path of molecules is commensurable  with the si ze /dimensions

of body. I n  the in vestigations, dedicated to hypersonic flow of

nei~viscous gas, is assumed number M , ) I , bod y is considered

fine /thin, .Sin e~ 1, here e — local angl • of the sur face ’ slope of body

to the direc tion of the incident flow. The rat io/relat ion to density

te jump p. to density after j eep ps is accepted al ~.ry snail -

aid jem p itself is assu ied to be poverZul - M,sinl>I.

~ 

. ..—~ .--.-~~~~ —“u,~ - 
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One of the in itial theor ies of hypersonic f lows  is called of

Newton ’s theor y. I t  is based on a small densi ty  r a t i o  and assumpt ion

about the absen ce of the forces of intera ction betw ee c t he par ticles

of gas, mo reove r t h e  f orce of impa ct of particle about bod y is

accepted as the proportiona l to the sine of angle of incidence  and is

directed along the normal  to body . Compon ent of th is  for ce, which is

exhi bited in the  f o r m  of resistance, is prop or t ional  to  the  square of

the sine of angle of incidence .

Formula  for  the  pressure, which act 3 on body u n d e r  the

assumpt ion s in dica ted, takes the form 2

p — p .—p ~,uL~sin2I .

FOOTNOTE 2 In practice for a comparison with experiment , they

f requently use the insti tuted on experiments “ nodifiel  f o r m u l a  of

Ne ston u

ENDFOO TNOTE .

Pa ge 325.

This approx imat ion  fo rmu la  gives the possibility to calculate

I . L 
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pressure d irectly af ter lump and , str ictly speaking,  it is valid in

the extreme case of the  zero densi ty rati o and if we t he  f o r m  of

sh ock wa ve will  coincide with the form of body . Moreo ier  pressure

after jump will be equal to pressure on body ,  if in the  shock layer

of particl e they w ill mov e without acceleration, whica occur s f or a

cone or a wedge at zero angle of a t tack.  Dur ing  the  fl ow ar o u n d  body

wi th  curvi l inear  duct/ contour , must be accepted in at t e n t i o n  the  fact

that in shock laye r the  particle wil l  mov e over curved pat h , and due

to the ef fec t  of c e n t r i f u g a l forces pressure on bod y decreases .  This

correction, introd uced by Ruseaann for pressure taking int o account

centrifuga l forces, lea ds to Newton — Buseman n ’s formila

0 ~~ S cos O dF) .

wh ere c — the va lue of pressure coef f ic ien t  at the t i p  of bo dy

wh ich is located i n  accordance with  the  t h e o r y  of the  superson ic

courses of perfect gas ;

0 — angle between the tangent to the duc t/contour of body at

this point and the direction of the incident flow (for the blunted

bodies sin 0o 1) ~

F — sect ional area of the streamlined bod y by the p lane , normal

to the dir ection of the incident f low.

L..~~ ~~~~~~
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Especially ilportant value for the bodies, w hich mov e wi th

hy personic speed, have the processes of heat exchange. For the

possibilit y of the successful la nd i n g/ f i t t i n g  of s pa c e c r aft , rockets

and other bodies, which ret urn in the  atmosphere, it is necessary

their enor mous kinet ic  energy (for example , upon t h e  r e t u r n  of

sa tellite to the e a r t h  its kinetic energy per uni t  mass  of equivalent

84 000 kcal/kg)  to scatter in the  form of heat . Since t here are not no

such mater ia ls, wh ich without  dama ges could absorb the s i;ni f i cant

pa rt of this  heat , investigations were directed towar d  tha t so tha t

the  large part  of the  energy would go for heating of t h e  s u r r o u nd i n g

body gas. On these rea sons for the proble m of heat t r a n s f e r  at

hy personic speeds, they began to occupy the recently prav ailinq place

j
~! theoretical ani experime nta l  studies in this reg ion of

aeromechan ics.

Thermal energ y is t ransfer red  to bod y as by the ~ay of t h e r m a l

coqduct ivi ty  and d i f f u s i o n  in the boundar y layer (see Fig. 7111.50),

so also by the way of the emission/radiation of the hea ted  gas , which

is located in shoc k layer  near the  nose sectio; of the  body . I n  turn ,

the heated surface also emits energy.  In t h e  major i t y of t he  cases ,

thermal  en ergy, receiv ed by body surface, is absorbed e i t h e r  by

sublimation or by of melt ing and , possibly, evaporat in g the  material

of sur face, which is accompan ied b y  combustion or diss ociation of the

part icles of the mater ia l  in the  boundary layer  of ga3 . 
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Page 326.

On these reasons f o r  providing the  successful descent of space

ob jects in the atm osphere ver y impor tan t  a n d  are the  processes bot h

of convect ive and radia t ion heat exchange .

The ve loc i t y  of heat exchange on r ig id  surface d e p e n d s  in

esse nce on common/genera l/ to ta l  en th a lpy  drop across f l o w  (boundary

layers . With inact ive surface the velocity of the convective heat

exchange in the cr itical point of the blu n ted bod y

(q~)V~~~~A V~~v m ( i 4~)~
where q~- — heat f lu  to vsll

- radius of b lun t ing,

— v elocit y and densit y of the incident  flov

h, — value of en tha lpy  on vail ;

— sta g*atio n en tha lpy  of flow~

A — constant, which depends on the chemical  com posi t ion of the  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - , .. .~~~~~~.-_ _ _ _
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incident f low (atmosphere) ; for  ear th’s atmosphere h =~ 710.

If sur face  is act ive, then due to the d i f fus ion  of the atoms,

which are formed d ur ing  dissociation to the  bod y s u r f a ce  and  their

subseque nt recom bina tion , which is accompanied by heat l iberat ion ,

heat fluxes to sur face can substantially grow/rise. Wi th an increase

in al t i tude of f l i g h t , this special fea ture/pecu l ia r i t y is exhibited

the  more s h a r p l y  (due  to less dens ity d i f fus ion  beco me s more  intense,

and recombin at ion in gas phase occur/flow/lasts more s l owly ) . To

decrea se the heat f l u x  to wall  is possible by intro d uc tion

(inject ion)  to the boundary  layer of the chemicall y ac ti ve substances

whic h , enter ing  in t o  reaction wi th  gas in boundar y lay er , absorb the

part of the heat .

At t h e  high t emperatures, corresponding to the h igh  f l i g h t

veloci ties in the suff ic ien tl y den se 2ayers of the ataospaare (with

de scent along abrupt/ steep t raject ories) , impor tan t  becomes the

em ission/r adiation of the gas, hea ted in t ransit throu g h the shock

wa ve . Heat f l uxes  to bod y in thi s case in cer tain cases can be

considerably more t han  conv ective ones. the .  it is possible f o

determine in the k ilocalories, divided in t o  of 1 a’ ~er second , by

the ex pression
I_I 1P.\~~1’.~”’ç~~

2
~i i  ~~~‘

Are recently developed variou s theoretical method s of 

--—.--- -~~~ ., .~~~~~~~~~~~ . - - . _ _ _



— .

DOC = 78201105 PAGE .ii~
r”•/b~~~ 

-

determining the p arame ters of flow near t he  bodies of var ious  forms,

st reamlined wi th  hyperson ic f low.  They give the possi3ility, in

combination with experimental  measurements , to determine the

aerodynami c characteristics of these bodies under the diverse

coiditions of moti on .

Pa ge 327.

Cone. Pressur e on the cone (premium P. referred to stat ic

pr essure in undisturbed flow P.) equa l to coefficient wa ve impedance

ca~ be fou nd from approzimatiops (I. V . Kr aanova)
— p, / 2 s / p ,  ‘

~

~~~~~~~~~~~~~~~ I,
2(x + I)(X +~~

vks~ x — 1,4 CX ,M~ — 2,09K’ (i + 0,1 ~~~~ 4) . whets K — ~~~~ her s ~ . —

one—half angl. of the solution/opening of cone .

Of in f in i te  !~ach numbers the lim it in g value of pressire

coefficient on the cone

~ 
2 ( x + I ) ~n+l ) J(I

‘
~~~~ 

(x4-~~
wh ich when x — 1,4 gives P. — 2,09 K’.

Dependence P, — c .— f ( M, a.), calculated on the for mula indicated,

is graphically expr essed in Fig. 7111.51.

____
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Newton ’s theory  allows wi th  su f f i c i en t  for a series of the

pr actical problems accuracy/precision to rate/estimate  the

aerody na mi c charac teristics of bodies at hypersonic speeds. So , the

excess pressure on cone , which appears as a result of the  l oss of

that part of the momentum which is determined moraul component of

undisturbed velocity v..~,:
p — p.. —

whence

wh ich corresponds to the case when shock wave f i t s  closely to

surface. liowever, in actuality this condition is not sa t is f ied  and

pa rticles behind shoc k wave move over the bent trajectories, which

leads to the emerg ence of the centrifugal forces, whic h decrease the

pressure . On the other hand , pressure ris, behind shoc k wave, whic h

occurs dur ing  rea l flow , compensates for the  effect  of c e n t r i f u g a l

forces, and total pressure on body proves to be s u f f i c iently to  close

to that  wh ich can be obtained according to Newton ’s r e f i ned  theory .
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rig. 7111.51. Curves c,,~~ l (M) for cones.

Page 328.

Blunted bodies of revolution. The wide application of b lunt ing

of bod ies dur ing  thei r  motion in the atmosphe re with h i ;h  velocities

is coanected with the fact that these bodies in compar ison with those

shar pened less are heated and , consequently, also less t h ey  are

dest royed. In  the vicinit y of forepart/nose point, the jum p is close

to straight line , and transition through this jump of the  particles

of the gas is accompanied by the considerable losses f complete

pressure head and an increase in the entropy. At the iame time after

velocity d iscontin u ity, (but sometime s also density) subs t an t i a l l y

decreases, grow/ri ses the extent of l aminar boundary layer , decrea ses

- - — - -~~-• ---- —--~~~~~~~~ -- -~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~ . .. - --~~-~~--~~~ -
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fricti on, and as a whole heat fluxes from the heated gas to bod y

decrea se. On these reason s, investigation s of the blunted bodies of

various forms devoted considerable number both of theoretical and

experi.ental works.

Fig ure ~I 1I.52 shoes the position of shock waves for  a sphere .

Figure 7111.53 giv es d istr ibuting the pressure accordi ng to

he mispherical leading edge/nose wi th  numbe.r ~~~~~~~ Values Ci. — 1(M)

are given in gig. 7111.514, and the correupo~ding character istics for

a flat/pla ne end/face — in Fig. 7111.55 and 7111.56. rhe effect of

th. aper ture  angle and form of the b lunt ing  of cone on the

distribution of pr essure with N=6 on the character of the

distribution of pressure is represented in Fig. 711.57 , but  the

comparison of dra; coefficients is produced in Pig. YI II.58. 

—. --. - - —---—~~~ -.-- --~~ 
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1,8

Fig. 1111.52. The shock waves before the sphere: 1 - sonic lines; 2 -
sphere .

_
obo ;LL

~

JTEI ‘15
~~~

1

,

. -

~~ ___

FiAg. 7111.53. The distribution of pressur e ccording to  surface of

hemisphere and adjacen t it cylinder: 1 — experimental data ; 2 —
for.u~.a ~~~ — s ”  3 — according to the met hod of integral

re lattos~~ip/ratios.

Page 829.
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Impor tant characteristic during the fl~~ around the  blunted

bod ies is the departure/withdrawal  of shock wave. In rig. 7111.59 is

compared the  posit ion of shock wave during the flow around bodies

with the variou s f o r m s  of b lunt ing . The distribution of pressure for

bo dies of the type of ellipsoids of revolution is represented in Fig.

7111.60. The blunt ing of the nose section of the bod y affects shaping

of the bou ndary la yer whose increasing along the lengt h of bod y

thickn~ess has its effect on external inviscid flow . As a result of

this interaction, which depends on the number

and a therma l coni itioi, the pressur, on body increases. This effect

it is possible to represent to itself as the inviscid flow around the

body, increased to the displacement thickness of boundary layer.

The blunting of bodies of revolution has great effect on the

ph~sicochemical processes and the thermal phenomena in the v ic in i ty

of body, especially in nose section, which in t urn , affect s the

pssitlion of the sh ock wave whose d istance from bod y is changed

depe nding on qonequil ibriua .

— . 
- - --—-S ——
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Pig. 7111.54. Yalies cx.=f(M)  for the hemisphere (smal l  circle

showed the data of experiment) .
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Pig. 7111.55. The distribution of pressure according to the

f lat/p la ne end/ face (pointa showed the data of exper iment)

:; - ( y~~ J -I~
--i

U - - -  -t
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_

I 
1L 

I 
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rig. VIII. 56. Th. coefficient of the wave impedance of the f la t /p lane

end/face: 1 — the retical calculation; 2 — dat a of exper iment ; 3 —
soiic points.
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Page 330 .

Th us, for instance , wi th  the ne— h ad time to  dissociate ( fro zen ”)

fl ow this distance two times more in comparison with that case when

chemical reactions behind wave occur rapidly, and dissociation covers

entire region between the wave and the body. The temperattire in the

case of the ~fr ozen ” flow in com parison wit h is e~uili br i um below

approxim ately to 200/o.

Special importance for the blunted bodies of rev lution has

friction heat treasfer. This is connected with the fact that the

pressures an d the aerodynamic forces (with exception f sta bility

charac teristics) f such bodies play smaller role in connection with

the large margins of thrus t, required for imparting high velocity the

motion . The preser vation/retention/maintaining of bodies (for

example , spacecraft or Earth satellite) lepends in essence on its

he at shielding.

_____
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rig. 7111.57. The distribution of pressure on the blun ted accord ing

to sphere cone: o — experimental data; — — —— - ac~ ord ing  to the

theory of ac ute cone; — — calcu lation p of “universal”  curve.

rig. 7111 .58. The coefficient of th , wave resistance ~if blunt—nosed

co’ne and end/face: 1 — end/face; 2 — cone .

_ _ _ _
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Pa ge 331.

1 7/ 
_ __ _— 0

M~~~~~f/
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I 
_ _ _  

4 

‘.0 ~~~~0i 0

ri g. 7111.59. The departure/w ithdrawal of shock wave fo r  d i f f e r e n t

bodies ( points sh wed the data of experiment): 1 - end /face wit h

round ing ; 2 — seg.ent; 3 — sphere ; 4 — ellipsoid 6=2.

Fig. 7111.60. Distribution of pres sure according to the  symmet r ically

streamlined ellipsoid.

Pa ge 332.

hL . ~~~~~~~~~~~~~~ - - ,—- .-,-- -.- - -. -, .- . - -



-r - - -- --~~~~~~~~~~~~~ -~~~ --~~~~~~~~~~~~~~~~~~~ -.— -~~~~~~~~~~~~~~ 
_ _ _ _ _ _

DOC = 78201105 PAGE

The value of heat transfer rates at the critical point of the

blunted leading ed ge/nose can be determined from approximate

de pendence
_ 3I5OO i,’~~~~~f ~ \$ lê 

1 ‘CT
q ._j 7~~~ 

~~ ~~~~nr’ i

w~•re R~ — a radius of sphere, a ;

1, — enthal py of restoration/reductiqn (i,s~~0,5c’~):

— the a ithal py ,  which corresponds to the t emperatu re  of

wa ll (i,—i C, CpCT (T,— T ,) .

Heat f lux e s in the for ward section of the bodies reach t h e

signif icant  magn i tudes . Thus , for instance , for spher ic al  leading

edge/nose R, = 0,25.w,, 0=30 ha , M~ = 15. T~, = 10000 K q, = 1200

kcal/ .2s. For end/face (R T =0,5D, =0,25 i , q, = 5O6 kcal/m~ s) heat

f l u x  is less due  to  the  more intense b rak ing  of f low in  end/ face in

comparison wit h sp here.

Neat— flow dis t r ibut ion in the vicini ty of cri tica l poin t for a

sphere is shown on Fig. VIII. 61 , and the compa r ison of to ta l  hea t

fl uxes for spherical and conical leading edge/noses is given in Fig.

7111.62 .  I t  must be noted that the value of heat fluxe s affects a

.
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series of supp lemen ta ry  factors. The e f f ec t  of eddy i ng in the  layer ,

wh ich ad jo ins the wall , leads to certain increase in the  hea t  f luxes

at high alt i tudes (approximately  to 20o/~) . Radiation f1u~ to surface

froa the  overhea te d sh ock laye r becaus e ai r  ceases to be t ransparent,

al~ o leads to cert ain increase in the hea t f luxes, whic h  can  be

estima ted in the kilocalories to of 1 iZ per second accor ding to the

empirica l expression

q~~~~~ =2 ,12. l07 R~~
(

~~~~~ ) ’ ~ 
(~~~~~

-)“.

For low alti t udes this value reaches —300/0 of aer ody namic heat

f lux .  The d i f fus ion of ge neratrices as a result of d i ssoc ia t ing  of

atoms and ions in region with their smaller concentrat ion is

acco.panied by re :ombination and liberation of supplesentary heat.
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Fig. 7111.61- Dist r ibution of laminar  hea t f lux  on sph er e wit h

different Mack numbers.

Pa ge 333.

This heat de pends, in t u r n , on a num ber of circumstan:es: the f l i g h t

speed , which decreases the d i f fus ion  heat flow , the t empera tu re  of

the wall whose smallness on the vhcle impedes the libe rat i on of a

la rg e quan tity of chemi cal energy, the chemical activity of surface

(catalytic or noncataly t ic) , of form of nose section , etc. 

- 
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Pig . 7111.62 . Comparison of l amina r  heat f luxes  for spherical and

copical leading edge/noses.

§VIII. 3. Character istics bl uf f  bod ies .

The de te rmina t ion  of the w ind loads on d i f f e r e n t  i ndus t r i a l  and

technica l construc tion s, the powers , required for the  advance  of

ground—bas ed transport, an d simila r problem s require the knowl edge of

the aerodynamic characteristics of the diverse, so—called, bl u f f

bodies .

Au tos. In co~ nection with an increas e in the velocities of the

motion of autos, t h e  pewer , spert on overcoming by them a i r

resista nce , gro w/rises proportional to the cube of t h e  velocity:

N 
ca9S_~

2.Th

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  .. -~~~---- -—-~-~~~-..-~
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rig. 1111.63. The drag cOefficient of the autos: 1 - bus P AZ—6:  2 —
“N oskvich —4 07” ; 3 — “ M oskvich—va n ”; 4 — “Volga— M — 2 1 . 

- -——-.~ . - -- ~~ ~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Pa ge -331j .

The drag  coeff icient  of autos , depending on the ir for m , a t t a ins

the signif icant magnitudes (Fig. V.111.63) . The d i s t r i bu t ion  of

pr essure a ccor d ing to the housing of auto is importa nt fo r  the

regula r arra ngemen t of the air—inlet, cooling and vent ilation units

and it is also coinected with form. In Fig. VIII.64 and 7111.65 given

typical distribution of pressure according to the housing of

pa ssenger auto and bus.

Trains.  In recent years of the  velocity of the motion of t rains,

they reach 200 km/h, an d is observed tendency  toward t he i r  f u r t h e r

increase. ht such velocities the aerodynamic drag of train com prises

more than 500/0 of total resistance. On these reason s the vital

importance has a selection of optimum ones, from the poin t of the

view of resistance , aerodynamic shapes.
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Fig. VIII . 64. Distribution of pressure according to the  hous ing  of

auto.

+

p.,

Fig. VIII.65. Distributions of pressure according to the housing of

bun.

Page 335.

This selection can be to a considerable degree produced on the basis

of experiments in wind tunnel.. Figure V1LI.66 depicts the dependence

of drag coefficient CX on le number for the model of car from by 

-- -
~
-- - - -- - -

~~~ 
- 
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va ri ous fo rm s nose section’.

FOOTNOT E 1 • The gi ven below ex p er i mental  materials due to

aerodynamics of trains are obtaine d in N GU ’ G. A. R om an en ko.

ENDFOO TNOTE.

As can be seen fro m diagrams , the form of nose section exerts  a

su bstant ia l inf luence on resistance at high velocities. Dur ing

transition from one to several cars, the ef fect of t he for m of nose

sect ion logically decreases, but it remains sufficiently perc~ tved

(F ig. 7111.67) .

Prom the poin t of view of experiment , ver y i m p o r t a n t  and at the

same tim e complex is the separation of the drag of car in to  its

compone nts, na mely:  for  the resist ance of nose, avera;e an d tailed

sect ion.

_____________________________________________________
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rig. 7111. 66. Depmadea~~ cx f (Re) for the sqdel of car wi th  various

forms of n ose section .

Kel: ~1). On the side. (2) . On top.

Page 336.

If we cut car and hang up on weights only nose sectio2 and measure

its resistance in the pr esence of the remaining part o( the  car , then

obtained r~ sistan e in such a case it onl y corres p’ond3 to t rue , if is

-

~
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tahsn into account pressure in section plane. On these reasons the

ex Feriments with t h e  separation of resistance requir e special

thoroughness. In particular , the  drainage of section plane must be

produced in severa l radial directions, and the averagi ng of the

me asured pressure is carried out on small equivalent area / s i t es .

Furthermore, the necessary condition is convergence of the  sum of the

divided resistance s and total drag with er ror  not more than ±3—So/o.

Another special feature/peculiarity of experiments with trains —

no~ obaerva nce of s imi la r i ty  in connect ion wit h pentr i t e, tha t  the

scteen~, wh ich imitates the earth/ground as train in duct , they are

metionless, while in nature the earth/ground relative to train

“movable ”. Further more , in duct to model usual ly  a t tac ks u n i f o r m  (on

the height/alt itud e of train) flow , and i n  nature t r a in  is v i r tua l ly

located in surface boundary layer. The carried out by us experiments

showed that  the e f fec t  of the profile of velocity and turb ulence of

the incident f l ow  on resistance (in part icular  t r a in )  is very

coisiderable.

_ _  _ _ _ _
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Fig. 7111.67. The affect of a umber of cars ~e1onga tion) and of form

of nose sectioe on the resistance of the model of the  train:  I —

blu f f  form ; II — streamlined shape ; III - number of cars .
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Page -337.

- ~
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rig. 7111. 68. The effect of superstructures on drag coefficient for

the model of singl e car; 1 — with all superstructures;  2 - without

superstructures.

Key: (1) . On the side. (2). On top.

I”—

rig. 7111.69. Antenna in wind tunn el.

- ~~ -~~~~~~~~~~ --
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Page 338.
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rig. 7111.70. Aer odyn a mic characteristics of aptenna , show n on Fig.

VIII. 69.
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Fig. 1111.71. Aerodynamic characteristics of the anten nas of

triang ular form .

Pa ge 339. 
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— Durin g the in vest igation of the models of trains, it is

neces~ary to thoro ughly simulate fine details (handrai ls,

pa qtogra ph s, roof superstructures, etc.), which su bsta nt ially affect

aerody namic drag. As show experiments (Fig. VIII.68) , the resistance

of di f f e rent  car su perstructur es composes —30— 1$ Oo/o of

common/gene rai/ total.

An tennas .  The widespre ad introduction of radio , telev ision and

radio astronomy led to the appearance of d i f fe r e n t  for m of the

antenna systems whose size/dimensions the y reach ~noraous values. As

can be see n from r ig .  VI 1I.69— VIII .71 , on ant enna syst ems act not

only considerable forces , but also high  torque/monent s .

Prismatic beams and shaped airfoil/profiles. Prismatic beans and

shaped a irfoi l/profi les  widely are applied in industrial

constr uc ti ons. Dependence cx =~f (u) for the pr ismatic  bean of

sq uare section is given in riq . 1111.72. G rea test values  of the drag

coefficient of different shaped airfoil/profiles (Pig. VIII.73)

following:
2 3 4 5 6 7

•111

‘Z R.. 
2~76 2,61 ZOS 2,66 1,66 1,76 2,20

a, 50’ 200 10’ 150’ 30’ 0’ 180’x

Key: ( 1) . Number  of airfoil/profile.

- - - - - - —----- --



F’ AD—A066 280 FOREIGN TECHNOLOGY DIV WRIGHT—PATTERSON AFB OHIO FIG 20/4 p

EXPERIMENTAL AEROMECHANICS (SELECTED CHAPTERSh(U)
1JAN 79 S H GORLIN

UNCLASSIFIED FTD ID (RS)T 20tt—78 NLI 3 ~
_ I. 

_ _ _ _

I

. 
_ _ _



DOC = 78201106 PAGE

The values of the aerodynamic coefficients of soi e bodies are

given belo w in table VIII.2 . For the cqmparison of tha 1 m g

coefficients bluff bodies and bodies with tb. aerodj ma aic idea l

shapes , let us point oat that the coeffici.*s C~ are equal: for

ties/t hin wings ( c —  0,09), cx ,, — 0,0088; for atr.amlin.d fuselages

C~ —0,065; tsr hi~ h-sp..d aircraft Cx =‘0,016—O,02.

Construction constructions. The distribution of • ind loads on

gr ound—bas ed ones strength can be obtaine d on the basis of

ex perime nt s in viad tunnels.  Figure VIII.7i 1 shows an axa .ple of the

distribution of pressure according to building.

In recent years rece~ived wide acceptance of vari)us kinds the

cy lind~rica l large- size ones ca paci tance/capacities. Figures VIII.7S

and VIII .76 give the photographs of the codels, testel in wind tunnel

for the distribution of pressure all over surface under the varied

conditions of their flow. The results of these experiments are given

in table YIII.3 and VIiI.1ê.

_ _

___ — - --— ____
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rig. VflI.72. dep~nd.mce c
~~=/ (aI for pr ismatic beaa3.

Page UO.

As can be seen fro i rig. VIIt.77, for such cylinders 31 the value of

num bers sh, calculated according to diameter, they d i f fer  from

numbers Sh of the cylinders of the infinite span. PDr the calculation

of puLsations after short cylinders with Re)1.1O’, it is possi ble to

accept Strouha l numbers, calculated on height/altitude Shft — O ,2. With

the decrease of R~ number, a neaher Sh~ grow/rises to 0.5.

The characteristics of different bodies near screen (“ the

Earth”) d i f f e r  significantly froa their cha zacteristi~s in the free

fl ew.
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Fig. VlIl.73. The shaped airfoil/profiles ( number of air foil/profile

is shown by num eral).
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Page ~~1.

2” ~~~

Fig. Y1II.7~e. Distribution of pressure according to bailding.

Fig. 1111.75. Cylinder testing on scr••n i.e duct.

J r  

_ _  

_ _

“~
- 

~~~~~~~~~~~ 4~~~~t~
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p .

rig. YIII.76. Grom p testing of cyliad.rs in duct.

~
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rig. YIII .77 . D.p..d.nc. Sh~f(k.) for the “ahort~ cy l in~Ier ,

establish/installed on the screen: 1 — Sh is calcul~ tad according to

the diameter of cylinder; 2 — Sh are calculated on the

he ight/a ltitude of cylinder.
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Table YIIL .2. Values of aerodynamic coefficients.

(.) Noa.~~ ~~~~~~~ ~~~ 
C1 I ii.

) 
_ _ _ _

YCJOBH1JI flJt OCIcaa fl laCTflhI Ka (ic.ai~- r I 1,28
paTHaR) 

-— ..,...f ... (YC71~’j o)

fl1ocK a~?~ 1aApaTHa~ fl IaCTHHK$ 
‘
~~ 1,15 6,2 . 10’

flaoc1ta~~~ HioyroabH. a IIAICTHHK1 L A J JItT
L 

1,1,

1,20 6.10’
,_ Io 1.22
,_30 1.62

LI I.. ii IiIIII IIIiIITit:I.III
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Continuation table VIII. 2.

‘1)
flaocuu yroaia.a Iasci~u a , 0

p.c~~ao~ e I I  10* yrao~ I lamp.-
aatisua potoil a

Su1 c&t~~p (‘()

0,05
~~~ tO’ 0,14
rz=.2O’ 0,30

O,~0 (4)
0,64 0t 4 .I0 ’ ao
0,80 6.10’
0.90

A
T ~~‘

0,04

~z — t O  I 0,09
.i=20• I 0,30

0,70
1,10
0,84
0,98

Ii
-
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• z 5 ’  0,02
z = t O ’ 0,03
a— 2 O’ 0,17

0,44
ct=40 0,76

1,04
1.08

- —----- - -- --___

IliociclO ~pyr aiiA AHCIC, paCnoao*en- j .. ~~, I
HbIfl Hoplaib HO K HanpaueHHI) no- 0 T~iTOIl 

- 11- ~ I,Ih 0,2.10’

— 0 (l
~’~

)
Ass iIAocxss ~py r awx gIiC~ a, pacno - OOa sued ’

*OICCHHWI NO~NIflIIO K H.fl~i.Jl~- 1.16
MHV~ flOTO KI 0Jfl4H Si apyruw - 

~~~~~~~~~~~~

0,97.1,16

~ ~~t,0 0,84.1,16

~~1,5 0,73.1,16
.2,0 • 0,96 .1,16

1,40 -1,16

_ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _  _ _ _  -.--- -(Is)
flaociioe KolbuO , pacloao*elaOe lop-

$laMtO K Hlfl~~I1CHM~ 001011

1,16

, =0,4 1,20 3.6.10’
p ~~O,6 1,22
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16)
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0,64
M.D 0.68

0 11—2 0 076
11~~ 50 o°’~H~~~I0 0 
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Key: (1). Model. ( 2 ) .  Size/dimensions of body . (3~ . C3nditional

flat/plane plate (square). (4). conditionally. (5) . FIat/plane square

Elate. (6). Flat/plane rectangular plate. (7). Flat/plane rectangular

plate, arrange/ locate d at angle to flow direction. (8~ • Top view.

(9). Prom 4.10~ t3 6.1O~. (10). Flat/plane circular di sk ,

arrange/located n raal to flow direction. (11). Two f lat/pla ne

circular d isks, arrange/located it is norma l  to flow dir ection one

after an other. (12) , Both instead of. (13) . Pla t/plana r ing ,

arrange/located n3raal to flow direction. (14) . Cylinier circular,

placed by axle/axis in parallel to velocity of flow. (15). Cylinder

circular wit h axle/axis,, ar range/ located perpendicular to f low

direction. ( 16) . ylinder circular whose axle/ axis is directed at

angle tov~ rd flow. (17).  drag coefficient of cy linder of (~ =0 ) .  (18) .

Formula is appl ies for angles ~ from 0 tD 60°. (19). Bas is of

elliptical cylin~ 3r is sect ion of round cylinder at an gle 13~ of

generatrix. (20). Sphere. (21). hemisphere—cup. (22) . housing . (23) .

Tb. sane. (213). cane- hemisphere. (25). hemisphere—cone. (26). Bodies

of revolution. (27 ) .  Strut. (28) . Strut  w i t h  ratio. (29). for. (30),

Thin wire. (31). Ellipsoid. (32). Cylinders (X=18), :~vered with

sa nd pa per. (33). ylinders, glued round by cacks. (314). Cylinders

with fin/adges. (35). Deans. (36). Cub*~ (.37). Prismat ic body of

square section. (38). Auto of type “Moskvich-407°. ( 3 9 ) .  a uto of t ype

“Noskvich t$070, van. ( 40) . Auto of type ‘Volga— 0-21g. (41). Bus of

•1
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type P11—6. (132). Single car of train with all superstructures. (43).

Single. ( 144).  SingLe bluff car (flat/plane nose section). (135). sing le

well, streamlined :ar. (46). Train of ten cars (flat/plane nose

section). (47). Train of ten cars (streamlined nose saction).

0 • 
~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~ . • ••
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Page 854.

Ta-ble VIlI.3. Grea test values of the coefficients of pressure p of of

the f lows around short cylinders with tk. various fo rms  of coating.
- 

1~i (~) (4~ 
• nh~oe ri~~’~

~~ “z’~r ~~~ ~~~~KP~TW• noepwTee *0 CepUli~ .~o nM,a

Ha floKpbITIfH ~~~~~ —1 ,5 — LOb —0,91 —0,57 —u,Si’

h Ha
7 — -

~~ sepz~ocm - - . — + 0,92 +0.96 —0,96

Ha aHyr pe nih~9Io.
BepIHOCTI. . - . — —0,53 —.0,61

Ha noKpwttu1~~ . - —2.07 I —0,93 -—0,91 —0,69 —0,69

h Ha 6oKoBott~~no-
7 — ~~~ P~ pXHOCTH - . - s —1,3~ —1,8 —1,3

Ha auyt pe~~~
( 00- 1

Bepzaocrw - . . — —0,78 —0,76

Key: Cl) . P(easureu ent. (2). Spk.rical coating. ( 3)’ . Coni cal coating.

(4) . Flat/plane top coat . (5) . Flat/plane coating, enbeldei to

middle . ( 6 ) ,  Flat/plane coating, embedded to bottom. (7~ , Dur ing

coatin g. (8). On lateral surface. (9). On internal surf~ ca.

0~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Table VII! .4. The maximum values of coefficient (p) br the  models of

cylinders, arrange/located cn corners of a square (dist,n:e between

cy linders is OqIRL to th.ir diamet er) .

1 flspL~~~ a aij* a.. iurL ~~s.ipwi a. a.- 3iiiN~~~piiuvi Do i.
(,) ?iH~ *aJa.Jp TOSV O.N*’(U*P BaBy BII$aB1_p

lisuepta... c~.I.  ~~ Ceqea,. ca..a.~~~~
• I—I Il—Il f Ut— HI I—I Il—Il Ill—Ill I—I Il—Il lU—lit

• Be~~ ~ Z5 —l,3~ —0,74 —0,66 —.0,53! _o,si! —0,56 —0,52 —0,61 —0,56
&oltosai! ITO-

• . aepXHoCTb (‘ii
— 7,5 •.. +0.84 —0.59 —0,38 +0,74 —0,65 —0,45 +0,80 —0,82 —0,6b

— 22,5 —0,75 —0,52 —.0,67 —0,56 —0,60 —0,55 —0 56 —0,53 —0.5~Eokoua no-
Iepz$OCTb €
— 225 -- ±0.58 —0,8 -4-0,25 ±0,75 —0,72 ±0,27 +0,60 —.0,75 ±0,36

E~pz ~ — 3Z5’ —0,88 —0,58 —1.18 —0 55 —0,57 —0,82 —0,55 —0,53 —0,54
Soucisu no-

IC~ 1HOCTb @
— 31,5’ - - ±0.39 —0,75 -4-0,75 ±0.33 —0,74 +0,73 —-0,25 —0,42 +O,4~Bepi 0 52,5’ —0,64 —0,65 —1,23 —0,58 —0,69 —1,24 —-0,54 —0,56 —0.5°

Souosau JL0
aepzHoCTb~j.~ - 

-— 52,5~ . .  —0,~ —0.50 +0.88 —0.45 —Os +0,81 —0,57 _0.621 ~~

Note. Sectioas i—I, U—I!  and Ill—Ill ar, arrange/located wit h

~=0 under angles to  f low direction , with r espect to tk e  equal ones to

7. 5°, by 67.5° and 127.5°.

Key: C l) . Measurem ent. (2). FrontI1eadin~ left along flow cylinder .

(3) . Rea r left along flow cylinder . (14) . Rear right aLong flow

cy linder. ( 5 ) .  Se: tions. (6). Top. (7). Lateral surface,

- — 0~ - ~~~
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rig.. VI.I L. 78. Dia~ ra a of layout of “ parasitic ” dr ag for ch a n ging in

tke ve locity f iel ls .

Ke g: ( 1 ) .  The mod el being investigated. (2) . Edge of nozzle. (3).

Pl aces . (4). Screen of measurements.

Page 356.

It is especially i mportant to cons ider th is  d i f ference  f or the

above—ground structures abo ut whic h flow in actual i ty  not stead y

flow, but they are located in surface boundar y lay er , wher e the field

of velocities and turbulence

4 *0. J~ *O 
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differs significa~ tly from the velocit y field in the test sect ion of

the duct. flow•ver, in win d tunnels for the reconstruction of the

variable (on vertical line) field of velocities and t irbu lence , it is

necessar y to apply special methods . One of the m is ins tal l a t i on

during noz zle exi t section of the specially selected listr ibuted

‘parasitic” drag ( Fig . 7111 .78). F igure  YLII .7 9  shows th e

di~tr’ibution of the velocities, downwashes and degree of its

turbulence in the f la t/p lane flow around t he  schemat iz ed model of

single hill in the wind tunnel of subsonic speeds in the non uniform

incident f low.  The charac teristics of flow for the case of the

un iform an d variable velocity field are dissimilar. This fact must be

censidered d uring the evaluation of the similarity in of this type

iiivestigat ions.

00
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Fig. Yl1I.7~. Stream conditions above of model single hill.

Page 357.

For obtainin; d i f fe ren t degree of the initial tur belence of f low

in test sect ion, it is possible to use Table 7111.5.
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jable 7111.5. Depa ndsac. of turbul enc, level on the  ty pe of grids.

(i-)c. ‘ CY..e.I~ T7p6y-
Vc~pokm. ii. Iw~O&aO~ Oêpa.. AeN?BOCTII noToaa

a pa6o.e~. SICTi
r %

~iCeii~a 13 x ia u~i (naH.u.pHaa) :
0,5

ce~~iI, Haaotkellftba e ~pyr Ha ipy-
ra , ~~~~~~~ 20~~ 20 vi.’; t,==2 vi 0,85

(S)aie cet i.~ 20 x 20 j~~ I; 6 = 2 w.v ii
y roa~H 12 x 12 .v.v, ycTaHoBJ.enHwe
vepea 80—100 w.v 5.6

(t’~tetva 13 x 13 mu.’; 6 = 1.9 H yroa~Ii12 x 12 xi., ycTaHoa~.e.uwe ‘iepe3
35 .vM 10

Keg: Cl) . De vic. on the exit edg. of nozzle. (2) . Turbulence  level of

flow in worker they are frequent .  (3) . Grid 13x13 mm 2 (ar iored) ~
6=1.9 mm. ( I I ) . Two grids, superimposed to each other , by

size/dimension. (5) .  Two grids 2Oz2O 1.2; 6=2 mm and 3ngle irons

12x12 mm , establish/installed through 80-100 mm . (6 ) .  Grid 13x 13 mm 2 ;

6=1.9 and angle irons 12x12 mm , establish/installed through 35 mm.

- - 
_ _  -
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Page 325.

Ch apter IX. 0

Characteristics of profi les an d wings.

IX. 1. Charac te r i s t i cs  of profiles.

Prof i l e  is ca l led  the  geometric c o n f i g u r a t i o n  of v in ~ se~ t ion’~.

Ai r fo i l/p ro f i l e s  ar e  the  basic mos t widel y used cell/3laments no -

only wings , but al so a l l  possible flight vehicles, aer o e :hanica l

machines and equip ment/devices. For this reason to tha i nv e s ’.i g a t i n n

and creation of t h e  a i r fo i l/p ro f i l e s  of l i f f e r e n t  ~e s Lgn a t io n/p u rp o se

and for the  varied condi t ions  of motion ( f l o w )  is dev ted th~
ma jor i ty  of theoretical and experimental works on aerohydromechanics.

Geomet ric co~ t our s  of p ro f i l e  are characterized b y  t h e  f o l l o w i n g

parameters :

1. Chord. This is t h e  l ine, connect ing two ou t e ri os t  po in t s  of

00 ~~
—-— - — -  . • -

~~~~~
- — • •••
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a i r fo i l/p ro f i l e  ( i n t e r n a l  chord) , or line s , drawn  t a n ;en t i a l ly  to
0 pressure side of p rof i le  and which conne:ts tailed po in t  w i t h  the

perpendicu lar , omi t t ed  f rom t he  ti p of a i r f o i l/p r o f i le  ( e x t e r n a l

chard) .

2. Th ickness r a t i o  (c) . Thickness  r a ti o  is callel t h e  r a t i o  of

ma x i m u m  p rof i le  t h i ckness  c to  chor d b . r h i s  value u si a l l y  expresses

in the percentages :

c %— - ~-.100.

For t h e  c o n t em p o r a r y  a ir f oi l/profi les c, it chan ;e s  ov er  wide

l imi t s  ( 14—200 / o) i.n dependence on des igna t ion/purpose  a n d  coniitions

of the f low around a i r f o i l/p r o f i l e . Thickness  d i s tanc ?  ~ela ’.ivo ‘o

the  leadin g edge of an a i r fo i l  profi le

x~%— ~~ 100

substantially affects aerod ynamic characteristics and for

contem porary a i r f o i l/p r o f i l e s  oscillates w i t h i n  l im i t s  b y  30—6flo/o.

3. Cente r—l i~~e camber  of a i r fo i l/p ro f i l e .  If we :onnec t ~he

middles  of p ro f i le  thicknesses in each section (a long t h e  n o r m a l  to

chord) then wi l l  be obtained the line whose curva ture  lepends on the

curvature of upper and pressure sides of profile.

- -- ~~~~~~~~ -- 0
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Page 359.

It is called the line of average/m ean concavity, or camber line.

Center—line camber , or camber , is called the ratio of the maximum

bending deflect ion of center line to the chord:

1% ,~~100.

The position of the ma ximum center—line camber of

airfoi l/pr ofi le  i~ the portions of chord

oscillates for contemporary airfoil/profiles within lim its of

15—40o/o, and f0- 2—3o/o. For m a n y  a i r fo i l/p ro f i l e s  cen te r  l i n D  is

the circular arc or parabola.

14. Comple teness  of nose section of a i r f o i l/ p r o f ile .  Th i s  v a l u e

is cond i t i ona l ly  charac te r ized  b y the r a t io  of t h i c k n e s s  a t  a

distance to lo/o of chord to maximum profile thickness or by radius

of a circle, in wh ich is outlined the leading edge of an airfoil

profi le .

5. Up per ani  pressure sides of p ro f i l e .  Upper ani  loser  surfaces
0 are obtained by cons t ruc t ion  a ccording to a certain law of ordinates

of upper and lower surface fro. the selected middle line f
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airfoil/profile ~~~~~~~ 
Usually first is constructed the diaqram

airfoi l/pr ofile of t h i s  series (F ig .  I X . 1) for c=l000/o. t h e

ord ina tes  of th is  a i r fo i l/p rof i le  f ind from the expr essions

~~~~~~~~~~~~ ~~~~
,d IL ~~I=Icp~~~~IcJUlu~

The coordinates of the airfoil/profile of this series , but

an qther  th ickness  r a t i o  co/ a f i n d  by the f o r m u l a s

g.— g~~~.. ~~, gI .. ,I. ..i~~~~.

The va r ious  f orms of a i r fo i l /prof i le s for smal l  ones  ( snhsonic

speeds) f l ight  are g iven in Fig. 11.2.

Under aerodynamic characteristics are understood the

character is t ics  of all  i n f i n i t e  on spread/scope and i len t i c a l  in

profile cross sect ions virtually of this t y p e  of characteristic they

obtain by testia~ either the wing, supported to the walls of d uct or

testing t he  r e c t a n g u l a r  f i n i t e — s p a n  w i n g  and f u r t h e r  :e :a lculat ion of

the obtained results.

_ _ _  
00 
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Fig. 11.1. Diagra,  a i r f o i l/p ro f i l e .

Page 360.

The dependence of the fundamental aerodynamic characteristics

(coefficient s) of airfoil/p rofile on its a t t i t u d e  (an;les of attack)

is show n on Fig. 11.3 (for a symmetrical airfoil/profile). The angle

of attack , of w h i ch  t h e  l i f t  coe f f i c i en t  a t ta ins  its m a x i m u m  v a l u e

Cy_~~, is called cr itical, w hi le the angle at w h ich Cy 0 ( f o r  curved

profiles) — ze ro - l i f t  angle.  Under the  qua l i t y of a i r f o i l / p r o f ile

(w i ng) is unders tood  the ra t io  of l i f t  to drag

Y Cy

~ 
cx

The angle of a t t ack , at which the  qia l i t y is maximal , is callu’d

the angle of maximu , quality or, in the case of aircraf t , by the

optimum angle of attack.

00 ~~~~~~~~~~~~~~~
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Dependences c. — F ( a )  and cy = f ( a )  can be changed in the form

C ) f ( C .~) ,  a f t er loca t ing  on th i s  curve the value of an ; les of at t a c k .

Th is curve , cons t ruc t ed  on equal  scales , is the  locus of t h e

0 t e rminuses  of the  vector of to ta l  aerod y n a m i c  force Ca or p0! ar

d i a g r a m  w i t h  coord inates cp and ~p=arctg~~

~~~~ 00 0 - - -~~~~~~ . . 0 •  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _ _
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Pig. IX.2. Forms of d i f fe ren t  a i r fo i l /p ro f i l es for s ub son i c  speeds.

_ _  

j }jj~~~~~~~~~ j ~~2 0—  ic 4 _
~~~~~~

S °L~ 
~~~~~~~~~~~~ — 

“ 0,2 ~~~~ 
c~i~

0,0~’ 
(208 (212 0,15 0,20 c,

-r 12 ~8 28 36
— ( 4 2 ’ ’  —— _ _ _

_ _  _ _  _ _  —— -

Pig. IX. ). A e r o d y n a m i c  characteristics of symmetr ic airfoil/profile.

Page 361.

Angu la r  co ordinate • is counted off  f rom pola r axis c~ , coinci d in g

wi th  direct ion ve loc i ty  of inciden t flow. Curve cy =f ( c x )  is called by

0 

0

_
~~00 ~~~~ 
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polar of I k i n d  ~~, or polar (, also, when • C ~ and C ) t hey ar~

constructed on dif fe rent  scales) .

FOOTNOT E ‘. in contrast  to polar of II k ind , r e p r e sen t i n g  c u r v e

Cy , 1(C~ ,). where Cy, and C~~, — coeff ic ients  in body coordina te  syst em.

The polar coordinates of this curve will be C
~ 

and c~~ .rcIg..f!!.
CX

Angu la r  coordinate  • is cou nted off from the polar axi s c~ ,, wh ich

coincides wi th  a i r f o i l  chord ( w i n g ) .  ENDFOOTNOTE .

D u r i n g  the f l o w  arou nd a i r f o i l/prof i le , it is p om s i b l e  to

disregard the  l a te ra l  layer  Z and to rque/moments  M A  a n ~ M~ and to

examine  o n l y  f l a t / p l a n e  system which is reduced in t h i s  case to one

total aerodynamic force, which lies at the plane of symmetry. The

point of intersection of this force with airfoil chorl (win~i) is

called cen ter of pressure aerodynamic force (Fig. lX.~4).

Ce nte r—of—pressu re  location in dependence on angle of a t t a c k  shown on

Pig. 11.5. The aerodynamic moment , which acts on airbil/profile, can

be found , calculat ing the moment of the total aerodynamic force of

the r e l a t i ve ly  selected point (usua l ly  the  leading ed;e of an airfoil

profi le  or point , arrange/ l ocated from leading edge/nose to  1/4

chords) .

The center—of — pressure location can be determine !  f r o m  the

d iagram of the  for ces , wh ich act on a i r foi l/prof i le  (F ig .  11.6).

~00 ~~~~~~ ~~~~~~ ~~~~~~~~~~~~ ~~~~~~ -~~-- • - -— -. - —— i--- --- -
— - . .‘~-.-00-• —---- ---00-
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Fig. IX.~4. Center of pressure.

4’ 

—

1~
5.

—4

Fig. 11.5. Center -of—pressure  location at d i f f e r e n t  ang le s  of attack.

Page 362.

The to rque/moment  of the normal  force Y r e l a t i ve  to t i p

M~~~~YCab.

• where c,b — dis tance  from the point of the  applicatioa / ap p e n d ix  of

- - ---- •~~- - - - •~~ ~~~ —- - • - ~~~~~~~~~~ 0 -~~~~~
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resul tant  to t h e  m o m e n t  point 0 (e~ — c en t e r — o f — p r m s s u : e  locat ion

in chord) .

Let us  note t h a t  com ponent  I of to tal  aerodynamic  f o rc e  H of

moment  wit h respec t to point 0 does not give.  Then m o m e n t  coe f f ici en t

Yc.4m~ =~~~, = — —i----- — c1c~.p-~-Sb

Torqu e/ moment  has nega t ive  si gn , since it is d i r e c t ed  toward

dive. The dependeice of moment  coefficient on the c o e f f i c i e n t  of l if t

is represented in Fig. 11.7.

For t h e  l i n e a r  range  of character is t ics  c~ =f ~n) ex pression for

a moment  c o e f f i c i e n t  can be wr i t t en  ana ly t i ca l ly :

Cm Cn~~~~ mCv,

where • - a slope tangen t  s t raight  l ine c_ to axle/axis Cy (i~ ~~~

usua l ly  equal  to 3 . 2 3— 0 . 2 5 ) .

I f  we t a k e  t he  moment  w i th  respect to of ce r ta in  p o i n t , which

lies at a distance x from l ead ing  ed ge, t h e n  is momen t  co e f f i c i e n t

With
c-—c-.

_ _  - ~~~~~~~~~~~~~ 
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this  is correct f o r  all angles of a t t ack , if occurs t he  even f l ow  of

a i r fo i l/p ro f i l e  ( w i n g )

The poi nt , w i i c h  lies on chord at a distance z =m m from leading

edge, is called focus  or a e r o d y n a m i c  center  of a i r f o i l/ p r o f i l e  (wing)

moment  coef f ic ien t  re la t ive to focus is cons tan t  and e q u a l  ~o t he

m omen t coef f icien t when Cy O .
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Fig. xx .~. Fig. 11.7.

Pig. 11.6. To the  d e t e r m i n a t i o n  of the  c e n t e r — o f — p r e s 3 u r e  loca ’ion .

Fig. IX. 7. Depend ence  of moment  co ef f i c ien t  on li f t  c o e f f i c ien t .

/ Key: ( 1) . Airfoil/profiles.

Page 363.

The p ositi on of focus  can be foun d  by ae rodynamic  characteristics
Cy ~~f (m) and m z —f ( a ) .  Regarding we have

M (~ ).=—M 2+Y~— const

or , h a v i n g  divided by r!r sb, we will  obtain

— mz+ Cr .~ =const.
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Havin g d ifferentiated on a, we find

dai z

whence
dnI z

x

-~

where the der iva t ives  ~ i and — rates of chang e to curves  cy =f ( a)

and m~~~~(a) .Va1ue £F — is negative, since 
~~~~ 

- n e ;at iv e , an d

di~ldm — positive. Hence it follows that the mean aerodynamic center

of wing is arrange/located on certain distance from leading edge (on

the negative part of axle/axis Ox in body coordinate s y s t e m )

At the low speeds of flight (flow) are favorable the classical

airfoil/prof iles, which remind the airfoil/profiles of the classical

wings (see Fig . IX.2) , wh ich possess large lift, considerable

negative zero—lift angle, although comparatively high resistance , To

air foil data at these speeds substantially affects Re number , since

the flow around airfoil/profile in this case depends on the state of

boundary lay er, and resistance, in essence, from friction. Under

these conditions small resistance have airfoil/profiles with the

greatest section of laminar boundary layer , whose transition points

and also t h e  m i n i m u m  of pressu r , are displaced back/a;o. ~fowever , in

such a i r fo i l/p rof i les value Cr 1,, is somewhat  less, bit  th e i r  pola rs

~~~~~00_~~~ _ - ~~~~~~~ 
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and character  c u r v e d  Cy — fla) change in dependence on iumber Re~

Slope/ inclination wi th  curve ~~— f ( a )  in l inea r  range w i t h  change  Re

it does n Ot  v i r t u a l l y  change; also does n o t  chang e z e r o - l i f t  ang le .

With  an increase in Re number  to numbers  ~— —0.6 , vhe~
compressibi l i ty  e f f e c t  yet is not exh ib i t ed , are more  f a v o r a b l e

airfoil/profiles of the type NACA—230 (see Pig. IX.2). rhey have

co nvexo—convex for m w i t h  smal l  m a x i m u m  c u r v a t u r e  (— 2o / o~ ,
arrange/located i~ the first quarter—chord , smaller resistance and

minimu m center—of-pressure travel , whic h m akes it possi b le ~o more

completely control  a i rcra f t  w i t h  this  a i r fo i l/p rof i l e .

000 — . :. — -  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
••

~~~~~~~~~~~~~~~
-

~~~~~
—— 

~~~~ ~~~~~~~~~~ —



00 00

DOC = 78201107 PAGE j

Page 361$.

i-D C;.O;tl/ 1s4f5 ~

1~~~~~~~~~

1.

Re-$ ’;O7
~7’ 475 ig ’

Re~’!O’1O’ j O’ ~i5

Re40’ fC 47’ M 47~

tf
~~

5,~
4

• 
J

~~~~~~~ -~~~~~~
;
~~~~~~~~~~~~~M L

R j ~t ”

4 70i

Re~~~~~~~~~~~~~~

- • 
p 2v’
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separation point  of l amina r  f low ( i n d e p en d e n t  of Re~ ; M — maximu m

speed of i r r o t a t ion a l  flow .

Key: (1) . Ellipse.

Page 365.

At these speeds f o u n d  use and so—called l a m i n a r — f l o w s  p r o f i l e  ~?ig .

11.8) , h a v i n g  as a resul t  of the  p ropaga t ion  of the  r eg ion  of l a m i n a r

fl ow to t he  large part  of the  surface displaced s e par at io n  poin t  and

smaller resistance (Fig. IX.9)_

It is necessary  to kee p in mind  tha t  wit h M < 0 .b  n h i g h  ang les

of a t tack  the  compr es s ib il i t y  e f fec t  all t h e  same is e x h i b i ~ ed.. This

is connected wi th  a considerable increase in the v e l oci t y  (by

pressu re drop)  on the nose and upper sections of the  a i r f o i l/p r o f i l e .

An exam ple of the combined effect of Re numbers and 11 on air foil

data is shown on P ig .  VI1 .20.  Wi th  fu r t h e r increase i~ t h e  ve loc i ty

even more greatly begins to manife st itself the compressibility

ef fect.  ?sn~ cially sharpl y it is e x h i b i ted  dur ing  e d uc a t i on / f o r m a t i o n

on the a i r fo i l/p ro f i l e  of regions with supersonic speeds.

Wh en M < M ,, resistance r e m a i n s  in effect  constant , since it in

essenc• is determined by the  f r ict ional resistance w h i c h  t o
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i n s ign i f i can t  degree  depends on com pressibi l i ty ,  i.e., on Mach  n u m b e r

( f r i c t ion  — f u n c t i o n  of duc t i l i ty/toughness/v i scos i ty ,  bu t  not the

compressibility of gas) . Lift and connected with it torlue/moment

so mewhat  gro w/rise since local evacua t ion/ ra re fac t ions  by t h e  uppe r

sur face  of a i r f o i l/p r o f i l e  they  increase. Dur ing  the

app roach/ app rox ima t ion  of Mach number  to M,, and the  f l o w  p a t t e r n  of

airfoil/profile significantly changes. The number 
~~~ 

with which on

a i r fo i l/ p ro f i l e  ap pears the  speed , equal  to  t he  local ve loc i ty  of

sound , it is connected with the form of airfoil/profile , its angle of

attack and is virtually unambiguously determined by the valu~ of

minimum evacuation/rarefaction on its sur face. This i3 connec* e~ with

the fact that due to compre ssibility effect the local veloci’~ies on

airfoil/profile increase faster than velocity of incident flow.

For the compressible gas PZ< P I (see Fig. IV 33) the veloci4~ies

in section II  are more t han  in section I. With  an i nc rease  in the

velocity of incident flow , the velocity in section II grow/rises more

intensely than in section I. The incidence/drop in the iensi’~v in

section II , which depends on absolute veloci ty,  is mor e t h a n  in

section 1. From the condition of the

preserva t ion/re ten t io n / m a i n t a i n i n g  of the constancy of

expendi ture/ con sum p t ion  along the streams of the v e l oc i t y  in section

II , t irey mus t  increase even addi t iona l ly  in order to c o m p e n s a t e  for  a

larger incidence/drop in the  densi ty  in this section.

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Fig. 11.9. The polar of laminar—flow prof ile: 1 — airfoil/profile

NACA 0010; 2 — lamina r—flow profile; 3 — region of l am i n a r  f l o w .

Page 366.

At the subcr i t i cal  velocities ( to n~imbers M< M4.) aerodynamic

forces at constant angle of attack grow/rise, accordieg to Prandtl

an d Glauer t, with an increase in the velocity (Mach n~imber) is

approximately prop ortiona].

p 
~ = 

_ Piiec* ~

C ,  =— uec*
~M V1 M’

CmM

F OOTNOTE ‘. Somewhat more precise dependence g ives Kar m an - Tzyan

fo rmula  P,~~_________

YI_
~

W + l+y ~~ M$ 
p

~~~~
•

0~~~~~~~~~~~~ 

_ _-~~~~~~
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?. More precise va l ue gives S. A. Khr i s t i anov ich  t h e o r y ,  ac c o r d in g  to

vh cm

~~~~~~~ f à Cy \  fdC y \ 
_______

VI~~ MS ~ )M ..cm yI— M1

where K _ u  +4j~,
M’ — f unction of ang le  of at tack , thi :kae;s  ra t io  of

ve locity of f l o w  (Fig .  11.10 , in which parameter  cx ...~~+O,J7 P)

EN OF 00TH OT E

Drag coeff icient does not virtually change.

The degree of approx imat ion  of t hese dependences lies in th e

fac t that they ass ume change ~ on all a i r fo i l/p ro f i l e  i n t o  an

id en t ical n u m ber o nce ( L...~ In reali ty large

evacua t ion/ra re fact ions  (corresponding h igh  velocities on

airfoil/profile) viii increase wit h an increase in the number of

incident f low more rapid than it is smaller.

For the cont~ mpor ary theory of the flow around winged

air foil/prof ite at high subsonic spee ds it makes it possible  to m c re

accura tely determine an increase in local rarefactions ~ depending on

— 

.

~~~ 00 ~ -
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Mach number, and to also refine calculation M.~.
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Pig. 11.10. curve/graph for determining value K.

Pa ge 367.

The latter is especia l ly  impor tan t , since the beginnin g of a s h a r p

ad verse change in all aerod ynamic  characteristics occirs d i r ec t ly  on

achievemen t M.~. On these reasons du r ing  t h e  creation f

a i r fo i l /p rof i l es  f o r  h igh subsonic speeds , they a t t e m p t  because of

the form of a i rfoi l/profi le  to ob ta in  at low speeds s~ ci d i s t r i b u t i o n

cf pressure, by wh ich  there would not be t he  local peaks of

I

.
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evacuation/rarefaction (usually on upper surface), exceeding critical

pressure. Value P .~ can be found from the expressions

x — 1  ‘-
~~~~~

‘
~~~

I . xP pc~ c~

whence

2
q p

or

1•
Here M~, — Mach number of the incident flow, with which on

airfoil/prof ile is reached the local ve loc i ty  of somn i . Value  M,~
depending on P’secz n, r, can be found fr om expression for ~~ and

dependence p
~ 

= f ( P ~~~) . The dependence M,~, on mi n im u m

evacua tion/rarefa:tion on airfoil/profile is given in Fig. IV.36. The

character of the d istribution of pressur. on the contemporary

airfoil/profile, intended for high subsonic speeds, it is shown on

Fig. IV.32.

As can be seen from Pig. IX.11, with an increase in the

thic kness ratio, decreases M,,, and increases resistanc e both o~ sma l l

ones and, especially, at the velocities of appropriate M > M ,

~,.~1
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moreover s m a l l  res is tance have air fo i l/p rof i l es  w i th  t h e  l ocat ion of

m a x i m u m  th ickness  approxi mate ly  to 400/0 of chord t .

FOOTNOTE ~. For d e t e r m i n i n g  the  increase in  resistance at  suhr -r i i ’ical

velocities, it is convenient to use the method of A . A . D rodnitsin

and L. G. Loytsyatiskiy, namel y by the expressions:

— ~~~~~~ q1; ~~~ N.cm — O.9252c,q~,

where c~~~1(R e. i,) and ~~~~~~~~~ Value ‘h d epends on l a ch  n u m b e r ,

th ickness ratio and position of transition point. ENDFO3TNOTP.
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r ig .  11.11. Ef fec t  of thickness ra t io  on dependence c .~~~ I (M) when

c.~. 0

Page 368.

The c u r v e / g r a ph , ‘i ven in Pig . I X . 12 , shows  that  w h e n  C y O  least

resistance h a v e  t h e  s y m m e t r i c a l  a i r f o i l/p r o f i l e s  ( c u r v a t u r e 0) • and

wi th  Cr> ’O th e b est is the  c u r v a t u r e  of order 2o/o .

Compress ib i l i ty  exer ts  a substant ia l  inf luence on l i f t

coefficient and slope/inclination curve Cy —f(r4 (Fig. 11.13) and a

change in the moment coefficients. A chamge in the torque/momen t due

to compressibility effect can be found from the expression

00 ~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~ —~~~~~~~~.-— 
—. - ~~~~~~~~ 00 ~~~~~~ _ _ _ _
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A chang e of posi t ion of center of pressure in com pressible f low

X~ ~~~~~~~~~ ~~~~ or

sh ows that in the  r ange  of Ma ch nu mbers in question the  cante r  of

press~are is displaced back/ago.

The amo unt of center—of— pressure travel (Fig. 11.114) can be

rate/est imated frD m relat ionship/r atio Ta . N . Serebriyski y

‘i ~ I— M ’ Cr
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Fig. 11.13. Effect of thickness ratio on (.

~
) w hen c~~~O

Fig. 11.14. To the determination of center—of—pressure travel.
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Surface condition of airfoil/profile, especially in its forward

section, affects the resistance and at high velocities (Fig. 11.15);

therefore  it is necessary to attem pt to fulfill the surface of

ai r fo i l/prof i le  as far as possible smoother.

The geometr ic  f o r m  of the a i r fo il/p ro f i l e s, in t en ded  fo r  mot ion

wi th h igh velocities, is characterized by small thickn ess ratio (to

10—12o/o ) w i th  the  m a x i m u m , delayed by 40—5Do/ o of Chord , by sma ll

curva ture  of ce n te r  l ine (less t h a n  20/0) wi th  the a p e x/v e r t e x ,

arrange/located to 40—500/0 of chord , by a small ra d ius of nose

section, by a smooth surface. In particular , symme trical

airfoil/profiles are some of the best in the velocity band indicated.

In supercritical zone (M>M ) and at transonic spee ds of air

foil data undergo the abrupt changes. Those appearing on the

airfoil/profile of shock wave (shock waves) change the character of

the distribution of the pressure (See Fig. IV.32) and is caused

supplementary resistance (r ig. 11.16), which intensely it builds up

with an increase in the value (M -..— M~,.)

If at the subcr it ical velocities the evacuation/rarefa ction in

the forward part o f  the  a i r f o i l/p r o f i l e, which pulls it forwar d, is a

—

- 
- -

00 ~~~~~~~~~ 
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little less than the evacuation/rarefaction on the rea r end of the

airfoil/profile, pulling it back/ago, and drag resistsnce as a result

of this was sma ll, then at hypercr itical velocities

evacuation/rarefac tion on the front of the airfoil/profile decreases

(pressure increase s) , and on ta i led, because of the appearance of a

superson ic zone , it  increases (pressure falls). Thus, the forces,

wh ich pull a i r fo i l/p ro f i l e  back/ago, s t rongly  increase a n d  appears

considerable res is tance (because of pressure d i f fe rence)  . This

resistance is called wave. The value of wave impedance , accord ing ~ o

the experimental investi gat ions

~c~~~ =A

where A — coefficient, depending on the form of airfoil/profile and

angle of attack (&=8—12 , the average valu e A= 11)

V. ~~~-- - - -~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- -~~~~~ 
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I r~.

Fig. 11.15. Effec t  of roughness on c~ = f (M )  ( a i r fo i l/p rof i l e n A CA —

0— 00— 1 2; Cy~~ O)

Key:  (1) . Rough.  ( 2 ) .  Smooth.

Fig.  11. 16 . The d rag—r i se  characteris t ics  of pressure a f t e r  shoc k

stall: 1 — pressur e on spout creates r esistance; 2 - shoc k wave; 3 —

loss of the talancing thrust on tail ; 4 — breakaway.

Page ~70.

Exper imenta l l y establish/ inst alled, tha t  the value  of

coeffici.ut A is more in those ai r foilj p r ofiles, in wh ic h is more the

value M,,. This means that tightened shock stall in similar

airfoil /pr ofiles subsequently (when M > M ,) is exhibit ed in a violent

V V~~~~0000V~0000V00V L~ —- -~~~~~ V
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iqcrease in  the w a v e  impedance.

Lift coefficient Cy (to M M ~) somewhat grow/rises because of

an increase in the evacuation/rarefaction on uppe r sur face , and then

it begins to f a l l  (especially for thick a i r fo i l/p ro f i l e s ) ,  tha t

connected with th~ education/formation of supersonic zone and

increase in the evacuation/rarefaction on lower surface (Fig . 11.17)

With further increase in Mach number , the jum p on lower surface is

rap id ly  moved back/ago and lift sharply falls, and center of pressure

is displaced in d i rec t ion to leading edge and proves to be sometimes

even in front of the airfoil/profile. The consequence of this is the

appearance of the destabilizing pitching up torque/moments .

A change in the mcment coefficients and center—o [-prassure

travel in the rang e M = 0 . 8 — 0 . 9  adver sely a f f e c t s  the lon g i t u d i n a l

stability of wing wh ich  can be provided v i a  the  select ion of the

rational form of airfoil/profile.

-

~ 

_ _  _ _
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Fig. IX. 17. Profile pressure dis t r ibut ion wi th  d i f f e r e n t  Mach  n u m b e r s

(airfoil/profile NAC A— O—O0— 15, m ’4.2°): 1 — negative lift; 2 — shock

wa ve; — — upper side; — — — lower side.

key: (1). Shock wave.

Fig. 11. 18. cR I(M) for an a i r foi l/prof i le  in transoni c r ange .

Pa ge 371.
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An incidence/drop in the  drag coefficient CX (Fig. IX. 1R) after

its greatest value with M—— 1 is explained by the fact that the extent

of the jum p before the airfoil/profile in area of critical point

decreases, and in distance from it, juap becomes obligue , which

decreases the wave losses. At supersonic speeds of fbw , the flow

around a i r foi l/prof i le  is con n ected wi th  the basic properties of such

flows.

Flows at supersonic speeds, as was shown in § IV.), depending on

shape of s u r f a ce, about the which flows the f low , ther e a re  two

forms: com pression and expansion. On the basis of thei r examination

was constr ucted by Ackeret the theory of t h e  flow a round

airfoi l/prof ile ( i n f i n i t e — s p a n  w in g s  in the  supersonic f low .  This

theory is valid f o r  low angles  of at tack ‘ and with the  connected

head and tailed shock waves .

FOOTNOTE 1 • Leadin g and trailing edges must be sharp ones, thickness

ratio — small. ENDFOOTNOTE.

_ _  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —~~~~~ -~~~~~~~~ - - - - ~~~~~~~ - - ~~~~~~
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Fig. IX.19. Dependence Cy 1( ~L) for symmetrical airfoil/profiles with

different Mach numbers.

Page 372.

According to Acker et ’ s theory

_ _ _ _  
Ia

CX~~ yM , I ; CY YM. I ;

the slope/inclinat ion of cur ves
d
~x 4
~~

from which it is evident that from an increase in Mac h number  t h e

slope/inclination curved Cy~~~~~(u4 falls (Fig. 11.19).
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From expression for  cx it is evident  tha t  at superson ic  speeds even

in the absence of friction, occurs the considerable wave impedance .

The l.~f t—d rag r a t io  of a i r fo i l/p ro f i l e  j ~~~ ~~_!in the superson ic flow
CX ~

does not depend on Mach number.

More precise values of a i r fo i l  characteristics gives  t h e  Ruze m an

theory according to which a change in the pressure (pressure

increment ~p) from t h e  local slope/inclination of airf o i l /p ro f i le  i _ s

connected by the expression

TPVI

where c1, c~ , C 3, C 4,  •. ,  C~ — funct ion s of Mach n u m b e r ;

— angle, fo rmed by tangent to the d uct/contour of

airfoil/profile at the particular point  with direction of undisturbed

fl ow .

For r ou t i ne  ca lcula t ions  it s u f f i c es  to be restr icted by one or

two member s of a series. The values  of the Buze man coef f ic ien t s  are

given in table IX. 1.

The momen t  coef f ic ient  of symme trical supersonic

—- 
~~~~~~ - - - -- - -~~~ V- ~~-
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airfoil/prof iles, in reference to lead ing edge, does not ~epend on

the form of the airfoil/profile:

I

1

_ _ _ _ _ _ _ _  

- I j
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Vable I’~C 1 . Values of Busemann ’s coefficients (w~~1,4)

M

1,3 4,364 30,32 568,96
1,2 A015 8,307 54,084
1,3 2,408 4,300 14,247
1,4 2,041 2,919 5,801
1,5 1,798 2,288 3,059
3,6 3,601 1,950 1,937
1,7 1,455 1,748 1,4109
1,8 1,336 1,618 1,1444
1,9 1,238 1,529 1,0050
2,0 1,155 1,467 0,934!
2,2 1,021 1,386 0,8946
2,4 0,9167 1,337 0,91921
2,5 0,8728 1,320 0,94322
2,6 0,8333 1,306 0,97189
2,8 0,7647 1,284 1,0382
3,0 0,7071 1,269 1,1116
3,5 0.5963 1,245 1,3000
4,0 0,5164 1,232 1,5132
4,5 0,4559 3,724 1,584
5,0 0,4082 1,219 1,9250

Page 373.

The c e n t e r — o f — p r e s s u r e  location can be f o u n d  f r o m  t he  express ion

z~~ m7 Cu I
—n--— —~~~~~-4 C1 2Cu 2

Hence it is apparent that the center of pressure for all

symmet rica l supersonic a i r fo i l/p ro f i l e s  lie/rests at the m iddle of

chor d, whic h is aerodynamic focus. In curved profiles the moments

wi th respect to focus are not equal to zero due to different pressure

stroke on lower and  upper surfaces (Fig. 11.20).

V - V - -- - - 
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At supersoni c speeds are applied the airfoil/profiles of various

form: convexo—convex , rhomboid , wedge—shaped and mixes. Fine/thin

f la t/p lane plate  f r o m  an ae rodynamic  point of view is the

advantageo us, but due to its ne—constructiveness it cannot be used in

real f l i g h t  vehicles. Com Fara t ive  values of ae rodynami c

characteristics of the various kinds of supersonic airfoil/profiles

are given below in table  I X .2  and in Fig. 11.21. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -
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Fig. IX.20. The schematic representation of the distribution of

pressures along the chord of curved profile at supersonic speeds

(small circle showed the center of gravity): a) airfoil/profile; b)

the distribution of pressure.

Table IX.2. Values of coefficients 
~ 

and c~ for supersonic

airfoil/prof iles.

(~%~~fl~s*sa. I C ~~~

flascua QIICtII MU ) r~ i_ I YM’—

Aio~toswuy~awfl npo- 4a 4a~=
1 + ~ + C,

Pow6osni,wR ~~~~~~~ — I +

karn.osLw~ .po uiN 
~~~~~~

ef .u~O~l5
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Ke~P: Li) . Airfoil/profile. (2). Flat/plane plate. (3). :onvexo—convex
ai r fo i l/prof i le . ( 4 ) .  doubl e wedge a i r fo i l .  (5) . Plau a— we~ge profiles

(Fig . 11.22)  .
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Page 374.
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Fig. 11.21. Polars of two airfoil/profiles with M 1.85.
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Fig. 11.22 . Plane-wedge profiles.

Page 375.

Small drag have double wedge airfoils with the maximum

thickness, arrange/located in the middle of chords. Aerodynamic

quality Cj,/Cx in flat/plane plate is equal — 10— 15, in

convexo—convex air foil/profile (without taking into a:count of

friction) — 
~~374c. in rhombiform — 1/2c.

§ IX.2 .. Wing  characteris t ics .

The used in d i f f e r e n t  f l i g h t  vehicles wings , depend ing  on thei r

designation/purpose and number domains Re and ~, for  which  t h e y  are

utilized, have dif ferent geometric form and are comprised from

different types of airfoil/profiles. The geceetry of wing is

characterized by the following basic parameters .

Planform . The simplest rectangular form is applie d in the first

on time wings. Con tempora ry  wings  for the low speeds f flight have,

mainly, t r apezo ida l  planfor m with the rounded off end~1eads of Pig.

IX~ 23) . For high subsonic and supersonic speeds are more favorable

swept and the low-aspect—ratio wings.

- -
~~~~~~~~~~~ - -~~~~ -~~~~~~~~~~~~-
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Wing area S. Under  win g area , is understood its area  in

plan/layout.

Span of wing t. This is the distapce between the extreme points
of wing.

Geometrical mean chord . Under mean geometric chor d is implied

the ratio/re lation to wing area to its spread/scope:

Sb~~=7.

The a spect r at i o  of wing . Aspec t ra t io  is called the ratio of

the  w i n g s p a n  to its area:

1 1.,.III.t — ,I. --- .

The mean  ae rodynamic  chord (M AC) . The chord of the rectangular

in plan/layout wing on which act the same aerodynamic forces and

torque/momen ts, as to the w ing in ques tion, it is called the mean

aerodynamic chord.

-— _ -—-—-----—~~~~~~~~~~~~
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Fig. 11.23 . Wings of d i f f e r en t  p l a n f o r a .

Page 376.

its length is ca lcula ted  f rom the condition of the e q ua l i ty  of the

torque/moment of airfoil/profile (the rectangular winj) to total

torque/mom ent of this wing, which is equa l to the alge braic sum of

the’ longitudinal (relative to Z— axis)  tor q~ e/acaents of the separate

ce ll/elements, in reference to their aerodynamic focus.

The p i tch ing  mcment of the cell/element of wing with a width of

dz

dM~~m,qb2dz,

h.r. ~f l , — local moment coefficient, in refer ence to foc us; q —

_ _ _ _  
_ _ _
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velocity head.

Equalizing resulting moment

+ 2/3
M~~q~~~m,,b3dz

to torque/moment M
~~m,CAX

bCAX q, we will obtain

+ //2
mZCAX5

CAX — -
~ 5 m,,b’ dz,

wh•re m~~AX 
— torque/mo ment of the rec tangular  w i n g  of area S, in

re ference to the mean  aerod ynamic  chord.

Assum ing that the moment coefficients of airfoil/profiles are

co nstant on entire spread/scope

const m,CAX,

it is possible fro m last/ lat ter  equa l i t y  to f i n d  the  l e n g t h  of the

mean aerodynamic chord:

+ 2/2

bcM ~~~~~b’d2.

For the rectangular wing

~~~~~~

For the tapered wing the mean aerodynamic chord is equal to the

ch ord , passing th rough  the center of g r av i t y  of the ar ea of the half
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of the pro jection of wing (trapezi um) . For elliptical

bcAX — ~~ b~~ — 0,8488b ,.

The cen ter—of—gravit y location of apparatus (aircraft) usually

expresses in the portions of the mean aerodynamic chord. The mear~

aerodynamic chord is dis~os€d of in such a way that its aerodynamic

focus would coincide with the aerodynamic focus of rea l wing, and

chard itself was parallel to the chord of that airfoil/profile , along

which are counted off the angles of attack -an d the zero-lift angles

of entire wing .

Page 377.

Wing taper. This is the ratio of the greatest root chord to end

wi~ng chord

— bh ’

Transverse swee pback. Transverse sweepbac k is applied for an

increase in latera l stability and is characterized by the  ang le

between Z—axis and chord plane.
S -

Wing warp. Torsion is called the relative rotation of wing

sections, wh ich leads to the fact that when C1~~~~O the va lue of

local lift coefficients (for separate sections) not .~ua1 to zero. If 

~~ --
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wken c~~= 0 the  va lues  c - = 0 .  then wing is called aerodynamically

flat/plane. If the chords of a l l  sections l ie/rest at one planes ,

th sn this wing ,  be ing  geometr ical ly  f l a t /p lane, but being comprised

from the airfoil/p rofiles, which have different zero—lift angles

(a0), it can be ae rodynamically twisted. Wing can be twisted

positively (angle of attack toward the end of the win; increases) or

it is negat ive , and  to also have  bot h of f o rm s  of torsion.

Set of airfoi l/profiles. The first on time wings ha ve identical

airfoil/profiles along the length spread/scope. Recently widely are

applied the wings, which have different airfoil/profiles, whic h is

connec ted with the need of providing the best conditio ns of their

fl ow for the  sys tem of f l i g h t  vehicle (lo w resistance, l a r g e  l i f t,

preventing the premature separation of flow and deteri oration in the

mo m ent  charac te r i s t i cs )  . Ae rod yn am ic wing characterist ics d i f f e r

s i g n i f i c a n t l y  from air  foil  data , from w h i c h  it is com pr ised, since

the finite ness of the wingspan and the effect of the

conjugated/combine d with it cell/elements of apparatus changes entire

character of flow (speed, pressure , angles of attack, etc.). V

Let us examine  the  wing  about which  f lows  l iquid or gas  an d

possesses l i f t . The  presence of l i f t  indicates that tt~e pressure on

upper surface is less than the pressure on lower. The decrease of

pressu re in stream s on upper surface is connected wi th  an increase in

— 
—

V-- - ’ - — .-- - -- V—  —V- -
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their velocity an increase of the pressure in the s t r eam s , w h i c h  f l o w

around lover by t he  wing  sur face , it is connected with the decrease

of their speed. Th is change in the speeds of flow abou t wing can be

obtained, if besid es the  incident  to wing main f low around  wing  it

will exist by other , whic h, being added w i t h  basic , will  lead to an

increase in the velocities on the upper wing surface and to their

decrease on lower. This flow can be only circulation (Fig. 11.21$).

Let us examine  some quest ions, connected with the  c i r c u l a t i o n

f low .  Let us conduct in fluzion certain closed duct/contour (?ig.

11.214 ) . At a n y  po in t  A on this luct/contour , the liguid will have

ce~rtain velocity v. Distance S of puint A from the initial point C)

let us consider in direction clcckwise the value of positive, and in

the  opposite direc t io n — ne~~t t ive.

Page 37H~

Circulation is called sum r — ~ u~iis. undertaken on entire duct/contour.

Here ds — element of line, which contains point with the speed to

direction of tangent in this place, by equal to vs. Circulation is

measured in square meters per second . It  is closely related with the

rotation of liquid .

The rotation of l iquid d i f f e r s s igni f ican t ly  from the rotation 

~
--

~~~
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of solid body. If for the solid rotating body all points, whic h lie

at a dista nce of r from r c t a t iona l  axis, wil l  have vel oci ty  v=wr ,

where ~ — an angular velocity, then  for  a l iquid its separate regions

can rotate with different angular velocities and it is necessary to

spea k only about  t h e  local angu la r  velocity of the g iw e n  smal l

particle of liquid.. Th us, the  rota t ion of liquid is characterized by

the angula r velocity in t h i s  place ..

Edd y/vort ices . Eddy/vor t ices appear d u r i n g  the fl ow a r o u n d

bodies of real l iquid  (viscous f l u i d )  and their  va lue  in

aeromechan ics is extremely great. On its physical essence the

eddy/vortex represents rotary motion of liquid. The value of angular

ve locity is closel y related with c irculation, namely: the angular

rate of rotation of liquid w~ is directl y proport iona l to

circulation ~ and it is inversely proportional to t~e doubled area

of duct/contour (2w) , for which it is found (f;

r
—

By analogy wi th  line and tube of f low and other p a r a m e t e r s  in

f luxion, occur the vortex lines and vor tex filaments, or vortex

filamsnts. The vortex filaments as this is establish/installed by

He lmholtz in theoretical hydromechanics, they cannot terminate

suddenly: they either stretch into infini ty or they res t on the

boundaries of ligu id (wall), or they are closed into rings. Very

- —~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ V — - - -~~~~~~~~~ -V V  —-~~~~~~
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frequently the bou ndaries of liquid (vail) , or are closed in to  r ings .

Very f r e q u e n t l y  t he  l iquid in f l o w  is not all whi rl ing  and swirled

regions t ake  the  f o r m  of the  lcng bodies, the so—called v or t ex  l ines.

The velocity field , which  appears about t h e  vortex lin e, no t

a rb i t ra ry ,  but is connected w i t h  its c i rcula t ion.  C i r c u l a t i o n  a round

rectilinea r vortex line (Fig. IX.25)

P = 2nrv ,

wh ence velocity around the vortex line

F
V =

where r — radius of any point out of the vortex line.

L~ . ~~~~ - - 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Fig. 11.21$. Circulation on duct/contour.

Page 379.

As can be see n from this expression, particle speed with its

re moval/ dis tance f rom eddy/vor tex  will decrease accord in g to

hyperbolic law . Within quite vortex line (w=coust) of velocity, they

will change as for rotating solid body. Velocity on aay radius r1

within the vortex line

—

i.e. is changed according to Linear law.

D i f f e r e n c e  in the not ion of li quid wi thin the vor tex line and

out of it consists not only  of the am ount  of the ve loc i ty ,  but m a i n l y

iii the fac t tha t  w i t h i n  its liquid rotates , and out of cord — it does

not rotate. The absence of rotation in the exteriors of the liquid is

coqnec ted wi th  the fac t that the c irculat ion on any duct/contour,

- V- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ----- -~~~~~~~~~~~~~~ - - — -
~~~- - V — -—-~~~~~~~~~~~~~~~
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which covers thes~ par ticles, but which does not include the vortex

line, is equal to zero.

ab In experimental aeromechanics high value have the velocities,

in duced by eddy/vortices in its surrounding liquid, for example

during the fl-ow around of the wing of final spread/scope . The induced

with worticity for the incompressible fluid is determined from the

formula of Blot and savart by analog y wit h the action of the

cell/element along which flows the curren t to magnetic pole (Fig.

IX.26) :

v — - sin ç d, — -~~~~- (cos ,~ —

For the case of infinitely rectilinear eddy/vortex , this formula

takes the form

I.

(since •~=180° and 2 ° ) .

A -  - _ _ _
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Fig. 11.25. Ve locity field of the rec t ilinear vor tex line: a)

rectilinea r vortex line; b) the ve locity f ie ld  of r ec t i l i nea r  vor tex

line.

Fig. 11. 26. Or~ the calculation of the velocity, induce d with

rectilinea r vortex line.

_______ 
V
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Page 380.

For half—con (i.e. the vortex line, whic h rests by one end/lead

•n plane, and by other exiting into infinity) of e , 9~°, •~ =0 and ,
tP ref ore,

I

Magnus’s force. Let us examine the flow around t~e cylinder of

flcv, com prised of forward/progressive with a a rate of of v0 and

circulatio n with speed ~~
-j .  As a result of cooperating both of flows

of the velocity above of cy linders (Fig . 11.27) they will be more,

rather tha n velocity below , i.e., will appear the force,

perpendicular to the directio n of the incident flov, which is called

lift. The amount of this force can be found with the aid of the

equation of Bernoulli 1 •

,,
• + p — p + p ç — H

or

p — H  — p .* -=

=H_ i~.(2v.sinO+~~~)’.

FOOTNOTE ~~. As was said in § 11.3, velocity on the surface of

L - 
.— - — ---—--- -~~~~~~~~~~~ - —- -
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cy linder a t velocity of incident flow v0 will compose 2v o sin e. To

it it is necessary to add velocity from th e circulation flow

!NDPOOTNOTE.

To the cell/ element of cylinder with a width of IS and by length

(on genera t rix)  1.. wi l l  act the for ce
âp — pd &,

prolec tion of wh ic h on axle/axis Oy

~ p~~~~~~PdSI sin O .

For obtaining the comp lete force p~’ which acts on entire

cylinder, it is necessary to conduct the addition (integration ) of

elementary forces 6P~. after replacing in this case dS by RdO and

after substituting for p its value from the equation of Bernoulli.

The results of this su mmation give the va lue

P y P IV.T

Force py’ or Magnus’s so—called force, is proportional to the

air density, velocity of incident flow, to the length of the chosen

section of cylinde r and circulation aroun d it.

L 
_ _ _ _ _ _ _ _ _ _ _ _ _ _  

_ _
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~~~b)

rc~,

Fig. 11.27. The Magnus force: a — interaction of two f l ow s ; b —
trajectory of the wheeling cylinder (broken line — w i t h o u t  t a k i n g

into account of M a g n u s ’s forces, con t inuous  — t ak ing  i n to  account

Na gnus ’s forces) .

Page 381.

The direction of this force coincides wit h the sense of the vector of

th. speed of forwa rd/progressive flow, turned on 90° to the side,

reverse/in verse circulations. In practice Magnus’s force can be

obtained , rotating cylinder in the incident flow , perpen dicular to

its axle/axis.  Cyl inder will carry alon g a f te r  itself air and give it

in rotation. 1

I

_~~~~~~~~~~~~~ V V . _V.~~~~~ VV V~~~~~~~~~~~~~~~~~ V 
_ _ _ _ _  _ _ _ _  _ _ _ _  4
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FOOTNOTE I . This t y p e  of ro ta t ing cyl inders  were proposed by F le ttner

for replacing the sails aboard ships. EtIDFOCTNOTE.

the rotating artillery shells and the rockets, vciich fly at

certain angle of attack , test the action of Nagnus’s for ce, that it

is necessary to consider during the caiculatio~ of their flight

trajectory. If light/lung paper cylinder is rolled up on inclined

plan e down , then u nder the  act ion of the force indicated i t  will

change its t r a j e c t o r y .  Figure 11.27 by dotted line gives trajectory

in the absence of N agnus ’s force, solid l i n e  depicts the  t r a j e c t o r y

of cy linde r in the presence its. To determine the effect of Magnus

effect on the lonjitudinal—behavior characteristics of the rotating

bodies is possible by testing the rotatin g models in wind tunnel.

Figure 11.28 gives the diagram of similar installatios . Model is

fasten/strengthene d to six— components balance of duct. The rotation

of model is realize/accomplished with the aid of flexible shaft by

the engine, not connected wit h weights. The special

featur e/peculiarit y of such exper i ments is the smallness of the

measured forces and the necessity of the account of the effect of the

elasticity of flexible shaft on readings of weights.

- — — — -V  - - 
--——V- .- - - - V - —- - - -  

.
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Fig 11.28. The dia gram of installation of model in duc t for

de te rmin ing  the e f fec t  of Nagnus ’s force: 1 — electric motor; 2 —
flexible shaft; 3 — weights; 4 — frame of balance.

Page 382.

Z hu k o v sk i y  theorem.. E x a m i n i n g  the  l i f t  of i n f i n i t e - span  wing in

the flow of ideal fluid , N. E. Zhukovskiy will show that wing can be

re~placed with the so—called bound vortex with the same circulation .

This correctly, necause once win g has lif t, means circulation around

th is wing it is n o t  equal  to zero and the flow, whic h flow s around

it, can be presented as fcr wa rd/progressive, to wh ich as is

superimposed the c irculation flow. For the poi0ts, d istant far from

wing, the velocity field, caused by the bound vortex is analogous

with the velocity field, caused by wing with the same circulation. By

-- _
~~
_ V . __ T _ _

~.
_
~~~~~~~~_
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N. Ye. zhu kovski y was found the lift, act ing on the wing:
Y~~ p Iv,T.

This theorem was formulated by N. Ye. Zhukovskiy as follows:

lif t Y, acting on infiaite—spa n wi ng, was equal to the air density p,

multiplied by circulation F, velocity of flow in infini ty V 0 and

length of the chosen section of wing 1. If velocity vec tor is turned

on 900 to the side, reverse/inverse circulations, then it is possible

to obtain line of force. As it is possible to vote, Nagnus ’s force

exists a special case of the lift, detere ined accordin g to Zhukovskiy

th.orem. But this theorem links the amoun t of circulat ion and lift,

but is not solved a questioi~ concerning the very value of

ctrculation , which depends on the form of wing profile and other

factors.

the selection of value r is realize/accomplished according  to

zhukovskiy — Chapl ygin ’s postulate in such a way that the descent of

flow line from win g profile would occur from trailing edge (Fig.

11.29). If circulation is great or small, then the descent of flow

lines will occur f rom lower or upper surfac€.

the Joukovski theorum is the important for entire aeromechanics.

On its basis are conducted the calculations of wings, propellers,

turbines and other aeromechanica]. apparatuses and equi peent/dovices.

F rom this theorem it follows that for the wing

V CpQSV’ ~j.‘Ti” (equation of r .latiom) .

-

~

-

~

_

~
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Fig. 11.29. To the selection of value 1’: a — r is selec ted

correctly; b — f  is small; c — r is great.

Page 383.

Value c~ can be found , if is known dependence ~ & ,) .  for  an

infinite—span wing 1 • this type and the true angle of attack ,

depend ing on veloc ity of incident flow , the actual angle (calculated

of f  zero—l i f t  ang le  and  the ver tical veloc ity, caused by the

vortex/edd y system , which d isappears fr om the wing:

/d.~.\ /
C~ = L._-~ ta—— .

V i

FOOTNOTE ‘. 
~~~ 

is take n as as the usually equal to  5 .6.

Et~DFOOTN OT ~~.

V - -- —V_-V.—--— ~~~~~~~~~~ —V V. 
--
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In practice are applied two methods of the experimental

determinat ion of c i rcula t ion.  The f i r s t  n e t )~od is i n s t i t u t e d  on

Zkukovskiy theorei , accor d ing to w hich for the elementary lif t dp of

the cell/element of wing on spread/scope dz
dp=pt’Fdz.

On the basis of experiments according to the distribution

~~~~~y1 CO — X 1Si !1a. COs~~ ç (P —P ,) dr1 —

— sin~~ c (p —p , ) dy1.

We hence obtain ex pression for circulation in this win g section:

f=
~~-[cos

c
~S 

(p— p,)dx1—sin~~ (P_ Po )d~i].

If the distribution of pressure is obtained in a su ff icient

number  of wing  sections, then it is possible to find circulation

distribution according to entire spread/scope. But circulation on

dimct/contour S can be found by direct measurements, utilizing the

expression

1=~ o cos (v , ds) ds =~~u dx+ vd y ±w dz .

Such measurements it is possible to produce by n zzles  for

determinin g of val ue and direction of velocity.  In this case, it is

necessary to bear in mind , tha t  the  measurements  of c i r c u l a t i o n  on

the duct/contours, which seize wing, must pass in the  region of trace

(wak e zone) approximately in the d irection, perpendictilar to wake

L . V i 
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centerl ine.

Page 384.

After obta ining from experiments the value of the c i rcula t ion  of

sections, that for m wing ,  it is po ssible to consider the  set of

airfoil/profiles, the twisted nature and the angles of setting

sect ions, to find with the aid of knows integrodifferential equation

both the circulation distribution according to wing and its comp lete

value  at d i f f e r ent angles of attack, .  Expe r imen t s  show tha t  the  error

in the determination of circulation from the measurements of the

distribution of pressure or velocities does not exceei 10/0.

Ln the case of  f i n i t e — s p a n  wing, just as infinita—spa n wing, it

it is possible to replace wit h the attached on the spot v or t øx  l ine.

Howeve r so t h a t  t h i s  cord can ex i s t , it m u s t , accord i mg to Helmholtz

theore m about eddy/vortices , or be closed to itself or stretch by its

end/leads into infinity. The only method to  satisfy the3e conditions

is the c o n f i rm e d  b y  experiments assumption that f rom w i n g  t ips  run

off the edd y~ vortices, which they are seized by flow and go back/ago

in the dir ection of v e l o c i t y  of incident f l o w . These eddy/vor t i ces

are called free vo rtices or vortex/eddy whiskers.

Real/actually , as a result of pressure d ifferencm on the  uppe r

_ _ _ _ _ _ _ _ _ _ _  -~~~~ - - -~~~~~~~~~~ --~~~~~~~~~~~~~~ - ----—
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and lower wing surfaces, will occur the  ov er f l c w i n g  of ai r  f r o m  lower

su rface to upper , and f ron  wing wil l  run  o f f  two eddy /vor t ices . In

the simple st case the wing of finite span is aerodynam ically

equiva lent to the U—shape d diagram of eddy/vortices (Fig. IX.30),

which , however , in pure  f o r m  is not rea l ized.  In v iew of the

n oquni form i ty  of L i f t  distr ibut ion (circulat ion)  accor din~j to

spread/scope , due to the  t i p  effect, difference betwee n the chords,

airfoil/profiles and the like from wing run off many eddy/vortices

which after wing are coagulated into the vortex sheet (Fig . IX .31) .

The vortex sheet is unstable and soon after runoff f r n  wing, it is

coagulated in to  t w o  vor tex/ eddy whiskers .  However , for so lv ing  m a n y

Fractical tasks, is examine d the diagram of horseshoe vortices.

--V.— ~~~ - ~~~~~~~~~~~~~~~ - — - V
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fl ~ - IX. .~3f .
Fig. 11.30. Horseshoe vortices.

Fig. 11.31. The vortex sheet: a — diagram ; b — film.
a)

~) r r

Fig. 11.32. The induced velocity: a — pla n view; b - form against

fl ow.

Page 385.

Induc ed drag. The rotation of trailing vortexes (Fig. IX.32) is

directed in inside wing, as a result of which is induced the vertical

v•locity, wh ich leads to the  decre ase of t rue  angle of a t t a c k  and the
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appearance of supp lementary , so—called , induced drag.

the average speed, induced by the eddy/vortices

2f

where 1. — wingspan .

Value I can be found f rom t he  equat ion of re la t ion  between

va lues F and cy :

V p lvT = c~~S ~~ ,

whence
b c1Vy - -j  -1
- -V — 

~~~~

sign “minus” it saows that the velocity Vy is directed down.

The iownvash angle ~ a is obtained by the addi t ion  of velocities

of flow and inductive (Fig. 11.33) , also, in view of its smallness

(v*-v) :

Posi t ive  is c o n d i t i o n a l l y  conside red the rake an;le, qeneral-rix

in the dir ection of the induce d ve locity down. True (affective) angle

of attack of the wing, establish/installed in flow at geometric angle

a:

wi th ) = ~ (infinite—spa n wing)

- - -V.-— - -V V V.V-V.~ _ - V V .  ~-V~~~- V V V - V~
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The presence of downwash leads to certain lift convergence and

essential increase in the drag . Coefficients of aerody namic forces,

in reference to the velocity of flow at infinity (in wind axes) of
the rotation of flow to angle Am :

Cy CyCO$ M —c~ sin &,
Cx—CYsin Am +cx,cos Am,

here C, and C,, - Lift coefficients and frcntal (or p ro f i le drag)
for an infinite—span wing, that correspon d to true angle of attack
a1.
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‘z, ~~ w

Fig. 11.33. Effect of induced velocity.

Key: (1) . Chord.

Page 386 .

Count ing
sin Am= Am,

cosAm — 1.

we will obtain 1~

Cy CY.

cX~~ cyAa + cx,~~ c) Am

FOOTNOTE I . Produc t CX, sin A. can be usua l ly  disregar ded. Pr imes  in

th is formula it is possible not to place, it to re•ember that c1 and

~~~ they ar• taken on true angle of attack. ENDFOOTNO1 E.

Ya m s cyM=cx1—~~~ is called induced drag whose value depends on

values c, and ). It occurs even in the ca se of the flow ar ound of

the wing of final spread/scope of ideal fluid. Somewha t more precise

5
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formul a of induced drag takes the form
1+6 ci,

CJ a —~~~~t,

where 6 changes within limits of O—0.1~s_ 
2~

FOOTNOTE ~~. For flat/plane tapered wings 6, it varies within the

limits wit h 0.01—0.08 ~~=5—10 and ‘~ =1—5). For the twisted tapered

wings the value c~ 1 increases approximately by 0.0003. During an

increase in  the velocity ( u p  to the  educa t ion/ fo rmat ion  of shock

waves on w i n g )  induced drag can be found f r o m  the expression
L±~~Xl c~ ~iA

EN.DFOOTNOT E.

The values of coefficients A 1 and A 2 in the  express ions

cxs =A 1~~; 
Am=A 5~

for some sim plest forms of wings are give n in Table fl.3. Induced

drag,  whic h is in known sense the value of l i f t , shows t h a t  to

energet ica l ly  more favorably produce deletion with the wing down of

air  wi th  lower speed , but  larger mass (under  this  l i f t ) ,  w h i c h  is

possible during an increa se in the spread/scope or win g aspect ratio.

This fact is utilized for aircraft with the long range of flight.

The t heor y  of induced drag is well c on f i r m e d  by n u m e r o u s

experiments. lhe resu l t s  of the  tests of t h e  wings of d i f f e r e n t

elongations after recalcu lation for one elongation give the

colmciding r ssmlts (Pig. IX.3~).

— —V -- -V~_~_ — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~ ~
__
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Table IX.3. Values of coefficients A 1 and A 2.

-: 
,pwaa A1 A,

3.uHnTHqeckoe - ,  0,318 0,318
fJ )TpaneuHeulIHoe . .  0.318 0,318
(1)I1p~~ oyrO abHOe . .  0,335 0,375
(s)IlpRMovroJIbIIoe C 3~-

Ba JCHHWMH uco~uaua - 0,318 0,338
I Ip 1Iuoyro~bHoe Co

CIcpyr JI eHHuMII KOH-
U1NN 0,318 0,365

(7) Po~ 6osiw.oe 0.363 0,363

Key:  ( 1) .  Form of wing. (2). Elliptical. ~3). Trapezoidal. (4 ) .

Rec tangu la r .  (5). Rectangul ar with filled up end/leads. (6).

Rectangula r w i t h  r o u n d e d  off end/ leads. (7)  . Rhomboid.

Page 387.

The r eca lcu la t ion  of the wing characteristics, obtained during

one elongation X~ , for another  12 or iu f in i t e  e longat ion k =~~, is

conducted, on the basis of the fact that at identical true angles of

attack for both of wings all the aerodynamic coefficie nts will be

identical, i.e.,

Cy, Cy, Cy,

Cxp, Ci,, Ci,,
C_s — C~. — c_.

The equality of true angles of attack is determin ed by the

relationsh ip/ratios

- -V.- - — -V -
-V.
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-
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or
a —  M = m ~’— 6m ,

whence , re memberi n g tha t

where

For the  recalculat ion of curve c~ =f ( m°) it is necessary each

point ( for  each va lue  Cy, Cy, Cy) to shif t by value m° 1-a ° 2 (F ig .

11 .35) . 

-- ~~~~~~ - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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- 

- Fig. 11.34. The wing polars of vaarious aspect ratios: a - w i n g  polar

of identical airfo il/profile, but different elongations; b — the same

curves, converted on 1=5.

Page 388.

The recalculation of drag coefficients is conduct ed from the

cGndition
~~~~~~~~~~~~~~
C1, = C~j~ + C1~,,

with equality Cy,p, C~p, for this value c,-

4 ’ ’
H Cxi — Cx, .Cz1i —Cxg _

W ( ~~
_

~~ ) =C~~
.

Consequently, moving the points of polar with X~ to value c{k we

will obtain polar with 12 (Fig. IX.36).

If moment curve is assign/prescribed in the for m of dependence

C. — /  ~~), 
it remains constant/in variable for differest values I (since 

VV. ~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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the coefficient Cy of recalculation remains constant/in variable). If

moment cur ve is assign/prescribed in the fo r m C. = f ( z °) ,  then it

must be corrected to d if ference (a —a ~~— f ( cy) (se• Pig . 11.34).

For obtaining the wing characteristics of infinite elongation

necessary in f i n i t e — s p a n  wing  X to deduct entire angla of rake

and all induced d rag

C1j, C11

Simplified theory presented previously of induced drag, without

taking int o account of compressibility affect, assumes the constancy

of downwashes alon g spread/scope and elliptical circulation

distribution at the average values of elongation.

-- _ _ _  
_ _ _ _ _ _  ___________V V

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

__ _
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For FIg.  11.35. To the reca lculation of cMaracteristic s cy~~I (a) wing

for  anothe r elongation.
A, A1

Fig. 11.36. To the recalculation of wing polar for another

elongation .

Page 389.

In actuality contemporary  wings have a planform , dif ferent from

elliptical, dounwash in spread/scope variable, wing warp, sweephack,

etc. All this requires the more precise account of induced drag. This

- - - 
- 
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accoun t is conducted b y the careful calculation of circulat ion and

tapers along the wingspan with the aid of the refined theoretical and

experimental methods.

If we on curve/graph C y = / ( C x)  f in i te—span wing p lot the curve,

obtained from the expression
4

Cxi

then the obt ained parabola (parabola of induced drag) is the wing

polar of final spread/scope in ideal fluid. It makes it possible to

divide win g drag on two parts: profile and inductive. The value of

profile drag is low (0.004—0.01) and deper~ds on the form of

airfoil/profile, Re numbers and ti and angle of attack. At  high angles

of attack, induced drag, proportional 4., rapidly increases;

eref ore they attempt wings to make considerable elon gation )>1O—1 2

• ‘ exa mp le, for the aircr aft, which fly at high angles of attack —

htgh—alt itude, hyperdistant , etc.) , wh ich leads to decrease of

‘inc~uced drag. At subsonic speeds where the compressibility effect yet

is not exh ib i ted, aerodynamic  characteristics depend , m a i n l y ,  on

e]~onga tion , p lanfora , contraction and properties of airfoil/profile.

‘ One of the mOst impor tan t  wing characteristics is the  spanwise

lj.tt distribution, w hich depends (over a w ide range of elongation)

cpiy on wing planforn. 

—-~~~~ - -- ---~~~ - - V~~~~~~~~~~~~~~~~~
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Fig.  11.37 . Effec t  of wing  p l an fo rm on f l o w  separation . The sections

wbere begins f low b reak away  f r o m  wing , are shaded: a - positive

swee pb ack b — a trapezoid; c — rectangle; d — ellipse; e - negative

sweepback.

Keg:  (1 ) .  Cross f l o w .

Page 390.

Th. local impor tance  of the  l i f t  coeff icient  Cl. of th is geometric

angle  for  the  tapered wing increa se to its end/leads, an d values

Cy _ will  be reache d more ear l ily  in tail pieces, which causes intense

fl ow separation w i t h  an increase in the contract ion of the  tapered

wings. In this case, appears the dange r of the aileron power loss and

stalling of aircra f t to wing d ue to the asymmet ry  of

- — -

_ _ _ _
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disruption/separation on both wings. In t h e  rectangula r w i n g  the

- 
airfoil/profiles of the middle part work at high angles of attack

because the induce d velocity, whic h decreases the angl e of attack,

ii~creases to wing tips, flow separation appears in its middle (Fig.

11.37) , and ailerons retain their effectiveness, also, at high angles

of attack. In elli ptical, aerodynamically anwarped wings the value

Cy_1~ eftd sections due to the decrease of chords and Re numbers

somewhat descends on spread/scope and flow separation, beginning in

the middle part, rapidly is spread to entire wing.

The adverse o henomena , connected with the nonuniformity of load

distribution (lift ) according to the wingspan , can be to a

considerable degree attenuate/weakened , applying aero~iynam ic torsion

and different mean s the mechanizations , which increase bot h the

overal l and local amount of the lift of wing. Especially this is

important for the conditions/modes of the high angles of attack

(landing/fitting, m a n e u v e r , etc.) of those aircraft whose ding area

is selected small for the purpose of an increase in the maximum

speed. The provision for safe landing/fitting of this type of

appara tuse s requires  increase C. ,1~ for decreasing t h e  l a n d i n g

speed, and minimum speed of the flight:

v_ n _
~~~~ ~

shire G — weight of apparatus ; S - wing  area.

L

IL — — --V - -  - V .  ~
- - -  
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Fig. 11.38. Different forms of the mechanization: a — the plain flap:

b — the slotted flap; c — movable  f l ap ;  d — the extension flap; e —
dual—pur pose flap; f — the simple wing flap; g — panel wit h the

sliding hinge joint; h — wing with slat.

Page 391.

As the  means , which  ensure an increase C
~mii w i n g ,  are

utilized mainly the equipme nt/devices, wh~ ch increase its ar ea,

effective camber, fla ps, panels, slats (Pig. 11.38) , and also suct ion

and blowin g of b o u n d a r y  l ayer .  The character  of the e f fec t  of

- - 
—- ---

-
-- -
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~~~~~~~~~~V
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mechan ization on value cy ,,~ is shown on Fig. 11.39. A selection of

one or the other type of mechanization must be produce d with

consideration a change not only va lues Cy,~~~. but also c,efficients

c~ and Cm = f ( ~~) .  Is feasible in principle also the •et hod of an

imcrease in the lift because of a change in the wing irea, but in

practice due to structural/design difficulties, it still little is

ap~plied.

Are recently proposed the jet flaps, in which t he eme rging from

jet engine gases a re discharged at certain angle down near trailing

wing edge. In this case, the lift, which increases be:ause of the

projection of reacting force of jet and the supplementary

evacuation/rarefact ion, which appears on the upper part of the

a i r fo i l/p rof i le, reaches the enormous val ues: Cv~~~~~IO—12 (Fig .

Ix..q O)..

The character of course hi curve Cy f (m )  in th~ reg ion of high

angles of attack can  cause the autorotation of wing a roun i

longitudin al axis x .
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Pig. L X . 3 9 . Comparison of different forms of .echaniz~tion .

Page 392 .

If near the angles, wh ich correspond Cv ,,. wing unde r the effect of

ex ternal reason s tar ts  up, then the angles of attack f left an d

r ight  half of wing s wil l  begin to change, nam ely :  the  angle  of at tack

of the discharged wing  t ip  will  increase, a� h.aving — it decreases.

in th is  case , as i t  follows f ro .  dependence c, •t (.), ths l i f t  of

th. omitted half wing decreases, and heaving — it wi ll c.main almost

vithoct change, as a result will appear the torque/m oment Mx , whic h

increases bank and leading to autorotati3n (Fig. II.~ 1). The

- — . -
~

-— --— —— -- —
~—- —-— - - - — - _ -~-—.-..
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iDtensity of autorotation depends in essence on the va lue of negative

value by derivative ~~ (autoro tation begins at the negati ve value of

expression ~~~+C~). Autorotation begins fr o m  stalling ~ f a i r c ra f t  to

wing and can lead to.spin, i.e., to apiral descent wit h intense

rotation and  to the  shock of wing about the earth/groti n& in low

altitndes. The fac t , which blocks autorotation, is the liquidating or

damping moment  of wing  whic h fa l ls  from an increase ii the  angle of

attack.

The means  of decreasing the tendency toward autorotation is the

prevention of flow separations at wing tips because of the selection

of root airfoil/profiles with coefficients Cy,,,~ ani n~, less than

in end air foil/profiles, an d also because of the decrease of

contraction, mechanization of end wing sections and washout.

C losely connected to the char acter of the l i f t  d i s t r ibu t ion  and

pressures, is loca ted the d istribution of velocities. The field of

velocities and downwashes around wing (Fig. 11.42) has great

practical value for the selection of the location of tail assembly. 

—~~~-
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rig. 11.40. Effect of boundary lay er control on

rig. 11.41. wing polar with the chosen zope of autorotation

(autogyrat ion).

Key: (1). Zone of autorotation.

Page 893.

The effect iveness of tail asse mbly will be greater, the lesser

braking velocity 1 • in the location of tail assembly is less local

dovnwash.

FCCTKOTE 1 • Along wing wake frca both sUes with the intensely

developed trace at angles of attack beyond stalling, appea r the

- —~—- -



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- - -~ .-—,~~~-—-~~-_- -V-~~~~~ V

DOC 78201108 PAGE 
~Ø

narrow zones of t h e  increased velocities, in which value v/ v 0 at t a ins

values by 1.3—1.14. E$DFOOTNOTE.

The swe ptback wings. With an increase in the flight speed (after

N~~’0.6) due to coipressibility effect resistance of usual wings so

grow/rises that their application/use becomes irrational both from

the point of view of the power, required for advance and an ad verse

change in the moment characteristics.

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
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Fig. LX.142. Field of velocities and tap~~ a aft•r wing.

Page 39 14.

As showed experime nts, at high subsonic, transonic an~ supersonic

velocities the win g planform plays not less the significant role,

than the form of airfoil/profile. At these velocities had extensive

L ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~~~~~~ - 
_J

~~~~~~~~~_
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application wings whose planfora gives the possibility to utilize an

effect- of slip and three—dimensional/space flow, namely: the

sveptbac k wings and l ow—aspect—rat io wings

If rectangula r infinite—span wing is turned at angle 1 to the

direction of the incident flow, then velocity v0 can be decomposed

into two component s (Fig. 11.43): v~ con X, that lies at plane of

cross—section, and v0 sin X~ directed alopg wing. Pot lif t and drag

of wing , s t reaml ined  thus , has a value only ccmposing velocities,

normal to the leading edge : v0 cos x. F low in span d i rec t ion  does

not have (neglecting of friction) effect on wing pressur e

distribution and , therefore, on lift.

I-n view of the fact that the velocity of flow around yawing

(swept) wing, w hi:h is determining the pic ture of the distribut ion of

pressures, is decreased in comparison with velocity of inciden t flow,

local pressures on w ing also will fall, an d valu P,~~, vhi:h

characterizes the beginning of shock stall, decreases, which will

lead to the increase M.,, whose value can be found from the ex pression

M ~—C

~~~~~~~~-~~~~~~~ - - -  •~~~~~~~~~~~~~~~~~~ ‘ _ .
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Pig. 11.143. lb is slidsd wing.

__________ 

F1 1117T
-~~~ 

t~~~~ H h f/ f i /
j ( l) ‘ j j ~j’~~i~op cnn naneina.

Fig. 1X .4 14 . The empirical  dependence of crit ical Mach  n u m b e r  of the

sweep angle of wing.

Key : ( 1). Velocity of f l i g h t  = speed of sou;d.

Page 395.

In ac tua l i ty  due to the finiteness of the span of the wing ,

pr.sei,ce of fuselage, bend of center line (middle e f f ec t ) ,  tha t leads

to the decrease of the effect of slip in center sectian, change M~,

~~~~~~~~— - - 
- —  

~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — — -~~~~
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for the sweptback wing of the direct/straight (positive) or

reverse/inverse (negative) sveepba ck (see Fig. 11.37) it occurs not

proportionally con 1 but it is more coaplicated:
1—cos i!I II p X = M ip z _ O l + i + c o sx

Exper i.ental depeedences M.~ = f ( x )  are g-iv.m in Pi;. XL.4 1s and

cx ~f ( Z and )~) in Fig . 11.45.

Since the lif t (pressure coefficients) of the swa pt b ack wing

falls proportional to the square of the cosine of swee p angle (v.=v, cosx)
th en the aero dynamic coefficients of constant angle of attack

can be de termined from the fo l lowing  approximat ions :

Cy
~~ C1 COS~ x

CX
CT

CX CO
~

$ XI

= m~ COS~ ),
dc)~ fdc~\

= C0S x.

=

Exper imeqta l  data on the measurements of aerodynamic

coefficients give, depending on the parameters of win;, sownwhat

di f fe ren t  f rom compute d values of coefficients (within the  l i m i t s  of

proportional depen dence from con x to cos’i).The experimental results

of the tests of some sweptback wings are given in Fig. 11.46.

The character of the dis t r ibut ion of pressure in the  sweptback 4
wings differs significantly fro. the distribution of pressure in 

~~~~~~~ — — -- —- - -— ~~~~~~~~~~~~~~~~~~~~~~~~~ 
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usua l ones. Transverse currents in boundary layer (from center to

en d/leads in wings  wi th  sweephack and f ro m end/leads to center in

wing s with the sweepforward) lead to earlier flow separation. This

occurs for wings wi th sweep back not only d ue to transverse currents,

as suction boundar y layer from center section and increasing local

importance Cy, but as a result of changin g the effect ive  ang le  of

at tack .

-~~ - -
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Fig. 1.1.45 . Effec t  of sweepback and value of elongati n on wing drag

in transonic range (according to the results of the tests of the

sy mmetrica l a i r foi l/p rof i les  of series N A S A  65k) .

Page 396 .

In wings  w i t h  swee pback , e f fec t ive  angle  toward  the  end increases,

and in the middle  part  it decreases as a result of the fa:t that the

induce d velocity i ncreases in the middle of wing  and iecreases to its
V 

end/leads, On leaving to high angles of attack, the

disruption/separation will occur more earlily on tips of the  w i n g

wh sre Cy airfoil/profile more earli ly  it reaches its m a x i m u m  va lue

(Fig. 11.47).

In wings  wita the  swee pforw ard , the mean sections have  large

-1 
— 

~
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lif t, transverse :urrents raise the stabili ty of the f low around end

sections, pressure on upper surface falls to the center of wing and

disr uption/sepa rat ion begins in mean sectioUs. Moment characterist ics

and stability in wing with sweepback are less favorable, than in

wings with the sweepforward , due to reduction in the

aileron—effectiveness der ivative and emergence of the moments of

y a w i n g  of ban k  an~ des tabi l iz ing  torque/moments .

The e l i m i n a t i o n  of the  adverse characteristics of the  sweptback

wings at low speed s (high angles of attack) is possible because of

the application/us e of the corresponding airfoil/profi les,

mechanization , the selection of planfora, the contract ion and other

means, which improve the evenness of course curved C~ =f (e) and

prevent/warning premature disruption/separations. In practice for

transonic and supersonic velocities, will f i n d more wi de a pp lication

the wings with sweepback , since the exhibited in wings with the

sweepf orward direc tional instability and harmful interference with

fuselage (at high velocities) with more lifficulty was rem oved than

end disruption/separation s, but in wings with sweepba:k.

- - -—  
.
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Fig. LX.46 . The effect of swee pbac k on the coefficients of

aerodynami c forces (M ~~1.53) : — — experiment ; ——— — Linea r theory

(isolated/insulate d wing)

Key: (1). Negative sweepback. (2). Positive sveepback.

Pa~ge 897.

The sweep an;le of win g for this Mach number must be selected in

such a way that entire/all leading edge lie/rests within flsturbance
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oone, i.e., mast be maintained relationsh ip/ratio ~>(9O°—~) (Fig.

11.118). If ~~< (9O~—z). then advantages from sw..pback will be

oonsiderably less. Approximately it is possible to count that the

sv.epback 1 ~~~~ gives comsiderable effect to numbers M=1 .4,

1 =550 to M=1.7.

Low—aspec t - ra t io  w ings . W i t h  an incre ase in the f l i gh t mac h

number (after M~~1.5—1 .7) the sweptback w ings not always provide the

pte-servation/retemtion/maintaining of satisfactory lift—drag ratios.

Furthermor e, the sweptbac k wings have same stractural/design

deficiency/lacks, difficultly surmountabl e with their form . Due to

ceqter—of— pressure travel , back/ago in the sweptback wing appears the

large supp lemen ta r y  twist in g, which  can be structurall y rem oved by

the application/us e of a wing of triangular form (Fig. 11.149).

Therefore fo r  su personic f l i ght speeds, will have extensive

application the low—aspect—ratio wings (X<2.5), having d i f f e rent

planform. The basic difference for low—aspect—ratio wi ngs from the

wings of usual elongations (X>3.5) lies in the fact that the flow

ar oun d eac h section it is not possi ble to cgnsider bein g in dependent

of the flow around the adjacent ones (i.e. is inapplicable the

hy pothesis of “flat/plane sections”).

- 
~~~~~~~~~~~~~~~~~~~~~ -~ -- 
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di d~ ~o 4i

Fig. 11.147. Effect of ;veepback on lift distribution along

spread/scope.

Fig. IX.48. Diagra m of the lay out of the d isturbance :one of the

relatively leading edge of the sveptback wing. Broke n line shoved

geqeratrix of wave cone.

~~~~~~~~~~~

Fig. 11.49. The de lta wing (hardness of th e sweptback wing will

_ _ _ _ _ _ _ _ _ _ _  _ _ _ _
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increase, if it wi l l  occu py the sha ded region)

Key:  ~1). Center of nressure.

Page 398.

Finite—span wing and in the supersonic flow flows itself

differently, than in subsonic. Zones A (Fig. 11.50), that lie within

disturbance cones exist zone of tip effect. Zones B are characterized

by the sam e con ditions of f l ow , kA and infinite—span wing. If zones A

are removed (are cut), then tip effect will disappear and the wing of

a simi lar planform will flow itself then just as infinite—span wing.

Wing drag of final spread/scope in the supersonic flow is conposed of

profile dra g (pres sure dra g an d f r iction) a~d wave, that not

depending on elongation and induced drag. 1_

FOOTNOTE 1~~ In expression for induced drag ~~~~~~~~~~~~~ c~
. the value of

coefficient 6 are equal to 0.5—0.6 — for delta wings and 3.08—0.18 —
for the tapered wings. ENDFCOTNOT?.

The overflowing of air with lower to the upper sirface and

acting only within Mach cone (zone A , see Fig. 11.50) leads (during

small win g aspect ra tios) to a consi derable decrease f

evacuation/rarefactions on airfoil/profile and an incr•ase M,~.

~ 

- .
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Induced drag at supersonic speeds is significantly lower than the

wa ve (Fig. 11.51)

C~.o~u 4

depends on the so-called given elongation )4/M’_ I fli;ht mach number

and lift coefficie nt. If we cut the end/faces of wing so that the

ai~gle v># (Fig. 11.52) with sin •c/v, then induced drag completely

disappears.

L~~~~~~~~~~~~~ . _______  .~~~~~~ ~~~~~~
. _ _  _ _

~~~~~~~~~~~~~~~~~~~
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~iq. 1.1.110. Flow a round the rectangular wing of the s~1personic flow.

Fig. .11.51. Dependence of induced drag of the rectangular wing on

elongation .

Kel: (1) elongation.

Page 399.

From the examination of Fig . Ix.53 and 11.54, are visible the

considerable advantages of low—aspect— ratio wings at supersonic

flight speeds. At low speeds the low—aspect—ratio win;s have the

ae rodynamic cha rac teristics, whi ch di f fe r  from the win g

characteristics of usual elcngations (Fig. IX.55). Is especially

noticeable nomlinsar charac ter C~, ~f(m). ID spite of dacrease c~,

(or displacea.mt cy_~~at angles to *O•), which requires the

application/use of considerable high—lift device of low-aspect—ratio

wings for providing the normal landing, low resistance of such wings V

-— - -  
— - - - ------- --- ._ -  

____ ________
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at supersonic speeds and their structural/design advantages they

prov ide with then increasing app lication/use at superson ic speeds

both for the aircraft and for rockets.

_____
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i~td ~Q~~~ ø4~P.7

Fig. 11.52. Wing planform at sapersonic speed: a — rectangle; are

sha ded the section s, calling induc ed drag, which depen ds on the va lue

of rat’io/relation tv.! t (given elopgation) ; b — trapezoid, by the

beveling of the cones of wing at angle r>ø is removed induced drag,

this wing equivale ntly to infinite—span wi~ g (recommended value of

r—4=15°); c — delta wing with spread/scope 1._c— 
~~~~ 

theoret ically

to equivalently rectangular infinite—span wing. I — compression wa ve;

2 — mach angle.

Key: ~1) the direc tion of flight.
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Fig. 11.53. Dependence C, =f(N) for low—aspect—ratio wings.

Page 400.

In prac tice w ill f in d use of various k inds the wings, combining

in themsel ves the cell/elements of sweepback with a small elongation.

F~Jgure 11.56 depicts charac teristics at the zero angla of attack of

the models of the f i n e/ t h i n  delta wings , tested into f o u r  wind

tunnels of the gas—dynamic laborator y of Karman (USA) in t he  r ange  of

nu mbers N 8—22 and of Reynolds nu.bers f rom 5000 to 4.10’ at the

d i f fe ren t  values of th. rat io of the temperature of wall (T.) to

temperature of sta g nation (T o) . As can be seen from re sults, at

hypersonic speeds it is possible to expect a powerfu l  increase in

resistance mainly because of liqui d resistance, proport ional  to

ratio/relation 4— .

_ _ _ _ _ _

- ~~~~~~~~~~~ ~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~
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Pig. 1.1.54. Dependence c~, f ~~~) for t~ e wing s of d i f f e r e n t p l a n f o r m .

Fig. 11.55 . Polars of the plates of trapezoidal p lanform of d i f f e r en t

elongation s, obtained at the  low speed: V

Page 401.

Low—aspect—r at io  wings ( X = 1— 2 )  have a series of other

advantages. They are favorable from the point of view of strength and

weight due to the small bending moments of wing. An increase in the

airfoi l  chord allows on the same level of technology of produc tion to

decrease the relative surface roughness, which favorably affects

their aerodynamic characteristics. These wings (~a 1-2~ hav e a series

I

i ~~~~~~~~~~~~~~~~~~~~~~ 
-~ ~~~~~~~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ V-  V
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of advanta ges, also, from the point of view of stability and

ooiftrollability, whic h is connected with the fact that mean

aerodynami c center of wing (i.e. the point relative to w h i c h  the

momen t of aerodynamic  forces it re mains constan t durin g a chan ge in

V the angle of attac k) relatively little it is d isplaced d ur in g

transition fro. subsonic ones to supersonic speeds (Fig. XI.57)and ,

coqseque ntly ,  also little change longitudipal—behavior

characteri st iCS.

Mutua l effect . The aerodynamic characteristics of different

flight veh icles or bodies of intricate shape, compri se d of sim ple

V ceil/eleme nts, in the first approx imation , (when conduct ing

pr ecomputation s) a re  examined  under  the assumption of the independent

flow. Thus, for instance, polar of aircraft is constructed on the

basis of the wing polar, characteristics of fuselage, tail assembly

and the like considering that is absent th~ effect of these

call/elements on e ach other or the interference.

- V -  ~
__

~~_ V  ~— - ~~~--- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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11 .5 7,f l ~,J / /4 ,

n/fl .
— — ~ o
,, (pcc ~ ~~~~ (1)

- V

4~~1 I1prn~1

Fig. 11.56. Resistance of delta wing under zero lift.

Keg: (1) (calculated).

f t — Z  Aii~~ .4.1

~~
J. 2.7 Z.i ~~~~ IS J~ =F. 23

Fig. 11.57. The ef fect of wing aspect rat io on the d i sp l a c e m e n t  of

focus at su bsonic an d super sonic spee ds: I — aerodynam ic focus at

subson ic speed ; 2 — the same, at supersonic speed.

Page 402.

In actuality fusel age distorts the flow, wh ich flows aroun d win g, and

wing , in t u r n , changes the  f low around fuselage .  The charac te r  of V .

th is  mutua l ef fect , called in terference, depends substantially on

•utua~. location and form of wing and fuselage.

- —~~ - — - -  —V V~ V ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ V ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ A
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If in t h e  sit e of the  joint of wing  and  fuselage appears  the

expanded g l o w  (Fig . 11.58) , then  as a result of the d i f f u s e r  e f f ec 1~
of flow separation s on wing occurs at sma ller angles of attack . The

elimination of diffuser effect wit h the aid of “fillets” (Fig. IX.58)

leads to the more f avora b le f low:  brea kaway begins at h igh an g les of

attack, ar e improve d pola r an d stabili ty charac teristi cs of air craft

(Fig. 11.59) . The effect of mutual wing arrangement and fuselage is

shcwn on Fig. 11.60. Dounwash from wing exerts a substantial

influence on the flow around tail assembly, effectiveness of which

deFends on their mutual location.

The interference in certain cases can render/show not by

“harmf ul”, but “useful” , i.e., such , in the presence of which

resistance of the combination of cell/elements will be lower than the

sum of resistances of ccmponent s d ur ing their isolated/in su lated

f lew.  Ho we ver , in the  ma jo r i ty of the cases , in t e r f e re nce leads to

deterioration in the aerodyna m ic characteristics. Especially high

v&lue it has at high speeds of mot ion, whea an i n s ign i f i can t  local

increase in the velocity leads to decrease M,, and p r e m a t u r e

education/formation of supersopic zones, sh gck waves ~nd increase of

wave impedance . on these reasons for  the sect ion of fuse lage  in the

region of the  conn ection to it of wing,  somewhat  ad jus t (according to

______________________________________________________ 
______________________________________________
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the “rule of areas”) and attain because of this decrea se of h a r m f u l

interferen ce (Fig. 11.61)

I
’ 
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Fig. 11.58. The c o u p l i n g  of wing wi th  the f uselage: a — diffuser

effect in coupling ; b — fillet decreases the diffuser effect.

V 

_

Fig. 1.1.59. The effect of fillets on the aerodynamic :haracteristics

of the aircraft: — — with fillet ; ——— - without fillet.

Page 403.

High va lue  has interference, also, for the characteristics bluff

bodies. Thus, for instance, drag coefficien t of the an tenna ,

co.prised of round ducts, proves t”  be substantially ;reator than the

drag coeff iL ient of cy l inders  of the same Re numbers .

The theoretical determination of the interference of d i f f e r e n t

L.. 
V - -V ---V -— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ V 

V



-- - — ——-- _--

DCC = 78201108 PAGE

parts of the apparatus is very hinder/hampered.. From these reasons

the experi mental determination of the aerodynamic characteristics of

the bodies of intricate sha pe is necessar y even when a re  k n o w n  the

characteristics of their compçnent elements. Especiall y high value

they have this testing for the determinati~ p of momen t

characteristics aad stability characterist’ics and controllability of

the variou s k in ds of f l ight vehicles, and also during the

determination of the power effect of flow on the bodies of complex 
V

co~~figurat ion.

_ _ _ _ _  _ _ _ _ _ _
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Pig. 11.60. The ef fect of m u t u a l  wing  a r r angemen t  and fuse lage  on the

aerodynamic characteristics of the a i r c r a f t :  1 — isolated/insulated

wing ; 2 — upper wing arrangement; 3 — average wing arrangement ; 4 —

lower wing a r r a n g e m e n t .

rig. 11.61. Effect of the l ccal compression of fuselage.
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Flow in channels.

Page 14014.

Chapter I.

Flow ii~ channels.

§ 1.1. Flow in ducts.

Flow in ducts is cne of the most investigated regions of

turbulent flow. These obtained dur ing investigations results have

important value not on ly  fo r  n u m e r o u s  areas of technol ogy,  but  also

tar the un derstan d in g cf the phenomena , which occur about plate or

absut bodies with the surface, outlined by flow lines. in the

technology of the characterist ic of flow in ducts, the y ar e ut ilized

first of all for d etermining resista nce during the motion of liquid ,

its expenditure/consumption through the duct and required the

pr .ssure d i f f e r e n t i a l  for the  real izat ion of f low .

~ V b’~~~~~~- V  __________________________________________________________ - - V -
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With the inflow of liquid from large reservoir into d uct with

V round cross—sectio n for the extent/elongation of cer ta in  section, is

formed the initial (input) flow, in which the distribution of the

speed across section in propor tion to removal/distance from entrance

changes. A t first the velocity profile uniform, then under the effect

of frictional forc es is extracted and at certain distance from

entrance takes the f i n a l  f o r m .  The length of initial section depends

o~ the pattern of flow and Reynolds number . During laminar flow i —

=0.03 dRe (more pr ecise, 0.02875 dRe, according to Shiller), with

turbulent 1~ is th ree or fou r  t imes shorter.

For ob ta in ing  assigned ra te  of f low through  the duct , it is

necessary to creat e pressure difference in the beginning and end/lead

of the duct. The value of pressure difference depends on the

ductility/toughnes s/viscosity of gas, heat exchange throug h the walls

of duct and surfac e conditicn of walls. This value cha racterizes

resisting forces. Consequently, in the ga~ era l case th e re quire d

dimensionless pressure differential, referred to velocity head :

x, Re, M, Pr 
~~~ ~~—‘~~~l(Re, M, 

~~, 
Pr),

Key: ~1). or.

____ - 
____
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where A (Re, M, x, Pr) — drag coefficient.

Page 405.

For i n f i n i tesimal cut of duct ~~~~~~, it is possible to count that

the dependence of pressure differentials on the parameters indicated

will be linear. If the phencme na of heat exchange can be disregarded ,

then f low will  not depend on number Pr, but with sma ll pressure

differentials also on Mach numbers and ~, since a change in the

temperature along the duct does not affect flow. In th is case, the

speed and density will be constants, b ut coefficient ~ will depend

cnly  on Re number.

In prac tice, especially for a gravit y, solution, the pressure

di ffer ent ial  they replace by pressure head ~H. The expression of

losses of hea d a long  the length  of condui t/manifold

?, S ~v’ ~ p0’

where D, — hydraulic diameter (D~~~D for a round duct, Dr u’~~f~~~ 
for

V rectangula r cross section, here U0 — perimet er) ;

~ 0 — cross—sectional area ;

S — rubbing surface;

—- ~V V ~~~ -V V~~~ V ~~~~~~~~~~~~~ V_~~~~~- V— ~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —~ - A
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— l eng th  of the  section of the conduit/manifold , for  which  is

ds te r min ed resista nce .

D u r i n g  steady viscous motion in cyl indrical  pipe, the  speed in

its cross section chan ges accord ing to para bolic law (poiseuille

equa t ion) . The pre ssure dif fe ren t ia l, expressed throug h average  speed

lo

or,- bearing in min d that

Re—~~

we will obtain the formula of the ~arcys

S4 L o 0 ’  1 0 ’  1 v 1
~p—~~ ~~~~ bEPT”~ b~ ~~

where X=64/R e — coef f ic ien t  of friction drag or the “coefficient of

fr icticn” d u r i n g  l a m i n a r  flow of liquid in smooth I round cylindrical

pipe.

POOT tIOTE 1, Ducts are considered smooth, if ‘ii ~~a~~~~~~j

EIIDFOOTNOTE.

-- - - — V - - - -- V_-V ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ V_~~~~~~~~~~~~~~~~~~~~~ - - - - _ _
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This theoretical. dependence is confirmed well, to numbers Re=2000

(lg Re=3.3)by numerous experiment s (Fig. 1.1) and does not depend on

the roughness of t h e  walls  of d uct .

Page 406.

With the large Re num bers, usually occurs the turbulen t flow and here

for determining the coeffic ient of friction depending on Re number,

widely are applied semi—empirical dependeThces. For the range of Re

numbers from 2000 to 1.10~ it is possible to use Blasius ’s for mula

0,3164
(Re)~~

With  number s  R e= 1D S—4 .1 0 5 , is suit able the formula  of S tan ton  and

V Pa nned.

A— O ,00357+-~~~~ j-

or the formula of Lang

~~O,0l + 1,77 Re”.

For calculations over a wide range of Re numbers (from 1•10~ to

1.100) is convenient the formula of Nikuradze an d Lis

A— 0,O~ 24

or the equation 

- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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4,— 2Ig (Re V~.)—0,8,

called the universal law of resistance of Prandtl for smooth pipes.

This formula is checked experime ntally to numbers Re=3.4.106 an d it

it is possible to use within limits 105<R<1~’. Exemplary /approximate

va*lues )=f (Re):

Re 4000 12000 60000 160 ~~ 840000 10 ~ X)~~~ V
?. 0,04 0,03 0,02 0,016 0,012 0,008

Howev er , all the given formulas are suitaLle for smooth pipes.

The roughn ess of t h e  walls of ducts durin g turtu len t f lo w increa ses V

resistance wh ich d epen ds wi th this not o n l y  on Re num ber , but also on

the roug hness:

4—r

Key;: (1). or.

By numerous  exper iment s it is establish/ installed , tha t  in rough

ducts I with the increase of Re number  the coeff ic ient of fric tion

approaches the constant value, which dep.r~ds only on th .  degree of

roughness ~~~, i.e., resistance becomes proportional to the square of

speed.

t
~~~~~~~~~~~~~~~~ 
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FOOTNOTE I_ Roughness is created b y deposition on the  sur face  of the

duct of grains of sand of the specific size/dimensions. ENDFOOTNOT E.

The quadrat ic  law of resistance in . ducts wi th grea ter r ou gh ness

begins to be exh ibi t ed  with  the  smaller Re numbers .

Fig. 1.1. Dep ndence C=f(Re) for a round duct.

V Page 407.

Determination ).=f (Re and 
~~~~) 

can be produce d on N i ku r a d z e  fo rmula

j-
~~~
” I,l4+21g!

(for Re>1$. 5xlQS) , and also on experimental dependences (Fig. X. 2). In

real ducts the roughness  de pends on the quality of finish of surface

- V 
~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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and settling of the particles, transferred by liquid. However , as

will show experimen ts of I. Ye. Idel’chik wit~i the ducts, having 
V

na tura l  roughness, N i k u r a d z e  fo rmula  was valid also fo r  real  ducts ,

if we determine according to medium a l t i t ude  of the

preminence/protuberances of roughness.

l~ (~llOA.) 
V . I: J ~? _~ ,_ ____

~~~ i1S15 ’l 6
_~~;

“ “ . j  . -— .  — _,, - -
‘
~~~~~~~~ i \  (I) 0

4,— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
. V . ~~~~~

-
~~~~~~~~

” ; f

I

4’ r ~~ 
— — 5,’# M IgRe

Viq. K .2.  Dependen ce of the coefficient of friction ~ on Re number ,

for  ducts with uni for m roughness (conditions/mode I — l a m i n a r , V

conditions/m ode II — t rans ient ; conditions/mode III — q u a d r a t i c  law

of resistance).

Ney: (1). Conditio;s/m.de.

_ _

- V -V V - 
V ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~



_ _ _ _ _ _  ____- ________________________

DOC 78201109 PAGE 
,

~~~~~ ~~~~

Page 408.

During transition to the ducts of no~circular cross Section, the

drag coeff icient, other conditions being equal, will :hange wh ich can
be taken into account on the basis of experimental data or on the

fol lowin g formulas  (for l amina r  f low ) :

1) f~ r the ellipse where Re is referred to the minor axis:

64 0 ’+b ’

here a — semimajor axis; b — semiminor axis;

2) for  equ ila ter al tr iangle

h OA —

J) for m e  rectangle

64A —

where 0 — correcti on factor, depending on the ratio/relation of sides

(for Re<2000):

-j- 0,1 0,2 0,4 0,8 0,1 1 ,u

ç 1,34 1,2 1,02 0,94 00 0,80

4) for the siuare

56~9
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Re n u m b e r s  are  given relat ive to a h y d r a u l i c  radi us of duct .

For tur bulen t flow in nonci rcular duc ts wi th rou gh walls, the y

use different empirical dependence. Thus, for instance , for the duct

of the rectangular cross section

— ~~‘Ipyrs.

Value s of coeff ic ient  0 depending on Re numbe r f o r  a rectangle

with the ratio/relations of sides within l imits to 0.7—1.0:

Re 2.10’ 4.10’ 6.10’ 10’ 1,5.10’
~ 0,89 0,04 0,96 0.90 1.0

Investigation s during flow in ducts with high sub sonic an4

supersonic speeds showed that for smooth pipes (in the absence of

heat exchange with environment) the drag coefficient does not

vi rtua l ly  depend on  ~ach nu rbe r  (Fig .  1.3) . As a resul t of speed

change along the length of duct, changes the temperatu re and ,

consequently,  also the  coefficient of du:t i li ty/toughzess/v i scos i ty

and Re num ber. The coefficient of ductilit~ /toughaess~ visc osity

weakly depends on t empera tu re  ( for  air , f o r  example ,

~~~
. 10’— 1,712.V 1+0,0036651°Cx(I +0, 08l’C)’IJ,~. ~~~~~~~~~~~~~~~~

K.~~: (1) . or.

- i f

_ _ _  —~~-- -~~~
‘
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The drag coefficient of the high values of Re number changes

insignificantly. Thus, during the calculation cf the cou rse of gas in

ducts  it is possible to use the results of the availab le numerous

inves t iga t ions  of the motion of water in ducts .

Pa ge 409.

Durin g the st ud y of flow in d ucts, exit cone/diffuser s and

nozzles whose wal l s  to rn  small  angles wit h the axle/axis of flow ,

utilize a concept of the average speed (and of average density)

Averag e speed w is det ermined by the ratio of volumetr ic flow rate to

sect ional area

- 
ç ud f

—

where u — true air speed whose distribution over sectio n ma kes it

possible to find w .

During lam ina r flow in cylindrical pipe, t he average  speo i is

equal to the half the raxi .um speed in this section. During turbulent

flow the velocity distribution law changes and the ratio/relation to

the average speed to maximum depends on Re number . According to

Nikuradze data, for the incom pressible fluid with the larg e Re 

- - V 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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num bers

where ~ — radius of duct; r — c u r r e n t  rad i us; U~~~.— sp eed on t he

arle/axis of duct ;

Exponent m=f(Re) . With R=10~ m=1/7; with Re=3.10’ i 1/1O,

The cependen~.e of the ratio/relation to the average s.:.eed to

maximum can be obtained f r o,  the  expression

‘~2(m + I)  (m + 2)’

wh ich it is correc t at high speeds (Fig. 1.4).

The nonuniformity of density has the great value in the absence
of heat exchange and can be for gases estimated on formula

x— I e ~~~ x_ l(m+I )’ (m +2)* A
— 
~~i 4 - ~~~~~‘~

-
~- ‘  

—

i * 1 U
_ _ _ _  

x + I

~ it correspon ds to .axi mum speed ;

p — average density over section;

A — given speed.

Let us note that the ncnnniforaity of density is considerably

less than the nonuniformity of speed over s ction. 

~~~~~~~~~~~~~~~~~~~~~ V L~~~~— ~~~~~~~~~~~~ . ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _ _
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Fig. 1.3. Law of resistance for smooth tube during flow of

compressible liquid.

Page 410.

Th us, for instance , for air with Re=3°1O and W V U TI~~~ ~-~0.87 (.=1/10) for

nu•ber Nxl value ~ / Pmix~~~O.93. for  lower speed th ia  d i f f e rence is st i l l

less. On these rea sons d u r i n g  the course of the impe r f ect  gas when

occurs intense hea t exchange and in section is establish/installed

constant temperatu re, density over section (keep ing in r in d pressure

constancy) wi l l  al so be cons tan t .

The equa l iza t ion (s t ra in)  of the velocity profi le  produces

change the drag coefficient which can be determined depending on the

type of duct and character of the distribution of the speed in cross

section. T h u s , for instance, for round and flat/plane ducts drag

L V .
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coefficient C— ~~~ - depen d ing on expon en t m :
T

• I 0,74 05 0,~~0,I47
Ca)Kpyrau tpyO.... . 0.7 0,86 0,16 0,940,92
s)flaocw Tpy6. . . . . 0,33 0,19 0,10 0,940,92

Key: (1) . Round duc t .  (2) . Fla t/p lane  duc t .

§ 1.2. Plow in exi t cone/ditfusers and nozzles.

Exit cone/dif fusers. As was said earlier (see Chapter VII), exit

oone/diffu ser serves for  conver tin g kinet ic ener gy of f l o w in to

energy of pressure and is one of the most widely used and inportant

ceill/eleme nts in many aeronechanical equipment/devices and gas

machines (wind tunnels , jet engine s, tur b ines, ejector s and so

forth). The degree of the perfection of exit cone/diff user in a

decisi ve manner  a f f e c ts both the e f f i ciency an d the qua l i t y of gas

machines, since usua lly in exit cone/diffuser in com pariso n with

other cell/element s occur the greatest irreversible energy losses. In

diffusers, in contrast to nozzles and nozzles, are created the

conditions, f a v o r a b l e  for  b o u n d a r y — l a y e r  separation (see § V.1) and

of emergence of the disrupt ion/separations, which are acco m panied b y

considerable losses. 

—- __________________ 
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Fi9. 1.4. Dependen ce on Re number of the ratio/relation to the

average speed to m aximum .

Pa ge 411.

As show n u m e r o u s  exper imen ta l  invest igat ions, the d r a g

coeff icient  of sub sonic exit cone/diffuser doe s not virtually depend

on Mach number at the entrance into it (see Fi g.. V I I . 1 1) ,  but  it

depends on the expansion ratio of flow (lengt h of exit -

cone/ d i f fu ser) , of expansio n angle , uniformity of the  f i e ld  of inlet

ve locities, Re num ber of surface conditior~ and finally on the form of

cross section. In aeronechanical practice are encountered the exit

cone/diffusers of diverse types, “working ” under var ied condit ions of 
V

the course th rough  them of l iquid or gases. Independen t of the

.1

V- V ~~~ ~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ --- .—.- V - V -- V - - V - ~ - -
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designation/purpose of exit cone/diffuser  it is always des irab le to

have not only mini mum drag coefficient, but also as far as possible

the unifor m field of outlet velocities.

The evaluatio n of diffuser losses it is accepted to produce

depending on the speed in then. For exit cone/diffusers with subsonic

inlet velocities the drag coefficient of the exit cone/diffuse r I

could be fou nd fro m the  expression

~a~~~~ i( 6_ ~~~~

vhere fl~ — number at the entrance into exit cone/diffuser;

6 — loss factor , equal to 6=~~~~~ , or , is mor e precise ,

o...3 ç f! fidF;

Pa and P ’o — total pressure at the en trance  also at the  end of the

exit cone/ di f fuser  (Fig.  1.5)

Thus, after measuring total pressures Pa and P’o’ i.t is

possib le, knowing M 1, to determine ç and 6. However, measu rements Pa

must be cond ucted taking into acco unt the nonuniformity of inlet

velocity in to  exit cone/di f fuser  and compulsorily out of b o u n d a r y

layer the pressure recovery factor

V ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — ~~~~~~~ 
~~~~~~~~~~~~~ -.---V- - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~
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serves for evaluating the qualities of exit cope/diffuser .~t high and

supersonic speeds.

I.n view of t he  diversi ty of t ypes and forms of exit

cone/d i f fuse r s, especially used at low speeds, in the  practice of the

determinat ion of drag coefficiqnt ~, they use various kin is ~mp iri caI

dependence of the type

~~~~~~~~~~~~~~~~

Value s 
~~
. and ~~~, are determined depending on the  degree of

ex pansion, expansion angle, form of cross section, Re n u m b e r , of

degree of roughnes s and of degree of u n i f o r m i t y  of f l o w  at

entrance.

rig. 1.5. Diagram of exit cone/dif fuser.

Page 412.

For conical, tapered and pyramidal exit cone/diffusers (Pig.

—— 
-
~~~ 

—_ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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1.6)

wh .re

~p.ca — ~~tg 
~~~

- 
J/tg

.
~

(for conical d i f f u ser of 0<a~ 40°) or

~~~~~~~~ -
~~ ‘1/T~

(O<.(250 for rectangular and square exit cope/diffusers)

d_ (1_~ )’, 
‘— - -

~~~~

‘-
~~

Changes k w i t h i n  l imits  w i t h  1.2—1. 8;

A..f(!!~~
; i;) ,

oreover A is defined just as for ducts.

For the  plane d i f fu ser s  (Fig.  I.?) va lue  ç,.~. u s u a l l y  varies

wi thia the limits wit h 0.1—0.2:

The values of coeffici•nts ~~~~ k , d, A, f ar. determined to

analogously precei ing/previou s, and the talus of the :oaf f ic ien t

L VV V~~~~~~~~~~~ V V ~~~~~~~~~ V V •  V I~~~I V V  

: .
-

~~~~~~~~~~~
V:: 

_ _



-V

DOC = 782011(19 PAGE i.e ~ 3 .2—’

F.a — i

Zn the  case of  f la t/p lane  cur vili nea r cone (Fig. 1.8)

~~~~çød ~~~
‘01 i~~!ii~09), V

where
I’vea,, o,~~I 43—--j~---.

P ig .  1.6. ri~g. 1.7.

Fig. 1.6. The conical diffuser.

Fig. 1.7. The plan e diffuser.

riq. Z.$. Flat/plane curvilinear cone. 
V

Page 13.
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For curv i l inear  cone of round and rec tangular  cross sections

(Fig. 1.9) is used the preceding/previous formula , if

0 ‘~~ i~~ 0,9,

but here

In  the  presen ce of ou tpu t  res istance fro m exit cone/ d i f fuse r

(Fig. 1.10)

(I’ 
-

V .— ;~+~~ (mpH a—0—60°).

Key: (1). with.

where ~ — d rag coef ficient of exi t  cone/dif fuser  wi thou t

equipment/devices at output;

— drag coefficient  of equipment/ devices at o u t p u t  f r o m  exit

coee/diffuser.

A t n> 6Q° valu e ~ 1.2—1 .3

The most impor tant  design parameters of exit c o m a/ d i f f u s e r ,

wh ich are de termin ing its qual i ty ,  are aperture angle and expansion

ratio of f l ow  in ex i t  cone/diffuser (F 1/F 0) . Optimum ang le  lie/rests

-V
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within limits of 1—8°, and expansion ratio can be es tima te d by the

permissible kinetic energ y losses. The percent ratio to kinetic

energy at the end of the exit cone/diffuser to initial.

V ~~~~~~~~~~~~~
For roug h cal culatioas it is possible to accept P~~ P?. Then wi th

n=4 loss are 1/16 initial kinetic energies, and with n=10 they will

be lowered to lo/o. Further increase in the length of exit

cope/diffuser for increase n will lead to the considerable increase

J 

of losses to fr ict ion. The es t imat ion of the power , required for the

coating of d i f f u se r losses depending on its drag coeff icient ~:

“ .~~A wQ I+
T~~~

MI~~~ a.

where Q — mass flo w rate of the gas through the exit :one/diffuser;

— inlet velocit y into exit cone/diffuser.

r ig. 1.9. Fi g.  1.10.

rig. v.9. Curvilinear circular diffuser . 

- V V - V; 
- 
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Fig. 1.10. Exit cone/diffuser with output resistance.

Page 414.

If we gear do wn of supersonic jet , d r a w  diwn of channe l , then in

th is case is forme d v i r t u a l l y  normal  shoc k wave after  whic h t he  speed

will be su bsonic. Fur the r  decrease in the velocity an i  pressure  V

recovery can be produced in subsonic exit cone/diffuser. However,

this method of stagnation of supersonic flow leads to the low 
V

pressure r ecovery fac tor  (for  example , see Fig. VII .41 ) .  More

advisable is equip ment/device of the exit cone/diffuser, in whic h the

stag nation of supersonic f low occurs in t h e  system of oblique shock

wa ves.

In connection with development of jet/reactive technology and

increase in the ve locity of re la t ive motion of bodies and gases,

appears the  need f o r  decrease of the speed gf f low f r o m su personic to

small subsonic. This first of all is related to supersonic and

hy personic wind tunnels and installations, jet engines, gas turbines

and compre ssors, etc.

The method of braking flow in the supersonic diffuser has basic

effect on the pres sure recovery in it, i.e., on the povar, required

for  the realization of flow in the duct/contour , whic h includes exit

-- —-~~~~~~ 
- - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~VV~~~V~~~~~V
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cone/diffuser. Thu s, for instance, required power for operational

provisions of supersonic wind tunnel with number M=2.5 in test

section by t~e size/dimension of 1 j Z com poses with n ormal  shock in

the exit con e/di f fuser  ( after jump it is equal to 0.93) of 8300

kW , with obl ique  a n d  s t ra ight  l ine — only 4500 kW. Pressure recovery

factor in exit con e/diffuser when normal shock wave is present , and

given speed )~ at the  entra nce

At values X 1( 1. 3—1.4 (~~~< 1.37—1 .51) the  norma l—sho ck  d i f f u s e r s

give compa ra t ive ly  small losses — v  =0.75 , but at high va lues  A 1,

they become unfavo rable. Wi th  oblique shock in exit c o n e/ d i f f u s e r ,

the pressure recovery factor will be above:

v —

where A~ . — the gi ven speed in the direction, normal  t o  jump (when

‘— 1,6, V1 —

Page ~15.

If in exit cone/diffuser is realized the oblique shock , af ter

whic h the speed remains supersonic and its transition to subsonic

occurs in normal shock (Fig.  1.11) , then is the recovery factor of

th. exit cone/diffuser

__________  ~
— 

~
—

~
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he re A~ - given speed af ter  oblique shock ,

— the recovery factor of subsonic exit cone/diffuser after

norma l shock.

-Value ~
- depen ds on the angle of the slope of ob lique shock and,

as show ca lculat ions, it reaches v =0.92 in  optimum case (— 15° ) .

During the deviat i on of slope angle fr om op t imum w i t h i n l imi t s  of 
~5°

vel ue ~ remain h igh , approx imate ly  0.9.

Exi t  cone/d if fusers  wi th  several oblique shock waves  p rov ide  the

high values of the pressure recovery f actor , also, of hyperson ic

speeds. Depending on Mach and Re numbers  a t  entrance t h e  e x i t

come/diffusers have different angles of taper, adjustable neck or

angle of wedge shape (for providing the starting/launching of duct

with a smaller pressure d i f f e r e n t i a l ) . In a series of case s for

decreasing the los ses, is applied the boundary—layer  bleed (or the

bypass of gas froi test sectiop into exit cone/diffuser) . The typical

experimental characteristics of the supersonic diffusers are

represented in F~g. 1.12.

— - --V ~~~~~~~~~~~~~~~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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Durin g the t r ans fe rence  of the  results of exper imen t s  w i t h  t he

models of the supersonic diffusers for nature, one should especially

thoroughly consider the conditicns of sim ilarity (Re n u m bers, ~~~, ~,

etc.), surface condition , condition for the convergence of the state

of f low an d of inlet boundary layer into exit cone/diffuser , etc.

During use in the  calculat ions  of the values  of the pressure recovery

factor s, obtai ned on exper imen t s  w i t h  models , it is des i rab le  to take

know n supply  on pr essures for p rov id ing  t h e  proper f lo w t h r o u g h  the

exi t cone/diffuser .

Nozzles.  The noz z les and d i f f e r e n t  f o r m  ‘iozzles serve  for the

acceleration/dispersa l of flow. T~’e characteristics of these

equipment/devices depend on their f c rm , which in turn, is determined

by the designation/purpose of nozzle (collector/rece ptacle)

Es pecially thoroug h ly  are selected wi n d — t u n n e l s  nozzle .

Nozzl es , or ;ollector/receptacles , a r e  applied i~ v a r i o u s  k i n d s

machines and equip ment/devices.
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Fig. 1.11. Fig. 1.12.

Fig. 1.11. The supersonic d i f f u s er wi th  t h e  wedge: 1 - obl ique shock;

2 — normal  shock.

Pig. 1.12. Experimental characteristics of the supersonic diffusers:

1 — exit cone/d i f f u s e r  wi th  wedge; 2 — opep test section ; 3 —
en~closed test section ; 4 — second—throat diffuser ; S - open nose

diffuser.

Page 416.

Nozzle configuration is important for the creation of the uniform

field of inlet vel~ cities in various kind s of conduit/manifolds.

Figure 1.13 shows the picture of flow upon the entrance into

-V -- -V-~~~~~~~~~~~~~~~~~~ —~~~~~~~~~~ -V -V A
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direct/straight duct without collector/receptacle. The drag

coefficien t in this case attains significant magnitudes. The value of

drag coeff icient for this entrance equa l to 1.0 depend s on the rat io

of the wall thicknesses of duct to its diameter (Fig. 1.14).

Ot rounding or equipment/device of conical inlet (Fig. 1.13) the

drag coeff icient substantially decreases. If at the entrance into

direct/straight du ct are establish/installed washers, lattices or

grid from metallic wires, then input losses depend on the clea r area

of entranc e and they reach many tens of velocity beads (Fig. X.16)

— V _ ~~
_ ( ,7,(, 

(SI)

~~~ - 

~~~~~~~~~~~~~ ‘L. í~

_ _ _  

:

_ _ _ _ _ _ _  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~ : H’II
- 

‘~~1 
- - 

-

I i
t_ Sill 9,~7e £~&‘ H’C SD’I

Pi~g. &.13. Fi g.  I .1~~.

F~g. 1.13. Picture of flow upo; the entrance into direct/straight 

———- -r c- ~~~~~~~~~ — —-— 
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duct .

Fig. X.14. Drag coefficient for an entrance into the I ir e :t / s t raigh4~

duct: b — distance of the end/lead of the duct from wall; 6 — the

wall thick ness of duct ; D 0 — tube bore.

Key: (1) . Wall .

Page 1417.

Pot steady curvilinear nozzles resistance =~~, can be def ined just

as ;
~ , for f la t/p lane  c u r v i l i n e a r  cone or conical dif fta ser. In the

case of rectilinea r converg ing nozzle secticn (Fig. I. 17) drag

coeff icient

~~~~~~~~~~ 
- — ;

~~
.

wh.i e

cI =, ,.-
~
-).

., , is defined just as for an exit cone/diffuser.

The determination of the drag coefficients of different types of

nozzles, con vergin g nozzle sections and of collector/receptacles has

V high value for those cases when it is necessary to determine the

- V ~~~~~~~~~~~~~~~~~~~ 
- . V ~~~~~~~~~~~~~~~~~

:::V~~~~~~~~ ~~V V V
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required head of f a n  for providing the f l o w  of the gas through the

system and when the specific gravity/weight of input losses and

losses in transien t sections is s ign i f i cant .

:i ~~i i
‘I A~ h8 $8 ~f ~’ ~ ~~~~

Fig. 1.15. Conical entrance into d uct .
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4, g2 D d a U U i 7

Fig. 1.16. Grid at the entrance into direct/straight duct.

Keg: 11). Grid (F0 — clear opening). (2). Section.

Page 4 18.

For large jump/drops in the pressures, which occur in win d tunnels,

the losses in nozzles comprise very low portion. So, for the

rationally carried out subsonic nozzles magnitude of losses 6 1—  v

does not exceed 0.005, but for supersonic ones — 0.02. To

wind—tunnels nozzle on these reasons is presented one requ i rement:

- - 
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obta in ing  the  u n i f o rm  field of outlet velocities.

For low speed s t he  nozzle conf igura t ion  can be car r ied  out , for

ex~amp]e, according to the V itoshinskiy eguation (see §VLL .1). For

obtaining supersomic speeds, are applied the Laval nozzles. For given

speed (k), on the basis of value, to whic h it is necessary to select

the area of output F, on the basis of the equation of the constancy

of the expendi ture /consumpt ion

F

where Fx — nozzle throat area, which it cam be found f or

expenditure/consum ption of c:

Q F x  (
~4-j ~~ J’~~i “a’-

Using the equation of ad iabat ic flow, it is possible to

calculate the pressure

$

I x — I  ~~~~~

where Po — the total pressure at the nozzle entry.

I

Decom pression at the nozzle outlet lover than the calculated

&oes not affect flow in nozzle. At design pressure the gas

escape/ensues by parallel jet. During an increase in the pressure at

ostput in nozzle edge, are formed the oblique shock wa ves, which 

- - - -  — ,---, - V -V ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - V - ---V — -  
— -.----V ~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

—-V —--
~~

--- —-----V------ —



~ — - - - 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —V---- - - - ~~~~~--—-~--— - 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~1

D~ C = 78201109 PAGE

conver t into the  complex  syste m of oblique and norma l shocks w i t h  an

increa se in the pr essure at ou tput  (P ig.  1.18) . Wit h a considerable

increase in  the pr essure at the  output  of gallop, they are  formed

alread y within nozzle, ever more approaching straight line , that

causes the decrease of exit velocity (up to subsonic) and the

V deviation of flow from the direction of the axle/axis of nozzle,

ac compan ied usuall y by b o u n d a r y — l a y e r  separation, especially fo r

nozzles with  large angle of taper . In nozzles with small angle of

taper, the jump even wi th  smal l  pressure d i f f e ren t ia ls com pletes

considerable oscil lat ion/vibrat ions.  V

Fig. 1.17. Fiq. 1.18.

Fig. 1.17. Rectilinear converg ing nozzle section.

Fig. 1.18. System of jumps at the nozzle outlet and within it.

Page £419.
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Flow in nozzl es at h igh  speed s frequent ly is disr upted due to

the educat ion/formation of the condeasati.o~ shocks, wh ich represent

actually sudden he at supply in certain section of nozz le and

entai l ing a change in the tempera ture, den si ty ,  pressure and  gas

velocity. Thus , f o r  instance, at the  outlet  velocity,  whic h

corres ponds 11=2, the temperature of air descends to —113 °C (for

T0=15°C), in th is case, the impurity/adnixtures of wat er vapors,

always avai lable  in  gas, are condensed in the form of drops of liquid

cr small pieces of ice.

The condensat ion of vapors, as is shown experimen t , occurs

abru ptly it leads at subscn ic speeds to an increase in the  veloci ty ,

and at supersonic speeds — to its decrease. The position of

V conden sation shock in nozzle depen ds on re la t ive  humid i ty.  W i t h  an

increase in the relative hu.idity it it is displaced to critical

section. Thus, for instance, with 500/0 of relative himidity jump is

located f rom throa t at a distance of two critical throat diameters ,

a~ d w i t h  2 50/0 of h u m i d i t y ,  — at a distance of three d iamete r s . On

th. reasons indicated for obtaining the qualitative flow on output

fr em high—speed/velocity ones, it is necessary to decrease the

humidity to the limits, by which will be guaranteed the absence of

V co~dem sation shock s (approximately for nu m bers N.~4—11 .5 ) .

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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For hy personic nozzles, as has already been mentioned earlier,

for the pu rpose of the prevention of the liquefaction of the

co m ponents of gas, is applied the intensive preheating. If in nozzle

is formed norma l shock wave , then is the pressure recovery fac tor

after  the normal  shoc k

q

where ).. — the g iven  speed before the j u m p .

After normal shock wave the speed in nozzle is subson ic . This

nozzle divergent section of nozzle will serve as exit cone/diffuser

with the recovery factor, equal to V1. Tb. speed at th. end of the

nozzle can be de termined , using the  expression

_ _  
Fq (k) 

~~~~~~~~~~~~

Pressure Po a t  the  end of the nozzle is connected wit h pressure

at entrance by the dependence

1I—~

The account of the build—up of boundary layer along nozzle 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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liners has the important value for providing the un i f or m i t y  of slow

at hig h su personic and hype zsonic speeds of discharge.

Page 1420.

At supersonic spee ds it is necessary depending on fore and l eng th  of

the  nozzle of spee d and Re numbe r addi t ional ly  to increase f low areas

af te r  th roa t .  As showe d experiment , thus  is provided the  “ nucleus ” of

constant velocity, which differs little in intake area .

For the wind tunnels of hy personic speeds and the low density

(see § VII.3) the b u i l d — u p  of boundary  l ayer  remains so/ such

consi&erable , that  the useful  nucleus of uniform flow comprises low

port ion of d ischarge  area . Thus , f or instance, in duct wi th  numbers

M~~lO , at total pressure Po 1.25 at m (tecb) a~ d T~~,30003 K the  d iameter

of the “nucleus” of conical nozzle (300) pill prove to be equa l to 25

mm , with exit diameter , — equal to 1*8 mm and ~~~=2. 59 mm. For

obtaining the flow core of similar high size/dimensions in ducts it

is expedie nt to increase the size/dime nsions of nozzle exi t section. V
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