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[Ipu pacmpocTpaHeHMHM BOJH Ha MPOMEXKYTOUHOW IIyOMHE (JMana3oH
oTHOCUTeNbHbIX Tiyoun — 0.022<h/[<0.37, cormacHo pabore (Young, FEldeberky,
1998)) peanu3yroTcsi TPEXBOJIHOBBIE OKOJIOPE30HAHCHBIE B3aUMOACHCTBUS, T/I€ MOJIHBIN
pe3oHaHC HaOMrOAaeTcst TMOO MO BOJHOBBIM YHCIIaM, JTHOO MO YacToTaMm, a Mo JPYroMy
rapamMeTpy — paccTpoiika (OTKJIOHEHHE OT MoJHoro pe3oHanca (1), (2)).
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OxoJ0pe30HaHCHbIE TPEXBOJIHOBbIE B3aUMOIECHCTBHSI MPUBOIAT K NMEPHUOANYECKO-
My POCTY M 3aTyXaHMIO BBICIIMX FapMOHMK 32 CUET SHEPIMM OCHOBHOM rapMOHHMKHU Ha
HNPOCTPAHCTBEHHOM NEpPHOAE MOpPsIIKA AIMHbBI BOJIHBL J[nMHa nmeprona oOMeHa 3Hepru-
el Mex 1y rapMOHHMKaMU 0OpaTHO MPOIMOPLHUOHAIbHA BEJIMYMHE OTKIIOHEHHSI OT IOJIHO-
ro pesonanca: L, = 27/d,, rae 0, — OTKIOHEHHE OT MOJHOIO PE30HAHCA IO BOIHOBOMY
qucay WM 1o yactore. [lo kakomy mapamerpy — IO BOJIHOBOMY YMCIy WJIM 110 4aCTOTE
— MPOUCXOUT PAaCCTPOMKA, OCTAETCs HEBBIICHEHHBIM. B kHHUre « BBEZIcHHE B MEXaHUKY
crutomHbIX cpen» (bpexoBckux, [oHuapos, 1982) yka3biBaeTcsl HAJIMUUE PACCTPOMKHU 110
yactoTam, B pabote (Madsen, Serensen, 1993) — 1o BOJTHOBBIM UHCIaM.

BelmeonucanHslii nporecc NpUBOANUT K U3MEHEHUIO0 CUMMETPHUH BOJIH, YTO, B CBOIO
OYepe/ib, BbI3bIBAET BOZHUKHOBEHUE I'PAJAMEHTOB BOJHOBOW KOMIIOHEHTHI ITONEPEYHOIO
TPAHCIOPTAa HAHOCOB U NepedopMUpoBaHUE MOBOJHOIO Mpoduiis 1HA MOJ AeicTBUEM
BosiHEeHUs. Takum 00Opa3oM, 3HaHHE OCOOEHHOCTEH OKOJIOPE30HAHCHBIX TPEXBOJIHOBBIX
B3aUMOJICHCTBUI HEOOXOIMMO ISl TOHUMaHHUA MOP(OIAMHAMHYECKUX TPOIIECCOB,
IPOTEKAIOLINX B O€pPEroBoii 30He BOJOEMOB.

Henps uccnenoBaHusi — ONpENeNNUTh, MO BOJHOBBIM YHCIaM MM IO 4YacTOTam
CYLIECTBYET paccTpoiika, a TakKXe OIpeIeiIuTb BO3MOXHOCTb IpEACKa3aHUs
HNPOCTPAHCTBEHHOW NEPUOJMYHOCTH OOMEHA SHEPrueil Mex 1y rapMOHUKAMH.

Jlis nocTuKeHus 11e/d UCTI0Ib30BAJIUCH JaHHbBIE CIIEAYIOLIUX SKCIIEPUMEHTOB.

[Tonesoii sxcniepument « L kopnunosuu-2007». B xone sxcniepriMeHTa BO3BBIIICHHS
CBOOOZHOI MOBEPXHOCTH U3MEPSUIUCH 15 eMKOCTHBIMHU BOJIHOTpadamMu, yCTaHOBICHHbI-
MU Ha PACIOJIOKEHHON MEePHEeHINKYISIPHO Oepery uccienoBareinbckoi sctakane. JnuHa
actakaapl — 220 M, yOuHa Ha ee KoHIe — 4.5 M.
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JlaGoparopHblii 3kcriepuMeHT «Coun—2016». DKCIEPUMEHT 10 HCCIEIO0BAHUIO
TpaHchopMalMy TCEBIOMOHOXPOMATHUECKUX BOJIH MPOBOAMIICA HaJ IUIOCKUM JHOM
(nmuHaockoro yuactka— 11 m). Bo3BbllieHrne cBOOOAHON TOBEPXHOCTH (PUKCHPOBAJIOCH
18 cTpyHHBIMH €MKOCTHBIMHU BOJHOTpadamu ¢ yactoToit onpoca 20 I'n. [Inuna cepuit
U3MepeHud — 5 MuH. JlMana3oH BOJHOBBIX IapaMeTpoB: nepuoasl 1.4-2.1 ¢, BBICOTHI
6—17 cm, tmyounst 31-60 cwm.

YUucneHHbIN SKCIIEPUMEHT C MTOMOIIBIO THAPOAMHAMUYECKOM HErUAPOCTATUYECKON
¢azopazpewmaromeit mogenn SWASH. MoHoxpomaruueckue BOJIHbBI PaclpoCTPAHSINCh
HaJl TUIOCKUM JTHOM, JTMAaIla30H TIyOuH — oT 2 10 7 M, IEpHoJ0B — OT 6 10 9 ¢, BeIcOTa
BOJIH — | M, anuHa moaenupyemoit ooiaactu — 250 M, BBIBOJ JAaHHBIX OCYIIECTBIISIICS B
50 Toukax (¢ marom 5 m).

Pe3yabTarsbl
1lo 601HO8bIM YUCIAM UTU RO YACMOMAM CYUieCMBYen PACCmpOUKa

Bo BTopoMm mnpubnmxeHun mpoduiib BOJIH MOXKET OBITh MPEJICTaBICH B BUJC
CYMMBI JIByX TapPMOHHK:

N = a,cos(kx — 1) + a,cos(kx — it + @) 3)

[TocTpouB rpadguk 3T0i CyMMBI JIJIsl YCIOBHS HATHMYHS PACCTPONKH TI0 4aCTOTaM
U TIOJIHOTO PE30HAHCa 0 BOJIHOBBIM 4YKCJIaM U HA00OpOT, YBUJIUM, YTO MPHU HAIUYUHU
paccTpoiiki MO BOJHOBBIM YHCIIaM, NPOGMIb BOJIHBI OyJET MOCTOSHEH BO BpPEMEHU
W W3MEHYMB II0 IPOCTPAHCTBY, a4 B CJIy4ae HaJW4Us PACCTPOMKH IO BOJHOBOMY
4yHciy — OyZieT MEHSTh CBOIO (DOpPMY BO BPEMEHH M OCTABATHCS MPAKTUUECKU OJJUHAKOBBIM
B pa3JIMYHBIX TOYKaX mpocTpaHcTsa (puc. 1).
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CpaBHUB peasbHbIM Npoduiab TpaHcHopMHpYOIIEHCSs HaJ IJIOCKUM JTHOM
MOHOXPOMAaTHYECKOM BOJHBI (Taboparopubiii dKcnepuMeHT «Coun—2016») ¢ aByms
BBIIICONUCAHHBIMU CITy4YasiMU, YBUAMM, YTO OH COOTBETCTBYET CUTYallUd C HAIUYUEM
paccTpoiiky IO BOJIHOBOMY YHCITY.

[TocTpouM CcHEKTp HEPEryispHbIX BOJH, HAOMIOAABILIUXCA B XOJ€ IOJIEBOIO
sxcnepumenTa «xoprnnnoBun—2007» (puc. 2). HacToTa nuka BTOpoi rapMOHHUKHU paBHA
YABOEHHOM yacToTe nuka crekrpa (f, = 0.1325. f, = 0.265). B ciy4ae, eciu Obl CyLIecTBO-
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Bajia pacCcTpPOUKa Mo 4acTOTe, MAKCUMYM SHEPTUU BTOPOM TaPMOHUKHU pacroiaraics Obl
Ha vacrore f, = 0.2374, 4ero B peanbHOCTH HE HAOTIONACTCA.
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Puc. 2. Cniextp BOITH, M3MEpEeHHBIH B X01e dKkcrepuMenTa «llkoprmnosun-2007», pacCTosHIE OT
oepera — 123 M, nryOuHa — 3.8 M, 3HaUMMast BRICOTa BOJIHBI — 1.7 M, TIeproOJ TTHKa criekTpa — 7.5 c.

W3 Bcero BbIlIeCKa3aHHOTO JIENAETCS BBIBOJ, UTO PACCTPOIKa CyIIECTBYET 110 BOJI-
HOBBIM YHCJIaM, a IO YaCTOTaM — MOJIHBIA PE30HAHC.

Bosmooicnocmv npedckazanus npocmpancmeenHol nepuoOudHoCmu 0omena
oHepauel Mexcoy 2apMOHUKaAMU

[To naHHBIM 1a0OPATOPHOTO M YHUCIEHHOTO SKCIEPUMEHTOB ObUIM OINpENEIeHBI
JUTMHBI IEPUOJIOB OOMEHA SHEprHel MeXly rapMOHUKAaMH U HaHECEHbI Ha rpaduk, B 3a-
BHUCHUMOCTH OT OTHOCUTENIbHOM TTyOuHBI. TaKke MoCTpOeHbI KPUBBIE, COOTBETCTBYIOINE
pacyeTHbIM 3HAYEHUSM JUIMH 3THX MEPUOJOB JUIsl PACCTPOEK, OMPEEIABIIMXCS 110 JHC-
MEPCUOHHOMY COOTHOILIEHHIO JIMHEHHON TEOPHH BOJIH U HETUHEHHOMY AMCIIEPCUOHHOMY
cootnomenuto (Kirby, Dalrimple, 1986).
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Puc. 3. 3aBucumocTh nieproia 0OMEeHa YHEPruel MeXK/ Ty TapMOHUKAMU OT OTHOCHTEIBHOMN
r1yOouHbl. CIUIOIIHBIC JIMHUN — IIEPUO/IbI, PACCUUTAHHBIC UCXO/IS U3 JUCIIEPCHOHHOIO
COOTHOINICHHUS JIMHEHHOW TEOPHH, TyHKTUDP — U3 HETMHEHHOTO TUCTIEPCHOHHOTO COOTHOIICHUS,
KPYTH — Pe3yJbTaThl YUCICHHOTO SKCIIEPUMEHTA, POMOUKH — JTabopaTopHoro. [[BeToM kpyros u
JIMHUHN TTOKa3aH MEPHUO; CHPEHEBHIN — 5C, Tomy0oii — 6¢, YepHEBIi — 7¢,
3eJIeHBIN — 8¢, CHHUH — 9c¢.
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Ha rpaduxke (puc. 3) MOXXHO 4ETKO pa3JeuTh JBa CIIydas: IEPHOIUNIHOCTh 00OMe-
Ha Ha MEJIKOW BOJIE CJIa00 3aBUCHT OT ITyOMHBI U MOXKET OBITh TpeicKa3zaHa 1o Gopmyie
Lb/Lw =1L, ,rtne L — JuMHa BOJHBI Ha IyOOKO# BOJIE, L, — nauHa mepuosia oOMeHa
9HEeprue, paccuuTaHHas UCXOAS W3 HEIMHEWHOTO JUCIEPCHOHHOTO COOTHOIICHUSI.
Ha npomexyTtounoil rmiyOuHe mnepuos oOMeHa MOXKET OBITh MpeACKa3aH HCXOAs W3
JUCIIEPCUOHHOIO COOTHOLIEHUS JIMHEMHOU TEOPUH.
Otu citydam MOTyT ObITh pasneneHsl nuuued L,/L = 21h/ L+ 2 (kpacHas CrulomHas
JWHUSA HA pUcC. 3 Wi rpybo — MO MOPOTOBOMY 3HAYEHUIO OTHOCHTEIBHOW TITyOMHBI
h/L = 0.05.

PaGora BeImonmHeHa mnpu nopnepxkke rpaHToB PODU Ne 18-05-00741 wu

Ne 18-55-45026.

KroueBble cj10Ba: BOJIHBI HA BOJIE, IPOMEXYTOUHAs [NTyOMHA, TPEXBOIHOBBIE OKO-
JIOpE30HAHCHbIE B3aUMOJICHCTBUS, HEIMHEWHAs TpaHCcPopMalys BOJIH, TEPUOJUIECKUI
oOMeH »Hepruei, paccTponka
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When propagating on the intermediate depth (relative depths (h/L) vary from
0.022 to 0.37, according research of (Young, Eldeberky, 1998) waves transform due to
near-resonant triad interactions, where full resonance occurs either for triads of wave-
numbers or frequencies. For the other wave parameter mismatch will occur (1), (2).

k +k,—k,=38, (1)
O +0-0,=0 )

Near-resonant triad interactions lead to periodic exchange of energy between first
and higher harmonics (recurrence) on spatial scale about the wave length. Length of the
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period of recurrence (beat length) is proportional to the mismatch value (L, = 27/3,, where
9, — frequency or wavenumber mismatch). There is still no common opinion, whether
there is wavenumber of frequency mismatch in waves in coastal zone. In (Brehovskih,
Goncharov, 1982) book frequency mismatch is indicated, in papers by Madsen and
Sorensen (for example, Madsen, Sorensen, 1993) — wavenumber mismatch.

Periodic exchange of energy between first and higher harmonics causes changes on
wave symmetry, which in turn leads to appearance of wave-induced cross-shore sediment
transport gradients and changes in coastal profile. Thus, it is important to know features
of nonlinear wave transformation in coastal zone to study coastal morphodynamics.

The main goal of the study is to determine whether there is wavenumber or frequency
mismatch and is it possible to predict beat length.

To achieve the goal, data of field, laboratory and numerical experiment were used.

During field experiment “Shkorpilovtsy-2007” 15 wave gauges were installed
along the special research pier. The pier 200 m length and is located perpendicular to the
coastline. The depth on the seaward edge of the pier is 4.5 m.

Laboratory experiment “Sochi-2016” was dedicated to studying of
pseudomonochromatic waves above constant depth in wave flume. Length of the flat
part of the flume is 11 m, free surface elevation is registered by 18 capacity wire gauges.
Series with wave periods from 1.4 to 2.1 s, wave heights from 6 to 17 sm and depths from
31 to 60 sm were tested.

Numerical experiment was conducted using non-hydrostatic phase-resolving
hydrodynamic model SWASH. Monochromatic waves were propagating above constant
depth from 2 to 7 m, wave periods varied from 6 to 9 seconds, wave height — 1 m, length
of modelling area — 250 m. There were 50 output points along the modelled area with 5
m spatial step.

Results

Is there frequency or wavenumber mismatch?

a) In second order approximation wave profile can be represented as sum of two
sinusoids
N = a,cos(kx — w 1) + a,cos(kx — Wt + @) 3)

If wavenumber mismatch occurs, then wave profile looks as shown on fig. 1a: its
form is stable in time and changes in space. If there is frequency mismatch, then wave
profile changes its shape in time (fig. 1b). Fig. 1¢ shows spatial evolution of profile of
pseudomonochromatic wave measured during laboratory experiment. Its profile changes
similarly to situation on fig. a, where frequency mismatch exists.

b) On fig. 2 spectrum of irregular waves measured during field experiment is shown.
Second harmonic maximum frequency equals frequency of the main peak doubled (f, =
0.1325, ;= 0.265, f, = 2f). If there was frequency mismatch in irregular waves, position
of second harmonic would be shifted to 0.2374 Hz.
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Fig. 2. Sea waves spectrum, “Shkorpilovtsi-2007” field experiment. Distance from the
shoreline — 123 m, depth — 3.8 m, significant wave height — 1.7 m, peak period — 7.5 s.

So, we can conclude that there is full resonance in frequencies and mismatch in
wavenumbers for waves transforming on intermediate depth.

Possibility of beat length prediction
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Fig. 3. Dependence of beat length on relative depth. Solid lines — calculated from linear theory
dispersion relation, dashed lines — from nonlinear dispersion relation, circles — numerical
modelling, diamonds — laboratory modelling.
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Based on laboratory modelling and numerical simulation data beat length values
were obtained and plotted together with lines, representing beat length assessments with
linear and nonlinear (Kirby, Dalrymple, 1986) wave theories dispersion relations.

Two cases are distinguished on fig. 3: on shallow water beat lengths do not depend
on relative depth and can be predicted using following formula L, = L, —0.35 L , where
L_—deep water wave length, L, —beat length, predicted with nonlinear dispersion relation.
On intermediate depth beat length can be predicted from linear dispersion relation. These
two cases are divided by the relation L,/L_= 21h/L_+ 2 or roughly by critical value of
relative depth A/L = 0.05.
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