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The influence of the low free stream perturbations on the condition
of laminar boundary layer(*)

N. PH. POLYAKOV (NOVOSIBIRSK)

THe ResuLTS of experinients on the study of the frequency spectrum of perturbations in the
laminar boundary layer and the transition phenomena are analysed. The experiments were
carried out on a flat plate in the low-turbulence wind tunnel for low subsonic speeds at the
maximum Reynolds number of transition Re,, = 4.35 - 10°. The frequency spectra of the velocity
fluctuations in the boundary layer are compared with the velocity comiponents and the pressure
free stream fluctuations, and also with the spectra of the flat plate vibrations. It is shown that
the fluctuations in the boundary layer are connected with the discrete modes in the spectrum
of the free stream perturbations at the free stream turbulence intensity being edual to & < 0.174.
It is also shown that in the case when the free stream is superposed on the longitudinal sound
field of the discrete frequency, the stationary, in a wide sense, hydrodynamic waves of the same
frequency arise under certain conditions. A region of existence of the intensively developing
hydrodynamic waves induced by the sound is determined. It is found that at a number Re < Rey,
the laminar boundary layer appears to be very sensitive to the sound oscillations in a certain
“active” frequency band, and various kinds of interactions can be observed. The results of
the study of the Re,, numbers dependence on the level of the acoustical pressure for the arbitrary
chosen frequencies of the “active” range differ from the data by Spangler and Wells. The cor-
relation between the sensitivity of the boundary layer to the sound frequency and the forced
resonance frequencies of the plate vibrations is noted. The dependence of Re,, on the turbulence
degree of the free stream at & < 0.15}; found experimentally differs considerably from the data
by Schubauer, Skramstad and other authors. The analysis of this discrepancy is also presented.

Przeanalizowano wyniki doSwiadczen nad widmem czestosci zaktdcens w laminarnym przeplywie
przyiciennym i nad zjawiskami przejécia. Doéwiadczenia wykonywano na plaskiej

w tunelu aerodynamicznym przy niskich predkodciach poddZwigkowych, w ktérych maksy-
malna wartoé¢ liczby Reynoldsa wynosila Re, = 4,35-10°%. Widma czestodci fluktuacji
predkosci w warstwie przysciennej poréwnuje sie ze skladowymi predkoéci i z fluktuacjami
ci$nienia strumienia swobodnego, a takze z widmami czgstosci drgan plaskiej plytki. Pokazano,
ze fluktuacje w warstwie przySciennej sq zwigzane z dyskretnymi modami widma zakl6ced
strumienia swobodnego przy intensywnoSci turbulencji strumienia osiagajacej & < 0,1%;. Po-
kazano réwniez, ze gdy strumiefi swobodny superponuje si¢ z podiuznym polem dZwigkowym
o dyskretnej czestoci, powstaja w pewnych warunkach fale hydrodynamiczne o tej samej
czestosci. Okredlono obszar istnienia intensywnie rozwijajacych sie fal hydrodynamicznych
wywolanych przez dfwiek. Stwierdzono, Ze przy ustalonej wartosci liczby Re < Re, laminarny
przeplyw przyicienny staje sie bardzo wrazliwy na drgania dZwickowe w pewnym “aktywnym”
pasmie czesto$ci i mozna wtedy zaobserwowaé wiele typdw wspoldziatania. Wyniki badan
nad zaleznoécia liczb Re, od poziomu cifniefi poddZwickowych przy dowolnie dobranych
czestodciach obszaréw “aktywnych” r6znia si¢ od wynikéw podanych przez Spanglera i Wellsa.
Stwierdzono istnienie zwigzku miedzy wrazliwoécia warstwy przyéciennej na czestos¢ diwigku
a czestosciami drgafh rezonansowych plytki. Zalezno$¢ Re, od stopnia burzliwodci strumienia
swobodnego przy £ < 0,157, (wielko$¢ wyznaczona eksperymentalnie) rézni si¢ w sposob istotny
od reozgltg;gw Schubauera, Skramstada i innych autoréw. Przedstawiono réwniez analiz¢ tych
niezgodn

ITpoana/s{3BpOBaHbl PE3YJIETATHI IKCIEPHMEHTOB IO MCCJIEAOBAHMIO CIEKTPOB BOSMYLIEHHI
B JIAMHHAPHOM TOTPAHAYHOM TeUeHHH H II0 MePEXONHLIM ABJICHHAM. JKCIEPHMEHTHI IPOBe-
JeHbI HA TUIOCKOH IUTACTHHE B a3POIHHAMHIECKOH TPYOE IPH HHSKHX JOSBYKOBBIX CHOPOCTAX,
B KOTOPBIX MAKCHMATTbHOE SHaYeHHe uuciaa Peltmonsaca pasastocs Re, = 4,35 + 10°. Cuexr-

(*) Paper presented at the XIII Biennial Fluid Dynamics Symposium, Poland, September 5-10, 1977.
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PHI YacToT QUIYKTYalHH CKOPOCTH B IIOTPAHMYHOM CJIO¢ CPABHHBAIOTCA CO CIHEKTPaMH IyJILCa-
IHH CKOPOCTE M C (uIyKTyalAMH [aBjieHHA CBOOOMHOrO HMOTOKA, & TAIOKE CO CIIEKTPaMH
yacTor KoneOGammii mnocko# rumcrEmat. ITokasaHo, wro GUIYKTYauUHH B HOrPAHHTHOM CIIOE
CBASAHBl C OHCKPCTHHEIMH MOJAMH CIEKTPa BOSMYINEHHI CBOGOJHOIO IIOTOKA NPH HETEHCH-
BHOCTH TypOyneHTHOCTH mortoka & < 0,1%. Ilokasamo Toxke, uro Korja cBobOdHBLIA NOTOK
B33HMOLEHCTBYET C NPOMONBHBIM 3BYKOBBIM IOJIEM C JECKPETHONM YacTOTOM, BOSHHKAIOT
B HEKOTOPBIX YC/IOBHAX THAPOIHHAMHYECKHE BOMHBI C TOM K€ Camoll 4acToToif. Onpem
00JIaCTh CYIIECTBOBAHMA HHTCHCHBHO PASBHBAIOIMXCA THADOJMHAMWUECKHX BOJH, BHI3BAH-
HBIX 3BYKOM. Y CT@HOBJICHO, UTO IPH IOCTOAHHOM 3HaveHun umcna Re < Re, mamusapHoe
TMOTPAHNYHOE TEUEHHE CTAHOBHTCH OYECHb YYBCTBHTEBHBIM K SBYKOBBLIM KoteOaHHAM B He-
KOTODOM ,,aKTHBHOM’' [IHAITA30HE $ACTOT H MOXKHO TOrja Hab/nomars MHOIO THIOB B3aH-
mopelicrera. Pesymyrarst Hccne[oBaHMIA 3aBHCHMOCTH uHcen Re, or YPOBHA 3BYKOBOIO
JIABJIEHHA, MPH IMPOH3BOJEHO NMONOOPAHHLIX YaCTOTAM ,,AKTHBHBIX’’ obmacreif, oTiHYalOTCA
OT pesynbTaToB NpHBeAeHHbIX Cmanraepom B Bemrcom. O6GHapy»KeHO CylIeCTBOBAHHE CBS3H
MEXIY TYBCTBHTENBHOCTHIO MOTPAHHYHOrO CJIOA K YacToTe 3BYKA M YACTOTAMH PE3OHAHCHBIX
INACTHHKH. 3aBHCHMOCTE Reéy or crememmt TypOyiieHTHOCTH CBOOOMHONO HOTOKA
mpe ¢ < 0,159 oTmfuaercA cymlecTBeHHBIM o0pasom or pesyseraroB LlybGayspa, Cxpa-
mcraza ® OpyrEx aBtopoB. IIpefcraBieH TOo)Ke aHAIM3 3THX PACKOMKICHHH.

IT 1s COMMON knowledge that the free stream perturbations in the low subsonic velocities
region influences the position of the transition region from the laminar to the turbulent
boundary layer. The results of SCHUBAUER and SKRAMSTAD’s experiments [1], connected
with the definition of the dependence between the transition Reynolds number (Re,,)
and the free stream turbulence intensity (&) are widely known and used in manuals and
monographs. VAN DRiesT and BLUMER [2] using these data and other ones proposed
a semi-empirical formula for the transition Reynolds number dependence from the tur-
bulence degree. Several other works were devoted to this problem. However, some later
experiments showed that the dependence Re,,(¢) at low turbulence intensity is not a simple

one.
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Some experimental dependencies between the transition Reynolds number and the
low free stream turbulence degree

- ]/% |
are shown in Fig. 1. This figure presents the data obtained by various authors: 1 — ScHU-
BAUER and SKRAMSTAD [1], 2 — PHiLIPPOV [3], 3 — SPANGLER and WELLS [4], 4 — our
results. The latter were obtained on a flat plate the length of which was 3.9 m by using
the low turbulence wind tunnel T-324 of the Institute for Pure and Applied Mechanics
of the Siberian Branch of the USSR Academy of Sciences.
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The dependence of Re,, versus the level and frequency of acoustic oscillations f, are
shown in Fig. 2: a) our results, b) SPANGLER and WELLS’ data [4]. It is useful to note that
only Schubauer and Skramstad, Philippov’s and our experiments were carried out on
a flat plate with a well-known pressure distribution and a zero longitudinal pressure
gradient (Fig. 3). The results presented in Figs. 1 and 2 allow us to draw the next con-
clusion: the dependencies Re,(¢) and Rey(e,, fo) are not universal ones, at least at low
perturbation intensities and hence, it is incorrect to search for the interaction between
the transition Reynolds numbers and the summarized characteristics of perturbations.

On the other hand, the same data allow us to state several problems:

1. How can we explained a “shelf” Re,, = const in the Schubauer and Skramstad’s

results when & <

0.1%?
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2. What are the resons for the essential differences between the results obtained by
Schubauer and Skramstad, Philippov and us?

3. What are reasons of the discrepancies in the dependencies between Re,, and the
sound frequency f, in the results obtained by us and Spangler and Wells?

4. Why does the “shelf” (Re, = const) appear in our results when & > 0.07%?

We can answer these questions by examining the experimental data on the frequency
structure of the free stream perturbations, boundary layer fluctuations and some other
results, Comparison of the spectral energy distribution of velocity fluctuations at different
stages of laminar boundary development (Fig. 4a) with the power spectral density of the
free stream perturbations (Fig. 4b) (there, I is a longitudinal component of the velocity
fluctuations — u’; 2 is a lateral one — w’ and 3 represents the pressure perturbations — p’)
allows us to draw attention to the following facts:

1) In the case when the free stream perturbation levels are low, a group of frequencies
with the predominating amplitudes are always present in the laminar boundary layer.
The central frequency of this frequency group is called “a main tone”. The “main tone”
amplitude increases by increasing the Reynolds numbers.

2) In the boundary layer, the power density spectrum of.velocity fluctuations contains,
apart from a “main tone”, higher discrete frequencies which reflect the nonlinear effects,
and also the low frequencies in a continuous spectrum.

3) The frequency groups in the free stream perturbation spectrum correspond to one
“main tone” of the laminar boundary layer velocity fluctuations (Fig. 4b).
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Fic. 5. 1 —the curve of the neutral stability, 2— U = 52 m/fs, 3 —U = 41.2 m/s, &, = 0.026%,
4— U =405 m/s, &, = 0.417,.

4) The “main tone” fluctuations develop in the theoretically unstable region only
(Fig. 5), changing its frequency near the second branch of a neutral curve. A “main tone”
destruction with the turbulence spots production takes place always inside the instability
region.
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5) The amplitudes of low frequency oscillations increase in the continuous spectrum
near the transition region. Their interactions with the “main tone” lead to the destruction
of the regular waves and the appearance of turbulence spots.

These facts are based on a detailed analysis of the boundary-layer velocity fluctua-
tions spectrograms at different free stream states (different velocity — U; and turbulence
intensity — ¢ under the condition of “natural” transition). Thus we can draw the follow-
ing conclusions:

1) At low intensity of the free stream perturbations the “main tone” generation and
its development takes place under the influence of the discrete tone of the free stream
perturbations whose energy is much smaller than their total energy.

2) During the process of wave development which leads to the appearance of tur-
bulent spots, the interaction between the “main tone” and low frequency fluctuations
is of essential importance.
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The latter conclusion was confirmed by theoretical investigations performed by
A. G. VoLopiN and M. B. ZELMAN [5] and by model experiments carried out by Yu. S. Ka-
cHANovV, V. V. KozrLov, V. Yu. LEvCHENKO [6].

The physical aspects of the influence of acoustic perturbations on the boundary layer
state are a matter of a special interest. Our experiments on a flat plate [7, 8] have shown
that the laminar boundary layer under the condition of Re = const < Re,, and a fixed
acoustic pressure level is very sensitive to the discrete sound frequency in the definite
“active” band width associated with the theoretical instability region 3 (Fig, 6). However,

a

5

a)

N sl

107 F [Hz]

A

tb)

R
ValdVi
B
>£p}

o Mo s

c
;

(1] a2 o4 11 m—a_ F [Hz]

3 Arch. Mech. Stos. nr 3/79



334 N. PH. PoLYAKOV

the sharp resonance on certain acoustic frequencies as noted in SPANGLER and WELLS’ [4]
and Viasov and HINIBVSKY’s [9] experiments was not observed. When changing the sound
pressure level of the plane longitudinal acoustic field of discrete frequency from the “active”
band width, one can easily obtain any boundary layer condition: from a pure laminar
regime, to.a well-developed turbulent one, passing through all the stages of the inter-
mittency factor y changing in the transition region (Fig. 7).

The frequency analysis of the stream perturbations in the laminar boundary layer
under the condition of the acoustic field with various discrete frequencies f, from the
“active” band and Reynolds number smaller than Re,, (Fig. 8) shows that four types of
interactions dependent on the frequency position which is relative to the theoretical in-
stability region I-II can be distinguished: a) “direct” resonance, b) “induced” resonance,
c) “direct” resonance with one of the harmanics of -acoustic frequency f,, d) “direct”
resonance at low sound pressure level transforming into a form of induced resonance
with the increase of sound pressure.

The results of these experiments allow us to draw the conclusion that the “shelf”
Re,, = const under the condition of ¢ < 0.1}, obtained by Schubauer and Skramstad
is connected with a high sound pressure level. This level ranges from 105 up to 107 db
in the wind tunnel of the National Bureau of Standards and the frequency spectrum con-
tains the harmonics from an “active” band. Hence, at the intensity of turbulence ¢ > 0.1%,
the change of vorticity mode affects the Re,,, but at ¢ < 0.1% the change of vorticity
mode does not influence the position of the transition region since the acoustic mode
played a principal part. Its intensity and the power spectral density remained constant.
This is the answer to the first question.

Space-time and cross-correlation investigations (Fig. 9) between free stream pressure
fluctuations and boundary layer oscillations have shown that under the condition of
a “direct” resonance the steady, in a wide sense, hydrodynamic waves induced by the
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sound appear and develop intensely in the laminar boundary layer. The region of existence
of these waves lies between the center line and the second branch of the theoretical curve
of neutral stability calculated in accordance with the linear theory (Fig. 10).
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Comparison between the amplitude — frequency responses of the flat plate vibra-
tions under the acoustic effect (Fig. 11) and the dependence Re,, (e, f,) for three arbitrarily
chosen sound frequencies from an “active” band (Fig. 2) shows that the distortion of
regularity in the dependence Re,(f;) under the condition of a constant sound pressure
level correlates with the stimulated plate vibrations. We can suppose that the sharp re-
sonance of boundary layer sensitiveness to the particular frequency described in SPANGLER
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and WELLS’ paper [4] is connected with the eigenfrequency of the experimental installa-
‘tion (the vibrgtions or the stationary waves). A similar conclusion was drawn in [10]
by V. V. KozLov et al. However, the problem of the acoustic influence on the boundary
layer condition and the role of correlation between a plate or installation vibration response
and boundary layer perturbations is not simple and the following questions can be
formulated.

1) How can free stream pressure fluctuations having a wave length exceeding 1 m
(4 > 1 m) be transformed into hydrodynamic waves with a length of about 30 or 40 mm
(A2 = 3040 mm) and with the frequency f, preserved?

2) How can a plate vibration with an amplitude approximately equal to 10~7 m and
a displacement velocity of about 10~* m/s promote hydrodynamic waves with a fluctua-
tion velocity of about 1 m/s?

The forthcoming theoretical and experimental studies should answer these questions.

Now we shall try to give an answer to the questions number 2 and 3 formulated above.
The reasons of the discrepancy between the results of Schubauer and Skramstad, Philippov
and ours are as follows:

1) The perturbations have specific features in different installations. They appear
in the differences of acoustic and vorticity modes and in the power spectral density dis-
crepancies.

2) Differences exist in the turbulence intensity variation method. Schubauer and
Skramstad varied the turbulence level by using different screens and performed the ex-
periments under the condition of a constant free stream velocity (U; =~ 30 m/s); our
results, however, as well as Phillipov’s were obtained with the fixed screens, and the velocity
increase was used to vary the degree of turbulence.

If we plot our data and Phillipov’s results in the dependence Re, (U,) (Fig. 12), then
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the discrepancies presented in Fig. 1 can be essentially decreased and explained by some
difference in the pressure gradient distribution near the flat plate leading edge (see Fig. 3
and [11]). It is interesting to note that our results and Phillipov’s data were obtained
in the identical wind tunnel, but with a different plate and auxiliary constructions placed
in the test section. This leads to the discrepancy in the dependence of the turbulent in-
tensity level from the free stream velocity.

The coincidence of our results with Phillipov’s data in the coordinates Re,,(U,), despite
the essential discrepancy in the coordinates Re,(g), indicates the influence of principal
perturbations on the laminar boundary layer condition which is not connected, as it is
generally accepted, with the total free stream turbulence intensity. The energy of the same
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frequencies corresponding to instability regions which are more sensitive to the perturba-
tions has a more essential influence on the boundary layer condition. These regions are
determined by Re* and the nondimensional frequency F = (2n/v)/U3%.

If we compare the free stream turbulence power spectra presented in the usual form
E(f) (Fig. 13), we can see that the spectra become more fulfilled both in the amplitude
and the frequencies as the velocity increases. However, if we compare the same spectra
in the coordinates E(F) (Fig. 14), we can conclude that with a velocity increase the per-
turbations cover the more and more narrow band of nondimensional frequencies F =
= (2nfv)/ui displacing beyond the theoretical instability region (CNS). Hence we can
explain the transition Reynolds humber stabilization in our results by the free-stream
turbulence power spectral density displacement beyond the “active” nondimensional
frequency region.

Reférences

G. B. Scuusaurr and H. K. SkraMsTAD, Rep. 909, NACA, 1948,

E.R. van Driest and C. B. BLumer, AIAAJ, 1, 6, 1963.

B. M. ®mtmmios, Yuennle samdcxs LIATH, 6, 6, 1975.

J. G. SeancrLer and C.S. WELLs jr., AIAAJ., 6, 3, 1968.

A.T. Bonomaa, M. B. 3rmman, MXKT, 2, 1977.

I0. C. Kawanos, B. B. Koanos, B. A. JIzsugako, Pusuneckan 2asodunamura (C6. HAyIHBIX TPYIOB),

HTIIM, Hosocubupck 1976.

7. H. ©. Tonaxos, Cusnosuys no gdusuxe axycmuxo-zudpodunamuqeckux nesenui, Cyxyma 1975 (C6.
moxnamos), Hayka, Mocxea 1975.

8. H. &, ITonaxos, A. H. Tomaramxmit, A. H. Cxvenaros, Hasecran CO AH CCCP, cepHsa TexHH-
yeckwx Hayk, 13, 3, 1976.

9. E. B. Bnacos, A. C. I'uaesciait, P. K. Karasocos, Typbyserwmuse mevenun, Hayxa, Moacsa 1977.

10. }0. C. Kagaros, B. B. Koanos, B. 5. JIgsueaxo, Hssecrun CO AH CCCP, cepra TeXHHYECKHX
mayk, 13, 3, 1975.

11. H. &, Borosses, H. ®. ITowixos # Ap., Pusuveckas 2asodunasuxa (C6. mywnx tpynos), UTIIM,

Hopocubapcek 1976.

1.
Z
3.
4.
5.
6.

INSTITUTE OF THEORETICAL AND APPLIED MECHANICS
SIBERIAN BRANCH OF USSR ACADEMY OF SCIENCES, NOVOSIBIRSK, USSR.

Received November 17, 1977.





