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Fig. 3 Schematic diagram of a transient
flow pattern for a ring vortex-shock wave
interaction: 1) shock wave, 2) primary
sound wave, 3) secondary sound wave, 4)
shear layer, and B) triple point.

the vortex; and 3) a toroidal wave (a sound wave) around the vortex
core.

The normal shock wave is crossed by the toroidal wave (photo-
graph 5). Since the radius of the vortex ring continuously increases,
it remains larger than the radius of the jet. As a consequence, a part
of the normal shock wave between the vortex core and the shear
layer can move faster upstream owing to lower flow velocity in that
region (arrow in photograph 6). This leads to shock-wave diffrac-
tion and eventually to the secondary sound-wave formation visible
in photographs 7 and 8. Photograph 7 shows the stage when the
toroidal wave has just reached the axes of the system. Now, the nor-
mal shock wave is accompanied by two sound waves: the primary
(toroidal) wave and the secondary one. Both waves join at the triple
point B (Fig. 3). The sound wave, after reflection at the axis of sym-
metry, spreads out in the surrounding space as a secondary sound
pressure pulse (the primary one corresponds to the primary sound
wave). It splits into two parts while it is passing through the vortex
(photograph 9), analogous to the shock wave in the stage shown in
photograph 4.

The photographs described above provide additional information
on the flow under consideration. They show small vortices at the
shear layer being sucked by a head vortex and in this way strength-
ening the head vortex. The sound-wave motion in the radial direction
induces the shear layer instabilities, which are manifested in forma-
tion of discrete vortices (see photograph 9). However, the details of
this process are difficult to explain on the basis of the photographs
under discussion.

Conclusion
The vortex-shock wave interaction process in an axisymmetric

flow leads to a complicated sound-wave pattern. It consists of the pri-
mary toroidal wave that appears as the shock wave passes through
the ring vortex and a secondary wave that arises, with some de-
lay, because of the strongly nonuniform flow velocity in the vor-
tex plane. The primary wave diffracts while it crosses the ring
vortex.
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Introduction

ICE roughness on an airfoil initially forms very near the leading
edge in a region of favorable pressure gradient and rapidly grows

to exceed the height of the boundary layer. Understanding the effect
that hemispherical ice roughness has on the boundary-layer flow
and heat transfer is a very important part of ice accretion physics.
This investigation sought to answer two questions: 1) What is the
critical-roughness Reynolds number for elements protruding out of
the boundary layer and experiencing a pressure gradient and 2) how
large is the transitional region behind a critical element?

Most classic experiments on roughness involved small roughness
contained within a laminar boundary layer on a flat plate (no pres-
sure gradient).1"3 The roughness Reynolds number was defined as
Rek — Ukk/v, where k is the height of the roughness, v the kine-
matic viscosity, and Uk the velocity of the undisturbed boundary-
layer flow at the height of the roughness. The critical- roughness
Reynolds number, Rek,Cni, was normally defined as the Rek where
transition occurred immediately behind the roughness element. Al-
though a wide range of values for Recent nas been reported, a value
of 600 generally has been accepted and used in practice for all rough-
ness, particularly for fixing transition on wind tunnel models.4 In
reality, transition does not occur at the element, but approaches
the element asymptotically as Rek is increased past the critical
value.5

Braslow et al.4 and von Doenhoff and Horton6 noted an increase in
fie*,crit for distributed roughness near the leading edge of an airfoil.
#e*,crit values increased to approximately 1200 very near the leading
edge, in part because of the pressure gradient and/or k/8 effects (8
is the undisturbed boundary-layer thickness). However, Smith and
Clutter2 as well as Peterson and Horton7 found little or no effect
of pressure gradient alone. Peterson and Horton also reported no
effect from varying k/8 for roughness within the boundary layer.
However, Morkovin5 showed that for a fixed cylinder protruding
out of the boundary layer, the flowfield instabilities that appear to
lead to transition are different from those for the cylinder within the
boundary layer. Presumably, this would alter the value of Recent,
or possibly necessitate a new definition of Re^mi for roughness
protruding out of the boundary layer.

Thus, the motivation for the current study was to increase our
understanding of Recent and the transition region caused by large
leading-edge roughness. The current investigation clearly revealed
the inadequacy of assuming Re^mt = 600 near the airfoil leading
edge. RekiCnt values in excess of 2000 were found, and the experi-
ment suggests that even larger values may exist closer to the lead-
ing edge. The transition region behind the roughness extended well
downstream before developing into a fully turbulent boundary layer
and, in some instances, the transition region actually grew in length
as Rek (and, as a result, k/8) was increased. This Note briefly de-
scribes these results. A more complete discussion of this research
can be found in Cummings8 and Bragg et al.9
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Fig. 1 Intermittency contours for varying Rek due to a 0.5-mm high-roughness element at xlc = 0.0163 on a NACA 0012 airfoil at a = 0 deg (/te*±
1.0%, a ± 0.1 deg, and x/c ± 0.0005).
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Fig. 2 Critical-roughness Reynolds number values as determined for the 7 = 0.8 criterion for various element locations and heights (Re^crit ±1.0%
and sic ± 0.0005): A, 0.5-mm element; A, 1.0-mm element; and - - - -, classic critical value.

Results and Discussion
The experiments were conducted in the 3 x 4 ft Low-Turbulence

Subsonic Wind Tunnel at the University of Illinois at Urbana-
Champaign8 where the turbulence intensity was <0.1%. The model
was a two-dimensional NACA 0012 airfoil with a chord of 533.4
mm (21 in.) at 0-deg angle of attack. Single 0.5- and 1.0-mm-high
hemispheres were placed on the airfoil surface at 0-, 2-, 4-, 6-, 8-,
10-, 15-, and 25-mm surface lengths S from the leading edge (x/c =
0.0,0.0006,0.0017,0.0038,0.0062,0.0088,0.0163, and 0.0333, re-
spectively, where c is the airfoil chord length). The element heights

and locations were based on quantitative measurements of initial ice
roughness accretions observed on a NACA 0012 airfoil.10

Measurements were made with a hot-wire probe placed at a con-
stant height of 0.25-mm above the surface at several chordwise
locations downstream of the element. For each measurement loca-
tion, the model Reynolds number was increased from 0.45 x 106 to
2.05 x 106 in increments of 0.1 x 106. At each increment, hot-wire
data were recorded and reduced to give velocity, turbulence inten-
sity, and intermittency. Intermittency is a measure of the amount of
time the flow is turbulent. Laminar flow has an intermittency of 0.0,
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Fig. 3 Distance from leading edge to intermittent flow for various element locations and heights at Recent (sic ± 0.0005 horizontal scale, ±0.005
vertical scale).

whereas fully turbulent flow has an intermittency of 1.0. The inter-
mittency method provided a better means of discerning turbulent
flow than velocity or turbulence intensity alone.

A method similar to that of Tani et al.3 and Tani11 was used to de-
termine /tejt.crit values. They recorded the transition Reynolds num-
ber Retr and the roughness Reynolds number Rek at several chord-
wise locations downstream from the element, where transition was
defined to be when intermittency reached 0.5 at a constant height
above the surface. Transition Reynolds number was based on the
freestream velocity and the surface length to the transition location.
A linear fit of the data points, Re^ vs Rek, in the region of the rapid
movement of transition toward the element was found and extended
down to intersect with the limit curve where transition theoreti-
cally would have reached the element. This intersection determined
Recent- Different values of intermittency can be used to reflect the
different definitions used by different researchers for RekiCra.

Figure 1 shows the contours of intermittency obtained behind a
0.5-mm-high hemisphere located on the airfoil surface 15 mm be-
hind the leading edge (x/c = 0.0163). This figure depicts the state of
the boundary layer downstream of the roughness as the wind tunnel
velocity was increased and therefore the model Reynolds number
and roughness Rek were increased, as shown on the horizontal scale.
Note that near Rek = 700, the roughness-induced transition region
moved rapidly forward. The rapid movement of the transition pro-
cess forward based on an RektCrit criterion of / =0.1 (as used by
Klebanoff et al.1), / = 0.5 (as used by Tani), and / = 0.8 (to model
more closely the end of transition) are depicted as the heavy lines on
the figure with the arrows depicting the extrapolated RektCrn values.
Note that at Rek = 700, k/8 = 1.2 for this element.

A summary of the Rek>Cni values determined using the / = 0.8
criterion for the various hemisphere locations tested are presented
in Fig. 2. The classic critical value of 600 is indicated by the dashed
line for comparison. RektCnt values determined with I = 0.1 and 0.5
were generally lower than the / =0.8 criterion by only 5-19 and
1-9%, respectively, indicating rapid forward movement of transi-
tion. It is apparent that for hemispheres very near the leading edge
(x/c = 0.0038, 0.0062, and 0.0088) where ice accretion typically
occurs, the RektCrit values are generally above 1000 and as high as
2000. In this region, k/8 values are typically 1.85-2.5 for the 0.5-
mm elements and 2.4-4.9 for the 1.0-mm elements. Elements far-
ther forward than x/c = 0.0038 did not cause premature transition

for the Reynolds numbers tested. It is anticipated that if the tunnel
had been capable of higher speeds, /te*)Crit values greater than 2000
would have been found in this region. As the elements were moved
farther downstream from the leading edge, RektCrn decreased and ap-
proached values near 600, particularly for the 0.5-mm hemisphere.
Note that the 0.5-mm element at x/c = 0.0333 from the leading
edge was within the boundary layer and the pressure gradient was
mild so that it was not unexpected that the RekfCnt value was near
the classic value of 600.

Recall that the hot-wire measurements were taken at a constant
height of 0.25-mm off the surface to determine RektCtn. The height
was chosen to capture the initial intermittency growth near the wall
during the transition process. The location for the completion of
transition cannot be completely defined by this method. To reliably
determine this location, full boundary-layer velocity or intermit-
tency profiles need to be taken.8 However, the near-wall intermit-
tency recorded in the current test can be used as an indication of the
development of transition. Figure 1 shows that while the roughness
element initiated the transition process, the transition region ex-
tended well downstream. Here the element is at x/c = 0.0163,
whereas an intermittency value of 0.9 near the wall approaches no
closer than x/c = 0.10. Figure 3 compiles similar data for several of
the roughness elements tested and shows the distance downstream
where intermittency values of 0.1, 0.5, and 0.8 were found. These
distances were taken at the RektCnt value determined with the / =
0.8 criterion. Notice that the beginning of the transition process, as
indicated by / = 0.1, occurred well downstream of the element
with locations from s/c = 0.03 to 0.13. If / = 0.8 represented a
location near the end of the transition process, this occurred from
approximately s/c = 0.1-0.20. Notice from Fig. 3 that the 1.0-mm
elements caused transition farther downstream and, from Fig. 2, at
larger values of Rek,crit. This may be evidence of the effect of k/8.

These distances, however, were taken only at a particular value
of Rek. If Rek was increased beyond the critical value, the extent of
the transition region could actually increase. From Fig. 1, / = 0.8
is reached in the boundary layer at approximately x/c = 0.08 for
Rek values just above the critical value. But as Rek is increased, the
distance to / =0.8 increases dramatically past Rek - 1600 where
k/8 = 1.75. Past this value of Rek the entire transition region moves
back downstream because the element was less effective in causing
transition. This would appear to be a k/8 effect since increasing Rek
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for a given element size at a specific surface location occurred as the
tunnel speed was increased and the boundary-layer thickness was
reduced. Many of the elements tested exhibited this behavior, with
the downstream movement of transition starting at higher Rek and
k/8 as the element location approached the leading edge.
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Introduction

T HIS Note reports on a study of pressure fluctuations at the exit
of a two-dimensional jet confined in a rectangular cavity. Ex-

perimental observations were made for various Reynolds numbers
and cavity lengths. The results show an initial weak oscillation at
lower Reynolds numbers followed by a strong self-sustained oscil-
lation regime at higher Reynolds numbers, eventually perturbed by
a noisy background. The main findings of this Note are an amplitude
hysteresis between the frequency stages and a transition in the flow
type behavior from convectively unstable to absolutely unstable. For
a selection of related works, the reader is referred to Refs. 1-10.

Experimental Setup
The experimental configuration composed a gravity-driven water

flow discharging into the horizontal cavity. The cavity (Fig. 1) was
a parallelepipedic chamber 10 cm wide and 2.5 cm high. Its length
L was selected by moving the right-hand end wall. At the middle
height of the cavity, the jet had a uniform velocity profile over about
70% of its width. The Reynolds number Re was based on the inflow
characteristics at the point of the expansion, i.e., nozzle width of 0.4
cm, mean velocity Um obtained as the flow rate divided by a nozzle
section 2.5 x 0.4 cm2, and a dynamic viscosity of 1.05 x 10~3

Pa • s. The flow rate was regulated with two precision needle valve
rotameters, placed after the jet chamber to avoid perturbations in
the flow. Two rotameters, Vogtlin VI00-300 09 and VI00-300 12,
of 1% accuracy were used. Errors in viscosity and velocity induced
an error of approximately 5% on the Reynolds number.

A variable reluctance pressure transducer Validyne type DP-103-
10-N1S4D was used. The detecting holes were placed at half of the
height of the cavity and 0.2 cm away from the exit contraction corner,
as shown in Fig. 1. The transducer was associated with a Validyne
CD15 carrier demodulator (1-V output signal for 8.63-Pa differen-
tial pressure). This signal was sent to a Fourier analyzer Scientific-
Atlanta SD380. The flow rate was varied in steps of 0.28 cm3/s, in
either increasing or decreasing sequences. At each step, once the
flow was stabilized, 500 pressure-spectra samples were averaged.
Visualization of the flow was performed simultaneously by inject-
ing fluorescein dye. Results will be discussed for L = 5 cm and
L = 1 cm, but for brevity, only the experiments for L = 1 cm will
be shown in the figures.

Results and Discussion
Spectra Analysis and Nature of the Oscillations

Figure 2 shows several pressure spectra observed for L — 1 cm
at different Reynolds numbers. For the longer cavities studied
(L > 6 cm), the jet oscillation started at small flow rates (Re ~ 160)
with a low-frequency fL lying in the ~0.3-0.4 Hz range. The os-
cillation at this frequency had a small amplitude, and the spectrum
also contained harmonics, notably, 2fL. As the Reynolds number
was increased, these peaks grew and broadened. This broad spec-
trum is characteristic of a convective instability in open flows.11

For a specific flow rate (Re ~ 210) that depended on the cavity
length the spectrum suddenly concentrated on one sharp peak f\ of
a considerably higher amplitude. It seemed that the feedback was
then synchronized with the instability wave, thus corresponding to
self-sustained oscillating behavior.12 Such an abrupt change in the
peak width is similar to that observed by Babcock et al.13 for a
Taylor-Couette experiment with an axial flow.

In previous studies just using visualization methods,14'15 it was
shown that only time-periodic discrete frequencies could be ob-
served and could be associated with different integer modes n, scal-
ing L to the wavelength A according to the well-known Brown-
Curle16~18 phenomenological relation2'3 A = L/(n + |). In Fig. 2,
the intense peak at frequency f\ for Re ~ 210 corresponds to the
wavelength of mode n = 3 for L = 1 cm (n = 2 for L = 5 cm).
As the Reynolds number was increased, the frequency f{ increased

piston
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Fig. 1 Cavity geometry and differential pressure detection: pressure
detector (P.d.) and spectrum analyzer (S.a.).


