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Effect of Isolated Micron-Sized Roughness
on Transition in Swept-Wing Flows

Ronald H. Radeztsky Jr.,* Mark S. Reibert,! and William S. Saric*
Arizona State University, Tempe, Arizona 85287-6106

Boundary-layer transition-to-turbulence studies are conducted in the Arizona State University Unsteady Wind
Tunnel on a 45-deg swept airfoil. The pressure gradient is designed so that the initial stability characteristics
are purely crossflow dominated. Flow-visualization and hot-wire measurements show that the development of
the crossflow vortices is influenced by roughness near the attachment line. Comparisons of transition location
are made between a painted surface (distributed 9-p2m peaks and valleys on the surface), a machine-polished sur-
face (0.5-pm rms finish), and a hand-polished surface (0.25-,m rms finish). Then isolated 6-ysm roughness elements
are placed near the attachment line on the airfoil surface under conditions of the final polish (0.25-p:m rms). These
elements create an enhanced packet of stationary crossflow waves, which results in localized early transition. The
diameter, height, and location of these roughness elements are varied in a systematic manner. Spanwise hot-wire
measurements are taken behind the roughness element to document the enhanced vortices. These scans are made at

several different chord locations to examine vortex growth.

Nomenclature
c = chord
D = diameter of roughness
k = height of roughness
N = linear stability amplification factor, n(u'/ug)
Re. = chord Reynolds number
Rer  =roughness Reynolds number
x = distance along chord, m
Xxy/c = transition location
y = wall-normal coordinate, m
z = distance along span, m
o = angle of attack
A = stationary crossflow vortex wavelength along span
Aot = stationary crossflow vortex wavelength
) = traveling-wave frequency

1. Introduction

HE present investigation is a continuation of previous efforts

to determine the fundamental nature of the crossflow instabil-
ity that is characteristic of the breakdown to turbulence in three-
dimensional boundary layers that are found in swept-wing flows.
Reviews of the current literature and problems are given by Reed
and Saric! and Reed et al.

This experiment uses the NLF(2)-0415 airfoil® as the basic test
configuration. The model has a pressure minimum on the upper
surface at approximately x/c=0.71 (see Fig. 1) and, thus, is an
ideal crossflow generator when swept. Specially designed wall lin-
ers within the wind-tunnel nozzle and test section produce an infinite
swept-wing flow with no spanwise gradients.* Standard boundary-
layer codes® are used for this configuration. The pressure fields and
undisturbed boundary-layer profiles have been thoroughly docu-
mented and are in agreement with the calculations.*'¢

With a 45-deg sweep and a small negative angle of attack, the
favorable pressure gradient produces a boundary-layer flow that is
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subcritical to Tollmien—Schlichting (T-S) wave formation at moder-
ate chord Reynolds numbers, but produces considerable crossflow.
This permits the isolated examination of the crossflow stability prob-
lem. The instability at @ = —4 deg was analyzed using the MARIA
and SALLY stability codes. Although it is recognized that more
complete codes can be used, e.g., by Reed et al.,*> these were used
primarily as design codes to produce a general picture of the stability
behavior. At a chord Reynolds number of Re, = 3.8 x 10°, the max-
imum predicted N factor is N = 16.0 for f =200 Hz. Dagenhart’
indicates that, according to standard N -factor correlation methods,
transition may be expected for N factors in the range from 9 to 11.
Thus, for sufficiently high Reynolds numbers (less than 3.8 x 109),
the transition due to crossflow vortex amplification is expected to
occur well ahead of the pressure minimum at x /¢ = 0.71. The funda-
mental linear stability results for this configuration are complete and
include the wavelengths, local growth rates, frequencies, and evolu-
tion patterns of the crossflow vortices in the linear range.®~'0 In this
work, the frequencies of the crossflow instability are observed to es-
tablish the existence of the theoretically predicted moving crossflow
vortices in addition to stationary crossflow vortices.

Whereas linear stability theory predicts that the traveling cross-
flow waves are more amplified than the stationary crossflow waves,
many experiments observe stationary waves. The answer to the ques-
tion of whether one observes stationary or traveling crossflow waves
is cast inside the receptivity problem. One of the key missing ingre-
dients in many three-dimensional boundary-layer experiments is the
understanding of receptivity and initial conditions. Here, receptivity
refers to the mechanisms that cause environmental disturbances to
enter the boundary layer and cause unstable waves.!! Receptivity has
many different paths through which to introduce a disturbance into
the boundary layer. They include the interaction of freestream tur-
bulence and sound with model vibrations, leading-edge curvature,
discontinuities in surface curvature, or surface roughness. Any one
or a combination of these may lead to unstable waves in the bound-
ary layer. If the initial amplitudes of the disturbances are small,
they will tend to excite the linear normal modes of the boundary
layer.

The importance of environmental conditions in the crossflow
problem is illustrated by comparing equivalent experiments in dif-
ferent facilities. Bippes and Miiller'? and Bippes'? describe a se-
ries of comparative experiments in a low-disturbance tunnel and a
high-disturbance tunnel. Their results show that traveling crossflow
waves are observed in the high-disturbance tunnel rich in unsteady
freestream disturbances and that the dominant boundary-layer struc-
ture in a low-disturbance tunnel is a stationary crossflow vortex. Be-
cause the flight environment is more benign than the wind tunnel,
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Fig.1 NLF(2)-0415 upper-surface pressure distribution in wind tunnel at o = —4 deg.

one expects the low-disturbance results to be more important. Recent
work by Deyhle et al.'* and Deyhle and Bippes'® confirms these ear-
lier results. However, there was no attempt to separate sound levels
from turbulence levels within the freestream disturbance environ-
ment. In Sec. I1.C, we conclude that the Bippes and Miiller'? effect
is due to turbulence.

The nonlinear processes that control transition are documented
by Kohama et al.'® In this work, the stationary crossflow vortex is
shown to be the harbinger of transition by causing a high-frequency
secondary instability that results from distortions in the steady
boundary-layer flow. Thus, crossflow transition in alow-disturbance
environment is determined by the characteristics of the stationary
wave.

The receptivity problem for stationary waves is dominated by
small-scale surface roughness rather than turbulence. This is sug-
gested by Dagenhart,* who observed that transition patterns due to
stationary crossflow waves on the NLF(2)-0415 airfoil remained
fixed throughout many test entries, even with changes in the
turbulence-treatment section of the wind tunnel. This is also consis-
tent with the observation of Bippes and Miiller'? that the stationary
crossflow transition pattern remains fixed relative to their flat-plate
model when the model is translated laterally in the test section. Thus,
the present work concentrates on the role of surface roughness in
influencing swept-wing transition.

II. Results

A. Distributed Micron-Sized Roughness Due to Surface Finish

The transition measurements in this part of the study are ob-
tained from naphthalene flow visualization. This technique relies
on the sublimation patterns of the naphthalene to identify the sta-
tionary crossflow structure and the location of transition. The naph-
thalene technique was calibrated in previous experiments by the use
of surface-mounted hot films, hot wires, and liquid crystals®?-!7
and has been shown to provide very reliable measurements of tran-
sition for the stationary patterns studied here. Surface roughness
measurements were done by taking castings of the surface with a
dental pattern resin that created a rigid sample suitable for pro-
filometer measurements. The accuracy of the casting method was
calibrated by making castings of submicrometer reference grooves
on a steel block. Although the casting method is locally accurate to
better than 0.1 um, the larger scales, including those of interest for
crossflow, are dominated by warping of the sample. Thus, the dis-
tributed roughness amplitudes presented here serve to compare the
character of various model surfaces, but the samples are not suitable
for spectral analysis at the crossflow wavelengths.
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Fig. 2 Profilometer measurement of NLF(2)-0415 surface roughness:
painted surface, filtered 20-1500 pm, rms = 3.30 pzm.

Figure 2 shows the surface characteristics of the original painted
model. This surface was used for all of the previous exper-
iments.*8-1016 The peak-to-peak roughness in this case is around
8-10 pm. For the present experiment, the paint was removed, and
the surface was sanded and machine polished to the level of Fig. 3.
Here the surface finish is 0.5 m rms. The model was then subjected
to a systematic hand polish, and the surface finish was reduced to
0.1 um rms in the midchord region and 0.25 pm rms near the at-
tachment line as shown in Fig. 4.

Transition measurements were conducted at a number of differ-
ent chord Reynolds numbers Re,, under the conditions of the differ-
ent surface finishes just described. With random distributed surface
roughness, the transition front is a fixed, jagged pattern of merging
turbulent wedges beginning in areas where the stationary crossflow
waves have produced strongly inflected mean profiles as described
by Kohama et al.’® The earliest transition wedges, i.e., those begin-
ning at the lowest x/c, are correlated in the spanwise position with
distinct imperfections in the paint finish near the attachment line.
Thus, the initiation of transition due to stationary crossflow is a local
event and is not described by a single x /¢ for the entire model, even
though the transition location at any particular spanwise location is
very well defined and repeatable. Following Dagenhart,* the aver-
age transition location x,/c is defined as the spanwise average of





















