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Wave drag due to generation of capillary-gravity surface waves
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The onset of thevave resistanceia the generation of capillary-gravity waves by a small object moving with
a velocityV is investigated experimentally. Due to the existence of a minimum phase velqcity surface
waves, the problem is similar to the generation of rotons in superfluid helium near their minimum. In both
cases, waves or rotons are produce¥ atV. due toCherenkov radiationWe find that the transition to the
wave drag state is continuous: in the vicinity of the bifurcation the wave resistance force is proportional to
V=V, for various fluids. This observation contradicts the theory of Rapraszde Gennes. We also find that
the reduced wave drag force for different fluids and different ball size may be scaled in such a way that all the
data collapse on a single curve. The capillary-gravity wave pattern and the shape of the wave-generating region
are investigated both experimentally and theoretically. Good agreement between the theory and the experimen-
tal data is found in this case.
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[. INTRODUCTION In the case of the gravity waves, Shliomis and Steinberg
[7] showed recently that there is a critical velocity such
An object, partially submerged in a fluid and moving uni- that for V<V, one findsR,=0. This critical velocity is
formly on a free fluid surface, is subjected to a drag forcedefined by the characteristic size of the objécte.g., by the
that can be of different physical nature. The most commorship length, soV.= \JgL/27. Above the threshold the wave
one is a viscous drag, which at low Reynolds numbers, Relrag increases continuously with the velocity. Such continu-
<1, is the Stokes dradj;=3m»dV, that is proportional to  ous imperfectsmoothed bifurcation was indeed observed in
the object velocityv. (Hered is the sphere diameter angis  the careful experiments with specially designed ship models
the viscosity: At higher Re, there is another contribution to by Taylor about a century ag®]. The critical velocity ob-
the drag, which originates from either laminar or turbulenttained from the fit of the experimental data agrees rather well
wakes, called the eddy resistarRg[1]. However, there ex- Wwith the theoretically predicted valyé].
ists another contribution to the drag fordg, , due to the The dispersion relation for the capillary-gravity waves, on
generation of surface capillary-gravity waves by the uni-the other hand, exhibits a minimum in the phase velo¢ity
formly moving object. These waves remove momentum fronat the wave number, which is called the capillary wave num-
the object into infinity, and in this way produces the waveber k. Below V. the surface waves cannot be emitted, so no
resistance force, acting on the obj2t. wave resistance force acts on the object. Thus, in this case
The problem of the wave resistance for long wavelengttthe bifurcation from a no-wave to the wave-generating state
gravity waves is rather old one. It was an active subject ofs an intrinsic property of the dispersion law and is not re-
research for many years from the end of 19th century ifated to the size of the perturbing object. The dispersion re-
relation to ship navigation and naval architecture. Since théation for the surface waves 4]
viscosity of water is smallR; and R, contributions associ- ) 3
ated with the viscosity are small compared with the wave w*=gk+ak/p, @

resistance exerted on a ship. Thus, in the case of a large . . . .
%é:herew is the circular frequency is the wave numbep is

e fluid density,g is the gravity acceleration, and is the
Kelvin was the first to introduce a theoretical model to surface tension. Accord!ng 0 E@), a phaselxlelocny of the

calculate the wave resistanf4]. Instead of solving a full wavesc,=w/k has a minimumV,=(4go/p)™" at the cap-

hydrodynamic problem of a flow past a body of arbitrary 2Ty wave number=+pg/o (see Fig. 1 The stationarity

shape, he suggested to consider a moving pressure point _ndltlon of the wave pattern in the frame moving with the

plied along the body course to a free fluid surface. Later®Pi€ct leads t42]

Kelvin's model was modified into a moving pressure area w=kV cosf 2

[5]. So the wave resistance was calculated for a given pres- '

sure distribution. Further development brought more sophisynere g is the angle betweew andk.

ticated linear and nonlinear models, which provide a numeri- - giminating w from Eqs.(1) and(2), one finds

cal solution of the problem and describe main features of the

phenomenori6]. On the other hand, it seems to be surpris- cosf(k)=c(k)/V. (3

ing, but, hitherto, nobody noticed that the wave resistance

appears due to a bifurcation similar to many other nonequiThis equation has evidently no solutions ¢V, and de-

librium threshold phenomena, such as Rayleigh-Benard corscribes the opening of the Cherenkov radiation con& at

vection, Couette-Taylor flow, etc. >V, [9]. Generation of surface waves is analogous to the

object generating the gravity waves, the total drag consis
mainly of the wave resistance.
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§150 6»04: The onset of the wave resistance and its behavior in the
kg : SR supercritical region for the capillary-gravity surface waves
. K k, | 0% “""Ké was theoretically considered in recent papér®,13. Both
0500 200 600 800 0 200 400 600 800 these papers have studied the wave resistance created by an

external pressure distribution that moves with speedhe
k(1/m) k(1/m) difference is that in the first paper both 2D and 3D cases for
FIG. 1. Dispersion curves for capillary-gravity wavea) (k) an inviscid fluid were c_onsidered_. While in the second paper
and (b) wave number dependence of the phase velogjtk) and & 2D case for a low viscous fluid was treated. Both papers
the group velocitycy(k). qsed the same Kelvin quel. The main re_sult of the calculla—
tions for the 3D waves with the point localized pressure dis-
Cherenkov emission of electromagnetic waves by a charggibution (5-pressure distributionin Ref.[12] is the predic-
moving uniformly with a superluminal velocity in a medium. tion of a discontinuous transition to the nonzero wave
Due to the linear dispersion relation, the Cherenkov radiatiomesistance state at=V,, if the object size is equal to or
of the electromagnetic waves occurs at every wave numbemaller than the capillary wavelength= 2/« [12]. It was
into a cone with an opening defined by Eq(3) atc inde-  predicted that the value of the jump in the wave resistance at
pendent ofk. Thus, for the linear dispersion, the no-wave the transition strongly depends on the surface tension: the
region is separated from the wave-generating zone by thgimp increases with the decreasing of the surface tension
Cherenkov cone for electromagnetic wayé$ and by the [12].
Mach cone for sound wavég]. In order to elaborate further on the theoretical model, we
In the case of the nonlinear dispersion law the wave pateonducted numerical calculations based on the expression
tern is much more intricate. The pattern of water waves gent2.33 in Ref. [12] using the following axisymmetric pres-
erated by a ship or a body moving over the surface of stillsure distributiorP(r,b) =b2p/27(1+b?r2)%2 which is one
water is one of the most common observable phenomena iof the presentations of thé function, p is the total vertical
Nature. The wave pattern follows the moving body un-applied force used in Ref12], andb ™! is the width of the
changed in form, and the waves are confined to a regiodistribution. Indeed, it is easy to be convinced that
behind the body that has a V-shaped form in the case of bmy_, . ..P(r,b)=pd(r)/=r, and this pressure distribution
ship. This wedge-shaped region is called the Kelvin wedgés identical to thes-pressure distribution chosen in REE2].
[2]. The dispersive property of the capillary-gravity waves isThe Fourier transform of the pressure distribut®(r,b) is
also responsible for the complicated wave pattern and th&(k,b)=pg(k,b), where g(k,b)=exp(—k/b). Then the
shape of the wave-generating region, which will be discussed/ave resistance can be expressed in the following form:
in this paper later on.
Another difference between waves with linear and nonlin-
ear dispersion laws appears in the range of excited wave
numbers. In the case of the capillary-gravity waves, for a
givenV=V,, the system of Eqg1) and(2) has solutions in Where
the range & 6<y, where the angley is defined by cog

iy
=V, /V. This range of6 corresponds to the intervad,<k f(x,b)= famcos( )(g(kc)z[cosaz— lcos@®—x~ 412
<k, of wave numbers resulting from the intersection of Egs. 0

(1) with a straight line of slope/ (see Fig. 1L Therefore, —
unlike the electromagnetic waves, the capillary-gravity +9(kg)*[ cos6?+ VcosH* —x" %)
waves are radiated within a finite range (\)/f_ the wave numbers
Ak=Kk.—Kk,. It tends to zero a’d\k=4«+/e, whenV ap- X ———0d4. 5
proacheglgC from above, where=(V—V,)/V,. 2\cosf*—x"* ©
The presence of the minimum on the dispersion curve of ) )
the capillary-gravity wave§Eq. (1)] results in a gap in the Here x=V/V.=1 is used. From the above expressions
spectrumaw(k), similar to the gap in the energy spectrum of ©N€ can see that d—c P(r)=ps(r), G(k)=p, g(k)
a superfluid[10]. The existence of the minimum phase ve- =1, and
locity for the dispersion curvél) is analogous to the exis- " -
tence of the Landau critical velocity for the phonon-roton F(x)= f arecos( )00592 Cos”™— X
energy spectrum in a superfluid helidd0]. The problem of Jcosgr—x 4
the drag onset at the Landau critical velocity due to the
radiation of rotons was recently considered theoretically in.€., one comes back to the function presented in Ref.
Ref.[11]. Pomeau and Rica observed the onset of the rotofil2] for the &-pressure distribution. So one can write
generation at a certain critical velocity in numerical simula-limy_, ;. ..f(x,b)=f(x). Our numerical simulations show that
tions of the generalized nonlinear Stinger equation, and with b being fixed at about £0or greater, one cannot distin-
pointed out but without proof, that the roton drag force closeguish, with the accuracy of the calculations, between the re-

2
R(X)= %xzf(x,b), (4)

cosé

de,
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X FIG. 4. f(x,b/k) vs x atb/x=1 corresponding to the capillary
FIG. 2. Dependence df(x,b/x) on the reduced velocity for  length. The inset shows the dependenceif(x,b/«) on the re-

three values ob/k: (1) 10, (2) 17, (3) 25; curve(4) shows the duced velocityx at the same value df/ x as on the main plot.

result from Ref.[12] for comparison. The inset shows the depen- In Fia. 3 we present the calculations for three values of
dence oi?f(x,b/ k) on the reduced velocity at the same values of 9. P

b/« as on the main plot. Curvi) shows the result from Ref12]. b/{(= 1.78, 1.19, 0.89 that correspond to three _values of the
object sized=1.57, 2.35, 3.14 mm, respectiveljat «
sult of Ref.[12] and the calculation based on our pressure=3.696 cmi'!) used in the experiment reported in the paper.
distribution with f(x,%),_ ;= m/2y2. Then the jump in the In Fig. 4 the dependendx) atb/x=1 is presented sepa-
wave resistance at the transition is defined by, lifR(x) rately.
= kp?/2\20 as in Ref[12]. Thus the difference between the  From the calculations presented in Figs. 3 and 4 one can
S-pressure distribution, used in R¢12], and the finite-size  conclude that the overall functional behavior of the wave
pressure distribution taken by us shows up just in the funcresistancesee the insets in Figs. 3 and dontradicts that
tional dependence df(x,b) on the reduced velocity and the found experimentally in the experiments reported in the pa-
distribution widthb ™. per. The jump in the wave resistance at the transition re-
In Figs. 2—4 we present the dependeffeb/ ) at fixed  mains, though reduced down to about 11% of its value at the
values ofb/« in the wide range of variation of this param- transition for thes-pressure distribution cagsee the inset in
eter. One can find in Fig. 2 that btk— one recovers the Fig. 3, the curve 1, which corresponds to the smallest value
result of Ref[12] (curve 4 on the main plot and in the inset of b/« used. Moreover, at small values df/ « (b/« below
At the values ot/ k= 25,17,10(Fig. 2) the wave resistance 10 that corresponds t6>0.53 mm atk=3.696 cm ) the
jump at the transition reduces, so that it reduces about 20%ave resistance is a decreasing functiorVé¥, and this
at b/«=10 (curve 1 in the insgf and the wave resistance fact also contradicts the common sense. Thus, the finite-size
dependence oW/V. becomes much weaker than in the casepressure distribution used in the calculations does not change
of the S-pressure distribution. Actually di/x=10 it satu- the type of the transition but makes the functional depen-
rates atv/V.>1.8. By the way, the value df/ k=17 (curve  dence of the wave resistance above transition even more
2) corresponds to the object size=b~'=0.2 mm, if one  questionable.

considers the capillary length for waterx€2m7/\ Theoretical predictions for a two-dimensional case look
=3.696 cm 1. even more problematic. The calculations of the wave resis-
. . . tance for an inviscid fluid with the pressure distribution
0536~ 0357 — along a line lead to a singular solutionyat>1 [12]. While
03] g 0B @ l more recent calculatio23] showed that including viscosity
B 021{@ removes the singularity: the wave resistance increases
—~ 0.24- > steeply at the transition but remains bounded. Above the
X @ =01 | transition R(x) is a decreasing function that once more
L 0.18- ~ 007 ..
5 > U] makes these predictions doubtful.
= 0.12- 0-0(!1_00 125150195200 | A very recent paper by Sun and Kelldr4] deals with the
X wave resistance dependence on the velocity of a moving ob-
0.06- (1) ] ject far away from the bifurcation. It is basically an extension
0.00 of the theory presented in Reff12] to the region of the
. : . . . . velocities far away from the bifurcation. So, a comparison of
e L2 1 )1('6 W20 &l the predictions of this paper is beyond the scope of our pa-
per.
FIG. 3. f(x,b/x) vs x at b/x=0.89 [curve (1)], b/x=1.19 Recently the results of two experiments on the onset of

[curve (2)], andb/ k= 1.78[curve (3)]. The inset shows the depen- the capillary-gravity wave resistance were repofte8,16.
dence of?f(x,b/ k) on the reduced velocity at the same values of The conclusions of these two experiments contradict each
b/« as on the main plot. other. While the authors of Ref15] claim that the experi-
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ment shows a discontinuous transition to the wave drag state
in agreement with the theorjl12], the conclusion of Ref.
[16], which is a short version of the current paper, is that the
transition is continuougsmooth. This discrepancy and a
comparison with the results of the experiment by oth&E

will be discussed in this paper.

In this paper we investigate the dependence of both the
wave drag force and the capillary-gravity wave pattern on
the object velocityV in the vicinity of the transition for vari-
ous fluids and object sizes on the air-fluid and fluid-fluid
interfaces. The results of the experiments clearly demonstrate FIG. 5. The capillary contribution to the measured force in the
that the transition to the wave drag state is a continuous onéase of wetting. The ball is allowed to move.
in contradiction to the theoretical predictiph2], as well as

the behavior of the wave resistance as a function of the olxyrve between the fluid and the ball's surface tilts with an
ject velocity above the threshold is drastically different fromangle approximately equal to the deviation angle of the wire
the predicted ongl12,13. _ (Fig. 5. Thus, the capillary forcéwhich, in this case, is
The paper is organized as follows. The details of the expormal to the contact line’s plane, and its magnitude is pro-
perimental setup of calibration and experimental pr‘?cedur‘EortionaI to the length of the contact linwill make a non-
are given in Sec. Il. Section Ill presents the experimentaerg angle with the vertical direction providing an additional
results on the wave drag for both air-fluid and fluid-fluid f5ce component on the direction of the flow @irection.
mterfa_lces. Then the experlmental results on the wave draghe magnitude of this component is not negligible. For ex-
are discussed and compared with the theory and with thgmpje, in the case of water and a 3.14-mm-diameter ball, the
experiment by others in Sec. IV. The experimental observagapiljary force is almost 200 times larger than the viscous
tions and the results of theoretical calculations of the Waveyrag. So the tilted contact line can smear out almost com-

pattern and the shape of the wave wedge are given in Sec. Mletely the transition to the wave drag stfls]. This non-

Finally, the conclusions are presented in Sec. VI. negligible contribution to the measured force is not the only
reason for holding the ball in the same initial vertical posi-

Il. EXPERIMENTAL SETUP AND EXPERIMENTAL tion during the force measurements. The second reason is
PROCEDURE that the capillary force is hysteretic and leads to random

discontinuous variations in the force measurements. We have
observed this effect in the experiments conducted with a me-
Experiments were conducted in a circular rotating channefallic wire and a fiber immersed into a fluigbee below.
of 12.4 cm outer radius and 3.6 cm gap, made of plexiglassThus, hysteretic behavior of the capillary force would inter-
with a stainless steel ball, as an object, suspended on a thfare with the drag force variations due to the transition itself
tungsten wire, which is glued to a thin elastic made of acrylicand would complicate a decision on the nature of the transi-
polymer fiber. For visualization, we used also a larger gapgion to the wave-generating state. As we will show below it
channel with outer radius 17.5 cm and 15 cm gap. The gafs the case in the experiment described in R&§).
size of the channel was chosen to ensure visualization of a Our way to hold the ball in the initial position was to exert
wave pattern from above as well as from below. A smallera magnetic force applied to the ball via the proportional-
gap could lead to wave reflection from the channel walls thaintegral feedback loop. The latter was activated via eddy
could complicate pattern interpretation. The channel wasurrent commercial displacement gau@MD 1050 Electro
driven by a stepping motor via a belt transmission with ratioCorporation, used as a position sensitive detector to measure
0.138 and with a velocity controlled better than 0.02%. A dca deviation of a brass cylindé2 mm diameter, mounted on
brushless motor with an optical encoder for feedback velocthe same wire as the object itself, from its initial position. A
ity control as another option was also used to compare itsignal from the displacement detector drives via instrumen-
performance with the stepping motor. The main concern wasational amplifier and power amplifi€¢PS two electromag-
insufficient smoothness of the stepping motor drive and itsietic coils, which provide the magnetic force to hold the ball
influence on the experimental data, particularly in the vicin-in the initial position[see Fig. )]. A current supplied to the
ity of the critical velocity. The comparison showed that thecaoils is calibrated as a force. The coils are designed in such a
stepping motor drive does not affect the data. Balls of variway that the magnetic force experienced by the metallic ball
ous diametersl (1.57, 2.35, and 3.14 mmand a tungsten is proportional and always opposite to the deviation of the
wire and a fiber made of acrylic polyméd.3 and 0.7 mm wire from the initial vertical position. One should mention
diameter, respectivelyhalf-immersed into a fluid, were used. that in our setup it was impossible to activate the feedback
Each of them is smaller than, for any fluid used in the with a ball of less than 1.5 mm diameter. Indeed, the viscous
experiments. drag reduce with a radius between linear and square depen-
The main idea of the setup is to measure the force on thdence but the stabilizing magnetic forces reduces in a third
ball without allowing it to move from the initialzero veloc-  power[see further Eq(8)]. It means that for the parameters
ity) position by using an appropriate feedback loop. The reaef the coils used for the feedback, and the object velocities
son for this is the following: if the ball moves, the contact observed in the experiment, one is limited by the ball diam-

A. Experimental setup

051204-4



WAVE DRAG DUE TO GENERATION OF CAPILLARY. .. PHYSICAL REVIEW E 66, 051204 (2002

FIG. 6. Experimental setuga) wave visual-
ization; (b) force measurements. FC, channel
with a fluid; CYL, cylinder to measure a devia-
tion from an initial position by eddy current
gauge(EMG); IA, amplifier; and PS, power ap-
mlifier; C; electromagnetic coils.

eter in order to fix it in the initial position by the magnetic Fr~xvV(H?), (7
force.

Light refraction visualizatiofisee Fig. 6a)] was also used wherev=wd®6 is the volume of the object. A simple esti-
to define the onset of the surface waves generation, the waweate of the magnitude of the minimum necessary magnetic
pattern, the shape of the wave-generating region, and thigeld to hold an object below the transition to the wave drag
wave numbers as a function of velocity. As working fluids state can be obtained by equating the magnetic force and the
water, silicone oils DC200 of the kinematic viscosity = Stokes drag:
= 5/p=10 and 50 cS and of the surface tension 20.1 and
21.2 mN/m, respectively, water-glycerin mixturesiof 10, , 187pV
30, and 46 cS and almost the same 66 mN/m, were used VH :?’
(see Table)l The depth of each fluid was sulfficiently large to X
ensure the validity of an infinite depth approximation for thewheren is the kinematic viscosity of the fluid.

surface waves. It is clear that above the threshold the magnetic force
should exceed the value given by E§) in order to hold the

®

B. Calculation of the magnetic field and magnetic force ball in the initial position. From Eq(8) one can conclude
exerted on a body that a proper design of the magnetic coils should, first of all,

A body placed in a magnetic field experiences a mag- €nsure a sufficiently large value BV H, and not only of the
netic force: field itself. In order to correctly design the coils and to find
the ball location in relation to the magnetic field geometry to
) maximize its interaction with the field, numerical simulations
Fm:)(f LJ VHdr, (6) of a system of coils, arranged symmetrically with respect to

the flow direction and fed by opposite currents were per-
where y is the magnetic susceptibility of the body amd formed(see, e.g., Re{.17]).
stands for its volume. In the case the object is small enough As the result of the calculations it was found for4 A
with respect to the characteristic length of the magnetic fieldind N=300 that the maximum of the magnetic force is
variation (H%VH??? (that means that the field changes reached if the ball is placed in the vicinity of the middle
slowly over the volume of the boglyEq. (6) may be written  point in the space between coils and slightly off the central
as line. These theoretical estimates have been experimentally

TABLE I. Physical properties of fluids used in the experimdats25 °C), values o¥, (theoretical and
experimental A, andk.

Glycerin-water  Glycerin-water  Glycerin-water  Silicone oil ~ Silicone oll

Water 60.4% 74.5% 79% DC 200/10  DC 200/50
7 (cP) 1 11.06 35.7 55.3 9.34 485
v(cS) 1 9.6 30 46 10 50

o (MN/m) 73 66 66 66 20.1 21.2
p (kg/mP) 998 1152.2 1190.5 1202.7 934 970

Ve Theor. 0.231 0.218 0.216 0.215 0.17 0.171

(m/ls  Expt. 0.213 0.195 0.2 0.195 0.165 0.183
Ae(m) 0.017 0.015 0.0149 0.0149 0.0093 0.0094

x (MY 369.6 413.8 420.6 422.8 675.2 670
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2]
1
YL D
X
Lx
FIG. 7. Magnetic coil design. FIG. 8. The forces acting on the penduluRy, is the magnetic

force; Fg, is the restoring force of the thin fibé.
verified by measuring the field at different locations in the
space between coils with a Hall effect magnetom@@xford ~ thermal corrections are of crucial importance to obtain real
5200. values of the force exerted on the object.

C. The design of the magnetic coils D. Force calibration and parameter selection of the

L . . - feedback loop
Space limitation particularly for the inner coil imposes the

main restrictions on the coil design. It first of all concerns a  Since the magnetic field generated by a coil is propor-
cooling system: air cooling can be only used instead of dional to the current applied, the magnetic force is propor-
water-cooling system. The design of the coils is shown intional to the square of the current if the field changes on the
Fig. 7. The optimization of the desigiselection of the wire ~ characteristic length much larger than the ball size. The goal
diametera and one of the characteristic sizes of the dojlll of th_e calibration procedure is to find the COfoICIe(’H}1 n
at the fixed value of another size,=24 mm) is a compro- relation between the force and the currdf,=K|?. As the
mise between the maximum possible magnitude of the madfirst step, the position sensitive sensor was calibrated. This
netic field and the minimum possible heat dissipation. As avas done by moving a metallic object mounted on a mi-
result the optimal value of the dissipated power at the secrometer. Measuring the voltage output of the senshr,
lected wirea=1.3 mm and the number of turié=300 is  Versus the distance of the object from the sendax, pro-
about 90 W. Since each run lasts for a rather |Ong time t(yides the calibration curve. The result of the linear fit of the
average the current data, significant heating of the coils recalibration curve givedJs=nAx+m, wheren=0.01112
quires at least air cooling. In spite of this the coil temperature™0.000 04 Vjum andm= 2.303+0.0050 V.
is raising with time, and one should correct the measured As the next step, the magnetic force calibration was con-
values of the current for the temperature variation of the coiducted by suspending in still air, between two coils a pendu-
resistance. So, for this reason, a thermistor in a coil wa$/m shown in Fig. 8. Then, for each value of the current
installed, and the coil temperature was recorded along witifieeding the coils, the signal of the sensor, calibrated in units
the current. Then on each time stppf the sampling, the of distance, was recorded. The deviatibr=0,M; (Fig. 8)
measured value of the current was corrected according to Of the pendulum can be related to the forces applied to it, by
writing the torque balance conditiofihe restoring elastic
I force of the thin fiber was neglected as being extremely
=TT —T R -IR.’ ©) ). A It th ignal can be related to th
1= a(Ti=Tini) Rinit /R; smal). As a result the sensor signal can be related to the
measured parameters of the system and the coeffi€igry
wherel; . is the corrected value of the current at the timethe following expression:

stepj, | is the measured value of the current at the time 5
stepj, a is the thermal coefficient of the coil resistande, CLoKyl

. . . Us=nAXg+m+ )
andT;,;; are the coil temperatures at the time gteypd at the Vo2(myLo /Ly + Mgy )2+ K%|4(L2/|_1)2
initial moment( at the ambient temperatyr&; andR;,;; are Y (10)

the coll resistances at the time steand at the beginning of

the experiment. From Eq9) it is rather clear that the effect where g=9.81 m/set, m,=0.14 g, me,=0.2 g, L,

of the coil heating leads to a suppression of the measuree 3.5 cm, L,=2.5 cm. The calibration data together with
current and even its saturation at a certain velocity of thehe nonlinear fit by Eq(10), is shown in Fig. 9. The corre-
object if the temperature variation is rather substantial. Isponding parameters of the fit were found to foe,= 200
means that during the experiment, when the coil temperature: 0.05 um andK,,=2.993< 10" /+5x 10 1% N/A2,

changes with time, the measured value of the current on each Another issue that deserves attention is the characteristic
step depends not only on the object velocity, but also on théme of the proportional-integral feedback loop. During regu-
coil temperature at each step, i.=1(V;,T;). Thus, the lation of the object location via the feedback loop the ball
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2 3 4 5 FIG. 11. The reduced wave drag force vs the reduced velocity
I(A) for three fluids and a 3.14-mm-diameter ball: squares, silicone oil
DC200/50 cS; circles, glycerin-water 30 cS; triangles, glycerin-
FIG. 9. Calibration data for a 3.14 mm ball in dfull circles) water 46 cS. The inset: the same for water. Solid curves on all plots
and the nonlinear fitfull line). are the fits by the Landau equation with a fiéette text

oscillates around an equilibrium position. A correct forceshown below. Since the critical velocity of the transition to
measurement by this technique assumes that the feedbagie wave-generation state is rather low, the critical Reynolds
oscillations do not interfere with the flow. It means that thenumbers at the transition for different fluids and ball sizes are
characteristic time and the amplitude of the current fluctuain the range between 2@or a 1.57-mm-diameter ball and
tions should be much smaller than the characteristic time oéjlicone oil 50 ¢$ and about 70@for the 3.14-mm-diameter
the flow and the average current values, respectively. In thpall and water. It means that below the transition the drag
case of the resonant feedback regulation, the current oscillgonsists of a viscous Stokes drag at<Rle which changes
tion amplitude can reach as large as about 6% of the averag@early with V, and the drag, proportional %2, due to the
current value. So the resonance regime should be avoided. BYdy viscosity for the Reynolds numbers up to-R® [1].

an overdamped regime of the feedback loop, which was obthe data below the transition fitted by a second-order poly-
tained by tuning the integration time and the gain, the currenhomial give a reasonable value of the Stokes disep the

fluctuations are remained as small as 0.5%. lower inset in Fig. 10, where the fit gives=8.4 ¢S instead
of 10 ¢S. Then by subtracting the viscous drag one obtains
IIl. EXPERIMENTAL RESULTS the_ reduced wave _drag force ¢ FU)/F_C_as a functiqn of the _
object velocity. This plot clearly exhibits the continuous bi-
A. Wave drag force as a function of the object velocity for furcation to the wave drag state\at=16.5 cm/sec, which is
various air-fluid interfaces rather close to the theoretical value of 17.0 cm/see Table

The raw data on the full drag fordeas a function of the 1)- HereF,,F¢ are the viscous drag force and the critical
channel velocity for silicone 0i(10 cS-air interface and a Value of the drag force at the onset, respectively.
ball with d=3.14 mm are presented in Fig. 10. The data The rest of the data is shown in the reduced variables,
taken with increasing and decreasing values of velocities ar&@hich are convenient to compare the data for different ball

reproducible and show no hysteresis. Analogous dataifor Sizes and different fluids. Figure 11 shows the data of the
=235 andd=1.57 mm balls were also obtained and arefeduced drag force versus the reduced velocity for four dif-

ferent fluids with the 3.14-mm-diameter ball: silicone &0
c9), glycerin-water(30 c9, glycerin-water(46 c9, and wa-
ter. It is obvious from the plots that the increase in the wave
drag force strongly depends on fluid propertiesand o).
We would also like to point out that the wave drag for water
(see the inset in Fig. 1lincreases very dramaticallfthe
vertical scale is larger

Another set of data for water and silicone D ¢S with
a 2.35-mm-diameter ball is presented in a scaled form in Fig.
12. We found experimentally that the data for each ball size

10 15 20 75 and different fluids can be collapsed on a single curve if the
V(cms) reduced drag forcg(F—F,)/F.]; is multiplied by a factor
vio;, wherei=1,2,3 ... . Moreover, the data for the re-

FIG. 10. The drag force vs the Ve|0city for silicone oil duced dl’ag force for different fluids and different ball sizes
DC200/10 ¢S and a 3.14-mm-diameter ball. The upper inset: théan be collapsed on a single curve with rather good accuracy
same data but for the reduced force. The lower inset: the viscougeing multiplied by the factoro/d?. In Fig. 12 two sets of
drag force below the transition vs the object velocity. Solid line isdata for silicone 0il(50 ¢S are shown. The data are rather
the second-order polynomial fit. similar, except a dimple on one curve before the onset of the

051204-7



T. BURGHELEA AND V. STEINBERG PHYSICAL REVIEW E56, 051204 (2002

| 1.2
0.21/
0.14 0.8
L\l—o
o8 0,071 = 04
]
0.00- =3
0.0
40.07

0.0 0.4 0.8 1.2 16
vaﬁ

FIG. 14. The reduced wave drag force vs the velocity for a
FIG. 12. The reduced scaled wave drag foggevs the reduced  gjicone ol DC200/50 ¢S and a 3.14-mm-diameter ball: full

velocity for two fluids gnd a 2.35-mm ball: squares, water; ?irdessquares, with feedback, open squares, without feedback.
and open hexagons, silicone oil DC200/50 (s8e text for defini-

tion). cus in opposite directions and to correspondingly opposite

) ) ) contributions into the drag force.

wave generation. Such a dimple was sometimes observed for Ty all the data demonstrate that the transition to the
all sizes of balls but more pronounced for smaller sizes in §yaye drag state is continuous, and the quality of the bifurca-
case, when silicone oil was used as a fluid. Silicone oil doegy, is about the same for all ball sizes and all fluids. It is
not wet the ball surface, and as a result a convex MeNISCUs {8ther surprising that such strong perturbation as an addi-
formed. The observed dimple results from a meniscus posijong| interface instability before the bifurcation into wave-
tion _mstablllty, which _depends on the initial location of the generating state does not change the type of the bifurcation.
meniscus, on properties of the ball surface, and pressure ré- 1o emphasize the role of the contact line relocation due to
distribution over the ball surface with increasing fluid veloc- he pall displacement, two sets of data, one with the feedback
ity. The dlmple depth strongl_y depends on the initial Iocat|c_>n0n as in Fig. 10, and another with the feedback off are shown
of the meniscus and cleanliness of the ball surface, whicky, Fig. 14. Since the capillary force exceeds the wave drag
both were not well controlled. The latter results in rathergorce near the onset, the relocation of the contact line due to
random values of the dimple depth observed. The observeghe pajl displacement and the variation in the capillary force
decrease in the value of the reduced drag force is caused By this way diminish partially or completely the contribution
the interface instability, which leads to a relocation of theyf the wave drag into the force measurements. So, the tran-

meniscus position down and the corresponding reduction igjon is almost smeared out in the measurements without the
the drag force. feedback.

Finally the last set of the data for the ball size of 1.57 mm
diameter and four different fluidglycerin-water with three
values of viscosity 10, 30, and 46 cS, and silicone oil of 50
cS is presented also in the scaled form in Fig. 13. As one
can mention the data for glycerin-water 10 cS exhibit a weak We also conducted experiments on the wave drag with a
bump and the data for silicone oil show a slight dimple justba” located on the interface between two fluids. The idea
before the transition. Glycerin-water solution wets and sili-was to reach a small critical velocity due to a reduction of the
cone oil does not wet the ball. So the possible interface insurface tension on the fluid-fluid interface and due to a small

stability in these two cases leads to relocation of the menisdifference in fluids densities. Indeed, the corresponding ex-
pressions for the critical velocity

B. Wave drag force as a function of the object velocity for
various fluid-fluid interfaces

0.06 Ve=[go(p1—p2) VN2l p1+py) (11
and the capillary wave length
0.03-
Y. Ne=2m\olg(p1—p2) (12
0.00 are modified in this case compared with an air-fluid interface
[3].
As the experiments show, the critical velocity e.g., for the
.03 8 12 water-silicone o0il(10 c9 interface, was indeed found as low
2 viv : asV.~4 cm/sec(see Fig. 1 It corresponds to rather low

surface tension o= 3.7 dyn/cm. The data clearly exhibit a
FIG. 13. The reduced scaled wave drag foggevs the reduced ~ Pretransitional bump, which is related to the interface insta-
velocity for four fluids and a 1.57-mm-diameter ball: circles, sili- bility discussed above. For a fluid-fluid interface with one
cone oil DC200/50 cS; stars, glycerin-water 10 cS; triangleswetting and another nonwetting fluid, the meniscus position
glycerin-water 30 c¢S; diamonds, glycerin-water 46 cS. is more susceptible to the instability than an air-fluid inter-
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FIG. 17. The drag force vs the velocity for glycerin-watét
FIG. 15. The reduced drag force vs the reduced velocity forcS)-silicone oil DC200/10 ¢S interface and a 2.35-mm-diameter
water-silicone oil DC200/10 ¢S interface and a 3.14-mm-diametepall.
ball.
force versus the reduced velocity on a single curve. First, we
face. It results in a stronger effect on the drag force and evephecked the scaling df.=F(V,), which we use to provide
sometimes in the exchange of a bump to a dimple with vea dimensionless variable to the wave drag force. As a result,
locity increase, which was observed in the experiment.  for all fluids and all ball sizes used in the experiment, one
Another two sets of the data for a pair of water and sili-finds F.=F,7V.d with the dimensionless parametér,
cone oil (50 c9 interface with the 3.14-mm-diameter ball =(0.47+0.02)x 10 6. Second, using this scaling relation
(Fig. 16, and glycerin-watef10 cS and silicone 0il50 ¢S  and another scaling relation mentioned before, one can write
interface with 2.35 mm diameter bdkig. 17) show a regu- (F—Fv)/F0~(pd3Vc/g')f(V/VC)_ It means that the wave
lar continuous transition to the wave resistance state, similagrag is viscosity independent in the range of parameters used
to that observed for an air-fluid interface. For the latter painn the experiment. Thus, it indicates that the observed drag
of fluids, the surface tension was measured separately rce is indeed caused by the wave emission only, and there
weighing an injected drop of a heavier fluiglycerine- s no measurable contribution of the increase in the viscous
watey into another fluid(silicone oi) at the moment of de- drag force due to possible contact line relocation.
tachment from a capillary. The measured value of the surface The next problem is the dimensionality of the scaling
tension in this case wag=17.7 dyn/cm that gaveV.  found empirically. The scaling found experimentally at first
=7.65 cm/sec. This value of was found to be in a good  sight contradicts the dimensional analysis. Indeed if one as-
agreement with the experimentally found value @f  sumes that the only relevant physical parameters of the prob-
=7.8 cm/sec from the wave drag force measuremesege  |lem are ¢,p,g,v,d), then, according to the Buckingham
Table ). Thus, the data for the fluid-fluid interface for sev- theorem[1], one can express the reduced wave drag force in
eral fluid pairs and two ball sizes also exhibit the continuoushe following functional form:
transition from no-wave to the wave-generating state.

F_Fv—f v Re. ,xd
- V_Cl Q:yK 1

IV. DISCUSSION OF THE WAVE DRAG DATA AND THE Fe
COMPARISON WITH THE THEORY AND OTHER .
EXPERIMENTS where Rg=dV./v is the Reynolds number at the threshold
velocity, andV, and k are as defined earlier. The functional
A. Analysis of the experimental data dependence od is experimentally established rather firmly.

Let us discuss the experimentally found scaling, whichSO the only possible scaling in this case may e (

allows us to collapse all the data for the reduced wave drag Fu)/Fc=(R& «d)f(V/V,) that leads to the dependence
on o incompatible with the experimentally found. Thus the

20 . , ‘ ‘ only possible simple resolution of this scaling problem is a
suggestion that there exists another relevant parameter—the
1.5; 1 channel widthh. Indeed, as we pointed out, the data on the

drag force were taken in a rather narrow channelhof
=3.6 cm, where wave reflection was significant. Introducing

A an additional parameter in the problem allows one to add
- | another nondimensional parameter, namely, So the re-
0.0,  cnmmmmmam—" duced wave drag force can be rewritten in this case as

025 050 075 1.00 125 1.50
Ne
FIG. 16. The reduced drag force vs the reduced velocity forwhere the exponerg can be defined from the requirement to

water-silicone oil DC200/50 cS interface and a 3.14-mm-diametegatisfy the experimentally found scalingén Then one gets
ball. B=3/2. Thus the final functional dependence is

e
o0

(F-FF,

(F—F,)/F.=(Re xd(xh)?)f(VIV,), (13
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0.08 . . . . Thus, the transition to the wave drag state is continuous,
and the drag force behaves above the thresholdrasH,)

0.06 : ~WV-V..

0.04- . . .

o B. Comparison with the theory

0.02- 1 Thus, the experiments presented show unambiguously
that the transition to the wave resistance state is continuous

0.00- i one, contrary to the theoretical prediction for the capillary-
gravity waveq 12]. What can be the reason for this discrep-

-0.02 0.8 10 12 ancy? Since solving a full hydrodynamical problem of a flow

vIvc past a body on either an air-fluid or fluid-fluid interface is a

formidable task, the theory considers a model of a moving-
FIG. 18. The reduced wave drag force divided by the nondimenpressure distributiofil2]. The main difficulty in this theoret-
sional paramete”, &, vs the reduced velocity for five different ical approach is to choose a correct model description. The
fluids with a 3.14-mm-diameter ball, except otherwise mentionedtheory is based on the Kelvin model], which is a reason-
full squares, water; full circles, silicone oil DC200/50 cS; triangles, able approach to long wavelength gravity waj/@k Instead
glycerin-water 46 cS; open squares, glycerin-water 30 cS; openf a real shiplike object, Kelvin considered a moving-
diamonds, silicone oil DC200/50 ¢S, a 2.35-mm lake text for  pressure point applied along its course on a water sufffce

definitions. In the case of an object much larger thgn one can neglect
a pressure redistribution due to capillary effects, and the

F-F, vV Kelvin model works extremely well for the long gravity
= =Af(\70), (14  waves. In the opposite case, when the object size is smaller

than \., the capillary force is much larger than all other
forces, namely, gravitational and wave drag forces. Then the
where the nondimensional parameter is relocation of a contact line causes redistribution of the pres-
sure. That results in a bump behind the moving object ob-
d2 served in experiments. This factor makes the applicability of
A=Re. xd(xh)3¥?=2 %(gh)wp, (15)  the Kelvin model questionable.

C. Comparison with experiments by others

i.e., we can recover the experimentally found scaling factor Recently another aroun has published the results of rather
d?/vo compatible with the dimensional consideratigas]. - ya group P ; )
similar experiments on the onset of the capillary-gravity

Since we observed experimentally the continuous transi- ! ) . ;
tion to the wave drag state, it is natural and widely employedN ave resistancgl5). As pointed out in the Introduction, the

to use the stationary Landau equation as a fit to the data ttou'[tuzr\sfv(;l:/zfjfgiﬂ;[E:t‘;eiéoih d?s%%r:ﬁ:ﬁﬁ?;stréit;hﬁ]traarzg%lm
extract the values of the critical paramet®f, (in this casg 9 ’ 9

the nonlinear coefficierd, and the “field” h;, which plays a W'th.the theor_y[12]. Lgt us discuss deficiencies and short-
comings of this experiment.

role of the smearing factor. The inset in Fig. 11 presents the There are two main differences between the experiment
data for water with the 3.14-mm-diameter ball in the narrow P

range of the control parameter together with a fit by thepreser!ted in Ref15] gnd our eipenment. First, as a disturb-

; . ; . 3 - ing object, a very thin wire {=0.2 mm) submerged by a
stationary Landau equation with a fieldz ~ag*+h, =0, few tenths of millimeters into a fluid was used in the experi-
whereé=(F—F,)/F. is the order parametes=V/V.— 1 is ; .

v'h e . X ¢ ments of Ref[15]. And second, the deflection of the wire

the control parameter. A similar fit was used for all sets of ; o, o .
the data bpresented in the scaled variabl from the vertical position, which is proportional to the ex-
s ad’zlvpa d-2, where the subscript 1" defir%sc a erted force by fluid, was measured opticalti5]. As was
I e I S explained in the papdd5], the reason to use so thin wire as
fluid, relatively to which the rest of fluids with the subscripts < P/2ined In the papgds) " nwi

s | he fits in Fi for th a moving body was to satisfy the condition of smallness of
i=123..., arescaledsee, e.g., thefitsin Fig. 11 for three , qpject size compared with the capillary wavelerigsi.
separate sets of the data, in Fig. 12 for two sets of the datgy, e guthors opinion, only in this case the capillary-gravity

and in Fig. 13 for four sets of the datdn Fig. 18 we present 65 should be generatéth]. Indeed, in this experiment
the data for various fluids and ball sizes in the vicinity of thethe conditiond/\ .<1 was satisfied
c .

transition by using the wave drag force dividestaled by We would like to point out that this condition was not

the dimensionless parame'mlderived abovgEg. (19]. A", required by the theory, because the theory does not use either
the data collapse onto a single curve although the scaling i

i ) ) 3/)\C or xd as a small parameter to get the final result on the
not perfect(see Fig. 18 for five different sets of the datt wave resistance. Since the theory deals with the onset of the

the same B'OLXVG s~how also the~f|t by the Sta“‘i”ary Landa‘(}vave resistance near the minimum of the dispersion curve at
equation ef—ag’+h=0, whereé=¢A™", anda=31.24  the minimal critical velocity, it considers capillary-gravity
andh=0.00152 are constants of the fit independent of thevaves, which only appear near this minimum with the wave-
physical parameters of the problem. length around\.. So, the only condition that the experiment
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15 FIG. 20. Drag force as a function of velocity for a fiber of 0.7

V(Gfﬂ"ﬁ} mm diameter in water: circles, the data taken at increasing velocity;
FIG. 19. Drag force as a function of velocity for a wire of 0.3 triangles, on the way back.

mm diameter in water: squares, the data taken at increasing veloc-

ity; circles, on the way back. is a pure accident. Moreover, much more robust prediction of

the theory fors or very small width pressure distribution that

should satisfy is to excite just these waves but not of a largethe wave drag above the transition should increas&/%as
wavelength, that an object of a side-\ . can probably gen-  contradicts strongly their data. The data of Réf5] show
erate. Thus, the conditiot/\.<1 is not necessary in order decrease of the wave drag force above the threshold. Thus, as
to ensure the generation of the surface waves with the wavéve can judge, there is no agreement between their data and
length of aboufr.. As was shown, e.g., in our experiment, the theory even in functional dependence.
the capillary-gravity waves can be produced by an object of We already clearly demonstrated experimentally the role
a size just comparable with, . The most important evidence Of the capillarity and wetting by switching off the feedback
of the correctness of this statement is the measured value 60ntrol, as we discussed above. Moreover, in order to further
the critical velocity and the wavelength of the surface wavesclarify this issue and to drastically increase the role of the
generated at the onset. We further discuss this issue studié@pillary force in a force balance with the viscous and wave
in our experiment by using a visualization technique. drag forces, we used a thin wire as an object. We present in
Another possib|e reasomnot mentioned in Ref[ls]) to F|gS 19-21 the data on the wave resistance in the V|C|n|ty of
use a Very thin wire as a disturbing Object in HG_‘IS] is the the tranSiFion f0r a ﬁber of 07 mm diameter |n water and
s-pressure distribution used in Ré12] to get the analytical ~Silicone oil (10 ¢§ and for a wire of 0.3 mm diameter in
ity. However, as our calculations based on the theory of RefNO feedback was applied. Different symbols mark the mea-
[15] show, the finite size pressure distribution does nogurements due to velocity increase and decrease. Huge hys-
change the nature of the transition, which remains a discorf€resis and scatter particularly for silicone oil in the vicinity
tinuous one. Thus this reason does not justify the use of &f the transition are clearly observed. .
very thin wire as a disturbing object. As we al'r('eady pointed out abqve, when the feedback iS
On the other hand, using a thin wire and its deflection a®ff, the position of the meniscus is changed during the ex-
a measure of the force creates an experimental problem dieriment due to wiréor fibe) bending under the viscous and
to the increasing contribution of the capillarity and wetting. wave drag forces, and particularly in the vicinity of the tran-
The data presented in Fig. 1 of REE5] are very scarce and Sition to the wave drag state. So the filjer wire) bending
Of poor qua“ty to make a particu'ar Conclusion about thered|str|butes and a|terS the CapI||aI’y fOI’CE, Wh|Ch IS OrderS Of
transition. It is particularly apparent in the vicinity of the Mmagnitude larger than the force due to the wave drag to be
transition, which the authors interpreted as a discontinuougleasured. Moreover, wetting and the capillary force are
one. As one can be easily convinced by the plot, the error
bars at the transition are of the same order as the force varia- 5.58
tions. Unfortunately, the authors did not mention what is the
reproducibility of the data if the measurements are taken
with the velocity increase and then on the way back. Does
the hysteresis exist?
Thus, the statement made by the authors of Rid] that
the experimental results are in a good agreement with the
theory, is based, first, on their interpretation of the strong
scatter of the data at the transition as the discontinuous one,
and second, on the assumption that the pressure, used in the 0 5 10 15 20 25 30 35
theory, is defined through the capillary force. It is just a cmfs
suggestion that is not tested by the experiment, and other FIG. 21. Drag force as a function of velocity for a fiber of 0.7
assumptions can be considered as equally probable. So, wém diameter in silicone oil DC200/10 cS: circles, the data taken at
suggest that the quantitative agreement claimed in[R&].  increasing velocity; squares, on the way back.
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FIG. 23. Co9 of the Cherenkov cone as a function of the
Q/elocity for the capillary-gravity surface waves on water. The solid
line is calculation based on Eg4) and(3) using the data oR(V),
presented in the inset.
strongly hysteretic, particularly on surfaces, to which a spe-
cific cleaning treatment procedure was not applied. The pinagreement with the data is rather surprising. Particularly, the
ning and stick-slip motion of the meniscus on a contaminatedritical velocity V., obtained from extrapolation @&—0, is
surface can cause strong force fluctuations and large scattsufficiently close to the value found from the force measure-
Exactly this effect leads the authors of REE5] to an erro-  ments.
neous conclusion about the type of the transition to the wave

drag state. A. Wave crests equations. Comparison with experiment

FIG. 22. Image of the capillary-gravity surface waves generate
on water by a 3.14-mm-diameter ball.

A more complete analysis of the capillary-gravity wave
pattern and anisotropy of wave propagation requires an ana-
lytical derivation of a wave crests equations and their com-
parison with the experimentally observed images. It can be

The dispersive property of the capillary-gravity waves isderived readily using the well-known techniqyes3,19. So
responsible for the intricate wave pattern produced by ave present just the final parametric equation for the wave
moving object on an air-fluid interface. The complexity is crests shape, which is quantitatively compared with the digi-
even more pronounced for the waves generated near tiged wave crests taken from the experiment:
minimum of the dispersion curve. N>V, there are two
values ofk for which V=c, (see Fig. 1 Then, as can be
seen from the dispersion law, I_E@.) and Fig. 1, the waves sin 0[1+3K‘2k§ (0]
with k<« have a group velocitycy=dw/dk smaller than = > 9 5 ,
c,=V, i.e., the energy travels through a fluid faster than the 2Vkig[1+ k2 ke o(6)1—cosO[1+3k kg 4(6)]
stream. On the other hand, the waves wkth x have c, (16)
>c,=V, so that the energy travels upstream from the object.
Thus, the short ripples are found upstreéim front of the  where
objecd, and the long waves downstredirehind the objegt
from the object, respectively.

Figure 22 represents an image of the capillary-gravity wa-
ter surface waves just above the transition. It provides com-
plete information about the wave pattern and wavelength dis- V2
tribution. First, let us extract simple information about the Ke( 0)=K<V—> {cog 6+[cos 6—cos' x]¥3, (19)
opening angle of the Cherenkov cone and the wavelength ¢
along the direction of motion. The inset in Fig. 23 shows theyith cosy=V,/V, 0<y<w/2. The angless and « are de-
dependence of the wave number of the capillary ripples on @ined in Fig. 24. The result of the comparison of the theoret-
water surface in front of the ball on the flow velocity to- jca| expression for the wave crests and the experimental pat-
gether with the fit. The main plot presents the data for&cos tern for Capi”ary_gra\/ity waves, generated in water by a

as a function of the velocity. Due to dispersion the phase 14-mm-diameter ball, is shown in Fig. 25. Good quantita-
velocity of the waves depends on the wave number. We usegl,e agreement is clearly found.

the fit of the wave numbers versus velocity from the inset in
Fig. 23 to obtain the corresponding valuexk) in Eq. (3).
The result of the calculations of césaccording to Eq(3) is
shown by a solid line in Fig. 23. If one takes into account The main goal of the experiments described in the paper
that no fitting parameters were used in this procedure, this to characterize the transition from the no-wave to the

V. WAVE PATTERN AND WAVE NUMBER SELECTION AS
A FUNCTION OF THE OBJECT VELOCITY:
EXPERIMENT AND CALCULATIONS

tanac g

2
ky(0)= K(VXC) {cog #—[cod 6—cod x1¥2, (17)

VI. CONCLUSIONS
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FIG. 24. Geometry of a wave crest.

wave-generating state in the case of the capillary-gravity sur- Based on our experimental observations, the scaling of
face waves. The experiment was conducted with a disturbinghe reduced wave drag force with the physical parameters
object of sized smaller than the capillary wave lengih,  and the ball size was suggested. We showed also that the
which is the intrinsic characteristic size in the system. Suchscaling is compatible with the dimensional analysis. As a
an object generates the waves with the wavelength of thgasuylt of the scaling, all the data on the reduced wave drag
order of A, as was expected and found in the experimentforce versus reduced velocity for various fluids and the ball
The experiment was designed in a way to avoid variations ijzes are collapsed on a single curve. The capillary-gravity
the Capillary force due to relocation of the ObjeCt due tOWave pattern and the Shape of the Wave-generating region
applied force. The capillary force particularly for low viscos- was investigated both experimentally and theoretically. Good

ity fluids exceeds orders of magnitude the wave drag forcggreement between the theory and the experimental data was
near the onset, which is a subject of the study. Thus, anyoynd.

deviations of the object from an initial position lead to redis-
tribution and alteration of the capillary force, and cause a
significant error in the results on the wave resistance force.
This statement was verified by the experiments.

As a result of the experiment the following was found. This experiment was initiated in numerous discussions
The idea[12] that the wave resistance shows up via the bi-with a generation of graduate students in the group of V.S.
furcation is correct. However, in a strong contradiction with One of us(V.S.) is grateful to M. Assenheimer, H. Davidow-
the theory{12] a continuous transition to the wave drag stateitz, A. Groisman, E. Kaplan, and D. Rinberg for valuable and
is found. It is the main result of the experiment. The continu-helpful advice, particularly at initial stages of the research,
ous bifurcation imposes a broken symmetry in a full hydro-and to M. Assenheimer and J. Groshaus for participation in
dynamic problem, where the corresponding order parametezarly versions of the experiment and for their measurements
is the reduced drag force. This theoretical problem requiresf the surface tension. This work was supported by the Min-
an analysis of symmetries in the problem. erva Center for Nonlinear Physics of Complex Systems.
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