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Abstract

The ability to make a cricket ball deviate latgraih flight
(“swing”) has intrigued cricket players and speatstfor years,
arguably since the advent of the game itself. Thasid
aerodynamic principles responsible for the swing aficket ball
were identified decades ago and many papers haen be
published on the subject. Over the last 35 yearsogrseveral
experimental investigations have also been condumtecricket
ball swing, which revealed the amount of attainadMéng and
identified the parameters that affect it. Thosedifigs are
summarized here with updates on phenomena sucteaswing
and the effects of weather conditions on swing. Thecept of
“reverse swing” that became popular in the late0s98nd how it
can be achieved in practice is also discussedthegevith the
role of “ball tampering.” In particular, the abjlitof some
bowlers to effectively swing an old ball in the gentional,
reverse and the relatively newly termed “contraghg” mode is
addressed. The well understood “Magnus” effect apianing
ball is often used by the slower spin bowlers tdkenthe ball
drift through the air. It is discussed here how sdast bowlers
can also generate the same effect. Very recenthhas become
apparent that bowlers are able to release a criz&ibtwithout
any spin imparted to it. This can lead to a verteresting
“knuckling” effect, similar to that often seen iageball.

Introduction

The first published scientific account of cricketltswing was by
Cooke [5], who gave an explanation of why it wasgiae for
fast bowlers to make a new cricket ball “swerve amhy it
became more difficult to do this when the shine Wadn off the
ball. Since then, several articles have been phdddison the
theories of cricket ball swing [7,11,12]. Later dBarton [1],
Bentley et al [2] and Mehtaet al [13] described detailed
experimental investigations where the magnitudethaf side
force that produces swing and the factors thatcaffe were
determined; see Mehta [14] for a detailed reviewhaf earlier
work. The relatively new concept of “reverse swinghich first
became popular in the late 1980s and 1990s, wstsefiplained
and discussed by Bown & Mehta [4]. A preliminary lgs& of
cricket ball swing using computational fluid dynasii was
described by Penros al [21]. The flow field around a cricket
ball was measured and described by Geamtl. [6] and Sayers &
Hill [22] published some measurements of the aamadyc
forces on a spinning cricket ball. Some of the my#nd
misconceptions surrounding cricket ball aerodynamigere
presented by Mehta [15] and an overview of cricketl
aerodynamics was given in Mehta [16]. A relativegw concept
of contrast swing was introduced by Mehta [17] @©& and that
of “Malinga” swing in 2007 [18]. A detailed and neorecent
review of sports ball aerodynamics, which includgsket balls,
was given in Mehta [19]. Locét al [10] presented some surface
flow visualization and pressure measurements detratimg
conventional and reverse swing. Recently, Scadiieal [24]
proposed an alternative fluid mechanic mechanismréoerse
swing. Based on their pressure measurements afatsutow

visualization using thermal imaging, they proposeat reverse
swing occurs due to the presence of a laminar agparbubble.
It is discussed below why this mechanism is naliko occur in
practice. All the measurements shown in this atate taken
from the author’'s own research described by Bergteat [2].

Aficionados know cricket as a game of infinite detyt, not only
in strategy and tactics, but also in its most baséchanics. On
each delivery, the ball can have a different ttajgc varied by
changing the pace (speed), length, line or, madstiysof all, by
swinging the ball through the air so that it drifiseways. The
actual construction of a cricket ball and the ppte by which
the faster bowlers swing the ball is unique tolkatc The outer
cover of a cricket ball consists of four or two ges of leather,
which are stitched together. Six rows of prominstitching
along its equator make up the “primary” seam, wytbically 60
to 80 stitches in each row. On the four-piece bakied in all first
class and international matches, each hemisphsoehals a line
of internal stitching forming the “quarter” or “smedary” seam.

Fluid Mechanics of Conventional Swing

Fast bowlers in cricket make the ball swing by @igious use of

the primary seam. The ball is released with thensatian angle
to the initial line of flight. Over a certain Reyusl number (Re)
range, the seam trips the laminar boundary layter tiwrbulence

on one side of the ball whereas that on the oth@ngeam) side
remains laminar (figure. 1). By virtue of its inased energy, the
turbulent boundary layer separates later than dngnlar layer

and so a pressure differential, which results iside force, is

generated on the ball as shown in figure 1.
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Figure 1. Schematic of flow over a cricket ball émnventional swing.

In order to show that such an asymmetric boundamerl
separation can indeed occur on a cricket ball,llaNzes mounted
in a wind tunnel and smoke was injected into thpassted region
(wake) behind the ball where it was entrained rigptto the
separation points (figure 2). The seam has trippedboundary
layer on the lower surface into turbulence, eviégehdy the
chaotic nature of the smoke edge just downstreamthef
separation point. On the upper surface, a smodéancedge
confirms that the separating boundary layer was ilaminar
state. Note how the laminar boundary layer on {hyeeu surface
has separated relatively early compared to theutem layer on
the lower surface. The asymmetric separation oftbendary



layers is further confirmed by the upwardly deféettwake,
which implies that a downward force is acting oe tall.

Figure 2. Smoke flow visualization of flow over ac&et ball. Flow is
from right to left. Seam angle = 40°, flow speeti=m/s, Re = 850,000.

In order to confirm that an asymmetric boundanetageparation
on a cricket ball leads to a pressure differentialoss it, 24
pressure taps were installed on a ball along sy, in a plane
perpendicular to that of the seam (figure 3).

Figure 3. Cricket ball with the core removed andhBessure taps (1 mm
diameter) installed along the equator.

Figure 4 shows the measured surface pressures isnbat
mounted in a wind tunnel with the seam angled &t t20the
oncoming flow. At low values of Re or velocity (Uhe pressure
distributions on the two hemispheres are equalsgnunetric, so
there would be no side force. At U = 25 m/s, thespure dip on
the right-hand (seam-side) face of the ball is ryelwwer than
that on the left-hand (nonseam-side) face, whichlgvoesult in
the ball swinging towards the seam side. The maximuessure
difference between the two sides occurs at U = Z9(65 mph),
when the boundary layer on the seam side is fullyulent while
that on the nonseam side is still laminar. Everthat highest
velocity achieved in this test (U = 37 m/s, 83 mplthe
asymmetry in pressure distributions is still clgadxhibited,
although the pressure difference is reduced. Theahb(critical)
velocities or Re at which the asymmetry appearsisapgpears
were found to be a function of the seam angleaserfoughness,
and free-stream turbulence; in practice it alscedep on the spin
rate of the ball, as shown and discussed below.

In order to measure the forces on spinning cridiats, balls
were rolled along their primary seams down a ramp@ojected
into a wind tunnel test section through a smallnipg in the
ceiling [2]. The spin rate was varied by changihg starting
point along the ramp, and the seam angle was vhsietljusting
the alignment of the ramp with the airflow. Once ttonditions
at the entry to the wind tunnel and the deflecfrom the datum
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Figure 3. Pressure distributions on a cricket beldl at a seam angle of
20°.

are known, the aerodynamic forces due to dhlow can be
easily evaluated. The spin rate and velocity oftihk at the end
of the ramp were measured using strobe photogrdplgyre 4
shows the measured side force (F), normalised éymight of
the ball (mg), and plotted against the ball's viglgcthe side
force is averaged over five cricket balls that weested
extensively. At nominally zero seam angle (seamigiit up,

facing the batsman) there is no significant sidedpexcept at
high velocities when local roughness, such as ahossment
mark, starts to have an effect by inducing traositon one side
of the ball. However, when the seam is set at ailé@mce to the
oncoming flow, the side force starts to increasabatut U = 15
m/s (34 mph). The normalised side force increasis hall

velocity, reaching a maximum of about 0.3 to 0.4fobe
declining rapidly. The critical velocity at whiclhe side force
starts to decrease is about 30 m/s (67 mph). SHisei velocity at
which the laminar boundary layer on the nonseane sitbo
undergoes transition and becomes turbulent. Assaltrethe
asymmetry between the two sides (difference inldlations of
the boundary layer separation points) is reducedi the side
force starts to decrease.
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Figure 4. Variation of normalized side force wilbw speed; averaged
over five balls.

The maximum side force is obtained at a bowlingedpaf about
30 m/s (67 mph) with the seam angled af 2Mid the ball
spinning backwards at a rate of 11.4 revs/s. Atansangle of
20°, the Re based on seam height is about optimalffectire



tripping of the laminar boundary layer. At loweresgls, a bowler
should select a larger seam angle so that by the the flow

accelerates around to the seam location, the alrifpeed for
efficient tripping has been reached. Of coursegasihg a ball
spinning along the seam (without much wobble) bexomore
difficult as the seam angle is increased. Spinhenbiall helps to
stabilize the seam orientation. Basically, for dighithe angular
momentum associated with the spin should be greager that
caused by the torque about the vertical axis du¢héoflow

asymmetry. Too much spin is also detrimental, stheeeffect of
the ball's surface roughness is increased and fitieat Re is

achieved sooner on the nonseam side. In order iomize the

amount of conventional swing, the ball surface lo@ honseam
side should be kept as smooth as possible so tHamiar

boundary layer can be maintained.

The actual trajectory of a cricket ball can be cated using the
measured forces. Figure 5 shows the computed tosjes at five
bowling speeds for the ball exhibiting the bestreywproperties
(F/mg = 0.4 at U = 32 m/s, seam angle =,2pin rate = 14
revs/s). The results illustrate that the flight hpas almost
independent of speed in the range 24 < U < 32 Bdsx(U < 72
mph). The trajectories were computed using a simelation,

reversed) to that expected based on conventioriaketing
wisdom and previously accepted fluid mechanicsqgiples. As
discussed above, for conventional swing it is efsleto have a
smooth polished surface on the nonseam side fabagatsman
so that a laminar boundary layer is maintainecthatcritical Re,
the laminar boundary layer on the nonseam side rgnde
transition and the flow asymmetry, and hence sidesf, starts to
decrease. A further increase in Re results in thesttion and
separation points moving upstream, towards thet fobthe ball.
A zero side force is obtained when the flow fiel@®undary
layer separation locations) on the two sides ofltalk become
completely symmetric. In terms of reverse swinge tteally
interesting flow events start to occur when the Réncreased
beyond that for zero side force. As mentioned abahe
transition point will continue to move upstream (both sides
now) setting up the flow field shown in figure 6h& transition
points on the two sides are symmetrically locatbdt the
turbulent boundary layer on the seam side still toasncounter
the seam. In this case, the seam has a “detrinieaffdct
whereby the boundary layer is thickened and weakdtmver
skin friction coefficient), making it more suscdpé to
separation compared to the thinner turbulent bogynidser on
the nonseam side. The turbulent boundary layeherséam side

separates relatively early and an asymmetric flowet up once
again, only now theorientation of the asymmetry is reversed
such that the sideforce, and hence swing, occurs towards the

which assumes that the side force is constant acd a
perpendicular to the initial trajectory. This gives lateral
deflection that is proportional to the square of tHapsed time

(t) and hence a parabolic flight path. In some phuipigic
studies of a swing bowler (Gary Gilmour, who playéat

Australia in the 1970s), it was confirmed that thajectories
were indeed parabolic [8]. Those studies also cmefil that the
final deflections of over 0.8 m predicted here amet

unreasonable. One of the photographed sequenceanafsed
and the actual flight path is also plotted in figub. The
agreement is rather remarkable considering thelwiitypof the

image processing and analytical techniques. Tha idafigure 5
also have a bearing on the phenomenon of the sedcdhte
swing.” There are many theories for late swing, ibutirns out
that since the flight paths are parabolic, latengwis in fact
“built-in,” whereby 75% of the lateral deflectiomaurs over the

second half of the flight.
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Figure 5. Comparison of computed flight paths usmegsured forces for
the cricket ball with the best swing propertiesaiBeangle = 20°, spin
rate = 14 revs/s.

Fluid Mechanics of Reverse Swing

Since the mid-1980s, there has been a lot of tatké cricketing
world of a supposedly new bowling concept emploggdswing
bowlers. The new concept or phenomenon is popukarbyvn as
“reverse swing” since the ball swings in a direatmpposite (or

nonseam side, as shown in figurel@s is reverse swing

S: Separation Point
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Figure 6. Schematic of flow over a cricket ball feverse swing.

Needless to say, boundary layer transition is glyodependent
on the condition (roughness) of the ball's surfatais is
demonstrated in the side force results for thréket balls with
contrasting surface conditions (figure 7). The riesm-piece ball
(without the quarter seams) exhibits a higher maximgpositive)
side force than the other two balls and the sideef@oes not
start to decrease until U = 36 m/s (80 mph). Tz Wwill only
produce reverse swing for velocities above 45 @0 (mph),
which is not very useful in practice, althoughstworth noting
that two-piece cricket balls are generallyt used in competitive
cricket matches. However, the side force measurtstiena new
four-piece ball (with quarter seams) show that dhiaves
significant negative side force or reverse swingvelocities
above about 36 m/s (80 mph). Note how the magnitfdihe
negative side force at 40 m/s is not much less tharpositive
force at 30 m/s. So it seems as though reversegseam be
obtained at realistic, albeit relatively high, bowl velocities. In
particular, reverse swing can be clearly obtaieeén on a new
ball, without any tampering of the surface.

The “old” ball, with an estimated use of about I®frs, gives
less positive side force compared to the new ballg, it also
produces reverse swing at a lower velocity of al8fuim/s (67
mph). The contrasting results for the three batis directly
attributable to the effects of surface roughnesthercritical Re.
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Figure 7. Normalized side force versus ball spéeaving reverse swing.

Due to the absence of the quarter seams, the newpitee ball

has a smoother surface compared to the new fouefiall and
the critical Re at which transition occurs on thaseam side is
therefore higher. Conversely, the critical Re on uked ball is
lower because of the rougher surface. The keyverse swing is
early transition of the boundary layers on the'dalurface and
the exact velocity beyond which reverse swing isaiied in

practice will decrease with increasing roughness.

Recently, another fluid mechanic mechanism was megdor
reverse swing by Scobiet al. [24]. Using a scaled model of a
cricket ball, they show using surface pressures artiermal
imaging technique, a separation bubble with lamseparation,
transition in the free shear layer and then tumiuteattachment
on the nonseam side. As a result, the (turbulesfpstion on
this side is delayed compared to the seam sidehande the
asymmetry required for reverse swing is establish&de
presence of a separation bubble is well known antirstood on
a smooth sphere. It typically appears only at titecal Re (point
of minimum drag coefficient). It is highly unlikelyhat this
phenomenon would occur on an actual cricket baith(\guarter
seams) which is also spinning. The additional roggss from the
spinning quarter seam and the fact that transitiora spinning
ball occurs in stages (first on the advancing péthe ball that
has a higher effective Re) are the main reasons tHie
conclusion. In fact, to prove that it is indeedlyaoundary layer
transition on the nonseam side that is respondibiereverse

swing, Bentleyet al. [2] introduced free-stream turbulence into

the test section using two turbulence generatingsgiThe two
grids (1 and 2) generated turbulence intensityltewé u'/U =

1.6% and 3.1% and length scales (I) equivalent38 @nd 0.66
of the ball diameter (d), respectively. Without #dition of the
turbulence, reverse swing was only obtained aboflewaspeed
of about 36 m/s (80 mph), as shown in figure 8. Esv, with

the grids, reverse swing was obtained at about 20(4% mph)
for Grid 1, and for Grid 2, reverse swing was atédi right from
the start at about 12 m/s (27 mph), without anyn sif

conventional swing. It is important to note thatdpfrom the
increased turbulence levels, a critical parametethe length
scale. Since the length scales here are relatsrabll (less than
the ball diameter), early transition of the lamibaundary layer
on the nonseam side is successfully achieved.

Effect of Ball Condition and Contrast Swing

For conventional swing, a prominent primary searviaisly

helps the transition process, whereas a smootishaali surface
on the nonseam side helps to maintain a laminandeny layer.
So it is wise to polish the new ball right from tstart,but not on

both sidesAt the outset, the opening bowler should pick glue

on the ball with the smaller or lighter (less rougmbossment
and continue to polish only that side during therse of the
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Figure 8. Effects of free-stream turbulence onkatdall swing. New 4-
piece ball, seam angle2f°, spin rate = 5 revs/s.

innings. The other (seam) side of the ball showddatlowed to
roughen during the course of play to aid the prtidoof reverse
swing. As shown above, the exact velocity at whielerse
swing occurs, and how much negative side forcermerted at a
given speed above the critical, is a strong fumctid the ball’'s
surface roughness. Once the seam side has rougleaoegh,
reverse swing is simply obtained twrning the ball oveso that
the rough side faces the batsman. In general, tb@uption of
conventional and reverse swing will not be affecigghificantly
by having a contrasting surface condition on tlde $acing away
from the batsman. So a bowler bowling outswingeit still
have the seam pointed towards the slips, but wighrough side
facing the batsman, instead of the smooth for cotimeal swing,
and the ball will now behave like an inswinger amdng into the
batsman. The whole beauty (and success) of thisguhenon is
that a bowler who could only bowl outswingers a& tmset (with
the new ball) can now bowl! inswingeséthout any change in the
grip or bowling action Similarly, a predominantly inswing
bowler can now bowl outswingers. Of course, if toatrast in
surface roughness on the two sides of a ball icesasfully
created and maintained, the bowler becomes evem hatinal
since he can now bowl outswingers and inswingerwiktby
simply changing the ball orientation. Needlessay, $his would
make for a highly successful ability since there ant many
bowlers who can make the new ball swing both wagmgu
conventional bowling techniques. Moreover, the fthat can
bowl inswingers and outswingers are generally ngtiadly
effective with both types of swing and, of coursannot do it
with the same grip and bowling action. So the key
conventional swing bowling is keeping the nonsedde ss
smooth as possible, whereas for reverse swhegnonseam side
needs to be as rough as possible.

One of the reasons why reverse swing has gaindd rsntoriety

is its constant link to accusations of ball tampgiil9]. The fact
that bowlers started to illegally roughen the Isaliface since the
early 1980s is now well documented. Oslear & Baeni§20]

quote and show several examples and | have alssomaly

examined several balls that were confiscated byirasmue to
suspicions of ball tampering. The most popular f®rmof

tampering consisted of gouging the surface andnatieg to

open up the quarter seam by using either fingesrailforeign

objects such as bottle tops. It is rather ironiattla law

prohibiting the rubbing of the ball on the groundswintroduced
in the same year (1980) that | first heard abouenge swing
from an old school mate of mine, Imran Khan.

There is another distinct advantage in maintainangsharp
contrast in surface roughness on the two sidesmigpheres of
the ball. The primary seam plays a crucial roldath types of
swing. It trips the laminar boundary layer intouabulent state
for conventional swing and thickens and weakensttingulent



boundary layer for reverse swing. During the cowfplay, the
primary seam becomes worn and less pronounced @tnighuch
can be done about it unless illegal proceduresirareked to
restore it, as discussed above. However, a bdil avivorn seam
can still be swung, as long as a sharp contrassurface
roughness exists between the two sides. In thie, cése
difference in roughness, rather than the seam,bgamised to
produce the asymmetric flow. Theeam is oriented facing the
batsman (straight down the pitch) at zero degmeeisiénce. The
critical Re is lower for the rough side and so, iceatain Re
range, the boundary layer on the rough side wiltobme
turbulent, while that on the smooth side remaimsitar. The
laminar boundary layer separates early compardhetaourbulent
boundary layer, in the same way as for conventismaihg, and
an asymmetric flow, and hence side force, is predu@he ball
in this case will swing towards the rough side figg 9a). At
higher speeds, the boundary layers on both sideguabulent
(figure 9b). However, the layer on the rough sidé wndergo
transition earlier and then develop over the rosgiface, thus

enhancing boundary layer growth (thickness) and céen

reduction in the skin friction coefficient. An asymetry is
developed once again, only this time, the ball ewing towards
the smooth side. Note that the 70 mph quoted irdig 9a and
9b is estimated as a nhominal “switch over” speedafoold ball
when the ball switches from swing towards the rosigle to the
smooth side. The actual speed, at which the batigsdirection
switches, is totally dependent on the conditiothef ball surface
(on both sides).

This type of swing, which tends to occur when tladl ts older
and a contrast in surface roughness has beenissthlis often
erroneously referred to as reverse swing. In otdemvoid this
confusion and distinguish this type of swing frooneentional
and reverse swing, | gave it the nanegritrast swin§[17].
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Figure 9a. Schematic for flow over a ball for castrswing at relatively
low bowling speeds.

The most exciting feature about contrast swindh& just about
any bowler can implement it in practice. As mostlaters are
aware, it is much easier to release the ball ($pinbackwards
along the seam) with the seam straight up, rathan tangled
towards the slips or fine leg. Thus, even mere a®ithould be
able to swing such a ball, and in either directismce the
bowling action is the same for both types of switltg only
difference being the orientation of the ball witgards to the
rough and smooth sides. In fact, the medium paeart$ or

“stock” bowlers usually bowl with the seam in tloisentation in
an attempt to make the ball bounce on its seanhabit may
gain sideways movement off the ground. With a @sitrin

surface roughness, these bowlers could suddenly into

effective swing bowlers, without any additionalcetf

Commentators and players often state that when #ikeid
reversing, it swings towards the smooth side. Tdreysimply

Contrast Swing
High Bowling Speed (> 70 mph)
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Ball Flight Direction oo
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Figure 9b. Schematic for flow over a ball for castrswing at relatively
high bowling speeds.

confusing true reverse swing with contrast swingoréloften
than not, when the ball swings towards the smoité, st does
so in the contrast swing mode.

Magnus Effect on a Spinning Ball: “Malinga” Swing

When a cricket ball is spun about an axis perpemalicto the
line of flight, an asymmetry in the boundary laysaparation
locations is set up which results in the “Magnustck. This
effect is seen in many sports such as soccer,semu baseball,
to name a few. As discussed above, the boundasr lkegnnot
negotiate the adverse pressure gradient on the fartkof the
ball and therefore it tends to separate, somewihetige vicinity

of the ball apex. The exact separation locatiodetermined by
the state of the boundary layer. With a spinninly) (ligure 10),

the extra momentum applied to the boundary layer ttom

retreating (bottom) side of the ball allows it tegotiate a higher
pressure rise before separating and so the sepamiint moves
downstream. The addition of momentum to the bountkayer

occurs through viscous diffusion from the rotatswgface. The
reverse occurs on the advancing (top) side anthes@eparation
point moves upstream, thus generating an asymnsgpiaration.
The upward deflected wake implies a downward Madiouse

on this ball.

Figure 10. Dye flow visualization over a spinnimicket ball in a water
channel. Flow is from right to left and the ballrégating in a clockwise
direction.

In cricket, the slower spin bowlers typically at@gnio make the
ball “turn” when it comes into contact with the grm. They
often vary their pace and amount of spin in ordertry and
confuse the batsman. However, they also employMagnus
effect at times by imparting spin about a nearie&rtaxis so that
the ball swings sideways through the air beforéirggeadditional
movement off the ground, as shown in figure 11 @estribed in
Mehta & Wood [12]. With the majority of fast bowtgrthe ball
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Figure 11. Spin bowlers using the Magnus effech&ke the ball swing.

is released with backspin about a near horizome so that
there is an upward Magnus force, as shown in tfichéad
diagram in figure 12. This opposes the gravitatiof@ce
experienced by the ball.

However, if the ball is released with the axis pifnsinclined (as
shown in the right-hand diagram in figure 12), Magnus force
vector is now tilted and there is a lateral comparthat will
make the ball swing sideways. This type of swingeéserated by
side-arm bowlers such as Lasith Malinga of Sri laank

Force Due to
Spin
1 | \
™ ¥ Force Due to
it Spin

Backspin About
Horizontal Axis

2

Backspin About
Inclined Axis

Viewed from Behind the Bowler’s Arm

Figure 12. Schematic for spin-induced “Malinga” swi

| first noticed it in action during the 2007 Crickétorld Cup

Final and the effect, in terms of the fluid mecltani was
discussed in Mehta [18]. In Malinga’'s case, witle side-arm
action, the ball swings into the right-hand batsrealely due to
the axis of spin. This type of delivery is veryesffive and it
works even when the ball is old with no contrastsimrface

roughness and a completely “bashed-in” seam. A b##n

achieves this state on the Indian sub-continengravthe pitches
and the outfield are hard and rough. Once the dtdiins this
type of condition, the only way for a fast bowlerswing the ball
is through “Malinga” swing.

“Knuckling Effect” in Cricket

In baseball, a “knuckleball” is released at relalyvlow speed
(about 30 m/s or 65 mph) and zero or very littlenspghe
aerodynamics of this pitch are left entirely todam effects of
the flow over the ball. It was initially believelat a knuckleball
thrown without any spin will be at the mercy of apgssing
breeze. Thus, the ball “dances” through the air an
unpredictable fashion. However, the real reasortiferdance of
a knuckleball is the effect of the seam on boundayer
transition and separation. Depending on the bdiboity and
seam orientation, the seam can induce boundary tegmesition
or separation over a part of the ball thus creatingide force.
With a baseball rotating very slowly during flightot only does

the magnitude of the force change, but the diractian also
change [26]. This is why the ball appears to havaralom and
erratic flight path. It is important to note thatea if the pitcher
throws the ball with no rotation, the flow asymmyewill cause
the ball to rotate. The flow asymmetry is developgdhe unique
stitch pattern on a baseball. In figure 13, thé isahot spinning,
but it is oriented so that the two seams help imsitey transition
in the boundary layer on the upper side of the lakeThe
boundary layer on the lower surface is seen toragpaelatively
early in a laminar state. Once again, the downwigftection of
the wake confirms the presence of the asymmetiiadary layer
separation, which would produce an upwards lifcéoon this
baseball.

Although the seam on a cricket ball is quite défarto that on a
baseball, similar fluid mechanic effects can beaotad by a
slowly rotating seam. Lately in cricket, the slovegmin bowlers
have added this type of delivery to their arseltat not hard to
believe that the spin bowlers, even with the roana bowling

action, can grip the ball with the tips of theinders and eject it
with very little spin imparted to the ball. Howeygery recently |

Figure 13. Smoke photograph of flow over a statiprn@onspinning)
baseball. Flow is from right to left. Photograph ByN.M. Brown,
University of Notre Dame.

noticed that even the fast bowlers are now ablactieve this
feat. In particular, Zaheer Khan, the Indian fastvler has a
slower delivery (at about 31 m/s or 70 mph) that vesy
effectively releases with minimal spin impartedthe ball. With
the fast bowlers, there is an additional advantagjace the
upwards Magnus force has now been excluded (nospaclkon
the ball), the ball will tend to drop somewhat &sthus adding
to the batsman’s confusion.

Effects of Weather Conditions on Swing

The effect of weather on swing is by far the mdstassed and
most controversial topic in cricket, both on anfitbé field. It is

quite fascinating that this topic was discussedhia very first

scientific paper on cricket ball swing [5]. The obi¢ of advice

that cricket "Gurus" have consistently passed dawer the

years is that an overcast or humid/damp day is word to

swing bowling. However, the correlation between thern
conditions and swing has not always been obvioasmaost of

the scientific explanations put forward have alseerb
questionable. Of course, on a day when the groargbft with

green wet grass, the new ball will retain its shioea longer
time, thus helping to maintain a laminar boundayel on the
non-seam side. However, the real question is whetlgéven ball

will swing moreon an overcast or humid/damp day.

As shown in the previous sections, the flow regower a cricket
ball depends only on the properties of the air gnedball itself.
The only properties of the air that may conceivdi#yinfluenced
by a change in weather conditions are the dynaisosity and
density. The dynamic viscosity and density bothegppn the
definition of Re, but small changes in Re are unjikel affect



the side force significantly. However, changesimdansity can
affect the side force directly since, for a giveites force
coefficient, the side force is proportional to thensity. The air
density is higher on a cold day compared to thaadmt day.
However, the dependence is not very strong withath&ensity
being only about 4% higher at 15° C compared to &h&5° C.
This means that a ball which swings about 60 crfe¢®) at 25°
C will deviate about another 2.5 cm (1 inch) at &°This is
obviously not enough to explain what is supposetiigerved on
a cricket ground, although it does illustrate whisieasier to hit
a six on a hot day compared to a cold night (tfzg @m the ball,
which slows it down, is also proportional to the @énsity). It is
rather ironic that humid or damp air is often reddr to as
constituting a “heavy” atmosphere by cricket comtators,
when, in fact, humid air is less dense than dry air

A popular theory that had circulated for years, eeggly

amongst the scientific community, was that the primseam
swells by absorbing moisture, thus making it a meffecient

boundary layer trip. Bentlest al.[2] investigated this possibility
in detail. Profiles were measured across the psirseam on a
new ball before and after a few minutes soakingater. Even in
this extreme example, there was no sign of any gdnan the

seam dimensions (figure 14).
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Figure 14. Surface contour plots of the primarynsem a cricket ball to
investigate the effects of humidity.

A similar test on a used ball (where the varnishitt@seam had
worn-off) also showed no swelling of the seam. Ratian

soaking the ball in water, a more controlled tesiswalso
conducted whereby a ball was left in a humidity mbar

(relative humidity of 75%) for 48 hours. Again, obange in the
seam dimensions were observed. Recently, Jabh@g9] used a
3-D laser scanner to measure the surface propeftidiferently

conditioned balls under varying humidity. They afsond that

humidity had no detectable effect on the ball'srgetry.

Bentleyet al.[2] also performed projection tests on balls vtith
surface dry, humid and wet and no increase in Bidee was
noted for the humid or wet balls, as shown in feglib.

Several investigators [1,7,25,27] have confirmeat tho change
was observed in the pressures or forces when tlaivee
humidity of the air changed by up to 40%. In thestpih was
suggested that humid days are perhaps associatedgemeral
calmness in the air and thus less atmospheric lembe [25,27].

More recently, Jamest al. [9] proposed a similar hypothesis.

They suggest that with bright sunshine, the groeats up and
generates convection currents which make “the ise¢ off the
cricket pitch — that creates turbulence.” They goto theorize
that since this effect is absent on an overcastal@pwler is able
to produce more swing. On the other hand, Lyttlegtbt] and
Horlock [7] conjectured that humid conditions migtesult in
increased atmospheric turbulence. However, theraoisreal
evidence or basis for either of these scenariabgearn if it were
the case, the turbulence scales (size of the tembutddies)
would generally be too large to have any significsffect on the
flow regime over the ball. Binnie [3] suggestedtitie observed
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Figure 15. Effect of humidity on the measured dimtees on a spinning
cricket ball. Seam angle = 20°, spin rate = 5 gevs/

increase in swing under conditions of high humidstgaused by
“condensation shock” which helps to cause transitldowever,

his calculations showed that this effect could amdgur when the
relative humidity was nearly 100%. Also, as showrBlentley et
al. [2], the primary seam on almost all new cricketls is

already adequate in tripping the boundary layethin Reynolds
number range of interest.

So there seems to be no (positive) scientific exédewhich

supports the view that overcast or humid conditians more
conducive to swing. One explanation, which wag finoposed
by Bentley et al. [2], is that humidity must affebe initial flight

conditions of the ball. There is a possibility thlae amount of
spin imparted to the ball may be affected. The isarpainted on
all new balls reacts with moisture to produce aesghat tacky
surface. The tacky surface would ensure a betiprand thus
result in more spin as the ball rolls-off the fingeAs shown
above in figure 4, an increase in spin rate (atleg to about 11
revs/s) certainly increases the side force. Sohgper without
actually realising it, the bowler may just be intpag more spin
on a humid or damp day. This effect has not begastigated
independently, and upon further reflection, it n@asrhaps be
somewhat far-fetched. There is one other possibiibuld it be
a “placebo” effect? Is it possible that on a dayickhis

supposedly conducive to swing bowling, the bowtarscentrate
more on the optimum release for swing (seam arghedthe ball
spinning steadily along the seam without wobblghea than
trying to bowl too fast or trying to extract thaxtra” bounce?

Conclusions

The basic flow physics of conventional swing anel plarameters
that affect it are now well established and undet However,
some confusion still remains over what reverse gwsnand how
it can be achieved on a cricket field. A populaseoinception,
and one that exists even today, is that when amballdswings, it
must be reverse swing. It is only reverse swirthéf ball swings
in a direction that is opposed to the one the Ssginting in so
that, for example, a ball released with the seatpd towards
the slip fielders swinginto the batsman. While it is generally
believed (with some justification) that tamperinghahe ball's
surface helps in achieving reverse swing, the ef@ah of the
advantage is still not generally understood. khswn here that
the critical bowling speed at which reverse swingn cbe
achieved is lowered as the ball's surface roughmes®ases.
One of the more important points to note is thdittaenpering is
not essential in order to achieve reverse swing.eRevswing
can be obtained with a brand new (red) four-pielé but only
at bowling speeds of more than 36 m/s (80 mph). Whele



beauty of reverse swing is that by simply changihg ball
orientation, and nothing else, the ball will switige “wrong”
way. With a sharp contrast in surface roughnessdsat the two
sides of a cricket ball, contrast swing can be iobth with the
seam oriented vertically and pointed straight doenpitch. The
main advantage of contrast swing is that it caméae generated
with a ball that has the seam completely “bashéd in

It is shown here how late swing is actually builtoi the flight

path of a swinging cricket ball and it is this,mat than some
special phenomenon, that is often observed on ricket field.

The question of the effects of weather conditionscocket ball

swing is still not totally resolved, although thealdnce of
evidence seems to suggest that perhaps bowlers nmag

attention to the bowling action and ball releasemthe weather
conditions are supposedly conducive to swing. Fpersonal
interactions and discussions, | have to come thzeethat even
professional players and coaches are not all yotalvinced that
the weather conditions alone can affect cricketdwing.

Two novel ways of generating ball movement are gl in
this paper. With a side arm action, a bowler caneggte spin
induced “Malinga” swing. This can be achieved ewéth an old
ball with no surface contrast and the seam comldegtened.
Recently, both spin bowlers and fast bowlers hasgest using
the “knuckling” effect. As in baseball, the ball igleased with
zero or very little spin and the movement is pragldy
asymmetric boundary layer behavior that is gendrdig the
seam. This can result in an unpredictable andiefftaght of the
cricket ball and it is proving to be an extremeffgetive delivery
in modern day cricket.
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