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EXTRA STRAIN RATES IN SPILLING BREAKING WAVESS. K. MISRA1, J. T. KIRBY1, M. BROCCHINI2, M. THOMAS1, F. VERON1AND C. KAMBHAMETTU11. University of Delaware,Newark, DE 19716, USAE-mail: shubhra�
oastal.udel.edu2. DIAM,Universita' di Genova, Via Montallegro 1,16145 Genova, ItalyThis paper explores the e�e
t of extra strain rates on the turbulen
e stru
tureof quasi-steady spilling breaking waves. A theoreti
al model for the single phaseturbulent thin layer is developed and the importan
e of various strain rate termsare analyzed using a perturbation of the governing equations in terms of kinemati
and geometri
 parameters. We �nd that the e�e
t of extra strain rates is felt at ahigher order than the mean simple shear. The theoreti
al predi
tion is 
omparedto experimental data obtained from a Parti
le Image Velo
imetry study of a tur-bulent hydrauli
 jump. In the breaker mixing layer, the Reynolds shear stress andturbulent kineti
 energy distributions don't follow the mean simple shear distribu-tion; instead, they show a 
orrelation with the extra strain indu
ed by streamline
urvature.1. Introdu
tionThe motivation for the present study is the need to understand and modelfree surfa
e turbulen
e of breaking waves, in
luding its generation, evolu-tion and the e�e
ts on the free surfa
e and the bulk of the (irrotational) 
uidunderneath. Parti
ularly, we fo
us here on investigating the e�e
t of extrastrain rates on the turbulen
e stru
ture in the 
urved thin breaker mixinglayer. Even though extra strain rate e�e
ts seem negligible from a theoret-i
al point of view, previous experiments (Holloway and Tavoularis, 1992)and modeling investigations (Holloway and Tavoularis, 1998) on shearedturbulen
e have underlined the importan
e of streamline 
urvature on theintegral s
ales, anisotropy and spe
tra of turbulen
e. Owing to the 
omplex-ity of the two-phase turbulen
e in a breaker, theoreti
al models of spillingbreakers have typi
ally relied on simplifying assumptions related to the1
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2bulk 
hara
teristi
s of the 
ow. The 
ow is either modeled as a mixinglayer (Peregrine and Svendsen, 1978) or in analogy with a hydrauli
 jump(Madsen and Svendsen, 1983 and Cointe and Tulin, 1994). The details ofthe turbulen
e stru
ture are unfortunately lost in su
h bulk formulations.There have also been numerous experimental studies (Battjes and Sakai,1981 and Govender et al, 2002) on quasi-steady spilling breakers. Thebreakers were, however, dominated by surfa
e tension and detailed infor-mation about the velo
ity �eld was limited to the in
ipient stages of wavebreaking (Dun
an, 1981, Qiao and Dun
an, 2001). It has been dedu
edexperimentally that the lo
al 
ow beneath the surfa
e and above the shearlayer for a quasi-steady spilling breaker 
an be modeled as a hydrauli
 jump(Dabiri and Gharib, 1997). In the following se
tion, we reiterate the im-portan
e of extra strain rates in modeling the turbulent stru
ture in thinshear layers. In Se
tion 3, we des
ribe the model for the 
ow in the turbu-lent thin layer for a quasi-steady spilling breaker, fo
using on the Reynoldsshear stress and turbulent kineti
 energy (TKE) formulations followed by
omparisons with data obtained from a Parti
le Image Velo
imetry (PIV)experiment of a turbulent hydrauli
 jump.2. Extra Strain RatesNearly all 
omplex turbulent 
ows have simple shear layers perturbed byother shear layers, body for
es or extra rates of strain (e). These 
an typi-
ally be 
lassi�ed as those arising from longitudinal a

eleration (��U�� ; �V�� ),bulk 
ompression or dilation (r �U), rotation of the 
ow system (
) andstreamline 
urvature (�V�� ), where U = (U; V ) is the mean velo
ity in the(�; �) 
oordinate system and r is the two-dimensional gradient operator.Bradshaw, (1973), shows that in fairly thin shear layers typi
ally found in
urved free jets and mixing layers, where the simple mean shear is an orderof magnitude larger than the extra strain rate (�U�� > 10e), streamline 
ur-vature, 
aused by surfa
e 
urvature or heli
al streamlines, is the most 
om-mon and probably the most important. The turbulent eddy stru
ture getsmodi�ed, whi
h, in turn, in
uen
es the higher order Reynolds stru
ture.This essentially means that the e�e
t of streamline 
urvature is an orderof magnitude higher than that predi
ted by the exa
t governing equations.This 
on
lusion seems to be valid for all turbulen
e models, from the sim-plest lo
al equilibrium formulae for eddy vis
osity (Gibson and Rodi, 1981)to the most advan
ed transport models (Rumsey et al, 1999). It is there-fore important to 
onsider and a

ount for these extra strain rates sin
e
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3they not only produ
e quantitative 
hanges in mixing but also qualitative
hanges su
h as instabilities of the mean 
ow and the virtual eliminationof turbulen
e. For a detailed analysis of streamline 
urvature e�e
ts, seeBradshaw (1973).3. A Model for the turbulent thin layer
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Figure 1. Geometry for the turbulent thin layer (Taken from Bro

hini et al, 2004)Bro

hini et al, (2004) have been developing a three layer model forthe free surfa
e indu
ed turbulen
e in quasi-steady breaking waves. As
hemati
 pi
ture of the 
oordinate system is shown in Figure 1. A mobile
urvilinear 
oordinate system (s; n) is used. The top layer is modeled as atwo-phase surfa
e layer (Bro

hini and Peregrine, 2002) and the governingequations are integrated a
ross the layer to yield boundary 
onditions forthe 
ow in the single phase turbulent layer. In the single phase thin layer,the equations for 
onservation of mass and linear momentum are derivedin
luding e�e
ts of unsteadiness, rotation, 
urvature and non-hydrostati
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ts. Turbulent averaging is done whi
h leads to Reynolds type equa-tions. A simple k� � 
losure for the Reynolds stresses based on Boussinesqeddy vis
osity is used. Non-equilibrium for the TKE is allowed by modelingthe transport equation for k. The governing equations are then re
ast indimensionless form in terms of two s
aling parameters to 
hara
terize therelative importan
e of the underlying physi
al me
hanisms. The geometri
parameter is de�ned as � = bL , where b is the layer thi
kness and L is thelength of the region of the wave with the highest 
urvature. The kinemati
parameter � = ~u~U is the ratio of the turbulent velo
ity s
ale and the meanstream-wise velo
ity s
ale.The non-dimensional Reynolds shear stress equation is given by� < uv > +��n < uv >= �t� �U�n + ��t� "U � n�U�n #+ �2 �t� �V�s (1)where �t is the eddy vis
osity and � is the geometri
 
urvature. It 
an beseen that the mean simple shear a�e
ts the Reynolds shear stress at leadingorder whereas the e�e
t of streamline 
urvature is felt at O(�2). This 
anbe seen more 
learly by writing the above equation in dimensional form� < uv >�t �U�n = 1 + �1 e1�U�n + �2 e2�U�n (2)�1 = 1; e1 = �U(1� �n) = �U(n+R) (3)�2 = 1; e1 = �V�s R(n+R) (4)e1 and e2 are the extra strain rates due to geometri
 
urvature and stream-line 
urvature respe
tively, and are typi
ally mu
h smaller than the simpleshear �U�n . Even though the 
oeÆ
ients �1 and �2 are unity, experimentaldata from 
urved shear layers has shown that �1 and �2 are of O(10)!The produ
tion terms in the TKE equation (negle
ting rotation e�e
ts),in
luding O(�) terms, 
an be written asProd = � < uv > �U� < uv > (1� 2�n)�U�n� < v2 > �V�n (5)+ < u2 > "��U�s + �V #+< u2 > �n�V�n| {z }
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5At this order, the Reynolds shear stress thus extra
ts energy from the mean
ow through the simple shear and both the geometri
 and streamline 
urva-ture e�e
ts. The longitudinal a

eleration strain rates are seen to a�e
t thenormal turbulent stresses. Streamline 
urvature e�e
ts are however absentat this order and appear only at O(�2). Equation (5) 
an be 
ompared tothe 
orresponding terms given in Bradshaw (1973)Prodb = � < uv > �U� < uv > (1� �n)�U�n� < v2 > �V�n (6)+ < u2 > "��U�s + �V #+< v2 > �n�V�n| {z }� < uv > �V�sIt is to be noted that there is a di�eren
e of a fa
tor of two for the se
ondterm in the two equations. The under-bra
ed term in equation (5), whi
his the e�e
t of the longitudinal a

eleration and geometri
 
urvature on thenormal stress is absent in equation (6). The under-bra
ed term in equa-tion (6), whi
h is the e�e
t of the longitudinal a

eleration and geometri

urvature on the tangential stress, appears in our equation only at O(�2).4. ExperimentsThe experiment was performed in a re
ir
ulating Arm�eld S6 tilting 
umethat is 4.8 m long and 30 
m wide, with glass side walls (9 mm thi
k) anda solid opaque bottom. Water is pumped into the upstream end of the
hannel through a number of s
reens and 
ow straightening devi
es, afterwhi
h it 
ows past an undershot weir. After passing the weir, the super-
riti
al 
ow transitions to a sub-
riti
al 
ow by dissipating energy throughthe formation of a hydrauli
 jump. Further downstream, the water 
owsover the downstream gate (whi
h is lowered or raised to �x the lo
ation ofthe jump) and into the reservoir. Further details 
an be found in Bakunin(1995).The PIV set-up 
onsisted of a 120 mj/pulse Nd-Yag New Wave sololaser sour
e with a pulse separation of 3 to 5 nanose
s. This was mountedonto a 
ustom-built submersible waterproof peris
ope whi
h was loweredinto the water. The opti
s were arranged in su
h a way that the laser beamemerged as a planar light sheet parallel to the 
ume wall. The laser sheetwas aligned with the 
enter plane of the 
ume away from the side wallboundary layers. The 
ume bottom and the undershot weir were paintedwith water resistant bla
k marine paint to minimize re
e
tions from the
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6laser sheet. The water was seeded with 14 �m silver 
oated hollow glassspheres from Potter industries. A Kodak Megaplus 1.0 
amera with a 1016(verti
al) � 1008 (horizontal) pixel CCD array with its image plane paral-lel to the 
ume wall, was used to visualize the 
ow. A Dante
 a
quisitionsystem was used to a
quire the images and store them onto a hard drive.The laser pulses were syn
hronized with the 30 Hz 
amera frame rate whi
hultimately led to a 15 Hz sampling rate for the instantaneous velo
ity �elds.Ea
h experimental run 
onsisted of an ensemble of 1020 image pairs. A ro-bust phase 
orrelation algorithm (Thomas et al, 2004) was used to 
al
ulatethe velo
ity �elds.5. ResultsThe results are shown for a 
amera target area of 11.09 
m (horizontal) by11.18 (verti
al). The pixel resolution was 0.011 
m/pixel. The origin ofthe 
oordinate system is de�ned at the 
ume bottom and at an arbitrarylo
ation upstream of the toe. The upstream and downstream depths wereh0 = 8:625 and h1 = 10:85
m respe
tively. The upstream Froude number
al
ulated from Belanger's equation is Fr = 1:2. Even at su
h a low Froudenumber, there was breaking and asso
iated air entrainment. The solid lineis the ensemble averaged free surfa
e. All the quantities shown are ensembleaveraged using a 
onditional sampling (Antonia, 1981). The top plot ofFigure 2 shows the ensemble averaged Reynolds shear stress. The peaksin the Reynolds shear stress and TKE distribution do not 
oin
ide withthe peaks in the simple shear. There is a de�nite 
orrelation between theturbulen
e stru
ture and the stream-wise gradient of the verti
al velo
ity,whi
h is the extra strain rate due to streamline 
urvature. The magnitudesof �V�x are, on an average, an order of magnitude smaller than �U�y . Thein
reased intensity of both the Reynolds stress and TKE from xh0 � 0:55 toxh0 � 0:75, is re
e
ted in the in
rease in the streamline 
urvature e�e
t. Itis interesting to note that the simple shear a
tually de
reases in this region
ompared to its neighboring values.6. Dis
ussionThe 
ow in the breaker mixing layer is highly intermittent in both spa
eand time and needs very 
areful interpretation. The theoreti
al modelpredi
ts that the extra strain rate e�e
ts due to geometri
 and streamline
urvature are, respe
tively, one and two orders of magnitude smaller than
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Figure 2. The e�e
t of strain rates on the Reynolds shear stress and TKE. Solid line isthe ensemble averaged free surfa
e (a) Reynolds shear stress (u0v0)(m2=s2) (b) Turbulentkineti
 energy (k) (m2=s2) (
) Mean simple shear ( �U�y ) (1=s) (d) Streamline 
urvaturestrain rate ( �V�x ) (1=s)
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8the simple shear strain rate. The experimental data on the other handshows that the peak values in Reynolds shear stress and turbulent kineti
energy distribution are skewed toward the streamline 
urvature strain ratedistribution instead of being 
orrelated with the simple shear. We are
urrently exploring the e�e
t of free surfa
e and geometri
 
urvature onthe turbulen
e stru
ture and the role played by 
oherent stru
tures.A
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