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DETERMINING AERODYNAMIC PROPERTIES OF SPORTS BALLS BITU

Abstract

by Jeffrey R. Kensrud, M.S.
Washington State University
August2010
Chair: Lloyd V. Smith
Understanding the aerodynamic properties of the ball can lead to better predicting
the path ok b dlight. dwso important factosin the ball's trajectorgrethe
aerodynant lift and drag. Lift and dragvary with the balés geometry, roughnesand
translational and rotati@hspeed.
A numerical 3D model was developed in Gambit and analyzed in Fluent. Results
were inconsistent with experimental finds and determined unsuccessful.
Wind tunnes may have measurable differences with ball d@mirring in play
The following consider#ft and drag measurements from a ball propelled through static
air in a laboratory settingMeasurements of aerodynamic properties inwitesimilar
to those made in wind tunnelSmooth spherg for instane, hada 10% reduction in
dragthrough a low Reynolds regioopmpaableto wind tunnekesults.
Drag was observeidr eight different ball types. Dratgpenédon the ball
speed, rotation, roughness, and orientatidrso-calleddrag crisis wa obsevedin some
magnitudefor dl balls. A pronounced drag crisis was observed smaoth sphereyolf

ball, and flat seamed baseballs awdtbalk. As stitch height increased, drag increased.

Orientation andotation of the balfeducedhe dragcrisis.



Lift was measured on three typeshaisdalls. All three balls shoada similar
bilinear increase in lift with increasing spin. Results here showed higher lift than
previous work

Scatter in measured lift and drag was larger for stitched bafissthaoth or
dimpled ballsLift and drag were shown to be sensitive to seam height and orientation
(which is difficult to control experimentally). This observed sensitivity may explain the

disparity in lift and drag data found in literature.
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Chapter | i The Evolution and Flight of the Baseball

Section 1.1 Introduction

For many citizens of the United States of America the game of baseball is more
than watching &attercrush the ball into the outfield astide safely into secondhé¢

game of baeball marked the beginningthieland of the free The first sign of the @ame

of baseball dates back to mid 18006s where

baseball constructed out of rubber wrapped with strings covered by hor&Bhide
until 1872, the game had few restrictions and thelasitself variecamongball cluls.
In 1872, a size restriction was placed on the ball confining it to be between 5 and 5.5
ounces, and 9.25 inches in circumferenthis baseball, with its rubber core absorbed
much of the energy delivered by the kegulting in dul) short hits. To increase the
livelihood of the ball, in 191(2) a cork core was implemente@nce implemented the
number 0f0.300 hitters tripled.To this day the Major League of Baseball still uses this
cork core.Then in 1931 the baseball was improved again implemeniisiger around
the cork core andhised stitchewhich provided a more balanced ball and gave pitchers
more control over the spof the ball. These changes reduced the speed of the ball.
What thedesigner®f the basebalh 1931d i d ndt r e @dmplexaerogdymamec t h e
effects the seams played in the flight in the basel@ll974 the final major change in
the baseball was ade by replacinthe horsehidecover withcowhide mainly for
economic reasons.

The study of aerodynamics of sports balls dates back before the game of baseball
was createdAfter noticing a tennis ball curve, Isaac Newton decimestientifically

explo e the path of a ballds flight through

t

t

h e



years and as technology improwedgeriments could be conducted with greater accuracy.
A more thorough understanding of the flight of a sphere, such as a tenpggbakll or
baseballhas beendeveloped andesearched by manyTo this daysphere aerodynamics
arestill studied With some sports batlpes,like the basebalkexplanation ofts flight
phenomengs still uncertain

Sports athletes and strategiatue knowing the behavior of the equipment they
use in their games. lasebd| aerodynamic ball properties such as lift and cnag
important tounderstanavhat type of pitch will allow a ball to be hit with greater velocity
or higher lift. From the pitchers perspective, knowing which pitches to throw can aid in
reducing big hits. From the batters perspective, knowing how to optimally hit a baseball
and which pitches produce an optimal hit can enable batters to hit more homeruns.
Manufactuersand league regulators also have interest in the characteristics of the
baseball such that they understanddifiects each component of the bla#ls on the
trajectory.

In 1936all major components of the baseball desigts complete. During this
time periodknowledge of lift and drag was still in its elementary stage¢he baseball
was designetb be easy tananufactue andprovide livelystablegame play Simple
regulations such as diameter, weight, seam height, and materials used in the €ore wer
implemented, but lift and drag were not directly taken into consideration.

Research presented in this waskntended to benefit the entibaseball and
sports community to better understdhd flightof a baseballbut not intended tdirectly
improveor optimize pitched or batted baseball$is research also intends to understand

drag on other sports ball& numerical approach to lift ardtag was attempted, but



resuledwith little success. An experimental approachftaand drag analysiwas
conducted experimentally by projecting balls in a lab settifige ball traveddthrough a
series of lighgateboxes that recorded speed and displacement datheCompared to
otherfluid basedexperiments in the past, this experimeravedthe ball throughthe

fluid. The intent was tobtain lift and drag fronballs in a more game like behavior.



Chapter T Literature Review

Section 2.1 Background: The Flight of the Biseball

Understanding the flight atbaseball involves twmajor aerodynamic
properties, lift and dragLift can be described as the forces on a ball which are directed
perpendicular to the ba# trajectory, where drag is described as a force in the opposite
direction of the bads flight path(3). The lift forcewasfirst studied by Isaac Newton, but
later explained and credited to G. Magmu&852whichis now commonly known as the
Magnusforce or Magnusffect. Lift on a ball is a function of thbkallés surface
geometryvelocity, orientationand rotation. In the mi#i95 0 Brandtlconducted a lift
and drag analysis by studying spheres of various roughness and further explained
Magnuso findings that the |ift was caused

bal | 6 sryldyar tegiah.ahe coefficient of liff 05, can be defined bf4)

By = =2 (2.1)

where@Qor'Q)i s t he force due t Aistheicrods sectipnaliarea t h e
of the ball, and/ is the velocity of the ball through the fluidSimilar tothelift force, the

drag force is a foction of surface roughness, velocityjentation,and rotation of the

ball. Scientists began studying difémt spheres as they discovered drag on a smooth

sphere did not remain constant as velocity or surface roughness changed. Recent
research has shown that a sphere will go through three critical Reynolds regions where

the coefficient ofirag on the sphereilwdrastically change The coefficient of dragd,

can be defined bf4)

o= ~2 (2.2)

by

fl



Figure 2.1 - Free body diagram of a translating and rotating sphere.

where'@ if force due todrag(seeFigure2.1). The second region, the Drag Crisis, is of
the most interest b yoeffidentefdragwid digsificantilynrope t he s p

over a small change in Reynolds numbBReynolds nmber,Re can bedefined by(4)

yo= L 2.3)

1

whereD is diameter of the ball, arglis kinematic viscosity of air.

Section 2.2 Overview ofBoundary Layer Behavior

Before going into further discussion about lift and drag on an object, it is prudent
to understand and give an introductionthiefluid and boundary layer behavioPrandtl
(5) went into great detatb explain boundary layers and their behavior with respect to
fluid viscosity and object geometryAn object inamoving fluid is affected by the flow
behavior very close to the object in a region known as the boundary layer. This is a very
thin velocty distributionlayer at the surface of the object where velocity ranges from
zero to free stream veloci($). Free stream velocity is the velocity of the unobstructed

flow. The reason fathe reduction in velocity near theall of the object iglue to the



objects friction and viscous shear forcasthe surface The velocity of the fluid at the

surface of the object I s zero and at some bo

velocity is roughly equivalent to the free stream velocity. The height of the boundary

layer is dependent on thieid viscosity 4, flui d densi ty, ., fluid free

and the length of the objett,fluid is being passed ovelhe boundary layefor laminar

flow over a flat plat¢seeFigure2.2) can be found ab)

1=95 % (2.4)
"4
o
LSS S S S S S S

Figure 2.271 Velocity distribution in the boundary layer over a flat plate

For example, a flat plate 2.85 inches long with air flowing over it at 73 mph at 80 degrees

Fahrenheit will have a boundary layer thickness of 0.0074 inchtes boundary layer

thickness for turbulent flow over a flat plate can be foun@hps



1= 014 —— (2.5)

(Re) Y7

wherex is the distance from the leading edge of the flat plateRapds the Reynolds
number ak distance along the plate.

The lift and drag forces are ia#nced strongly by the flow type and behavior in
the boundary layer. Laminar flow can be described as slow, uniform, and a smooth
appearance where turbulent flow can be described as fast, violent, unpredictable mixing.
Laminar flowin the boundary layeran become turbulent very quickly with the slightest
disturbance or obstruction of flow. As flow passes around a smooth cylinder or sphere
the flow can go through many different staté$ie object will go through a series of
vortex shedding stages Reyrolds numbex20Q Viscous forcegontributea noticeable
amount of drag in this regiorOnce flow becomes fast enoygld0<Re<3%20°, the
object enters thiww rangeReynolds number regiomhere pressure forcégcome
dominantover theviscous forcesFor purposes of this paper, the low Reynolds region
hereafter will be considered Re<3® since a ball in flight rarely travels below Re=400.
During thelow range of Reynolds numberggaration on the object will occdiverting
flow and forning vorticesdownstream.Pressure downstream stays constant but is much
lower than the free stream pressure. This will cause high(dyag

During actual play, sports balls are expected to go through three critical Reynolds
regionswhereflow separation can change lift and drag dramaticallgese three regions

are shown below as a two dimensional cylinder or smooth sphErgure2.3.



Stagnation Point

O, -

(b)

|

Stagnation Pomt

Figure 2.3 - Flow over a smooth cylinder: (a)R, < 3x1C, flow stays laminar in the boundary layer until 80°
where it separates; (b) 3x10< R.< 3x1(, flow separates at 80° becomes turbulent and recnacts before
separating again at 120 degrees; (c) 3x46 R,, flow is turbulent in the boundary layer on the front and stays
turbulent until separating at 120°.

During the firstcritical Reynolds region, Re<3%°(seeFigure?2.3a), the flow stays
laminar until roughly 80 degrees from the stagnation point where laminar flow will

separate from thebject Pressure downstrears lowerin the separation argéhusdrag



isincreased Once the ball enters the second critical Reynolds region or drag crisis
region, 3X.0°<Re<3x.0%(seeFigure2.3b), the flowlooses stability andeparatgin the
boundaryshear layeat 80 degreeom stagnation point The oundary layer flow
becomes turbulent, reconnects to kalifaceand finally separates on the back side of the
ball around 120 degrees from the stagnation point. This reconnettio® boundary
layer delayglow separatiorand overall has less separation area and results in pressures
similar to free stream pressure. This causes a severe drop in drag, sometimes up to 70%
relative to the previous regiorin the thirdand finalcritical region, Re> 3%0° (see
Figure2.3c), drag will increaseslightly. How becomes turbulent just after the stagnation
pointon the front of the obje@nd stays tdoulent until finally separating a small degree
before120 degres The pressure is lower than in the first critieaion but higher than
the drag crisis region

Once the object begins to rotatethe fluidtherelativefluid velocity atthe
surface change This difference in velocity from one side of the etijthan the other
can cause an asymmetric flow separation on the @Qallthe side Wwere the flow is
parallel with the rotational velocity the flow might be separating at the 80 degree
location, where as flow on the other side where rotation oppos#éiswhe¢he separation
point might occur at the 120 degree locatione iftbalance flow separation results in an
imbalance of pressure distribution causing fomeshe object perpendicular to air flow.

Laminar flow in the boundary layerhgghly sensitve to geometry and surface
roughness&nd can change floseparation.A small scratctor threadon aball can
transform the laminditow to turbulent flowinducing the second critical region at lower

Reynolds number



a) b)

Figure 2.471 a) Flow over a smooth sphere; b) Flow over same smoother sphere with a trip wire placed on the
front half of the surface. (7)

In Figure2.4a, the flow around the smoo#phere is in the first critical Reynolds region.

The smoke is laminar in the boundary until 80 degrees where flow separatésdrbatl

and fans outward. The second imdgegure2.4b, a trip wire has been added just before

the sepeation point. The flow overFigure2.4b is around Reynolds 30,000, which

normally would have been subcriticallhis small wire perturbthe boundary layer

causing turbulence before the 80 degree separation. The turbulent flow in the boundary
layer causes flow to reconnect to the ball and stay connected until the 120 degrees on the
backside of the ball. Thusanonset of thelrag crisiscan be tialower aReynolds

number in the event @ disturbance in the boundary layer on the front side of the ball.

Section 2371 Lift and drag studies on ballsspheresand other objects

Isaac NewtorandHeinrich G Magnuswerefirst creditedto lift analysis on a
rotatingobject At the time Magnus(8) observed that spherical bullet shot out of a gun

deviated frontheir expected targetMagnusdecided to investigate on a smaller scale

10



with anexperimenthat involved rotating aylinderwhile passingir around it. Magnus
explairedthat the deviation takes place towards the side afyederthat the rotational
motion direction iopposite to the y | i spbgrassivenotion He explained without
theknowledgeo f boundary | ayer b ¢atthepressureonrthet h e
side where the rotational air opposed the translational air would see a lower pressure
relative to the other side of the bafDr the side with the rotational directionthe same
direction as the air flow would see a decrease in presddesce a force on the ball

would be exerted causing a deviation in flight p@geFigure2.5). Initially scholars
explained the phenomena using the Bernoulli principle, meavteq a fluidhasa

velocity increase then will alsohavea pressure decrease. Magnus made no reference to
the roughness of the cylinder or that pressure arouncitimeler changed with surface
roughness What Magnus did not realize is that the deviation was not caused by the
Bernoulli principle, but was actually caused by disruption of fluid in the boundary layer

micro inchedrom the surface of the ball.

A 4

;.7 (Magmus gifect)

Figure 2.5 - Flow over ball with Magnus effect.

ear |



Ma g n theor§ of lift force was acqeed for some time untilPratd s di scovery
of boundary layersPrandl (5) observed that nedéine objeafs wall, a boundary layer
existed Lift and drag wergreatly affected by the flow type and disruptions in this
boundary layer Prandlt, conducted experiments, similar to the image showigure
2.4 and visually analyzed how disruptions in the boundary layer on the upstream side of
the sphere induce turbulence and delay final separation to the backside of the Bpaere.
point at which the separatiocaurred on the ball directly affected the amount of arag
lift that was observed\ext to geometry, the separation point and behavior in the
boundary layer is theauseof lift and drag.

Intrigued by the Magnus effect, Prandtperimenedwith rotating cylinders.
Flow was passed over a cylinder while varying its rotational vel¢eggrigure2.6). On
the topsurfacewhere airflow was parallel with angular velocity, separation in the
boundary layer never occurred. As expected, on the bottom side where angular velocity
of the cylinde was opposing airflow, separation occurred. Thustrong eddy was
formedand animbalance of pressuproduced force in the upward directiontbe

cylinder. This force, the Magnusfect, causes spheres to lift.
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Figure 2.6 - Flow around a cylinder rotating clockwise. Three images show cylinders rotating progressively
faster with the upper image being the slowest and the lower image being the fastégt

Once wind tanel technology wadevelopedexpermentscould be conducted
more accurately on larger objscmosty spheres of varying roughneasd golf balls.
Maccoll (9), andDavies(10) studied lift and dragn spheres n t he e aMtH y 190006 s
little litanddragd at a on rotating syshewndmeltstiyg vi es de
rotating golf balls.Davies placd a golf ball between two rotating cups just outside his
horizontalwind tunnel. As the ball reached its target angular velocity it was released and
dropped into the wind tunnel. The ball wasceddown the tunnel at wind velocities of
105 feet per second and ttentactpointwith the bottom of the tunnel was recorded.
The deflection wasonverted inta lift and drag.Davies founda O in the first critical

Reynolds regionRe 9x10%, to be around 0.44.
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Briggs(11) studiedthe effectthatspin and speed had on the forces pitehed

baseball. His first experiment involved an air gun constructed by the National Bureau of

Standards. The ball was placed on a spinning tee and was impacted with a projectile

from the air gun driving the ball 60 feet where a lateral deflection was neelagure

test was eventually abandoned since it resembled a ball after it had been irhpacted

batrather tharthrown by apitcha. His nextexperiment was set up such that a rotating

baseball could be dropp@to anoctagonalvind tunne) similartoDa v i e s 0

experi mer

The ball was coated lightly with lubricant containing lamp black. The bottom of the

tunnel was lined with card board such that the ball would leave a mark on its first impact

and a deflection could be measliresSamples were taken@&i 1800 rpm and 75 to 150

mph. Datarelated to lateral deflectiord 10.8inches to 1.5 if the ball was to traves0

feet Briggs commented that the amount the ball deflgover 60 feet was proportional

to spinand the square of the wind spdedeFigure2.7 andFigure2.8).

25

24

20 F

DEFLECTION, in.

SPIN.Fpm

Il '
1200 1800

Figure 2.7 - Lateral deflection of a baseball, spinning about a vertical axis, when dropped across a horizontal
windstream. These values are all for the same time interva, 0.6 sec, the time required for the ball to cross the

stream. (11)
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Figure 2.8 - Graph showing that the observed lateral deflections are proportional to the square of the wind
speed.(11)

Briggs did not reduce the data to fithek coefficient of lift ordrag on the baseballs.
Several years later interest in this field was sparked agtinrAchenbach{12) passing
airflow around spheres at high Reynolds nuraibea wind tunnel A wide range of
velocities were achieved in his experiment contributing asfglturve through the three
critical Reynolds regionthat aspherewvassaid togoes through Achenbach mounted a

20 cm diameter sphere to ah support pole inside the tunnel and measured forces using
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strain gages attached to the sphere suppbisa from this experimerisee
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Figure 6. Drag coefficient of the sphere as a function of Reynolds number; comparison
with hiterature. —-, Wieselsberger (1922); ——, Bacon & Reid (1924); —+—, Millikan &
Klein, freo-flight (1933); , Maxworthy (1969). Present results: ——, from strain

gauges; %, from integration.

Figure2.9) showed the dicrisis region at higher Reynolds numbers than that of

Wieselsbergefl3). Achenbachds data clearly showed

a
Reynolds number of 30° and finishing around 460°. This differed from Maxworthy

andWes el sberger . Achenbach criticized Wiesel:
high value o5, at Re 440° was due to the support system he used. Maxwd@ithy

conducted his experiment by mounting a sphere inside a wind asaell, and

performed tests under a variety of conditions which included tunnel blockage, boundary

layer tripping, and inserting objects downstream of the sphere to disrupt the recirculation

regi on. Achenbachoés da(RAfresfligpt st (seEgude Mi | | i k a

2.10).
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Figure 2.9 - Drag coefficient of the sphere as a function of Reynolds numbéaken from (12).
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Figure 2.10 - Data taken from wind tunnel and flight tests by Millikan and Klein.

In the free flight test by Millikan and Klein Klein builtan apparatus that was
mounted to amirplane The plane was flown through the atmosphere at different
velocities. This eliminatedisturbances and turbulenissues that were commonwind
tunnelexperiments However the sphere was still attache@tod on the backside
which measured presssrand forces.

Achenbach was also curious how surface conditodriise spherénfluenced the
drag. The second part of his research was varying the roughness of the sphere and

placing them in the same high speed wind tunnel as he used in the prepeasent.

Achenbach characterized the ball by roughness paraé%etwherek was the height of
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the roughness element afiddwas the diameter of the sphere. Achenbach used spheres

with Qﬁ ranging from 1250%0 ° to 25x10 °.

ARV
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4
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X X sl
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4 6 8 10° 2 < 6 8 10¢ 2 4 6x10°
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Drag coefficient ¢, vs. Reynolds number for a sphere. Parameter: surfae
roughness, ——, smooth (Achenbach 1972); x, kfd, = 25x 10-%; 7, k[d, = 150 x 10,
Q, kjd, = 250 x 10-%; A, k[d, = 500 x 10-%; [], kfd, = 1250 x 10-5. |

Figure 2.11- F, curves while varying surface roughness of spheres.

Ac henbach¢ s(sedRgurae2.18 that as sudface roughness increased the onset
of the drag crisis occurred at lower Reynolds number. The data also showed as
roughness increased tieag crisismagnitudedecreasedincreagd sirface roughness
inducel turbulence at a lower Reynolds number, which nddthe drag crisis to a lower
Reynolds numberThis can be related to thep wire placedon the front side of the
spherg7). The trip wireaddedroughness oanobstacle in the boundary laytat

induced turbulence preventing the flow from separating at 80 degrees from stagnation.
As described before, the added turbulence in the boundary layed daws&

reconnect, travel to the backside loé toall and disconnect at 120 degre@$e surface
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roughness of Achenbachodéds spheres was causing
Reynolds numbersAn explanation of the less severe drag crisis and higher oogral
due to the increase irverall surface friction.

Understanding the importanceagymmetric bstructions in the boundary can
help predict how a ball moves through the air. When large obstructions, such as the
stitches on a baseball, pass through the critical boundarydagespherehe separation
point onthe surface will change. As Achenbach discovered, the surface roughness of the
sphere can drastically change the separation point on the sphere and the magnitude of the
drag force.A great example of asymmetric surfaceghness is a baselialktitches.In
the game of baseball a knuckleball pitch is described by batters as being unpredictable
during flight. A knuckl eballl is thrown by p
hand such that nearly zero rotatisrapplied when released. A batter can see a curveball
and predict its path as it comes near the pl
its flight. However the knuckle ball is said to change directions in mid fligFdtts and
Sawyer(16) explored theaerodynamics of a knucklebaExperimentdly exploiing this
phenomenoyfiwWatts and Sawyer mounted a baseball with the standard stitch pattern
inside a wind tunnel to a device that measured forces on the ballbagdt®all was

incrementally turneth the wind tunnel and forces were recorded @Egare2.12).
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Figure 2.12 - Vari ation of the lateral force imbalance with orientation of the baseball(16)

Watts and Sawyer concluded that there are two mechanisms for this fluctu@ten
could bethe fluctuating lateral forcevhen thestitchwasin the separation region of the
ball. The boundary layer could Baitching between laminar and turbuleatusing
fluctuating pressures on the ball. ndore likely situation is the balvas slightly turning
causing the stitches to produce an asymmaitighiness The asymmetric rougtess
causes asymmetric separation, which leadshmnauniform pressure distribution on the
ball. Since the knuckleball is rotating very slowlgetresult is an unpredictable erratic
flight path. The lateral force imbalee exerted on the balppeared to be sinusoidal with
respect to the degree it was rotatethe dscillatingMagnusforce as a function of lateral

deflection was modeled by Watts and Sawyer as

x = Fosin O t+A) (2.6)

m)b 2
wherex is the lateral distancé&g is the lateral force, m is the mass of the baseball, t is

time, andy is angular velocity of the ball.
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Curious in how surface roughnessutd change the boundary layer behavior on
an objectBearmarand Harvey17) studied the properties of lift and drag on various golf
ball types in a wind tunnel test. A conventional dimpled ball, hexagonally dimpled ball,
and a smooth sphere were test&tiewind tunnel velocity was ¢wtrained td.00 mph,
thusa ball model 2.5 times largdran an actual golf baltas used tachievethe
corresponding Re that actual golf balls have during flight. The model was hung between
two wires in the wind tunnetlith the upper wire connected @adoad cellto measure lift
force. The strain gage arm was mounted to a balance beam wdsalsed to measure
drag force. Inside thieall mode| a motor was used to apply rotation at various speeds.
As previously found, whetherotational speed incread for a given airflow velocity, lift
on the ball increasedeing able to measure lift and drag at the same timegls of drag
verses angular velocity could be analyzed. While holding translation velocity constant,
Bearman and Harvey found as angwielocity increased botéy; (Figure2.13) anddg
(Figure2.14) increased.For a smooth spheregasurements af; were as high a@.5

which occurred at the highesttational speedutthe slowest airflow velocity
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Figure 2.13- Lift coefficient for a conventional golf ball. (17)

RPM 00 ke €000 e

Figure 2.14 - Drag coefficient for a conventional golf ball.(17)

I n the mid 19806s, more interest began to
wide variety of research had been conducted on sphievesying roughness and golf

balls. Watts and Ferrgfl8) analyzed actual baseballs in a subsonic wind tunnel to
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measure the lift forces on a baseball in three different stitch orientatidags and

F e r reeperilnentabeup mounted &dasebalbn a shaft andvasplaced in a wind

tunnel. A device was used to spin the ball while another was used to measure the lift
force on the ball A ratioof “'Q /w, whereD is the diameter of the ball, was used to
plot theirresults againghe three published data sets dgof a rotating sphereResults

for 6, differed fromthe Sikorsky, BriggsandDavies, but was consistent with Bearman

and Harvey (seEigure2.15).
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Figure 2.15 - Lift coefficient data comparing several data sets.
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After rediscovering Sikorsky and Lightfoot data that had appeared to have been lost
for many yearsAlaways(19) made comparisons with his own lift dat@ikorsky, similar
to Watts and Ferrer, mounted.B baseball on thin shaft and spun the ball in a wind
tunnel. Data for the four seam orientation showed values, aéaching 0.2 for a spin
factor of O0.15. This agreed with Al awayso f
and Ferrer and Sikorsky are difficult to make since theea large gap in spii©.2)
factor where Sikorsky left off and Watts began.

Upintil the | ate 199006s, t herrdbaseballsingr eat di
laboratory experiments. In the 1996 Summer Olympic Games, pitched baseball
trajectories were measured and analyzed by Alaways, Mish, and H{BbardJsing
two 120-Hz speed camerabaseball pitches were recordethe camera resolution was
640x480, which relates tnimage of the basebadhly filling one or two pixelsA
dynamic model of the basebathjectoriesvas developed to estimategtittrajectories
given different initial conditions Alaways(21), c| ai med t hat the basebe
velocity for a flight distance from the pitching mound to home plate will only change by
5% and the angular velocityilvchange even less.h&constant®g andd; were
assumed constant and found for each pitghwas said to depend on R&2). Alaways,
Mish, and Hubborabservedhat6; has dependence on the spin param&er,

S= — 2.7

for baseballswherei s t he radius of the ball,Vy is the
is the translational velocity of the balThis spin factoconceptused byAlaways, Mish
and Hiubbordis similar to the ratig“ 'Q /) usedby Watts and FerretUsing this

relationship and the translational equations of motion, a pitched baseball model was
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developed. These estimations were used in conjunction with the experimental data to

apprximatethe initial conditions at the release of the pitch.
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Figure 2.161 Drag coeficient of various pitches. Data suggests a drag crisis occurs WiFi?r as low as 0.16.

The model waslsoused toestimae O¢ for different pitchegseeFigure2.16). Though

therewere notenough data points for statistical certainty, the data reflectirag crisis.

0; daa was not explored by Alaways, Mish, and Hubbord in this experiment.

The most recenesearchnvolving the lift force on a baseball wasnducted by

Nathan(23), whichinvolved ten high speed cametadrack a ball over a distance of 15

feet. Different from AlawaysNathan used one set of cameras to track the entire path of

the ball. This same set of cameras was able to track translational and rotational

components of the ballThe cameras opesat at 700 frames per second and tracked

reflective dots marked on the baseball which reflected light back to the camera. Using

specialreconstruction software, the position of the ball was plotteditiraoshd drag
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forceswerecalculated. A two wheeledtphing machine was used to project baligh
translational velocity from 5010 mph and angular velocity from 1588600 rpn. This
relates to a spin factor range from GM@895. A total of 22 pitchesvereanalyzedsee

Figure2.17).
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Figure 2.17 - g trend found in Nathan's experiment. 22 pitches were analyzed.

Nathan found thab;depended on the spin factor. As the spin factor increased,
0y increased. From spin factoii .15 the lift sharply increased. After spin factor 0.15
the 0, trend continued to increase but at a lovege This trend was also seen in
previous resaah (sedrigure2.18). The solid line eme froma bilinear best fit curve to
several published; data(24),

6; = 1.5°Y Y 0.1 (2.8)

G = 009+ 06S S> 01 (2.9)
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Figure 2.18 - Results for r from various experiments. closed circlesra from Nathan; open circles are from
Watts and Ferrer; open triangles are from Briggs; open diamonds and squares re from Alaways two and four
seam, respectfully; closed triangles are from Jinj{(25); solid line is from parameterizations of Sawaicki,
Hubbard, and Stronge(24);, dashed is from 8 = 157Y"Y 0.1(2.8).

Nat handés results showed a sdintreasdsharglyope n d

to a sjin factor of 0.1, then continued increase but at a lower rate. Nathan calculated
0o but said the data was too scattered to show any statistical certainty.
Simil ar t(20)edérimentvhich récorcedactualpitched ballsduring

game play, Natha(26) usedthe PITCHf/x(27) camera systeno track pitched baseballs

from the pitcher 6s rkinematidequatmnsNathaa foynd at e .

accelerations of the ball in the horizontal and vertical directions. From these
accelerationdift and drag forces were found and reduced;tandog curves (see

Figure2.19).
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Figure 2.19- g and Fr reduced from PITCHf/x tracking system

Nathan found littleevidence of a drag crisidhe g of most pitchesdll in the 0.40 and

0.5 range

Section 2.4 Reverse Magnus Effect

Researchersuch as Briggs and Daviegere analyzing the lift foes on rotating
spheresndnoticeda counter intuitive phenomenoRotating balls were deflecting in an
opposite direction from what was expectedhai’ a ball hd backspin a normal
Magnuseffect wouldpushthe ballupward. They wereexperiencing a rerse Magnus

effectwherethe ball with backspinwould beforceddowrward (seeFigure2.20).
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Figure 2.20 - Flow propagation for Magnus effect and reverse Magnus effect.

In order for a reverse Magnus effect to occur, separatitine 80 degree location on the
sphere will occur othe side where rotian is parallel with airflow. lfasphere is moving
at theappropriate translational and rotational velocity the side of the ball opposing the
flow will become turbulent in the boundary layer, reconnect and separate on the backside
of the ball. On the other side of the ball where flow is in the same directiba as
rotation the boundary layer does not become turbulent and the flow separates on the front
side of the ball. This reverses the Magnus effect.

Davies(10) found a pronounced reverse Magnus effect during his study of golf

balls. Davies found that while comparing golf ball lift and drag with a smooth sphere of
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similar diameter, at fluid velocities around 70 mph the smooth sphere produced a reverse

Magnus effect for 0 to 5000 rpm. Davies only found this for smooth sph&estrman

and Harvey foundreverse Magnus effect for smooth sphexel500 rpm. Briggs noted

the phenomenon of the reverse Mageditsct on smooth spheres as well. Again this only

occurred on the smooth spheres. Briggsstioned that Davies fouadeverseMagnus

effect for high angular velocities. Briggemmented

Al n Davies experiments the point of i mpac:
the combined effect of spin and drag, both being directed downstream. To

get the lift, the point of impact had be reduced by the drag with no spin;

whereas in my baseball measurements the lateral deflection, being at right

angles to the drag, could be measured dir.

The combined effect of spin and dmagght explain why Davies found the reverse

Magnus effet for high angular velocities.

Section 2517 Numerical lift and drag analysis

By the mid 198006s enough research had bee
spheres and golf balte convince scientisthat sports balls were affected by the Magnus
effect anl drag fluctuations Frohlich(28) commented sayingjilt would be impossible to
throw a ball that curves or Oknucklesbd i.e.
|l eft the pitcherds hand. 0 Frohlich pointed
pitched or batted baseballs might go through
experiment showed balls deviating up to 29cm, Frohlich decided to numerically
investigate trajectories of balls to deduce a drag coefficiemthlich solved the

kinematic equations for ball acceleration in the x and y direction and analyzed five
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differentpitch types The purpose was to find which drag coefficients pertained to a
specific pitch and batted ball type. His analysis suggested that the ball does have the

possibilityof going through a drag crisis. He com
ball, with surface roughness faqt%zr being500x10 ° and 15040 ° respedwely could

be close to representing the baseball.
Denbo and Kawamur@9) numerically studied the behavior of a knuckleball
with rifle spin. Using the governing incompressible Nax8éwkes equation,
ngv=20 (2.10)

%+ Vel v= np+ Rief’v (2.11)
wherev is the velocityp is the pressure, the flow around the ball was calculated. As the
ball spun dluctuatingforce wasobserved that wadependenon the stitch orientation
The model was calculated using a fixed Reynolds number of 97A¥0bserved in
previous experiments and other numerical mqdiéi$luctuatesdepending on the
orientation of the ball The magnitude of the lift also depends on the initial orientation of
the ball as well. In some orientatisthelift force fluctuated in a sinusoidal fashias
the rifle spin was applietseeFigure2.21). Denbo founchumericald, with magnitudes

as high as 0.15.
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Figure 2.21 - Lift coefficients for baseball with rifle spin. Various initial orientations are plotted.

The high points relate to when a large portion of the stitches are in the critical zone of the
boundary layer.

Recently,ConstantinescugB0) developed a numerical model to study flow oaer
sphere to simulate separation of flow in the boundary layer. Constantinescua notes that
modeling massive flow separation on an object is one of the most difficult CFD

challenges.

Section 2.6 Concluding Remarks

Extensive research over the last two hundred years has been conducted in the field
of determiningsphereaerodynamicsLift and dragexperiments on smooth spheres,
rough spheres, dimpled balls, and varigqusts balls have been cordded to reveal
more informatio on the Magnus effect and drag force fluctuatidnsgeneral past
research has found that for the high Reynolds region, spheres and sports balls can have a

0o approximately from 0.1 to 0.5 depending on the Reynolds nymgbemetry, and
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surface roughness; values wer®bserved agreater than 0.4 with angular velocities
achieving 6000 rpm.

While most of the research has been conducted by analyzing the fluid around a
stationary object, few experiments have been coedwn actual balls in flight. In the
past it has been much easier to pass fluid around an object (i.e. a wind tunnel), and record
the fluid properties than it is to push the object through the fluid and record its behavior.
However,the objedts fluid properties may behave differently if it were not constriated
the fluid.

In the last two decades improvements in the video capturing devices and tracking
software have enalddéracking pitchedbaseballs during gampay. Usingthetracking
software, otationanddisplacements of the balift and dragforces were computed
Resultsnvolved with in flight baseballs conflict in two ways: the magnitude of their drag
crisis, and the Reynolds number that the crisis bedgdesearch involving balls in al
flight is limited.

Thefollowing describes numerical & model and aexperimental setum
measure lift and drag on ballssitu. Using high speed light gates to measure time and
displacement of the objects, accurate measurements aieatlynamics were made

while spin, orientation, and surface roughness were varied
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Chapter lll T Numerical Determination of Lift and Drag

Section 3.1 Numerical Modellntroduction

A numerical modelas developed using commercial computationatifdynamics
software (Fluent 6.3.26). Both two and three dimensional models of a smooth sphere and
baseball vere considered. Most numerical research has been conducted in 2D, so the
three dimensional model was chosehhe purpose of themodelwas to neasure the
aerodynamic properties afballwhile changing air speed, surface roughness, and

rotational speed.

Section 3.2 Geometry and Meshing

Two ballswere modeled a smooth sphere, and an NCAA baseb@é&ometry and
meshing of the sphere wasdeusing the geometry tools in Gambithe geometry of
the baseballhoweverwastoo complexfor Gambitandwas simpler taonstruct in
SolidWorks Modeling the stitches on the baselnaitled to be simplified by forming
onecontinuous raised se insteadf eachindividual thread. Latema roughneswas
applied to the seam tmitatea rough stith (seeFigure3.1). The SolidWorks geometry

was imported aa STEP file into Gambit where the surfaces wasned.
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Figure 3.1 - Geometry and mesh around NCAA baseball.

Once the @D geometry was constructed ira@bit, the balls were meshedo
properly mesh the ball and obtain a solution in a timely manner, four zones were created
each having different density of mesh elements Fsgere3.2). The first zone was
created using the boundary layer meshing tool. The boundary layer height was chosen by
trying to achieve y+ = 1 at the balls wall. The boundary layer stausbdf 20 small
layers with each layer being 10% larger than the previ{sasFigure3.5). Once outside
the boundary layer, a second zone resembling a cylindenctbe ball was created.
This zone spanned three ball diameters wideBagidmeters long. A finer
Tetrahedral/Hybrid mesh was needed in this zone since this is where the wake of the
separation would take pla¢seeFigure3.3 andFigure3.4). A size function was placed
such that the mesh would stay very small next to theabdllget larger towards the outer
boundary of the zoneThe third zone was similar to the second, only the size function

was larger. This zone wa&@sball diameters wide and 22 diameters long. Finally the
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fourth zone was similar to the third and hadeaen larger size function. The zone

spanned 14 diameters wide and 28 diameters long.

Outflow Interior Ball \

/ Outer wall

Velocity Inlet

Figure 3.2- Geometry of mesh zones.

Figure 3.3 - Cross section of meshed zones.
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Figure 3.4 - Cross section of meshed baseball.
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Figure 3.51 Sphere aoss section of meshed zones (close up of ball).

After completing the mesh, surfaces needed to be joined and defined. This was important
such that the baseball threads could be addressed independent of the rest of Tihe ball.

final defined mesh as exported for Fluent.

Section 3.3 Boundary Conditions and Solver

Fluent was used to carry out the finite element analysis. The mesh was imported. A
Realizable k-epsilon (2 equation) model was used (Biegire3.6). The transport

equations used in the model &84)
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where

6, = max[043,—,-= "¥"V=  T%H%
In this equatioris the dissipation raté,is the turbulent kinetic energi@is the
generation of turbulence kinetic energy due to the mean velocity gradiépts,the
generation of turbulence kinetic energy due to buoyaamygy is the contribution of the
fluctuating dilatation in capressible turbulence to the overall dissipation rabg is a
constant,, qand,; are the turbulent Prandtl numbers kand( and™, and"Y are
userdefined source terms.

Boundary conditions pertai natthegnletsome f | ui d f
ofthemeslandbout f |l owdé for t heThatdwdl ®didtey oif nlt dted
user defined and air was allowed to only exit through the outfloface The interior
surfaces were set to O6interi orUdsiaimngd O6tshtea nbdaalrl
wal | f unct icould Iz @efineth as a stadidnrysor rotating boundary condition
with ano slip shear condition. Surface roughness andhrmegs height were also defined

for the ball wall
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C Inviscid C2-Epsilon e ‘
" Laminar 1.0
" Spalart-Allmaras (1 egn]
* k-epsilon (2 eqn) TKE Prandtl Number
" k-omega (2 eqn) 1
" Reynolds Stress (7 eqn)
' Detached Eddy Simulati TDR Prandtl Number
" Large Eddy Simulation (LES) [1.2
k-epsilon Model
" Standard .
" RNG _'

& Realizable User-Defined Functions

Turbulent Viscosity

lnone j

Prandtl Numbers

Near-Wall Treatment

' Standard Wall Functions
" Non-Equilibrium Wall Functions

" Enhanced Wall Treatment TKE Prandtl Number B
" User-Defined Wall Functions |none L]
TDR Prandtl Number
|none ;I
I
OK | Cancel | Help 1 1

Figure 3.6 - Screen shot of viscous model in Fluent.

The conditions were initialized arair was passed around the sphere.

Section 3.4 Numerical Reslts

Several iterations of the baseball model were conducted. Drag results were in the
range of those found in experimertsweveras Reynolds number was increased or
decreasefbr a given meshthe drag trend did not fit experimental dakor Reynolds
numbers which digoroducea similar resultto experimental resultplots were made of
paricle path lines over the balln Figure3.7, path linesvereplottedfor free stream
velocity of 65 mph without rotationThe flow lines do show turbulence in the boundary
layercausingseparation on the backside of the bdlhe quantitative results showed
solutionsto beinaccurate over wide range of Reynolds numberghis meant that the

meshgave approximate solutis@at one specific velocity faa given meshUsing the
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same mesh while changing boundary conditions yiedshethaccurate solutioriThe

mesh had to be continuously changed if the velocity over the baltlengedIn Figure

3.8, path lines were plotted for free stream velocity of 50 mph with 200 radians/second
angular velocity. The plas showingthe backside of #hball. Vortices forned off the

lower half of the ball. The rotatiatirected the vortices downward causing a lift force

upward.
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Figure 3.7 - Particle path lines over a baseball traveling at 65 mph.
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Figure 3.8 - Rear view of particle path lines over a baseball traveling at 50 mph with 200 radians/second angular
velocity.

Several meshes, constants, and coefficients wereatigsadousair velocities
aroundthe smooth sphereFluent was capable of determining dralgted topressure
forces, but could not properly predtbe separation point on the balklow lines were
never observed to separate at the 80 degree location, only at the 120 degie® loc
Drag curvedor a smooth sphershowed decreasing drag as velocity increased, but did
not show a dragrisis(seeFigure3.9). Changing mesh types did char@g but again
the trend did not show a drag curve or correct magnitudes for a wide range of Reynolds

numbers.
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Figure 3.9 - Numerical model drag curveswhile varying the size of the outer boundary limit.
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Figure 3.107 Numerical model drag curve for smooth sphere.

Chapter IV i Experimental determination of lift and drag

The current experiment determined aerodynamic properties of sportssils
Using light gates and computer software, balls were projegted 16 feethrough static

air wherevelocity and accelerations weretdrminedand flight propertiesalculated

Section4.11 Experimental Setup

Sports balls werprojecedin a lab s#ing through static aifTwo light boxes
where constructed out of 45mm Bosch Aluminum fragniBach box had an opening for
the projectile to pass through of 15 inches by 19.5 inches. This opening allowed enough

room for a ball tgpass throughvithoutimpactingthe box walls
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Inside each lighbox were three sets of light gat@sDC iBean) labeledGatel,

Gate2, and Gate3 (séeured.landFigure4.2).

Figure 4.1 - Light gatesconfiguration inside the light box.
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Gate3 Gate1

Dw: D"‘ I
I

The gate signals were timadth an 80 MHzNI-PCl 6602data acquisition boardA

t., D.

t27 D2 1Vx

Figure 4.2 - Schematic of light box setup.

LabVIEW program was written to convert tegnals to speed and vertical locatfon
each light box
Two sets ofight gates Gatel and Gate8eremountedvertically and were placed
16.5 inches aparO,. This distancgrovidedenoughengthbetween the gates to obtain
a velocity. Velocity wasfound by takinghedistance between thegates and dividing
by the time 0,, an object took to pass between theBate2 was centerehd oriented at
45 degreesdiween the two verticglates This gate was used to calculate the position of

the ball hside the light boxUsingthe time fromGatel to Gatg2, and multiplying by
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the velocity of the ballVy, the horizontal distan¢®, , to the ball inside thbox was
foundas

Dix = D1y = Wty (4.1)

Since Gate2 was placed at a 45 degree angléptiwontaland verticabdistanceo ball
is the saméseeEquation4.l).

A pneumatic sabot styl@r cannon(Washington State University Sports Science
Laboratory was used to projesports ballsvith no rotation(seeFigure4.3). The ball

was loaded into a polycarbonate sabot Egare4.4), or cradle, in a specific orientation

The ball ould thenbeloaded intahebreech othe canor(seeFigure4.5).

Figure 4.3 - 1st light box and pneumatic cannon
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Figure 4.5 - Sabot placedin the cannon's barrel.

For each shoti pressure v&aeleased from the accumulator tank and the sabst
accelerated A high speeccamera operating at 1000 frames per second and 1/10,000
second shutter was used to record each shot leaving the danmenficationof correct

orientation and flight patfseeFigure4.6).
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Figure 4.6 - Still frame shot of softball leaving the cannon at 90 mph.

Since the pneumatic cannon was only capable of projecting balls with no rotation,
a three wheeleditching machindHomePlateby Sports TutgrseeFigure4.7) was used
to consider the effect of ball rotatioDifferent from two wheeled maching$e three
wheeledmachine had concave wheels. This alloweddss wear on the balla,more
consistent release out of the pitching machamel a more predictable flight patfihe
three wheels were oriented 120 degrees apart from each othénevatver wheel

alignedvertically (seeFigure4.8).
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Figure 4.7 - Side view of three wheeled pitching machine.
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Figure 4.8 - Front view of the three wheeled pitching machine.

Since he three wheel pitching machinevas designed tthrow any type of pitch

careful uningof the two outer wheels to the same angular velocity was requitkeskfo

t he ball s&é r ot aThiswas dohe bgpening uplhe control pane! @de

Figure4.9) andcheckingeacha x | e6s opti cal e reed wad pmMNing o0 ens ur
at the correcspeed Wheel peed was adjusted byrhingeachwh eel 6 s potent i ome
(seeFigure4.10). By speeding up the lower wheel independently of the upper wheels,

backspin was placed on the ballach ball was placed in a specific orientation in the ball

feeder. The ball was released from the feeder by pultimgstoppin and the ball rolled

into the wheels.Once the ball waprojected ahigh speed camera was used to verify

correct orientation Later, this video was loaded into tracking softwéwedetermine

angular velocity of each projection.

52



After the ball was released from either pitchireyide, it began its path through
the light boxes.The light gates measured both the position and speed of the ball at two

different locations along thie a | phtld(seeFigure4.11).

Figure 4.9 - Home Plate machine with control panel exposed.
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