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ABSTRACT

The final report consists of three papersl-3 published under this grant. These papers

outline and demonstrate the new method for determining transition onset. The procedure

developed under this grant requires specification of the instability mechanism, i.e., Tollmien-

Schlichting or crossflow, that leads to transition.
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An Alternative to the e Method for Determining
Onset of Transition

E. S. Warren* and H. A. Hassan t

North Carolina State University, Raleigh, NC 27695-7910

Abstract

A new approach has been developed to determine

the onset of transition. The approach is based on
a two-equation model similar to those used in the

study of turbulence. The approach incorporates in-

formation from linear stability theory on streamwise

or Tollmien-Schlichting instabilities. The present

approach has proven to be an inexpensive alterna-

tive to the e _ method for determining the onset
of transition on a flat plate and airfoil for a vari-

ety of Reynolds numbers and freestream intensities.

Further, the method is incorporated into two flow
solvers, boundary layer and Navier-Stokes. This

made it possible to calculate the laminar, transi-

tional, and turbulent regions in a single computa-
tion.

Introduction

The process of transition from laminar to turbu-

lent flow remains one of the most important unsolved

problems in fluid mechanics and aerodynamics. Vir-

tually all flows of engineering interest transition from
laminar to turbulent flow. Because transitional flows

are characterized by increased skin friction and heat

transfer, the accurate determination of heating rates

and drag critically depend upon the ability to pre-
dict the onset and extent of transition. However,

no mathematical model exists which can accurately

predict the location of transition under a wide range
of conditions. Design engineers resort to methods

which are based on either empirical correlations or

linear stability theory.

The e n method is currently the method of choice

for determining transition onset. The method
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is based on linear stability theory and generally
requires the following steps

(i) Pre-calculation of mean flow at a large number

of streamwise locations along the body of inter-
est.

(ii) At each streamwise station, a local linear sta-

bility analysis is performed. By assumptions
of the linear theory, the unsteady disturbances

are decomposed into separate normal modes of

different frequency. The stability equations are

solved for the spatial amplification rate of each

unstable frequency.

(iii)An amplitude ratiofor each frequency isthen

calculated by integratingthe spatialamplifi-

cation rate in the streamwise directionon the

body, i.e.

o

(iv) The n factor is then determined by taking the

maximum of the above quantity at each stream-
wise location.

The major problem with the e" method is that

the n factor does not represent the amplitude of a

disturbance in the boundary layer but rather an am-

plification ]actor from an unknown amplitude Ao.

The amplitude Ao represents the amplitude of a dis-

turbance of specified frequency at its neutral stabil-
ity point. Its value is related to the external dis-

turbance environment through some generally un-

known receptivity process. As a consequence, the
value of n which determines transition onset must

be correlated to available experimental data. Un-

fortunately, the method suffers from the fact that n

isnot constant;moreover, the method isnot useful

in predictingtransitiononset on three dimensional

configurationsespeciallywhen the crossflowinstabil-

ityisimportant.l,2 Additionally,the e" method re-

quiresthe use ofseveralcomputational toolssuch as
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a boundary layer or Navier-Stokes flow solver to cal-

culate the mean flow and the linear stability solver

to determine the amplification rateJ. The process

requires significant input from the de signer and gen-

erally requires substantial knowled_.e of linear sta-
bility concepts. Methods based on the parabolized

stability equations 3 (PSE) are being used to deter-

mine transition onset but they have not received the
wide acceptance enjoyed by the e" method. Methods

based on the PSE also require pre-calculation of the

mean flow and specification of initial conditions such

as frequency and disturbance eigenfunctions. Meth-

ods based on linear stability theory only provide an
estimation of the location of transition and can pro-

vide no information about the subsequent turbulent
flow.

In this work, a different approach has been devel-
oped which does not require pre-calculation of the

mean flow and includes the laminar, transitional,

and turbulent regions in a single computation. The
approach employs a two-equation model similar to

that employed in turbulent calculations. It is based

on the premise that, if a flow quantity can be writ-

ten as the sum of a mean and a fluctuating quantity,

then the exact equations that govern the fluctua-

tions and their averages are identical irrespective of

the nature of the oscillations, i.e., laminar, transi-

tional or turbulent. Moreover, if it is possible to

model the equations governing the mean energy of

the fluctuations and their rate of decay (or other

equations) in such a way that one does not appeal to

their nature, then the resulting model equations will

be formally identical. However, the parameters that

appear in the modeled equations will depend on the
nature of the fluctuations. As an illustration, let us

assume that we employ a Boussinesq approximation

to model the stresses resulting from the fluctuations,
i.e.

2_ ou.,k 2

where

(2)

p is the density, Ui is the mean velocity, 6ii is the
Kronecker delta and/Jr is the coefficient of viscosity

brought about by the presence of fluctuations. The

form indicated in Eq. (2) is used for both laminar

and turbulence fluctuations but the expressions for

#t are quite different because the physics governing
them is different.

The goal stated above has recently been
accomplished. 4 In that work, a new turbulence

model was developed based on the exact equations

governing the variance of velocity (kinetic energy)

and the variance of vorticity (enstrophy). The form
of the resulting equations was arrived at without

making use of the fact that the flow was turbulent.

Therefore, the modeled equations apply to flows of

any nature, whether laminar, transitional or turbu-

lent. In order to apply the modeled equations it is
necessary to specify a "stress-strain relation." In

Ref. [4] the set of equations was applied to turbu-
lent flows. This allowed the model constants to be

determined by comparing with experimental data.

The approach followed in this investigation is

based on the modeled equations of Ref. [4] but with
different "stress-strain relations." Further, it is as-

sumed that the model constants derived in Ref. [4]
remain unchanged.

To show the nature of the new "stress-strain rela-

tions," Eqs. (25) and (27) of Ref. [4] are re-written
as

D'--t = -uiui Ozj rh _ + (3)

0<; oa, / [o(,,,ri,) (o,,<rb)]

ok
- 2 Ozi 0_",_'

,-,,",",n.pk.

( Ok 0,)%\ pk ] _ cgz,_ S 2

2fleridut

pk_ 11

where

k "-'
R_ = -_---_, ut = p,

n

= - wiw_, wi = e.,.&u,., ni = e...&U,.RT -_, ¢-- ' ' '

and,
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Llmdn_r Turbulefl!
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i

Lamhlat [ TmJnlCtlonaJ Tudoulen!

Fluctuatlons I Fluc_J_iona Fluc_uatmns(Intermltt,mt)

____u= 3.2Re__3/2 (7)

where Ue is the velocity at the edge of the boundary
layer, Re_. is the edge Reynolds number based on

displacement thickness 6", and w is the frequency.
The eddy viscosity resulting from fluctuations in

the laminar region can be modeled by

= k = o.o9 (s)

where rt`, is a viscosity time scale. Using the fre-

quency of the dominant T-S disturbance, the viscos-

ity time scale can be modeled in the laminar region
as

Figure 1: Schematic of modeling objectives in
present work

ft,, = min(f_,, 1) (5)

p_/ -exp \ u--_-2]j (6)

rk isa representativedecay time forthe kineticen-

ergy and vt isthe kinematic eddy viscosity.The

closurecoefficientsfor the model are given in Ta-
ble I.

As may be seen from the governing equations,one

needs to specifyvt and rk to effectclosure.Within

the laminar region,these quantitieswill be deter-

mined based on resultsoflinearstabilitytheory.The

shaded areas ofFigure 1 illustratethe objectivesof

the current approach. The diagram shows that the

exact equations govern the fluctuationsregardlessof

theirnature,i.e.laminar,transitional,or turbulent.

The stressesare then modeled by the Boussinesqap-

proximation for alltypes offluctuations.The work

of Robinson and Hassan s developed expressionsfor

vt and r_ in the turbulentregion.The currentwork

develops expressionsforutand rk inthe laminar and

transitionalregions.

For subsonic Mach numbers and regions where

crossflowinstabilityis unimportant, the dominant

mode ofinstabilityisthe firstmode or the Tollmien-

Schlichting(T-S) mode. For low speed flows,the

dominant disturbance frequency at breakdown is

well predicted by the frequency of the first mode

disturbance having the maximum amplification rate.
Using the work of Obremski et al.,a Walker 7 showed

that this frequency can be correlated by

a

= - (9)
¢d

where a is a model constant. Within the laminar

region, the representative decay time for the kinetic
energy is modeled as

q = a -- S (10)
7"kt b'

Following the work of Robinson and Hassan 5, the

turbulent region time scales are given as

±z
rm = v(" t`' (11)

and

= v___ (12)
rh, k

The two regions can be combined by using the

concept of the intermittency. The intermittency, F
represents the fraction of time that the flow is tur-

bulent. At a given point, the flow is laminar (1 - F)
of the time and turbulent F of the time. This allows

the viscosity time scale to be written as a transitional

viscosity time scale, i.e.

r. : (1 - r)r., + rr., (13)

Combining Eqs. 8, 9, and 11 a transitional eddy
viscosity can be written as

where

and

vt = Ct` ft` k 7-. (14)

r, = (1- F) (a) ÷F (_) (15)

Its = 1 + F(/., - 1) (16)

Following a similarapproach, the transitionaldecay
time forthe kineticenergy can be written

3
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1 <1 ,17,Vk

The intermittency, F, is currently given by the

Narasimha et al.s expression

with

r(x)= 1 -exp(-A_ 2) (18)

= max(x - xt, 0)/A, ,4 = 0.412 (19)

where xt denotes the transition point and A charac-

terizes the extent of transition. For attached flows,

an experimental correlation between A and xt is

Rex = 9.0Re°_ 75 (20)

The transition point xt is determined as a part of

the solution procedure and will be discussed along
with the results.

Results and Discussion

I. Implementation in Boundary Layer Solver

The present model was initially incorporated into

the boundary layer code of Harris et al. 9 For such a

calculation, initial profiles are needed to begin the

marching procedure. For an initial station s along

the surface, the dominant disturbance frequency is

given by Eq. 7. This frequency was then employed

in the linear stability code of Macaraeg et al.10 to

calculate the eigenvalues and eigenfunctions which

make up the velocity disturbance. The velocity dis-

turbance corresponding to this dominant frequency
can written as

u_ = ui(y) exp [i(as - wt)] + c.c. (21)

where a, the complex spatial amplification rate, and
ui(y), the eigenfunction, are determined from the

stability code for the specified frequency. The initial

profile of k is then calculated from

1 , , (22)k = _uiui

The amplitude of the disturbance was set from the

specified freestream intensity Tu defined as

v__k_ (23)Tu = I00 U_

Note that in the laminar region, Eq. 3 does not de-

pend on ¢. An initial profile for _ is needed for the

marching procedure but results were found to be in-

dependent of the choice of the _ profile.
The model constant a is determined in the current

work by comparing with the flat-plate experiments
of Schubauer and Klebanoff 11 and Schubauer and

Skramstad. 12 These classical experiments are well

documented in the literature and cover a range of
freestream turbulence intensities. The constant is

correlated as a function of the freestream intensity
a.$

a = 0.0095 - 0.019 Tu + 0.069(Tu) 2 (24)

Figures 2 and 3 show the effect of the initial pro-

files on the onset of transition by plotting skin fric-
tion as a function of position along the plate..7(o
is the location where the solution was started and

Xt is the location of minimum skin friction. Fig-

ure 2 compares the present approach with the ex-

periment of Ref.[ll], while Figure 3 compares with

the Tu = 0.2 experiment of Ref.[12]. Both figures
clearly illustrate that the calculated Xt values are

almost independent of )Co and are well within the

scatter of the experimental results.

The rms amplitude ratio of the velocity distur-

bance can be obtained from the kinetic energy of
the fluctuations as

A = V_ = It/_7_ + Vt2 + W12

2 (25)V

For the natural transition process there is a region

of linear growth, followed by a region of non-linear

growth which occurs as the amplitude of the velocity

disturbance becomes sufficiently large. Transition

occurs after the onset of the non-linear growth and

this non-linear growth continues through the tran-

sitional region. After the non-linear growth region
the modes which make up the disturbance become
saturated. This saturation of modes characterizes

the turbulent region. Figure 4 is a plot of the ampli-

tude ratio as calculated by the present method for

laminar flow (i.e. F = 0), with ko representing the

initial amplitude of k. As can be seen from the fig-
ure, the present method does predict the expected

linear, non-linear, and saturated regions.

The location of minimum skin friction is com-

monly taken as the onset of transition. In prac-

tice, it is very difficult to determine the minimum

skin friction point in an evolving calculation. This
can be due to either the transient nature of Navier-

Stokes calculations or due to local oscillations in the

skin friction itself as seen in later airfoil results. To
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alleviatethisproblem,analternatecriteriawasde-
velopedbycomparingwith thefiat plateresults.It
wasobservedthatthepresentmethodpredictedthe
localskinfrictionminimumat a locationalongthe
platewherethemaximum_ _ 9%. Thiscriteria

V

can be stated differently by noting that the "turbu-

lent" Reynolds number, RT, can be written in the

laminar region (F = 0) as

RT = 1 vt (26)

Written in this form, RT can be considered a fluc-

tuation l_ynolds number instead of a turbulent

Reynolds number. The location of transition on-

set, xt, is then determined as the minimum distance

along the surface for which Rr _> 1.

Using this criteria Figure 5 compares the results

for the present method with the skin friction experi-

mental data of Ref.[ll]. As seen from the figure, the

present method does a good job of predicting the
transition onset as well as the transitional and tur-

bulent regions. Results for the present method are

summarized in Table 2. As seen from the data, the

onset of transition predicted by the current method

compares well with the experimentally observed lo-
cations.

To determine the validity of the correlation for the
model constant, a, the airfoil experiments of Mateer
et al.13 were considered. The two-dimensional airfoil

shown in Figure 6 was used in the experiments over a

range of angle of attack and Reynolds number. The

angle of attack considered was -0.5 ° at Reynolds
numbers of 0.6, 2, and 6 million. The Mach number

was 0.2 and the freestream rms pressure and velocity
fluctuation levels were 0.02qoo and 0.005Uoo respec-

tively.

Figures 7 through 9 compare the skin friction re-

sults for the airfoil with the experimental data and

Navier-Stokes predictions of Ref. [13]. The Navier-

Stokes results of Ref. [13] were obtained using the
e a method and the turbulence model of Menter. z4

The boundary layer results for the present method

were computed by using the boundary layer code of
Harris et al.9 with a pressure distribution obtained

from an Euler solver. The initial profile of k for these
airfoil cases was chosen as the freestream value.

Figure 7 compares the results of the present
method for the Rec = 6x10 a case. Better agreement

with the experimental data is seen with the transi-

tion onset prediction of the current method when

compared with the prediction of the e n method.

For the airfoil results presented, the e n method did

not predict transition for the upper surface at all.
Transition for the e n method was determined on

the upper surface by the location where the laminar

boundary layer began to separate. Figure 8 presents

the results for the Ree = 2x10 e case. Again, the

present method does a better job of predicting tran-
sition onset. Figure 9 presents the results for the
Rec = 0.6x106 case. As seen from the data and

discussed in Ref. [13], the boundary layer is very
close to separation. Computations with the bound-

ary layer code are not able to continue past the sep-

aration point.

II. Implementation in Navier-Stokes Solver

The present method has also been incorporated
in a Navier-Stokes solver. This eliminates the need

for obtaining the pressure distribution required by

boundary layer type methods. Additionally, since

the Navier-Stokes approach is a time marching

scheme instead of a spatial marching scheme, speci-
fying initial spatial profiles of k and _ is not possible.

By using the Navier-Stokes approach, the need for

linear stability theory to provide an initial profile is

eliminated. Additionally, it is no longer necessary to

specify a pressure distribution.

Figure 5 again compares the results for the present

method with the skin friction experimental data of

Ref.[ll]. As seen from the figure, the Navier-Stokes

and boundary layer approaches predict the same

transition onset location but the Navier-Stokes ap-

proach predicts a slightly higher value of the skin

friction in the transition region.

Figures 7 through 9 also compare the skin friction

calculated by the present method with the Navier-

Stokes approach with experiment and other com-

putations. Figure 7 compares the results for the

Rec = 6x106 case. The present Navier-Stokes ap-

proach predicts results nearly identical to the bound-

ary layer approach. The peak in skin friction on the

lower surface is slightly higher than the boundary

layer approach but both methods predict the onset
of transition much better than the en method. The

skin friction in the turbulent region is slightly better

predicted than the boundary layer approach for the

upper surface and slightly worse than the bound-

ary layer approach for the lower surface. Figure 8
presents the results for the Rec = 2x108 case. Again,

the present Navier-Stokes approach predicts nearly
identical transition onset locations when compared

with the boundary layer approach. The Navier-

Stokes approach does a slightly better job on the

upper surface but both Navier-Stokes and bound-

ary layer approaches over-predict the skin friction for

the lower surface in the turbulent region. Figure 9
presents the results for the Ree = 0.6z10 e case. For

5
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thiscase the boundary. [averapproach was not able

to proceed past the separation point. The Navier-

Stokes approach, however, was ableto calculatethe

transitionaland turbulent regions. In contrastto

the en method, the presentmethod isabletopredict

transitiononset forthe upper surfacewithout fixing

the locationatthe separationpoint.This isbecause

the presentNavier-Stokescalculationsdo not predict

separationon the upper surface.Transitiononsetin

the present method isfixedby the separationpoint

forthe lower surface.
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Tables

Constants I k- ___.._

C. i 0.09
I 0.41

,,3 io.35 il

;36 to.lo4

;_8 t1.15

_ I 1.8o r

I o.l_j

Table 1: k - _ Model Constants

C_

Schubauer-Klebanoff

Schubauer-Skramstad

Schubauer-Skramstad

Schubauer-Skramstad

Schubauer-SkramBtad

Schubauer-Sl_amstad

I Tu Xt (Experiment)

0.03 5.26 ft.

0.042 5.25 ft.

0.I0 5.08 ft.

0.20 4.05 ft.

0.26 3.32 ft.

0.34 2.58 ft.

Xt (Current Method)

5.39 ft.
5.24 ft.

4.88 ft.

4.08 ft.

3.41 ft.

2.52 ft.

Error(%)
2.47

0.19

4.3

0.74

2.7

2.3

Table 2: Flat Plate Experiments, .ILel = 0.071,

P_/ = 1.01325xi0a Pa, T_et = 293 K.
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FiNe 2: F__ect of Initial Solution on Transition

Onset, Comparison with Experiment of Ref. [11}

I
Y

Pm4cum T_ _ S.,II IL

Sdwbeuw-Kleblno_ Tu-O.O8

. + J . . . i . . . i

II II 10 12

x (_.)

FiNe 4: AmpLitude ratio versus distance along

plate. Schubauer-Klebanoff Experiment

0.W12

OflfllO

c,

Sm.l_- 81mmml F.memm

Tu ,, 0.2_ Mlmlmm X_,, ,i._ IL

.... i . . . i , , , , i .... i .... i . .

I 1 3 4 S

x m.)

Fi_tre 3: _ of Initial Solution on Transition

Onset, Comparison with Experiment of Ref. [12]

o-

..... P_ MeimL IL CoO

0 __

Tu = 0.03 _o i._ @m

I 2 3 4

xi.t

Figure 5: Comparison of present method with

the experiment of Schubauer and Klebano_, Re =

1.67z10e/m, Navier-Stokes & Boundary Layer
Codes
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Figure 8: Comparison of present method and e n
method with the airfoil experiment of Mateer et at. £s

, Rec = 2 million
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A Transition Model for Swept Wing Flows

E. S. Warren*and H. A. Hassan t

North CarMina State University, Raleigh, NC

Abstract

An approach developed earlier by the authors for

determining transition onset resulting from instability

of Tollmien-Schlichting waves is extended to crossfiow
instabilities. In this approach, a two-equation model

similar to that used in turbulent flows is employed.

The theory takes into consideration the role of two

major environmental influences: turbulence intensity

and surface roughness. Comparisons with data for an

infinite swept wing and an infinite swept plate under

the influence of a favorable pressure gradient shows

excellent agreement with experiment. Calculations

employed a boundary layer code; as a result, compu-
tational costs are minimal.

Introduction

T is well known z,: that the dominant mode of in-
stability for the majority of swept-wing flows is the

crossflow instability. The boundary layer on wings

of moderate or greater sweep generally contains sig-

nificant crossflow. The velocity profile in this case

can be separated into a component in the stream-

wise direction and a component in the crossflow di-

rection. Since the erossflow profile always contains an
inflection point, a strong inflectional instability is ex-

pected in regions where the cross flow velocity increases

rapidly. 3 This increase occurs in regions of negative

pressure gradient, e.g. near the leading edge. In

this favorable pressure gradient region, streamwise or

Tollmien-Schlichting (T-S) instabilities are stabilized

and the crossflow (CF) instability dominates the tran-

sition process.

Methods employed in transition prediction are dis-

cussed in detail by Haynes et al. 4 The practical meth-

ods that axe in current use are the e '_ method, which

is based on linear stability theory (LST) and methods

based on the parabolized stability equations (PSE).

It is generally concluded that the e n method is not

suited for predicting transition onset resulting from
CF instabilities. This is because these instabilities

are sensitive to surface roughness, and because they

are dominated during their development by large non-

linear effects that extend over a wide region. .ks a
result, growth rates are not well predicted. Even if
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Student Member AIAA.

t Professor, Mechanical and Aerospace Engineering, Asso-

ciate Fellow AIAA.

Copyright (_1997 by the American institute of Aeronautics
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such rates were known, the variety of methods used to

calculate the n factor result in a great deal of scatter.3

The nonlinear PSE method S does a much better job of

predicting growth rates if the disturbance inputs are
known. Because such inputs for flight conditions and
wind tunnels are not well known, its success in pre-

dicting transition onset from CF instabilities is yet to
be demonstrated.

In most cases, the only data available is the turbu-

lence intensity and very little information is provided

on amplitude or frequencies of the various modes that

may be present. In addition, stability analyses make
use of a number of codes and require a great deal of

knowledge and skill on the part of the user. Rec-

ognizing the importance of determining the onset of
transition over a wide range of operating conditions

for a vehicle designer, and in an effort to simplify

the procedure for calculating such onset, an approach
similar to that used in studying turbulence was de-

veloped by Warren and Hassan. 6 It was demonstrated
in situations where T-S waves played the major role

in affecting transition. The approach required knowl-

edge of turbulence intensity and was implemented in
both boundary layer and Navier-Stokes codes. Its

development was based on the observation that, if

a flow property can be written as the sum of mean

and fluctuating components, then the exact equations

governing the variance of velocity (kinetic energs' of
fluctuations) and the variance of vorticity (enstrophy)

are the same irrespective of the nature of the fluctu-
ations. Moreover, if such equations can be modeled

without declaring the nature of fluctuations, the re-

sulting equations are capable of describing all types of
fluctuations in a fluid flow, i.e. laminar, transitional

or turbulent. What distinguishes one type of fluctua-

tion from another is the appropriate stress-strain law

required to close the resulting system of equations.

The objective of this work is to extend the approach
of Ref. 6 to crossflow instabilities. In order to incorpo-

rate the procedure within existing computational fluid

dynamics (CFD) codes, we opted to employ an eddy
viscosity model. For such models, eddy viscosity can

be written as

_t cck r_r (1)

where k is the fluctuation kinetic energy per unit mass

and vtr is an appropriate time scale. In Ref. 6, 7-tr
was related to the frequency of the most amplified

waves. In the present case, Tt_ was obtained from the
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observation that the wavelength of stationary cross-

flow vortices lies in the range of three to four times

the boundary layer thickness, 6. As a result, r_r was
chosen as

3.56
r_r _ -- (2)

Q.

where Qe is the streamwise velocity at the edge of the

boundary layer. As is shown below, the proportion-

ality model constant depends on both the turbulent

intensity and surface roughness. These are the two
most dominant environmental factors that affect tran-

sition}

Determining the onset of transition does not pose

a problem from a computational standpoint; it does,

however, represent a problem from an experimental
standpoint. The data used in the validation of this

method is that of Saric t and his colleagues and of

Bippes r and his colleagues. The first group employed

napthalene flow visualization while the second group
defined onset where the intermittency is 50%. Because

visualization data is somewhat subjective, the latter

criterion is used in this work to facilitate comparison

with experiment.

There is one important difference in implementa-

tion between this work and that of Ref. 6. In Ref. 6,

the method was implemented in both boundary layer
and Navier-Stokes codes because skin friction data s

was available to validate both transition onset and

flowfield calculations. Thus, the codes calculated the

laminar, transitional, and turbulent regions in a sin-

gle computation without interference from the user.

Because flows being considered were attached, imple-
mentation was limited to a three-dimensional bound-

ary layer code suited for calculation of infinite wings.
The code is a modification of an earlier code by Harris
and Blanchard. 9

Model Formulation

The present method takes advantage of the fact that
whether one deals with transition or turbulence, each

flow quantity is set as a sum of a mean and fluctuating

component. Moreover, the exact equations that gov-

ern the fluctuations are the same irrespective of the
nature of the fluctuations. In the work of Robinson

and Hassan) ° the exact equations governing the vari-

ance of velocity (kinetic energy of fluctuations) and the
variance of vorticity (enstrophy) were modeled with-

out making use of the fact that the flow was turbulent.

Therefore. the modeled equations apply to flows of any
nature, whether laminar, transitional, or turbulent. In

order to apply the modeled equations, it is necessary

to specify a "'stress-strain relationship." Following the
same method used in Warren and Hassanfi the present

approach for including crossflow instabilities is based

on the modeled equations of Ref. 11 with different
"stress-strain relations." The equations for the kinetic

energy and enstrophy of ReL 11 are re-written for low-

speed and favorable pressure gradient flows as

= __ - + + (3)

De
Dt

o., ( Ion, oa,]

[= ])--emii Ox! O'_m"

+(a'_bii+2_#_) Sq pkfl

\ pk ,/ _z,Oz,. s 2

&(fin s
pku

(4)

where

Rk = -v-_, ut = --,p S=

_2 -- / t

-- 03iOJ i , 03 i

and,

ou. h _  pk6,j (5)

r_ is a representative decay time for the kinetic energy

and vt is the kinematic eddy viscosity. The closure
coefficients for the model are given in Table 1.

As may be seen from the governing equations, one

needs to specify vt and r_ to effect closure. Following
the same approach as Ref. 6, the current work develops

expressions for ut and r, in the laminar region. Using
the concept of intermittency, the laminar expressions

for ut and r_ are blended with the turbulent expres-

sions developed in the work of Robinson and Hassan} 2
k schematic of the approach is shown in Figure 1.

The eddy viscosity resulting from fluctuations in the

laminar region is written as

ut=C. kr_, C. =0.09 (6)

where %_ is a viscosity time scale which characterizes
the dominant disturbance in the laminar region. Ref. 6

only considered the streamwise or T-S instability. Us-

ing a correlation by VCalker _a for the dominant T-S
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C. 0.09

0.40

a_ 0.35

34 0.42
3s 2.37

_6 0.10

L_7 1.50

3s 2.30

ar 0.07

A_ 1.80

± 1.46
a_
d 0.1

Table 1 k- _ model constants

f) Acp (10)
_'., c, = (a +

where a is the model constant given by Eq. (8) and f is

a model constant which depends upon surface rough-

ness. Q¢ is the resultant boundary layer edge velocity.

ACF is the wavelength of the crossflow disturbances

and has been shown by Arnal 2 and other researchers

to be between three and four times the boundary layer

thickness, 6. Additionally, the work of MiiUer and

Bippes 75 demonstrated that the wavelengths of both

traveling and stationary crossflow disturbances were
the same but shifted in phase by ACE/2. Choosing

ACF _ 3.5 6

the viscosity time scale in the laminar region is mod-

eled in the present work as

Fig. 1 Schematic of modeling objectives in present
work

disturbance frequency, _, the dominant time scale for

the T - S disturbances was modeled as

a
r.,,T_ = - (7)

_J

where a is a model constant given in Ref. 6. The ex-
pression for a is rewritten here as

a = 0.00819 + 0.069 (Tu - O. 138) 2

and the freestream intensity, Tu, is defined as

(8)

T =100 QL (9)

In contrast to Ref. 6, the current work develops

a viscosity time scale which characterizes only cross-
flow disturbances. As discussed in Refs. 1, 2, 7, and
t4, the wavelength of the dominant crossflow distur-

bance varies with the boundary layer thickness, 6. In
addition to freestream disturbance levels, crossflow in-

stabilities are sensitive to surface roughness. Using
this information, the present method models the vis-
cosity time scale for the crossfiow instabilities as

%',.CF = (a + f)3.5_ (11)E
The expression for 7"kt is the same form as in Ref. 6
with the addition of the roughness constant f,

= (a + I)_S (12)
Tkt b,

Following the work of Robinson and Hassan, 1! the tur-

bulent region time scales are given as

k
= = -- (13)

v(

As in Ref. 6, the laminar and turbulent regions are

combined through the intermittency, F. This allows a

transitional eddy viscosity to be written as,

ut = C, k r, (14)

where

7-_ = (l-F)[(a + f)_-_f]-I- I" (V-_) (15)

Following a similar approach, the transitional decay
time for the kinetic energy can be written

L:(1-F)[(a+vk f)---_S]+F(-_-) (16)

The intermittency, F, is currently given by the

Narasimha et al. 16 expression

F(x) = 1 - exp (-0.412_ '_) (17)

with

= max(x - xt,O)lA (18)

where A characterizes the extent of the transitional

region. An experimental correlation between A and xt
is
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Fig. 2 Coordinate system on the swept wing and
fiat plate

Rex = 9.0Re°_ z5 (19)

xt in the above expression represents the location

where turbulent spots first appear. The present work
determines xt by the same method used in Ref. 6. In

that work, it was shown that the minimum skin fric-

tion occurred when the fluctuation Reynolds number,
Rv, exceeded one. Rr is defined as

1 ut

c.v

Thus xt is the minimum location where RT >_ 1.

(20)

Results and Discussion

The present method is compared with the swept-

wing experiments of Dagenhart et al. 14 and Radeztsky

et al. 17 as well as the swept flat plate experiments of

Miiller and Bippes 15 and Deyhle and Bippes. r Each

of these experiments simulated infinite wing flow con-

ditions. The infinite swept wing assumption of zero

spanwise gradients was applied to the governing three-

dimensional boundary-layer equations ts and the equa-

tions governing the fluctuations, Eqs. (3) and (5). The
resulting equations were then solved using a modified
version of the boundary-layer code of Harris and Blan-

chard. 9 The necessary pressure distribution was given

in the swept plate experiments and was computed from
an Euler solver for the swept wing cases. The initial k

profile was set from the freestream intensity, Tu, of the

experiments. 8 Figure 2 shows the coordinate system

used for the swept wing and swept plate geometries.

The infinite swept-wing experiments of Dagenhart et
al. 14 and Radeztsky et al. 17 were carried out on a 45 °

swept wing with a NLF(2)-0415 airfoil cross-section at

a -4 ° angle of attack. Figure 3 illustrates the NLF(2)-

0415 profile and compares the experimental pressure

('oefficient on the upper surface with the computed re-
suits used in the present study. Transition onset was

determined by napthalene flow visualization. As de-

scribed in Dagenhart, _9 transition was determined by
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observing the sublimation pattern of the napthnlene
spray on the painted airfoil surface. The sublima-

tion indicated higher shear levels characteristic of the

transitional and turbulent regions. Traditionally, on-

set of transition is defined by a minimum skin friction
coefficient or minimum heat transfer coefficient. How-

ever, for comparisons with available data, it is assumed

that the experimentally observed transition points re-

ported in Ref. 17 actually occurred at locations within

the transitional region, i.e. non-zero intermittency.

The swept flat plate experiments of Refs. 7 and 15

measured intermittency and defined transition as the

location where r = 0.5. It is assumed, for convenience,

that the data reported in the work of Radeztsky et al. tr

corresponded to a location where F = 0.5 as well.

The experiments reported in Radeztsky et al.17 were

carried out over a range of Reynolds numbers with

three different model surface finishes. The 9/_m case

was the original painted finish of Dagenhart et al.14

and is a "peak-to-peak" measured roughness of the

surface finish. 17 The 0.25/tin and 0.5/_m cases are root-

mean-squared (rms) measured roughness of the surface

finish. By comparing with these cases for a given chord

Reynolds number, the model constant f in Eq. (11) is

correlated with roughness as is given as

, o -o.. ]= Rer, - 0.92 (21)

where

hre! = lDm

Q_h
Reh

1]oo

h is the "peak-to-peak" distributed roughness level
(finish). For rms measured levels, a sinusoidal dis-

tribution is assumed and the level is increased by a
factor of v/2. These calculations assume a freestream

intensity level, Tu = 0.09, reported by Dagenhart. 19

Figure 4 compares the experimental transition loca-

tions with the location of F = 0.5 as computed by the

present method. Excellent agreement is observed for
all Reynolds numbers and for all three surface finishes.

To further validate the expression for the model con-

stant f, the present approach was used to compare

with the swept flat-plate experiments of MiiUer and

Bippes, is and Deyhle and Bippes. T The reported ex-

periments were carried out in three different wind tun-

nels, designated as NWB, 1MK, and NWG. The NWB

had a freestream intensity level of Tu = 0.08, the 1MK
had values of Tu = 0.15 and Tu = 0.27 depending on

whether or not a screen was present, and the NWG had

an intensity of Tu = 0.57. Several plates of varying

surface roughness were tested. Transition was deter-

mined in the experiment by increasing the effective

freestream velocity until an intermittency of 50% was
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Facility Tu Plate Surface Experimental Present Error (%)
Re_.tr (xl05) Re_.t_ (xl0 s)

NWB

IMK

1MK/screen

NWG

0.08 Wooden plate, R. = 6_m 6.5

0.15 Plate with sandpaper. R. = 40pro 6.8

Wooden plate,R_ = 6/zm 7.5

Aluminum plate, sanded. R_ = 5pro 7.7

Aluminum plate, polished, R.. = 1.8_m 8.3

0.27 Aluminum plate, polished, R.. = 1.8/_m 7.8

0.57 Aluminum plate, sanded. R_ = 5_rn 5.4

8.04 23.7

6.12 10.0

7.49 0.13

7.63 0.9

8.48 2.17

7.11 8.85

2.18 59.6

Table 2 Comparison of Re_o,tr values at 50°7o intermittency predicted by the present method and measured
in the swept plate experiments of Deyhle and Bippesff

observed at the measurement station xc/c=0.9. The

crossflow instability was isolated in the experiment by

imposing a negative pressure gradient along the plate.

The pressure coefficient measured in the experiment is

shown in Figure 5 for the three tunnels.

Table 2 compares the predictions of the current

method with the experimental results given in Ref. 7.
As seen from the table, the present approach does an

excellent job of predicting the transition locations for

the 1MK tunnel. Transition locations are predicted

within experimental error for all intensities and sur-

face conditions in the 1MK tunnel. The predictions

by the present method were not as good for the NWB

case and the transition location for the high-intensity
NWG case was severely underpredicted. As discussed

in Ref. 7, the Tu -- 0.57 case could have been char-

acterized by by-pass effects. It is also possible that
the correlation for a, which was was obtained based

on transition resulting from T-S instabilities, may not

be appropriate for CF instabilities. We have no logical

explanation as to the cause of discrepancy in the NWB
tunnel. It is worth mentioning that the environmental

conditions in the tunnel are comparable to those of the

Arizona State University tunnel} 4,17

Figure 6 compares the calculation of the intermit-

tency, F, predicted by the present method at xc/c=0.9

versus Reynolds number. As seen from the figure, the

present method compares well with the experimental
data.

In Ref. 15, first turbulent spots were detected at

location xc/c=0.95 for the 6_m plate in the 1MK

tunnel at Tu = 0.15 and Qoo = 19m/s. The loca-

tion of first turbulent spots is the definition of xt in
Eq. (18) and the present method predicts this location

at xc/c=0.949 giving excellent agreement with Ref. 15.

The rms amplitude of the total velocity disturbance

can be obtained from the kinetic energy of the fluctu-
ations as.

lU t2 _UI2
A = _/k = + v'_ +

2
(22)

Figure ? is a plot of the amplitude ratio for the
Tu = 0.15 and 6#m roughness cue in the 1MK

tunnel, ko in the figure represents the maximum ki-

netic energy of the fluctuations at the initial station
in the boundary-layer marching procedure (freestream

k). As seen from the figure, the present method pre-

dicts a region of linear growth and a significant region

on non-linear growth as the onset of transition is ap-
proached. The disturbance level tends to saturate as

onset is approached but resumes exponential growth

when the transitional region is entered. This agrees

qualitatively with the large eddy simulation (LES) re-

sults presented by Huai et al. 2° The ability to capture

the nonlinear growth shown in Figure 7 demonstrates

the sound basis of the present method.

Conclusions

It isshown in thisinvestigationthat treatingtran-

sitionalflows in a manner similarto turbulent flows

representsa convenientand an inexpensivemethod for

determining transitiononset.The key tothisapproach

isto determine the relevanteddy viscositysuitedfor

describingthe underlying physicsofthe problem.

Because of the turbulence-likeapproach developed

here, the manner in which the variousmodes interact

with each other and with the environment to bring

about transitionisintegratedout ofthe problem. Ev-

idently,one of the significantoutcomes of the inter-
action is the fact that the CF disturbances have a

wave length that variesbetween three to four times

the boundary layerthickness.

Acknowledgments

This work is supported in part by NASA Grant

NAG-l-1876. Part of the computations were carried
out at the North Carolina Supercomputing Center.

This work would not have been possible without the

help and support of the following individuals: Profes-
sor Bill Saric of Arizona State University for providing

us with relevant publications; Dr. Hans Bippes of the

DLR for providing us with the data and for the many

E-mails that helped us correctly interpret his data; Dr.

Ray Dagenhart of NASA-Langley Research Center for

providing us with data and for sharing with us his ex-
pertise in the field; Dr. Ron Joslin of NASA-Langley
Research Center who introduced us to the subject and

5OF9

:\MERICAN [NSTITUTE OF .AERONAUTICS AND .ASTRONAUTICS PAPER 97-2215



explained to us its many fine points and intricacies:
and Dr. Nd. Chokani of North Carolina State Univer-

sity for many helpful discussions and suggestions.

References

lSaric, W. S., "Physical Description of Boundary

Layer Transition: Experimental Evidence," AGARD

Report 793, March 1993.

2Arnal, D., "Boundary Layer Transition: Predic-

tion, Application to Drag Reduction," AGARD Re-

port 786, March 1992.

3Arnat, D., "Boundary Layer Transition: Predic-

tions Based on Linear Theory," AGARD Report 793,

April 1994.

4Haynes, T.S., Reed, H.L., and Saric, W.S., "CFD

Validation Issues in Transition Modeling," AIAA Pa-

per 96-2057, June 1996.

SHerbert, T., "Progress in Applied Transition

Analysis," AIAA Paper 96-1993, June 1996.

6Warren, E.S., and Hassan, H.A. , "An Alternative

to the e n Method for Determining Onset of Transi-

tion," AIAA Paper 97-0825, January 1997.

7Deyhle, H., and Bippes, H., "Disturbance Growth

in an Unstable Three-Dimensional Boundary Layer
and its Dependence on Environmental Conditions,"

Journal o[ Fluid Mechanics, Vol. 316, June 1996,

pp. 73-113.

s Mateer, G. G., Monson, D. J., and Menter, F. R.,
"Skin-Friction Measurements and Calculations on a

Lifting Airfoil," AIAA Journal, Vol. 34, No. 2, Febru-

ary 1996, pp. 231-236.

9Harris, J. E., and Blanchard, D. K., "Computer

Program for Solving Laminar, Transitional, or Tur-

bulent Compressible Boundary-Layer Equations for

Two-Dimensional and Axisymmetric Flow," NASA
TM 83207, February 1982.

l°Robinson, D. F., Harris, J. E., and Hassan, H. A.,

"Unified Turbulence Closure Model for Axisymmetric

and Planar Free Shear Flows," AIAA Journal, Vol. 33,

No. 12, December 1995, pp. 2325-2331.

llRobinson, D.F., and Hassan, H.A., "Modeling

Turbulence Without Damping Functions Using k -
Model," AIAA Paper 97-2312, June 1997.

12Robinson, D.F., and Hassan, H.A., "A Two Equa-
tion Turbulence Closure Model for Wall Bounded and

Free Shear Flows," AIAA Paper 96-2057, June 1996.

13Walker. G. J., "Transitional Flow on Axial Tur-

bomachine Blading, '_ AIAA Journal. Vol. 27, No. 5.

May 1989. pp. 595-602.

14Dagenhart. J.R., Saric, W.S., Hoos J.A., and

Mousseux. M.C., "Experiments on Swept Wing

Boundary Layers," Laminar-Turbulent Transition.

IUTAM Symposium, Toulouse, France, edited by
D. Arnal and R. Michel, Springer Verlag, 1989.

15Miiller, B.. and Bippes, H., "Experimental Study

of Instability Modes in a Three-Dimensional Boundary

Layer," AGARD Report 438, October 1988.

16Dhawan, S. and Narasimha, R., "Some Proper-

ties of Boundary Layer Flow During Transition from

Laminar to Turbulent Motion," Journal o] Fluid Me-

chanics, Vol. 3, No. 4, 1958, pp. 418-436.

_TRadeztsky, R.H. Jr., Reibert, M.S., Saric, W.S.,

and Takagi, S., "Effect of Micron-Sized Roughness on
Transition in Swept-Wing Flows," AIAA Paper 93-

0076, January 1993.

lSSchlichting, H., Boundary-Layer Theory,

McGraw-Hill, seventh ed., 1979.

19Dagenhart , J., Crossflow Stability and Transition

ezperiments in a Swept-Wing Flow, Ph.D. thesis, Vir-

ginia Polytechnic Institute and State University, 1992.

2°Huai, X., Joslin, R.D., "Large-Eddy Simulation
of Laminar-Turbulent Transition in a Swept-Wing

Boundary Layer," AIAA Paper 97-0750, January

1997.

6OF9

AMERICAN INSTITUTE OF AERONAUTICS AND ASTRONAUTICS PAPER 9;'-2245



Cp

1.0

0.5

0.0

-0.5

-1.0
0.0

Computed Pressure

Experiment (Dagenhart 1992)

I • ' " 1 .... I , , I , , , , J , I

0.2 0.4 0.6 0.8 1.0

×jc

°°
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Fig. 6 Comparison of the intermittency predicted by the present method with the experimental data of
Deyhle and Bippes, 7 x,./c-----0.9.
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A Transition Closure Model
Predicting Transition Onse

Eric S. Warren and Hassan A. Hassm

North Carolina State Uni,

ABSTRACT

A unified approach which makes it possible to deter-
mine the extent and onset of transition in one calculation

is presented. It treats the laminar fluctuations in a man-

ner similar to that used in describing turbulence. As a

result, the complete flowfield can be calculated using ex-

isting CFD codes and without the use of stability codes.

The method is validated by comparing the results for flat

plates, airfoils, and infinite swept wings with available ex-

periments. In general, good agreement is indicated.

INTRODUCTION

Traditionally, the transition problem has been treated

as a combination of two problems. The first deals with

the extent of the transition region given the onset, while
the second deals with transition onset. One of the methods

employed in calculating the extent is to set the effective vis-

cosity, #, in a boundary layer (BL) code or Navier-Stokes
(NS) solver as

= _t + r_t (1)

where subscripts l and t designate laminar and turbulent

flows respectively and F is the intermittency or the fraction

of time the flow is turbulent at a given location. The most
widely used expression is that of Dhawan and Narasimhafl

There are many ways that are being used to specify

transition onset: arbitrary selection, experimental correla-

tions, or use of stability theory. Methods based on stability
theory employ the • n method or a method based on the

parabolized stability equations (PSE). Methods based on

stability theory have shown a great deal of promise when

streamwise or Tollmien-Schlichting (T-S) waves are the
dominant cause of transition. The same cannot be said

when transition is a result of crossflow (CF) instabilities

because such instabilities are dominated by nonlinear ef-
feets and surface roughness. An excellent recent review of

these methods and their limitations is given by Haynes et
al. 2

In situations where transition onset is specified from re-

suits of an exp_ent, Eq. (1) does not perform well. One

of the reasons for this behavior is because the above fc

mula does not account for the laminar fluctuations th:

eventually lead to transition. This led Young et al.3 a_

Warren et al.4 to employ an expression for/_ given by

= _e + [(1 - r)_el + r_] (:

where/_el is the contribution of the laminar fluctuatio=

The expression for #t! was correlated by using resul

from linear stability theory for both low and high spe_

flows. Much better agreement with experiment was inc
cared when Eq. (2) was employed.

The inability of stability theory to cope with crossflo

instabilities led Warren and Hassan s, e to develop a ne

approach for determining transition onset. This approa_

is centered around the determination of/J_t. When _t!
known, then the onset of transition, which may correspoz

to minimum skin friction, minimum heat flux, or son

other criterion specified by the user, can be determined

part of the solution. Such an approach then removes t_
need for stability codes to predetermine transition onse

Moreover, it addresses transition onset and extent as or

and not two separate problems.

In both transition and turbulence each flow quantity

set as a sum of a mean and fluctuating quantity. T_.
exact equations governing fluctuations are the same. I

transition, attention is focused on individual modes an

f_equencies with the growth rates of such modes playin

a crucial role in determining transition onset. In turbt

lence, equations governing fluctuations are used to deriv

equations for the mean energy of the fluctu=_tions and it

dissipation rate. As a result, individual modes do not pla

any direct role in turbulence calculations. The resultin

equations governing turbulence are not dosed, thus nec_

sitating assumptions on a stress-stra/n law.

The approach presented here takes advantage of simila_
ities between laminar and turbulent fluctuations, i.e. th

exact equations governing energy and it dissipation rat

are identical. Moreover, it is possible to model these e_

act equations _ without invoking the nature of fluctuation-,

In order to close the model equations, it is necessary t



provideappropriate stress-strain laws. To facilitate imple-

mentation in existing CFD codes, an eddy viscosity model
will be employed.

In the present work, the stress-strata laws for the lam-

inar fluctuations axe derived from observed or computed
characteristics of T-S and CF disturbances. Because mech-

anisms responsible for transition are different for the two

types of instabilities, corresponding stress-strain laws axe

different. In both cases, however,/_t/ is set as

_ts = C. p k _ (3)

where k is the fluctuation kinetic energy per unit mass, p is

the density, and r is an appropriate time scale characteris-

tic of the type of instabilities begin considered. Although
the present approach makes no direct use of stability codes,
expressions for T were arrived at from consideration of re-

suits obtained from stability theory or from experimental
observations.

It is. to be noted that this is not the first attempt at

using equations similar to the turbulence equations to pre-
dict transition onset. Typical of these attempts is the work

of Wilcox. s-x° An earlier attempt 9 tried to take advan-

tage of the results of linear stability theory. In the latest
effort, 1° the approach used in Ref. 9 was abandoned in fa-
vor of an approach in which the model constants in the

k - w model were replaced by functions of the turbulence
Reynolds number. The functions were selected in such a

way so as to reduce to the original model constants at

high turbulence Reynolds number and to reproduce tran-

sition onset for an incompressible flow over a flat plate.
As formulated, the model is insensitive to the modes of

transition ix and thus will not yield good results outside

the range for which itwas formulated) 2 This may be con-

tra%ed with the presentmodel inwhich separateequations

are used to model the "laminar" fluctuationsand where

the stress-strainlaws that govern those fluctuationsare
not only sensitiveto the various modes of transitionbut

are dictatedby them.

PROBLEM FORMULATION

The basisforthe presentapproach isthe exact equations

governing k and _,the enstrophy or the varianceof vortic-

it}'.The k - ( turbulencemodel employed in thiswork is

that of Robinson and I-laasan.Is The equations governing

k and _ are those given in the work of Robinson et al.I:

and can be rewrittenfor low speed flowsas

-_ (5)o-7 = a,--7.7, a=,

--_mij Ozi (_,n

v. _s

+ (as_b,, +-_6,,C) S,, pkN

where

\ pJc/ _ 0=,. S=

p_v ,,..t, ".7 -F" _ i.",!,..,_j

Fo(pu,P) ] kn+max L _ ,o.0 _,p_

k " s= R
_k = _"-_, V_ = _,p

k 2

s,#= _ L0=#+ _T=_J
and,

is a representative decay time for the kinetic energy and
ve is the ldnen_tic eddy viscosity. The closure coefficients

for the model are given in Table 1.

1_able 1 k- _ model constants

Constants _'_

C_ 0.09
x 0.40

as 0.35

_, 0.42

_s 2.37

,_ 0.10

,St 1.50

,_s 2.30

o', 0.07

& O.O65
1.80

O'k

..L 1.46

0.1

A_ may be seen from the Koverning eq_, one needs

to specify_,gand _ for each mechanism to effectclosure.

When T-S waves are considered,u_ ischo_e- ass

_,,= o__,-_, (7)

where
(2

r_ ----"r_,,.rs = - (8)
_J

is the frequency of the first mode dim_bamce having
the maximum amplification rate and a is a model constant

that depends on the freestrenm intensity, Tu, defined as

=,oo



In the above expression, Qoo is the free.stream velocity.

The frequency w is given by a correlation developed by
Walker :4 as

u__..uv= 3.2Re__.3/2 (10)

where Qe is the velocity at the edge of the boundary, layer

and Re_. is the edge Reynolds number based on a displace-
ment thickness 6". The model constant a was correlated

using fiat plate experiments by Schubauer and Klebanoff Is
and Schubauer and Skramstad 16 as _

a = 0.069 (Tu - 0.138) 2 + 0.00819 (11)

Within the laminar region, the representative decay time

for the kinetic energy is

! = (12)
"rk_ v

Similarly, when transition is a result of CF instabilities 6

f) AcF (13)
r_, = r_,.c , = (a +

where AoF is the wavelength of crossflow disturbances.

Based on numerous experimental and computational re-

sults which found wavelengths of CF disturbances between

3 and 4 times the boundary layer thickness, we use here

AcF = 3.5 _ (14)

Since stationary CF disturbances are generated by sur-

face roughness and traveling disturbances are generated by

freestream disturbances and surface conditions, a correla-

tion reflecting the influence of surface conditions must be

included in the model. Using one of the sets reported by

Radeztsky et al.,17 f was correlated ase

-o.. ]= Reh - 0.92 (15)

where

hr,! ----1Din (16)

Q_h
Reh = (17)

Moo

and h is the "peak-to-peak" distributedroughness level.

The decay time forthe kineticenergy ischosen as

= (a + f)Uts (18)
_'k, M

Following the work ofRobinson and Hassan,Isthe tur-

bulentregion time scalesare given by

k

r_ = _, M; (19)

Because the thrustofthiswork isthe predictionoftran-

sitiononset,a simpleinter_ttency approach isused inthe

transition region. As a result

r_ = (1 - r)r_, + r_-_, (20)

L 1 |
= (1- r)-- + r--" (21)

The intermittency, F, is given by Dhawan ant
Narasimha's I expression, i.e.

F(x) = 1 - exp (-0.412_ 2) (22_

with

- max(x - xt,O)/A (23 _,

is a characteristic extent of the transitional region. Ar.

experimental correlation between A and zt is

Rex = 9.0Re°_ r5 (24

with xt being the location where turbulent spots first ap

pear, or where skin friction is minimum. It is shown in th(

work of Warren et al. _ that this location is well representec

by the relation
1 Mt

aT = _-- = 1.0 (25'
C.M

Thus, xt is the minimum location where RT >_ 1.

RESULTS AND DISCUSSION

Results presented here employed both boundary laye:

and Navier-Stokes codes. The boundary, layer (BL) cod(

is an adaptation of the code developed by Harris ant

Blanchard. 18 In addition to incorporating the present tran

sition/turbulence model, it was extended to handle i-fi-lt(

swept wings. The Navier-Stokes (NS) code is an adapta
tion of an earlier code developed by Galley et al. 19 whirl

employs an upwind Roe scheme and four step Runge-Kuttz

time stepping method. When employing a boundary laye:

code, the pressure distribution is obtained fzom an Eule:

code or experiment.

3

o-

o.0oe

_mt I_m

o.oo4

o.o_ Q,

o 1 2 3

x_.)

Prlllrl _ Nlwm_Stlmll

..... Pmim_ 8LCode

O F._xmmL scNumw-_eIx_

Tu BO.OG FI_ .. 1.7x10"/m

4

Figure 1 Comparison of present method with the
experiment of Sehubauer and KlebaeeR, Re = 1.67 x
10e/m, Nav/er-Stoku _ Boundary _ Codes

_tion resultingf_m ToS instabilitiesisdiscussed

first.The only environmental parameter that needs to be

specifiedisthe freestream intensity.Hgam 1 compare

predictionsof present theory with measurements over

flatplate._sWith the currentmodel, the only environmen-

tal condition that needs to be specifiedisthe freestream

turbulence level.Both computational schemes give

resultswith regard to onset and extent oftransition.The



Table 2 Flat Plate Experiments, ,_-f-ef= 0.071,F,e! = 1.01325x 10s Pa T_e/293K.

Case Tu Xt (Ex_penment) X_ (Current Method} Error (%)

Schubauer-Klebanoff

Schubauer-Skramstad

Schubauer-Skramstad

Schubauer-Skramstad

Schubauer-Skramstad

Schubauer-Skramstad
_=========__

0.10

0.20

0.26

0.34

5.26 ft.

5.25 ft.

5.08 ft.

4.05 ft.

3.32 ft.

2.58 ft.

5.39 ft.

5.24 ft.

4.86 ft.

4.08 ft.

3.41 ft.

2.52 ft.

2.47

0.19

4.3

0.74

2.7

2.3

transitiononset locationspredictedby the presentmethod

are compared with the flatpate experiments of Schubauer
and Klebanoff15 and Schubauer and Skramstad 16 in Ta-

ble2. As seen from the table,excellentresultsareobtained

forallfreestreamintensitiesreported.The next setofcom-

parisonsinvolvethe data ofMateer etal.2° They presented

skin frictionmeasurements over the supercriticalairfoil

shown in Figure 2 fora freestreamMach number, M_o, of

0.04

A
E 0.00

)-
f

0.00

i , , i , , , , i , , , , [ , , , , ;

0.06 0.10 0.15 020

x (m)

Figure 2 Airfoil geometry for experiment of Mateer
et al. 2°

0.2and a range ofReynolds numbers and anglesof attack,

a. Moreover, they compared theirmeasurements with the

e" method. Emphasis willbe placed on comparisons with

a - -0.5° cases because thisisthe angle of attackwhere

largediscrepanciesbetween the e" method and experimen-

taldata were noted. Itissuggested that the en method

isincapable of predictingtransitionforthese cases when

transitionisdominated by Reynolds number effectsand

not determined solelyby laminar separation.2°

Figs. 3-5 show a comparison of predictionsof present

theory with experiment and calculations reported in the
work of Mateer et al. 2° Both BL and NS calculations are

shown. It is to be noted that when transition is a result

of flow separation, BL calculations are terminated at sep-

aration. Fig. 3 compares results for Rec -- 0.6 x 106. For
this case the e n method sets transition on both upper and

lower surfaces as the location of laminar flow separation.

As may be seen from the figure, the present theory gives
good agreement with experiment for both upper and lower

surfaces.For Rec = 2 x I0e,Fig.4 shows that the present

method givesmuch betterag_enent than the e" method

4

0.010

0.006

NS Resullz of Mlllmr. IW al.

-0._

X/C

Figure 3 Comparison of present method and e"
method with the airfoil experiment of Mateer et al. 2°

, /_c = .6 million, a = --0.5 °

0.010 __ _ _@i, lllL

..... Pmlml MIlI_ El. C.,_I

Plwonl MUI_, NS C_II

C,

0.0 0.1 OA O.i 0,0 1J)

X/C

Figure 4 Comparison of present method and e"
method with the airfoil experiment of M_t_ et al. =0
, Rec = 2 million,a = -0.5 °

with experiment for both upper and low sudaces. A sim-
il_ conclusionisreaz.hedfor Rec = 6 x I06 as shown in

Fig. 5. It is to be noted however, that for this case, the cur-
rent model overpredicts skin friction over part of the airfoil

wiRle giving reasonable estimates of onset location. It is

difficult to pinpoint the cause of the discrepancy in skin
friction for this case especially when good agreement for

the other cases was indicated. Possible contributing fac-

tors may be the expression used to describe intermittency



Cf

0.011

Figure 5 Comparison of present method and e _

method with the airfoil experiment of l_Iateer et al. =°
, R.¢c = 6 million, c== -0.5 °

Cf

o._o

-0.0(]61

NS Resins of Mamer. = LI.

..... Present MethoO. BL CoOs

aal.

0.0 0,2 oA o.$ oA 1.o

X/C

Figure 6 Comparison of present method and e _
method with the airfoil experiment of Mateer et al. 2°
, R,.¢,== 2 million, <z= 3.5°

or increased blockage in the tunnel.

For higher angles of attack, the present method and

e n methods are somewhat comparable in their predic-

tions. Figure 6 compares calculations for a = 3.5 ° and
Rec = 2 x l0 s. It is to be noted that both models over-

estimate skin friction on the upper surface. For the upper
surface, both models predict transition at the location of

separation. However, for the lower surface the present
method predicts a location slightly upstream of the loca-

tion of laminar separation. For this case, the e n method

predicts transition at the location of laminar separation for
both upper and lower surfaces.

The next set of comparisons address transition re_ing
from crossflow instabilities. Figure 7 shows the coordinate

system used for the swept wink and swept plate geome-

tries.For these cases, available data give transition onset
locationsY T'2z-23 Unfortunately, skin friction data is not

provided. Moreov_, flow separation does not play any
role in determining tranmtion onset in available data. As

a result, computations presented for CF instabilities were

Figure ? Coordinate system on the swept wing m
fiat plate

1.0

Cp o.s _

o.o

• 1.0 .... ' " ' ' ' i .... t .... i .... i
o.o 02 0.4 0.8 0JI t .o

xjc

Figure 8 NLF(2)-0415 airfoil geometry and compm
son of experimental and computed pre_ure coefficie_
on the upper surface.

based on a three-dimensionalboundary layer code suit_

for calculatingin6nite swept wings. For such flows,tl

boundary layerequations do not depend on the spanwi:
coordinate.24

The infiniteswept wing experiments of Dagenhart ,

al.21 and Radeztsky et al.Iv use a 45° swept wing with

NLF(2)-0415 cross-sectionat -4 ° angleofattack.Figure

illustratesthe NLF(2)-0415 profileand compares the e_

perimental pressure coefficienton the upper surfacewit

the computed resultsused inthe presentstudy. Trausitic

onset was determined by naphthalene flow visualizatioz

The experiments of Mfller and Bippes_ and Deyhle an

Bippes22 employed swept fiatplatesunder the action c

favorablepressuregradients.The pressurecoefficientme_

sured in the experiment isshown in Figure 9 for the thre
tunnelsused inthe tests.Transitiononsetwas determine

by the locationwhere r = 0.5

To facilitatecomparisons with experiment, transitio

onset was selectedto be the point where r = 0.5. ThJ

assumes that the data reported in Radeztsky et al.lzcorr_

sponds to a locationwhere r = 0.5.As noted from Fig. 1(

which compares present theory with the data of Rade_

sky et al.,IT excellentagreement isnoted for allReynold

numbers and surfacefinishes.For rms measured levelsc



Table 3 Comparison of P_e=c._r values at 50% intermittency predicted by the present meChod and measured in the
swept plate experiments of Deyhle and Bippes.==

Facility Tu Plate Surface Experimental Present Error [%)
Re=,tr (xl05) Re=._,. (xl05)

NWB 0.08 Wooden plate, R_ = 6prn 6.5 8.04 23.7

IMK 0.15 Plate _ith sandpaper. R= = 40Urn 6.8 6.12 10.0

Wooden plate,/_: = 6gin 7.5 7.49 0.13

Aluminum plate, sanded. R.. = 5_rn 7.7 7.63 0.9

Aluminum plate, polished. R.. = 1.8_rn 8.3 8.48 2.17

0.27 Aluminum plate, polished./_ = 1.8#m 7.8 7.11 8.85

0.57 Aluminum plate, sanded. R_ = 5,rn 5.4 2.18 59.6

1MK/screen
NWG

1.0q

00

0.6

C_
0.4

¢2

0.0

0.0 02 0.4 0.$ 0J 1.0

xjc

Figure 9 Experimental pressure coefficient along the
swept plate of Deyhle and Rippes==

O.S

O.8

O.?l

o.6

O.4

O.3

0J!

..... _ (0_ AklS)

.I RMS)•, _ (0_m RMS)
•", _X • E,_mmem(_,m)

T,,,,! .... i .... i ..

m m

Re=

Fiware 10 Comparison of the present method with the
experimental data of Rad_tsky et aL IT

surface roughness, a _usoidal distribution is a._umed and

a "peak-to-peak" roughaess level is established by multi-

plying the rms value by v_. The calculations assume a

freestream intensity, Tu = 0.09, reported by Dagenhart. 2s

Table 3 compares present predictions with measure-

meats reported by Deyhle and Bippes ra using three dif-
ferent facilities and a variety of surface finishes. The 1MK

tunnel is the 1 x .07m 2 DLR facility in C-_ttiagen, the

NWB tunnel is the 3.25 x 2.8 m 2 DLR facih'ty in Braun-

schweig, and the NWG tunnel is the 3 x 3 m= DLR facility

in GSttingen. As may be seen from the table, excel-
lent agreement is indicated for measurements taken in

the 1MK facility. However, onset is overpredicted in the

NWB tunnel and underpredicted in the NWG tunnel. The
cause of the discrepancy in the NWB tunnel is not clear.

On the other hand, the intensity in the NWG facility is

high enough so that a by-pass mechanism may have been

present.

CONCLUDING REMARKS

The present approach has developed, in the context of

a CFD tool that employs turbulence modeling, a unified

descriptionfor laminar, transitional,and turbulentflows.

It allows for the presence of laminar fluctuations and treats

them in a manner similar to that of turbulent flows. As

a result, one can calculate the complete flowfield without

having to use stability codes and at a cost comparable

to that of existing CFD codes that employ two-equation
turbulence models.

Although the e n method or linear stability codes were

not used in the calculations, results of stability theory

played an important role in determining expressions for
the eddy viscosity resulting fzom laminar fluctuations. Be-

cause the physics underlying T-S or CF instabilities are

different, corresponding stress-strain laws governing the
flowtield are different. Further work is needed to develop a

stress-strain law that encompasses the effects of all relevant
instabilities.
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