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A stepped-nose with various step lengths and heights, attached to a square cylinder, can significantly reduce the drag
coefficient compared to that of the square cylinder. The underlying physics are that (1) the vortices trapped in the step
regions produce the thrust forces acting on the step surfaces facing against the uniform stream which cancel the drag
force acting on the front surface of the stepped-nose obstacle, and (2) the tangent reattachment of the flow separating

from the front surface edges to the side surfaces of the main body decreases the suction pressure acting on the back sur-

face of the main body. In the present study, these favorable effects of the stepped-nose are experimentally documented by
presenting the measurement results of surface pressure coefficient, streamwise velocity, and turbulence intensity of side
flow and flow visualization pictures. It is demonstrated that when step height takes a value of about one-tenth of the main
body length, there is a rather wide range of step length, for which the net drag force acting on the stepped-nose almost

vanishes and the side flow is stabilized by the stepped-nose.

Key Words:

Nomenclature
h : step height
H : main body height
£ : step length
L : main body length
s : center of obstacle back surface

Tu: turbulence intensity
u' : streamwise fluctuating velocity
U : mainstream velocity
v" : lateral fluctuating velocity
uv : Reynolds stress
Superscript/subscript
oo: value in free-stream state
bottom: value at position closest to obstacle surface
edge: value at outer edge
lateral: value for lateral direction
max: value at maximum
mean: value at time-averaged
streamwise: value for stream-wise direction
rms: value at root mean square

1. Introduction

Separated flows, typical of flows around bluff bodies, oc-
cur in a large variety of environmental and engineering sit-
uations. Flow separation has a significant impact on the per-
formance of airfoils, turbine blades, diffusers, heat exchang-
ers, combustors, and so on. Separated flows determine the
drag of road vehicles and are the dominant feature of atmos-
pheric flows over buildings, fences, and hills. They are also
critical factors in the designing of structures, such as
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bridges, which are susceptible to potentially disastrous
wind. Therefore, there is much research conducted to reduce
the drag forces of blunt bodies. Among them, the use of a
stepped-nose is a method that treats such problems by con-
trolling flow separation, turbulence intensities, and bound-
ary layer growth at the sidewall of a bluff body. The method
may be regarded as a variation of the drag reduction method
studied by Saunders" and Koenig and Roshko,” who ex-
perimented with a flat-faced, circular cylinder shielded by
a disk placed coaxially upstream and demonstrated remark-
able drag reduction for certain diameter and gap ratios such
that the stream surface, which separates from the disk, reat-
taches smoothly onto the front edge of the cylinder.
Watanabe® showed that a great reduction of pressure drag
acting on the flat head of a circular cylinder with its axis par-
allel to a uniform stream was achieved by notching the pe-
rimeter of the flat head into a step form. In our previous
study,4) we found, in the theoretical exploration of the un-
derlying physics missed in these previous experimental
studies, that for an appropriate choice of step sizes, the flow
separated from both edges of the front surface of a stepped-
nose obstacle reattaches just at the leading edges of the side
surfaces, so that the flow separation from the obstacle sides
is avoided, thus leading to a significant reduction in net drag
force. The method used in this study was based on the nu-
merical calculation of unsteady flow past a stepped-nose ob-
stacle with a square main body and theoretical considera-
tion.

The stepped-nose drag reduction method is especially
useful for short obstacles, such as a square obstacle, which
have large-scale flow separation and experience relatively
large drag coefficients.

An experimental investigation of a turbulent shear flow
with separation, reverse flow, and reattachment was con-
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ducted by Ruderich and Fernholz.” The flow investigated in
that paper was created by a thin laminar boundary layer on a
bluff plate that separated at the sharp beveled edge, formed a
curved mixing layer-bounded on its lower side by the re-
verse flow region and reattached onto the splitter plate. It
was concluded that there was no flapping of the reattaching
shear layer. Then other researchers, Ota et al.,G) investigated
the characteristics of the reattachment length of a square-
section model. It is clear that the reattachment length for a
square obstacle, at any Reynolds number, is more than the
length of the obstacle itself. The stepped-nose method con-
sidered in this study is expected to be useful for a short
square cylinder.

The most important finding from our numerical and the-
oretical investigation is that the step configuration, which
is effective to reduce the drag, is such that makes the sepa-
rated flow reattach smoothly to the leading edges of the side
surfaces of the main body. According to the inviscid flow
prediction, this configuration is uniquely determined. How-
ever, the viscosity extends the range of the step size, which
acts in the same way as the optimum configuration and in-
creases the applicability of this drag reduction method in en-
gineering problems. Thus, we are conducting a series of ex-
periments to validate the theoretical predictions. Such vali-
dation is necessary to apply the drag reduction method to
practical bodies because the current simulation code is not
complete in the terms of description of turbulence, which
is not avoidable in a real flow situation. This paper summa-
rizes a detailed experimental investigation on flow proper-
ties of a separated shear layer at the side surface of a step-
ped-nose obstacle.

2. Experimental Apparatus and Procedure

2.1. Flow parameter and model dimensions

The experiments were conducted in a 45cm x 34cm
wind tunnel at Nagoya University’s Aerospace Engineering
Department in the Propulsion Energy Systems Laboratory.
Figure 1(a) illustrates the construction of the two-dimen-
sional stepped-nose obstacle installed in the test section. A
block with a square cross-section is partially inserted into
a casing that constitutes the square form of the main body
of the stepped-nose obstacle. The size of the main body is
50mm in height and 50 mm in length. The step height (h)
is determined by the casing thickness, while the step length
(€) can be varied by replacing the insertion part. As shown in
Fig. 1(b), the stepped-nose obstacle is mounted at the center
of the test section, which is located about SH downstream of
the end of the wind tunnel contraction. The solid blockage of
the stepped-nose obstacles used in the present experiment
was about 10 %. The value of the Reynolds number based
on the obstacle height (H = 50 mm) and free-stream flow
velocity (Us, = 10m/s) is about 5.0 x 10*. To examine
Reynolds number effects, the Reynolds number was
changed by increasing the free-stream velocity of the wind
tunnel. The maximum Reynolds number was limited by
the wind tunnel operating envelope, which has a maximum
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Fig. 1. Experimental setup and model description.
of about 32m/s. We believe that this experiment is suffi-
cient to measure the stepped-nose effect on side flow prop-
erties in the two-dimensional flow around a stepped-nose
obstacle. All quantities were made dimensionless. The
length, velocity, and time were made dimensionless using
the obstacle height H and uniform velocity Ux.
2.2. Pressure measurement

The static pressure along the body surface was measured
by means of pressure transducers. Pressure orifices with
0.5 mm diameters were drilled in the casing and inserting
block to measure the surface static pressure distribution at
the mid-span of the obstacle beam. The main body part
was outfitted with 28 pressure orifices and the inserted block
with 6 to 18 pressure orifices. In order to minimize interfer-
ence effects between pressure orifices, the pressure orifices
were arranged inclined to the uniform stream. To prevent
the time lag difference of each orifice measurement, vinyl
tubes of equal length were used to connect the transducer
to the orifices on the obstacle. The static pressure distribu-
tion on the surface of the stepped-nose obstacle was meas-
ured using differential pressure transducers and a 48-port
scanivalve system. The pressure measured at the test section
inlet was used as reference static and dynamic pressure, thus
we could calculate the test section free-stream velocity. The
reference static pressure was also used as reference static
pressure for the scanivalve pressure measuring system. By
using the calibrated result, we could know the measured
pressure and then calculate the velocity of each measuring
point. In this experiment, to determine the pressure average,
we used a time-averaging pressure measurement system ap-
plying an integration time of about 2's, and data acquisition
frequency of about 5,000 Hz resulted in the total number of
pressure data being 10,480.

In a recent investigation, the pressure distribution in sev-
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eral of step lengths (£) was obtained by replacing the insert-
ed model. Moreover, the location of pressure orifices on
both sides of the obstacle was manufactured asymmetrical-
ly. Therefore, in the case of large step length, the pressure
distribution displayed seemed to have a different profile.
However, the high repeatability and accuracy of the pressure
measurement was confirmed by using different pressure
measurements.
2.3. Velocity field measurement

An X-probe hotwire anemometer was used to measure the
flow field velocity component, turbulence intensity charac-
teristics, and Reynolds stress distributions on the side of
the obstacle. The hotwire apparatus consisted of a Kanomax
X-probe hotwire anemometer and Sokken hotwire flow me-
ter model HC-30. The continuous time signals from the hot-
wire were digitized by an interface AD converter through a
computer PCI board. A mechanical traverse system was
used to move the probe across the side flow. It was selected
based on the size of the area to be traversed, positioning ac-
curacy, and anticipated fluid dynamic force acting on the
traverse. Having selected the PC controlled traverse system,
hotwire calibration was carried out in order to make sure
that the motion of the traverse and the acquisition of data
could be timed securely.
2.4. Turbulence intensity measurement

Turbulence levels in this measurement were very high
where the flow is separated from the obstacle. We applied
a correction method for the turbulence intensity measure-
ment as used by Fernholz and Vagt” in the turbulence mea-
surement of an adverse pressure gradient three-dimensional
turbulence boundary layer along a circular cylinder. In the
experiment, time-averaged turbulence measurement was
used to measure the turbulence intensities around the obsta-
cle. The behaviors of oscillating shear layer appearing on
the side surfaces of the obstacle were considered. This
was a compromise method for both accuracy and analysis
time.? Thus, hotwire anemometer measurement was con-
ducted at fixed sampling time ¢t = 2.048 s and sampling fre-
quency f = 1000Hz. The total number of data points at
each measuring point was 2048. Streamwise (parallel to
the side surfaces of the obstacle) and lateral (normal to the
side surfaces of the obstacle) turbulence intensities in a
low-speed wind tunnel with a two-dimensional stepped-
nose obstacle are major contributors to total turbulence in-
tensities. In this experiment, turbulence intensity measure-
ment was limited to streamwise and lateral fluctuation ve-
locities, u’ and v'. The total turbulence intensity, Tu, was cal-
culated from

() -3l )L
Tu = = - + ’
Umean 2 Umean streamwise Umean lateral

(D

where u;, . denotes root mean square of fluctuation velocity
and Upean denotes mean time of stream velocity. In order to
make a general comparison in general of turbulence intensi-
ty distribution, Tu is magnified by 100 times in graphical
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display, giving the percentage of the turbulence intensity
at each measuring point. Then, the mean velocity was esti-
mated from a discrete time history as the average over one
polar measurement. One polar means a velocity measure-
ment at one measuring point for a certain time.

1 N
Umean - U i 2
2 o
In order to calculate the turbulence intensities of the shear

layer flow, we used the standard deviation of velocity as
shown in the following equation

1 5
Urms = N XI:(Ui - Umean) P (3)

where N is the total number of data points at each location
and U; is the measured value.

The low-speed wind tunnel used in this experiment had a
turbulence reduction system or flow conditioning that con-
sisting of a honeycomb and three screens located upstream
of the contraction. The elements were arranged to provide
sufficient attenuation of turbulence intensities, thus the
free-stream turbulence intensity was about 2%.

The classic way of dealing with turbulence in the equation
of motion is Reynolds shear stress. We used the following
equation to determine the Reynolds stress of the shear layer.

N
uv = l Z(U, — Umean) . (Vi - Vmean) (4)

3. Results and Discussion

3.1. Flow visualization

The flow around an obstacle was visualized with the
smoke method. In this visualization experiment, the Rey-
nolds number of the uniform stream was reduced to 2.5 x
10* to take clear images. Figure 2 shows several pictures
taken in this experiment. For comparison, the flows past
square and circular cylinders were also visualized. Since
the light sheet incident at the mid-span station of the obsta-
cle beam is scattered by smoke particles, the bright portions
in the photos show where there are smoke particles convect-
ed by the uniform stream. Thus, the dark portions in the pic-
tures correspond to the separated flow regions. Considering
the temporal change in the outer edges of the separated flow
regions and the entrainment of smoke particles by vortices,
the photos are considered to show time-averaged flow pat-
terns. There are parallax effects on the pictures in Fig. 2.
The cross-sectional area of the obstacle beam at the light
sheet station must be smaller than that shown on the pic-
tures, since the camera was located 60 cm away from the
beam end on the centerline of the beam (see Fig. 1). The
white line drawn in the image of the beam-end surface ex-
presses the cross section of the obstacle beam at the light
sheet station.

We performed a series of flow visualization experiments
for cases of fixed step length (¢ = 0.16) with various step
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Fig. 2. Flow visualization by using smoked method.

heights, and fixed step height (2 = 0.16) with various step
lengths. As seen in Fig. 2, there is similarity between the
two cases (£ =0.16, h=0.1) and (£ =0.24, h = 0.16).
The width of wake for these two cases is smaller than that
for the circular cylinder. On the other hand, the stepped-nose
obstacles with (£ = 0.16, h = 0.2) and (£ = 0.08, h = 0.16)
have the same width of wake as the square cylinder, for
which the main flow totally separates from the front surface
edges. Therefore, it is obvious that the appropriate step-size
choice suppresses the large-scale flow separation on both
sides of the stepped-nose obstacle and leads to a great drag
reduction compared to the square and circular cylinder
cases.
3.2. Step-length effect on side flow
3.2.1. Surface pressure coefficient

In most practical situations, three-dimensional flow-fields
are the rule rather than the exception. The analysis of the
complex character of three-dimensional separated shear lay-
ers is a difficult task, and therefore most investigations are
concentrating on two-dimensional configurations. As de-
scribe in the paper by Ruderich and Fernholz,” the effect
of side plates and aspect ratio on the two-dimensionality
of the flow configuration of forward facing step was inves-
tigated. They found that the flow was nominally two-dimen-
sional if the aspect ratio was larger than 10 where the aspect
ratio is formed by tunnel and height of the step. With the
present experiment configuration, the ratio of tunnel width
and step height is more than 10, which is sufficient to main-
tain two-dimensional flow. However, there is a strong three-
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Fig. 3. Surface pressure distribution.

dimensional flow effect that occurs at the top and bottom of
the obstacle due to boundary layer growth along the wind
tunnel wall. In order to minimize the three-dimensional flow
effect during pressure measurement, the pressure orifice was
located around mid-span of the obstacle, which was located
in vicinity of the center of the test section. Therefore, we as-
sumed the flow around the obstacle for this experiment is
two-dimensional flow, and this was confirmed by flow visu-
alization results.

The time-averaged surface pressure distribution was
measured for various step lengths at a fixed step height
h = 0.16. The results are shown in Fig. 3, which indicates
that the surface pressure distribution is significantly influ-
enced by the step size. The origin of the abscissa, s (refer
to Fig. 1), expresses the center of the obstacle’s back sur-
face, and the distance measured from this point along the pe-
rimeter of the obstacle’s cross section toward the center of
the front surface is non-dimensionalized by the length of
the main body. The change in step length not only affects
the step region flow, but also the overall flow features
around the obstacle, so that the pressure coefficient at the
center of the obstacle’s back surface increases from —1.2
to —0.6 (the suction pressure acting at back surface pressure
decreases) with increasing step length. Observation of the
pressure distribution on both sides of the main body
(0.5 <s<1.5and —0.5 > s > —1.5) reveals that the de-
pendence of side surface pressure on step length is different
between the two cases: £ < 0.16 and ¢ > 0.16. In the short
step-length case (¢ < 0.16), the value of the time-averaged
pressure coefficient is almost unchanged along either side
surface of the main body. This implies that the main flow
is completely separated on both sides of the main body, as
confirmed by the visualization picture in Fig. 2. On the other
hand, in the long step-length case (£ > 0.16), the value of
the time-averaged pressure coefficient gradually increases
downstream along either side surface of the step obstacle,
implying that the flow attaches to the side surfaces. This
can be also confirmed in Fig. 2. Thus, it is concluded that
step length ¢ > 0.24 prevents large-scale flow separation
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Fig. 4. Dependence of drag coefficient on step length. Streamwise velocity
on the side surfaces of the obstacle. The surface pressure Fig. 5. Streamwise velocity distribution of side flow in cases of 7 = 0.16,

distribution in the case of step length £ = 0.16 shows a sim-
ilar profile to measurements for other longer step lengths, in
that pressure relaxation occurs on the side surface of the ob-
stacle. However, the off-body measurement such as turbu-
lence intensity and velocity profile (presented later) shows
a difference from the other step lengths, implying that
small-scale separation occurs on the step length £ = 0.16
that causes high turbulence intensity. Thus, to distinguish
the differences of the stepped-nose characteristics here, we
mainly used a measurement results of the stepped-nose ob-
stacle with step lengths £ = 0.08 and ¢ = 0.24.

As shown in Fig. 3, the peak of the pressure coefficient
around |s| = £1.5 looks like a different profile. The main
reason is that the step-region pressure distribution is not uni-
form. This is caused by surface imperfection around pres-
sure orifice or an error on zero alignment of the obstacle.
3.2.2. Drag coefficient

The drag coefficient of the stepped-nose obstacle is ob-
tained by integrating the pressure coefficient over the sur-
faces facing normal to the uniform stream. Figure 4 denotes
the dependence of drag coefficient on step length. The thick
solid line denotes the total drag coefficient and other thin
solid lines show the contributions of surface parts as labeled
in the figure. The value of the drag coefficient for the square
cylinder (i.e., £ = 0) measured in this experiment is 2.2,
which is consistent with the previously reported values
(2.04 at Re = 1.76 x 10° in Lee experiment,9) 2.15 at Re =
1.3 x 10* in Norberg experiment,lo) 2.09 at 1.0 x 10° in
Murakami and Machida 2D CFD,'” 2.37 at Re = 1.4 x
10* in Koutmos and Mavridis 2D CFDIZ)). Furthermore,
the dependencies of aerodynamic characteristics on step
length, shown in Fig. 4, are qualitatively in good agreement
with our numerical results. Specifically, the drag coefficient
of the stepped-nose obstacles reduced to half the value of the
simple square obstacle as the step length is increased. There
is no significant difference between the total drag coefficient
and the back surface drag coefficient contribution, which
means that the net drag coefficient of the forebody of the ob-
stacle become zero as step length increases to more than
0.24. Tt is concluded that the stepped-nose is effective for re-
ducing the drag of the obstacle when the net drag of the step-
ped-nose part becomes zero, and the total drag acting on the

¢ =0.08, and 0.24.

obstacle is represented by the drag acting on the back sur-
face of the obstacle.
3.2.3. Velocity distribution

In order to characterize the flow behavior on the side sur-
face downstream of the stepped-nose obstacle with various
step lengths, the variations on time-averaged streamwise ve-
locity along the side surface of the stepped-nose obstacle,
defined at five stations (x = 0.0, 0.2, 0.4, 0.6, 0.8, and
1.0), were measured with a X-probe hotwire anemometer.
As described in the previous section, the X-probe hotwire
anemometer has a limitation to velocity measurement in
the vicinity of the side surface due to the probe support size,
which is 8 mm in diameter. The closest measuring position
is 4mm from the side surface of the obstacle.

In Fig. 5, the velocity profiles are shown for the cases of
£ = 0.08 (less drag reduction) and £ = 0.24 (greater drag re-
duction). The differences observed in Fig. 5 are mainly at-
tributed to the effect of step length. The separated shear lay-
er growth in the case of £ = 0.08 is faster than the case of
£ = 0.24 due to flow re-separation at the leading edges of
the side surfaces of the stepped-nose obstacle. On the other
hand, in the case of £ = 0.24, the flow becomes reattached
just at the leading edge of the side surface. This means that
the velocity at the closest measuring position to the side sur-
face (called “surface flow” hereafter) gradually decreases
downstream in the course of pressure relaxation (see
Fig. 3). In order to characterize these velocity profiles for
various step lengths, the velocity values at some representa-
tive positions are employed. We use the subscript bottom to
denote the closest measuring point to the side surface, max
to denote the maximum velocity value at the measuring sta-
tions, and edge to denote the measuring position y = 3.5,
quite far apart from the side surface. As seen in Fig. 6, the
surface velocity Uporom initially increases, maximizes at
£ = 0.16, and then decreases to Upoyom = 1.4 as step length
increases. The surface velocity Upoom at each station has
wide variations due to the formation of recirculating flow
on the side surfaces for short step lengths. As seen in
Fig. 6, the maximum velocity Up,x has no significant differ-
ence for each measuring station, especially for step lengths
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Fig. 6. Characterization of step-length dependence of time-averaged side
flow for h = 0.16.

of £ = 0.24 or more. The dependency of maximum velocity
on step length can be identified when the behavior of sepa-
rated flow discussed in the previous sections is taken into ac-
count. As we know, the maximum velocity is caused by flow
acceleration due to solid blockage of the obstacle and flow
separation. Although the solid blockage generally changes
depending on the shape of the obstacle, the solid blockage
relevant in this experiment was not significantly affected
by the increase in step length. Thus, in the short step lengths,
we assume that the wake blockage increases due to large-
scale flow separation at the side surfaces. However, in the
long step-length case, large-scale flow separation is prevent-
ed by the stepped-nose. As a result, the wake blockage is al-
most the same and the maximum value is nearly unchanged
with step length.

Although we did not measure points others than those
marked in Fig. 5, we assumed that the thin boundary layer
grows in the case of £ = 0.24, especially x < 0.4, consider-
ing that the boundary layer growth on the side surface is
very thin for step length £ = 0.24. Therefore, the velocity
profiles are sufficient to present the boundary layer profile
of the stepped-nose obstacle. The curvature of the velocity
profile has a fundamental effect on stability of boundary lay-
er. As shown in Fig. 5, it is clear that the boundary layer
growth in the case of £ = (0.24 is more stable than that in
the case of ¢ = 0.08.

A comparison of the maximum velocity Upn,.x and surface
velocity Upoom at various stations reveals the stability na-
ture of the side flow. It was observed that, in the case of
£ > 0.24, Upnax takes a close value to Upoyom at any station,
indicating that the boundary layer thickness is very thin and
the boundary layer developed along the side surface is sta-
ble. On the other hand, in the case of £ < 0.24, the maxi-
mum velocity Upyy is quite different from the surface veloc-
ity Uporom €xcept at x = 0. This means that the main flow re-
separates on the side surfaces immediately downstream of
their leading edges, forming large-scale circulation regions
along the side surface. It is considered that, in the case of
short step length, the flow separating from the front surface
edges impinges on the step’s frontal wall and then re-sepa-
rates near the leading edges of the side surfaces.

Fig. 7. Step length dependency of surface velocity at the leading edge of
the side surface.

The edge velocity U.qgg. is not affected by step length, but
takes an approximately 10% greater value than the free-
stream velocity due to the blockage effect of the obstacle
in the test section.

It is interesting to compare the measured surface velocity
at the leading edges of the side surfaces (x = 0) to that pre-
dicted from an inviscid flow theory. In our previous paper,
the potential flow past a semi-infinitely long body with a
stepped-nose was solved in the framework of discontinuous
flow theory assuming that the flow separating from the front
surface edges attaches tangentially to the side surfaces of the
semi-infinitely long main body at their leading edges. The
fluid enclosed by these streamlines of separated flow and
step surfaces is assumed stagnant, so that the speed of the
fluid particles is constant everywhere on the separated flow
streamlines. In particular, the value must be consistent with
the surface velocity at the leading edges of the side surfaces.
The broken line in Fig. 7 shows the dependence of the the-
oretically predicted surface velocity on step length (note that
the discontinuous flow theory determines the step height as a
function of step length), which should be compared to the
measured surface velocity drawn as the solid line. Figure 7
shows that the two lines are in good agreement for step
lengths exceeding 0.24. This suggests that the main flow
of a long step length becomes similar to the discontinuous
flow. The measured surface velocity is slightly lower than
the theoretically predicted values because of viscous effects.
The discrepancy between the two lines is significantly en-
larged as the step length is decreased from £ = (.24 because
the main flow separates from the side surfaces of a stepped-
nose obstacle with short step length.

As seen in Fig. 3, the pressure coefficient distribution in
the stepped-nose regions varies significantly (0.1 > Cp >
—1.8) with increasing step length. The contribution of suc-
tion pressure acting at the step’s frontal wall to the drag co-
efficient depends on the strength of vortices trapped in the
step regions. The step configuration becomes optimum
when the vortices trapped in the step regions are strong
enough to lead to the vanishing net forebody drag. This con-
dition is satisfied at step length £ = 0.24 as mentioned in the
previous section, and the flow separating from the front sur-
face edges smoothly reattaches to the leading edges of the
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Fig. 8. Turbulence intensity distribution of side flow in cases of 7 = 0.16,
¢ =0.08, and 0.24.

side surfaces of the main body. Importantly, even in the case
of £ > 0.24, for which the suction pressure gradually be-
come weak, the vortices trapped in the step regions can con-
tinue to adjust the reattachment position of the separated
flow in similar way to the optimum step configuration ¢ =
0.24. Thus, the surface pressure distribution of ¢ > 0.24 is
similar to that of ¢ = 0.24, consistent with the theoretical
prediction made in our previous paper.4) The stabilization
effect of side flow over a wide range of step lengths extends
the applicability of the stepped-nose drag reduction method
to practical problems.

3.2.4. Turbulence intensity

Figure 8 shows the distribution of turbulence intensities at
various measuring positions for various step lengths. The
case £ = 0.08 results in high turbulence, whereas the case
£ = 0.24 yields low turbulence. These properties are consis-
tent with the side flow behaviors described in the previous
sections. The high turbulence at £ = 0.08 is caused by the
velocity fluctuation about the time-averaged profile shown
in Fig. 5 due to an oscillatory change in side flow separation
to cope with the Karman vortices.

Generally, the main contributor to turbulence intensity for
edge turbulence is the free-stream turbulence remaining
from the turbulence reduction system (screens, honeycomb,
etc.) located upstream of the test section. Turbulence inten-
sity around the stepped-nose obstacle in this experiment was
contributed by free-stream turbulence, separated flow, and
disturbances from the wake of the obstacle. It is important
to note that the free-stream turbulence Tu,, in the wind tun-
nel used in this experiment is about 2%. In the case of a short
step length, high turbulence was observed, which confirms
the occurrence of large-scale flow separation at the side sur-
faces of the obstacles. On the other hand, the low turbulence
observed in the long step-length case means that there is no
large-scale separation on the side surfaces of obstacles with
long step lengths, consistent with the flow visualization. As
seen in Fig. 8, for the long-step length case £ > 0.24, the tur-
bulence intensity near the side surfaces has almost the same
value as the free-stream turbulence intensity.

Figure 9 shows the characterization of turbulence intensi-
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ty for various step lengths. The surface turbulence Tupotom
denotes turbulence intensity at the measuring position clos-
est to the side surface, Tuy,x denotes the maximum turbu-
lence intensity at measuring stations, and edge turbulence
Tueqge denotes the turbulence intensity at the outer edge of
the measuring station (y = 3.5). The large values of
Tupottom and Tumax for the short step-length case ¢ < 0.24
clearly indicate the existence of separated shear flow over
the side surfaces. A clear contrast is observed for the long
step-length case ¢ > 0.24, although turbulence intensity
gradually increases with increasing step length after the op-
timum step configuration. The turbulence intensity in this
case is less than 10%. Thus, the turbulence growth on the
side surfaces is similar to that in the Blasius flow. As shown
in Fig. 9, the maximum turbulence intensity varies depend-
ing on step length (¢) and measuring position (x). Even
though the real surface velocity profile could not be meas-
ured in the recent investigation due to the limitation of
measuring devices, it is assumed that, in the case ¢ >
0.24, the separated shear layer flow reattaches just at side
surface of the obstacle as confirmed in flow visualization.
Thus, the boundary layer developed on the side surface is
considered to be very thin. Thus, it was concluded that the
location of maximum turbulence intensity was attained co-
inciding with the side surface of the obstacle. Then, consid-
ering the result of maximum turbulence intensity, which is
determined by an extrapolation method, the optimum step
configuration suppresses the turbulence intensity to less than
10%.
3.2.5. Reynolds stress

Figure 10 shows Reynolds stress uv distributions at the
side surfaces of the stepped-nose obstacle for the fixed step
height 4 = 0.16 and the two step lengths of £ = 0.08 and
0.24. The Reynolds stress distributions were measured at
the same five stations as the other previously mentioned
quantities. The measured Reynolds stress component ex-
presses the transport of x-momentum trough a surface nor-
mal to the y-axis. Consistent with Figs. 5 and 8, it takes a
large magnitude in the separated flow regions for £ = 0.08
but it vanishes for £ = 0.24 except near the side surfaces
downstream. The Reynolds stress in the case of £ = 0.24 be-
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Fig. 10. Reynolds stress distribution of side flow in cases of & = 0.16,
¢ =0.08, and 0.24.

comes significant near the rear edges of the side surfaces. It
takes a small positive value, which monotonically decreases
to zero as the normal distance from the side surface is in-
creased. This means that the weak steady flow moving
downstream is excited in the boundary layer, just like a nor-
mal vibrating plate placed parallel to a uniform stream. The
situation is totally changed in the case of £ = 0.08. The Rey-
nolds stress takes negative values near the leading edges of
the side surfaces. Moving downstream, the minimum point
moves outward consistent with the movement of the outer
edge of the boundary layer, and its magnitude first increases
rapidly and then decreases. This Reynolds stress distribution
shows that the separated main flow is decelerated but the flu-
id in the separation region is accelerated downstream. This
behavior is consistent with the steady streaming effect
caused by oscillating flow. Toward the rear edges of the side
surfaces, the Reynolds stress turns positive. This happens
because of the interaction of the side flow with vortices cre-
ated behind the back surface of the stepped-nose obstacle.
3.3. Step height effect on side flow

Fixing the step length at £ = 0.16, the side flow of the
stepped-nose obstacle was examined for various step
heights. In this series of experiments, the optimal step flow
condition is realized only in the vicinity of a certain step
height (A = 0.1), where the drag coefficient of the step-
ped-nose obstacle becomes minimum and the side flow of
the obstacle is stabilized as seen in Figs. 11-15.
Figures 11, 12 and 14, respectively, show the variations in
streamwise velocity, turbulence intensity, and Reynolds
stress profiles along the side surface of the stepped-nose ob-
stacle with step heights 2 = 0.1 and 0.2. The variations in
the characteristic speeds (Uegges Umax and Upotom) and turbu-
lence intensities (TUedge, Timax and Tuporom) With step height
are shown in Figs. 12 and 14, respectively. Trends similar to
those described for Figs. 5-10 are observed in these figures.

Combining the results of various step lengths and heights,
it is found that the stepped-nose method is very effective for
reducing the drag coefficient when the step height is 0.1 and
step length is greater than 0.24.
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3.4. Reynolds number effect

We examined the effects of Reynolds numbers on the
flow characteristics of various step-height obstacles. The
Reynolds numbers used were 5.0 x 10%, 1.0 x 10°, and
1.5 x 10°, obtained by increasing the free-stream velocity
of the test section to 10 m/s, 20 m/s, and 30 m/s, respective-
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ly. As shown in Figs. 16 and 17, for the tested Reynolds
number range, the side flow velocity profile and turbulence
intensity did not change significantly. This means that the
drag reduction effect of the stepped-nose obstacle is un-
changed as long as the Reynolds number is large enough.
The increase in free-stream velocity accompanies the corre-
sponding increase in free-stream turbulence. If the strength
and size of the vortices trapped in the step regions are influ-
enced by this increased free-stream turbulence, the side flow
properties will change correspondingly. However, such an
effect cannot be recognized for the flow properties shown
in Figs. 16 and 17. Thus, we may say that the turbulence
of the flow turning around the step corners, unless too
strong, does not significantly affect the stepped-nose effects
presented in this paper.

4. Conclusion

An experimental investigation of stepped-nose effects for
various step lengths and heights at the forebody of a square
cube has been conducted. From this investigation, we
learned that there is an optimum step configuration size
where the net drag force at the forebody of the stepped-nose
obstacle becomes zero, the turbulence growth along the side
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surface of the stepped-nose obstacle is suppressed and stabi-
lized. Furthermore, turbulence intensity along the side sur-
face becomes lower than 10% of the free-stream velocity.
We measured the velocity distribution, turbulence, and Rey-
nolds stress for various step lengths with a fixed step height
and for various step heights with a fixed step length. We
concluded that applying the optimum stepped-nose configu-
ration, the separated flow along the side surfaces of the ob-
stacle is affected in such a way that a stable boundary layer
profile is obtained. The turbulence intensity of the optimum
stepped-nose configuration could be suppressed down to
10% of the free-stream velocity. This leads to a stable
Von-Karman vortex configuration, low base pressure, and
large drag reduction. The pressure measurements were con-
ducted for various step lengths. We concluded that the suc-
tion pressure acting on the step region and base pressures
along the back surface of the obstacle depend on the step
length. For the optimum stepped-nose configuration, pres-
sure relaxation is observed along the side surface. This leads
to a stable boundary layer and low base pressure.
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