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Subharmonie K-Regime of 
Boundary-Layer Breakdown 

Abstract 

The paper is devoted to an experimental study of the nonlinear stages of the 
Iaminar-turbulent transition of a 2-D boundary-layer flow close to the Blasius 
flow. The possibility of a realization of some phenomena typical for the K
regime of boundary-layer transition initiated by subharmonic resonance at very 
late but still deterministic stages of the N -regime of transition are investigated. 
A novel disturbance source was used for the generation of instability waves of 
the necessary frequency and spanwise wavenumber spectrum. In the main part 
of the measurements (case I) the generator introduced a large-amplitude 2-D 
fundament al instability wave and a pair of low-amplitude oblique subharmonics 
with spanwise wavenumbers ±f31/2. The phase angie between the fundamental 
and the subharmonic waves was chosen to be favourable for the subharmonic 
resonance. In this case the transition process is found to begin with a rapid res
onance growth of the subharmonic modes typical for the N -regime of transition. 
However at late stages of the disturbance development the Iocal behaviour of 
the perturbations at the tips of the A-structures is very similar to the K-regime 
of breakdown with the formation of coherent structures associated with spikes 
in the time-traces of the hot-wire signal. A row of consecutive spikes appeared 
coinciding with the streamwise spacing of the subharmonic wavelength but their 
properties were found to be qualitatively the same as those usually observed in 
the K-regime. 

Introduction 

The nonlinear stage of the laminar-turbulent transition process in a boundary
layer is the last phase before the final randomisation and breakdown to turbu
lence. In contrast to the preceding linear stage many aspects of the last stage are 
still unclear. In a relatively short region wh ere the disturbances reach amplitudes 
of the order of 1-2% of the free-stream velocity the flow transforms rapidly from 
a deterministic laminar flow into a stochastic turbulent one. Recent progress in 
the understanding of the nonlinear phase is associated with the recognition of 
the importance of resonance phenomena (for an over view see Kachanov, 1994). 

Two main regimes of the 2-D boundary-layer breakdown have been identified. 
First the K-regime (af ter Klebanoff et al., 1962) and second the N-regime (new 
or Novosibirsk). The former is induced by a fundament al wave with an amplitude 
modulation in spanwise direction leading to the formation of 'peaks' and 'valleys' 
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Figure 1: Sketch of the flow phenomena in the axisymmetric measuring section. 

in the disturbance distribution and the formation of A-vortices in an aligned 
order (Saric et al., 1984). The most characteristic feature of the K-regime is 
the appearance of spikes , i.e. of low speed flashes, at late stages attributed to 
ring-vortices snatched away from the tip of the A-vortices (see Hama & Nutant, 
1963; Borodulin & Kachanov, 1993; Rist & Kachanov, 1995). 

The N-regime is initiated by the interaction of a 2-D fundamental wave and 
a pair (or more) of oblique subharmonic waves (Kachanov et al., 1977; Kachanov 
& Levchenko, 1984). The phase angle bet ween them has to be favourable for a 
parametric resonance which leads to a rapid amplification of the subharmonic 
amplitude and to the formation of A-vortices in a staggered order. The break
down of the A-vortices in the N -regime is characterised by a gradual broadband 
filling of the disturbance spectrum but the formation of spikes as in the K-regime 
has not been observed experimentally (e.g. Corke & Mangano, 1989). However, 
Laurien & Kleiser (1989) indicated the possibility that the breakdown of A
vortices in the N -regime can probably occur in the same way as in the K-regime 
if the initial amplitude of the subharmonic is high enough (for discussion see also 
Kachanov, 1994). 

Experimental set-up and procedure 

The experiment was conducted in the Laminar Wind Tunnel of the Hermann
Föttinger-Institute in Berlin. It is a closed-cÎrcuit tunnel with an axisymmetric 
test section made of Plexiglas tubes with an inner diameter of 441 mm and a 
totallength of 6000 mmo The boundary-layer of the nozzle is blown out and the 
boundary-layer under investigation develops downstream at the elliptic leading 
edge of the test section. All measurements are made at the inner wall of the 
Plexiglas tube as illustrated in Fig. 1. 

A ring shaped disturbance source (based on the experiment al experience of 
Gaponenko & Kachanov, 1994) was inserted between the measurement sections 
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to excite the flow. The source consists of a slit in the wall with 0.5 mm width and 
260 mm length in spanwise direction. The slit is connected to loudspeakers via 
32 plastic tubes with a spanwise spacing of 8 mmo Time-periodic volume fluctua
tions are produced by an excitation system consisting of a micro-computer, DA
converters , amplifiers and loudspeakers. The ring with the disturbance source 
can be rotated to vary the spanwise position (z-direction) relative to the hot-wire 
probe. 

A constant-temperature hot-wire anemometer with linearizer was used to 
measure the streamwise component of the time-mean and fluctuation velocities 
U and u. The hot-wire of 5 J.lm diameter and 1 mm active length is mounted on 
an x-y traverse. The hot-wire signal is sampled and analysed with a Tektronix 
Fourier analyser in a way that phase locked ensemble averaged or instantaneous 
time-series triggered by the excitation signal were stored. The amplitude and 
phase values of the waves were determined by a Fourier transformation of the 
time series. 

The free-stream velocity Uoo was fixed at 7.2 mis resulting in a Reynolds 
number of R e,51 =785 at the position of the disturbance source (x=547 mm, 
Llx = 0 mm). The mean flow distribution U(y) in the boundary-layer was close 
to that of a Blasius profile despite the slight favourable pressure gradient due to 
the growth of the boundary layer in the test section. The free-stream turbulence 
intensity was below Tuoo =0.08% in a frequency range between 0.1 and 1000 Hz. 

The boundary-layer was excited through the slit in the wall with a two
dimensional fundamental wave and/or a pair of three-dimensional oblique sub
harmonie waves . The fundamental frequency was 1=62.5 Hz corresponding to a 
nondimensional frequency parameter F = 27r Iv / U,! = 115.5 . 10-6 at the posi
tion of the source. The subharmonic spanwise wavenumber was 
f31/2 = ±27r /32 mm = ±0.196 rad/mmo 

Four eases of excitation were investigated: 

Case I : A 2-D fundamental instability wave with large amplitude Al and 
phase angle <PI and a pair of oblique subharmonics with low amplitudes 
AI/2' phase angle <PI/2 and spanwise wavenumber ±f31/2. The phase angle 
between the fundamental and the subharmonie waves was chosen to be 
favourable for subharmonie resonance according to earlier measurements 
(Kachanov & Levchenko, 1984). 

Case 11 : Only the pair of oblique subharmonic waves with the same spanwise 
wavenumber ±f31/2 and the same low amplitude as in case 1. 

Case 111 : Only the 2-D fundamental wave with the same amplitude as In 

case 1. 

Case IV : The same as case I but with the phase angle bet ween the fundamental 
and the subharmonic waves opposite to the resonant case. 

The initial eonditions at 50 mm downstream of the source are shown in Fig. 2. 
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Figure 2: Initial Conditions of the excitation at 50 mm downstream of the source. 
(a),(b) spanwise distribution. Amplitude (c) and ph ase (d) of the fundamental wave. 
Amplitude (e) and phase (f) of the subharmonie wave. 

Experimental results 

The downstream development ofthe instability waves is shown in Fig. 3. In case I 
an exponential growth of the 3-D subharmonic waves was observed and the phase 
angles (calculated in degrees of the fundamental period) of the fundamental and 
the subharmonic waves show a synchronisation i.e. they have the same phase
velocity. This is the main condition for the existence of three-wave nonlinear 
resonance and in particular of the parametric resonant amplification (Craik, 
1971; Herbert, 1984). 

In case U the subharmonic amplitude decreases downstream according to 
linear stability theory (outside the neutral stability curve). 

The fundamental amplitude in case IU behaves in the same way as in case 
I and IV. This shows that it is not influenced by the nonlinear interaction with 
the subharmonic wave and plays only a 'catalytic' role in the whole process (e.g. 
Herbert, 1988; Kachanov, 1994). 

In case IV when the initial phase shift between the fundamental and the 
subharmonic wave was introduced opposite to the resonant case (I) the ampli
tude of the subharmonic attenuates initially even faster than in case 11. This 
is followed by a slight growth of the subharmonic amplitude probably because 
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Figure 3: Downstream development ofthe instability waves at a spanwise position where 
the subharmonie amplitude has a maximum and at yj81=O.7. (a), (b) Amplitudes. (c) 
Phase angles. 

of an amplification of a very small but remaining resonant component of the 
subharmonics. 

The resonant growth of the subharmonic waves results in an intensive span
wise modulation of the flow with formation of 'peaks' and 'valleys' with a span
wise distance 7r / f31/2 . In Fig. 4 the typical A-shap~d disturbance structure can 
be seen in a staggered order characteristic of the N -regime or subharmonic type 
of boundary-layer breakdown. The A-vortices are inclined to the wall and show 
st rong vorticity concentration in the "legs" and at the "tip" . Thus until this stage 
of the transition development we find all typical attributes of the N -regime of 
breakdown which are well known from previous experimental and theoretical 
studies. At the same time, the subsequent development of disturbances turned 
out to be qualitatively the same as in the K-regime. In particular as shown in 
Fig. 5, in the peak positions the first, second, third and so on 'spike', and other 
phenomena typical for the K-regime (Klebanoffet al., 1962) were observed fur
ther downstream. No significant differences in the disturbance behaviour ne ar 
the peak position we re found bet ween this late stage of the N -breakdown and the 
eorresponding stage of the K-breakdown exeept for the order of the A-structures 
and the frequeney of their passing by. Consequently, we ean speak of a "conver
genee" of meehanisms of the N - and K-breakdown at late stages of disturbanee 
development, meaning a qualitative similarity ofthe loeal proeess near the planes 
of symmetry of the A-structures. 
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Figure 5: Time-series obtained far from the source at various distances from the wall 
in the peak position . Five periods of subharmonie frequency are shown. (a) ~x = 420 
mmo (b) ~x = 440 mmo (c) ~x = 460 mmo 
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Conclusions 

The N -regime of the boundary layer transition is reproduced under controlled 
disturbance conditions by the excitation of a 2-D fundamental wave and a pair 
of 3-D subharmonics. It is shown that introduced separately modes are stabie 
or close to neut rally stabie and transition (N -regime) occurs only w hen the 
conditions for subharmonic resonance are satisfied. In this case detailed hot-wire 
measurements show the formation of A-structures in staggered order with the 
subharmonic frequency as observed in other studies of the N-regime. However, 
the further disturbance development was found to be qualitatively the same 
as usually observed in the ot her regime of breakdown - the K-regime. That 
is namely the formation of typical ~-wing shaped 3-D high-shear layers and, 
especially, the formation of a first, second, third, etc. spike in the peak position 
of the A-structures. 

The results testify that at late stages of the N -breakdown local physical 
mechanisms of the nonlinear disturbance development are qualitatively the same 
as those characteristic of the K-regime of transition. 

References 

Borodulin, V.I. & Kachanov, Y.S. 1993 - Experimental study ofnonlinear stages 
of a boundary-Iayer breakdown. Nonlinear Stability of Nonparallel Flows, 
IUTAM Symp. 1993 PotsdamjNY USA, eds. Lin, N., Buter, T.A., Reed, 
H.L., Springer. 

Corke, T.C. & Mangano, R.A. 1989 - Resonant growth of three-dimensional 
modes in transitioning Blasius boundary-Iayers. J. Fluid Mech. 209, 93-
150. 

Craik, A.D. 1971 - Nonlinear resonant instability in boundary-Iayers. J. Fluid 
Mech.50, 393. 

Gaponenko, V.R. & Kachanov, Y.S. 1994 Proc. ICMAR'94, Novosibirsk, pp. 
90-97. 

Hama,F.R. & Nutant, J. 1963 - Detailed flow observations in the transition 
process in a thick boundary layer. Proc. Heat Transfers f3 Fluid Mech. 
Inst., pp. 77-93, Palo Alto, Calif.: Stanford Univ. Press. 

Herbert, T. 1988 - Secondary instability of boundary-Iayer. Annu. Rev. Fluid 
Mech. 20,487-526. 

Kachanov, Y.S., Kozlov, V.V. & Levchenko, V.Y. 1977 - Nonlinear develop
ment of a wave in a boundary-Iayer. Izv. Akad. Nauk SSSR, Mekh. Zhidk. 
Gaza. 3, 49-53 (In Russian) (Transl. Fluid Dyn. 12, 1978,383-390). 

Kachanov, Y.S. 1994 - Physical mechanisms of laminar boundary-Iayer transi
tion. Ann.Rev. Fluid Mech. 26,411-482. 

Kachanov, Y.S. & Levchenko, V.Y. 1984 - The resonant interaction of distur
bances at laminar-turbulent transition in a boundary-Iayer. J. Fluid Mech. 
138, 209-247. 



88 Subharmonie K-regime of boundary-Iayer breakdown 

Klebanoff, P.S., Tidstrom, K.D. & Sargent, 1.M. 1962 - The three-dimensional 
nature of boundary-layer transition. J. Fluid Mech. 12, 1-34. 

Laurien E. & Kleiser, 1. 1989 - Numerical simulation of boundary-layer tran
sition and transit ion control. J. Fluid Mech. 199, 403-440. 

Rist, U. & Kachanov, Y.S. 1995 - Numerical and experimental investigation of 
the K-regime of boundary-layer transition. Laminar-Turbulent Transition, 
IUTAM Symp. 1994 SendaijJapan, ed. R. Kobayashi. Springer. 

Saric, W.S. & Thomas, A.S.W. 1984 - Experiments on the subharmonic route 
to turbulence in boundary layers. In Turbulence and Chaotic Phenomena 
in Fluids, ed. T. Tatsumi, pp. 117-22. North-Holland, Amsterdam. 

Authors' addresses 

°Hermann-Föttinger-Institut 
für Strömungsmechanik 
Technische Universität Berlin 
Strasse des 17. Juni 135 
10623 Berlin, Germany 

I>Russian Academy of Science 
630090 Novosibirsk, Russia 


