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The Reliability of the Improved e-N Method for
Transition Prediction as Checked by PSE Method
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Abstract—Transition prediction of boundary layers has always Reynolds number is large, which is exactly the ¢asenost

been an important problem in fluid mechanics bb#ptetically and
practically, yet notwithstanding the great effortace by many
investigators, there is no satisfactory answehitogroblem. The most
popular method available is so-called e-N methodchviis heavily
dependent on experiments and experience. The ah#soproposed
improvements to the e-N method, so to reduce ifsed@éence on
experiments and experience to a certain extent. @nthe key
assumptions is that transition would occur wheneber velocity
amplitude of disturbance reaches 1-2% of the ftegas velocity.
However, the reliability of this assumption needl¢ verified. In this
paper, transition prediction on a flat plate isastigated by using both
the improved e-N method and the parabolized stalgitjuations (PSE)
methods. The results show that the transition looatpredicted by
both methods agree reasonably well with each otheter the above
assumption. For the supersonic case, the critidalcity amplitude in
the improved e-N method should be taken as 0.0b&reas in the
subsonic case, it should be 0.018, both are witiérrange 1-2%.
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|. INTRODUCTION
HE prediction of laminar-turbulent transition inuwuaary

transition problem, the difference was insignificaBo our
main concern would be the second problem, i.ehéf new
transition criterion is reasonable.

We would solved this problem by comparing resultsrf
applying e-N method and by using PSE, as it has beewn in
[11]-[12] that results from applying PSE in predigt the
transition location is comparable with those fromNE)
provided the initial conditions are the same inhbotethods.
However, there is a profound difference between eHd
method and the PSE method for predicting the ttiamsi
location. In the e-N method, one seeks to find THe wave,
whose amplitude reaches the given threshold fositian first
among all possible T-S waves, see [2]-[3]. WhileRSE, a
single T-S wave cannot trigger transition, one ttaghoose
more than one T-S waves, in order to finally triggansition.
So the problem is how to choose the initial seT<38 waves,
which is comparable with the single wave in e-N et and
then compare the transition location determined Hmogh
methods.

layer has always been an important problem in fluid || TraNSITION PREDICTED BY THE IMPROVED EN METHOD

mechanics both from theoretical and practical pooftview.
Yet the most popular method for its prediction, #uecalled
e-N method, is largely a semi-empirical method[1].

Su & Zhou[2]-[3] have analyzed the problems exigiimthe
conventional e-N method and proposed certain ingrants,
so to reduce its dependence on experiments orierpe. The
improvements include a new transition criterion suime
considerations of receptivity. Yet basically, itsill a method
relying on linear stability theory under parallssamption.

Obviously, to make the prediction method reliabid anore
rational, one has to check, first, how big the ewould be in
using the parallel assumption; and second, whatdvioe the
error in using the new transition criterion, i.artsition would
take place whenever the velocity amplitude of distace in
the improved e-N method reaches 1-2% of the fregast
velocity.

In fact, the first problem mentioned above is natesious
one, because the results from linear stability th€oST) have
already been compared many times with those froracti
numerical simulation and results from applying plagabolized
stability equation (PSE)[4]-[10]. The conclusionsyahen the

Caihong Su is with Department of Mechanics, TiatJmiversity, Tianjin,
300072, China e-mail: (su_ch@tju.edu.cn).

Caihong Su is with Tianjin Key Laboratory of Modefngineering
Mechanics, Tianjin, 300072, China.

International Scholarly and Scientific Research & Innovation 6(3) 2012

607

The transition of the boundary layer on a flat @las
investigated. The Mach number of the oncoming flsw
M=0.3. The Reynolds number is 2000, based on the
displacement thickness of the boundary layer airtle¢ of the
computational domain, the velocity, density andcesty
coefficient of the free-stream. The wall temperatoondition
is adiabatic. The basic flow is given by the simiijasolution.

At first the improved e-N method is used for préidig the
transition location. It is done as follows: the qurtation starts
from the location where the amplitude of the disturce wave
can be reasonably estimated, not as in the correitie-N
method that starts from the ZARF or neutral curveEle
transition location is so determined that amonghalllocations
that a certain T-S wave’'s amplitude reaches thestiold
amplitude A for transition, the most upstream one is the
location of transition. We assume that at the irdétour
computational domain, all T-S waves have the saniteli
velocity amplitude 0.3%o of the free stream velocity

The integration starts from the inlet of the congpiaihal
domain. For subsonic flows, two-dimensional T-S emv
dominant the transition. Figure 1 shows the vaoidiof the
amplitude of some T-S waves with different frequesdn in
the downstream direction. The amplitude A is deteeth by
using (1).
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_IX g As mentioned above, in using PSE to predict tramsithe
o (1) initial condition should consist of more than on&ivaves. In
Where A is the initial velocity amplitude, which is consach e above example, the T-S waves considered imtpeoved
to be 0.3%., ane-a; represents the amplification rate in the €N method are 2-D waves. So in the PSE methodala®
direction. x,is the start location of the integration. The wav&hould have one 2-D wave. Then what should be thero
that reaches the threshold valugfifst is the dominant one and waves? In nonlinear stability theory, there are famousdeis

determines the transition location. for nonlinear instability, i.e. the resonant triadd secondary
Curves in figure 2 show the location where the aughé of instability. Both assume a pair of oblique wavesiihg
wave with different frequency reaches the valye @nd the frequency half of the 2-D wave, because the noafine
location of the point on the curve having the sesdlalue ok interaction between such waves would be the stisingeder
is the transition location. For instance, the titamis location is  this assumption. So we also take similar modeldior PSE
x=360 if A;=0.01, and the corresponding wave frequency isiethod, i.e. the initial condition consist of a 2FES wave and

A=Age

about 0.06. a pair of oblique T-S waves having frequency thié diathe
oer mo0d /i 2-D wave.
i s j',' At first, it seems there can be infinite set ofigbé waves,
00zE - ! as it can have arbitrary span-wise wave number. ddew in
N the e-Nmethod, only waves with a real group velocity are
<O considered, here the same principle is adopted spha-wise
3 I wave number of the oblique waves is fixed by thadition
£F (0a/3B), =0 1, : :
g - i . The results, i.e. the so found span-wise wave
I numbers, are shown in Table I. In the improved e¢ihod as
i applied above, it is assumed that all waves, ndemathat
0.005 frequencies they have, have the same initial aog®#i0.3%o. In
i the PSE method for comparison, the same assumgitiounld
ok be used, so the amplitude of either of the twocuigliwaves
° should be 0.15%o.
Fig. 1 Amplitude of T-S waves with different frequoy TABLE |
0.07F PARAMETERS CHOSEN IN THE COMPUTATION FORSE
Cases Frequency of basig Span-wisg wave numbe
wave of oblique wawvi
0061 1 0.049 0.21
s f 2 0.051 0.21
> 3 0.055 0.20
< 4 0.065 0.17
50051 5 0.069 0.16
] 6 0.075 0.15
L
0.041- The computation of PSE method ends at the locatioere
the wall shear stress rises abruptly, which is msslto be the
i location of transition triggered by that initial we set,
003k v v 1 v v v v b b . R . .
400 500 ~ 600 700 800 including one 2-D T-S wave and a pair of obliqu& Tvaves.
Figure 3 shows the distribution of the wall fristicoefficient
Fig. 2 Results obtained by the e-N method C; in the stream-wise direction. The rise qfd@rve indicates
the transition onset.
I1l. TRANSITION PREDICTED BY USING THEPSE 0.0006 — @ o
In the PSE method, the disturbance ve¢te expressed as ITITI casemoost
q)(x, Y, Z, t) _ 3 S gzzggig:ggg
00 s O 0.00055 [~ —-—m—-— case6: 0.075
_ Z Z Bon () y)ei(— f;‘O Amn(X)dZ+nfz—mwt) E i '
m=—00 n=—0o E [
(2) g O.OOOST
Whered = (p, 4,9, w,T)T is the shape function vectax, y g
andzthe stream-wise, normal-wise and span-wise coate % poooss |
respectively;t the time,a,$ the stream-wise and span-wise -
wave number, respectively. L
The governing equations and the numerical methebize PN I S S T W W
. . 0 100 200 300 400 500 600
the equations can be found in many related refesenfor x
example in [13]. Fig. 3 Distribution of friction coefficient in thetream-wise direction
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Figure 4 shows the results of both the improved radthod
and the PSE methods. The most upstream point dnaece
determines the transition location under the rebpecriteria
of transition. For example, for the improved e-Nthoal, the
predicted transition location would br=360, 450, 500,

The stability character is different from the sufisocase
because there are two Mack T-S modes in the boytalger.
For supersonic boundary layers, when the Mach nurithe
larger than 4, then the most unstable wave woultbevaves.
So the initial disturbance waves in the PSE methoel

corresponding to #0.01, 0.02, 0.03 respectively, while forgetermined by the same way as in the subsonicatase. The

the PSE method, the transition location predicted=#40. In
fact, if in the improved e-N method,As taken to be 0.018,
which is within the range 1-2% of free stream viloas
mentioned in the above introductiothen the transition
location predicted by both methods would be theesaBy the
way, the frequencies of the 2-D waves triggerirgttiansition
in both methods are also roughly close to eachrothe
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Fig. 4 Transition location predicted by the bothtimoels

Fig.5 shows the velocity amplitude of the 2-D wavéth
frequencies 0.065 and 0.069, computed by both rdsthbhe
frequencies correspond to cases close to theatritise in PSE
method. It can be seen that up to the point wharesition is
predicted by PSE method, the amplitudes of the @&dve
predicted by both methods are close to each other.
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Fig. 5 Development of iy

IV. A SUPERSONICCASE

The transition of a supersonic boundary layer dlataplate
is also investigated in the similar way. The Madmber of the

oncoming flow is M=6. The Reynolds number is 36000

defined in the same way as the subsonic case albbeewall
temperature condition is adiabatic, too. The ihit@ndition of
disturbances is the same as the subsonic case.
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parameters of the initial T-S waves are shown ibldt

TABLE Il
PARAMETERS OFT-SWAVES IN THE COMPUTATION
FOR SUPERSONIC CASE

Frequency of Streamwise Span-wise wave
Cases 2D T-S wave | wave number of| number of oblique
2-D wave wave
1 1.6 1.73 1.33
2 1.7 1.83 1.35
3 1.8 1.91 1.38
4 1.9 2.01 1.40
5 2.C 2.14 1.42
6 2.04 2.1¢ 1.4

With the known initial disturbances, we follow thei
evolution by using PSE. For some supersonic cdsesvall
friction coefficient has not risen yet when the qutation
breaks down, inferring that the evolution of thetdibances
becomes drastic. Therefore the location where dhepatation
breaks down, or the friction coefficienf i@creases drastically,
will be seen as the start of the transition.

The distribution of €in the stream-wise direction is shown
in fig. 6. The Gcurve does not rise for the case= 2.0 when
the computation breaks downxat94. A slight rise of €curves
can be found in the other cases.
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P " |
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Fig. 6 Distribution of €in the stream-wise direction

Figure 7 shows the comparison of the results obthioy
both the improved e-N method and the PSE methotls. T
transition location obtained by the PSE methoxkB0, which
is exactly in the range of transition location petedd by the
improved e-N method using the transition criteridp=0.01,
0.02, respectively. If in the improved method, Ais taken to
be 0.013, the transition location predicted by botethods
would be the same. The transition criterion adoptedhe
mproved e-N method is reasonable. Considering hbth
subsonic and supersonic cases the transition iariter the
improved e-N could be taken ag#.015. The frequency of
the wave triggering the transition is also slightigger than
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that in the improved e-N method, similar to thesariic case.
The reason is thought to be the influence of thgpacallelism
and nonlinear effects. More work is underway fortHar

verification.
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Fig. 7 Transition location predicted by the bothtimeels for the
supersonic flow

V.CONCLUSION
The conventional e-N method is a semi-empiricalhroet

with no consideration on receptivity, and no coasition on
physical criterion for transition. In the improvedN method,
the initial location of integration and the initenplitude of the

T-

S wave are determined by a certain consideraton

receptivity mechanism, and the transition criterigriaken to
be that the disturbance wave’s amplitude reach2% bf the
free stream velocity, as indicated from resultsDNS for
transition. However, it still bears some simplificas, which
should be checked by other more sophisticated rdethahis
paper, PSE method is used to check the results fien
improved e-N method. The result of comparison dueside
evidence that the improved e-N method bears sotiumadity.
Of course, more work needs to be done, for exancplees of
supersonic and hypersonic flows should be studigthdr,
which is underway.
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