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Internal waves generated by the wake of Gaussian hills
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Depending on their structure and dynamics, the wakes of various obstacles can generate different
kinds of internal waves in stratified fluids. Experiments on waves emitted by three-dimensional
Gaussian models towed uniformly in a linearly stratified fluid were carried out. Beyond a critical
value Fg of the Froude number Fr, the developed wake was observed to radiate an internal wave
field shorter than the lee waves of the hill. The emergence of such waves is correlated with the
periodic shedding of three dimensional vortical structures atHfr. Measurements show that the
wavelengths of these short waves are constant in space and time, and proportional to Fr. Their phase
and group velocities are proportional to the coherent structure velocity which is estimated from
velocity measurements inside the wake. All those spatio-temporal characteristics prove that these
short waves are generated by the displacement of the coherent structure inside the wak@1 ©
American Institute of Physics[DOI: 10.1063/1.1406936

I. INTRODUCTION body and will be called stationary sources. Gilreath anc
BrandP and Bonnetoret al* have clearly shown that the last
Stratified flows over a three-dimensional obstacle haveource is very important at large Froude number and th
been extensively studied for geophysical and industrial apresulting internal wave field cannot be fully calculated be-
plications using the equivalent laboratory motion of a mov-cause of the random behavior of the source. In the case of
ing body in a stratified medium. Although the lee wavestowed sphere, Bonnetort al* have explained the wave
generated by the body itself are well understood, the internadmission mechanism by turbulence: Each large-scale stru
waves generated by the turbulent wake of a body are poorlyure of the wake induces upwatdnd downwaryl boundary
described and even now cannot be fully predicted. Lin andonvolutions which collapse individually and radiate an im-
Pad have demonstrated that internal waves generated byulsive wave field. When these intrusions, i.e., coheren
wakes depend crucially on the nature of the moving bodystructures, are fairly periodic, they generate an asymptoti
which creates different kinds of wakes: A towed grid occu-wave field which has been described by both Gilreath an
pying the full towing tank section produces a stratified tur-Brandf and Voisin® Furthermore, Linet al” and Sysoeva
bulence which collapses with an abrupt restriction of the verand Chashechkinhave concluded from measurements tha
tical turbulent motion(decrease of the Thorpe length sg¢ale the coherent structures of the wake represent the basic sour
in the case of a grid with a finite area, the turbulent wakeof internal waves in the wake without explaining clearly the
surrounded by the stratified medium collapses vertically angvave generation mechanism.
spreads horizontallysee Merrif) emitting a complex wave In this paper, we demonstrate from experimental evi-
field; at small Froude number, a towed two-dimensional ob-dence a mechanism of internal wave generation by wake:
ject produces nonlinear internal waves and an upstream wakfore specifically, that the waves are generated by the sel
due to the blocked fluid; a self-propelled axisymmetric bodyadvection of each coherent structure viewed as a solid mo
produces a wake very similar to the small grid ofse ing body. This conclusion is based on experiments of strati
Schooley and Hugh&swith similar internal waves; and a fied flows over a Gaussian hill at Froude number Fr
towed axisymmetric object produces a wake dominated by=U/(Nh)e[1.5,10 and Reynolds number Re&LU/v
coherent structures whose upward and downward moving:[3300,19400 with U the hill velocity, h and L its height
parts collapse individuallfsee Bonnetoret al¥) emitting  and length,N=(—g/pd,p)*? the Brunt—Visada frequency
impulsive wave fields. In the relevant case of an axisymmetandv the kinematic viscosity of the fluid. Our experiments
ric body, Gilreath and Brantithave analyzed the wake in were focused on the internal waves radiated by the wake ¢
order to point out the various internal wave sources associcaussian forms of aspect ratihsL =0.28 and 0.8. In Sec.
ated with the moving body and its wake. In the case of dl, we present the experimental apparatus, the wake structu
self-propelled body, they have distinguished the body sourcend the observed wave field. The main result is the visual
the propeller source, the mean wake collapse source and tliwation of surfaces of constant phase and their interpretatio
turbulence. The first three sources are fixed with the movingising linear theory with the different hypotheses about wave
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FIG. 1. Experimental apparatus similar to the one used by Kadal. (Ref. S e
11).
1, 3} -
rFr

emission. Section Ill discusses the various characteristics of _ _ _ .
the wave sources in the wake of a three-dimensional objec IG. 2. Experimental Strouhal number St of the sinuous |_nstab|I|ty of t_hf_
ake vs Froude number Fr. Measurements were made with a conductivi
They are classified in four groups according to differentprobe placed in the intermittent zone of the near wake for two aspect ratic
wave emission mechanisms producing waves with similah/L=0.28(trianglg andh/L=0.8 (squar¢ (from Kadri et al. (Ref. 11).
characteristics. The stationary sources generate waves called
Body Lee Wave$BLW) which are similar to the well-known _—
lee waves. They include the stationary flow around the body h ex;{ Xty
and possibly the propeller perturbation and the mean col- z= L?
lapse of the mixed part of the wake which is particularly 0 otherwise
important when a propeller mixes the fluid behind the object. o
Oscillating sources generate waves called Oscillating Wave§1€ characteristic lengths ate=4.8cm, L y,=7.5¢m and
(OW) which include all periodic phenomena in the wake and/L=0.28 for the first model; andL=3.4cm, Ly
in particular the oscillation of the recirculating zone and the=5-07 cm anch/L=0.8 for the second one. In order to vi-
collective effect of the periodic collapse of the upward angSu@lize the internal wave field in horllozontgl planes, we us
downward moving parts of the large coherent structures ih® method described in Chomatal.™ which consists of
the wake. The collapse of all turbulent structures emits so¥Sing & horizontal laser sheet to illuminate a horizontal fluo
called Random Wave&RW), which are a superposition of rescgnt dyed Iayer. The camera placeq below .the tank recol
impulsive wave fields. The fourth gravity wave source thatthe time evolution of the ﬂuorescent light as internal wave:
we have clearly identified is associated with the coherenfliSPlace the dyed layer with respect to the laser sheet. In :
structures’ self-advection. The radiated waves are called cdMages shownNt=0 refers to the time when the model
herent Structure Lee Wav€ESLW) because of their resem- center disappears from the V|sual|zat|o_n dor_naln and di
blance to the lee waves generated by a rigid body moving d&Nces are expressed in the frame moving with the body
the self-induced velocity of the coherent structure. In Sec. [v=Ut. This wave visualization has been supplemented b
the characteristics of the four wave fields are compared to thgonductivity probe measurements, with probes moving wit
experimental wave field with respect to the shape of surface®'® obstacle away from the wake, which detect only the ur
of constant phase, the wavelength, the wave frequérey ~ Stéady internal waves and not the body lee walBisV).

lated to the phase velocityand the vertical group velocity, Additional velocity measurements are performed with mov
ing hot wires inside the wake in order to determine the rels

tive velocity, U,, and thus a characteristic velocity.g of
the visualized coherent structuré8S) and also to measure
the vortex shedding frequenay,, in the wake.

for (x%+y?)Y2<L oy

. @

II. EXPERIMENTS
A. Apparatus B. The wake study

The experiments were performed in a water towing tank  Different regimes of the stratified flow past Gaussiar
of Météo—France in Toulouse (:80.5x4 m?®), made en- models was studied experimentally by Kadtial!* Three-
tirely of glass for visualization purposes. The tank was filleddimensional transitions were shown to depend mainly on th
with a linearly stratified fluid obtained by the Ostéwo-tank  Froude number F+ U/(Nh) and the aspect ratio/L, but, to
method. In the actual experiments, the Bruntisda fre-  a lesser extent, on the Reynolds number=ReU/v if Re is
quency wasN=1.5rad/s. The Gaussian model is supportedarge enough (Rel0®). Beyond the critical value of the
by five 0.1 mm diam wires at a distaneg,from the bottom Froude number Er=L/h, a global wake oscillation takes
which varied from 2 to 3 mngsee Fig. 1 Results obtained place and causes periodic shedding of a large hairpin vortic
with two Gaussian models are reported here. Their shape & the frequencyw,, (in rad/9. Measured Strouhal number
given by St=w\L/7U versus Fr are presented on Fig. 2 whexg is



Phys. Fluids, Vol. 13, No. 11, November 2001 Internal waves generated by the wake of Gaussian hills 3225

wake activity. Furthermore in all the experiments performe
we foundU g~ 0.2U which is in good agreement with value
of Ucg deduced from measurements of the wake frequen
and of the axial periodicityfrom visualization throughU
—Ucs~Awow/27 (data not reported hereThis relation for
Ucs is corroborated by directly estimating the axial motio
of coherent structures from visualization. The lifetime of cc
herent structures is estimated from images similar to Fig.
but taken further downstream. On Fig. 3 the collapse of t
coherent structures has not yet occurred. The observed ¢
lapse timet. (Nt.=Nx./U=10) is larger than in the case of
the turbulente wake of a spherdt;~2.5). Actually, the
published values dfit, seem to vary with the mechanism o
the vortical structures generation. For an oscillating sphe
Lin et al'? foundNt,~4—7, and for a single vertical vortex
rings Van Atta and Hopfingét found Nt,~5-11.

C. Gravity wave field
FIG. 3. Laser induced visualization in the vertical median plan of the wake . .
for the hill with an aspect ratib/L=0.8 and at Froude number 1.5 (a) Figures 5 and 6 present a series of snapshots of the w.

and Fr=3 (b). The length of images correspondfi=Nx/U=7.7 for(a  field in a horizontal plane, taken at a fixed location in th
andNt=4.2 for (b) and the Reynolds number is related to the Froude num-|ahoratory frame and at different timesifter the passage of
ber: Re=2200 Fr. the hill. On each picture is expressed in the frame moving
with the hill using the Taylor hypothesis=Ut. Figures 5
obtained by moving hot wires measureme(see Fig. L We and 6 correspond to the same modbe/L(=0.8) and the
observe that St rapidly reaches its neutral value which isame vertical distance of the visualization plane from tt
close to 0.88 forh/L=0.28 and to 0.55 foh/L=0.8. For ~ ground @/h=5) but the Froude numbers are=Ft.5 for
h/L=0.8 and F=1.5 and 3, the side viewdig. 3 of the Fig. 5 and Fe=3 for Fig. 6. Surprisingly the wave fields for
flows exhibit a fairly regular large-scale vortices with a spa-this different Fr are very similagFigs. 5 and § whereas if
tial periodicity A\\y. The maximum vertical extension of only lee waves were considered their should not. As we w
these coherent structures is larger tharror both Gaussian demonstrate the results illustrate the transition betweer
hills used, we carried out measurements of axial velddity —wave field dominated by waves generated by the obsta
with the same hot wires moving with the obstacle centered imoted BLW for Body Lee Wave at Frl.5, to a wave field
the lee at streamwise locatior= 13h and elevatiore=h/2  composed almost exclusively of waves emitted by the d
where coherent structures are always present, fully deveplacement of coherent structure noted CSLW for Cohere
oped and not yet collapsed, being a relative velocity, the Structure Lee Wave@CSLW) at Fr=3.
mean coherent structure velocity in the laboratory frase For Fr=1.5, the waves immediately downstream an
is defined byUcs=U —U, with U, the time average of), above the obstacle are the well-known body lee wav
over the available signalFig. 4). ConsideringUcg as the (BLW) whose characteristics are recalled in the next sectic
coherent structure advection velocity is not obvious, we calln the last image and in the central zone, we can nea
it so because this mean velocity objectively characterizes thdistinguish short waves which are very weak at=Hr5.
These waves have a wavelengthand a phase velocity 80%
smaller than that of the lee waves. The emergence of tl

0,35 second wave field is correlated to the emergence of the

03+ - L ganized three-dimensional structures in the wake that inde

05 1 - . move at 20% of the hill velocity. For B3, this second type

’ A of wave is dominante. They still possess a wavelength an

vee 927 phase velocity 80% smaller than that of the lee wave and:

U s, b will call them short waves in comparison to the lee wave
0.15 + )

even though their wavelength may be large comparel tc

0,1 T " whenU is large. Their lines of constant phase are drawn ¢

the right cartoons of Fig. 6. For this relatively large Frouc

0,05 + ; .

v number, the BLW have a wavelength about the image si

0 i t = = y They are not associated with franges on a single image |

0 2 4 6 8 10 they induce periodic change in the mean brightness betwe

Fr the left and right side of the imagéBig. 6) that modulates
FIG. 4. Experimental mean velocity inside the wakgs/U vs Fr for two the short wave pattern. In this f|gur_e constant phas_e lines
aspect ratiod/L =0.28 (square and h/L=0.8 (triangle. Ucs is obtained ~ SNOrt waves present a V-shqu Wh":h.doses W|th.t|me as
from probe moving with the obstacle and located4t=13 andz=h/2. lee wavegFig. 5. Therefore, it is tempting to associate thes
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FIG. 5. Internal waves generated by the motion of the mbdel= 0.8 atz=5h and for F=1.5. The valueNx/U gives the time elapsed since the hill has
passed. The last image shows lines of constant phase corresponding to the Body Leélyvaveperturbation due to the sustaining witBsand the short
internal waved3) generated by the wake which are more clearly on a movie. Dashed lines indicate the weakness of the observed lines of constant |

waves to the coherent structure that would act as a bodjunction is called and is used to obtain the phase velagjty

moving 80% smaller than the hill. the relative frequency, (in the moving framg the absolute
frequencyw, (in the laboratory frameand the group veloc-
IIl. INTERNAL WAVE SOURCES IN WAKES ity ¢y using the classical relations,=d,®,k=V,®,w,

. . =w,a—k-U,cy= wk/k?,cy=V,0,.
In order to conforte this idea of wave emitted by coher- -2 9= @ 9~ Vk@a

ent §tructure as |f they were soljd body, we try.in the pres_enk_ Stationary sources  (BLW)

section to classified and describe the wave field associated

with different source active in the wake of a hill. Each emis-  Gilreath and Brandthave split the perturbations induced
sion mechanism is illustrated in Fig. 7 by the wave pattern irPy @ self-propelled body into three wave sources: The body
the central plane. We describe first the waves generated Higelf, the mean wake collapse and the propeller. They emi
stationary sources fixed in the moving frame like the hill butwave similar to lee wavesBLW), the characteristics of
also like the mean wake collapse. These are called Body Le&hich are well predicted by the linear theory of a moving
waves(BLW). Secondly, we summarize the characteristics ofoint source developed by Lighttiil and Miles® among
the waves emitted by oscillating sour@eoted OW for Os-  others. In the moving coordinate systéryy,2 of Fig. 7(a)
cillating Wave$ such as the oscillation of the recirculating With the point source at the origin, the phase function is
zone behind the body. Then we draw the wave fields genestationary

ated by a single organized structure: its mean advection in-

duces Coherent Structure Lee Wau&SLW) and its col- X2+ y2+ 72| 12
lapse generates Random WayR%V). Finally we present the Py w(X,y,2)= Ulzl iz | 2

result of the superposition of wave fields due to several syn-
chronized individual sources. These collective effects induce
particular wave fields that we name Resonant CSLWthe wave amplitude being related to the spectrum of eacl
(RCSLW) for the collective advection of coherent structuressource(see Miles®). Actually the difficulty is to construct

and OW for their periodical collapse. In each case the phastne spectrum of each equivalent source of waves. In eac
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FIG. 6. Internal wave field visualized fdr/L=0.8 and F=3 atz=5h and different time with the lines of constant phase on the right.
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BLW | (@

FIG. 7. Comparison between the lines
of constant phase of the various inter-
(®) nal wave components in the center
plane. The dashed lines represent the
wave front of the dominent waves or
dominant impulsive the caustic of the wave field. i), the
P . arrows indicate the position of the co-
Waves/__f' E herent structure collapses; if) the
transient advective motion of each co-
] herent structure is represented as con-
RW I {c) tinuous line for the active emission pe-
— riod and as dotted line for their virtual
lt——POSiﬁOH of coherent motion after their collapse; ite) only
- structure collapses l dominant internal waves are repre-
sented.

transient advective motion ¢—«
during ©

7 periodic wake advection

horizontal planez=const, and far downstreathe., at large ~ With & the roots of the polynomial equation obeying a radia
x) the x-wavelength tends rapidly to72Frh, and the hyper- tion condition(see Lighthilt“)

bola are closing ugsee Hopfingeet al®). ® w2
£5— &4 co2 OSin p—2 — 3 sin G Sir? ¢+ — Sir? O sirt ¢
B. Oscillating and translating source ow) N N

Dupont and Voisilt’ studied the Oscillating Waveé©W) =0,
generated by a sphere translating horizontally at the velocity\,here (p,6,4) are the spherical coordinates= p cos6y
U and oscillating vertically at the frequeney,, for the os- = psin §cos¢,z=p sin Asin ).
cillating sources of the waké~ig. 7(b)]. They described sev-
eral components connected to distinct values of their relatives |,4ividual collapse of the coherent
frequencyé=w; /N in the moving frame of reference. Here gty ctures (RW)

again the phase variation of these waves can be calculated 4 o )
Bonnetonet al.” demonstrated that the individual verti-

_ ) cal collapse of each turbulent burst generates an impulsi

B ot N [zsing| (& —ww/N) SigL£ — ayyIN] wave field [Fig. 7(c)] which supersedes lee waves for Fr
OWEEW T U £ (siPg—&2) gn&i—ow/N, >4 (and large Re Actually they observed a superposition of
3 multiple impulsive wave fields which they called Randon
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(a) (b)

(c) (d)

FIG. 8. Comparison between the theoretical wave fields and the random wavé&fieluserved by Bonnetoet al. (Ref. 4 for Fr=5 andz/h=3: (b) the
Body Lee WavegBLW), (c) the Coherent Structure Lee WavgaSLW), and(d) the Oscillating Waves.

Waves (RW) according to the terminology of Gilreath and waves” as does a solid bodig. 7(d)]. Each coherent struc-
Brandt® The phase variation of the resulting waves is thenture generates attached internal waves here called CSLV

® gy described by Lighthift* field with a phase variatio® ¢,y given by
N X//2+y/12+zn2 1/2
, q) MX//,y//,Z!/) — |Z”| , (5)
Z csL "2 "2
CPry=Nt e, (4) Ucs y iz
VXY otz with (x”,y”,Z") in the frame moving with the coherent struc-

ture. Far downstream thex-wavelength tends to
with (x’,y’,z’') the frame fixed with the fluid and the  2wFrhUcs/U and the phase line in horizontal plane are hy-
elapsed time since the single impulsetat0 and atx' =y’ perbola that are closing whedtf and alsox increases.
=z'=0. The wave field experimentally observed corre-
sponds then to the superposition of many impulsive wave. Collective effects of coherent structures collapses
fields generated at different locations and different times. I{OW)
horizontal plane the lines of constant phase is organized in

e _ In order to understand the random internal waves ob-
superposed concentric circlesee Fig. 8)].

served by Bonnetoat al.* Voisin® proposed a mathematical
model of the collective effect of the quasi-periodic collapses
of the upward and downward moving parts of the coherent
structures. He constructed the coherent part of the superpc

Sysoeva and Chashechkifidescribed very briefly a co- sition of a large number of periodic impulsive wave fields
herent internal wave field generated by the wake’s vorticaperiodically applied in time and space. The equivalent source
structures for Fr4, but Re<2000. In this range of param- is then an oscillatingat the frequency = wy,) and translat-
eters, it seems that the coherent structures move horizontallgg (at the velocityU of the body source generating a wave
at a velocityU g and generate their own “attached internal field which follows the phase variation of E(). The cru-

D. Individual advection of the coherent structures
(CSLW)
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TABLE I. Axial wavelength of each possible wave component emitted by wake calculated in the center plane

y=0.
Source type Individual effect Collective effect
Stationary sources NS w=2mUN"Y(1+2%/x?) 12

AgLw~2mUN"T  for x/z>1

o -1

Coherent structure New=2m(UIN)(h/L)%/(22'x'?) xgvfszN*W —&,
Collapse Aow~Aw  for w,/N>1
Coherent structure Negw=2mUc N~ (1+2"2/x"2)1/2 NResiw= Mw
Advection Nesiw~2mUcaN™ for x"/z'>1

cial parameter in this calculation is the forcing frequenagy  plane f/=0) for each wave component. We emphasize tha
of the coherent structures empirically related to the flow pathe origins of the sources in the wake are taken at the bod
rameter:w,,/N=7r St Fr, St being the Strouhal number of center and this rough approximation changes the real orig
the sinuous instabilitywhich is constant for a given geom- nes of thex and z axes. The four internal waves are quite
etry and Fr not too smalkee Fig. 2]. Dupont® has demon- different even far downstream. In a real experiment, all fou
strated that the wave front, the wavelength and the waveomponents are present and their relative amplitudes depe
amplitude predicted by this model are in good agreemenon the strength of each source.

with the experiments of Hopfingeet al’® and Bonneton

et al* The x-wavelengths are then closed iq, for large  IV. INTERPRETATION OF THE INTERNAL WAVE

ww/N. VISUALIZATIONS

) ) A. The shape of surfaces of constant phase
F. Collective effects of coherent structures advection

(RCSLW) The BLW of Fig. 5 and the short internal waves of Fig. 6
. resent typical lee wave parabolic structures. The shol
In the model of coherent structures advection, a secon\Evaves differ radically from the impulsive wave field, with

collective effect is also possible. Actually periodic coherent’ . .
i cqnical constant phageee Fig. 7c)] observed by Bonneton
structures are advected at nearly the same mean velocity an@

. . L : et al? and drawn in Fig. &). Thus the mechanism of short
induces a wave field similar to the moving corrugated wall S . . . .
. ; . : wave generation is quite different from the impulsive col-
case[see Fig. Te)]. This moving source is an extended one : )
! ; o . lapse and is observed not far enough from the hill for the
with a streamwise periodicith and the resulting wave collective effect of periodic collapses to be invokécf
field could be quite different in amplitude and phase from le P P

; . upont®. Furthermore, an oscillating (at wy/N
waves generated by a compact moving source. In particular, . .
; : = Fr Sh/L) and translating source generates a wave fiel
waves having an axial wavenumber equal te/R,, are

) ) . ~ (OW) with a strong transversal pattefupont and \Voisif')
resonant with the source and, if excited, would exhibit a . o
large amplitude. This is the case whemr@eg/(N) <Ay, composed of different wave components drawn in Fig) 7

the first term being the shortestwavelength emitted by a and calculated in Fig. @) These components W.'I.l have.up-
. - . 4 stream and downstream horizontal phase velocities which al

single coherent structure. Then for sufficiéhts (i.e., suffi- verv different from the observation

cientU), the resulting wave field is dominated by the Reso- Y '

nant Coherent Structure Lee WavgdCSLW) with the fol- 'The only remaining meghanlsm_ able to prod_uce honz_on
. tal isophase topology consistent with the experimental visu
lowing wave vectorsee Duporif)

alization is the lee wave produced by the advection of the

ky=2m/\y, wake coherent structurd€SLW) at a velocityU o5 smaller

1 (NK. /U o) (6) than the body velocityJ. In order to demonstrate this hy-

k2= (K2+ ki)(—XZCS). pothesis we measure their frequency, their wavelength ar
ks also their vertical propagation velocity.

G. Theoretical summary B. Wave frequency

To compare with experiments, we deduce for each wave We measure the absolute frequensy of the internal
source the streamwise wavelength which is related to thevaves using probes fixed in the laboratory frame and th
phase function through,=2|d,®| 1. In order to interpret  relative frequencyn, using probes moving with the body. In
the waves generated by the wake, we summarize for eadfig. 9, we have plotted examples of power spectra versu
source the associated streamwise wavelength in the center,/N obtained forh/L=0.8 and for two Froude numbers:
plane (=0) in Table I. In order to distinguish between the Fr=0.5, where only body lee waves exist, and=R; where
different wave fields and to understand the different mechathe short waves supersede the lee waves. The main frequer
nisms of emission, we construct in Fig a comparison be- is the same in both cases and is close to KN.850 the two
tween the characteristic lines of constant phase in the centerave fields cannot be separated in frequency and the value
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3.00 - 35 i 0=A [P X .
3 3T .
P 3 25 4
2.00 3 2 : :
3 0 20 40 60
] i
1.00
3 FIG. 10. Axial wavelengtha., /h measured for the short waves visualiza-
p tion on the center ling/=0 vs time Nt for Fr=5 (open symbolsat z/h
E =5, 7 and 10, for F=4 (crossesat zzh=5 and 10 and for Fr3 (filled
0.00 A BLRALI M e o o symbolg andz/h=3.5, 4.25, 5, and 7.
0.1 10 100
w —— .
N oscillating sourcé OW) or by the collective effect of several

FIG. 9. P ¢ sianal o the § IN=0.85 1 coherent structure advectio(RCSLW), plotted for both
- 9. Power spectr& of signals measuring the frequenoy/N=0.851n -, 4e a5 crosses on horizontal lines independent from Fr fol
the water frame for two experiments at Froude number EB (continuous

line) and Fr=3 (dashed ling each hill. In conclusion, on Fig. 11 it is only the CSLW
theory which can account for the observed values. This
conclusion may be emphasized by plotting the same data a

w, is independent of the Froude number. The measured fréd function of coherent structure Froude numhégs/Nh

quency would have been completely different in the case ofFig. 12. The data are aligned on the theoretical |g&q.

OW generated by an oscillating body whose absolute fret5)] drawn as the solid line in Fig. 12. One may notice that

quencyw, (in fixed framé depends on the probe location the coherent structure Froude number are close to unity ir

and whose relative frequenay, (in the moving framgis  the measurement presented on Fig. 12 and this feature migt

equal towy,. The frequencies obtained for different Fr from €xplain the large amplitude observed for the short wiee,

conductivity probes moving with the topography and locatedthe CSLW in this range of parameters.

away from the wake, show that, varies with Fr and differs

from wyy. These frequency measurements are converted intg- Phase and group velocities

wavelengths by, =2m(U —Ucg/w, and presented on Fig. We have seen that the apparent phase velocity of the

12 together with the direct measurements of axial waveghort waves is of the order &f s and the measurel, are

lengths from visualization similar to Figs. 5 and 6 in the nexteqonsistent with the CSLW hypothegiBig. 12). This means
subsection.

C. Axial wavelength
100

The axial wavelength is measured by the spacing be-
tween white and black areas in the center of images similar
to those on Fig. 6. Figure 10 summarizes all the measure-
ments of axial wavelength versus time at different heights
and for different Froude numbers. The wavelength is ap-
proximately independent of time and of height, but is very
sensitive to the Froude number. The slow decreasg, @fith &
time may then be explained by the slow downlbfs before Al
the wake collapse.

Figure 11 shows the measured mean wavelength ob-
tained from data plotted in Fig. 10 as filled squaresHdr 1
=0.28 and as filled triangles fdr/L=0.8. It compares ex- 0 2 4 8 8
tremely well with the CSLW wavelength of E@5) (open
symbolg using the measured valuesWt (Fig. 4). Besides,
the body lee waves are also drawn as a curve correspondirﬁb@- 11. Mean axi_al wavelength vs the Froude number. The filled poi_nts
t values one order of magnitude higher than the experimerTi°te ' Seeimente resue 2, oo one ot e o predctons
tal data. The differences are still convincing when one comso; Fr~5; the crosses are the RCSLW-OW predictions and the continuous

pares the experimental data with the waves emitted by afne the value of the BLW wave component.

=g
om

X b

EES
x
X
g
X

Fr



3232 Phys. Fluids, Vol. 13, No. 11, November 2001 Dupont, Kadri, and Chomaz

20 08
|
16 4 n 06 +
12 +
Az c: 041
3 Nh
8 R
0,2 + -
4 +
0 : :
0 { } } ¢
0 0.4 0.8 12
0 05 1 15 2 2.5

Ucs
Nh

*
P

FIG. 14. Estimation of the vertical group velocity,/Nh of internal waves
FIG. 12. Mean axial wavelength versus the advection velodigs/Nh. generated by the wake versus the advection velddigg/Nh. The lines
The triangles indicate measurements with it = 0.8 hill and the squares represent the theoretical linear relation of CSLW deduced from the geometr
with h/L=0.28;\ are measured from images for open symbols and deduce@f the propagation of these wavésee Fig. 7.
from frequency values for filled symbols. The solid lines come from the
linear theory of CSLWsee Sec. Il D.

=Uc42 derived from the geometry of wave propagation

that the wave field is fixed with the moving coherent struc—drawn in Fig. 7d) for a transient moving source.

ture. This is a very strong criterion for the CSLW generation
mechanism.

Furthermore we estimate from the previous wave visu- A conclusion can now be drawn regarding the mecha-
alization the emergence tinét, of short waves at different nism of generation of short waves in the wakes of Gaussia
altitudesz. This time is plotted on Fig. 13 versus altituzi hills. Because of the hyperbolic shape of their isophases an
and for each Froude number. For each Froude number thte constancy of their wavelength in time, the short waves d
slope of the linear regression gives a measurements of theot belong to the random wave field generated by the indi
vertical propagation velocityi.e., the vertical group veloc- vidual collapse of each vortex structure. They are clearly
ity) of the short waves which propagate faster as the Froudgifferent from the body lee wavdicluding the mean wake
number increases. This time correspond to the arrival of theollapse waveswhose wavelength and phase velocity are
wave front drawn in Fig. (¢l) at the observed position. Fi- both five times larger than those observed here. The wave
nally we reported in Fig. 14 the dimensionless vertical wavdength \,~\,, of OW is mainly independent from the
propagation velocity dz/dt)/(Nh) versus the coherent Froude number variation, whereas the experimentaln-
structure Froude numbdd.s/(Nh). This relation is very creases with Fr. Therefore, these short waves are not e
close to the linear dependence, plotted as the dashed line, pfained by any of the classical wave emission mechanism
the maximum vertical group velocity on the Froude numberpreviously identified in stratified wakes. We propose an al-
for the lee wave field of an object moving Blics: Cymax  ternative interpretation in term of lee waves produced by the
displacement of the coherent structures themselves and d
velop the notion of “attached internal waves” introduced by

V. CONCLUSION

80 Sysoeva and Chashechkiff without any justification. In-
deed, the evolution of the isophases is well predicted by th
60 + linear theory of lee waves. The phase velocity is equal to the
mean advection velocity of the coherent structures. The

mean axial wavelength is equal ter® cs/N. The maximum

Nt 40 vertical group velocity of the short waves is abblg42. All

these aspects are typical of coherent structure lee wave
20 4+ (CSLW). We therefore conclude that the short waves are gen
erated by the horizontal motion of the vortex structures as i
they were solid bodies. The problem of generation of gravity
0 : 2 " wave by vortices is not at all so simple but based on obser

vations it seems that the coherent hair pin vortices move
under their own induction and radiate gravity wave as if they
were a solid body. Although not applicable, it is tempting to
e e aesectaw tis analogy with the motion of a ipale tha propagte
?gl?erizclir?c?ﬁ: 1.5, squares to 3, and diamonds to Fr5. The Iine(s;’dr’aw imder IS own |r_1duct|on and generate a potentlal ﬂOW. whict
linear regression plots for each Fr and the slopes give the vertical propagdS @ source of internal waves. In the present case since tf

tion velocity ¢y, . turn over frequency of orddd/h inside the coherent struc-

i
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