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Summary. Resultsof hot-wire measurementsare presented on transition in laminar boundary
layer along a flat plate with zero pressure gradient in the presence of an isolated roughness
element. Transition occurs in the region of a wedge whose vertex moves rapidly forward
with slightest increase in stream velocity or roughness height until finally it reaches the
roughness element. The critical condition that just causes a wedge of turbulence to originate

. from roughness is governed by a critical value of the roughness Reynolds number Ry, which
is based on the roughness height and the velocity in the laminar boundary layer at the

Y | height of roughness. The critical value of R, is a slowly decreasing function of the transi-
tion Reynolds number R,, based on the free-stream velocity and the distance from leading
edge to roughness location.

The spanwise distribution of mean velocity in the boundary layer behind a roughness
element for subcritical values of Ry is indicative of the presence of streamwise vortices as
first observed by Gregory and Walker. Except for the station close behind roughness, a
horseshoe-shaped vortex wrapped round the front of roughness gives a predominant effect
on mean velocity distribution, producing a primary peak behind the centerline of roughness,
and a valley and a secondary peak outside. This three-dimensional deformation of mean
velocity field is considered to account for the critical behavior of transition movement.
Controlled two-dimensional disturbances created by a vibrating ribbon develop downstream
in a way respectively characteristic of the central peak section, valley sectoin and outside
peak section. The disturbances are most strongly amplified in the outside peak section,
until breakdown of laminar flow takes place at a downstream station. This breakdown
corresponds to the beginning of a turbulent wedge at that station.

INTRODUCTION

0 It has been known since the thirties that a dirt particle or similar isolated
roughness on the surface in the region of laminar flow may produce immediate
transition, a wedge-shaped region of turbulent flow originating at the roughness
and extending downstream. It has also been observed that when stream velocity
or roughness height is reduced, the wedge of turbulence may begin some distance
downstream from the roughness element.

Gregory and Walker [/] appear to have been the first to make systematic
investigations of this type of transition. They observed under certain conditions
the china-clay records of twin streaks suggestive of vortex filaments in the bounda-
ry layer downstream of the roughness, ultimately disintegrating into a wedge of
turbulence. Closer examination by smoke revealed a horseshoe-shaped vortex
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130 1. Tani, H. Komoda, Y. Komatsu and M. luchi

wrapped round the front of the roughness and trailing downstream. The slightest
increase in stream velocity or roughness height changed the pattern from twin
streaks to a fully turbulent wedge originating at the roughness element. This
quick movement of transition position seems to distinguish the effect of three-
dimensional roughness from that of two-dimensional roughness, for which transi-
tion moves rather gradually forward as the stream velocity is increased.

It is now known through the investigations of Fales [ 3], Weske [ 5], Hama, Long
and Hegarty [6], and Schubauer [ 7] that a two-dimensional roughness element pro-
duces two-dimensional disturbances which develop into three-dimensional configu-
ration before eventually disintegrating into turbulence. Formation of three-
dimensional disturbances is considered a prerequisite to turbulence, and this
explains the gradual approach of transition with the increase in stream velocity. On
the other hand, a three-dimensional roughness element is more straightforward in
producing three-dimensional disturbances, thus effecting transition to move quickly .
forward as soon as the critical velocity is reached. .

The critical stream velocity or roughness height that just causes a wedge of 'e
turbulence to spread from roughness seems to be governed by a fixed value of the
roughness Reynolds number, which is based on the roughness height and the
velocity in the laminar boundary layer at the height of roughness element. A
critical value of 440 was suggested for this roughness Reynolds number by Klanfer
and Owen [ 2], who reanalyzed Gregory and Walker’s data for conical roughness
on airfoils having zero or slightly favorable pressure gradients. Subsequent
measurements of Klebanoff, Schubauer and Tidstrom [4] for spherical roughness
on a flat plate with zero pressure gradient gave a critical value ranging from 500
to 800, but a proper comparison would be difficult in view of the differences
between the two experiments, especially in regard to the type of roughness, turbu-
lence and pressure gradient of the stream, and the definition of the critical
roughness Reynolds number.

The paper presents results of experimental investigation on the effect of an
isolated roughness element on a flat plate with zero pressure gradient. The in-
vestigation aimed first at determining the critical roughness Reynolds number in .
an extensive range of parameters, and second at exploring the flow patterns behind
roughness element to elucidate the critical nature of transition. Brief accounts
concerning the first and second problems have already been published by Tani in
the “Boundary Layer and Flow Control”, Pergamon Press 1961 [8], and at the
Third Congress of International Council of the Aeronautical Sciences, Stockholm
1962 [ 137, respectively. The authors take this opportunity to express their thanks
for helpful discussions to the members of Boundary Layer Research Group, with
its center in the Aeronautical Research Institute, and for efficient assistance in
experiments to Mr. Satoru Akiyama and Miss Naoko Handa of Nihon University,
and Mr. Isamu Shimizu of Aeronautical Research Institute.
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Boundary-Layer Transition by Isolated Roughness 131

EXPERIMENTAL ARRANGEMENTS

Most of the measurements were made on the boundary layer along an aluminum
flat plate, 300 cm long, 60 cm wide and 0.5 cm thick, with a sharpened leading
edge. The plate was mounted in the wind tunnel LT-1 having 20 cm by 60 cm
working section. The tunnel wall was adjusted to give zero pressure gradient
along the plate. Results presented were obtained at free-stream velocity U, of
3to 15 m/s. The free-stream turbulence level was about 0.05 per cent at U,=10m/s.
The reference axes were taken in such a way that & was measured along the plate
from the leading edge in the streamwise direction, y in the direction perpendicular
to the plate, and z in the spanwise direction perpendicular to = and y.

Additional measurements were also made on a flat plate mounted in another
wind tunnel N-1 having 60 cm by 60 cm working section, in which the turbulence
level was about 0.2 per cent at a free-stream velocity of 5 m/s.

An isolated roughness element was represented by a single cylinder placed with
its axis in ¥ direction centrally on the flat plate at a location x=x,, 2=0. The
height k of the cylinder was equal to its diameter.
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FIGURE 1. Variation of transition Reynolds number with roughness Reynolds number.
Roughness height 0.10cm. Wind tunnel LT-1.
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CRITICAL ROUGHNESS REYNOLDS NUMBER

Consider a roughness element of height k is placed on the flat plate at a distance
x, from the leading edge at a free-stream velocity U, It is assumed that the
roughness is located ahead of the transition position, x,, on a smooth plate.
Transition to turbulent flow occurs in the region of a detached wedge with vertex
at a location x, provided x,<x,<x,. With the slightest increase in U,, z, ap-
proaches z, until eventually the wedge is attached to the roughness element
(x, =)

The transition position x, was determined by traversing a hot-wire probe along
the centerline downstream from the roughness element (z=0), and locating the
point where the velocity fluctuation had an intermittency factor of 50 per cent.
Typical results of measurements are shown in Figure 1, in which the transition
Reynolds number R,= Uy, /v is plotted against the roughness Reynolds number .
R,=ku,/v, u, being the velocity in the laminar boundary layer at the height of

‘9
roughness element and calculated by the formula u,=0.332 kU,(Uy/vx,)}. The
curve corresponding to the limiting case x,==x, is given by RL=2.08(x,c/lc)§R,‘§,
12x10°
10 X
8 Cylindrical Roughness
kcm
o o110
R o e OIS
t 6 oe 020 a
a & 025 ° .
vv 030 o
41 » 040 ”
Spherical Roughness Ae
oL x Klebanoff et al Y y
+ Mochizuki
N
0 | ! ! ! )
0] 200 400 600 800 1000
Ry
FIGURE 2. Variation of transition Reynolds number with critical roughness Reynolds
number. Open and solid symbols (squares, circles and triangles) denote results for
cylindrical roughness tested in wind tunnels LT-1 and N-1, respectively. Cross
symbols denote results for spherical roughness from references 4 and 9.
1 .
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Boundary-Layer Transition by Isolated Roughness 133

and shown by chain line in Figure 1. The critical condition under which a wedge
of turbulence just begins to spread from the roughness element can be determined
by finding the extrapolated intersection with the limiting curve as indicated in
Figure 1.

Results obtained in this way are collected in Figure 2, in which the transition
Reynolds number R, is plotted against the roughness Reynolds number R, for the
critical condition. Open and solid symbols (squares, circles and triangles) denote
the points for which the free-stream turbulence levels are 0.05 and 0.2 per cent,
respectively. In the figure are also included results deduced in a similar way by
Klebanoff, Schubauer and Tidstrom [4] on spherical roughness elements in a
spanwise row, and results obtained by smoke observation by Mochizuki [9] on a
single spherical roughness element. It can be seen that the critical roughness
Reynolds number is not constant but increases slightly as the transition Reynolds
number is reduced. The increase of R, in the lower range of R, is apparently
associated with the stability of the laminar boundary layer, for which the theoreti-
cal critical Reynolds number for stability against small disturbances is 6 X 10% Itis
rather remarkable to find the critical roughness Reynolds number lying in a narrow
range, namely from 600 to 1000. Differences in free-stream turbulence scarcely
affect the critical value. Additional measurements carried out on the cylindrical
roughness elements in a spanwise row detected only a slight decrease in critical
roughness Reynolds number from that of a single roughness element provided the
spacing was larger than six times the roughness height. The effect of pressure
gradient was also found small as regards the critical roughness Reynolds number.

Frow FIELD BEHIND ROUGHNESS ELEMENT

According to the visual observations, first carried out by Gregory and Walker
[1] and recently elaborately extended by Mochizuki [9] [10], there exist two
sets of streamwise vortices in the wake of a roughness element at roughness Reynolds
number below its critical value. The one is a horseshoe-shaped vortex, wrapped
round the front of the roughness. This can be traced back to the secondary flow
in the boundary layer upstream of the roughness. The other is a pair of closely
spaced vortex filaments originating from spiral filaments which rise vertically
from points on the plate right behind the roghness element. These filaments are
at about the level of the top of roughness element, while the horseshoe vortex is
Jocated close to the plate. The sense of rotation is such that momentum is to be
transported downward (towards the plate) or upward by means of the horseshoe
vortex and the closely spaced vortex filaments, respectively.

From these observations, however, it is not clear what effect these vortices have
on the mechanism of transition. Their obvious effect is to redistribute momentum
so that distortion in mean velocity field is expected to appear in the boundary layer
downstream of the roughness element. Hot-wire measurements were therefore made
in the wind tunnel N-1 to detect the spanwise variation of mean velocity.

Figure 3 shows the spanwise distributions of streamwise component of mean
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velocity, U, and mean inclination of flow in xz plane, B, obtained by traversing ‘e
two hot-wire probes in z direction at a fixed height ¥ above the plate at a distance
of 10 roughness heights from the roughness element. Distribution across the bounda-
ry layer of the velocity difference between peak and valley, U,— U,, is also shown
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FIGURE 3. Spanwise distribution of (a) mean velocity and (b) flow inclination in zz plane at a
fixed height above the flat plate. (c) Distribution across boundary layer of velocity difference
between peak and valley. Roughness height k=0.25 cm, roughness location x,=60cm,
distance from roughness z—x;=2.5 cm, displacement thickness §*=0.23 cm, free-stream
velocity Uy=5.2m/s. Wind tunnel N-1.

in the figure. These distributions are clearly indicative of the existence of the
two sets of vortices mentioned above.

Figure 4 shows the spanwise distribution of U observed at a distance of 244 (‘
roughness heights from the roughness element. Disappearance of double peaks in :
mean velocity distribution suggests the decay of the closely spaced vortex filaments
at this downstream station. No noticeable inclination of flow could be detected.

It is to be noticed, however, that the effect of the horseshoe vortex, as judged from
the velocity difference U,— U,, is only slightly reduced even at such a distance
downstream. This is also shown in Figure 5, in which s/k and (U;— U,)nuy/ U, are
plotted against (x—x,)/k, s being the measure of spacing of horseshoe vortex defined
by the distance between the two points having a velocity of #(U,+ U,). The indi-
cation is that no appreciable change occurs either in the spacing of or in the
maximum velocity difference induced by the horseshoe vortex in the course of
downstream development.

After these exploratory measurements in the wind tunnel N-1, more extensive
measurements were made on a flat plate in the wind tunnel LT-1 by not only
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FIGURE 4. (a) Spanwise distribution of mean velocity at a height of 0.33 cm above flat
plate. (b) Distribution across boundary layer of velocity difference between peak
and valley. Roughness height k=0.25 cm, roughness location x;=60 cm, distance from
roughness z—z,=61cm, displacement thickness 0*=0.34 cm, free-stream velocity
Uy=5.2m/s. Wind tunnel N-1.
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FIGURE 5. Variation in streamwise direction of spacing of and maximam velocity difference
induced by horseshoe vortex. Roughness height k=0.25 and 0.40 cm, roughness location
2x=60 cm, free-stream velocity U/,=5.2 m/s. Wind tunnel N-1.
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determining the distribution of mean velocity but also tracing the downstream
development of controlled disturbances produced by Schubauer’s technique of
vibrating ribbon. A cylindrical roughness of 0.2-cm diameter and 0.2-cm height
was placed on the plate at a distance x,=40cm from the leading edge. The free-
stream velocity of U,=6.6m/s was selected in such a way that the turbulent wedge
began at a considerable distance from the roughness element but could be moved
forward by passing a current through the vibrating ribbon. Results obtained with
no current to vibrating ribbon are pressented in Figure 6, which shows the spanwise
distribution of mean velocity U at a fixed height above the plate at various distances
%—x, from the roughness element. Measurements were made at such a greatdistance
from roughness that only the effect of horseshoe vortex was perceivable. Asalready
mentioned in connection with Figure 5, the distance between valleys, and also that
between outside peaks, of velocity variation remain almost unchanged in down-
stream development. For later reference, the sections for the central peak, the
valled and the outside peak are denoted by A, E and F, respectively. The velocity
distribution across the boundary layer in these sections were found to agree with
the Blasius profile within the accuracy of measurements.
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FIGURE 6. Spanwise distribution of mean velocity at a fixed height above flat plate
at various distances from roughness element. Roughness height k=0.2cm, rough-
ness location x; =40 cm, free-stream velocity Uy=6.6 m/s, no current to vibrating
ribbon. Wind tunnel LT-1.
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Boundary-Layer Transition by Isolated Roughness 137

DEVELOPMENT OF CONTROLLED DISTURBANCES

Controlled two-dimensional disturbances, or so-called Tollmien-Schlichting
waves, were produced at a location x,=75.5 cm (35.5 cm downstream from rough-
ness) by passing a current of a frequency of 45¢/s through a phosphor-bronze ribbon,
0.03 mm thick, 4 mm wide and 30 cm long, spanned at a height of 0.67 mm from
the plate, in the presence of a magnetic field. The Reynolds number, based on
the free-stream velocity and boundary-layer displacement thickness, was 700, 920
and 850 in sections A, E and F, respectively, at the location of the vibrating ribbon,
so that the exciting frequency of 45 c/s was the one to produce an amplifying
Tollmien-Schlichting wave according to the two-dimensional small-perturbation
stability theory.

) When the current to the ribbon is weak, the rms wave intensity observed at
@ downstream stations is in proportion to its initial value, or the current, indicating
PR that the wave develops linearly. When the current exceeds a certain limit, however,

the wave intensity is no longer proportional to the current, making the wave
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FIGURE 7. Distribution across boundary layer on a flat plate of mean velocity in sections
A, E and F at various distances from roughness. Roughness height k=0.2cm, rough-
ness location x,=40cm, location of vibrating ribbon x,=75.5 cm, current to vibrating

ribbon 4,=3 amp. (nonlinear development), free-stream velocity U,=6.6 m/s. Wind
tunnel LT-1.
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. . . .. . 4
development nonlinear. So far as the wave development is linear, the distribution b

of mean velocity across the boundary layer does not change; it maintains the
Blasius profile, which is observed when no current is passed through the vibrating
ribbon. Distortion in mean velocity distribution appears only after the wave
development becomes nonlinear. As seen from Figure 7, which shows the distri-
bution of mean velocity in sections A, E and F at various downstream stations for
nonlinear wave development, some distortion takes place in the course of down-
stream development, the distortion being most remarkable in section F.

Figures 8 and 9 show the spanwise distribution of Ims wave intensity u, at a
frequency f=45c/s at a fixed height above the plate at various distances rT—2x,
from the vibrating ribbon for linear and nonlinear wave developments (current
through ribbon 1 and 3 amp.), respectively. Itisseen that the spanwise distribution
of u, is in phase with that of U (see Figure 6). It is moreover seen that the spanwise
distribution of u, maintains its shape in downstream development in the case of ‘
weak current, while the distribution is deformed in the case of strong current in Ql“\‘
such a way that a considerable amplification of wave intensity takes place in o
section F, while almost no amplification in section A. \

Figures 10 and 11 show the distribution across the boundary layer of rms wave
intensity u, at a frequency f=45 ¢/s in sections A, E and F at various distances
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FIGURE 8. Spanwise distribution of rms wave intensity at a frequency of 45 c/s at a height
of 0.1cm above the flat plate at various distances from vibrating ribbon. Roughness
height £=0.2 cm, roughness location xx=40cm, location of vibrating ribbon 2,=75.5cm,
current to vibrating ribbon 4,=1 amp. (linear development), free-stream velocity
Uy=6.6m/s. Wind tunnel LT-1.
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FIGURE 9. Spanwise distribution of rms wave intensity at a frequency of 45¢/s at a
height of 0.1 cm above the flat plate at various distances from vibrating ribbon.
Roughness height £ =0.2cm, roughness location z;=40cm, location of vibrating
ribbon 2,=75.5 cm, current to vibrating ribbon i, =3 amp. (nonlinear development),
free-stream velocity Uy,=6.6 m/s. Wind tunnel LT-I.

x—x, from the vibrating ribbon for linear and nonlinear wave developments,
respectively. The abscissa is made non-dimensional by dividing the distance y by
the boundary layer thickness d defined as three times the displacement thickness for
linear wave development. Inlinear wave development (Figure 10), the distribution
of wave intensity in peak sections A and F are essentially of the type predicted
by stability theory, accompanying a well-known phase shift of 180 degrees at a
height of minimum intensity (¥/6=0.65), while the distribution in valley section
E is somewhat different and characterized by an M-shaped curve with a deep
indentation at y/0=0.17, where an additional phase shift takes place. This dis-
parity in intensity distribution is in general agreement with that observed by Tani
and Komoda [ /2] on the boundary layer in the presence of streamwise vortices
introduced by wings placed at regular intervals outside the boundary layer. In
conformity with the indication of Figure 8, the maximum value of u, increases
downstream in all sections.

In nonlinear wave development (Figure 11), the wave is neither amplified nor
damped in section A, until finally a change-over in distribution takes place to the
M-shaped curve. In section E, the M-shaped distribution is maintained in the
course of wave amplification, the peak closer to the wall becoming higher.

In section F, however, the wave is strikingly amplified, beyond comparison with
other sections. The amplification is so rapid that a distortion takes place in
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FIGURE 10. Distribution across boundary layer on a flat plate of rms wave intensity at a
frequency of 45 ¢/sin sections A, E and F at various distances from vibrating ribbon.
Roughness height £=0.2 cm, roughness location z;=40 cm, location of vibrating
ribbon x,=75.5 cm, current to vibrating ribbon 4,=1 amp. (linear development),
free-stream velocity U,=6.6 m/s. Wind tunnel LT-1. § is three times displacement
thickness.

!
oscillograph wave form of velocity fluctuation in a layer close to the wall begin- . 1,
ning from the station x—z,=30 cm. This evolution corresponds to the distortion
in mean velocity profile close to the wall as already mentioned in connection with
Figure7. At further downstream station x—x, =45 cm, the oscillograph wave form
Is interspersed with spikes, characteristic of breakdown of laminar flow. This
appears to explain why turbulence takes place in the form of a wedge, which
originates from just outside of the horseshoe vortex.

e

CONCLUSION

Results of hot-wire measurements are presented on transition in laminar bounda-
ry layer along a flat plate with zero pressure gradient in the presence of an isolated
roughness element. Transition occurs in the region of a wedge whose vertex moves
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FIGURE 11. Distribution across boundary layer on a flat plate of rms wave intensity at a
frequency of 45¢/s in sections A, E and F at various distances from vibrating ribbon.
Roughness height k=0.2 cm, roughness location ;=40 cm, location of vibrating
ribbon «,=75.5cm, current to vibrating ribbon ¢,=3amp. (nonlinear development),
free-stream velocity U,=6.6 m/s. Wind tunnel LT-1. § is three times displacement
thickness for linear development.

rapidly forward with slightest increase in stream velocity or roughness height until
finally it reaches the roughness element. The critical condition that just causes a
wedge of turbulence to originate from roughness is governed by a critical value
of the roughness Reynolds number R,, which is based on the roughness height and
the velocity in the laminar boundary layer at the height of roughness. The critical
value of R, is a slowly decreasing function of the transition Reynolds number R,,
based on the free-stream velocity and the distance from leading edge to roughness
location.

The spanwise distribution of mean velocity in the boundary layer behind a
roughness element for subcritical values of R, is indicative of the presence of
streamwise vortices as first observed by Gregory and Walker. Except for the station
close behind roughness, a horseshoe-shaped vortex wrapped round the front of
roughness gives a predominant effect on mean velocity distribution, producing a
primary peak behind the centerline of roughness, and a valley and a secondary
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peak outside. This three-dimensional deformation of mean velocity field is con-
sidered to account for the critical behavior of transition movement. Controlled
two-dimensional disturbances created by a vibrating ribbon develop downstream
in a way respectively characteristic of the central peak section, valley section and
outside peak section. The disturbances are most strongly amplified in the outside
peak section, until breakdown of laminar flow takes place at a downstream station.
This breakdown corresponds to the beginning of a turbulent wedge at that station.

Department of Aerodynamics
Aeronautical Research Institute
University of Tokyo

September 10, 1962
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