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Variable N-Factor Method for Transition Prediction
in Three-Dimensional Boundary Layers

J.D. Crouch* and L. L. Ng'
The Boeing Company, Seattle, Washington 98124-2207

Linear amplitudemethods are presented for estimating the location of transition caused by crossflow instabilities,
intended for moderate- to low-turbulence environments. A linear amplitude-based method combines receptivity,
linear growth, and an amplitude correlation for predicting transition. Information about the model surface finish
(and/or suction distribution) and the freestream disturbance environment is accounted for through the receptivity
process. The variable N-factor method is presented as a limiting case, following simplifying assumptions about the
receptivity. Transition N factors are presented as a function of the surface roughness. Results show a very good
correlation between the variable N-factor method and experimental data.

I. Introduction

OUNDARY-LAYER transition can play a significant role in

estimating airplane aerodynamic performance. Two types of
applications that are most sensitive to boundary-layertransition are
laminar-flow control applications and separation-sensitiveapplica-
tions (e.g., high-lift design or analysis at off-design conditions).
Laminar-flow control seeks to exploit the rather large differencesin
skin friction between laminar and turbulent boundary layers. High-
lift and off-design applications are usually seeking to maximize
performance, subject to a large number of constraints, without the
adverse effects of large-scale separation.

Motivated by these two types of applications, we presenta simpli-
fied linear amplitude method for estimating the transitionlocation—
trying to balance the desires for improved physical accuracy and
for ease of use. Different applications may require different bal-
ances between these two desires. Thus, there is a need for a hierar-
chy of methods with incrementally increasing levels of ease of
use and, most likely, incrementally decreasing levels of physical
accuracy.

Airplane-performance estimation uses both computational fluid
dynamics (CFD) and wind-tunnel testing to predict the airplane
characteristicsin flight (see, for example, Ref. 1). Wind-tunnel test-
ing is usually done at Reynolds numbers well below the flight con-
dition. If the flow fields at wind tunnel and flight Reynolds num-
bers are qualitatively similar, the Reynolds-number effects can be
accounted for through scaling. This approach may not be viable
for transition-sensitive flows because the occurrence of transition
provides a qualitative (nonscalable) change in the boundary-layer
state. In some cases the low-Reynolds-numberboundary layers can
be tripped to improve scaling of the results to high Reynolds num-
bers. This may not be achievable in cases such as high-lift testing
because of the large variations in the attachment-line position over
the range of angles of attack.? For these conditions, some account
must be given for the occurrence, or nonoccurrence,of transition.

Transition prediction for aerodynamic flows is usually based on
the ¢ method*>* An overview of this method is given in Reed
et al.> In this method the total growth of a family of boundary-
layer instability modes is calculated based on linear stability theory.
When the total growth exceeds some empirically defined threshold
eV, transitionis said to occur. The value of N is based on a collection
of wind-tunnel or flight-testdata. This method can be very effective
when applied to conditions close to the calibration data.
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The eV method considersonly the linear growth of disturbances—
all other physics (including excitationand nonlinearbreakdown) are
empirically incorporated into the value of N. If the value of N is
calibrated for a particular wind tunnel (with given turbulence and
acousticbackgroundlevels), there is no a priorireason to expectthat
value of N to be consistent with observationsat other wind tunnels.
Likewise, if the value of N is calibrated for a particular model (with
given roughness and waviness characteristics), there is no reason
to expect that value of N to be consistent with measurements for
different models.

A transition-predictionapproachbased on finite-amplitudedistur-
bances can avoid many of the shortcomings of the ¢ method. The
finite-amplitude approach involves receptivity, instability growth,
and some criteria for transition onset.

Given sufficient information about the freestream environment
and the aircraft geometry and surface finish, a nonlinear amplitude-
based prediction method can be expected to yield the best estimates
of the transition location. To actualize the potential of these meth-
ods, detailed information is required about the surface finish and
the freestream disturbanceenvironment. These methods also require
additionalcomputationaleffort comparedto linear-stabilitycalcula-
tions. The level of computational effort depends on the initial spec-
trum and in some cases can be quite significant. Nonetheless, these
methods can be very important to applications such as laminar-flow
control when the fidelity of the prediction may be critical.

Other applications, which have less stringent accuracy require-
ments, may be amenable to simpler linear-amplitude methods. To
accommodatethese various applicationsand constraints,a hierarchy
of transition-prediction methods is required—from nonlinear am-
plitude methods, to linear amplitude methods, to variable N-factor
methods.

II. Linear Amplitude Methods

for Transition Prediction

In many applications the use of nonlinear-interaction methods
may notbe justified, which can be motivated by the need for reduced
computational effort or by the lack of sufficient initial-condition
data. Uncertainties in the initial amplitudes may outweigh the im-
proved accuracy of the nonlinear calculationAransition criteria. A
linear amplitude-basedmethod providesthe potential for significant
improvement over the traditional e¥ method, without a significant
increase in the computational effort.

Mack® suggested a linear amplitude-basedmethod as a means of
explainingthe experimentally observed dependenceof transition on
the freestream turbulence level. At the time of his study, there were
no analytical/humerical models for the various receptivity mech-
anisms that excite the instabilities. Focusing on turbulence as the
source perturbation, Mack proposed an amplitude-based method
for Tollmien-Schlichting (TS) wave transition in two-dimensional
boundary layers. This method used experimental data to link the
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linear instability amplitudes to the freestream turbulence intensity
(to the power 2) and to the occurrence of transition. The experimen-
tal data showed an N-factor variation proportional to the turbulent
intensity to the power 2.4 in reasonable agreement with the linear-
amplitude approximation.

Here we exploit more recent developments in the understand-
ing of receptivity to formulate linear-amplitude methods for three-
dimensional boundary layers. These methods are aimed at mod-
erately low-disturbance environments with a turbulent intensity
Tu=[u?+ v? + w?)/3]"? up to Tu= 0.2%. The focus is on
crossflow (CF) instabilities where the primary source perturbations
are surface roughnessand/or suction variations. At moderate turbu-
lence levels the freestream turbulenceis also consideredas a source
perturbation for traveling CF instabilities.

A. Infinite Swept-Wing Flow

We introduce a coordinatesystem x, y, z, where x is chordwise,
z is spanwise, and y is normal to the surface; the corresponding
velocities are u, v, w. For the discussion of transition prediction,
the unperturbed boundary layer (base flow) is assumed to be span-
wise independent,d/0z =0. Disturbance growth is then limited to
the chordwise direction.” Linear modes preserve dimensional fre-
quency o and dimensional spanwise wave number 3 at different
chordwise positions. Focusing on the chordwise velocity compo-
nent, the disturbance velocity can be written in the form

u(x’ y,Z,t) =ﬁ(x,y;ﬂ’ w)eiﬁz—iwt (1)

where & dependson 8 and o parametrically. In general, the instabil-
ity variationin x is characterized by a chordwise wave number a.
This wave number varies with chordwise position and is a function
of the frequency and spanwise wave number a = a(x; 8, ®).

B. Independent Routes to Transition

The use of a linear-amplitude correlation implies that the various
modes of instability evolve independently. Transitionis given by the
first occurrence of an instability mode (i.e., TS or CF instability) ex-
ceedingits linear transition amplitude. Some nonlinear dependence
between the modes can be empirically accounted for by allowing
the transition amplitude of one mode to be a function of the linear
amplitude of another. This is analogous to varying the TS-wave N
factor as a function of the CF-instability N factor.

In addition to the distinctionbetween TS and CF instabilities, we
consider stationary and traveling CF instabilities as distinct families
of modes. This is motivated by the differentreceptivity mechanisms
that generate these instabilities. Stationary CF instabilities are ex-
cited directly by steady surface variations; traveling CF instabilities
require an unsteady source such as freestream turbulence. The rela-
tive importance of stationary and traveling CF modes dependson the
freestream turbulencelevel and their relative growth. These distinc-
tions lead to three different families of modes: TS waves, stationary
CF instabilities, and traveling CF instabilities. The focus here is on
stationary and traveling CF instabilities.

C. Linear Amplitude Variation
Starting from an initial-amplitude spectrum at xy, A(x¢; B, ®),
the chordwise-varyinglinear amplitude is given by

A(x; B, ) = A(xy; B, a))gN(xomﬁ,w) @)

The factor N(xp,x; B, w) characterizes the linear amplification
of a given mode from x, to x, N(xg, x; B, ®) = t[A(x; B, ®)/
A(xo; B, w)]. If xq is taken to be the neutral-point location x; for
a given mode, A(x;; B, o) is the effective branch-/ amplitude, and
N(x;, x; B, o) is the usual amplification N factor. The linear growth
can then be calculated using a typical e¥ method.

The N factor may be based on a quasiparallel application of the
Orr-Sommerfeld equation or of a reduced lowest-order equation
An alternativeapproachfor calculatingthe linear growth would be to
apply the parabolized stability equations (PSE), which also account
for nonparallel effects.” !

For a given family of primary-instability modes (e.g., TS waves,
stationary CF instabilities), transitionis assumed to occur when any

mode within the family reaches a given threshold amplitude Ar.
The transition-onsetlocation x7 is determined by the condition

nl}ax A(xy; B, ) = Ar 3)

The value of A7 is determined empirically and will show some de-
pendence on the environmental conditions. Each family of modes
has its own value of A, which we write as Agcr and Aqcr for sta-
tionary CF instabilities and traveling CF instabilities, respectively.
Note that A7 is an effective linear amplitude and thus may not cor-
respond to the measured transition amplitude of an experiment.

The combination of Egs. (2) and (3) provides a link between
transition and the initial disturbance levels. This requires a recep-
tivity calculation in addition to the linear-stability calculation. The
transition prediction is described by three (somewhat distinct) ele-
ments: the receptivityamplitudes A(x,; B8, w), the instability growth
N(x¢, x; B, ®), and the transition-amplitudecriteria A7 . The values
of Ay (for the different instabilities) are based on empirical criteria,
but the initial amplitudes and the linear growth can, in principle, be
determined theoretically.

III. Variable N-Factor Method

The idea of variable N factorsis not new—in fact, the value of N
often varies from one application to another. This is not surprising
becauseall of the receptivity and nonlinear physics are incorporated
into the N factor. Each new application requires a new calibration
for N. To expand the applicability of the ¢” method and reduce the
need for calibration,a systematic (a priori) variation of the N factor
is required.

Mack® provides one of the earliest attempts to systematically
model the variationof N associated with TS-wave transition. Using
flat-plate wind-tunnel data, Mack deduced a variation of N with the
freestream turbulence intensity 7 u:

N = —8.43 — 2.4 (Tu) “

Avalueof N =9isobtainedfora turbulenceintensityof 0.07%. This
correlationappearsmost useful at higher turbulencelevels where the
turbulencecan be a dominantsource of instability excitation. At low
turbulencelevels (below Tu = 0.2%), acoustic fluctuations play an
equal or greater role in influencing TS-wave transition.

Here we focus on CF instabilitiesin low-to-moderatedisturbance
environments. Crouch'? and Radeztsky et al.'® have suggested that
the stationary-CF N factor may be linked to surface roughness. The
variable N-factor method is considered as a limiting case of the
linear-amplitude method presented in Sec. II. The value of N is
varied in accordance with the receptivity theory, and the effective
linear amplitude at transition is assumed to be a constant for a given
type of instability. Thus the range of applicability of the N-factor
methodis extended by including the receptivity in the value of N at
transition.

A. Receptivity Approximations

An amplitude-based method requires the ability to determine the
initial amplitudes for the relevantinstability modes. Reviews of the
basic receptivity physics and summaries of the different receptivity
mechanisms are given in the papers of Goldstein and Hultgren,'
Saric et al.,”> Wlezien,'® Choudhari and Streett,'”” and Crouch.'®
Here, the dominant surface variation is considered to be nonlocal-
ized with a nearly uniform spectrum over the range of unstable
wave numbers. The details of the spectrum can be neglected, and
the surface roughness (or suction) variation can be characterized
by the nondimensional rms variation 6. The freestream turbulence
is characterized by the turbulence intensity T'u. Stationary CF in-
stabilities are excited by surface roughness or by variations in the
surfacesuction velocity. Assuming that the nonlocalized-receptvity
coefficient varies weakly over the band of relevant modes, we can
write the effectivebranch-/ amplitude for stationary CF instabilities
as

A(xp; B,0) = 5CSCF (5

The receptivity coefficient Cscr depends on the details of the recep-
tivity process, but is considered to be independent of 3.
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The excitation of traveling CF instabilities involves unsteady
freestream disturbances, possibly in combination with surface
roughness (or suction variations). Receptivity analyses show the
acousticreceptivity for traveling CF instabilitiesresultsin initialam-
plitudes much smaller than the stationary-CF amplitudes generated
by the same surface roughness (or suction). Estimates based on an
acoustic amplitude of approximately 0.01% of the edge velocity
show an initial stationary-mode amplitude 100 times larger than a
corresponding traveling mode.'? This suggests a strong bias toward
stationary CF modes in low-disturbance environments.'>-!? A bias
toward stationary modes was observedin the experiments of Muller
and Bippes? and Takagi et al.>'; however, as the level of freestream
disturbances is increased, traveling CF instabilities become more
important?? Likewise, Takagi and Itoh?> have shown that a reduc-
tion in surface roughness, with fixed freestream disturbance levels,
increases the importance of traveling CF instabilities.

The combination of the experiments and the analysis suggests
that the excitation of the traveling CF modes is more the result of
turbulence than of acoustic fluctuations. Neglecting the details of
the surface-variationand turbulence spectra and assuming a linear
dependenceon 6, the branch-/ traveling-CF amplitude is written as

A(xp; B, w) = 8Crer (6)

The receptivity coefficient Crcr depends on the turbulenceintensity
Tu, but is considered to be independent of 8 and ®. Equation (6)
implies that the receptivity results from a coupling between the
turbulenceand the surface variation. A more explicittreatmentof the
turbulence level will require a better understanding of the detailed
mechanism by which the traveling modes are excited.

The value of & is based on local scaling in the neighborhood
of the neutral points, x =x;. For surface roughness or waviness &
is an rms height nondimensionalized by the local boundary-layer
displacement thickness 6* based on the streamwise velocity profile.
For surface suction 6 is an rms velocity nondimensionalized by
the local edge velocity. Thus the variable N factor accounts for
some of the unit-Reynolds-numbereffects throughthe local scaling.
A change in the unit Reynolds number will change the reference
quantitiesata given chord positionand, in some cases, also the chord
position of the neutral points. Further details about the receptivity,
including some receptivity coefficients, are given in Ref. 18.

B. Stationary CF Transition

For low-disturbance environments, experiments show a signifi-
cantbias toward stationarymodes of CF instability. The experiments
of Takagi et al.2! show no significant traveling CF instability with
a turbulence intensity of Tu ~ 0.02%. At higher turbulence levels
traveling CF modes become important and eventually the dominant
mode of CF instability.??

Focusing on low-disturbance environments the transition can be
expectedto correlatemost strongly with the stationary CF-instability
amplitude. Combining Eq. (5) with Egs. (2) and (3), the stationary
CF amplitudes at transition satisfy the condition

mEX[CSCSCFeN(X"XT;ﬁ’O)] = Ascr (7

Introducing Ngcr as the stationary CF-instability N factor at transi-
tion, Eq. (7) becomes

Ascr
Nscr = max[N(x;, x7; B, 0)] = bn (——) (8)
p Cscr
Expanding the right-hand side of Eq. (8) and introducing Nscro =
fa( Ascr/ Cscr) gives

NSCF = NSCFO - En(g) (9)

The quantity Nscpo = f(Ascr/ Cscr) is a reference N factor that
depends on the particular nondimensionalizatimm of 6. The form
of Eq. (9) is in agreement with the analysis of Crouch'? and the
observations and suggestions of Radeztsky et al.!*

For given levels of roughness (or suction variation) &, the station-
ary CF instability N factor Ngcr can be experimentally determined.
The value of Nscro can then be backed out of Eq. (9). Alternatively,

Cscr can be calculated from receptivity theory and combined with
Agcr to calculate Ngcgg. With Ngcpg known, the N factor for any
value of the roughness (or suction) is given by Eq. (9).

C. Traveling CF Transition

As discussedin Sec. IIL.A., traveling CF instabilities play a dom-
inantrole in transition for higher freestream disturbance levels. For
these conditions the transitionlocationis linked to the traveling CF
amplitude. Combining Eq. (6) with Egs. (2) and (3), the traveling
CF amplitudes at transition satisfy the condition

Hl}aX [5CTCF€N(X"XT%{")] = Arcr (10)

Introducing Ntcr as the traveling CF-instability N factor at transi-
tion, Eq. (10) becomes

Arcr
Nrcr = max[N(x;, x7; B, @)] = la (—_ 11
B.o 5CTCF
Expanding the right-hand side of Eq. (11) and introducing Ntcpo =
b( Arcp/ Crcr) gives

Nrce = Nicro — E«(é‘) (12)

In this case the reference N factor Ntcpo dependson the turbulence
intensity 7'u. The value of Ntcgy is determined from an experimental
Nrcr for a given level of roughness (or suction variation) & and a
given turbulence intensity 7'u using Eq. (12).

IV. Variable N-Factor Results

Figure 1 shows the variation of the stationary CF instability N
factor for different levels of surface roughness. The symbols show
the experimental data of Radeztsky et al.!* based on quasiparallel N
factors. Radeztsky et al.'* have noted that the CF-instability ampli-
tude ratios appeared to vary as the inverse of the roughness height
and that this provided a potential quantitativelink between N factors
and roughness. The datapoints are for the highestReynolds numbers
consideredfor each surfaceroughnessin order to avoid cases where
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Fig.1 Stationary CF-instability N-factor variation with surface rough-
ness level (Ngcro =2.3). Quasiparallel calculations based on experi-
ments of Radeztsky et al.'3; Tu =0.02%.
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Fig.2 Stationary CF-instability N-factor variation with surface rough-
ness level (Ngcrg = 3.5). Nonparallel calculations based on experiments
of Radeztsky et al.'3; Tu =0.02%.



214 CROUCH AND NG

14 =~ J T TTTTTT T T TTTTIT T T TTTTIT

N SCF

4 1 IIIIIIII 1 IIIIIIII i L 11 1ill
1074 1078 1072 107!

roughness level, &=h_ /6"

Fig.3 Stationary CF-instability N-factor variation with surface rough-
ness level (Ngcpo =5.0). Quasiparallel calculations based on experi-
ments of Deyhle and Bippes??; Tu = 0.15%. The solid line is from Fig. 1
(Nscro =2.3).
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Fig.4 Stationary CF-instability N-factor variation with surface rough-
ness level (Ngcrg =7.0). Nonparallel calculations based on experiments
of Deyhle and Bippes*?; Tu=0.15%. The solid line is from Fig.2
(NSCF 0= 3.5).

the transition occurred close to the pressure minimum. Additional
details for the calculationsare givenin the Appendix. The freestream
turbulenceintensityis Tu =0.02% over the range 2 Hz-1 KHz; de-
tailed measurements show vortical disturbancesto be dominantover
acoustic disturbances in this frequency range. Transition locations
are based on naphthalene flow visualization and correspond to the
location of the rapid rise in u’. The roughness height §is an integral
rms level filtered 20-1500 num. These length scales are below the
wavelengths for the instabilities, but the rms values should provide
a representative measure of the roughness. The roughnessheight is
nondimensionalizedby the streamwise-profile displacement thick-
ness &* at the neutral point location for the critical mode (i.e., the
mode with the maximum value of N atx; ). The solid line is obtained
from Eq. (9) with Ngcgo =2.3, determined from the experimental
fit. This comparison shows a good correlation between the variable
N factor surface roughness.

Figure 2 shows the variationof the stationary CF N factor for the
experimental data of Radeztsky et al.,'* now based on nonparallel
N factors calculated using the PSE code ECLIPSE** (see the Ap-
pendix for details). When the nonparallel and curvature effects are
included, the reference N factor is increased to Ngcrg =3.5. The
shift of the data points toward higher roughness values (compared
to Fig. 1) is caused by the upstream movement of the nonparallel
neutral points. The degree of correlationis slightly improved by the
inclusion of the nonparallel and surface-curvatureeffects. This rel-
atively small change can be expected because the nonparallel and
surface-curvatureeffects occur primarily in a narrow zone near the
leading edge and the net change in growth rate is about the same for
all of the cases considered. When consideringa different model, the
N factors based on nonparallel and surface-curvature effects may
provide a better correlation.

Figure 3 shows the variationof the stationary CF N factor for the
experimental data of Deyhle and Bippes? based on quasiparallel
analysis as described in the Appendix. The rms roughness levels
were estimated from the measured peak-to-peak values by divid-
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Fig.5 Traveling CF-instability N-factor variation with surface rough-
ness level. Quasiparallel (©, Nycrg=9.4) and nonparallel (O,
Nrcro=12.8) calculations based on experiments of Deyhle and
Bippes??; Tu=0.15%.

ing by 2 /2. The freestream turbulence intensity for this case is
Tu =0.15% over the range 2 Hz-2 KHz; measurements show vor-
tical disturbances to be dominant over this range of frequencies.
These data do not collapse as well as the results of Fig. 1. In addi-
tion, the reference N factor (used for the dashedline) is Ngcgg =5.0
compared to a value of 2.3 from Fig. 1. Nonparallel calculationsare
presented in Fig. 4. Inclusion of the nonparallel effects does not
improve the level of collapse or the degree of comparison with the
Nscro value from the Radeztsky et al. data.!®> The differences in
the correlations for the two experiments may be caused, in part, by
differences in the measures and filters used for the rms values.

These differences may also be the result of differences in the
turbulent intensity. This would suggest that larger linear transi-
tion amplitudes are achieved in higher-turbulenceflows. In fact, at
Tu =0.15% traveling CF instabilities may be more strongly linked
to the occurrence of transition. Experiments of Muller and Bippes*®
show stationary CF instability to have larger amplitudes than travel-
ing CF instability at Tu =0.08%; however,at Tu =0.15% the trav-
eling CF is initially larger. The experiments of Deyhle and Bippes*?
show an increasingrole of traveling CF modes as the turbulencein-
tensity is increased. When the turbulencelevel exceeds Tu = 0.2%,
the traveling modes become dominant.

Figure 5 shows the variation of the traveling CF N factor for the
experimental data of Deyhle and Bippes®?; both quasiparallel and
nonparallel results are given (see the Appendix for additional de-
tails). The data compare very well with the traveling CF variable N
factor using a reference value of Nycpg =9.4 or 12.8 for quasipar-
allel or nonparallel calculations, respectively. The results of Fig. 5
were based on the traveling-CF receptivity described by Eq. (6).
Note, however, that similar results could be obtained even if the
traveling CF receptivity were independent of the roughness &; this
would occur if the traveling-CF transitionamplitude Arcr depended
linearly on the stationary-CF amplitude (which depends on d).

To the degree that the linear approximationis justified, the results
of Figs. 3-5 suggest that traveling CF instabilities are dominant
for transition at turbulence levels Tu = 0.15%. This is further sup-
ported by the results of Masad and Abdelnaser?® Their analysis
suggests that traveling CF instability is responsible for transitionin
the swept-cylinder experiments of Poll,?® which were conducted at
a moderately low turbulence level, Tu < 0.16%. The stronger am-
plification of the traveling CF instabilities can offset a receptivity
bias toward stationary modes.

The transition data of Poll?® were reasonably well correlated with
anonparallel traveling CF-instability N factor of 15 (Ref. 25). Cal-
culationsof Malik and Balakumar®’ show very little N-factorchange
resulting from the combined nonparallel and surface-curvature ef-
fects for the experimental configuration of Poll.?6 From Fig. 5 an N
factor of 15 would correspond to an rms roughness level of approx-
imately 0.0045" based on a quasiparallel results and 0.115" based
on nonparallel results. For an estimated neutral-pointdisplacement
thickness 6"~ 0.1 mm the corresponding rms surface roughness
would be /1,5 = 0.4 or 10 um for quasiparallelor nonparallelcorre-
lations, respectively. The actual roughness level was not measured
in the experiment.
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Based on the experimentalresults and correlations, the estimated
transition is linked to the stationary CF instabilities for very low
turbulence intensities 7u ~ 0.02% and to the traveling CF insta-
bilities for moderate turbulence intensities Tu = 0.15%. Further
refinements will require additional experimental data at different
turbulence levels.

V. Conclusions

The variable N-factor method provides an improvement over
the usual N-factor approach without additional computation. This
method could be very useful for applications in which the distur-
bance environment and the model finish are only known by some
nominal measures and/or a minimum computational effort is re-
quired.

The variable N factor assumes a correlation between the transi-
tiononsetand the linearamplitude of the relevantinstabilities.Initial
amplitudes for the instabilitiesare linked to the nonlocalizedrecep-
tivity through a simplified model. The method requires a measure of
the surface roughness variation, or surface suction variation, in the
neighborhood of the instability neutral points (where nonlocalized
receptivity occurs). Significant localized receptivity sources, such
as a single row of roughness elements, are not accounted for in the
N-factor variation.

Results show good agreement between the variable N-factor
method and experiments for CF-instability transition. For low-
turbulenceenvironments 7u = 0.02%, the transition onset is linked
tostationary CF instabilities. Values for the stationary CF-instability
N factorare presentedbased on the experimentsof Radeztskyet al.!3
For moderate-turbulenceenvironments with 7u = 0.15%, the tran-
sition onset is linked to traveling CF instabilities. Values for the
traveling CF-instability N factor are based on the experiments of
Deyhle and Bippes.2? Variable N factors are presented as a function
of the normalized rms surface-roughnessvariation for both station-
ary and traveling CF instabilities.

Appendix: N-Factor Calculations

Details for the calculations of Figs. 1-5 are given in
Tables A1-AS5, respectively. The variables presented include
Reynolds number Rc = Q. C/ v, streamwise displacement thick-
ness at the critical-mode neutral point 6*, nondimensional rough-
ness height 6 =h,,/ 6", transition N factor Ngcr or Nicg, and the
critical-mode spanwise wavelength A.. The wing chord C is mea-
suredin the directionof the freestreamvelocity Q. . The nonparallel
N factors are based on the chordwise u-profile maximum.

The calculations for the experiment of Radeztsky et al.'* are
based on their Fig. 2 and on the computational Cp given in Haynes
and Reed.?® Earlier studies have shown good agreement between
theory and experiment for instability growth?® and for localized
receptivity” based on these flow conditions.

The calculations for the experiment of Deyhle and Bippes?
are based on the 1 MK Cp given in their Fig. 3. The effective
freestream velocities and sweep angle 43.5 deg were used, resulting
in edge conditions in agreement with Deyhle and Bippes’s Fig. 5

Table A1 Quasiparallel results for stationary CF used in
Fig. 1, based on the experimental results from Radeztsky
et al.'® (Fig. 4)

RC 5*, mm S NSCF /‘Lz, mm
hyms = 0.25 pm

3.0 X 10° 0.20 0.0013 9.2 10

3.3 x10° 0.18 0.0014 9.2 9

3.6 xX10° 0.16 0.0016 9.0 8
hyms = 0.51 pm

2.6 X10° 0.23 0.0022 8.9 11

3.2 X10° 0.18 0.0028 7.9

3.7 x10° 0.15 0.0034 7.8 8
Ryms = 3.3 um

2.2 x10° 0.27 0.012 6.9 12

2.5 x10° 0.22 0.015 6.2 10

3.0 X 10° 0.18 0.018 5.8 8

3.5 x10° 0.15 0.022 6.3 7

Table A2 Nonparallel results for stationary CF used in
Fig. 2, based on the experimental results from Radeztsky
et al.!® (Fig. 4)

RC 5*, mm S NSCF /‘Lz, mm
hyms = 0.25 pm

3.0 X 10° 0.14 0.0018 9.8 10

3.3 x10° 0.13 0.0019 10.0 10

3.6 X 10° 0.13 0.0019 9.9 9
hyms = 0.51 pm

2.6 X 10° 0.16 0.0032 9.4 12

3.2 x10° 0.13 0.0039 8.8 9

3.7 x10° 0.12 0.0042 8.8 8
Ryms = 3.3 um

2.2 X10° 0.18 0.018 7.5 13

2.5 X10° 0.16 0.021 7.2 11

3.0 X 10° 0.14 0.024 6.8 9

3.5 x10° 0.12 0.028 7.4 8

Table A3 Quasiparallel results for stationary CF used in
Fig. 3 for Tu =0.15%, based on the experiments of Deyhle

and Bippes??
RC 5*, mm S NSCF /‘Lz, mm
1.04 X 10° 0.35 0.040 9.0 11
1.15 X 10° 0.32 0.0066 9.9 11
1.18 X 10° 0.32 0.0055 10.0 11
1.27 X 10° 0.30 0.0021 10.7 10

Table A4 Nonparallel results for stationary CF used in
Fig. 4 for Tu =0.15%, based on the experiments of Deyhle

and Bippes??
RC 5*, mm S NSCF /‘Lz, mm
1.04 X 10° 0.24 0.059 10.7 12
1.15 X 10° 0.23 0.0092 11.5 11
1.18 X 10° 0.23 0.0077 11.7 11
1.27 X 10° 0.22 0.0029 12.4 10

Table A5 Quasiparallel and nonparallel results for
traveling CF used in Fig. 5 for Tu =0.15%, based on
the experiments of Deyhle and Bippes®?

RC 5*, mm S NTCF /‘Lz, mm
Quasiparallel

1.04 X 10° 0.36 0.039 12.9 12

1.15 X 10° 0.32 0.0066 14.2 11

1.18 X 10° 0.32 0.0055 14.5 11

1.27 X 10° 0.30 0.0021 15.5 11
Nonparallel

1.04 X 10° 0.25 0.057 15.9 12

1.15 X 10° 0.23 0.0092 17.2 11

1.18 X 10° 0.23 0.0077 17.5 11

1.27 X 10° 0.22 0.0029 18.7 11

for O, =20.5 m/s. The traveling CF instability results in Table A5
are for the most amplified frequency f =180 Hz.
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