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Abstract. Numerical and theoretical results of the natural transitio a plane Poiseuille flow were obtained in this work.
Here the natural transition scenario was described by waweslulated in streamwise and spanwise directions. The
natural transition is often studied in boundary layers, g analysis in a parallel flow allows the use of the Reynolds
number as a control parameter. Direct numerical simulatminthe incompressible three-dimensional Navier-Stokes
equations in a vorticity-velocity formulation was perfadusing numerical schemes with high order of accuracy. As
the flow was parallel, a temporal analysis was consideredo different situations were adopted. First, the scenario
generated by interactions between wavepackets was igaesti. Further, the isolated wavepacket was studied. The
results indicated the scenario from interactions betweenepackets being the most likely scenario, where the obliqu
transition (described in literature) plays a role in natliteansition and can lead to turbulent.

Keywords: Wavepacket, Numerical Simulation, High Order of Accuratgmporal Numerical Simulation, Plane
Poiseuille Flow

1. INTRODUCTION

Transition laminar-turbulent of fluids is a phenomenon eémse interest. In fact, prediction of laminar or turbulent
flow is extremely important for applications in the aeromzaltindustry. It is necessary because the friction coeffiti
of the turbulent flow is much greater than that of the laminawvflConsequently, the delay of transition from a laminar
to turbulent flow may be important for reducing the viscousgdof aircraft in flight. This fact can reduce spending fuel
and the size of aircraft. Furthermore, it increases the rrmabtransported passengers number and the gain of airlines
(Joslin, 1998; Green, 2002; Boiko et al., 2002).

The flow transition occurs because the flow may be unstablsrf@ll perturbations. In fact, these perturbations
generate systems of waves that develop along of the flowasirg in amplitude. In practical situations, the flow tréiosi
is called natural transition. There, the perturbationsegate three-dimensional TS waves with modulation on spsgwi
and streamwise directions of the flow ( three-dimensionalepackets). In laboratory, wavepackets can be originated
by a source point in the surface of the geometry and have Ipelcaied by literature as a good technique for mimic the
practical situation (Lele, 1992).

Due the high complexity for interpreting the natural traiosi, studies of simplified situations are performed. Irtfac
an important part of the study of flow transition involves ttamlinear interaction at two or three waves propagating in a
boundary layer flow or plane Poiseuille flow. These simpliédations lead to three classical routes for the transitio
the K —type andH —type transition and the oblique transition (Boiko et al.02)) However, such simplified scenarios are
much less complex than the natural transition, where mamgsvare present. These waves are modulated in streamwise
and spanwise directions and result premature nonlineaitast (Gaster, 1978). Spikes and turbulent spots arenofte
presentin natural transition but the classical theory odanticipate these phenomena. Therefore, many questorem
regarding the relevance of these studies to natural tifansifEor instance, it is unknown whether such classicalesut
actually occur in natural transition, whether they occanditaneously or interact, whether there is a dominant masha
under some circumstances, etc.

The main proposal of this paper was to study the naturalittan®f the plane Poiseuille flow. The study has numerical
and theoretical nature. So, a computational program of bigkr of accuracy was developed (Silva, 2008a). This code
was submitted for some verification tests using the methddasfufactured Solutions (MMS) (Silva, 2008a; Silva et al.,
2009). Also, numerical simulations and comparisons wiluits from the literature were performed and can be found in
Silva (2008a).

One manner to study the natural transition is assuming deyspanwise modulation. This is done introducing per-
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turbations able to generate three-dimensional wavetiaitise flow. They result scenarios more complex than those
presented in the literature but less complex than that géegby wavepackets. The wavetrains allow only studying the
three-dimensionality of the flow. This characteristic of flow can give important informations on the natural traosit
Medeiros (2004) studied the nonlinear regime of spanwiséutaded wavetrains in a boundary layer flow. In that study,
Medeiros (2004) observed a modified oblique transitiongcivivas a seed for the growth of tihé—type transition. Silva
(2008a); Silva and Medeiros (2008) studied the nonlineginte of spanwise modulated wavetrains in plane Poiseuille
Flow. Silva (2008a); Silva and Medeiros (2008) observedmanlinear regimes that also could be attributed to claksica
scenarios. However, in plane Poiseuille flow, the nonlimegime occurred separately for different regions of théains
bility diagram. In cases near the first branch of the diagtamoblique transition was dominant for the nonlinear regim
On the other hand, far the first branch, thie-type transition takes over. The results showed that bothes@es could be
attributed to classical scenarios described in literattd@wever, the nonlinear regime of wavetrains in plane Roiise
flow could not be similar to those results reached in MeddR684). In fact, as explained above, the nonlinear regime of
the plane Poiseuille flow was dominated by classical scesafitransition, but not in the same parameters. It is contra
to the case boundary layer flow, where a modified oblique iiansvas a seed for dominance &f—type transition.
Other differences between them were reported in Silva andelies (2008).

The studies of wavetrains motivated the analysis of moreptexsituations, where wavepackets in the flow. Medeiros
(2006) studied the nonlinear regime of isolated wavepackeboundary layer. The results suggested that the three
classical scenarios of transition, indicated above, camosimultaneously. In fact, the wavepackets analysis was a
extension that performed for three-dimensional wavetrddespite that such behavior was much more complex than
the wavetrains, Medeiros (2006) observed the presencecbfaassical scenario of transition in different stageshef t
nonlinear regime. Firstly, a modified oblique transitiorsvadserved. This first nonlinear stage was a seed to the eanlin
second stage, which was dominated Ky-type transition. It was similar to the results reaching inddieos (2004).
However, it was possible to identify a third nonlinear stagere advanced, where tlié—type transition dominated the
process.

Similar studies, but in plane Poiseuille flow, were perfodrirethis paper. Here, two different scenarios for transitio
were identified. One scenario was resulted from interastimtween wavepackets. Another scenario was resulted from
the evolution of isolated wavepackets. The results sugdehat the first scenario may be the most relevant scenario fo
natural transition because it is often present in pracsitahtions.

The current paper is presented as follows. In section 2 gavgequations and boundary conditions for the physical
problem in question, are shown. In this same section, a fgaeation for the adopted numerical scheme is presented.
Choice of the initial conditions and parameters are expldin section 3. Section 4 presents results of these stuflies.
remarks are presented in the section 5.

2. GOVERNING EQUATIONS, BOUNDARY CONDITIONS AND NUMERICAL METHOD

The governing equations describe an incompressible aeé-timensional flow between two plates. In this paper,
the governing equations were written in a vorticity-vetpdormulation, where the Navier/Stokes equations are tsed
transport of vorticity in the interior of the domain, as follow:
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From the definition of vorticity, Eq. (2), and using the fatat both velocity and vorticity vector fields are solenojdal
namely,

V-i=0, V-d=0, 3)
one obtains the Poisson equation for the velocity field devol
V3= -V xd. (4)

A periodic boundary condition was adopted in both strearwisd spanwise directions @nd z—directions). For
the wall normal directiony—direction), non-slip and impermeability{ = v = w = 0 at the walls ) conditions were
imposed. The flow geometry is presented in Fig. 1.

As the flow was parallel, a temporal analysis was considéried.equations cited above were rewritten to the Fourier
space and solved using numerical schemes with mixed higér afdaccuracy. In fact, for streamwise and spanwise
directions of the flow, the discretization of the equatiormswwerformed using pseudo-spectral methods. For the normal
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Figure 1. Schematic diagram of the physical system.
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direction of the flow, mixed high-order compact finite diffece schemes were used. The temporal integration was
performed with a Runge-Kutta method4f order of accuracy except to mean flow distortion calculajevhere Runge-
Kutta of the4*" order of accuracy and Crank Nicolson methods were necegsasgure numerical stability. Full details

of the chosen numerical scheme can be found in (Silva, 2008A]Silva and Medeiros, 2008).

3. INITIAL CONDITION AND CHOOSE OF THE PARAMETERS

The initial condition was generated using the current nicaécode. Initially, a disturbance was introduced into
computational domain through a technique of type blowinguation, as used in experimental procedures Laurien and
Kleiser (1989); Marxen (1998). In this technique, the walimal velocityv has the following expression

t—11

U(SC, Yo, =, t) - A(mﬂl)(l — COS(27T
to — 11

))%(ei(a"mﬂ-ﬁmz-ﬁ-aﬁ("’m)))’ (5)
where A7) on ™ and¢(™™) indicate, respectively, amplitude, streamwise and spsmwiavenumbers and phase
for the disturbancén, m). TheR symbol indicates the real part of the complex numser" =+ =+ Here, yq
assumes the valu@sand2H.

In order to avoid possible nonlinear mechanisms during #reegation of the initial condition, only the linear terms
of the governing equations were simulated. The disturb@bceonverged to Tollmien-Schlichting waves (TS waves),
which are solutions of the Navier-Stokes equations in aaliized version (Boiko et al., 2002). The linearized Navier-
Stokes equations are fundamental for the Linear Stabilityofy (LST), and result the Orr-Sommerfeld equation, which
was solved numerically, for example, by Mendonca (2003 m&comparisons between the propagation of TS waves,
using the current initial condition, and the LST were perfed and found in Silva (2008a).

The figure shows the linear instability diagram for TS waves.
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Figure 2. Linear Stability Diagram of the two and three-disienal TS waves.

It was plotted as streamwise wavenumber versus Reynoldb@uvalues ¢ x Re). Each curve indicated (neutral
curve) into the diagram corresponds to one set of TS waveexXample, the curvg = 0 represents the two-dimensional
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TS waves that satisfy null linear growth rate. So, the twmethsional TS waves located inside of the region limited by
curves = 0 increase in amplitude. On the other hand, the two-dimea$i®8 out of this region and not located at the
curve, the reverse situation occurs. This explanation@dsdoe validated for other cases¥alues.

In the present work, the chosen initial condition covereddiscrete range of streamwise and spanwise wavenumbers
settol < o < 1.72 x —1.72 < 3 < 1.72. Each TS wave had initial amplitude set4o= 2 x 10~°. The chosen
Reynolds number was set f&c = 8000. Details about the initial condition and the motivation fdroosing it can be
found in Silva (2008a) and Silva (2008b).

Figure 3displays the initial condition in both physicaff) and Fourier (right) spaces.

u-velocity in Fourier Space
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Figure 3. Initial condition for present simulations.

Note in fig. 3a modulation in both streamwise and spanwisztons of the wavepacket in physical space. This fact
occurred because of the use of a big number of Fourier modaiedpn the flow. The initial condition was spectrum
flat, although the figure 3(right) not indicates it. This oed because the maximal amplitude of each Fourier mode is
located at different points in normal direction of the flowend, the results were recorded only from fixed vdlud H in
normal direction of the flow. More details for this explaatican be found in Silva (2008a).

A mesh refinement test was performed in the present work frovtis in this paper). It can be found in Silva (2008a).
The optimal mesh and parameters for both Fourier and pHyspieaes were presented in the Tab. 4.

Table 1. Parameters for the present study

Parameters for the Fourier Spage Parameters for the physical Space
N, 85 Ng 128

o 0.04 Ao (0, 27/a) = (0, 157.07)

N 201 N 201

N, 85 N, 128

Bo 0.04 A | (=27/8, 2n/B) = (—157.07, 157.07)

The parameters, and 5, are the smallest streamwise and spanwise wavenumbersoabdesimulated using this
resolution.n,, N, n. denote, respectively, the number of points used at stresepwbdrmal and spanwise directions for
physical space discretizatiofV,, and N, are numbers of Fourier modes at streamwise and spanwistidine Note that
thex andz—directions resolution for the Fourier space was smallar tha physical space only to avoid alias error (Press
etal., 1992).

4. NUMERICAL RESULTS

Figure 4 displays the temporal evolution of thevelocity for the three-dimensional wavepacket. The reswkre
obtained from the wall normal positign= 0.11H. They were recorded in the adimentional times s&5i®, 763, 1144
and1450. Initially the wavepacket was strongly concentrated oncirgerline of the domain ar = 0. During the linear
regime of the flow, the wavepacket satisfied a dispersiotioeléSilva, 2008a) spending a larger portion of the flow field
However, aftet = 1114, it was possible to identify interactions between adjaeeavepackets. Such scenario is different
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Figure 4. Time evolution for—velocity of the wavepacket in a short physical space in sjgadirection.

of a scenario where the wavepacket evolves separately.riieless, it is very important because it describes a typica
situation in natural transition. In attempt to understamaonlinear regime of the flow, an analysis of the Fouriecspa
was performed.

The analysis in the physical space is interesting, but tladyais in the Fourier space can give more information from
the nonlinear regime of the flow. Figure 5 displays the terap@volution of the Fourier modes in a spectral domain. The
results were recorded in adimentional times similar to tige & Along of temporal evolution it was indentified Fourier
modes increasing in amplitude according to Linear Insitgbilheory (Boiko et al., 2002). So, aroundof= 1144, some
spanwise-periodic Fourier modes satisfyimgear and at the zero were presents. These Fourier modes &lexlgighe
modesa = 0 and3 = —1 and1, respectively. In the nonlinear regime, such peaks hadatges$t amplification rate and
confirmed such scenario as dominant for this case. This soaeaembled the oblique transition.

A study of the nonlinear regime of isolated wavepacket was dbne. For this objective, a numerical simulation was
performed using the same parameters indicated in tabledpeie thes, value, which was set t6.02. Therefore, the
length of the domain in spanwise direction was longer thahghown in fig. 4. Figure 6 displays the temporal evolution
of theu—velocity for the three-dimensional wavepacket in physgpace. The results were also obtained from the wall
normal positiory = 0.11H. Indeed, they are recorded in adimentional times simildigto4. The start of the temporal
evolution was similar to that shown in fig. 4. In fact, the waaeket was strongly concentrated on the centerline of the
domain orz = 0 and satisfied a dispersion relation (Silva, 2008a). Arourtihte ¢ = 1450 it was possible to identify
some flow distortions near centerline of the domain. Thestedions may not be described by the Linear Stability Thieor
and, therefore, the weakly nonlinear mechanisms may bemprasthe flow. Figure 7 displays the temporal evolution of
the Fourier modes in a spectral domain. The results confilemgidpersion relation from linear regime of the flow. In
fact, it was possible to indentify the Fourier modes incireag amplitude according to Linear Instability Theory (Bo



Proceedings of COBEM 2009 20th International Congress of Mechanical Engineering
Copyright © 2009 by ABCM November 15-20, 2009, Gramado, RS, Brazil

u-velocity in Fourier Space u-velocity in Fourier Space

Power Spectrum
Power Spectrum

Longitudinal Modes

Spanwise Modes Spanwise Modes

u-velocity in Fourier Space u-velocity in Fourier Space

Power Spectrum

Power Spectrum

Longitudinal Modes a2 Longitudinal Modes 3

Spanwise Modes Spanwise Modes
Figure 5. Time evolution of the Fourier modes for thevelocity. Top left: (0, N. /) modes.Top right: («, N./3) modes.
Lower: (2«, N, 3) modes.

et al., 2002). However, around of= 1144, other spectral modes had appeared in the spectral domiagt, $pectral
modes satisfying near and at null streamwise wavenumber present. After, other spectral ranges around ef —1.2
and1.2 and several values were also amplified. This behavior cannot be predlizyel inear Instability Theory. They
may be increasing because of nonlinear interactions in tive fFurthermore, they may be the cause of the distortions
near centerline of the flow, as pointed by results in the miaysipace, fig. 6.

Such results not pointed the dominance at isolated cldsgioéinear scenarids — or H — type instabilities or oblique
transition. In fact, it was not possible to identify some doamce by oblique modes, as occur in oblique transition.
However, although the results showed some spectral rarfgesrimonics and subharmonics modes, it can be hard to
identify the dominance off — or K — type instabilities. Nevertheless, other explanation liig scenario is the presence
of the three scenarios simultaneously. This possibilitynca be discarded and other studies of this case should be
performed.

Another flow instability, still not mentioned in this papés,the dominance of the flow by detuned modes (Herbert,
1988). Such scenario involves the resonant combinatiograhsetrical oblique modes at the near subharmonic values
amplifying another pair of symmetrical oblique waves at'thgror streamwise wavenumber’. The fig. 7, in adimentional
time ¢ = 1450, presents generated Fourier modes by nonlinear regimsfysagj properly such concept. In fact, in
particular to positive Fourier modes, the three dimendiomaes aroundr = 0.7 and/3 = 1.2 may be generated by
symmetrical waves around= 0.3 anda = 1.1. Similar behavior for the negative Fourier modes.

5. FINAL REMARKS

The paper reports an investigation of the natural transitioa plane Poiseuille flow. It was performed numerical
simulations of the linear and weakly nonlinear regime of @acket generated by perturbations imitating blowing and
suction in the flow. The wavepacket was composed of a sufficiember of TS waves to cover a discrete range of the
Fourier modes linearly unstables. Indeed, it satisfied aBlelg number afe = 8000 and was of very small amplitude.

Two different situations were adopted. First, a transisoanario caused by interactions between wavepackets was
studied. This scenario is important because it is concgioithe practical situation, where different source podrfiser-
turbations generated different wavepackets that, in sooraent of the flow evolution, can be interacting between them.
Further, choosing a sufficient spanwise length to the Fodaenain, the temporal evolution of an isolated wavepacket
was also investigated.
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Figure 6. Time evolution of the—velocity of a wavepacket in the plane Poiseuille flowyat 0.11 H. Results obtained
from the physical space.

The results suggested that the nonlinear regime from ictieres between wavepackets was dominated by a modified
oblique transition scenario. In fact, the nonlinear regohthe flow was dominated by some waves satisfying streamwise
wavenumber near and at null. They presented two peaks theatsvo stationary spanwise-periodic waves, satisfying
a = 0andp = —1 and1. These modes can be resulted from nonlinear interactiamgelea oblique waves, as occur in
oblique transition. However, the oblique transition is gexted from two oblique waves only, which is different of the
present case where there were a large number of waves afediffstreamwise and spanwise wavenumber. There, the
present result can be assumed as a modified oblique tramsitio

The scenario of the isolated wavepacket in the plane Pdisdlow had different behavior to the nonlinear regime,
when compared with the scenario of interactions betweempaskets. On the other hand, it was more complex than those
classical scenarios described in literature. In factcaltfh the results in physical space have suggested someidisso
around of centerline of the flow, it may not be associated litigitudinal streaks, as occur to oblique transition. kdie
it was not identified some dominant oblique wave in the Fowsmce. Flow distortions around of centerline was also
identified in the wavetrains in plane Posieuille flow (SilvadaVledeiros, 2008). However, those flow distortions were
strongly concentrated in the centerline of the flow, diffgref the present result. In that work, the cause to those flow
distortions was the dominance &f—type transition. In the present results, the flow distodiarere less concentrated
around the centerline of the flow. Although the results iathd the presence of fundamental modes and subharmonics
modes in the nonlinear regime, it is difficult to identify tdeminance of thé{— or H— type transition. On the other
hand, the results indicated strongly characteristic afitked modes, but this conjecture need verifications in futomis.
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Figure 7. Time evolution of the Fourier modes for thevelocity. Top left: (0, N, 3) modes.Top right: (o, N./3) modes.
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