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ABSTRACT

The “knuckleball” effect is believed to be caused by
asymmetric flow separation over the baseball, but little is
known about its flow physics. The baseball is gripped
with the knuckles in a certain position and is pitched in a
way that introduces nearly no rotation, resulting in erratic
flight paths which confuse batters. In the experiment
described in this paper, the flow near the seams of the
baseball is visualized thoroughly and the velocity vector
fields near the surface and in the wake are obtained with
Digital Particle Image Velocimetry. Depending on its
position, the seam is found to trigger the boundary layer
transition thus delaying the separation, or to cause
separation itself. Three-dimensional wake patterns
associated with specific ball orientations are identified
and related to the force variations on the ball.

INTRODUCTION

The dynamic behavior of a sports ball has a close
relationship with the fluid-structure interaction problem.
Some sports balls have peculiar surface patterns, e.g.
seams and/or dimples. Also these balls change their
orientation during the flight, often causing irregular
flight paths®. Especially in baseball which is covered by
two strips of hide tightly stitched together in a
three-dimensional manner?, aerodynamic forces act on
the pitched ball in various directions that depend on the
flight velocity, rotational speed, rotation axis and surface
seams>*. The seam height is typically less than 1mm out
of 72mm diameter baseball. Spinning curveballs known
as ‘curve’ and ‘shoot’, have more than 30 rps of
rotational speed. The ball experiences a lateral force
under the
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Magnus effect®. A “straight” ball with a backspin receives
a force opposite to gravity. In this sense, a straight ball
may be as a type of curveball. In the case of
non-spinning curveballs, such as the ‘knuckleball’, the
rotational speed is approximately zero; one high-speed
camera measurement reported it to be 0.28rps, resulting
in only 1/4 rotation through its entire flight®. At this
rotational speed, the boundary layer on the surface is
affected by the seams, and the wake generated over the
baseball is deflected by the asymmetric boundary layer
separation. Some aerodynamic measurements have been
reported in the past®®, as well as numerical simulation of
the flow®. However, the flow physics of the knuckleball,
and in particular the boundary layer and separated flow
characteristics, have not been  documented.
Misconceptions persist about the differences between
flow behind such axisymmetric or three-dimensional
bluff bodies and that behind two-dimensional
counterparts®. Thus, the aim for this experiment is to
analyze the relationship between the aerodynamic force
and flow field generated over the baseball. Particular
attention is paid to the boundary layer transition,
separation and deflected wake influenced by the seams
on the surface of the ball.

EXPERIMENTAL SETUP
Wind Tunnel Setup and Aerodynamic Force
Measurement

The experiment was conducted with a commercially
available baseball placed in an open jet of a low-speed,
low-turbulence recirculating wind tunnel at the Institute
of Fluid Science, Tohoku University. The nozzle was
octagonal and 0.293m wide, and the distance to the
diffuser entrance was 0.53m. The free stream turbulence
was less than 0.2%'°. The ratio between the model
cross-sectional area and the upstream nozzle opening
was 5%. Tests in a larger, proportionally scaled wind
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tunnel with a 0.81m wide nozzle' were also conducted,
but the small wind tunnel of the same design was utilized
because of its easier access without exhibiting any
drawback due to its smaller jet. First, in order to analyze
the relationship between seam position and aerodynamic
force, drag and side forces are measured at each ball
orientation. The experimental apparatus and coordinate
system are shown in Fig. 1(a), and reference orientations
of ball axes are shown in Fig. 1(b). In light of the
3-dimensionality of boundary layer separation, three
different axes of baseball are chosen for study. The ball
orientation about each axis is set by the stepping motor at
a 0.36 degree increment. The ball is fixed stationary at
each orientation until the measurement is completed.
Ball axis A coincides with the y-axis, and is called the
4-seam position. A typical knuckleball is thrown in this
orientation, and thus closer attention is paid to it in this
paper. Ball axis B corresponds to the z-axis, which is
called 2-seam. Force measurements are conducted in the
range between 16m/s and 30 m/s. For most of the
experiment on the flow field, however, free stream
velocity is fixed at 22 m/s (79.2 km/h), which is known to
be in the range of typical knuckleball velocity. The
corresponding Reynolds number based on the free
stream velocity and the ball diameter of 71.5 mm is
1.05x10°. The coordinate system with its origin at the
center of the ball is chosen as shown. The ball orientation
is specified in the clockwise direction as observed from
above. Drag and side forces are measured with the load
cell after calibrated against dead weights, and are
considered positive in positive x- and z-directions. The
ball was supported from below by a thin rod away from
the measurement plane. In order to avoid the effect of
any support on a sphere and a blunt-edged circular
cylinder, some new experiments have been carried out
using a magnetic support and balance system'®*3 but
deployment of such system was not possible on an actual
baseball. Comparing the drag measurements on the
sphere with the present system and those with the
magnetic suspension system, the effect on the present
measurement was deemed insignificant for the present
discussion.

Flow Visualization

Instantaneous wake pattern and flow separation at
each angle and axis orientation are first visualized using
paraffin smoke from a heated wire and captured with a
digital CCD camera illuminated by a synchronized
Nd:YAG laser sheet. In order to observe the
time-dependent wake structure and the separation
movement, the flow field over the baseball is illuminated
by a continuous argon laser and recorded on a high-speed
video camera at up to 9,000 frames per second. The
smoke wire is located 2mm downstream from the end of
the ball and parallel to the z-axis (see Figure 1), and
multiple smoke wires are used as needed. Further flow
visualizations near the surface are conducted with a
uniform seeding which is used for the instantaneous

velocity vector measurement as discussed below.

Measurement of Velocity Vector Fields

The velocity vector profiles near the surface and in the
wake cross sections are measured with the TSI Digital
Particle Image Velocimetry (P1V) system for each angle
and axis. This setup is the same as in Fig. 1, except for
the uniform seeding and different arrangements for the
pulsed laser light sheet and camera as needed. Smoke
wires are removed and the entire test section is filled with
oil mist, with particles averaging 1 micron in diameter,
introduced in the downstream diffuser section.

RESULTS
Force Measurement

The relationship between time-averaged drag and side
force coefficients and the ball seam angle at each of the
three orientations are presented. The ball is positioned at
one orientation, and data are sampled at 10 KHz and are
time-averaged over 12.3 seconds and
ensemble-averaged over three full rotations. The forces
are normalized by the free stream dynamic pressure and
the ball cross-sectional area. Uncertainty of the data is
estimated to be +0.02 considering the precision error,
repeatability and high frequency fluctuations. Flow
velocity is 22 m/s, with a Reynolds number of 1.05x10°.

The results of the force variations at different
orientations about the axis A, often called the 4-seam
position, are shown in Fig. 2. As the illustration on top of
the figure shows, the seam orientation of the baseball
repeats itself with a 180 degrees interval, though in the
meridian cross sectional plane, it exhibits a pseudo
periodicity every 90 degrees. The drag coefficient varies
periodically between 0.4 and 0.6 at 90 degree intervals.
The minimum is at O degree of ball angle, while the
maximum value is measured at 45 degrees. The side
force experiences a much wider range of periodic
variation. Measurement at the present Reynolds number
shows large side force fluctuations at 90°, 180°, etc.
where the time-averaged RMS level reached 0.2. Small
peaks in the side force in the range between 45degrees
and 58 degrees and at subsequent equivalent orientations
are also noticeable.

For axes B (commonly called the 2-seam position) and
C (the oblique paosition), the results are shown in Figs. 3
and 4, respectively. The aerodynamic force about the
ball axis C showed the most gradual variation with angle,
with a periodicity of 180 degrees, and that about the ball
axis B showed a moderate level of variations. As
comparison among Figs. 2, 3 and 4 shows, the ball
orientation corresponding to the ball axis A produced the
most dramatic side force variation, and the flow in this
orientation was most sensitive to the change in the ball
angle. Therefore, the emphasis of the experiment was
placed on the ball axis A and its results are discussed
further in detail.

In order to assess the force variations when the speed is
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changed, force measurements are carried out for the ball
axis A between 16 m/s and 30 m/s. The Reynolds number
range is between 7.6x10* and 1.43x10°. The results are
shown in Fig. 5. In general, similar periodic drag and side
force variations with the period of 90 degrees are
observed. Above 24m/s, both drag and side forces vary
by smaller amount. The drag force variations are small at
the lowest speed but increase with the speed up to 24 m/s.
At two lowest speeds, the drag coefficient follows a
slightly different pattern and does not decrease at 0 or
180 degrees unlike those at 90 and 270 degrees. The drag
force average over the entire rotation decreases
monotonically from 0.6 to 0.5 with speed. The Reynolds
numbers in these cases are sub-critical for a smooth
sphere. The side force is zero at 0°, 90°, 180°, etc. as
expected within the accuracy of the ball manufacturing,
alignment and force measurement. The region of extreme
side force (>+0.3) decreases with speed, and the small
peaks in the side force in the range between 45 degrees
and 58 degrees becomes less prominent at higher speed,
whereas more prominent regions of reduced drag and
slightly convoluted side force excursions are seen near
90°, 180°, etc. at higher Reynolds numbers. The force
excursions in these regions will be addressed in the
discussion.

In order to elucidate the cause of these variations in drag
and side forces, detailed flow visualizations and velocity
measurements were conducted as described below.

Wake: Flow Visualization and PIV Measurement

Flow visualization photographs with smoke wire and
PIV velocity profiles using seeded particles for the x-z
plane (y=0) are shown in Fig. 6. Coordinates are
normalized by the ball diameter, d. The velocity profiles
(e-h) correspond to the areas marked in the photos (a-¢e).
The velocity vectors are ensemble-averaged from 40
instantaneous profiles. While this paper is concerned
with global flow characteristics as shown, the uncertainty
of the time-averaged velocity data is estimated to be less
than + 2%, deemed adequate in the present study. The
free stream direction is from left to right. Change in
wake size can be seen between 0° (Figs.6a, €) and 45°
(Figs. 6¢, g). The larger wake in the latter produces a
higher drag coefficient as seen in Fig. 2, though both
wakes in this cross sectional plane are symmetric and
produce nearly zero side force. On the other hand, a clear
sidewise flow deflection is observed in Figs. 6(b)&(f),
resulting in a large side force. In Figs. 6(d)&(h), the wake
is deflected in the opposite direction. At 45degrees the
flow separations appear to be triggered by the seam, but
this is not necessarily the case for other angles. The
boundary layer behavior and its separation are addressed
in the next section.

The three-dimensional wake structure is further
clarified in the end view, i.e., in a cross section normal to
the flow. The figures on top in Fig. 7 are smoke
visualizations at x/d=1.125. At 0 degree (Fig. 7a), the
region of the wake field is symmetric and narrow,

corresponding to a smaller drag and zero side force. At
30 degrees (Fig. 7b), the wake is deflected due to an
asymmetrical boundary layer separation. As shown in the
next section, close-up measurements indicate that the
seam works as a tripping wire and the separation is
delayed on one side of the ball. The PIV measurements
were performed on the same cross sections by uniformly
seeding the flow. The results in the bottom figures (Fig.
7) indicate clear vortical structure within the wake
corresponding to the region indicated above. In particular,
at 30 degrees (b), a pair of strong counter-rotating
vortices and an induced velocity field, somewhat
resembling wing-tip vortices, can be seen on the port side
of the PIV result. The induced velocity and the wake
deflection are consistent with the large side force
observed (in this figure the force on the ball is to the
right). At 0°, two pairs of counter-rotating vortices are
shown resulting in a nearly balanced side force. (Note:
the end view of the ball at this position will appear as in
Fig. 3 at 270°.) The asymmetry is weak at 45° (c),
whereas at 60° (not shown) the counter-rotating vortices
are in the opposite direction of those at 30°.

Boundary Layer Behavior: Visualization and
Velocity Field

In order to further clarify the relationship between the
flow separation and the surface condition, the flow
immediately adjacent to the ball surface was
investigated. The seeded flow near the surface is shown
in Figs. 8(a,b,c) for 3 different ball orientations, 30°, 45°
and 60°, respectively. Separating shear layers are
identifiable as dark regions which result from dearth of
particles within the initial boundary layer. The variation
of the separation point was small based on the
high-speed video of the smoke flow visualization within
its resolution, and these instantaneous photos are
deemed representative of a sequence of photos captured.
In Fig. 8a (30°), the separated shear layer is out of view
and further downstream. The seam (typically Imm high)
appears to have triggered a boundary layer transition to
turbulence thus delaying the separation in this Reynolds
number range. Corresponding velocity measurements
will be discussed below. Mizota et al.’carried out hot
wire measurements near the baseball surface at free
stream velocity of 21.5m/s. They found that at 35°
orientation, there was a turbulent boundary layer
separation at the 110 degrees on the top surface and
laminar separation at 94 degrees at the opposite side of
the baseball. Incidentally they also found a turbulent
boundary layer separation at 0° ball orientation around
120 degrees from the stagnation point. In Fig. 8b (45°),
the boundary layer separation is caused by the seam
itself. A shear-layer instability and roll-up are seen in
the photo. On the other hand, the boundary layer in Fig.
8c (60°) separates over the smooth surface ahead of the
seam. The seam does not play any role, because it is
located in the separated, reverse flow region.

These phenomena are further analyzed quantitatively
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by applying the DPIV technique. Figures 9 show the
ensemble averaged velocity vector fields near the ball
surfaces; detailed velocity profiles within the boundary
layer and in the reverse flow regions are shown. The
position of the seam is also identified in the figures.
These results are obtained in the same setting as
visualized in Figs. 8. At 30 degrees as shown in Fig. 9(a),
the separation is substantially delayed with the seam at
the shoulder position. Separation point is downstream of
this viewing area (x/d>0.3, >127°). The boundary layer
is deemed turbulent as in the case of a tripped boundary
layer over a sphere, and the velocity profile approaching
the separation appears somewhat fuller than the
counterpart in Fig. 6(d). though the PIV resolution did
not allow examination of the velocity profile against the
law of the wall, etc. The separation caused by the seam
protrusion and a large reverse flow region are shown in
Fig. 9b (45°). The separation at the seam occurs at
x/d=-0.025 or 87° from the stagnation point. In Fig. 9c
(60°), however, the separation moves ahead of the seam
on the smooth surface near 84.3 degrees from the front
stagnation point.. The separation point is similar to that
of a laminar boundary layer over a smooth surface.
While the spatial resolution is limited, the separating
boundary layer profile shows that the flow is laminar, in
contrast to that for 30°. Figure 9d, measured at 90°,
shows a flow pattern somewhat similar to that at 0°, but
the boundary layer separation is slightly delayed to
about 106° from the front stagnation point. Note
between the 0° and 90° ball orientations, the seam
location in this cross section is similar, but the
three-dimensional seam configurations are different
between the two. Together with the visualizations at
intermediate angles, the boundary layer behavior is
discussed more in detail in the next section. Recently, a
numerical simulation to compute the behavior of the
flow over a baseball has shown the three-dimensional
nature of boundary layer separation®, but the flow
transition and/or flow separation at specific ball
orientations as identified in this paper are not
demonstrated.

DISCUSSION OF FORCE VARIATION AND THE
FLOW FIELD

The relationship between the force variation and the
flow field has been clearly shown in the present
research.

As the results in Fig. 5 have indicated, large side force
variations were observed within the range of Reynolds
number between 76,000 and 143,000. Similar periodic
side force variations were measured by Watts and
Sawyer® at approximate Reynolds number of 102,000.
The force variations were much smaller, about +-0.1 in
force coefficient and partly due to large stepping angle,
they did not resolve sharp side force variations observed
at present. They did not provide technical information
on wind tunnel size or its conditions. While agreeing in

general with their measurements, the present results (see
Figs. 2-5) show much more convoluted force variations
in these ball orientations associated with subtle change
in flow physics, and will be further addressed below
again focusing on the orientation around axis A (4 seam
position.).

As the ball is rotated clockwise from the symmetric
seam orientation at 0° with zero side force, the seam on
the upper surface trips the boundary layer and delays
separation, hence the positive side force. The boundary
layer is still attached at 30° in the viewing area of Fig. 8a
and Fig. 9b. However, Figs. 10a and b indicate a sudden
change of the boundary layer behavior when the ball
orientation moved from 36° by just one degree to 37°,
where the separation occurs at the seam. A closer look at
Fig. 10a indicates a small separation bubble behind the
seam. Within this range, the seam appears to change its
role as a boundary layer trip to the cause of the boundary
layer separation. Whereas the protrusion, roughness
effect, and subsequent modification to the surface
pressure gradient are suspected (see e.g., Schubauer and
Spanngenberg™), it is beyond the scope of the current
observation using the actual, non-instrumented baseball.
More detailed PIVV measurements or a specially made
model with pressure ports may have enabled calculation
of surface pressure distribution to elucidate the
boundary layer behavior (see, e.g., Amitay et. al.*” for
modified pressure distribution estimated from the PIV
results). Elucidating the flow around the actual baseball,
rather than a scale model, was the thrust of this study.

At 45° (see Fig. 8b and Fig. 9c) the seams on both
sides are symmetrical and produce nearly symmetrical
separated flow and wake (Figs. 6, 7) and zero side force
(Fig. 2). When the ball is further rotated clockwise about
the axis A, the separation caused by the seam moves
with it till approximately 50° as shown in Fig. 10c. The
separation takes place from the smooth surface on the
opposite side of the ball resulting in large positive side
force. Further rotation of the ball causes the separation
to jump ahead of the seam and the side force shifts
toward negative. Figure 10d taken at 52° indicates that
the separation line has moved just ahead of the seam.
The separation point remains the same between 52° and
80°. Though not included for brevity, the flow
visualizations show that the boundary layer is again
attached and the separation moved downstream of the
view starting around the ball orientation 82°. Transition
of the boundary layer appears to be limited in this region
where the front seam is in the boundary layer
development region and yet the rear seam is sufficiently
downstream and out of the way. The overall minimum
drag occurs when the boundary layer behavior is near
symmetric on top and bottom (See Fig. 5 and Fig. 6).

It has been noted that the side force variations in the
range 45° -60°and its equivalent positions are somewhat
discontinuous (see Figs. 2 and 5) and the boundary layer
separation is extremely sensitive to a small change in the
ball angle, and is subject to a hysteresis effect. This

Copyright © 2010 by ASME



point is further addressed below.

The present experiment has been conducted in a
quasi-steady manner. These measurements are taken
over a long sampling period while the ball is held at a
position and is stepped in 0.36 degree increment to
another position in one direction. The flow field remains
the same with time and is not subject to change due to
minor external disturbance. However, when the
measurements are repeated by stepping through ball
orientation in the opposite direction, the hysteresis effect
has been noted, for example between 45 and 52 degrees.
At 45°, flow separations caused by the top seam and the
bottom seam of the ball flow field produce near zero side
force. Again refer to the seam orientation in the Fig. 2.
When the ball is rotated clockwise, the flow separation
from the top seam moves downstream and that from the
bottom seam moves upstream, causing a positive side
force. The flow separations subsequently jump to the
smooth surface (upstream on the top and downstream at
the bottom). As this may not occur simultaneously,
non-monotonic side force variations are experienced.
When the ball is stepped in counterclockwise direction
while the separation is ahead of the seam at 52°, the
separation remains ahead of the seam until rotated down
to 30°. The side force is slightly negative during this
period. Near 60°, the separation from the bottom surface
causes a similar hysteresis effect. The flow pattern is
again relatively robust and rarely changed either with
time or with upstream disruptions.

The ball axis A presented above (i.e., 4-seam position)
exhibited the most force excursions per ball rotation, and
this appears to be the preferred hold for knuckleball
pitchers. In other ball orientations, seam pattern (see Fig.
1) modified the boundary layer through a similar
mechanism, though less dramatically. It is noted that the
phenomena depicted on different cross sectional planes
occur simultaneously due to the non-axisymmetric seam
pattern, and that the boundary layer and the wake flow
field are fully three-dimensional even in the
time-averaged sense. Note that side force variations
shown in Figs. 2-4 at various orientations about three
axes can occur simultaneously and manifest themselves
as complex three-dimensional vertical and horizontal
forces.

While we have focused our attention to the side force
variation that affect the ball trajectory most, it is worth
revisiting the drag force. Variation in drag force and that
in the wake size are well correlated as reported widely
for spheres and sports balls. For example, Jeon et al. ™
recently applied active separation control on a smooth
sphere to modify its drag. (Note, however, when the
separation line is fixed as on a disk placed normal to the
flow, a smaller wake produces a higher drag™.) Sawada,
et al' used the magnetic suspension and balance system
to measure the drag variation of a smooth sphere up to
the critical Reynolds number. They observed a
beginning of the drag decrease at Reynolds humber just
below 300,000. The free stream turbulence was between

0.05% and 0.07%. It may be noted that the average drag
coefficient is higher than that for a smooth sphere (see
e.g., Achenbach'®) though the same experimental set up
had been used by another group to yield nominal results
for a smooth sphere. Mizota et al’s drag measurements®
on the non-spinning baseball range between 0.4 and 0.7
with similar angle dependence as observed presently.
When they varied the Reynolds number at the ball
position of 35 degrees as in the present ball axis A, the
drag coefficient remained higher than 0.5 for
Re=100,000 ~ 200,000. The surface roughness would
reduce the drag on smooth spheres (see, e.g.,
Achenbach®®), but no drop in the drag was observed in
this Reynolds number range. Though the baseball
surface away from the seam is not completely smooth,
we may conclude that the present results reflect the
effect of the seam on the boundary layer and its
separation. Here the fully three-dimensional seam
pattern may give a clue on the phenomena observed. As
shown in Fig. 1b, the seam pattern for the ball axis is
highly asymmetric viewed from the side. For example
the side view seam pattern at ball orientation of 0 degree
for the ball axis A corresponds to the ball orientation of
90degrees of the ball axis B (compare Figs. 1b, 2 and 3).
Thus the some part of the seam may work as a trip wire,
the other portion of the seam triggers a
three-dimensional flow separation. Further study of
three-dimensional boundary layer separation and
reverse flow region is needed.

High-speed video was taken of global wake oscillation
in this cross sectional plane. The visualized downstream
wake oscillation had a frequency equivalent to the
Strouhal number of 0.21, similar to that found behind a
smooth sphere.?’ In the high-speed video of the flow past
the ball, movement of the separated shear layer angle
was noted but its synchronization with the wake
oscillation was not clear. In addition the movement of the
separation point was not discernible (refer to Fig. 6). It is
worth pointing out that the large asymmetric wake
oscillation is produced also behind a sharp-edged disk
with a fixed separation line (see, e.g., Bigger, et. al.”).
When the power spectra of the side force were analyzed,
a spectral peak was not found at that frequency. Thus the
low frequency wake oscillation was deemed a
non-contributing factor for the knuckleball fluctuations.

The role of the seam on the boundary layer separation
and on the resulting side force has been demonstrated. In
order to illuminate the mechanism of forced mixing by
the seam more clearly, however, additional detailed
flow-field measurements including velocity fluctuations
within the boundary layer and in the immediate vicinity
of the seam would be needed, but perhaps is beyond the
scope of the present study using the commercially
available real baseball.

In general, the knuckleball is pitched with a minimal
rotation to trigger the physical behavior investigated
above and to induce a combination of side force and to a
lesser extent, drag force variations during its flight. The
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narrow speed range needed to effect the large variation
of the boundary layer behavior also makes pitching such
a ball challenging. It is to be noted that even if the ball is
thrown at zero rotation, the ball will still undergo slow
rotation in flight due the asymmetric surface shear stress,
as also pointed out in a short comment by Weaver?.
However, it would be a complex task to measure or
numerically predict the three dimensional shear stress
distribution to forecast the actual rotation. Together with
the hysteresis effect discussed above, the trajectory
becomes seemingly erratic and extremely difficult to
determine, thus confusing the batter. While the present
study identified the mechanism of the knuckleball
phenomena, further study is needed before one may be
able to predict the dynamic variation of ball orientation
and the flow field a priori.

CONCLUSION

Detailed velocity vector field measurements and
visualization study of flow over a baseball were
conducted to examine the physics of the knuckleball.
Large side force excursions were obtained depending on
the ball orientations. The drag and side force variations
were shown to be caused by the change in the size and
symmetry of the recirculation region in the wake. In
particular, large-scale counter-rotating vortices were
shown corresponding to large side force measured.
Depending on the ball orientation, the seam was found
to trigger flow separation or boundary layer transition.
The present study demonstrated that the pitch called the
knuckleball is indeed accompanied by complex flow
physics that are hereby clarified in most part, yet without
eliminating the unpredictability that makes the pitch a
vital part of the game of baseball. The study is also
applicable in passive measure of flow control in general.
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	Wind Tunnel Setup and Aerodynamic Force Measurement
	  The experiment was conducted with a commercially available baseball placed in an open jet of a low-speed, low-turbulence recirculating wind tunnel at the Institute of Fluid Science, Tohoku University. The nozzle was octagonal and 0.293m wide, and the distance to the diffuser entrance was 0.53m. The free stream turbulence was less than 0.2%10. The ratio between the model cross-sectional area and the upstream nozzle opening was 5%. Tests in a larger, proportionally scaled wind tunnel with a 0.81m wide nozzle11 were also conducted, but the small wind tunnel of the same design was utilized because of its easier access without exhibiting any drawback due to its smaller jet. First, in order to analyze the relationship between seam position and aerodynamic force, drag and side forces are measured at each ball orientation. The experimental apparatus and coordinate system are shown in Fig. 1(a), and reference orientations of ball axes are shown in Fig. 1(b). In light of the 3-dimensionality of boundary layer separation, three different axes of baseball are chosen for study. The ball orientation about each axis is set by the stepping motor at a 0.36 degree increment. The ball is fixed stationary at each orientation until the measurement is completed. Ball axis A coincides with the y-axis, and is called the 4-seam position. A typical knuckleball is thrown in this orientation, and thus closer attention is paid to it in this paper. Ball axis B corresponds to the z-axis, which is called 2-seam. Force measurements are conducted in the range between 16m/s and 30 m/s. For most of the experiment on the flow field, however, free stream velocity is fixed at 22 m/s (79.2 km/h), which is known to be in the range of typical knuckleball velocity. The corresponding Reynolds number based on the free stream velocity and the ball diameter of 71.5 mm is 1.05x105. The coordinate system with its origin at the center of the ball is chosen as shown. The ball orientation is specified in the clockwise direction as observed from above. Drag and side forces are measured with the load cell after calibrated against dead weights, and are considered positive in positive x- and z-directions. The ball was supported from below by a thin rod away from the measurement plane. In order to avoid the effect of any support on a sphere and a blunt-edged circular cylinder, some new experiments have been carried out using a magnetic support and balance system12,13, but deployment of such system was not possible on an actual baseball. Comparing the drag measurements on the sphere with the present system and those with the magnetic suspension system, the effect on the present measurement was deemed insignificant for the present discussion.
	Flow Visualization
	Measurement of Velocity Vector Fields
	Wake: Flow Visualization and PIV Measurement

	   The ball axis A presented above (i.e., 4-seam position) exhibited the most force excursions per ball rotation, and this appears to be the preferred hold for knuckleball pitchers. In other ball orientations, seam pattern (see Fig. 1) modified the boundary layer through a similar mechanism, though less dramatically. It is noted that the phenomena depicted on different cross sectional planes occur simultaneously due to the non-axisymmetric seam pattern, and that the boundary layer and the wake flow field are fully three-dimensional even in the time-averaged sense. Note that side force variations shown in Figs. 2-4 at various orientations about three axes can occur simultaneously and manifest themselves as complex three-dimensional vertical and horizontal forces. 
	   High-speed video was taken of global wake oscillation in this cross sectional plane. The visualized downstream wake oscillation had a frequency equivalent to the Strouhal number of 0.21, similar to that found behind a smooth sphere.20 In the high-speed video of the flow past the ball, movement of the separated shear layer angle was noted but its synchronization with the wake oscillation was not clear. In addition the movement of the separation point was not discernible (refer to Fig. 6). It is worth pointing out that the large asymmetric wake oscillation is produced also behind a sharp-edged disk with a fixed separation line (see, e.g., Bigger, et. al.15). When the power spectra of the side force were analyzed, a spectral peak was not found at that frequency. Thus the low frequency wake oscillation was deemed a non-contributing factor for the knuckleball fluctuations. 
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