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;5 LAMINAR BOUNDARY LAYER IMN CONDITIONS OF "NATURAL"
¢ TRANSITION TO TURRULENT FLOW
¥
i N.F. Polyakov
;}f The development of turbulence in the boundary layer iz one of the /
37% major key problems of the dynamics of a viscous fluid. Solution of
;lé thkis problem is cof great importance both in the genersl theoretica
i é aspect and in practical applications to different fields of technol-
':g ogy. That interest which specialists all over the world display in
'Té this question and tre continually increasing number of theoretical
i and experimental studies devoted to problems of the origination and
'é regularities of development of perturbations in the boundary layer
"s &nd phenomena of transition to the turbulent state are therefore not
jé accidental. The entire complex of studies conducted by different sci-
:g entists and grounps of inv estigators in this area can be divided into
 § three groups: a. theoretical work; b. model cexperiments; c. experi-
.ig mental work In conditions of "natural"™ transition to turbulence.
*:i There is nco doubt that this division is not exhaustive and that, for
ité individuel works, it is difficult to ertablish the group to which they
j; beliong. As a wholn hOW@VGP, this classilication qulte accurately re-
Ef flects the content of the published works, Withcout dwelling on oroup
i?% a, we discuss the chara:teristics and differences between groups b
- and e.
»f We will understand model studies to be experiments which are
*'ff characterized by the introduction of artificial perturbations with the

capabilicy of changing both the erOan 2y and amplitude of the ini:ial

perturbation. Artificial perturbations are most offten introduced di-

AR

rectly into the boundary layer (by means of a vibrating strip for

¥

example). In the "natural" transition to turtu.lence, studies arec

made of the regularities of jocation of the transirtion region and

PR SRR

i

structure of the perturbations in the boundary isy.r or, with the ini-
\

“Numbers in the margin indicate paginatior in the Jeveign Lext.
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tial characteristic intensities of a given aerodynamic cituation, of

-the nature and spectral composition of the perturbations of the ex- égj

ternal flow, or by the introduction c¢f given perturbations into the
field of the f{lcw incident on the model. The conditions of a model
experiment are more easily controlled, and "eroup b" 1s therefore
most suitable for comparison with the conclusions of theory. This
type of étudy begins with the well known experiments of Schubauer and
Skramsted with a vibrating strip, which was taken up in the werlk of
Klebanov and, in the last decade, has been extensively developed in
the Institute of Theoretical and Applied Mechanice, Siberian Sectlon,
USSR Academy of Sciences, in a series of studies of V.Ya. Levchenko,
Yu.S. Kachanov and V.V. Kozlov. Studies under "natural' conditlons
are exploratory work as a rule, and they are connected with the si-
multaneous action of a whole series of parameters on the phenoirenon
studied. The results of such experiments also are aquite interesting
to theoreticians, since they permit individual regularities to be ob-
served with the constructlon of new theoretical models. Studies of
the "natural” transition to turbulence are more complex, and the num-

ter of such studles therefore is evidently limited.

This work presents the results of evperiments in study of the
regularitiecs of the "ratural® transition of a laminar boundary layer
(LBL) to a turbulent layer at low subsonic air flow velocities. Anal-~
ysis c¢f these data, their seneralization and comparison of the re-
sulte obtatned under va.ious cenditions with the conclusions of theory
and "model" experiments are coundusted. The interpretation of the
facts described is based mainly on the results of studies performesd in
wind tunnel T-324 at the Institute of Theoretical and Applied Mechan-
ics, Siberian Section, USSR Academy of Sciences, published in 1971-
1977 by the author or with his participatlon. A poertion of the ma-
terizls 1s vpublisted for the first tlme. Therc is no doubt that his
impressions of the opirions reported in the theoretical and experli-
mental works of other ianvestigators have been superimposed on the
conelusions and hypotheses exnressed belew. The work makes no claim
to completencss but, or the contrary, 1t emrphagizes the diversity and

complexity of the phenomena connected with the origin and development

2
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of perturbations of the flow-in a laminar boundary layer 3n conditions
of natural transition Qp turbulence and the need to continue the work
in this area. HNevertheless, analysis of the facts presented in the
work permit explanation (or confirmation of previousliy made hyboth—
eses) of the causes of some discrepanciecs in the results of the ex-
periments of different authors or featurec of the manifestation of
individual regularities. "

Thus for example, 1t is well known that many factors affect the
phenomena of transition of a laminar boundary layer to turbulent flow:
degree of turbulence of the flow (e), lengltudinal velccity gradients,
level and frequency of acoustical pressure, et:c. The results of the
experiments of Schubauer and Skramsted [1] to determine the relation-
ship between the Reynolds number at the start of the transition (Ret)
and the degree of turbulence of the free flow have become classical
and are widely cited in monograp.uas and textbooks. -Guided by these
data as well as the results of the earlier experiments of Dryden,
van Driest and Blumer [2], and based on some theoretical premises,
the semlempiriczl relationship Re =f(c), which 1s In quite good agree-
ment Wwith ecxperimental results, was vroposed. A number of other
studles are known wnich deal with this question. Subseguent erpzri-
ments of other investigators show however that, at least irn low In-
vtensity turbulence, the relationship Ret=f(e) is not unambiguous. The
follewlng dat: are presented in Fig. 1: 1. Schubauer and Skramsted
[1]; 2. Wells Jr. (37, 3. Spengler and VWells Jr. [47; 4. V.M. Filippov
{5]; 5. Barnes [6]; C. Boliz et al [7]. The open symbols show the re-
sults of the author in measurements on a tlat plate in different years.
The experimental results presented in ¥Fipg. 1 both graphically show
that function Rct(c) 15 not universal in the reglons of cmall vasues

of e and permit formulation of a number of questions:

1. what caused the aopearance of "wings" (Re,=const [11-

legibled) with =<0.1% from the data of Schubauer and Skramsted?

2. whst arce the causes of the slignificant discrepancy of

L25
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function Re, =f(¢) from the experimental results of [1, 5]l and of the
present work? A

3. why doces the "wing"” arise with £>0.089 according to the
data of the author?
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Fig. 1.

A no lesc complicated si uation is obcerved in the dependence of
the transition Reynolds number on frequency and accustical pressure
levei according to the data of various authors. Accordingly, the re-
sults ol the author of the present work and of Spengler and Wells [4]

2

are given in Fig. 2a and 2b. The data in Fig. 2a were obtalned in
study of the state of the boundary layer on a

flet plate with zeyro

1 . . . " .
The questlion of comparlison with the remaining result: presented in

Fig. 1 is not raised here, for the reason that only the experiments of

[1, 51 and the present article were performed on a izt plate with
known a. nature of pressurce distribution along the plate, and b. the
conditions of conduct ol the experiment.

4
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pressure gradieﬂt and 323 m/s {low velocity. A practically flat longi-~
tudinal acocustical field of discrete frequarcy was imposed on the rlow.
The acoustical pressure level was reduced t« acoustical velocity pulsa-
ticns (cD) by the formulas “or a plane wave and dimensionless veloc-
ities of the incident flow. The experiments in [4] (Flg. 2b) were vper-
formed in study of the state of the boundary layer on the walls of a
circular (cross section) working section with U=12 m/s. (In this case,
the boundary layer undoubtedly wal exposed to a noticeable longitudinal
pressure gradient, although the data on the pressure distribution along
the working portion are not presanted by the authors of [43.) The
acoustical pressure lavel of the longlitudinal field was presenfted here
in the form of velocity pulsation intensitiles, measured with a hot

wire anewmometer. It follows {rom Flg. 2a and 2b that function Ret(a)
also is not universal. At the same time. & natural question is:

why 1s the monotonic nature of the dependence of Ret on acoustical

freguency YO’ clearly displayed in (4], disturbed in Fig. 2? The an-

5

/28




e gy

e e e S

e AT e

ey e

R U

PAIRITRTE .
e

5

7

R

PR

‘swer to this, Just like to-the questions raised above, can be found 1f
the experimental facts and the effects of different parameters on the
~tate ond spectral compositlon cf the perturbations in the laminar
boundary layer are examined in the stages preceding the region of
transiticn to turbulence. One important factor which affects the
state of the boundary layer is the value and sign of the longitudinal

pressure gradlents. )

1. FEffect of Distributed and Locdl Longitudinal Pressure Gradients

on State orf Boeundary lLayer

th-m“'

F\o\

e

L1

As early as the experiments of Schubauer and Skramsted [13, the
efTect of rressure gradients on the position cf the reutral ctabillty

el

5 question has now becn studied

1%

curve NSCY was demonstrated. Th

1
theorctically with exhaustive cormpleteness (sec £3] for example) with-
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e /, | nar boundary layer. The
159 P /e |
4003 il n 55000 S 12 effect of small nega-

; a‘””ﬂ{""“ tive pressure gradiencs

L {003 on the Reg number was
o m

investigated experimehm
Fig. 4. tally in [5]. An at-
tempt was made in (G,
10] to study the effect

{ey: a. Incident flow

G b

e e

PR I N A=) = ned,

Flg. 5.

of small pressur. grzdients on the Rey number, by changing angle of
incide..ce a of a flat plate with an ellipsoidal tip (half axis ratic
b:a=1:33) within -10'<e<15'. The recsults of thesec measuremenis (Fig.
3) thowed that the Re: number deD@ndﬁ essentially on small changes
of the angle ci incidence right up to the appearance of crisis phe-
nomena.  Analysis of pressure distribution data along the plate
showed that small changes of the angle ot incidence have almost no
effcz2t on the pressure gradient on cthe primary poxtin of the plate,

but it significantly changes the nature and magnitud~ of the pressuve

gradients near the lezding edgz These facts pernitlied the proposal
that the main cause of csbrupt (right up te critical) changes of the
7
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Ret number with small changes of the angle of incidence of the plate
are local pressure gradients at the leadinz edge [9, 10]. To prove
this hypothesis and work out a method of contirrol of the nature of the
prassure distribution on the initial sections of the plate, a seriecs
of experinents was performed [111 on 2 3900 mm long plate equipped
with a flap which has a 150 mm chord (Fig. U).2 A D16T alloy plate
with degree of smoothness nc woir'se than V9-V1l0 and nonplanarity cf
no more than 0.05 mm/« had an ellipsoidal leading edge with half zxis
ratio b:a=2 mm:165 mm on the top (working) part ot the surface. The
lower portion of the initial section was form=d of a half ellipse
with halfl axis ratio v:a=1:33 smoothly joined with the entrance of
the local curve. The radius of curvature of the leading edge was
0.5 mm. The plate was arranged in the herizontal blane and occupied
the entire width of the vorking section (1.0 m). A small change of

angle of adjustment ¢ of the flap permitted action on the nature of

2To establish « "soft™ access of the flow to the rlate and create =z
faveorable prescure discribution on the leading edpge, installation of
a series of bars across the flow in the area of ihe trailing edge of

the plate was uged in [5].

8
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edge of the plate, is presented in Filg. S.

pressure distribution at the lcading edge without affecting the pres-
sure gradient on the main part of the plate. The nature of the pres-
sure distribution on the leading edge of the plate with different
angles of adjustment ¢ of the flap is shown in Fig. 5. Measurement

of the Reynolds number of the start of the transition (Ret) as a func-
tion ot flow veloclty {or, walch is the same thing, of unit Reynolds
sumber U/v mnl), with varied pressure distribution n the leading

The numbering of the
curves in Fig. 6 corresponds to the Fig. 5 data. The "a" symbolis of
¢ numbers mean that the .easurements were conducted twice

In these cases, indices of

éome Fig.
with resetting of angle ¢ of the flap.
the same geometry on a curve are distinguished by shading.
sults presented in Fig. 5 and 6 indicate that the nature of the pres-
sure distribution on the leading edge of the plate, especially vnen
sections with positive pressure gradients are present, sharply af-

The re-~

fects the position of the region of transition to‘turbulence. The
appearance of even small rarefaction peaks (curve 3-for example) leads
to instability of the beginning of the transition region and to scat-
tering of the experimental values of Reg- We note that the-cntire
of measurements presented in Flg. 5 and 6 was performed with
e velocity gradient above the main sectlon of* the
%.§%=0.0035 m"l, sinece the angle or inclasnce cf the
e working part of ths surface) was 0 in this case.

With the abovementioned taken into account, it becomszsg clear
why, in reference to Fig. 1 in the introduction, the stipulation was
nade of comparability of the data of only three works ({1, 5] and the
snt work).
ons of the plates for these works, which correspand to function
Y in Fig. 1, 1s presented in Fig. 7 (1. data of author; 2. Trom
2

[1]; 3. from [51).

The aittention of the reader should be drawn to still another
circumstance. High values of the numbers Retqﬁ.S-lo , obfzined by
the author and in [5], are not only associated with the qulte Llow

level of perturbation of the flow with apprcepriate establishient of

The nature of the pressure distribution on the initial

~
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the nature of the pressure distribution along the plate. With a

section {(larger span dimension of the nlate), the
fact iz that, in the

s of joining of the plate with the verti-

layger size working
Ret umbor cun be higher. The interaction
boundary layers 2t the point
cal walls of the worling scction,
downstream Irom the leading edge

a turbulent layer originates, which

with aper--

forns turbulent wedges

The 1inmiting extent of the 1umihar layer, even

ture angle 11°-12°.
with low veloccities and plate span b=1 n, therefore does not excced a
mately 2.2 m along the pi= This fact was
niirmed by measurements cf the ou-
with b=1 m for

range U<20-33 m/s) can only result in

value of approx te axis. in-

vestigated by V.N. Filippov and

thor. We also note that, for a piate axample, an in-

crease of flcw velocity (in the

an apparent increase of the Reg numbers, since the pcsitions of the

turbuzent wedpges remains fixed in a specific ran;e oi velocities.

The experiments of TFiliprpov [5] and of the author o' the present

in flow veloclty beycend the 1imits of this

The

show that an increase

to a decrease of the Ret numbers. westlon of

range leads

Tect of veloecity will be discussed belew in Section 5.
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2. Ffrequency Spectra of Perturbations in Laminar Boundary Layer

Studies of tne frequency spectra of the U' component of the ve- /;
locity pulsations in the boundary layer at different stages of its de-
velopment were periformea with nea.s zero pressure gradients in the
main sections of .the plate [9, 12]. A typical series of spectrograms
are prisented in Fig. 8, with degree of turbulence of the incident
flow U'/U%0.0Q% and extermal flow velceclty U=51.5 m/s (U/v=3.18-106
m )
from the sucrface of rlate of approximately y/G*ml. For convenience

. The hot wire anemometer sensor was movecd a flxed distance

in examination, each subsequent spectrogram was displaced 410 dB
relative to the preceding one. The banc of clipped frequencles is
constant and is Af=6 Hz. A serles of spectrograms »s presented in
Fig. 9, with artificially increased degrec of turbulence U'/U=0.41%
(C=40.5 m/c, U/v=2.45-1 6 mnl). Each subsequent spectrogrem also is
displaced +10 dB relative to the preceding one with increase 1in dig~
t.ance “rom the leading cedge of 100 mm. Spectrogram 1 corresponds Lo
¥=0.2 m. The unpumbered spectrogram in Fig. 9 shows the ncise level
of the equivment at U=0. Analysis of the specturograms in Fig. 8 ani
9 (“nd *hose similar to them which correspound to other flow param-
eters) permits attention to be drawn te 2 number nf facts.

1. In the laminar boundary layer iith small (CJ&O.U“ﬁ) and
mediwn (euao.uz) levels of perturcation, there practically always is
a package of “reguencies which correspond to the instability region,
with a predomina 1t amplitude. With increase in he y olds nrnumber, the
emplitude of %.e central frequency cf this pasckage ("fundamental

tone") incre: --s.

2. In the power spectra, besides the "fundamental tone," there
also are packages of higher fraguenczies, which evidently reflect
acnlinear effects, as wrll as lower frequencies which exist in a con-

tinuous spectrum as a rule.

3. An increase in amplitude ol tne "fandamental to iz ob-
served only wiltiin the theoretical instabilicy region (Fig. 10). The
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the "fundemental teone" decreases with approach to Lhe

second branch of the neutral curwve. Destruction of the "regular"

vibrations o

occurys in th

£ the “fundamental tone" with formation of turbulent spots

2 inner zones of the instzbility reglor as a2 rule, vut

always within the latter.

. With avproach tu the transition repion, togcther with an in-
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crease in amplitude of the “fundamental tone," intensive increasc in ‘

amplitude of the low frequency vibrations in the continuous spectrum
is observed. The physical meaning of this interaction became clear

from model experiments [13] on the interaction of wave pacikkages of

tWo cliose frequencics, the development of which led to the formaticn

and intenr .ve developrant of the difference frequency vibrations. 1In
cenditvions of "natural" transition, this process is of a randcm na-
e

ture. The difference frequency in the power spectra therefore is not
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discrete, and the effect of appearance of thz difference frequencies

i1s manifested by an increase of the low frequency components in the

continuous spectrum. -

Zﬂfq&

130 \

%

e .

0.5

Mg. 10. 1. HNeutral stability curve; 2. U=21.9m S,
€,~0-41%;5 3. U=52 m/s, €,70-033%; 4. U=41.2 m/s,
cu=0.026%; 5. U=40.5 m/s, cu=0.Ul%.

We consider the circumstance that, with the appearancs of turp-
buient spots, ar appreciable increase of the higher (compared with the
"fundamental torie") frequenciles begins in the continuous spectrum, the
increase of which with increase in-the alternation factor . =ads to
smoothing of the power spectrum and its approach to the form character-
istic of developed turbulent flow (see spectra with X20.6% m in Pig.

8 and No. 7 and higher ones in Fig. 9).

We also note that an increase in the degree of turbulence of the

external flow to 0.417%, accomplished by inastallation of a d=0.3 mm
wire grid with 5 mmx5 mm mesh at the start ci the woirking section did
act change the fupdamental structure of the perturbactions in the
houndary layer [9], although it resuited in carlier transition to

| S , N . .~ . iy
surbudence (Re (=1.6-107 with gu;O.u & and Re;=2.6-°107 with Eu“O.Gjh).

2h

LT v as e TR Lo a T

tom,
Pl Ny




This evidently is associated with the siltuation that a change in de-~

gree of turbulence of the external flow. as the measurements showved,

’? led to broadening of the perturbation spectrum in the directicn of

higher frequencies right up to 5 kHz, practicallv without affecting
the low frequency pulsations observed with - low degree of turbulence.
%%2{ q - —_— »—Tnﬁ Analysis of the spectro-
: °f'$§ v\\\%\ us grams of velocity pulsations‘
\t}\\w o » in the boundary layer com-
0.4 e "\<ﬁ f“ﬂq bined with the spectrograms
'twy>!h | of perturbations of the ex-
0.3 - q"ﬂ : Baiad g3 : ternal flow (velocity pulsa-
J;‘A ;i tlon and pressure pulsation
: : ?\Kﬁwx, / component), as well as of the
3 Ll % - ; 2 vibration spectrograms of the
. i plate under study, shows that
‘i g o \ ij);_ffi' the package of the discrete
O“l I ’&#giigjggh ) frequencies of the “"funda-
g ' i gpﬁﬁ% mental tone" coriresponds in
E 0 o__dr_.w_.@Lgaésziu"_n__ 0 the majority of cases tc the
e 1.5 2.0 &?;:f??ﬁﬂ clearly distinguished pacl-
- : ages of the samz frequencies
Fig. 11. U=43.5 mn/s; U/\)=2.63'10b in the external perturbation
m—l; 1. (u'/ui)Af=10 Hz-5 kHz; 2. spectra. Although discrcte
£=150 Hz, F=8.2-10"6; 3. {=550-Hz, frequency packages in the ex-
F=30-10—6; b, £=650 Hz, F=35.5-19"". terral perturbation spectrum

are observed in other cases,

they aire less clearly dis-
cinguished. These facts permit the proposel that the crigination

and cGevelopment of discrete packages of hydrodynzmic waves ("funda-

mental tone") which correspord to the instability regions ocecur in /39
the lzaminar bouncary laye: in'the cases under study due to the dis-

crete compenents of the stme frequencies in the extern.l periurbation

spectra [147]. However, comparison of the external perturbation en-

ergics with the pulsation intensities observed in the voundary layer

and the abtence of measurements which peradits tracing of the nechan-

15




fsm of penetration of external perturbations into the boundary layer
do not permit these facts to be considered absolutely prcven at this
stage. Some doubt is introduced into this question by the fact that
measurements of the external perturbations were made in the flc¢w
above the working part of the plate. The completely natural ques-
tion therefore arises: which of the measured values is primary and

:3
3
3
4
3
i
]

which is derivative? Only supplementary exoeriments can give an
answer to this question. '
. AT A It was shown in [15]
g 7 OV R N 10 R et . .
N 127753) V5(2) that the conversion of
2.0 nSutnie: MRS | £
(2o el external perturbations at
4 $ﬁp 3 the lecading edge of the
e Nl plate is one possible
B 1.0 — I i i i
ke 7“0\\Q . /y 2 »& mechanism of excitation
T O
B ( 30 1 . of Tolimin-Schlichiing
% O’C'd 58
3 O =] ;:.._.él L & ,/ ;
b PR = e ot WSS A — waves in the boundary
| 1.0 1.5 2.0 .5 . w ~
‘ b 2.5 3.0 107Rq ijayer. Manifestations
- _ 5 -
B Fig. 12. U=43.5 m/s: U/u=2.65-10" m 1; of this mechanism under
A y/8=0.24; U=0.4=const; 1. U' in 30 Hz- . PN )
Q SKHz {requency band; 2. AU'; _=150 173 natural conditions will
B 3. AU'; =550 Haj; H. AU'; = 650 Hz; be presentad below in
= 5( 7 50 5(?) 1is the ins abili . .
o 3é226n3\')’ 5(2) 1s tabi l by the appropriate sectiom,
’ - . .
2 but we now discuss how
N perturbations of some characteristic fre juencies develop in a laminzar
oy boundary layer. It foll wed from the ve'oeltly pulsation spectrogran
! R TR RN
t'yg measured at U=03.5 m/c (U/v=2.62+10" m ~) in the boundary layer near
f} the leading cdge before the appearance of the turbulent spots that
f} the perturbation packages with central frequencies f=150 Hz, 550 Hz
T - ) wv -6
A and 65C Hz corresponding to frequency parameters F=t:=8.2-10 ,
t u?
RS - _’ ) o
SO 30°10 6 and 35.5-10 © merit the greatest attention. For these fro-

quencies, the intensity distribution of wvelocity pulsations in the
A=k Hz frequency band vias measured as a functilon of the Re' number
(see curves 2, 3 and & ia Tig. 11) with U/Ug=const, as well as the
integral intenslty of tle velocity pulsations in the f{requency band

from 10 i1z te 5 kliz (curve 1 in Fig. 11). The shaded symbols at
o

<

35T LT R A Y

ALNEAY

Re"N2.7+10° notae the polnt of appearance of turbuieat spots. The

16
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fact that, before the transition to turbulence, the integral nulsation

intensity exceeds the pulsation intensity of the discrete frequency
packages by more than an order of magritude attracts atcention. It is
evident however that preclsely the discrete frequencies play a de-

g
LA

cisive role in the transition pheromenon, since the intensilve increase
in amplitude of tihese frequencies begins long before the appearance of
turbulent formations. This follows more graphicelly from Fig. 12, 1n
which the Fig. 11 data are presented (with the same notations) in the
semilogarithmic scale, where the amplitudes of the velocity pulsations éﬂl
at each polnt are relative to their minimum values. It is clearly
evident that oscillations of quite small absolute value from central
frequency fo=650 Hz (curves 4; F=35.5-10_6) play the main part in the
transition phnenomena. Precisely this wave process, the amplitude of
whichk increases by two orders of magnitude, bLegins to decay with the
appearance of the turbulent spots. The position of the theorcticai
instability region for the discrete frequencles selected in the exper-
iment 1s designated by the dashed lines in the upper part of the graph

RS Y R R T '-_4, T LR T R RN I
NNt N P32 U Rl N 3 o b S L i3 r s st b a3 DEFLITEMAL 224 3 ] 320 Tt =

(correspendence of the range of Re" numbers of the instability region
for a given rise curve is indiczted by the number in psrenthesez).

It is evident that the development of vibrations with frequency =650
H

ne g Ll b o

(Just as with frequency 550 Hz) occurs entirely within the limits

3]

>

the instability region. It is noteworthy that the rise of %fhe 150

[¢]
-~

r

0]

—

t

iz pulsations begins long before apprecach to the {irst branch of the

Dtn o 0l i

neutral stability curve (see curve 2 and dashed line 5(2) in FPig. 127).

The facts presented permit it to be stated that, despite the

P TN LR

complexity of' the perturbation structure, the laminar boundary laver
in conditions of a "natural" transition to turbulence, at least at low
and medium levels of externai flow perturbations, basically obeys the

P B R

regularities and conclusions of stability theory. Ve particularly em-
phasize that, under the condiltions described, the appecarance of tur-
bulent spots is associated with destruction of the frequency package
which corresponds to the zone of the theoretical instability region,
and the transitiocn to turbulence consequently occurs as the result of
the development of Tollmin-Schiichting waves. In all the casas dls~

cussed above, the average veloclty profile right up to the appearance
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nf turbulent spots corresporded to a Blasius profile.

3. Structure of Perturbations in Laminar Boundary Layer with Increase
in Turbulence of Externar Flow

Schubauer and Skramsted [1] noted that observation of regular
oscillations (Tollmin-Schlichting waves) in the laminar boundary layer
during the natural transition became possible only after the turbu-
lence of the incident flow was significantly reduced. It is there-
fore uatural to raise the following questions: a. what are the char-
acteristics of the spectral composition of the perturbations in the
boundary layer upon increase of turbulence of the incident flow? b.
are the regularities of the transition to turbulence characteristiec

of a Jow level of external perturbations observed in this case?

3
o
—

3

-20

~40

~£60

2 5 1 2 5 rp2 2 5 103 2 5. IOQ' b][?‘.:}
Fig. 13. U=0.45=const; €.=0.7%; U=21.0 m/s; 1. x=-0.05
m: 2. x=G.015 m; 3. %x=0.075 m; 4. x=0.Y m.

[

Key: a. aU', ap
b. . Hz
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Vie obtain the answers to these quesvions by examination of the
results of experiments to investigate the frequency structure of the
perturbations in the laminar boundary 1:.yer of a flat prate wilth de-
gree of turbulence of the incident flow eu%0.7%. The spectral com-
position of the U' componeut of the velocity pulsations in the bound-
ary 1ayep is presented in Fig. 13, with flow velocity U=21 m/s at the
following Jdistances from the leading edge: curve 2. %=0.015 m,
Re"=250; curve 3. X=0.075 m, Re"=550; 4. X=0.4 m, Re"=1280. These
f?' data were obtained with ﬁ=Ui/U6=0.H5. This corresponds to the maxi-

ETRINPRENAE ROE R PRI AN QW PRI OPSE ZANS 7 RNCHLY

mun intensity throughout the layer. The spectral composition of the
Lgf incident [low perturbations with X=-0.05 m is shown by curve 1. The
' basic regularities of the perturbation spectra with increased turbu-
lence is that, with increase in Reynolds number: a. the integral

level of the perturbations increases (see horizontal lines on insets

S

i7¥ in the left part cf the graph); b. the spectra become more und'more
i f11led irn the low frequency region wilth simultanecus "filtration" of
‘?}i the high frequencies; c¢. the development of perturbatlons occurs in
} g a smooth spectrun without segregation of discrete frcquencies.3 In
E'E ordzr not to clutter up the picture, the perturbation spectra for
%_ﬂ X=0.125 m and X=0.25 m measured in the experiments are not presented
§: ? in Fig. 13. These curves are lccated between lines 3 and !, in com-
{ plete apgreement vwith the regularities reported above. Pulsation
spectra with number Re '=1280 (the Reynolds number of the start of the
transition is 0.78-106 or Re"n=1520) in the boundary layer with U=0.l45
- (curve 1) and at its boundavy with U=l (curve 2). These data confirm
: the coneclusion that, with increase in turbulence, the boundary layervr
{,‘ operates as a high freguency "filter" and low frequency "amplifier."
'f The cross hatched coiumns in Fig. 13, 14 designate the theoret-
,% ical unstable fregucncy regloir for the corresponding Re"_numbers. Tt
/-é is evident here that, with increuse in Re number, the lower frequency
§ oscillations develov actlively, but the frequency amplitudes, which
,% shouid increase according to linear stabllity theory, dic out.
3The reasons for development and role of a pacliage of discrete fre-

guencieca with prOO iz w11l be discussad below in Szction 5 of the

et b e

prescnt work.
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The regicn of transition
i£7 u ! - 5o to turbulent conditions 1is
U U f;/y/ characterized by broadening

6 y of the spectrum in the hilgh- /1
er frequency region, with
? gradual zdjustment of the
average velocity profile to
4 the form characteristic ol a
developed turbulent boundary
e layer.
¢ With increase in turby -
. g 2 o ay/. ]
¢ 0-2 o-n 0.6 g.¢ 1.0 %¥7g lenee of the incident flow,
Filg. 15. ; the average veloclty profile
ig re fill an the
Xey: a. y/b ig more filled th the
Biasius profile (solld line 1
20




e

ST

——

.

S e

~t

00 R ik Rt 00 LA it i L ol 8 L L3 A et s e e -

TR NI 2 50 AR

el G N i R K

L tei 3 Hea

¢

D RUTLA R AD0 et Vb ot i Ak > s . b 28 00 1 ¢

e e i A e i 8 om0

in Fig. 15; the points, experiment). This corresponds to the data of

[16, etc.]. Since the average velocity profile occuples an intermedi--

ate positlon between the Blasius profile and the orofile of a devel-
oped turbulent layer with increase in degrer of turbulence, such a
boundary layer was called pseudelaminar in the work of Ye.P. Dyban
and £.Ya. Epik [16, ete.]. The nature of the intensity distribution
of tre velocity pulsations throughout the boundary layer is presented
in Fig. 15 (curve 2). The results of these experiments confirm the
I:ypothesis of Rogler and Reshetko that, "with increase in the inten-
slty of external flow perturbations, the development of perturbations
in & laminar boundary layer can occur with an augmented transition to
nonlinear interaction (and to turbulence) by bvpassing the stage of
formation and subsequent amplification of Tolimin-Schlichting waves"
[17]. We thus sece that, in conditions of an increased degree of
turbulence of the external flow, the transition to %“urbulent flow in
the laminar boundary layer, in distinction from the conditions with
reduced turbulence, occurs according to its own priaciples, bypassing
the stage of development of Tollmin-Sch ilichting waves. It can be
stated in this respect that, depending on the degree of turbulence of
the externzl flow, there are at lcast two different types of mechan--
ism of the development of perturbations in the boundary layer in the

"naturzl" trensition to turbulence.

., Effect of Longitudinal Acoustical Field of Discrete Frequency _on
Boundary Layver Stiructure and State

-y

The question of the affect of sound on the stazte and structure
of the boundary layver merits special attention FPor two recasons:
1. the boundary layer in full scale conditions of £1ight
vehicles is subjected to the actlon of acoustical flelds of diflerent

levels and specbral composition as a rule;

¢. wind tunaele, even with a very low level of perturbation
of the [low, have theis characteristic azcoustical fields of a given

level of zcoustical pressure with the frequency spectrum features

21
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characteristic of a given installation.
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0 —t Ot T _
€0 20 100 - 110 ¢ D. (5]
f f Fig. 16. U=30 m/s; Rex=2.03-106; Ret;2.8'106.
! Key: a. &, mV
5 b. 420, 350 Hz
: c. P2, dB
bk _
:g The significunt difference of function Reg (ep, fG) from the
f% Gata of various authors (see Iig. 2a and 2b) wacs pointed out in the
:é introduction. Rifferent aspects of the effect of a flat longltudiral
% acoustical fieid on the state of a lamirar boundary layer have been
3 discussed by many autho.s and reported in particula- in [1i8, 16, 217.
;;f Without dwelling en details of the conduct of these studies, we only
"<£ note the basic conclusions by way of reporting. The ctudies showed
\f:g that, witn constant Re number <Rey and a censtant acoustical pressure
L. é level, the laminar boundary laver is sensitive to discrete sound fre-

quencies only in a speclfic "active™" frequency band which covers part

of the thearetical instsbility reglon and is located mainly beyond

E the limits ol branch IJ cf the neutral curve [16, 20]. A sharply de-
§ fincd role of only indi&idual discrete socund freguencies, as follows
—E from {4, 217, has not t=2cn revealed. By changing the acoustlcal pres-—
q sure level of any discrote "active" frequency, varied boundary iayer

states (from the execlited laminar to the develcped turbulent) =ould

pret e e AT AN




% 3 easily be induced (with
Re<Ret). Thus, for exam-
5 1 , v
s R e 1 | ple, for Re=2.03'106 (U=30
‘ £ m/s, "natural" “ransition
L 14, A J - with Re ;2.8-106) the re-
. 5_: . /L- i " e 4\"\ . t
: N P70 ) RO Sy P s actions of the boundary
O / N Vol BN o . N
= N AT ”) layer (e, mV, is the root
a S, A o]
N o ’U\KM ;—~ mean square valiue 2f the
: t:jf\ \d/fd‘ 3 It 1 &9} voltage pulsations at the
A v,v//wf\“»\a s hot wire anemometer out-
‘ JAvv/\« Jas put) as a function of the
;f 0 0.2 0.4 Btxru) ' acoustical pressure level
i . for acoustical frequencies
Sy Fig. 17. _ .
- £,=350 Hz and 20 Hz, is
ﬁ Key: b. f, kiliz _ presented in Fig. 16. The
all L
B 4‘\
. | L
SO SR NN S
]L '\:_r !
\ o
‘ : /']7."‘;.’ i ; ) ‘ALJ ‘! : - T
} b M 5 :'
: z f waddl A Y |
» - \/\\//I;}u T \m\\\\ 1l /2 /JCa )
\\ - : u’n \\\ /C -
L NN N I
{ 0 0.2 0.4 C.6 8 fxry)
I
\ Fig. 18.
|
; ) Key: a. f, kHz
.
! varied degrees of shading of the symbols ccrrespond to the value of
J ) X
e the alternation factor of the observations of the signal on the screon
;’ of an electron bear oscillograph. Analysis of the power spectrum
é"g (Fig. 17 and 18) of the veloclity fluctuaticns in the boundary lay<r
s 23
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- (Re<Ret) upon exposure to various dilscrete sound frequencies fo from
3 _ the "active" band showed that, depending on the position cf frequency

f fo relative to the theoretical instability rcglon (dashed line I-11),
four types of interaction can be distinguished: a. "direct resonance"
(curves 2-4 in Fig. 17); b. finduced resonance" (curves 2 and 4 in Fig.
18); c¢. "direct resonance" from one harmonic of a gilven sound fre- '
" guency (curve 5 in Fig. 17), as well as d. "direct resonance' with a
low sound amplitude changing to "induced resonance” wlth increase in
acoustical pressure level [18, 20]. The last type of interaction was
observed when sound frequency ‘g coincided with branch ITI of the
neutral stability curve. We note that curves 1 in Fig. 17 and 18

' represent the spectrum of perturbations in the boundary layer in the /4
t‘E absence of acoustical exposure. The logarithmic amplitucde scale is

the same for all measurements in Fig. 17 and 18. Each subsequent
spectrogram is displaced by one division relative to the preceding.

e e e
s b na ke S

The results of the experiments presented in Fig. 16-18 permit the hy-~
potaesis to be stated [6 et al] that the Re =const ying" with €<0.1%
in the tests of Schubauer and Skramsted is associated with a high

it i b i

acoustical pressure level (105-1G7 dB) in the wind tunnel of the HNa-
tionzl Bureau of Standards. The power spectra cf the pertubations

P

(predominantly acoustical) of this installation contained disecrate

RV e

frequencics =60 and 95 Hz, the nzrmonics of which correspond to the
"active® f{reauency band. Tnerefore, with £<0.1%, a change of the
turbuient mode affected the Rey number but, with e<1.1%, the leadin~
role in the development of perturtations in the boundary layer and in
the transition to turbulence was that of the acoustical mode, the in-

tensity and power spectrum of which remained constant. This is the

M AE ot 1t i, S e e+ 5 b e PG AT N

answer to question No. 1 in the introduction.

EIRY

2 Study of the nutual time and space correlations between the
'.

pressure pulsations in the flow and the velocity Iluctuations in the

3 boundary layer duc to type a interactions (*direct resonance") showved

B that, upon exposure to sound, hydrodynamic waves cf the same frequency

fO originate and actively develop in the laminar bcundary laycr. The

o rezion of existence of thesce waves is included betwecn the axial line

o of the instability zone and branch IT of' the neutral stability curve
4

>
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(N3C). The wavelengths of the souni induced hydrodynamic waves in
this type of Interaction, as well as their phacte velocities corre-
spond to the prediections of linear stability theory {18, 197.

106: F

40 |

20

Subsequent experiments and observations of the boundary laycr

structurce exposed to an accustical field showed that the abovamensioned

types of Interacticn are cssentia_.y the same process, where the tyrpe
of interaction depends basically on the position of the observation

<

e

point In “requency-Reynclds nunber coordinates. We turn to Fig 19,
in which the following are represent :@d* 1. rtranches 1 and 2 of the
theeretical neutral stability curve; 2. reglon (eross hatce

existence of intensely developing hydrodynamic waves excited by scunc

of frequcncy f, accordiag to {18]. The vertical line ¢t Rek=j3

()

37
respends to the "acLive' band of acoustical fr=guenciecr for a given
Re number (see Fig. 1 f.om [18]). Segment "a" on this line corre-
sponds to the "direct rescnance" frequencies, and cegment "b' cor-
respends to the "induced resonance." It ig cjear that the type "e"

interaction is a partizular case of "direct iesonerce ® and that 1t

25



is manifested with- the imposed sound of the Ligher harmonics present
in the spectrum. The type "d" interaction is observed upon coinci-
dence of the sound Irequency with the second branch of the neutral
Stabilitybcurve (at the juncticn of the type "a" and "p" intevactions),
and i¢ is assoclated with the level cof the acoustical energy supplied.
The basic types of interaction should thus be considered types ﬂa"

and "b." "Dircect resonance" is observed in extensive region 2 (Fig
19). Experiments show that if, with a fixed acoustical pressure level
and constant sound frequency fo, which corresponds for example to di-
mensionless frequency b:33.3~'0 “ (see the herizontal line in Fig.
19), to study the (requency struecture of the perturbations in the
boundary level with increas Ing Re numbers, a type "a" interaction is

obse¢rved initially and then the "inducad resonance (type "b"). 1In
other words, hydrodynamic oscillations with sound frequency fo crigi-
nate and actively develop as a result of the sound in region 2 but,
uron reaching branch 2 cof thes neusral stability ~urve, velocity fluc-
tuaticns with frequency fO transmit their energy to lower frequency
wave packets which correspond to the inner zones o7 the Instability
region. A similar "Tfundamental tcne™ behavior is observed in the na-
tural transition (seec [9, 12], as well az Fig. 10 of the present work).

Bascd on the abhovementicned, we attempt to answer the question
as to the causes of the disagreement of the results of the experi.
ments presented in Pig. 2a and 2b.  The amplitude-Croguency curve >f

the plate vibrstions due to sound of an egual level is prescnted in
Fiz. 20. Cowparison of these dzta with Tunction Ret (ep, 'G) oy
three randomly selected sound frequencies of the “active" band {(Fig.
2a) shows that disturtance of the monotonic natuve of funcition

Re“ (f ) with sp=cona' correlates well with the amplitude of the in-

dunuo v1b;at;on° of the plate. There is quite 5004 agreement betwioen

(J

the data In Pig. 20 ard the certain "hollouness" of the boundary layer

reaction 3 the Ireauency of the acoustical field {sce Fig. 1 in [171).
These facts permit it to be proposed that the acute resonarce sensi-
tivity of the becundary layer to only individusl froquencies is con-
nected in [4] with the natural frequencics of the experimental instal-

lation. A similcy conelusion was drawn in [23].
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_ The types of interaction
¥ (ur) Idxb%{“E] discussed above are related
; o l o to both the frequency struc- /¢
.2 it h -
i ture of. the perturbations in
f. i 6.3 the boundary layer and the
. 'ﬂ\ ) nature of the disruption of
=y o1 ~HH 0.0 the leaminar conditions in
:i ) L IW the transition to turbulence.
i f\ , f§~\. | A serles of curves of in-
R L"_,S\(__W 0z
S V, AL \// crease of intensity of ve-
= /
i o P\’ X// 3_J0 locity pulsations in the
-QI 0 ) 0.4 cfirryj boundary layer as a function
' 1 of the Re" number, sound {re-
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curve denote Reynolds number Ret" of the start of the transition to
{2 turbulence. Curves 1 correspond to sound frequency f0=307 Hz with

i acoustical pressure level in the 1/3 octave band: a. P=90 dB; b.

' P=97 QB; ¢. P=103 dB; d. P=107 dB. Curves 2, fOSUOO Hz: a. P=91 dBj
b. 105 dB. It 1s common to beth frequenciles f0=307 Hz and'f0=U00

Hz that, with inerease in acoustical pressure level, t<he origin of

o~ -
2l i ety

the transition reglon 1s displaced toward the leading edge of the

plate. For different frequencies however, there are significant

gb differences in the behavior of the curves of the rise in pulsation
*; amplitude. Tt is evident that the development ol turbulent spots

'é for fO=MOO Hz occurs at quite low levels of perturbation in the

.{ roundary layer (3.2% and 2.6%), where the lower value of U'/Ui cor-
* responds to the higher acoustlcal pressure level. The position of

the instability region shown in the upper part of the figure (line
3(2) for f0=MOO Hz) indicates that a type "b" interaction 1s dis-
played in this case. It also is 2vident that, at f0=30? Hz, the in-

]
i
§

RV

arease in perturbations in the boundary layer, right up to the start

of disruption of the wave process occurs in the instability region
{1ine 3(1)) and "direct resonance" is consequently displayed in this

case. he disruption of "regular" waves at f0=307 H= occurs with

L VTR

significantly higher intensities, and the amplitudes ¢ these oscii-

1 —— o e, s =

]

lztions are the higher with Re+' numbers, the greater the acoustical

IO AR el e

Observations of the nature of the signal on the oscillograph

screen at the beginning of the region of transition te turbulence

permits it to be statec that, upon exposure to acoustical Tieclds with
frequencies f0=N00 Hz and f0=307 Hz, we encounter different mechanisms
2f the develcpment of turbulence. At f0=MOO Hz, the mOQulated " fund-

amental tone" normal for 2 natural transiticn, then subsequent Iincreace

of the depth of moaulation with the appearance and further developnant

of Lurbulent spots are seen. Upon exposures Lo sound with frequency

fOﬂSUY lim, an increase in amplitude oi gquite clean, in the broad sense /54
stationary sinusoidal oscllioations is observed, wilth subsequent ap-

AN e e ekl e 0 B LA e R et e o ik e

pearance of high frequency pulsations on the wave "erests.!" The nature

of the disruption of the regular oscilliations in this case is similar

i

el i) v
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to that observed by Obremski and Fejer [22], and it is thus a third
type of transition to turbulence. This type of transition is ob-
served wvhen: the energy supplicd from outside 1s sufficient for the
development of oscillations uwith preservation of the same frequency
right up to the start of disruption of the conditions within the in-
stability reglon. 1In those éases when the energy of the outs.de
perturbation is small and the '"fundamental tone"™ falls to develop
enough for 1ts destiructic.. 10 start before reaching the second branch
of' the neutrual stability curve, the transfer of energy occurs to lower
freauency packages, and disruptlon of the ordered proresses occurs as
a result of the interaction of the low frequencies of one package.
Amplitude modulation of the new "fundamental tone" appears in these

cases, and turbulent spots then form on the crests of the modulated

signal. This kind of disruption of Tollmin-Schlichting waves is ob-
served most often with a quite low level of cutside perturbations. A
similar development of wave processes upon introduction of two waves
vas observed in a "model" experiment [13].

23

Ve returrn to {19], and we note two facts without special discus-

sion.

1. Two situatlons were observed in studies oif mutual space cor-
rclations P'UT (X): a. sound induced hydrodynamic waves (HDW) were
observed in the entire range of displacement of the senscr covered ty
measurement;“ however, the start of intensive growt! of the amplituce
of these waves was comnectved with the central zone -of the instability
reslon; the amplitude cf the hydrodynamic waves 1in these cases, right
up to the "eritical" point, was small znd no tendency for it to grow
was observed; b. the hydrodynamic waves {‘ormed in the central zone of

the Instability regilon and were intensely amplified right up to the
second branch of the ncutral stabllity curve. In this case, attempts

5 N
'For technical reasons, the range of movemnent of tre sensor was not

over 1100 mmwith minlmum distances {rom the leading edge of 1000 mm
and 500 mm.
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to 1solate hydrodynamic waves zhead of the "eritical" point by filtra-
tion and subsequent amplification of the signal failed.

. 2. All attempts to isolate the sound induced hydrodynamic waves
at dimensionless frequency F~106<18, with the utilization of this pa-
rameter as both the frequency and the flow velocity proved to be fu-
g tile in the 1500<Re%<3500 range of numbers studied.

N
1
1

Vie also note that the longitudinal +1 dB-+2 dB irregularity of
the acoustical pressure level as a function of fo, noted in [13, 19],
was not a random scatter of the measurement results, but was of a regu-
lar sinusoidal nature. This indicates that the boundary layer was
acted on by both the direct wave directed upstream and the reflected
wave. In this case, some disturbance of the frequencies of the di-
rect and reflected acoustical waves hecause of the presence of a small
75 but finite flow velocity is possible.

Despite many facts which are evidence of a quite clear connec-

- v ~ o
e

: tion between the parameters of sound, vibrations of the model and per-
turbations of the flow in the boundary layer, the question of these

interactions 1s not simple or resolved. The attentlon of theorcti-

cians both in our country and abiroad has recently been attracted to

the question of the interaction of accustical fields with shearing

FROFTERRTT

———

flows {sece [26] for example). fThere is hovever qualitative agrecment
; of theory with czperiment rfo far only for specific cases of interac-—

; tion in the area of the leading edge. Despite the fact that a number
‘i of the experimental facts described above are evidence in favor of

& other possible types of transiormation of an acoustical field to hy-

- i drodynamic vibrations in the boundary layecir, direct, indisputable

‘ preof of other mechanlisms cf interaction still are lacking.

The anzwer also remains ungclear as to the question of the ex-
, tent: to which vibrations o7 a plate with displacement awmplitude on
T t the order of 10_7 m and ‘displacement velecltles of 10““ n/s con-
tribute to the Termatlon o hydrodynamic waves with pulsation ve-

- locities eon the order of 1 m/s, and are not vibrations of a model de-
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rivative from the wave proceéses of the boundary layer. These ques-—
tions can only be answvered by further theoretical and experimental
studies.

5. Role of Configuration of Lea ing, Edge of Plate

The conclusicons that the role of the leading edge of a plate is
important in the conversion of external perturbations to Tollmin-
Schlichting waves was expressed in print for the first time in [23],
and 1t was more clearly formulated after the conduct of speclal ex-
periments in [15, 241. The experiments described below to study the

~N
Ul
(04

structure of perturhatilons in the area of the leading edge in condi-

tions of a low level of external turbulence were performed by the
suthor of these lines indepcndently and in parallel with the authors
of [15, 23, 241. The experiments showed that, with degree cof tur-
bulence of the unperturbed flow au=0.03% in the boundary layer of a
Tlat plate with an ellipsoildal inlet sec*1ion {working surface half
axis ratio 2 me:165 mm, radius of curvaiure of leading edge »=0.5
mn), powerful wave processes originate with a2 clearly expressed dis-
crete frequency. The {requency spectra of the lengitudinal component
of the veloeifty pulsations arc chown in Fig. 22: 1. in the external
flow st a distance of 40 mm from the leasing edge (eu=0.078£); 2. in
the boundary layer, X=10 mm (U=U'/U6=0.52; Re"=160); 3. ¥=0.2 n
(U=0.52; Re"=720). Discrete vibrations with frequency 90 Hz are
easily seen in curve 2. . With increase of the Re nuincer, they are
gradually transformed into pulsations with frequencies of 105 and 150
Hz. It is characteristic that, for the same plate, discrete vibra-~
tions with almost the same frequency are casily secen at the leading
edge and in the veloclty pulsation spectra of the boundary laver with
signiflcantly higher intensity of incoming flow turbulence (sce Fig.

13 of the present work).

The nature of the charge In integrel value of the velocity pulsa-
= .
v ue 0.0J/ 3
2=0.05%=connty 2. suw=0.7?; C=0.4R=const). The abrupt increase in
value of U' in the imm. Jate vlieinity of She leading 2dge for curve 1

ticns along the plate 1is shown in Fig. 23a (curve 1, «
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(by arproximately two orders of
magnitude), with & subsequent mono-
tonic decrease in pulsation inten-
sity attracts attention. With in-
creagse 1In turbulence of the flow,
the ampliflcation "coefficient" of
the pulsations is much less, but

an increase 1in intencity of the
vperturbations also is accoempanied
by the isolation of a discrete
pulsation package of almost the
same Trequency. The leading edge
of the plate thus operates in these
conditions as a selcctive amplificr.
We note that the intensity ol the
veloclty pulsaticns in the Inlitial
sections of the boundary layer is
half as much with Increased. tur-
bulence as with low turbulence. A%

the same time, an increase

G s é \\g in pulsation level with dis-
't 1 2. .
! A ey e WA tance from the leading edge
4 ! L N L =] . '
| !A <:J e T is clearly exprecssed for
LAYy A BN - 4D i .
2 2 1 S~ ] 4 curve 1 and, for curve 2,
W = ’ . N
e a ’ ‘ an increase 1n the integral
1l .
¢ o L ! pulsation intensity. The
0 0.1 0.2 X[ " .
increase of perturbatioris
with irncreased turbulence
iﬁ I 7 . . ;
~ [N o ' n¥e ¥
U [\ ¢) 'Ukoe? is easily examined from the
- | A veloeclty pulsation spectra
~ et -y ‘/‘ )
l?& ////;¥// in Fig. 13, and it is con-
H . C C\.C ke, . K = i T iy
0.2: — i 4 - nected with the pecullaritvy
l l | of iLhe transition to tur-
Y S !
R N ) bulence vita the stage of
0 C 0.7 G2 X[l

development of the Tollmin-

Sehlichting waves BYy-




Passed. It also is evident from Fig. 13 that the discrete frequency
package, which is distinctly expressed at the leading cdge, plays no /58
part in the phenomena of transition to turbulence and, decreasing in
amplitude with lIncrease in the Re number, 1t is gradually dissolved
into a centinuous spectrum. We also note that subscquent develop-
ment of oscillations with frequency f=150 Hz, which 1is displayed as
a result of degeneration of the "fundamental tone' with f0=90 Hz
(curve 3 in Fig. 22), was followed in detail in Section 2 (Figures
(11) and (12)), where 1t was shown that these vibrations arising at
the leading edge play only an auxillary role in the transition phe-
nomena, '

Of what in our opinion, does the mezhanism of the abrupt in-

crease of velocity bulsations at the leading edge of the plate con-
sist?

Cp

X[ u}




uﬂ i We turn again to data of the experiment on distribution of pres—
- sure 1n the initial sections of the plate compared with the results
of theoretical calculation [11]. The results of theoretical calcula-
tlon of the distribution of the statlec pressure in the initial sec-

tion of a given plate with change in angle of incicence in the
22.5'>q>-22.5" range with Ae=U.5' steps are presented in Fig. 24,

The results of the experiment which correspond to limiting curves 1
and 6 in Fig. 5 are plotted with the symbols. It is evident that the
1ocg] angle of approach of the flow to che plate changed between
~13.5"and +9' in the conditions of the experiment, from which it fol-
lows that the nature of the pressure distribution in the vicinity of
the leading edge is extremely sensitive to ne gligible cha:ges in the

angle of incidence of the plate or, which is the sare, to variations
of the reentry angle of the flow to the plate. Further, estimates of

i change of the instantaneous velbcity vector of the fiow as a result

ﬁ of the transverse component of the velocity pulsations, even with a
very low intensity of incoming flow turbulence, show that chianges of
the angle of approach of the flow to the plate are on the order of
magnitude ol a few minutes (for I',/U=0. 07%, bde=2.4%), It follows irom
the Filg 24 date that, for X=10-20 mm, such a change of the angic of
incidence corresponds to 6Cp=(Pi-Pk)/q¥0.02, from which AU/U= VACDNRG .15,
in order of magnitude, this corresponds to the experimontally ob--
served velocitr pulsations in the boundary layer. Bascd on this, the
mechanism of enplification of the velocity fluctuations in the areca of
_ the leading edye appears to be the following: the transverse COmENC—

" " nznt of the velocity pulsations (normal to the plane of the plate) of
z the incident flow induces fluc*tuations of the local angle of approeach
of the flow. This leads to redistribution in time of tne rressure

AL;- (consequently velocity) on curvilinear sections of the plgte with

: slimultaneous amplification of the velocity pulsation amplitucdes. In ,oﬂ
this case, the Yeneffticient" of galn of the velocity pulsations

should be connected with an angular measure of pulsations of the

polnt of flow and consequently, with the parameters of the Srans-—

L verse components of veloclty pulsations incident on the edge and the
radius of the intake edge, as well as wich the paremecters (words

Illegible] to the wiate.
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Measurements of the pulsation intensity on the initilal section of
the plate (obtained with b:a=1:33)with leading edge radius r=1 mm,
performed with a low level of perturbatlons (Cu=0.03n) and preserva-
tion of the smooth converging tuhe distribution of static prescure in
the intake sections, showed that the "coefficient" of gain was re-
dueced by an order of magnltude (Fig. 23b) from that of curve 1 in Fig.
23z. This confirms the correctness of the positiéns expressed.

The'quasistationary mechanism of conversilon of the vertical ve-
locity pulsation component to a longitudinal pulsation component in
the boundary layer formulated above corresponds qualitatively Lo the
results and conclusions of the experiments and theoretical develop-
mer%s in [15, 23, 24}. Based on our mechanism however, the declisive
role belongs to the specific configuration of the leading edge, while
the conclusions, calculations and substantlations in {15, 23, 24]
were made for a plate with a "sharp" leading edge (r«<<)), where the
actual configuration of the intake section plays no part in this case.

It is evident that the quasistationary mechanism of transforma--
tien of the transverse components of pulcation of the »xternal {low
to longitudinal fluctuations of the flow in the boundary layer will
act simiiarly both in transverse vitrations of the plate [23] :nd in
the imposiiion of a transverse acoustical field fa247. > It must. be
emphasized that the action of the abovementioned mechanism concerns
conditions of a low level of turbulence which is chaructnr‘st1c of
a low freguency (longwave) spectrur while, with increased turbuletice
with a broad spectrum of vortcx system scales, transformation of

perturbations at the leading cdge is more omﬁle“.

There also is no doubt that the analysis conducted is bullt up

on spotty results of an exploratory experiment which does not yet,

T
’Tt should be noted that, o [25], 1tfention 1g draw to the possibii-
ity of operation of cyl*n Pibd] leacding edges as a ".mplificer" of ve-
locity pulsctwong in conditlons of GXDOQDPC to a tra.sverse acoustilecal
{1

ield.

‘.-,/ ) o .‘ . /




1
a
B
1
N
. §1
84

s

w4

B st ka0, 04 4 A A B8 P T 510 A TR 0 Tk Y TR A PRV

1

B e L T T T T —

'

answer all the questions. The greatest vagueness 1is connected with
the conditicns of origination and regulafities of behavior of vibra-
tions of a discrete frequency in tne initial sections of the boundary
layer. There is no doubt that these regular yerturbations are self
exc.ited and connected with the leading edge configuvration. It can be
thought that the feedback mechanicsm of the self exciting process is
acoustlcal in this case. Only further experiments however can con-
firm the correctness of suchk hypotheses. The main and, to be sure,
undoubted conclusion which flows from the abovementioned 1s that the
acute sensitivity of the pressure gradients at the leading edge of
real models with a specific su:rface curvature to the =w2sition of the
point of flow determines the mechanism of transformation of trans-
verse flow fluctuations of any nature to longitudinal velocity fluc-
tuvations in the boundary layer, with simultaneous amplification of

these {1t :tuations.

6. Effec. of Incilent Flow Velocity

The disagreement of the rezults of the experiments in [1] and
[5] is exploined by both the individual features of the nature and
structure of the flow perturbations in different wind tunnels and,
as well, by the methcds of change of inténsity of the turbulernice.
While the value of e was changed in [1 with a set of given grids in
the mixzing chamber and the experiments to determine the Rot(e) num-
ber were performed at constant flow velocity, iIn the tests of V.N.
Filippov {5] (Just as basically of the author of the present work),
functions Re.(g) werc obtained with constant cenditicus in the mixing
chamber, with change in the degree of turbulence by increase of the
flow velocity. If fthe data of V.M. Filippov and our results are pre-
sented in the form ef function Het(U), the diszgrecement obscrved in
Fig. 1 1is significantly reduced (Fig. 25: 1. results of author; 2.
data of Tilippov), and they can be explained by some differcnce in
pressurce dlstribution in the viecinlty of the leading edge (Fig. 7).
1t must be noted that our results uand the data of Filippov were ob-
tained in identicnl wind tunnels but on different models of the plates

and auxlliary structures located in the working section of the wind
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tunnel. Precisely this latter situation led to differences in the de-
pendence of the integral turbulent intensity on the flow velocity.

-6,
10764Re, 2 |
o @
N Y vo
N
Y
44
3 \;)‘0
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&-W&OO cv oY 5 5
2 : .
J
0
0 20 40 &0 80 10 atdju/uer]
Irig. 25.
Key: a. U, m/53
At the rame time, the coincidence of our resuits with the dain

{Fig.

of V.M. Filirpov when they
25) with the significant difference in Fig. 1 is evidence that

are presented in Ret(U) conrdinates

the ey

prima~v effect of perturbaticns of the flow on the state of the
boundary layer 1s not connected, as 1s generally accepted, wilth the
integral value of the degree of turbulence. The vibratiocnul energy

with frequencies which correspond to those internal areas of the

theoretical instabllity region whers the rate of increase of per-
turbation amplitude is the greatest has a more significant effect on
the development of perturbations in tue boundary layer.

spectra of the external turbulence in

their conventicnal representations (¥ig. .20a) for different flow ve~

In comparing the power
locities, it can te seen tiat, with increase in {low rate, “he cpuoc-

tra becoms more fiiled in both amplltude and frequency. Tresenbo-
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tion of the same spectra in E=f(mv/U2) coordinates has the result

" that, with Increase in flow velocity, the external perturbations en-

compass a smaller and smallcr range of dimensionless frequencies

wv

F=— and are displaced downward outside the limits of the theoretical
u-

instability region (Fig. 26p). 1n Fig. 206, curve 1 corresponds to

U=13.1 m/c, 2 to U=30.2 m/s, 3 to h0.6 m/s and 4 to 51.3 m/s; the
letter e designates the theoretical liunes of the neutral stabllity

2
curve in Re¥={(wv/U } coordinates.
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The data in Fig. 26b permit explanation of the effect of stavbill-
zatlon of the Reg numbers in our experlments wilth £>0.08% {rig. 1) or
U>45 m/s (Fig. 27), by displacement of the actual power spectra of the
external turbulence with incroasc in velocity outside the "active"”
range of dimensionless frequencles, which are most sensitive tc ex-

ternal perﬁurbations.

In summarizing the abovementioned, the following main conclusions

can be noted.

1. 1Tue structure oi the flow perturbations in a laminar boundar

layer (LBL) in all stages of its development under "natural™ condi-
tions, with a low level of external perturbations, is a complex con-

glomeiate of wave processes. The behavicr of the persurbations basi~

cally obeys the conclusions and predictions of stability theory.

T

2. With a relatively low level of external perturbations, a

package of discrete frequencies is isolated in the iaminary boundary
layver, which 1is respousiblie for the transition to turbulence, to wvhieh
similar isolated frequency packets in the evternal perturbation coec-—

tra correspond.
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3. . Depending on the intenslty of th: turbulencze of the inecident

ar']
o]

ow, the energies of %the package of disc »te fluctuztions of the ex-
ternal perturbations which most strcngly affect the wave process in
che laninary boundary layer, as well as on the position of the dimen-
sionless frequency of these perturbations relative to the "active"
zones ol the theoretical instability region in the "natural’ transi-
tlcn, three differ=nt types of disruption of lamirar conditions are

distinguished:

) :é a. disruption of the Tollmin-Schlichting waves as a resutt
) % of the intersctilon of several wave processes which belong %o the in-
. E stability repion, characterized by & rlcarly expressed modulation of

*3 the 'fundamental tone® with the appearance of Lurbulent spots on the

ecrests of the modulatced signals
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b. diéruption ¢f the To Schlichting waves in a regular
single wave condition;

¢. disruption of the laminar state with the development of
a continuous spectrum of vibrations, bypassing the stage of formation
and development of Tolimin-Schlichting waves.

4. Acoustical perturbations play an important role in the de-
velopment of perturbations in a laminar boundary layer. Their in-
teraction with the laminar boundary layecr occurs only in a specifﬁc
"active" frequency band. The mechanism of' this interaction 1s not
conmpletely clear, since a number of experimental facts cannot be ex-
plained at this stage by either existing theoretical work or the hy-
pothesis of the role of the leading edge.

5. The leading edge of the models is of great importaiice in the
mechanism of transformation of external perturbations to velocity fluc-
tuations in a laminar boundary layer, even with a low level of per-
turbation of the incident flow. The acute sens ieivity of the pres-
surs gradients in the initial sections of the laminar boundsa
of real models £o the luocation of the point ol flow has
role here. In thess conditions, the leading edge transi
verse flow lluctuations to longitudinal velocity pulszii
laminary boundary layer and plays the part orf selcctive amplifier.
However, thes perturbations vhich originate in these conditicns {(Toll-
rin—ochlicvtldg waves) do not alvays play a dec isive roie in bhe~
nomena of the transivion to turbulence.

6. The position of the transit ;on region in conditicns of low
verturbation levels is not determineg by the integral value of the
degree of furbulence of the flow. Individual packets of external
perturbations with dimensionless freguencies which sorrespond to the
"active" zones of the instability

"‘S

Lon, which depa:nd on both the

‘.)

perturbation freguency and on the {low velocity, are oo greater ime
portance. )
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