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Summary It hasbeenknown for a centurynow that transitionto turbulenceis delayedwhenbackgrounddisturbancesare
decreased.In boundarylayersin quiettunnels,thetransitiononsetReynoldsnumberandtheamplitudeof freestreamdisturbance
arerelatedby apowerlaw, with anexponentof � � . Recentexperimentsin pipeflowstooshow apower-law relationshipbetween
thesetwo quantities,with thesameexponent.We investigateheretherelationshipbetweenbackgrounddisturbanceamplitude
andthecritical Reynoldsnumberfor a precursorto transitiononset,namely, secondarydisturbancegrowth in a channel.For
eachprimary mode,the Reynoldsnumberfor a given secondarygrowth rateis found to obey a power-law with a frequency
andgrowth-dependentexponent. The exponentsarenegative with magnitudeslessthan

�
; the envelopeof instability hasan

exponentcloseto � � . Weconludewith thesurprisingobservationthatcritical Reynoldsnumbersdefinedusingthedisturbance
velocitymagnitudeasscale,areconstantin all thesecases.

INTRODUCTION AND MAIN CONCLUSIONS

It haslong beenknown that a decreasein the backgrounddisturbancedelaysthe onsetof turbulence. This was
shown first by O. Reynolds in 1905 [1] when he showed that transitionin a pipe occurredat higherReynolds
numbersasthebackgroundnoisewasreduced,theenvelopeoverwhich thisholdswasextendedby Nishiokaetal.
[2]. In boundarylayers,Schubauer& Skramstad[3] andmany othersseeeg. [4] demonstratedsimilar behaviour.
Thesametrendholdstruefor theonsetof chaosin nonlineardynamicalsystemsaswell [5]. Here,we discussthe
responseto externaldisturbanceof two eventsin theprocessof transitionto turbulence(i) thegrowth of secondary
waves,calculatedfor theflow througha channel,and(ii) theonsetof transition,on thebasisof a compilationof
availabledatain boundarylayers[6], andpipes[7].
We show a striking similarity betweenthetwo: a power-law relationshipbetweenonsetReynoldsnumberandthe
level of backgrounddisturbance,with anexponentcloseto ��� , seemsto beubiquitousin theonsetof transition,
aswell asin theenvelopeof secondaryinstability. Thissuggeststhattheonsetof secondarygrowth in channels,as
well astransitionin boundarylayersandpipesoccursata constantReynoldsnumberbasedon a magnitudeof the
relevantdisturbancevelocity.

SECONDARY DISTURBANCE GROWTH

Thesecondaryinstabilityanalysisin achannelis conductedin thestandardmanner[8, 9]. Theexternaldisturbance
is takento bebroadband[10], andtheamplitude��� of thedominantprimarymodethusbearsa directrelationship
to thelevel of externaldisturbance.A few typical resultsarepresentedhere,andananalysisof thedependenceof
theexponentson thevariousparameterswill bepresentedat theconference.TheReynoldsnumberfor a primary
modeof wavenumber� anda givenmaximum(over all spanwisewavenumbers)temporalgrowth rate 	�
 of the
subharmonicmodeis plottedin figure1 (a) againsttheprimarydisturbanceamplitude.It is seenthata power-law
behaviour is obeyed,but theexponentchangeswith 	�
 . In figure1 (b), the frequency of theprimarydisturbance
hasbeenkept constant.The plots of Reynoldsnumberversus� � (not shown) all displaya striking power-law
behaviour, for abouta decadein eachcase.Theexponentshave beencollectedandareshown hereasfunctionsof
the growth rate 	�
 . Figure2 givesthe minimuminstability Reynoldsnumber(over all streamwiseandspanwise
wavenumbers,andall secondarymodesbetweensubharmonicandharmonic).Theprimarydisturbanceusedis the
leaststablemodeat a givenReynoldsnumber. TheReynoldsnumber��
������������ ( ��� beingthemaiximumof
normalcomponentof theprimarydisturbancevelocity, � and � thechannelhalf-widthsandkinematicviscosityof
thefluid) is constantat ����� .

TURBULENCE TRANSITION ONSET

TherelationshipbetweentransitionReynoldsnumbersandlevelsof disturbancein a boundarylayerwasobtained
[6] from acompilationof availableexperimentaldatato be ��� �!�"��#%$&��'"#(�*)+� , where�,� is theReynoldsnumber
of transitiononset,and )+� is anequivalentdisturbancein thetunnel. At low levelsof backgrounddisturbance,�,�
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Figure 1. (a) Minimum Reynoldsnumberat which a subharmonicsecondarymodegrows at a given rate 021 , the slopesfor
increasing021 are �43�5 6�7 , �43�5 8�9 and � � respectively. (b) Exponentsdisplayedby ReynoldsVs. : ; whentheprimaryfrequency
is constant.
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Figure 2. Minimum critical Reynoldsnumberover all secondarymodes,asa function of (leaststable)primary disturbance
amplitude.Theslopeis � � 5 3�= . Theverticalline shows thelocationof linearinstability.

variesas )?>2@� . RecentlyHof, Huel & Mullin [7] foundthatthetransitionReynoldsnumberin a pipevariesas ) >2@� ,
where)A� is theratioof thefluxesof disturbanceandthebasicflow.
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