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Prìlogoc

H diplwmatik  aut  ergasÐa ègine sta plaÐsia tou progr�mmatoc metaptu-

qiak¸n spoud¸n tou Tm matoc Majhmatik¸n sto Panepist mio Patr¸n

kai upì thn epÐbleyh tou kajhght  k. D. Tsoumpel .

Epijum¸ na ekfr�sw jermèc euqaristÐec sthn oikogènei� mou pou me

st rixe ìlo autì to di�sthma me to kalÔtero trìpo, kai ston k. D.

Tsoumpel  gia thn katanìhsh kai thn upomon  kaj¸c kai tic eÔstoqec

upodeÐxeic tou, tìso kat� thn ekpìnhsh thc diplwmatik c mou ergasÐac,

ìso kai kajìlh th di�rkeia twn metaptuqiak¸n spoud¸n mou. UpodeÐxeic

kai did�gmata pou mou st�jhkan tìso polÔtima kai h prosfor� touc den

mporeÐ na ekfrasteÐ me lìgia. Tèloc ja  tan meg�lh par�leiy  mou, an

den euqaristoÔsa arketoÔc sunadèlfouc foithtèc pou oi suzht seic mazÐ

touc me od ghsan se gìnimouc problhmatismoÔc, skèyeic kai melèth.

H ergasÐa pragmateÔetai tic teqnikèc pou qrhsimopoioÔntai sthn melèth

thc paragwg c kai di�doshc tou  qou. Katarq n eis�goume tic jemeli¸-

deic idèec kai arqèc thc paragwg c kai di�doshc tou  qou me par�llhlh

anafor� sthn istorÐa twn di�forwn hqhtik¸n problhm�twn, me skopì na

eisag�goume ton anagn¸sth pou èrqetai gia pr¸th for� se epaf  me au-
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tì to antikeÐmeno, sth sugkekrimènh ereunhtik  perioq . Sth sunèqeia

parousi�zoume to basikì majhmatikì montèlo me to opoÐo eÐnai dunatìn

na prosdiorÐsoume ton  qo, kaj¸c kai ta sun jh montèla akoustik¸n ph-

g¸n. Epiplèon analÔetai p¸c ìla ta parap�nw brÐskoun efarmog  sth

biomhqanÐa autokin twn kai pio sugkekrimèna stic di�forec aeroakousti-

kèc èreunec sto tomèa autì. Tèloc parousi�zetai to montèlo thc radio-

fwnik c keraÐac enìc oq matoc kai tou aerodunamikoÔ  qou pou par�getai

ap� aut n. Oloklhr¸noume me thn èkjesh k�poiwn problhm�twn pou a-

pasqoloÔn touc shmerinoÔc ereunhtèc kai thn par�jesh exeidikeumènhc

bibliografÐac ¸ste o anagn¸sthc pou ja endiaferjeÐ gia thn bajÔterh

melèth tou antikeimènou na mporèsei na breÐ èna drìmo.

P�tra, IoÔnioc 2001

EujÔmioc Karatz�c

karmakis@master.math.upatras.gr
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Kef�laio 1

Eisagwg 

H epist mh thc akoustik c anaptÔqjhke ousiastik� ton dèkato ènato ai¸-

na. Jemeliwtèc thc mporeÐ na jewrhjoÔn oi Stokes kai Rayleigh. Oi  qoi

me touc opoÐouc asqol jhkan autoÐ oi ereunhtèc  tan genik� euq�ristoi.

Gia par�deigma, melèthsan touc  qouc pou par�gontai apì talant¸menec

qordèc kai apì auloÔc ekklhsiastikoÔ org�nou. S mera oi perissìteroi

apì touc  qouc mhqanologikoÔ endiafèrontoc eÐnai dus�restoi kai èqei gÐ-

nei meg�lh ereunhtik  prosp�jeia ìso afor� ton  qo pou par�getai apì

isqur� mhqan mata kai aerioprowjhtikèc mhqanèc.

'Omwc den asqoleÐtai h sÔgqronh akoustik  mìno me touc dus�restouc

jorÔbouc. Oi arqitèktonec gia par�deigma eÐnai anagkaÐo na mporoÔn na

sqedi�soun èna dwm�tio   mÐa aÐjousa sunauli¸n me kalèc akoustikèc idiì-

thtec. Epiplèon, oi etairÐec  qou èqoun an�gkh th beltÐwsh thc apìdoshc

 qou, kaj¸c kai thn katanìhsh thc leitourgÐac twn di�forwn mousik¸n

org�nwn, en¸ o hqhtikìc entopist c (sonar) qrhsimopoieÐtai eurèwc sthn

upobrÔqia nausiploða kai anÐqneush, kai suneq¸c belti¸netai. Sthn ia-
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KEF�ALAIO 1. EISAGWG�H 7

trik  h uperhqhtik  qrhsimopoieÐtai gia thn paragwg  “fwtografi¸n” se

diaugèc qartÐ aktÐnwn Q, deÐqnontac, gia par�deigma thn bl�bh k�poiac

balbÐdac sthn kardi� tou asjen . Akìma, h uperhqhtik  qrhsimopoieÐtai

gia ton èlegqo diafìrwn kataskeu¸n kai thc leitourgÐac touc, ìpwc gia

par�deigma twn purhnik¸n antidrast rwn oi opoÐoi k�je stigm  elègqon-

tai gia  qouc pou prodÐdoun k�poia dusleitourgÐa   rwgm , en¸ pern�ne

apì di�fora uperhqhtik� test gia pt¸sh pÐeshc ston antidrast ra.

Genik� h sÔgqronh akoustik  eÐnai èna antikeÐmeno me pollèc kai poi-

kÐlec efarmogèc kai oi perissìterec biomhqanÐec èqoun s mera om�dec

mhqanolìgwn-majhmatik¸n eidikeumènwn ston èlegqo jorÔbwn kai talan-

t¸sewn k�je eÐdouc.

H aeroakoustik , pou asqoleÐtai me th dhmiourgÐa kai th di�dosh tou

jorÔbou exaitÐac thc ro c tou aèra, eÐnai ènac sqetik� nèoc kl�doc se

sqèsh me ta �lla pedÐa thc mhqanik c.

Oi melètec gÔrw apì tètoiec efarmogèc, ousiastik�, �rqisan ìtan o

lìrdoc Rayleigh èkdwse to biblÐo tou Theory Of Sound (1877), [40],

ìpou exet�zei mikrèc diakum�nseic me qarakthristikèc suqnìthtec sthn a-

kouìmenh klÐmaka, ston aèra kai to nerì, oi opoÐec parousi�zoun idiìthtec

omoiomorfÐac. Genik�, ekeÐnh thn epoq , stic pr¸tec jewr seic sqetik�

me thn akoustik  diègersh anaferìtan ìti oi akoustikèc diegèrseic eÐnai

mhqanik c proèleushc.

Me to kleÐsimo tou 19ou ai¸na, lÐga eÐqan meÐnei na gÐnoun sthn akou-

stik , ìson afor� ta sun jh mèsa kai tic sunhjismènec proôpojèseis-
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sunj kec. El�qistec shmantikèc idèec parousi�sthkan ta epìmena pe-

n nta qrìnia kai to di�sthma autì mporeÐ na qarakthristeÐ wc perÐodoc

prosanatolismoÔ thc akoustik c sthn mhqanik  twn reust¸n. Axiosh-

meÐwth eÐnai h jewrÐa tou Taylor (1910) gia thn kataskeu -dom  enìc

adÔnamou kroustikoÔ kÔmatoc (weak shock wave) kai to �rjro tou Fay

(1931) p�nw sta stajer� (stable) periodik� mh grammik� kÔmata mèsa se

èna jermo-ix¸dec (thermo-viscous) aèrio, ìpou, ìpwc kai sthn lÔsh tou

Taylor, ta adÔnama kroustik� kÔmata diaqwrÐzoun ousiastik� tic anixw-

dikèc roèc kai apoktoÔn mÐa dom  pou ofeÐletai sthn isorropÐa metaxÔ mh

grammikìthtac ek metafor�c kai di�qushc (blèpe [9]).

Ta parap�nw sumper�smata eÐnai jemeli¸dh sthn mhqanik  twn reu-

st¸n (an kai to �rjro tou Fay, [13], eÐnai el�qista gnwstì èxw apo th

koinìthta thc mh grammik c akoustik c). LÐga akìma tètoia paradeÐgmata

emfanÐsthkan sto tomèa thc akoustik c e¸c to 1950. H akoustik  pa-

rousÐase ragdaÐa prìodo apì thn qroni� aut  kai met�, all� se genik�

plaÐsia diaforopoi jhke se perioqèc oloèna kai pio apìmakrec apì autèc

sta qrìnia tou Rayleigh.

Jèmata ìpwc h met�dosh tou lìgou (speech communication), h fw-

nhtik  (phonetics), h fusiologik  akoustik  (physiological acoustics), h

yuqoakoustik  (psychoacoustics), h uperhqhtik  1 (ultrasonics), h fu-

sik  akoustik  (physical acoustics) (eurèwc to sumpèrasma tou kÔriou

ìgkou idiot twn stereoÔ ulikoÔ apì thn melèth thc di�doshc se stereì

1epist mh.
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diatmhtik¸n kai sumpiestik¸n kum�twn (shear and compression waves),

o jìruboc kai h antikeimenik  kai upokeimenik  posotikopoÐhs  tou, h

di�dosh s matoc (signal processing) k.t.l.  rjan sto prosk nio me thn

akoustik , kai suneqÐzoun na apoteloÔn antikeÐmena entatik c èreunac.

'Ola aut� suntèlesan sto na eisqwr sei h akoustik  sthn fusik , lei-

tourg¸ntac par�llhla me th mhqanik  twn reust¸n perissìtero, par� san

kl�doc thc. Orismèna majhmatik� probl mata sth jewrÐa thc akoustik c

di�jlashc, wstìso, parèmeinan kajìlh th di�rkeia autoÔ tou qronikoÔ

diast matoc, kai afoÔ den up rxe k�poia exèlixh sth lÔsh touc oi èreunec

suneqÐsthkan (eidik� apì to 1950 kai èpeita, afoÔ tìte dhmiourg jhke kai

to pr¸to kat�llhlo akoustikì montèlo).

Genikìtera aut  h kat�stash èqei metatrapeÐ ta teleutaÐa sar�nta qrì-

nia me thn an�ptuxh twn antikeimènwn thc aero- kai udro-akoustik c.

Paragwg   qou lìgw strobil¸douc ro c. Skopìc thc

aeroakoustik c jewrÐac eÐnai katarq n na parèqei axiìpistec mejìdouc

prìbleyhc ìso to dunatìn perissìterwn qarakthristik¸n tou  qou pou

par�getai apì turb¸dh ro  apì thn perigraf  aut c, kai kat� deÔtero

lìgo (kai pio prìsfato), na parèqei èna plaÐsio ergasÐac gia thn epÐlu-

sh problhm�twn montèlwn sumperilambanomènhc kai thc allhlepÐdrashc

an�mesa se aplèc strobil¸deic kai sumpiestèc kin seic me skopì autoÐ oi

mhqanismoÐ na eÐnai dunatìn na diereunhjoÔn leptomer¸c.

O Lighthill (1952), [30], jewreÐtai o dhmiourgìc thc aeroakoustik c je-

wrÐac kai ìrise to prìtupo twn perissìterwn metagenèsterwn jewri¸n gia
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th diatÔpwsh miac analogÐac metaxÔ thc pragmatik c kat�stashc (p.q. thn

dhmiourgÐa thc kÔrias-eureÐac perioq c jorÔbou apì ta kausaèria pou pro-

èrqontai apì èna uyhl c taqÔthtac aeriwjoÔmeno) kai miac apl c klasik c

akoustik c kat�stashc sthn opoÐa h turb¸dhc ro  dr� wc mia epibalìmenh

exwterik  katanom  phg c me mia qarakthristik  dom . Tètoiec analogÐec

èqoun qrhsimopoihjeÐ ektetamèna gia na epilujoÔn orismèna probl mata

montèlwn, kaj¸c o apeujeÐac upologismìc twn astaj¸n, strobilwd¸n,

sumpiest¸n ro¸n mporeÐ na pragmatopoihjeÐ mìno se lÐgec peript¸seic.

H jewrÐa tou Lighthill eÐnai kat� polÔ h pio epituqhmènh kai h pio e-

farmìsimh. 'Eqei qrhsimopoihjeÐ wc b�sh se amètrhta montèla, gia thn

prìbleyh sunduasmoÔ jorÔbou apì aerokinht ra se aeriwjoÔmeno kai o-

riakoÔ str¸matoc (boundary layer) kai jorÔbou aporeÔmatoc apì di�fora

oq mata. EpÐshc èqei efarmosteÐ se jewrÐec thc jermìthtac (exaitÐac thc

di�qushc thc enèrgeiac apì aerodunamik¸c parag¸mena akoustik� kÔmata)

tou hliakoÔ stèmmatoc.

An kai arqik� eÐqe dhmiourghjeÐ gia upohqhtikèc roèc, èqei epektajeÐ

tìso, ¸ste na kalÔyei olìklhro to f�sma arijm¸n Mach2 pou parousi�-

zoun mhqanologikì endiafèron, kai èqei genikeuteÐ ètsi ¸ste na sumperi-

l�bei thn epÐdrash stereoÔ sunìrou, eÐte se akinhsÐa eÐte se aujaÐreth

kÐnhsh, kai ta fainìmena pou sqetÐzontai me mh grammik� stoiqeÐa sthn

tÔrbh-ìpwc ta mh grammik� stoiqeÐa lìgw jermìthtac, fusalÐdwn se u-

gr� kai swmatidÐwn skìnhc mèsa se aèria (Ffowcs Williams-1968, 1977,

2O arijmìc Mach eÐnai Ðsoc me U
c
= taqÔthta reustoÔ

taqÔthta tou  qou
kai eÐnai mètro thc t�shc tou

reustoÔ na sumpièzetai kaj¸c sunant� mia kataskeu .
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Crighton-1975, Goldstein-1976 -blèpe [9]-). H jewrÐa tou Lighthill è-

qei epÐshc qrhsimopoihjeÐ gia ton upologismì thc ekpomp c enèrgeiac apì

kajorismènec astajeÐc roèc gia tic opoÐec mÐa akrib c lÔsh eÐnai gnwst 

mèsa sta ìria asumpiestìthtac, gia autoÔc touc skopoÔc ìmwc den eÐnai

oÔte h pio apotelesmatik  oÔte kai h kalÔterh teqnik .

P�ra pollèc epilogèc akoustik¸n analogi¸n eÐnai dunatèc. TreÐc eÐnai

ìmwc oi pio dhmofileÐc. Aut  twn Lighthill (1952), [30], Powell (1964),

[39], (axioshmeÐwta epektamènh apì ton Howe (1975), [23]) kai Ribner

(1962), [42], en¸ gia uyhloÔc arijmoÔc Mach dÔo �llec analogÐec prot�-

jhkan apì touc Phillips (1960) kai Lilley (1976)-blèpe Goldstein (1976),

[20].

Ja prèpei na shmei¸soume ìti h melèth paragìmenwn apì ro  akou-

stik¸n kum�twn �rqise me thn jewrÐa tou Gutin, [22], sqetik� me thn

propèla-èlika, pou anaptÔqjhke to 1937. EpÐshc oi idèec tou Lighth-

ill epekt�jhkan sth sunèqeia apì touc Curle (1955), [11], Powel (1960),

[38] , kai Ffowcs Williams kai Hall (1970), [15], ¸ste na sumperilhfjeÐ

h epÐdrash stere¸n sunìrwn. Autèc oi epekt�seic perilamb�noun thn a-

n�lush tou Gutin kai parèqoun mia pl rh jewrÐa gia ton aerodunamik�

parag¸meno  qo h opoÐa mporeÐ na qrhsimopoihjeÐ gia thn prìbleyh tìso

tou jorÔbou pou proèrqetai apì èna èlasma genikìtera (pterÔgio, le-

pÐda k.t.l.), ìso kai tou jorÔbou enìc aerioreÔmatoc (aerioprowjhtik c

mhqan c, aeriwjoÔmenou k.t.l.).

EpÐshc pollèc efarmogèc eÐnai dunatìn na brejoÔn gia tic mh omoge-
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neÐc exis¸seic (sqetik� me ton aerodunamikì  qo). K�je mÐa apì autèc me

to dikì thc trìpo ja antiproswpeÔei mÐa jewrÐa paragwg c  qou lìgw

strobilismoÔ. EÐnai shmantikì na anafèroume ìti h jewrÐa tou Lighthill

eÐnai kat� polÔ h pio epituqhmènh sto na odhgeÐ se genik� apotelèsmata

(en¸ gia par�deigma h èkdosh twn Powell-Howe parèqei perissìtero thn

dunatìthta epÐlushc problhm�twn montèlwn). Ja prèpei na anafèroume

ìti ektìc apì thn paragwg   qou lìgw strobil¸douc ro c h aeroakou-

stik  katapi�netai kai me thn paragwg  strobilwd¸n ro¸n lìgw  qou,

all� autìc eÐnai �lloc kl�doc kai den ja mac apasqol sei.

Genik� ta epìmena qrìnia oi melètec entatikopoi jhkan me skopì thn

epÐlush diafìrwn problhm�twn akoustik c, me perissìterh exeidÐkeush ì-

mwc se sugkekrimèna probl mata, afoÔ eÐqan dhmiourghjeÐ ikanèc - genikèc

jewrÐec (me mia apì tic shmantikìterec tou Lighthill) ¸ste na apotelèsoun

st rigma gia touc di�forouc ereunhtèc.

'Ena tètoio prìblhma eÐnai kai h meÐwsh tou jorÔbou tou autokin tou

pou apasqìlhse pollèc meg�lec biomhqanÐec. Polu�rijmec èreunec èginan

me apotelèsmata kajìlou eukatafrìnhta.

'Etsi kaj¸c o jìruboc mi�c mhqan c mei¸jhke, eÐte lìgw kalÔterou

sqediasmoÔ eÐte lìgw hqhtik c mìnwshc (blèpe sq ma 1.1), o jìruboc

pou par�getai apo thn ro  aèra p�nw sto s¸ma autokin tou gÐnetai sh-

mantikìteroc. EpÐshc efìson h ikanopoÐhsh k�poiou pel�th sundèetai me

to pìso  suqoc eÐnai o j�lamoc tou epib�th, eÐnai zwtik c shmasÐac gia

thn autokinhtobiomhqanÐa na mei¸sei   na exoudeter¸sei ìso to dunatìn
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Mhqan 
eswterik c
kaÔshc

? ?

Aerodunamik 
enèrgeia

?
Sigast rac ∼ 30 dB

Aerometafe-
rìmenh
enèrgeia

'Amesh hqhtik 
enèrgeia

-

Di�fora
empìdia
∼ 20 dB

AntÐdrash
dwmatÐou-
q¸rou
∼ 10 dB

Hqhtik 
enèrgeia lìgw
antan�klashc

?

-

Ap¸leia
enèrgeiac sta

sÔnora

?

6

Aporrìfhsh

Mhqanik 
enèrgeia

?

Mìnwsh
tal�ntwshc

∼ 30 dB

Aporrof¸ntai ∼ 40 dB

� Enèrgeia
tal�ntwshc
(domik )

?

?

� Ekpomp   qou

MeÐwsh èntashc
lìgw dom c

� Mìnwsh
tal�ntwshc

∼ 30 dB

Enèrgeia
tal�ntwshc
kataskeu c

�

�

�

Dèkthc

Proswpik  profÔlaxh

∼ 15 dB

6
'Hqoc apì to perib�llon

Sq ma 1.1: Jìruboc kai talant¸seic se mÐa mhqanik  phg  ([33]).
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perissìterec phgèc jorÔbou.

Sthn ergasÐa aut , parousi�zetai h genik  idèa kai orologÐa thc a-

koustik c kai epexhgoÔntai k�poia pedÐa thc aeroakoustik c èreunac sth

biomhqanÐa autokin twn pou prìsfata ereun jhkan (h radiofwnik  keraÐa

wc phg  jorÔbou). Parousi�zontai apl� analutik� montèla, sugkrÐnon-

tai me peiramatik� dedomèna kai epishmaÐnontai an�gkec belti¸sewn kai

emploutism¸n gia mellontik  ereunhtik  ergasÐa.

Pio sugkekrimèna exet�zoume analutik� to sugkekrimèno prìblhma thc

keraÐac, sto Kef�laio 5, afoÔ parousi�soume ta basik� stoiqeÐa thc aero-

akoustik c, Kef�laio 2, kai thc jewrÐac tou Lighthill, eidikìtera sto Ke-

f�laio 3. Tèloc, sto Kef�laio 4, parousi�zoume ta montèla akoustik¸n

phg¸n pou qrhsimopoioÔntai, kai sundèontai me to montèlo tou Lighthill,

en¸ epÐshc anaferìmaste kai se k�poiec basikèc arqèc thc jewrÐac twn

Powel-Howe gia ton  qo pou par�getai apì strobilismì. KleÐnontac sto

Kef�laio 6, epishmaÐnoume k�poia anoiqt� probl mata pou eÐnai diajèsima

gia melèth kai ereunhtik  ergasÐa ¸ste na beltiwjeÐ kai na emploutisteÐ

to parap�nw montèlo.



Kef�laio 2

Basik  akoustik 

O  qoc, wc episthmonik  ènnoia, eÐnai èna (diam kec) kÔma pÐeshc pou

diadÐdetai mèsw enìc elastikoÔ mèsou me k�poia qarakthristik  taqÔthta.

EÐnai h metafor� thc kinhtik c enèrgeiac diamèsou twn morÐwn kai den

mporeÐ epomènwc na diadojeÐ sto kenì. Gia na up�rqei aut  h kÐnhsh

kÔmatoc, to mèso prèpei na qarakthrÐzetai apo elastikìthta kai adr�neia.

Up�rqoun dÔo jemeli¸deic mhqanismoÐ sqetik� me thn di�dosh tou  qou:

i. Tal�ntwsh stere¸n swm�twn (ìpwc eÐnai o kinht rac) pou èqei wc

apotèlesma thn paragwg  kai ekpomp  hqhtik c enèrgeiac. Autìc

o  qoc onom�zetai  qoc paragìmenoc apì k�poia kataskeu -dom 

(structure-borne).

ii. Jìruboc proerqìmenoc apo ro  apotèlesma diakum�nsewn thc pÐeshc

pou prokaloÔntai apì turb¸deic (turbulent) kai astajeÐc (unsteady)

roèc, o opoÐoc onom�zetai aerodunamikìc  qoc.

15
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Kai stic dÔo peript¸seic h hqhtik  pÐesh ikanopoieÐ thn kumatik  exÐswsh:

Gia ton  qo pou prokaleÐtai apo k�poia kataskeu  (structure-borne) h

kumatik  exÐswsh eÐnai omogen c (efìson den up�rqoun phgèc sto mèso),

en¸ gia ton aerodunamikì  qo h kumatik  exÐswsh eÐnai mh omogen c. S�

autì to kef�laio ja esti�soume ston aerodunamikì  qo.

O aerodunamikìc  qoc prokaleÐtai apo èna fainìmeno pou onom�zetai

ekpomp  strobÐlwn Von Karman (Von Karman vortex-shedding). Ja

jewr soume arqik� ekpomp  strobÐlwn pou proèrqetai apo èna kÔlindro

se mÐa stajer  upohqhtik  ro  proc kateÔjunsh k�jeth ston �xona tou

kulÐndrou. O arijmìc Reynolds1 Re orÐzetai wc

Re =
UD

ν

ìpou U eÐnai h eniaÐa taqÔthta ro c, D eÐnai h di�metroc tou kulÐndrou

kai ν to kinhmatikì ix¸dec2 tou reustoÔ. Se polÔ qamhloÔc arijmoÔc

Reynolds gia mikrìterouc perÐpou tou Re=5, h ro  tou reustoÔ akoloujeÐ

to perÐgramma tou kulÐndrou ìpwc faÐnetai kai sto sq ma 2.1 (a). Gia thn

klÐmaka,

5 < Re < 40

h ro  diaforopoieÐtai sto pÐsw mèroc tou kulÐndrou kai èna summetrikì

zeug�ri strobÐlwn sqhmatÐzetai sto apìreuma (wake) ìpwc faÐnetai kai

1Sthn ousÐa eÐnai h adraneiak  dÔnamh proc thn diatmhtik  t�sh tou reustoÔ, kai

eÐnai mètro tou p�qouc tou oriakoÔ str¸matoc kai thc metatrop c omal c ro c se

turb¸dh. To eÐdoc thc ro c sto pÐsw mèroc diafìrwn swm�twn qarakthrÐzetai apo

ton arijmì Re, blèpe [7].
2'Iso me thn apìluth tim  tou ix¸douc diairemèno me thn puknìthta tou reustoÔ.
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Sq ma 2.1: Sust mata ro c reustoÔ kat� m koc kulÐndrou.
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sto sq ma 2.1 (b). Kaj¸c o arijmìc Re aux�netai perissìtero to kÔma

gÐnetai astajèc kai èqoume wc apotèlesma mÐa periodik  diègersh kai dh-

miourgÐa astaj¸n strobÐlwn antÐjetou pros mou. Autì kaleÐtai drìmoc

strobÐlwn (vortex street), kai emfanÐzetai sto di�sthma

40 < Re < 150

sÔmfwna me to sq ma 2.1 (g). Kaj¸c o Re suneqÐzei na aux�netai, h

metabol  se tÔrbh sumbaÐnei èwc ìtou o drìmoc strobÐlwn na eÐnai entel¸c

turb¸dhc (turbulent), ìpwc sumbaÐnei sto di�sthma

150 < Re < 3× 105

en¸ sth klÐmaka

3× 105 < Re < 3.5× 106

trisdi�stata fainìmena diatar�ssoun thn omal  diadikasÐa strobilismoÔ,

kai to apìreuma apodiorgan¸netai, blèpe sq ma 2.1 (e). Tèloc, gia

Re > 3.5× 106

o strobilismìc omalopoieÐtai xan�, blèpe sq ma 2.1 (z). To sq ma 2.1

proèrqetai apo ton Lienard (1966), gia perissìterec plhroforÐec sthn

anafor� [7].

Ekpomp  strobÐlwn apo kataskeuès-domèc ( structures

shed vortices) se upohqhtik  ro . Prèpei na shmeiwjeÐ pwc o

drìmoc strobilismoÔ eÐnai parìmoioc anex�rthta thc gewmetrÐac thc kata-

skeu c. Kaj¸c oi strìbiloi par�gontai, epifaneiakèc pièseic askoÔntai
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sthn kataskeu . Autèc oi pièseic prokaloÔn se mÐa elastik  kataskeu 

tal�ntwsh kai paragwg  aeroakoustik¸n  qwn. Autì to fainìmeno èqei

parathrhjeÐ akìma kai stouc arqaÐouc qrìnouc. M�lista, autoÐ oi aero-

akoustikoÐ  qoi kaloÔntai AiolikoÐ tìnoi, apo thn arqaÐa Ellhnik  �rpa

(Aiolik ) ìtan aut  hqoÔse ston �nemo.

'Otan qrhsimopoieÐtai h lèxh “ qoc” ìmwc, ennooÔme k�ti perissìtero

safèc apì thn parap�nw perigraf : EnnooÔme k�je metabol  pÐeshc (ston

aèra, nerì   �llo mèso) thn opoÐa to anjr¸pino autÐ mporeÐ na antilhfjeÐ,

autìc o orismìc ja qrhsimopoieÐtai sto ex c.

O arijmìc twn metabol¸n thc pÐeshc an� deuterìlepto kaleÐtai suqnì-

thta tou  qou, kai mon�da mètrhs c tou eÐnai to Hertz (Hz). H suqnìthta

tou  qou par�gei èna qarakthristikì tìno, o makrinìc keraunìc   to qtÔ-

phma enìc tump�nou èqei qamhl  suqnìthta, en¸ èna sfÔrigma èqei uyhl 

suqnìthta. H sunhjismènh klÐmaka ako c ekteÐnetai kat� prosèggish a-

pì 20 Hz e¸c 20000 Hz (  20 kHz), h qamhlìterh nìta sto pi�no eÐnai

27.5 Hz kai h uyhlìterh 4186 Hz. To anjr¸pino autÐ eÐnai perissìtero

euaÐsjhto sto di�sthma twn 1-5 kHz.

To piì gnwstì ìrgano metr sewn metabol c thc pÐeshc eÐnai to barì-

metro. Oi metabolèc thc pÐeshc sthn atmìsfaira eÐnai p�ra polÔ argèc

¸ste na tic antilhfjeÐ to anjr¸pino autÐ, kai epomènwc den antapokrÐ-

nontai ston parap�nw orismì. 'Ena barìmetro den mporeÐ na antapokrijeÐ

arket� gr gora se apìtomec metabolèc thc pÐeshc kai epomènwc den mporeÐ

na qrhsimopoihjeÐ gia thn mètrhsh tou  qou.
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Sq ma 2.2: Sqèsh metaxÔ m kouc kÔmatoc se mètra kai suqnìthtac se Hertz.

Gia eukolÐa stic metr seic kai stouc di�forouc upologismoÔc h taqÔ-

thta tou  qou se jermokrasÐa dwmatÐou jewreÐtai ìti eÐnai stajer  kai

Ðsh me 344 m/s.

JumÐzoume ìti

M koc kÔmatos(l) =
TaqÔthta tou  qou

Suqnìthta

Sto sq ma 2.2 eÐnai faner  h sqèsh metaxÔ m kouc kÔmatoc se mètra kai

suqnìthtac se Hz. Gia par�deigma, sta 20 Hz to m koc kÔmatoc eÐnai perÐ-

pou 17 mètra, en¸ sta 20 kHz eÐnai mìno 1.7 cm. 'Enac  qoc o opoÐoc èqei

mìno mia suqnìthta onom�zetai kajarìc tìnoc (pure tone). Sthn pr�xh

oi perissìteroi  qoi apoteloÔntai apo diaforetikèc suqnìthtec. O bio-

mhqanikìc jìruboc apoteleÐtai apo èna eurÔ f�sma suqnot twn, gnwstèc

wc kÔria   eureÐa perioq  jorÔbou (broad band noise). An oi suqnìthtec

eÐnai omoiìmorfa katanemhmènec sthn akouìmenh klÐmaka, o  qoc kaleÐtai
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leukìc jìruboc (white noise) (akoÔgetai san ro  ormhtikoÔ neroÔ).

O  qoc perigr�fetai apo dÔo posìthtec: thn suqnìthta kai to pl�-

toc twn diakum�nsewn thc pÐeshc. O asjenèsteroc  qoc pou mporeÐ na

antilhfjeÐ to anjr¸pino autÐ èqei pl�toc 20 ekatomuriost� tou Pascal

(20µPa), ìpou 1 Pa=1 newton/m2,  

1 atmosfairik  pÐesh ≈ 101, 000 Pa

MÐa allag  pÐeshc 20µPa eÐnai tìso mikr  pou k�nei to tÔmpano tou au-

tioÔ na diegerjeÐ kat� mia apìstash mikrìterh apo th di�metro enìc aploÔ

morÐou udrogìnou. To autÐ mporeÐ na aneqteÐ hqhtikèc pièseic uyhlìterec

apì èna ekatommÔrio thc 20µPa. Opìte an metroÔsame ton  qo se Pa

ja sunantoÔsame duskolÐec afoÔ ja eÐqame na k�noume me arket� dÔsqrh-

stouc arijmoÔc. Gia na to apofÔgoume autì, qrhsimopoioÔme mÐa �llh

klÐmaka - to decibel   dB klÐmaka.

Orismìc. DÔo metablhtèc diafèroun kat� èna bel an h mÐa eÐnai 10

forèc megalÔterh apì thn �llh, diafèroun kat� dÔo bel (trÐa bel k.t.l.)

an h mÐa eÐnai 102 (103, k.t.l.) forèc megalÔterh apì thn �llh.

To bel eÐnai polÔ meg�lo san metrik  mon�da kai eÐnai pio qr simo an

to diairèsoume se dèka mèrh, opìte èqoume to decibel:

Orismìc. DÔo metablhtèc diafèroun kat� èna decibel (1dB) an o

lìgoc touc eÐnai 101/10, diafèroun kat� 2dB (3dB, k.t.l.) an o lìgoc touc

eÐnai 102/10 (103/10, k.t.l.).

Shmei¸noume ìti 101/10 ≈ 1.26 kai 103/10 ≈ 2 . Opìte 3dB anti-

proswpeÔoun diplasiasmì thc sqetik c posìthtac (p.q. hqhtik  isqÔc).
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Sq ma 2.3: Sugkritik  klÐmaka twn mPa kai dB.

Sthn tupik  klÐmaka suqnot twn to anjr¸pino autÐ mporeÐ na diakrÐnei

dÔo hqhtikèc ent�seic an diafèroun kat� 3dB.

Sto sq ma 2.3 eÐnai faner  h klÐmaka sÔgkrishc twn µPa kai dB, kai

thc èntashc tou  qou se orismèna perib�llonta.



Kef�laio 3

To majhmatikì montèlo tou  qou

3.1 Eisagwg 

To majhmatikì montèlo tou aerodunamik� paragìmenou  qou arqik� pa-

rousi�sthke apì thn klasik  doulei� tou Lighthill to 1952, [30] . O ba-

sikìc tou skopìc eÐnai na ekfr�sei ìla ta mh grammik� stoiqeÐa (nonline-

arities) thc kÐnhshc (fainìmena di�doshc jermìthtac, tÔrbh (turbulence),

k.t.l.) wc ìrouc sto dexÐ mèroc thc kumatik c exÐswshc. O ekpempìmenoc

 qoc upologÐzetai me autì ton trìpo san na  tan mèsa se omogenèc mèso

me mÐa sun�rthsh phg c sto dexÐ mèloc.

To montèlo tou Lighthill anafèretai ston  qo se trisdi�stato pedÐo

orismoÔ qwrÐc sunoriakèc sunj kec. O Curle, [11], epèkteine to montèlo

¸ste na sumperil�bei thn epÐdrash stere¸n sunìrwn p�nw sto hqhtikì

pedÐo.

H doulei� twn Lighthill, [30], kai Curle, [11], perigr�fetai epÐshc kai

sta biblÐa twn Blevins, [7], Dowling-Williams, [12], kai Norton, [33].

23
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3.2 Paragwg  thc exÐswshc tou Lighthill

SÔmfwna me thn arq  diat rhshc thc m�zac èqoume:

∂ρ

∂t
+∇ · (ρu⃗) = 0,

  (3.1)

∂ρ

∂t
+
∂(ρui)

∂xi
= 0.

An�loga h arq  diat rhshc thc orm c ekfr�zetai apo tic exis¸seic:

∂(ρu⃗)

∂t
+ ρ(u⃗ · ∇)u⃗+∇p = ν∇2u⃗,

  (3.2)

∂(ρui)

∂t
+
∂(ρuiuj)

∂xj
+
∂(pδij)

∂xj
− ∂τij
∂xj

= 0

(blèpe [33]) ìpou ν to kinhmatikì (  diatmhtikì - shear) ix¸dec (viscosity)

kai

τij = ν
∂ui
∂xj

eÐnai h diatmhtik  t�sh (  epifaneiak  t�sh lìgw ix¸dous-viscous shear

stress) 1. O ìroc ρuiuj kaleÐtai astaj c diatmhtik  t�sh Reynolds (un-

steady - fluctuating Reynolds shear stress) en¸ epÐshc anafèretai kai

wc tanust c ro c orm c (o rujmìs-taqÔthta me ton opoÐo h orm  sthn xi

kateÔjunsh diapern� monadiaÐo embadì epif�neiac sthn xj kateÔjunsh).

H parag¸gish wc proc t thc sqèshc (3.1) dÐnei

∂2ρ

∂t2
+
∂2(ρui)

∂xi∂t
= 0. (3.3)

1Gia leptomerèsterh an�lush o anagn¸sthc parapèmpetai kai sta biblÐa tou k. Ka-

foÔsia, [2].
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An�loga paÐrnontac thn apìklish thc (3.2) katal goume sthn

∂2(ρui)

∂xi∂t
+
∂2(pδij − τij + ρuiuj)

∂xi∂xj
= 0 (3.4)

kai afair¸ntac thn (3.4) apì thn (3.3), èqoume

∂2ρ

∂t2
=
∂2(pδij − τij + ρuiuj)

∂xi∂xj
. (3.5)

Sth sunèqeia gÐnetai o diaqwrismìc: ρ = ρ0+ρ
′, ìpou ρ0 h stajer  wc

proc to qrìno puknìthta, kai ρ′ oi diakum�nseic thc puknìthtac. Opìte

ja eÐnai kai ∂2ρ/∂t2 = ∂2ρ′/∂t2 sthn (3.5).

EpÐshc prin suneqÐsoume sthn paragwg  thc exÐswshc tou Lighthill

eÐnai shmantikì na gÐnei anafor� sthn taqÔthta tou  qou c kai sth pro-

sèggish p ≈ c2ρ′, pou ja jewrhjeÐ sth sunèqeia.

H di�dosh twn hqhtik¸n kum�twn ston aèra genik� den prokaleÐ shman-

tikèc antallagèc jermik c enèrgeiac metaxÔ twn swmatidÐwn, kai h entro-

pÐa tou aerÐou eÐnai stajer . Epiplèon h jermik  agwgimìthta tou aerÐou

eÐnai polÔ mikr . H di�dosh twn hqhtik¸n kum�twn mporeÐ na jewrhjeÐ

epomènwc sqedìn adiabatik . Aut  h upìjesh isqÔei gia mikroÔ megèjouc

hqhtik� kÔmata mèsa sthn akouìmenh klÐmaka suqnot twn. Opoiad pote

ap¸leia jermik c enèrgeiac ja eÐqe wc apotèlesma thn exasjènhsh twn

hqhtik¸n kum�twn me to qrìno kai thn apìstash. 'Etsi h katastatik 

exÐswsh (se adiabatik  metabol ) gia èna idanikì aèrio eÐnai

P/P0 = (ρ/ρ0)
γ, (3.6)

ìpou γ o lìgoc twn eidik¸n jermot twn kai P h pÐesh (ìmoia me thn

puknìthta èqoume: P = P0 + p).
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Gia aèria ta opoÐa den eÐnai idanik�, h katastatik  exÐswsh mporeÐ na

paraqjeÐ apì thn an�lush se seir� Taylor miac peiramatik� prosdiori-

smènhc isentropik c sqèshc metaxÔ twn diakum�nsewn thc pÐeshc kai thc

puknìthtac. Me thn proôpìjesh pwc autèc oi diakum�nseic eÐnai mikrèc,

aut  h sqèsh eÐnai grammik  kai paÐrnei th morf  (blèpe kai [27])

p = B

{
ρ′

ρ0

}
, (3.7)

ìpou B eÐnai mÐa stajer� (adiabatic bulk modulus)

B = ρ0

{
∂P

∂ρ

}
ρ0

. (3.8)

H merik  par�gwgoc sthn exÐswsh (3.8) eÐnai upologismènh gia mÐa adia-

batik  diadikasÐa kai dhl¸nei thn adiabatik  sumpÐesh   ektìnwsh tou

aerÐou gÔrw apì thn mèsh puknìthta.

AfoÔ antikatastajeÐ h parag¸gish wc proc to qrìno thc arq c diat -

rhshc thc m�zac sthn apìklish thc arq c diat rhshc thc orm c (lamb�non-

tac touc ìrouc deÔterhc t�xhc wc amelhtèouc, blèpe kai [33]) katal goume

sthn

∇2p =
∂2ρ′

∂t2
, (3.9)

 , apaleÐfontac thn ρ′ me th bo jeia thc sqèshc (3.7),

∇2p =
ρ0
B

∂2p

∂t2
=

1

c2
∂2p

∂t2
(3.10)

H exÐswsh (3.10) eÐnai h grammik , omogen c akoustik  kumatik  exÐswsh

wc proc tic diakum�nseic thc pÐeshc p wc anex�rthth metablht . H stajer�

c eÐnai h taqÔthta di�doshc tou kÔmatoc kai sunep¸c h taqÔthta tou  qou
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me

c =

(
B

ρ0

)1/2

=

{(
∂P

∂ρ

)
ρ0

}1/2

. (3.11)

Merikèc qr simec proseggÐseic mporoÔn na gÐnoun t¸ra, sqetik� me thn

taqÔthta tou  qou c jewr¸ntac pwc to mèso di�doshc tou  qou eÐnai èna

idanikì aèrio. Apo th sqèsh (3.6)

P =
P0ρ

γ

ργ0
, (3.12)

opìte kai
∂P

∂ρ
=
γP

ρ
. (3.13)

'Etsi h taqÔthta tou  qou eÐnai

c =

(
γP

ρ

)1/2

. (3.14)

EpÐshc an antikatastajeÐ h katastatik  exÐswsh twn idanik¸n aerÐwn P =

ρRTk, ìpou R eÐnai h stajer� twn aerÐwn kai Tk h apìluth jermokrasÐa,

sthn sqèsh (3.14)

c = (γRTk)
1/2, (3.15)

kai gia mikrèc diakum�nseic

c ≈ c0 ≈
(
γP0

ρ0

)1/2

. (3.16)

Aut  h prosèggish eÐnai polÔ shmantik  kai qr simh kai ja qrhsimopoihjeÐ

sta epìmena.

Shmei¸noume ìti

c2∇2ρ′ = c2
∂2(ρ′δij)

∂xi∂xj
, (3.17)
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Qrhsimopoi¸ntac thn teleutaÐa sqèsh sthn (3.5) èqoume

∂2ρ′

∂t2
− c2∇2ρ′ =

∂2(pδij − τij + ρuiuj − c2ρ′δij)

∂xi∂xj
(3.18)

opìte mporoÔme na xanagr�youme thn (3.5) sthn morf 

1

c2
∂2p

∂t2
−∇2p =

∂2Tij
∂xi∂xj

(3.19)

h opoÐa eÐnai kai h mh gramik , ix¸dhc (viscous) mh omogen c kumatik 

exÐswsh tou Lighthill kai Tij eÐnai o tanust c t�shc tou Lighthill

Tij = pδij − τij + ρuiuj − c2ρ′δij. (3.20)

Gia ton upologismì tou Tij se roèc qamhl¸n arijm¸n Mach (blèpe kai

[43]) èqoume:

• ρuiuj. Autìc o ìroc tou Tij anaparist� thn met�dosh thc orm c ρui

me taqÔthta uj kai ρ ≈ ρ0.

• τij. Parist�nei tic t�seic lìgw trib c, oi opoÐec jewroÔntai amelh-

tèec se sqèsh me ton ìro ρuiuj.

• Tèloc o ìroc (p− c2ρ′)δij sqetÐzetai me tic epidr�seic thc di�doshc

jermìthtac kai jewreÐtai polÔ mikrìc se sqèsh me ton ρ0uiuj

Opìte proseggÐzoume to Tij me

Tij ≈ ρ0uiuj. (3.21)
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3.3 LÔsh thc exÐswshc tou Lighthill

MÐa lÔsh thc kumatik c exÐswshc

1

c2
∂2w

∂t2
−∇2w = q(x, t) (3.22)

se trisdi�stato pedÐo orismoÔ V dÐnetai apì thn sqèsh

w(x, t) =

∫
V

q(y, t− |x−y|
c )

4π |x− y|
d3x

Pr�gmati parathroÔme (gia aujaÐreth f) -blèpe kai [12]- ìti:∫
V

∇2

(
f(t− r/c)

r

)
dV =

∫
S

∂

∂n

(
f(t− r/c)

r

)
dS (3.23)

= 4πε2
{
−f(t− ε/c)

ε2
+

1

ε

∂f

∂r
(t− ε/c)

}
= −4πf(t) kaj¸c to ε→ 0. (3.24)

H sun�rthsh pou to olokl rwm� thc eÐnai mon�da se èna p�ra polÔ mikrì

qwrÐo gÔrw apì thn arq  twn axìnwn, orÐzetai na eÐnai h tri¸n diast�sewn

sun�rthsh dèlta δ(x) (to x eÐnai di�nusma stic treÐc diast�seic), blèpe

kai biblÐa k. Tsoumpel , [1].∫
V

δ(x)dV = 1 an to V perilamb�nei to x = 0

= 0 diaforetik� (3.25)

p.q. δ(x) = 0 ìtan x ̸= 0, all� kont� sto shmeÐo x = 0 eÐnai polÔ meg�lo

ètsi ¸ste to olokl rwm� tou se opoiod pote qwrÐo pou perilamb�nei thn

arq  twn axìnwn na eÐnai Ðso me mon�da. An h (3.25) pollaplasiasteÐ me

4πf(t) kai sugkrijeÐ me thn (3.24) blèpoume ìti(
1

c2
∂2

∂t2
−∇2

)
f(t− r/c)

r
= 4πf(t)δ(x). (3.26)
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Autì eÐnai èna polÔ shmantikì apotèlesma, pou ja qrhsimopoihjeÐ argì-

tera gia ton prosdiorismì thc lÔshc diafìrwn problhm�twn paragwg c

 qou. Xanagr�fontac to dexÐ mèloc thc (3.22) wc

q(x, t) =

∫
V

q(y, t)δ(x− y)d3y (3.27)

h exÐswsh (3.26) mac dÐnei:(
1

c2
∂2

∂t2
−∇2

)
q(y, t− r/c)

r
= 4πq(y, t)δ(x− y) (3.28)

ìpou r = |x− y|. H sqèsh (3.28) oloklhr¸nont�c th gÐnetai:(
1

c2
∂2

∂t2
−∇2

)∫
V

q(y, t− r/c)

r
d3y = 4π

∫
V

q(y, t)δ(x− y)d3y

kai sÔmfwna me thn (3.27)(
1

c2
∂2

∂t2
−∇2

)∫
V

q(y, t− r/c)

r
d3y = 4πq(x, t)

en¸ apì thn (3.22) paÐrnoume

1

4π

∫
V

q(y, t− r/c)

r
d3y = w(x, t)

kai tèloc èqoume thn lÔsh

w(x, t) =

∫
V

q(y, t− |x−y|
c )

4π |x− y|
d3x. (3.29)

PaÐrnontac th lÔsh

wij(x, t) =

∫
V

Tij(y, t− |x−y|
c )

4π |x− y|
d3x (3.30)

pou antistoiqeÐ gia q = Tij kai parathr¸ntac p¸c h ∂2wij/∂xi∂xj eÐnai

mia lÔsh pou antistoiqeÐ sthn (3.19) (afoÔ h ∂2/∂xi∂xj sthn

1

c2
∂2wij

∂t2
−∇2wij = Tij (3.31)
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dÐnei
1

c2
∂2

∂xi∂xj

∂2wij

∂t2
− ∂2

∂xi∂xj
∇2wij =

∂2Tij
∂xi∂xj

)

èqoume
1

c2
∂2

∂t2

(
∂2wij

∂xi∂xj

)
−∇2

(
∂2wij

∂xi∂xj

)
=

∂2Tij
∂xi∂xj

.

SugkrÐnontac thn teleutaÐa sqèsh me thn (3.19) katal goume sto ìti h

par�stash:

p(x, t) =
∂2wij

∂xi∂xj
=

∂2

∂xi∂xj

∫
V

Tij(y, t− |x−y|
c )

4π |x− y|
d3y (3.32)

eÐnai mia lÔsh thc exÐswshc (3.19) sto qwrÐo V . EpÐshc

∂

∂xi

∫
V

Tij(y, t− r/c)

r
d3y =

∫
V

∂r

∂xi

∂

∂r

{
Tij(y, t− r/c)

r

}
d3y

=

∫
V

∂r

∂xi

{
− 1

cr

∂Tij
∂t

− 1

r2
Tij

}
d3y

afoÔ
∂Tij
∂r

= −1

c

∂Tij
∂t

(3.33)

kai epomènwc

∂2

∂xi∂xj

∫
V

Tij(y, t− r/c)

r
d3y =

=

∫
V

∂2r

∂xi∂xj

{
1

c2r

∂2Tij
∂t2

+
2

cr2
∂Tij
∂t

− 2

r3
Tij

}
d3y (3.34)

dhlad  metafèrontac thn diaforopoÐhsh mèsa sto olokl rwma sthn sqèsh

(3.32) èqoume

p(x, t) =
1

4π

∫
V

∂2r

∂xi∂xj

1

c2r

∂2Tij
∂t2

d3y +
1

4π

∫
V

∂2r

∂xi∂xj

2

cr2
∂Tij
∂t

d3y

(3.35)

+
1

4π

∫
V

∂2r

∂xi∂xj

2

r3
Tijd

3y ≡ I1 + I2 + I3
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ìpou r = |x− y| kai o ìroc ∂kT/∂tk eÐnai upologismènoc sto shmeÐo

(y, t− |x− y| /c).

Ta sqetik� megèjh twn tri¸n ìrwn mèsa sta �gkustra thc (3.33) eÐnai:

(n)2Tij
(2π)2c2r

:
nTij
2πcr2

:
2Tij
r3

,

ìpou n eÐnai h tupik  suqnìthta, kai afoÔ c = λn, ìpou λ to m koc

kÔmatoc h teleutaÐa sqèsh gÐnetai:

1

(2π)2
:
λ

2πr
:
λ2

r2
,

kai an r >> λ, o pr¸toc ìroc kuriarqeÐ kai h exÐswsh (3.34) gÐnetai tìte

Ðsh me

p(x, t) =
1

4πc2

∫
V

∂2r

∂xi∂xj

1

r

[
∂2Tij
∂t2

]
dy

=
1

4πc2

∫
V

(xi − yi)(xj − yj)

r3

[
∂2Tij
∂t2

]
dy

sunep¸c o ìroc I1 sthn (3.34) eÐnai ènac ìroc apìmakrou pedÐou, en¸ oi

I2 kai I3 eÐnai ìroi eggÔc pedÐou.

Gia mÐa hqhtik  phg  pou antiproswpeÔei mìno k�poia exwterik� efar-

mosmènh dÔnamh fi(x, t) (pio sugkekrimèna h sun�rthsh fi(x, t) antipro-

swpeÔei mÐa exwterik� efarmozìmenh sto s¸ma dÔnamh an� mon�da ìgkou,

p.q. èna stereì s¸ma se ro ), h fi eÐnai èna di�nusma sthn i kateÔjunsh.

H exÐswsh thc orm c (jewroÔme amelhtèec tic t�seic lìgw trib c) gÐnetai

∂(ρui)

∂t
+
∂P

∂xi
= fi(x, t), (3.36)

(ìpou P h olik  pÐesh) h exÐswsh thc diat rhshc thc m�zac paramènei

ìpwc faÐnetai sthn exÐswsh (3.1), opìte h mh omogen c kumatik  exÐswsh
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gÐnetai
1

c2
∂2p

∂t2
−∇2p = −∂fi(x, t)

∂xi
= −divfi(x, t). (3.37)

O ìroc thc phg c sto dexÐ mèroc thc exÐswshc (3.37) prèpei na eÐnai tè-

toioc ¸ste na mhdenÐzetai èxw apì k�poio peperasmèno qwrÐo geitonik�

thc phg c. Opìte se analogÐa me thn sqèsh (3.29) h lÔsh p(x, t) eÐnai

p(x, t) = −
∫
V

divfi(y, t− |x−y|
c )

4π |x− y|
dy (3.38)

 

p(x, t) = − ∂

∂xi

∫
V

fi(y, t− |x−y|
c )

4π |x− y|
dy (3.39)

Ja prèpei na anafèroume pwc up�rqoun kai �lloi trìpoi lÔshc thc exÐ-

swshc tou Lighthill. Gia par�deigma aut  twn Ffowcs Williams kai Hall

(1969), [15], oi opoÐoi jewr¸ntac tic epidr�seic tou ix¸douc amelhtèec2,

kai ìti oi metabolèc thc p eÐnai akrib¸c an�logec me tic metabolèc tou c2ρ

me qr sh tou genikeumènou metasqhmatismoÔ Fourier :

f ∗(ω) =
1

2π

∫ ∞

−∞
f(t)e−iωtdt

kat�feran na metatrèyoun thn exÐswsh tou Lighthill sthn mh omogen 

exÐswsh Helmotz:

∇2p∗ + k2p∗ = −
[
∂2ρuiuj
∂yi∂yj

]∗
,

ìpou k = ω/c.

2Sthn ousÐa jètontac thn pij Ðsh me pδij, ìpou p eÐnai h isotropik  pÐesh tou reustoÔ.
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3.4 EpÐdrash sunoriak¸n sunjhk¸n

Epeid  h jewrÐa tou Lighthill eÐnai akrib c eÐnai eÔkolo na broÔme ton

 qo pou par�getai apì xèna s¸mata. H jewrÐa tou Lighthill mac deÐqnei

ìti h paragwg   qou eÐnai dunatìn na perigrafeÐ apì ìrouc enìc oloklh-

r¸matoc tou Tij, thn tetrapolik  phg  tou Lighthill. 'Otan up�rqoun

xèna s¸mata sthn ro , eÐnai merikèc forèc qr simo na taxinom soume se

om�dec ta tetr�pola pou katanèmontai sto eswterikì twn xènwn swm�twn

wc sunoriakèc phgèc, oi opoÐec mporoÔn na prosdioristoÔn qwrÐc an�gkh

gia leptomer  gn¸sh thc t�shc kai tou pedÐou tal�ntwshc mèsa se tètoia

s¸mata. Skopìc mac eÐnai opìte na ekfr�soume to olokl rwma

∂2

∂xi∂xj

∫
Tij(y, t− |x−y|

c )

4π |x− y|
dV

sto eswterikì enìc xènou s¸matoc se ìrouc oloklhrwm�twn p�nw sthn

epif�neia tou s¸matoc.

JewroÔme t¸ra thn perÐptwsh pou to pedÐo orismoÔ tou  qou (ìgkoc)

V eÐnai periorismèno apì èna stereì s¸ma epif�neiac S kai ergazìmaste

me trìpo parìmoio tou Curle, [11].

Katarq n ja xanagr�youme tic parag¸gouc wc proc thn jèsh tou pa-

rathrht  ∂/∂xi se ìrouc twn parag¸gwn wc proc th jèsh thc phg c y.

Opìte efarmìzontac to je¸rhma apìklishc metatrèpoume ta oloklhr¸ma-

ta se epifaneiak�. Xekin¸ntac parathroÔme pwc afoÔ h |x− y| eÐnai mia
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summetrik  sun�rthsh twn x kai y:

∂

∂xi

{
Tij(y, t− |x−y|

c )

|x− y|

}
=

∂Tij

∂yi

|x− y|
− ∂

∂yi

{
Tij(y, t− |x−y|

c )

|x− y|

}
(3.40)

Gr�foume |x− y| = r kai uiojetoÔme to sumbolismì oi agkÔlec [ ] na

dhl¸noun pwc h sun�rthsh pou perikleÐoun eÐnai upologismènh sth jèsh

y kai me kajustèrhsh qrìnou t− r/c. Qrhsimopoi¸ntac thn exÐswsh

∂

∂t
(ρui) +

∂

∂xj
(pij + ρuiuj) = 0, (arq  diat rhshc thc orm c)

ìpou pij = pδij − τij, kai ton orismì tou Tij = ρuiuj + pij − c2ρ′δij h

(3.40) gr�fetai:

∂

∂xi

[
Tij
r

]
= − ∂

∂yi

[
ρuiuj + pij

r

]
− c2

∂

∂xj

[
ρ′

r

]
−

[
1

r

∂

∂t
(ρuj)

]
. (3.41)

DiaforÐzontac thn (3.41) wc proc xj mac dÐnei:

∂2

∂xi∂xj

[
Tij
r

]
= − ∂2

∂yi∂xj

[
ρuiuj + pij

r

]
− c2

∂2

∂xj∂xj

[
ρ′

r

]
− ∂

∂xj

[
1

r

∂

∂t
(ρuj)

]
(3.42)

H parap�nw diadikasÐa (sqèsh (3.40)) mac odhgeÐ sto ìti:

∂

∂xj

[
1

r

∂

∂t
(ρuj)

]
=

[
1

r

∂2

∂t∂yj
(ρuj)

]
− ∂

∂yj

[
1

r

∂

∂t
(ρuj)

]
=

[
−1

r

∂2ρ′

∂2t

]
− ∂

∂yj

[
1

r

∂

∂t
(ρuj)

]
, (3.43)

met� apo qr sh thc arq c diat rhshc thc m�zac3. Opìte akoloujeÐ:

∂2

∂xi∂xj

[
Tij
r

]
= − ∂2

∂xj∂yi

[
ρuiuj + pij

r

]
+

∂

∂yj

[
1

r

∂

∂t
(ρuj)

]
+

{
∂2

∂t2
− c2

∂2

∂xi∂xi

}[
ρ′

r

]
. (3.44)

3 ∂ρ
∂t

+ ∂(ρui)
∂xi

= 0.
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O teleutaÐoc ìroc thc teleutaÐac exÐswshc eÐnai mhdèn diìti, gia stajerì

y h sun�rthsh [ρ(y, t− r/c)/r] eÐnai mia lÔsh thc omogenoÔc kumatik c

exÐswshc sto shmeÐo (x, t) me thn proôpìjesh r ̸= 0. JewroÔme pwc ta x

kai y den sumpÐptoun, p.q. o parathrht c den eÐnai p�nw sto s¸ma. Opìte

oloklhr¸nontac touc enapomeÐnantec ìrouc thc exÐswshc (3.44) se èna

akÐnhto qwrÐo V0, to opoÐo eÐnai arket� meg�lo ¸ste na perièqei to xèno

s¸ma èqoume, qrhsimopoi¸ntac to je¸rhma apìklishc, ìti:

∂2

∂xi∂xj

∫
V0

[
Tij
r

]
dV = − ∂

∂xj

∫
S

ni

[
ρuiuj + pij

r

]
dS

+
∂

∂t

∫
S

[ρv · n
r

]
dS (3.45)

ìpou n to exwterikì k�jeto di�nusma (to sunhmÐtono kateÔjunshc proc ta

èxw -apì to s¸ma- k�jeto sthn epif�neia S pou perikleÐei to xèno s¸ma).

'Opwc ja doÔme analutikìtera kai sto kef�laio 4, afoÔ exetastoÔn ta

di�fora montèla akoustik¸n phg¸n, to pedÐo tetrapìlwn eswterik� tou

s¸matoc ènai isodÔnamo me �jroisma dipìlwn kai monopìlwn. Kai oi dÔo

autèc phgèc eÐnai sugkentrwmènec sthn epif�neia tou sunìrou S kai h

isqÔc tou dipìlou (dipole strength density) eÐnai h t�sh pou efarmìzetai

s� aut  thn epif�neia, en¸ h isqÔc tou monìpolou an� mon�da epif�neiac

eÐnai h ro  m�zac (mass flux) pou diapern� thn epif�neia.

Autì to apotèlesma epitrèpei sthn akoustik  analogÐa tou Lighthill

na efarmosteÐ p�nw se èna periorismèno qwrÐo V , pou sunoreÔei me mÐa

akÐnhth epif�neia S, ¸ste na d¸sei thn akrib  èkfrash tou pedÐou tou
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 qou wc:

ρ′(x, t) =
1

4πc2
∂2

∂xi∂xj

∫
V

[
Tij
r

]
dV − 1

4πc2
∂

∂xj

∫
S

ni

[
ρuiuj + pij

r

]
dS

+
1

4πc2
∂

∂t

∫
S

[ρv · n
r

]
dS. (3.46)

 

p(x, t) =
∂2

∂xi∂xj

∫
V

Tij(y, t− |x−y|
c )

4π |x− y|
dV +

∂

∂xi

∫
S

fi(y, t− |x−y|
c )

4π |x− y|
dS

+
∂

∂t

∫
S

ρu⃗(y, t− |x−y|
c ) · n

4π |x− y|
dS (3.47)

ìpou fi = −(ρuiuj + pδij)nj, kai ni h i-ost  sunist¸sa tou n.

O pr¸toc ìroc eÐnai akrib¸c o Ðdioc me to dexÐ mèroc thc (3.32) kai

antiproswpeÔei thn sunist¸sa eleÔjerhc tÔrbhc (free turbulence com-

ponent).

O deÔteroc ìroc parist�nei thn sunist¸sa sqetik� me tic diakum�nseic

twn dun�mewn pou askoÔntai p�nw sto s¸ma (fluctuating body forces).

Tèloc o trÐtoc ìroc sqetÐzetai me tic kin seic tal�ntwshc tou stereoÔ

s¸matoc wc apotèlesma astajoÔc ro c, ìpou u⃗ eÐnai h taqÔthta thc epif�-

neiac. Mìno qamhl¸n arijm¸n Mach upohqhtikèc roèc ja analujoÔn sth

sunèqeia, en¸ gia analÔseic sqetik� me uperhqhtikèc roèc mporeÐ kaneÐc

na anaferjeÐ stouc Dowling kai Ffowcs Williams, [12], kai Goldstein,

[20].



Kef�laio 4

Montèla akoustik¸n phg¸n

4.1 Akoustikì dunamikì taqÔthtac

Qrhsimopoi¸ntac thn dianusmatik  jewrÐa, blèpe kai [33], eÐnai dunatìn

na apodeiqteÐ ìti h akoustik  taqÔthta tou swmatidÐou, u⃗, eÐnai astrìbilh

(irrotational). Apì thn dianusmatik  an�lush epÐshc mporeÐ na deiqteÐ ìti

h dianusmatik  sun�rthsh eÐnai to an�delta miac bajmwt c sun�rthshc,

an h strèyh thc (curl) eÐnai to mhdenikì di�nusma, p.q. gia thn bajmwt 

sun�rthsh ϕ, ∇⃗ × ∇⃗ϕ = 0.

H strèyh thc exÐswshc thc orm c eÐnai

ρ0
∂(∇⃗ × u⃗)

∂t
+ (∇⃗ × ∇⃗p) = 0 (4.1)

kai �ra

∇⃗ × u⃗ = 0 (4.2)

efìson (i) h p eÐnai mÐa bajmwt  posìthta, kai (ii) h stajer� sqetik� me to

qronikì olokl rwma eÐnai mhdèn. H stajer� prèpei na eÐnai mhdèn efìson

38
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oi akoustikèc posìthtec ja exafanÐzontai an den up�rqei k�poia akou-

stik  diègersh. H exÐswsh (4.2) epibebai¸nei ìti h akoustik  taqÔthta

tou swmatidÐou, u⃗, eÐnai mh peristrofik . Opìte mporeÐ na ekfrasteÐ wc

to an�delta miac bajmwt c sun�rthshc (an mÐa dianusmatik  sun�rthsh

eÐnai to an�delta miac bajmwt c sun�rthshc, h strèyh thc eÐnai to mhde-

nikì di�nusma-eÐnai mh peristrofik ). Sunep¸c eis�goume to akoustikì

dunamikì taqÔthtac ϕ, kai

u⃗ = ∇⃗ϕ (4.3)

To parap�nw apotèlesma eÐnai polÔ shmantikì. H fusik  tou ermhneÐa

eÐnai ìti h akoustik  diègersh se èna anixwdikì (inviscid) reustì den pa-

r�gei peristrefìmenh ro  (irrotational flow) - p.q. den up�rqoun oriak�

str¸mata, diatmhtikèc t�seic   den par�getai tÔrbh. 'Otan oi epidr�seic

tou ix¸douc den eÐnai amelhtèec, h strèyh thc taqÔthtac tou swmatidÐou

den eÐnai mhdèn pantoÔ kai up�rqei k�poia peristrofik  ro . Gia par�deig-

ma, ìtan ènac epÐpedoc dÐskoc diegeÐretai mhqanik� mèsa se ro  reustoÔ,

ektìc apì  qo, par�getai sthn epif�neia tou dÐskou kai strobil¸dhc ro 

(Soria kai Norton, [44]). Ta fainìmena peristrof c genik� periorÐzontai

kont� sto sÔnoro ìmwc di�forec allagèc mporoÔn na prokÔyoun oi opoÐec

kai askoÔn k�poia epirro  sthn di�dosh tou  qou.

Antikajist¸ntac thn exÐswsh (4.3) sthn exÐswsh thc orm c1 èqoume

∇⃗
{
ρ0
∂ϕ

∂t
+ p

}
= 0 (4.4)

Oi akoustikèc posìthtec mèsa stic agkÔlec exafanÐzontai an den up�rqei

1Dhlad  thn exÐswsh ρ0
∂u⃗
∂t

+ ∇⃗p = 0.
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k�poia akoustik  diataraq , opìte kai h stajer� olokl rwshc prèpei na

eÐnai mhdèn kai

p = −ρ0
∂ϕ

∂t
. (4.5)

Antikajist¸ntac to p sthn kumatik  exÐswsh2 paÐrnoume

∇2

{
∂ϕ

∂t

}
=

1

c2

{
∂3ϕ

∂t3

}
. (4.6)

An oloklhr¸soume wc proc to qrìno kai afoÔ h akoustik  posìthta ϕ

exafanÐzetai an den èqoume k�poia akoustik  diègersh h (4.5) eÐnai isodÔ-

namh me thn

∇2ϕ =
1

c2
∂2ϕ

∂t2
(4.7)

kai to ϕ ikanopoieÐ thn kumatik  exÐswsh.

Ja  tan qr simo na shmei¸soume oti ìtan sunist¸sec peristrofik c

ro c (p.q. kontin� sÔnora) prèpei na lhfjoÔn upìyh, èna di�nusma duna-

mikoÔ taqÔthtac , ψ⃗, eis�getai ètsi ¸ste

U⃗ = ∇⃗ϕ+ ∇⃗ × ψ⃗. (4.8)

O pr¸toc ìroc ousiastik� anaparist�nei tic diakum�nseic thc mh peri-

strofik c ro c en¸ o deÔteroc ìroc tic diakum�nseic thc peristrofik c

ro c.

H upìjesh tou dunamikoÔ thc taqÔthtac qrhsimopoieÐtai eurèwc sthn

reustodunamik  ìpou epitugq�nontai lÔseic gia thn taqÔthta tou swmati-

dÐou. H taqÔthta tou swmatidÐou gia thn trisdi�stath kumatik  exÐswsh

eÐnai mÐa dianusmatik  posìthta, en¸ h eisagwg  tou bajmwtoÔ dunamikoÔ

2Dhlad  thn exÐswsh ∇2p = 1
c2

∂2p
∂t2

.
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thc taqÔthtac epitrèpei na lujeÐ h kumatik  exÐswsh wc proc èna bajmw-

tì mègejoc. Oi “akoustikoÐ” , genik� qrhsimopoioÔn thn metablht  thc

pÐeshc h opoÐa eÐnai epÐshc èna bajmwtì mègejoc. H taqÔthta tou sw-

matidÐou eÐnai dunatìn na susqetisteÐ me tic diakum�nseic thc akoustik c

pÐeshc mèsw tou tÔpou ρ0
∂u⃗
∂t+∇⃗p = 0 (arq  diat rhshc thc orm c). Opìte

u⃗ = ∇⃗ϕ = −
∫

1

ρ0
∇⃗pdt. (4.9)

4.2 Di�dosh epÐpedwn hqhtik¸n kum�twn

JewroÔme èna epÐpedo, monodi�stato hqhtikì kÔma pou diadÐdetai sthn

x-kateÔjunsh. H monodi�stath omogen c kumatik  exÐswsh eÐnai

∂2p

∂x2
=

1

c2
∂2p

∂t2
, (4.10)

ìpou p = p(x, t). H genik  lÔsh perilamb�nei kÔmata pou taxideÔoun kai

proc tic dÔo kateujÔnseic, thn jetik  kai thn arnhtik . Pio sugkekrimèna

kai sÔmfwna me thn anafor� [1], èqoume

p(x, t) = A1e
i(ωt−kx) + A2e

i(ωt+kx). (4.11)

H taqÔthta swmatidÐou, u(x, t), kai to dunamikì taqÔthtac, ϕ(x, t), eÐnai

dunatìn na upologistoÔn antikajist¸ntac thn exÐswsh (4.11) sthn (4.9).

'Etsi èqoume

u⃗(x, t) =

{
A1

ρ0c
ei(ωt−kx) − A2

ρ0c
ei(ωt+kx)

}
i⃗, (4.12)

kai

ϕ(x, t) = − A1

iρ0ω
ei(ωt−kx) − A2

iρ0ω
ei(ωt+kx). (4.13)
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H taqÔthta swmatidÐou eÐnai mia dianusmatik  posìthta kai o ìroc èxw

apì ta �gkistra thc exÐswshc (4.12) eÐnai to monadiaÐo di�nusma, i⃗, sthn

kateÔjunsh tou �xona x. Prèpei na shmei¸soume ìti afoÔ migadikoÐ arij-

moÐ èqoun parousiasteÐ, oi akoustikèc metablhtèc eÐnai epÐshc migadikoÐ

arijmoÐ. Jètontac

p+ = A1e
i(ωt−kx), p− = A2e

i(ωt+kx), (4.14)

èqoume

u⃗(x, t) =

{
p+
ρ0c

− p−
ρ0c

}
i⃗, (4.15)

kai

ϕ(x, t) = − p+
iρ0ω

− p−
iρ0ω

. (4.16)

Sthn akoustik  sunhjÐzetai na jewroÔme ta odeÔonta kÔmata (travel-

ling waves) sthn jetik  kateÔjunsh, ìtan anaferìmaste sthn di�dosh twn

hqhtik¸n kum�twn pou apomakrÔnontai apì thn phg  se k�poio eleÔjero

pedÐo. Kai ta dÔo odeÔonta kÔmata (ta jetik� ka ta arnhtik�) prèpei na

labaÐnontai upìyh ìtan anaferìmaste se di�dosh hqhtik¸n kum�twn se

periorismènous-kleistoÔc q¸rouc, ìpwc gia par�deigma mèsa se swl nec,

agwgoÔc, dwm�tia k.t.l. H exÐswsh (4.15) ekfr�zei k�ti polÔ shmantikì.

Gia èna epÐpedo, armonikì odeÔon kÔma eÐte sthn jetik  eÐte sthn arnh-

tik  x-kateÔjunsh, oi diakum�nseic thc akoustik c pÐeshc eÐnai se f�sh

me tic taqÔthtec swmatidÐwn. H sqèsh f�shc metaxÔ twn dÔo aut¸n me-

tablht¸n eÐnai polÔ shmantik  gia thn katanìhsh se b�joc thc di�doshc

diaforetikoÔ tÔpou hqhtik¸n kum�twn.
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4.3 'Entash  qou kai hqhtik  isqÔc

DÔo epiplèon par�metroi pou paÐzoun spoudaÐo rìlo sthn akoustik  eÐnai

h èntash  qou kai h ekpempìmenh hqhtik  isqÔc.

H èntash tou  qou orÐzetai wc o rujmìc ro c thc enèrgeiac an� mon�da

epif�neiac h opoÐa eÐnai k�jeth sthn dieÔjunsh di�doshc. Apì thn basik 

dunamik , isqÔc = dÔnamh × taqÔthta. Gia mÐa akoustik  diadikasÐa, h

stigmiaÐa isqÔc eÐnai

Π = F⃗ · u⃗ (4.17)

ìpou F⃗ eÐnai to di�nusma thc dÔnamhc pou askeÐtai p�nw se èna swmatÐdio

kai to u⃗ sqetÐzetai me thn taqÔthta tou swmatidÐou. H isqÔc an� mon�da

k�jeth sthn epif�neia eÐnai to di�nusma thc stigmiaÐac èntashc tou  qou,

I⃗ ′, me

I⃗ ′ = pu⃗ (4.18)

H mèsh tim  (wc proc to qrìno)3 thc ro c thc stigmiaÐac isqÔoc an� mon�da

epif�neiac eÐnai to di�nusma thc mèshc èntashc, I⃗, me

I⃗ =
1

T

∫ T

0

pu⃗dt =
1

2
Re[pu⃗∗]. (4.19)

H deÔterh par�stash thc (4.19) qrhsimopoieÐtai ìtan oi diakum�nseic thc

akoustik c pÐeshc kai oi taqÔthtec twn swmatidÐwn eÐnai migadikèc armo-

nikèc metablhtèc.

3Gia èna aujaÐreto hqhtikì s ma, x(t), h mèsh tetragwnik  tim  se qrìno Ðso me

thn perÐodo, T , eÐnai ⟨x2⟩ = 1
T

∫ T

0
x2(t)dt, en¸ h rÐza mèshc tetragwnik c tim c (root-

mean-square value) eÐnai xrms = ⟨x2⟩1/2.
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Gia èna epÐpedo kÔma odeÔon proc thn jetik  x-dieÔjunsh

p(x, t) = Re[A1e
i(ωt−kx)] = p̂ cos(ωt− kx), (4.20)

ìpou p̂ eÐnai to pl�toc thc pÐeshc, kai

u(x, t) = Re[
A1

ρ0c
ei(ωt−kx)] =

p̂

ρ0c
cos(ωt− kx). (4.21)

H mèsh èntash tou  qou, I, prokÔptei me antikat�stash ston tÔpo (4.19)

kai upologÐzontac to olokl rwma, opìte

I =
p̂2

2ρ0c
=
p2rms

ρ0c
, (4.22)

(blèpe kai [33]).

4.4 Monìpola - aplèc sfairikèc hqhtikèc ph-

gèc

O biomhqanikìc jìruboc polÔ suqn� montelopoieÐtai apì aplèc phgèc. To

aploÔstero montèlo eÐnai to monìpolo (monopole), mia sfaÐra h opoÐa

p�lletai ekpèmpontac hqhtik� kÔmata pou eÐnai sun�rthsh mìno thc a-

ktÐnac (radial distance), r, apì thn phg . Opìte prin proqwr soume se

opoiad pote an�lush h kumatik  exÐswsh prèpei na metatrapeÐ se sfairi-

kèc suntetagmènec. SÔmfwna me thn par�grafo 4.2 h kumatik  exÐswsh

lÔjhke wc proc thn metablht  thc pÐeshc, kai dìjhke h sqèsh me thn

taqÔthta tou swmatidÐou kai to dunamikì taqÔthtac. Parak�tw, h kuma-

tik  exÐswsh ja lujeÐ wc proc to dunamikì taqÔthtac, kai sunep¸c, afoÔ

sqetÐzetai (sqèsh (4.9)), tic diakum�nseic thc pÐeshc kai thn taqÔthta tou
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swmatidÐou. MporoÔme dhlad  na prosdiorÐsoume thn pÐesh p lÔnontac

thn kumatik  exÐswsh

1

r

∂2(rϕ(r, t))

∂r2
− 1

c2
∂2ϕ(r, t)

∂t2
= 0 (4.23)

(sfairik  kumatik  exÐswsh sthn mÐa di�stash) gia to akoustikì dunamikì

thc taqÔthtac φ. AntiproswpeÔei ta proc k�je kateÔjunsh kÔmata pou

ekpèmpontai eswterik�   exwterik� thc phg c. O par�gontac rϕ(r, t)

sumperifèretai san mia apl  metablht  kai h exÐswsh eÐnai thc Ðdiac morf c

me ta epÐpeda kÔmata. H genik  lÔsh ([1]) eÐnai

rϕ(r, t) = G1(ct− r) +G2(ct+ r), (4.24)

opìte kai

ϕ(r, t) =
G1(ct− r)

r
+
G2(ct+ r)

r
. (4.25)

O pr¸toc ìroc antiproswpeÔei èna sfairikì akoustikì kÔma pou diadÐdetai

aktinwt� proc ta èxw thc hqhtik c phg c, en¸ o deÔteroc ìroc antiprosw-

peÔei èna sfairikì akoustikì kÔma pou diadÐdetai aktinwt� proc ta mèsa

thc hqhtik c phg c.

Ston mhqanologikì jìrubo kai sthn an�lush talant¸sewn, k�poioc

genik� ja endiaferìtan mìno gia ta hqhtik� kÔmata pou apomakrÔnon-

tai apì thn phg . Opìte, lamb�noume upìyhn mìno to pr¸to mèroc thc

parap�nw lÔshc. Katarq n , h sun�rthsh G1 mporeÐ na eÐnai opoiad po-

te aujaÐreth sun�rthsh, opìte paÐrnoume G1(ct − r) = Aei(ωt−kr), ìpou

k = ω/c kai ω h kuklik  suqnìthta. Opìte to φ èqei thn morf 

ϕ(r, t) =
A

r
ei(ωt−kr) (4.26)
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O ìroc A eÐnai mÐa stajer� h opoÐa prosdiorÐzetai apì tic sunoriakèc

sunj kec pou kajorÐzontai sthn epif�neia tou monìpolou.

JewroÔme mÐa talant¸menh sfaÐra aktÐnac α, me thn k�jeth sthn epi-

f�neia taqÔthta ua = Uαe
iωt, ìpou Uα to pl�toc thc k�jethc taqÔthtac

sthn epif�neia miac talant¸menhc sfaÐrac. Apì thn exÐswsh (4.3), èqoume

∂ϕ

∂r
= ur. (4.27)

Antikajist¸ntac thn (4.26) sthn (4.27) me r = α kai lÔnontac wc proc A

brÐskoume pwc

A = −Ua

{
α2

1 + ikα

}
eika, (4.28)

kai sunep¸c

ϕ(r, t) = −Ua

r

{
α2

1 + ikα

}
ei(ωt−k(r−α)). (4.29)

MporoÔme t¸ra na eis�goume thn isqÔ thc phg c, Q(t). H isqÔc phg c

enìc monopìlou orÐzetai wc embadì epif�neiac pollaplasiasmènh epÐ thn

taqÔthta thc epif�neiac. Opìte

Q(t) = 4πα2Uae
iωt = Qpe

iωt, (4.30)

ìpou Qp eÐnai to pl�toc thc isqÔoc thc phg c. 'Etsi gia to dunamikì

taqÔthtac ja èqoume

ϕ(r, t) = −Q(t)

4πr

{
1

1 + ikα

}
e−ik(r−α). (4.31)

Epomènwc oi diakum�nseic thc akoustik c pÐeshc, p(r, t) kai h taqÔthta

swmatidÐou, u(r, t), mporoÔn na prokÔyoun apì tic exis¸seic (4.5) kai (4.9)

antistoÐqwc me

p = −ρ0(∂ϕ/∂t), kai u(r, t) = ∂ϕ/∂r, (4.32)
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Sq ma 4.1: Monìpolo: hqhtik  phg  proc k�je kateÔjunsh

en¸ h èntash I = p2/(ρc) (prèpei na shmei¸soume pwc eÐnai sunart seic

tou r). Opìte

p(r, t) = −ikρ0cϕ(r, t) =
Q(t)

4πr

{
ikρ0c

1 + ikα

}
e−ik(r−α), (4.33)

kai

u(r, t) = −
{
1 + ikr

r

}
ϕ(r, t) =

Q(t)

4πr2

{
1 + ikr

1 + ikα

}
e−ik(r−α). (4.34)

H èntash tou  qou enìc sfairikoÔ hqhtikoÔ kÔmatoc eÐnai dunatìn t¸ra

na upologisteÐ. H mèsh ekpempìmenh èntash eÐnai mia pragmatik  posìth-

ta, upologÐzetai apì thn exÐswsh (4.19) kai eÐnai

I(r) =
Q2

pk
2ρ0c

32π2r2(1 + k2a2)
=

Q2
rmsk

2ρ0c

16π2r2(1 + k2a2)
. (4.35)

H ekpempìmenh hqhtik  isqÔc miac sfairik c phg c mporeÐ na upologisteÐ

apì thn sqèsh4:

Π =

∫
S

I⃗ · dS⃗

kai eÐnai

Π = 4πr2I(r) =
Q2

rmsk
2ρ0c

4π(1 + k2a2)
. (4.36)

To monìpolo perigr�fetai sqhmatik� sto sq ma (4.1).

4H hqhtik  isqÔc, Π eÐnai to olokl rwma thc èntashc se k�poio shmeÐo sto q¸ro

p�nw se epif�neia k�jeth sth ro  thc hqhtik c enèrgeiac, blèpe Norton, [33].
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Oi arqèc pou parousi�sthkan s� aut  th par�grafo apoteloÔn mÐa

shmantik  b�sh gia thn montelopoÐhsh twn hqhtik¸n phg¸n. Pollèc h-

qhtikèc phgèc sthn pr�xh, ìpwc eÐnai ta talant¸mena s¸mata kai oi ae-

rodunamikèc phgèc, eÐnai dunatìn na proseggistoÔn wc monìpola. An gia

par�deigma, h monopolik  hqhtik  phg   tan aerodunamik c fÔshc kai ìqi

k�poio talant¸meno s¸ma me mÐa taqÔthta epif�neiac, h ekpempìmenh hqh-

tik  isqÔc ja mporoÔse tìte na susqetisteÐ me thn mèsh taqÔthta ro c, th

mèsh prosjafaÐresh m�zac apì mÐa perioq  thc phg c. Gia na gÐnei autì ja

prèpei na epanexet�soume thn exÐswsh (4.36). H isqÔc thc phg c, Qrms,

metab�lletai ìpwc to L2U , ìpou L eÐnai oi tupikèc diast�seic thc perioq c

thc ro c tou reustoÔ, ìpwc gia par�deigma to pl�toc enìc tetr�gwnou

swl na, kai U h mèsh taqÔthta ro c. H qarakthristik  suqnìthta sthn

ro  metab�lletai ìpwc o ìroc U/L, kai autì prèpei na exis¸netai me th

qarakthristik  suqnìthta thc paragwg c aerodunamikoÔ  qou - gia dia-

nusmatik  eust�jeia. EpÐshc, h di�stash thc phg c, a, jewreÐtai ìti eÐnai

polÔ mikrìterh apì thn gewmetrik  di�stash, L, dhlad  a≪ L. Opìte

Π ≈ L4U 2ρ0cU
2

4πL2c2
≈ L2U 4ρ0

4πc
. (4.37)

H exÐswsh (4.37) upodhl¸nei pwc h ekpempìmenh hqhtik  isqÔc apì èna

aerodunamik¸c parag¸meno monìpolo eÐnai an�logh thc tètarthc dÔnamhc

thc taqÔthtac ro c. Autì eÐnai èna polÔ shmantikì apotèlesma kai èqei

shmantikèc praktikèc sunèpeiec oi opoÐec ja suzhthjoÔn argìtera s� autì

to kef�laio efìson melethjoÔn kai �lloi tÔpoi hqhtik¸n phg¸n, ¸ste na

mporoÔn na gÐnoun sugkrÐseic. EpÐshc ja deiqteÐ se epìmenh par�grafo
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pwc o parap�nw lìgoc metabol c isqÔei mìno gia upohqhtikèc roèc - ìpou

h mèsh taqÔthta ro c eÐnai mikrìterh apì thn taqÔthta tou  qou, c.

Merik� paradeÐgmata monopolik¸n hqhtik¸n phg¸n pou sqetÐzontai me

talant¸menec kataskeuès-domèc eÐnai mikrèc hlektrikèc mhqanèc, aeran-

tlÐec kai sugkekrimènoi tÔpoi jorÔbou odik c kukloforÐac (se mèsec apo-

st�seic makri� apì èna aplì ìqhma - se megalÔterec apost�seic h phg 

mporeÐ merikèc forèc na emfanÐzetai wc dÐpolo). Oi aerodunamikèc mono-

polikèc hqhtikèc phgèc perilamb�noun astaj  an�flexh se èna klÐbano,

seir nec, pallìmeno akrofÔsio (balbÐda) kai sphlai¸mata.

4.5 DÐpola

'Ena dÐpolo (dipole) eÐnai èna montèlo hqhtik c phg c to opoÐo apoteleÐtai

apì dÔo monìpola, Ðdiac hqhtik c isqÔoc polÔ kont� to èna me to �llo,

pou p�llontai me diafor� f�shc metaxÔ touc 180◦, kai ta sumbolÐzoume

−ve kai +ve. ExaitÐac aut c thc ektìc f�shc tal�ntwshc par�getai meta-

ballìmenh dÔnamh. H sun�rthsh dunamikoÔ taqÔthtac gia èna dÐpolo eÐnai

mÐa sun�rthsh thc polik c gwnÐac θ, kai epiplèon thc aktÐnac, r. Mpo-

reÐ na anaparastajeÐ me thn qwrik  par�gwgo thc sun�rthshc dunamikoÔ

taqÔthtac enìc monopìlou.

H an�lush twn dipìlwn me peperasmènec diast�seic eÐnai ekten c kai

kourastik . Polu�rijmoi sunduasmoÐ eÐnai dunatoÐ, gia perissìterec le-

ptomèreiec blèpe Pierce, [37],   Reynolds, [41]. Pollèc hqhtikèc phgèc,

sumperilambanomènou kai twn aerodunamik¸n dipolik¸n phg¸n, eÐnai du-
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Sq ma 4.2: Shmeiakì dipolikì montèlo - dÔo shmeiak� dÐpola sto q¸ro se polÔ mikr 

apìstash metaxÔ touc

natìn na montelopoihjoÔn wc shmeiak� dÐpola, ìpwc gia par�deigma ìtan

oi diast�seic thc dipolik c phg c eÐnai polÔ mikrèc (ka ≪ 1, ìpou a h

aktÐna thc talant¸menhc sfaÐrac - di�stash phg c kai k o kumatarijmìc

- wavenumber ), kai me aut  thn upìjesh h an�lush aplopoieÐtai arket�.

Se aut  thn par�grafo ja asqolhjoÔme me thn eidik  perÐptwsh thc ek-

pomp c  qou sto makrinì pedÐo apì shmeiakèc dipolikèc hqhtikèc phgèc.

Oi analutikèc teqnikèc pou ja anaferjoÔn mporoÔn eÔkola na epektajoÔn

se peript¸seic kai eggÔc pedÐou kai makrinoÔ pedÐou ekpomp c  qou apì

peperasmènwn diast�sewn dipolikèc phgèc.

JewroÔme dÔo shmeiak� monìpola sto q¸ro, pou qwrÐzontai apì mikr 

apìstash 2d ìpwc parousi�zetai kai sto sq ma (4.2). To olikì dunami-

kì taqÔthtac se k�poio shmeÐo, X, sto q¸ro eÐnai to �jroisma twn dÔo

xeqwrist¸n dunamik¸n taqÔthtac

ϕ(r, t) = ϕ1(r, t) + ϕ2(r, t). (4.38)

Oi apost�seic thc k�je phg c apì to shmeÐo X, dÐnontai apì tic sqèseic

r21 = (r2 + d2 − 2rd cos θ), kai r22 = (r2 + d2 + 2rd cos θ). (4.39)
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Sto makrinì pedÐo, r ≫ d, oi parap�nw gewmetrikèc sqèseic eÐnai dunatìn

na aplopoihjoÔn se

r1 ≈ r − d cos θ, kai r2 ≈ r + d cos θ. (4.40)

To dunamikì taqÔthtac gia èna shmeiakì monìpolo prokÔptei apì thn

sqèsh (4.31) jètontac ka→ 0, kai eÐnai

ϕ(r, t) = −Q(t)

4πr
e−ikr. (4.41)

Opìte to sunolikì dunamikì taqÔthtac exaitÐac kai twn dÔo shmeiak¸n

monìpolwn eÐnai

ϕ(r, t) = −Q1(t)

4πr1
e−ikr1 − Q2(t)

4πr2
e−ikr2 (4.42)

Sto makrinì pedÐo, r ≈ r1 ≈ r2, kai oi paronomastèc sthn parap�nw

exÐswsh mporoÔn na antikatastajoÔn apì r. Oi arijmhtèc ìmwc den prèpei

na antikatastajoÔn lìgw thc diafor�c f�shc metaxÔ twn talant¸menwn

monìpolwn. Antikajist¸ntac thn exÐswsh (4.40) sthn (4.42) brÐskoume

pwc to sunolikì dunamikì taqÔthtac eÐnai proseggistik� Ðso me

ϕ(r, θ, t) ≈ −e
−ikr

4πr

{
Q1(t)e

ikd cos θ+Q2(t)e
−ikd cos θ

}
. (4.43)

Gia èna shmeiakì dÐpolo, oi dÔo monìpolec phgèc èqoun thn Ðdia hqhtik 

isqÔ all� èqoun diafor� f�shc 180◦. Opìte

Q1(t) = Qpe
i(ωt+π/2), (4.44)

kai

Q2(t) = Qpe
i(ωt−π/2). (4.45)



KEF�ALAIO 4. MONT�ELA AKOUSTIK�WN PHG�WN 52

&%
'$

&%
'$

(a)

- - - - - - - -

Den èqoume ekpomp 

 qou kat� m koc autoÔ

tou �xona��	

u6
?

�-

u
-ve

+ve

6
?

�-

|||
|||
|||
|||
|||
|||
|||
|||
|||
|||
|||
|

'Axonac dipìlou
��	

Kai oi dÔo phgèc

èqoun p�nta

diafor� f�shc

180◦

(b)

Sq ma 4.3: Dipolik  hqhtik  phg 

Epomènwc,

ϕ(r, θ, t) = −Qpe
i(ωt−kr)

4πr

{
ei(kd cos θ+π/2)+e−i(kd cos θ+π/2)

}
, (4.46)

 

ϕ(r, θ, t) =
Qpe

i(ωt−kr)

4πr
2 sin(kd cos θ). (4.47)

Gia kd≪ 1 to teleutaÐo eÐnai proseggistik� Ðso me

ϕ(r, θ, t) =
Qpe

i(ωt−kr)

4πr
2kd cos θ. (4.48)

dhlad 

ϕ(r, θ, t) =
stajer�

r
e(iωt−kr)(2kd cos θ) (4.49)

ìpou θ eÐnai h gwnÐa apì ton �xona pou pern�ei apì ta kèntra touc. Ono-

m�zoume ton par�gonta (2kd cos θ) kateujuntikìthta (directivity factor).

To sq ma (4.3)a perigr�fei sqhmatik� to dÐpolo, kai to sq ma (4.3)b

faner¸nei to sq ma twn epÐpedwn gramm¸n thc èntashc I, h opoÐa èqei

thn morf 

I = stajer�
(cos θ)2

r2
(4.50)
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Pr�gmati h èntash tou  qou enìc dipìlou mporeÐ na upologisteÐ eÐte ako-

louj¸ntac thn Ðdia diadikasÐa ìpwc kai sta monìpola, eÐte anagnwrÐzon-

tac ìti to dunamikì taqÔthtac tou dipìlou sto makrinì pedÐo eÐnai Ðso me

to dunamikì taqÔthtac tou monìpolou me ènan epiplèon ìro o opoÐoc eÐ-

nai mÐa sun�rthsh thc polik c gwnÐac θ (suntelest c kateujuntikìthtac,

−2kdcosθ). Opìte èqoume

I(r, θ) =
Q2

pk
4ρ0c

32π2r2
(2kd cos θ)2, (4.51)

kai epomènwc

I(r, θ) =
Q2

pk
4d4ρ0c

8π2r2
cos2 θ =

Q2
rmsk

4d2ρ0c

4π2r2
cos2 θ. (4.52)

EÐnai shmantikì na tonÐsoume s� autì to shmeÐo ìti to dunamikì taqÔthtac

tou dipìlou pou perigr�fetai apì thn sqèsh (4.48) eÐnai mÐa prosèggish

sto makrinì pedÐo.

Sthn pragmatikìthta ìmwc, to dunamikì taqÔthtac tou dipìlou apote-

leÐtai apì dÔo ìrouc - apì tou opoÐouc o ènac sqetÐzetai me tic sunist¸sec

tou eggÔc pedÐou, kai o �lloc sqetÐzetai me tic sunist¸sec tou makrinoÔ

pedÐou. To pl rec dunamikì taqÔthtac tou dipìlou mporeÐ na perigrafeÐ

se ìrouc thc isqÔoc thc dipolik c phg c, Qd, (blèpe [41], kai [12]) me

mon�da mètrhshc to m4s−1, ìpou

ϕ(r, θ, t) =
cos θ

4π

{
1

cr

∂Qd(t− r/c)

∂t
+
Qd(t− r/c)

r2

}
. (4.53)

To ekpempìmeno hqhtikì pedÐo exart�tai apì to cosθ - p.q. stic 90◦ wc

proc ton �xona tou dipìlou ta hqhtik� pedÐa exoudeter¸nontai metaxÔ
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touc. EpÐshc, oi sunist¸sec tou eggÔc pedÐou metab�lontai me to antÐ-

strofo tou tetrag¸nou thc apìstashc, en¸ oi sunist¸sec tou makrinoÔ

pedÐou metab�llontai me to antÐstrofo thc apìstashc.

H isqÔc tou  qou sto makrinì pedÐo pou ekpèmpetai apì to dÐpolo

mporeÐ na upologisteÐ oloklhr¸nontac thn (4.52) p�nw se mÐa aujaÐreth

sfairik  epif�neia sth dosmènh aktÐna r. H hqhtik  isqÔc eÐnai

Π =
Q2

rmsk
4d2ρ0c

3π
. (4.54)

MÐa sÔgkrish mporeÐ na gÐnei an�mesa stouc  qouc pou ekpèmpontai apì

ta dÐpola kai ta monìpola sugkrÐnontac tic exis¸seic (4.36) kai (4.54). O

lìgoc thc hqhtik c isqÔoc pou ekpèmpetai apì èna dÐpolo proc aut  enìc

monìpolou eÐnai
ΠD

ΠM
=

4k2d2

3
∼

{
d

λ

}2

. (4.55)

To ΠD eÐnai h hqhtik  isqÔc pou ekpèmpetai apì to dÐpolo, ΠM eÐnai h

hqhtik  isqÔc pou ekpèmpetai apì to monìpolo, kai k = 2π/λ, ìpou λ

eÐnai to m koc kÔmatoc. EÐnai fanerì apì thn parap�nw exÐswsh pwc se

qamhlèc suqnìthtec (meg�la m kh kÔmatoc), to dÐpolo eÐnai polÔ ligìtero

apotelesmatikì se ekpomp  jorÔbou ap� ìti se uyhlèc suqnìthtec (mikr�

m kh kÔmatoc) sugkrinìmeno me èna monìpolo thc Ðdiac hqhtik c isqÔoc.

'Ena dÐpolo par�getai exaitÐac twn diakum�nsewn twn dun�mewn pÐeshc

poÔ exaskoÔntai kat� m koc tou �xona metaxÔ twn dÔo phg¸n. Autèc oi

dun�meic pÐeshc dhmiourgoÔntai apì tic ektìc f�shc talant¸seic twn dÔo

monopìlwn pou brÐskontai polÔ kont� metaxÔ touc. EÐnai opìte qr simo

na perigr�youme thn hqhtik  isqÔ pou ekpèmpetai apì èna dÐpolo se ìrouc
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twn diakum�nsewn dÔnamhc (kat� m koc tou �xona tou dipìlou) pou eÐnai

mÐa sun�rthsh thc isqÔoc thc phg c kai tou diaqwrismoÔ twn phg¸n. H

paragwg  tou tÔpou thc ekpempìmenhc isqÔoc se ìrouc twn diakum�nse-

wn thc dÔnamhc anafèretai sthn [41]. Ektim�tai upologÐzontac thn r.m.s

diakÔmansh thc dÔnamhc, Frms, se mÐa sfairik  epif�neia pou perièqei to

dÐpolo, ìti

Π =
3F 2

rmsk
2

4πρ0c
. (4.56)

H ekpempìmenh hqhtik  isqÔc apì aerodunamikèc dipolikèc phgèc eÐnai

dunatì na upologisteÐ eÐte apì thn exÐswsh (4.54) eÐte apì thn (4.56)

qrhsimopoi¸ntac thn Ðdia diadikasÐa pou akolouj jhke sthn prohgoÔme-

nh par�grafo gia ta aerodunamik� monìpola. H isqÔc thc phg c, Qrms,

metab�lletai ìpwc to (2d)2U , ìpou 2d eÐnai h apìstash metaxÔ twn dÔo

monopolik¸n phg¸n sthn perioq  thc ro c tou reustoÔ, kai U eÐnai h mè-

sh taqÔthta ro c. H diakumainìmenh dÔnamh, Frms, metab�lletai ìpwc o

ìroc ρ0U2d2. H qarakthristik  suqnìthta mèsa sthn ro  eÐnai an�logh

me ton ìro U/2d, kai ìpwc eÐnai logikì eÐnai Ðsh me th suqnìthta tou

aerodunamik¸c parag¸menou  qou. Opìte

Π =
Q2

rmsω
4d2ρ0c

3πc4
≈ (2d)4U 2U4d2ρ0c

(2d)43πc4
≈ ρ0d

2U6

3πc3
. (4.57)

H exÐswsh (4.57) upodhl¸nei p¸c h hqhtik  isqÔc pou ekpèmpetai apì èna

aerodunamik¸c paragìmeno dÐpolo eÐnai an�logh me thn èkth dÔnamh thc

taqÔthtac ro c (èna monìpolo eÐnai an�logo me thn tètarth dÔnamh thc

taqÔthtac ro c).

Prèpei na shmei¸soume pwc en¸ ta monìpola strèfontai proc k�je
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kateÔjunsh, ta dÐpola den par�goun kajìlou  qo k�jeta ston �xona tou

dipìlou ìpwc eÐnai fanerì kai sta antÐstoiqa sq mata.

Epistèfontac sthn par�grafo 3.3 prèpei t¸ra na epishm�noume thn

diafor� metaxÔ twn sqèsewn (3.38) kai (3.39):

p(x, t) = −
∫
V

divfi(y, t− |x−y|
c )

4π |x− y|
dy (4.58)

 

p(x, t) = − ∂

∂xi

∫
V

fi(y, t− |x−y|
c )

4π |x− y|
dy (4.59)

Sth pr¸th exÐswsh, h phg  antiproswpeÔetai apì mÐa seir� monopìlwn

isqÔoc ∂fi/∂yi. Sthn deÔterh, anaparÐstatai wc èna dÐpolo isqÔoc fi - h

dÔnamh pou askeÐtai ston ìgko tou reustoÔ eÐnai Ðsh me to rujmì metabo-

l c thc orm c, efìson h ro  m�zac mèsa kai èxw apì ton ìgko tou reustoÔ

eÐnai h Ðdia. Diathr¸ntac thn lÔsh sthn morf  thc exÐswshc (4.58), ìlec

oi kajuster seic qrìnou an�mesa sta stoiqeÐa thc phg c kai sth jèsh

tou parathrht  ja prèpei na eÐnai gnwstèc. An oi kajuster seic qrìnou

 tan amelhtèec, to qwrikì olokl rwma ja katèlhge se mhdèn kai den ja

paragìtan  qoc! Autì mporeÐ na apodeiqjeÐ majhmatik� (blèpe [12]) all�

eÐnai anamenìmeno diaisjhtik� diìti up�rqei, ex orismoÔ, mhdenikìc ruj-

mìc ro c m�zac. Ta di�fora monopolik� stoiqeÐa mèsa sthn perioq  thc

phg c exoudeter¸nontai metaxÔ touc, kai qwrÐc tic kajuster seic qrìnou

an�mesa sta di�fora hqhtik� stoiqeÐa, h ekpomp   qou ja  tan mhdenik .

Opìte metasqhmatÐzontac thn exÐswsh (4.58) sthn dipolik  katanom  ph-

g¸n thc exÐswshc (4.59), h ekpempìmenh hqhtik  pÐesh mporeÐ na ektimhjeÐ
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apì th gn¸sh thc katanom c thc dÔnamhc. M� autì to trìpo h apaÐthsh

gia leptomer  gn¸sh twn kajuster sewn qrìnou an�mesa sthn phg  kai

th jèsh tou parathrht , apofeÔgetai.

H exÐswsh (4.59) mporeÐ na aplopoihjeÐ gia mhqanologikèc proseggÐ-

seic. Jewr¸ntac thn sqèsh r = |x− y|, mporeÐ na grafeÐ wc

p(x, t) = −
∫
V

∂r

∂xi

∂

∂r

fi(y, t− |x−y|
c )

4π |x− y|
dy. (4.60)

Opìte kai

p(x, t) =
1

4π

∫
V

∂r

∂xi

{
fi
r2

+
1

cr

∂fi
∂t

}
dy, (4.61)

afoÔ
∂fi
∂r

= −1

c

∂fi
∂t
. (4.62)

T¸ra, to ∂r/∂xi, mporeÐ na metafrasteÐ san thn kateujuntikìthta tou

dipìlou - eÐnai to sunhmÐtono thc gwnÐac metaxÔ tou �xona tou dipìlou (h

gramm  kat� m koc thc opoÐac energoÔn oi diakum�nseic dÔnamhc) kai thc

apìstashc metaxÔ thc phg c kai tou parathrht . Pr�gmati afoÔ eÐnai

r = |x− y| =

√√√√ 3∑
i=1

(xi − yi)2

èqoume
∂r

∂xi
=

2(xi − yi)

2

√
3∑

i=1

(xi − yi)2

=
xi − yi
r

= cos θi. (4.63)

Opìte,

p(x, t) =
1

4π

∫
V

{
fi
r2

+
1

cr

∂fi
∂t

}
cos θidy, (4.64)
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H ekpempìmenh pÐesh èqei mÐa sunist¸sa eggÔc pedÐou kai mÐa sunist¸-

sa apìmakrou pedÐou me epiplèon ex�rthsh apì to cos θ.

4.6 Tetr�pola - par�llhla kai diam kh

'Otan dÔo dÐpola Ðdiac isqÔoc eÐnai polÔ kont� metaxÔ touc kai p�llontai

me diafor� f�shc 180◦ èqoume èna tetr�polo (quadrapole). 'Opwc eÐnai

fanerì kai sto sq ma (4.4) up�rqoun dÔo eid¸n tetr�pola: ta par�llhla-

par�pleura (lateral) kai ta diam kh (longitudinal). Dhlad  en¸ èna dÐ-

polo èqei ènan �xona (oi diakum�nseic twn dun�mewn thc pÐeshc epidroÔn

kat� m koc tou �xona metaxÔ twn dÔo phg¸n), èna tetr�polo èqei dÔo. Ta

dÔo dÐpola talant¸nontai ektìc f�shc metaxÔ touc kai autì èqei wc apo-

tèlesma na mhn afaireÐtai m�za apomakrunìmenh apì thn phg , kai na mhn

emfanÐzontai dun�meic (den up�rqei fusikìc mhqanismìc ¸ste na èqoume

metabol  m�zac   orm c). To tetr�polo parìl� aut�, askeÐ mÐa t�sh sto

mèso, kai eÐnai aut  h diakumainìmenh t�sh h opoÐa par�gei ton  qo (ta mo-

nìpola par�goun  qo exaitÐac twn diakum�nsewn thc taqÔthtac epif�neiac

  thn prosjafaÐresh m�zac apì mÐa perioq  thc phg c, kai ta dÐpola lìgw

twn diakumainìmenwn dun�mewn). Se roèc aerÐwn, ta tetr�pola par�gontai

apì tic t�seic lìgw trib c pou emfanÐzontai mèsa sto aèrio.

Oi sqèseic gia thn èntash kai thn isqÔ tou ekpempìmenou  qou apì

èna dÐpolo proèkuyan parathr¸ntac thn parembol  twn dÔo shmeiak¸n

monìpolwn pou brÐskontai polÔ kont� metaxÔ touc. Oi sqèseic gia thn

èntash kai thn isqÔ tou ekpempìmenou  qou apì èna tetr�polo mporoÔn na
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prokÔyoun eÐte me trìpo parìmoio jewr¸ntac thn parembol  metaxÔ twn

dÔo shmeiak¸n dipìlwn pou brÐskontai se kontin  apìstash metaxÔ touc

eÐte ekfr�zontac to dunamikì taqÔthtac tou tetrapìlou wc thn qwrik 

par�gwgo tou dunamikoÔ taqÔthtac tou monopìlou. Oi upologismoÐ autoÐ

eÐnai ekteneÐc kai parapèmpoume stouc Pierce, [37], kai Reynolds, [41], gia

perissìterec leptomèreiec.

DÔo dunatoÐ sunduasmoÐ tetrapìlwn up�rqoun. O pr¸toc eÐnai ìtan

oi �xonec twn dÔo dipìlwn den brÐskontai sthn Ðdia gramm , kai o deÔte-

roc ìtan brÐskontai sthn Ðdia gramm . To pr¸to onom�zetai par�llhlo

tetr�polo kai to teleutaÐo diam kec.

H hqhtik  isqÔc ekpempìmenh apì èna par�llhlo tetr�polo eÐnai ([37],

[41])

Π =
4Q2

rmsρ0cd
4k6

15π
, (4.65)

en¸ apì èna diam kec tetr�polo h hqhtik  isqÔc eÐnai

Π =
4Q2

rmsρ0cd
4k6

5π
. (4.66)

Sthn parap�nw exÐswsh, Qrms eÐnai h isqÔc tou  qou tou enìc apì ta

tèssera monìpola, apì ta opoÐa apoteleÐtai to tetr�polo, kai 2d eÐnai h

apìstash pou qwrÐzei dÔo opoiad pote diplan� monìpola.

H isqÔc tou  qou pou ekpèmpetai apì èna aerodunamikì tetr�polo mpo-

reÐ na upologisteÐ akolouj¸ntac thn Ðdia diadikasÐa pou qrhsimopoi jhke

gia ta monìpola kai ta dÐpola. H isqÔc thc phg c, Qrms, metab�lletai

ìpwc o ìroc (2d)2U , ìpou U eÐnai h mèsh taqÔthta ro c, en¸ h qarakth-
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ristik  suqnìthta sth ro  metab�lletai ìpwc o ìroc U/(2d). Opìte, gia

èna par�llhlo tetr�polo,

Π =
4Q2

rmsρ0cd
4ω6

15πc6
≈ ρ0d

2U 8

15πc5
, (4.67)

en¸ gia èna diam kec tetr�polo

Π =
4Q2

rmsρ0cd
4ω6

5πc6
≈ ρ0d

2U 8

5πc5
. (4.68)

Oi exis¸seic mac upodeÐqnoun ìti h hqhtik  isqÔc pou par�getai tìso

apì par�llhla ìso kai apì diam kh tetr�pola eÐnai an�logh me thn ìgdoh

dÔnamh thc taqÔthtac ro c (èna monìpolo eÐnai an�logo me thn tètarth

dÔnamh èna dÐpolo eÐnai an�logo me thn èkth dÔnamh thc taqÔthtac ro c).

MporoÔme t¸ra na k�noume mÐa sÔgkrish thc apodotikìthtac metaxÔ

twn monopìlwn kai twn tetrapìlwn sugkrÐnontac tic exis¸seic (4.36) kai

(4.65). O lìgoc thc hqhtik c isqÔoc pou ekpèmpetai apì èna tetr�polo

proc aut  pou ekpèmpetai apì èna monìpolo eÐnai

ΠQ

ΠM
∼ d4k4 ∼

{
d

λ

}4

. (4.69)

SugkrÐseic metaxÔ aut c thc exÐswshc kai thc (4.55) mac deÐqnoun pwc ta

monìpola eÐnai oi pio apotelesmatikoÐ ekpompeÐc  qou en¸ ta tetr�pola oi

ligìtero apotelesmatikoÐ. Autì to shmantikì apotèlesma sumperaÐnetai

epÐshc kai apì tic sqèseic analogÐac me thn taqÔthta ro c gia aerodunami-

koÔ tÔpou phgèc. O suntelest c kateujuntikìthtac (  kateujuntikìthta)

i. gia to par�llhlo tetr�polo eÐnai an�logoc me sin θ cos θ,

ii. en¸ gia to diam kec tetr�polo eÐnai an�logoc me cos θ2,



KEF�ALAIO 4. MONT�ELA AKOUSTIK�WN PHG�WN 62

pr�gma pou prokÔptei an ergastoÔme me trìpo parìmoio me thn diadikasÐa

pou akolouj same gia to dÐpolo, blèpe [33].

4.7 H an�lush thc lÔshc thc exÐswshc tou Li-

ghthill se monìpola, dÐpola kai tetr�pola

Sthn par�grafo 3.3 metasqhmatÐsame thn exÐswsh (3.32) sthn (3.34):

∂2

∂xi∂xj

∫
V

Tij(y, t− r/c)

r
d3y =

=

∫
V

∂2r

∂xi∂xj

{
1

c2r

∂2Tij
∂t2

+
2

cr2
∂Tij
∂t

− 2

r3
Tij

}
d3y (4.70)

pr�gma pou ja mac bohj sei na anagnwrÐsoume thn tetrapolik  fÔsh thc

hqhtik c phg c (blèpe kai Goldstein, [20], kaj¸c kai Richards kai Mead,

[43]). 'Opwc kai sto dÐpolo, k�poioc diaisjhtik� ja perÐmene ènan ìro

ekpomp c sto apìmakro pedÐo kai ènan sto eggÔc pedÐo. O ìroc mèsa

sta �gkistra thc (4.70) parist�nei touc ìrouc ekpomp c sto eggÔc kai

to makrinì pedÐo - up�rqoun dÔo ìroi eggÔc pedÐou (r−2 kai r−3) kai è-

nac makrinoÔ pedÐou. 'Opwc kai sto dÐpolo, o ìroc ∂2r/∂xi∂xj eÐnai o

suntelest c kateujuntikìthtac kai:

i. gia i = j autìc eÐnai ≈ cos2 θ (èna diam kec tetr�polo) en¸

ii. gia i ̸= j eÐnai ≈ cos θ sin θ (èna par�llhlo tetr�polo).

Opìte sthn sqèsh (3.47) h sunist¸sa eleÔjerhc tÔrbhc (free turbulence

component) -pr¸toc ìroc - apoteleÐtai apì tetr�pola. 'Omoia o deÔteroc

ìroc poÔ antiproswpeÔei thn sunist¸sa sqetik� me tic diakum�nseic twn
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dun�mewn pou askoÔntai p�nw sto s¸ma apoteleÐtai apì dÐpola (fluctua-

ting body forces) en¸ o trÐtoc ìroc poÔ parist�nei tic kin seic tal�ntwshc

tou stereoÔ s¸matoc apoteleÐtai apì monìpola.

4.8 Ta apotelèsmata thc parousÐac stere¸n sw-

m�twn sth ro 

An h sunist¸sa thc eleujèrhc tÔrbhc eÐnai o kurÐarqoc ìroc (gia pa-

r�deigma h ektoxeuìmenh ro  apo mia balbÐda), tìte, oi turb¸deic dÐnec

(strìbiloi) exart¸ntai apì th mèsh ro , U , kai to p�qoc enìc oriakoÔ

str¸matoc   miac balbÐdac diamètrou, D. H qronik  klÐmaka tou hqhtikoÔ

pedÐou eÐnai opìte D/U . Opìte, h klÐmaka m kouc kÔmatoc tou  qou eÐnai

λ = cD/U = D/M , ìpou c eÐnai h taqÔthta tou  qou kai M o arijmìc

Mach thc ro c. Opìte,

M =
D

λ
=

tupikèc diast�seic phg c

akoustikì m koc kÔmatoc
. (4.71)

Gia roèc qamhl¸n arijm¸n Mach, λ ≫ D. Autì shmaÐnei ìti oi kajuste-

r seic qrìnou metaxÔ twn diaforetik¸n shmeÐwn mèsa sthn perioq  thc

phg c mporoÔn na jewrhjoÔn amelhtèec. Apì thn �llh pleur�, gia uyh-

lèc upohqhtikèc kai uperhqhtikèc roèc, D ∼ λ  D ≫ λ, oi kajuster seic

qrìnou prèpei na labaÐnontai upìyh sthn an�lush.

Oi di�foroi ìroi sqetik� me th sunist¸sa thc eleÔjerhc tÔrbhc mpo-

roÔn t¸ra na upologistoÔn. To ∂/∂xi metab�lletai ìpwc to 1/λ  M/D,

en¸ to qwrikì olokl rwma metab�lletai ìpwc to D3, kai o tanust c t�-
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shc tou Lighthill Tij metab�lletai ìpwc o ρU 2 efìson oi t�seic Reynolds

lìgw trib c (diatmhtikèc) eÐnai autèc pou kuriarqoÔn. Opìte apì th su-

nist¸sa thc eleÔjerhc tÔrbhc sthn exÐswsh (3.47) èqoume -blèpe [29]

(Leehey - Hanson, 1971) kai [33] (Norton , 1989)-

p(x, t) ∼
{
M

D

}2
D3ρU 2

4πr
=

ρD

4πrc2
U 4 =M2 ρD

4πr
U 2 (4.72)

afoÔ kai M = U/c, en¸ h èntash

I(r) =
p2(x, t)

(ρc)0
=

ρ2D2

16π2r2c4(ρc)0
U8. (4.73)

H exÐswsh (4.73) upodhl¸nei ìti h ekpempìmenh hqhtik  isqÔc eÐnai an�-

logh me thn ìgdoh dÔnamh thc taqÔthtac ro c - autìc eÐnai o di�shmoc U 8

nìmoc tou Lighthill gia thn paragwg   qou apo tÔrbh. EÐnai parìmoioc me

th sqèsh U 8 pou par�qjhke sthn par�grafo 4.6 gia ta tetr�pola. Prèpei

na shmeiwjeÐ ìti o ìroc (ρc)0 eÐnai h puknìthta kai h taqÔthta tou  qou

sth jèsh tou parathrht . Kat� kanìna, ja mporoÔse na eÐnai diaforeti-

k� apì thn puknìthta, ρ, kai thn taqÔthta tou  qou, c sthn perioq  thc

phg c eidikìtera an jerm� aèria (k.t.l.) perilamb�nontan.

H sunolik  diakumainìmenh dÔnamh metab�lletai ìpwc o ìroc ρU 2D2,

opìte apì th sunist¸sa sqetik� me tic diakum�nseic twn dun�mewn sthn

exÐswsh (3.47) eÐnai

p(x, t) ∼
{
M

D

}
D2ρU 2

4πr
=

ρD

4πcr
U 3 =M

ρD

4πr
U 2 (4.74)

kai

I(r) =
p2(x, t)

(ρc)0
=

ρ2D2

16π2r2c2(ρc)0
U6. (4.75)
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H exÐswsh (4.74) mac deÐqnei ìti h ekpempìmenh hqhtik  isqÔc eÐnai

an�logh thc èkthc dÔnamhc thc taqÔthtac ro c. EÐnai parìmoia me th

sqèsh U 6 pou par�qjhke sthn par�grafo 4.5 gia ta dÐpola.

Tèloc, h ekpomp  hqhtik c isqÔoc pou sqetÐzetai me ton trÐto ìro (oi

kin seic twn stere¸n swm�twn oi opoÐec par�goun diastol  tou ìgkou)

sthn exÐswsh (3.47) eÐnai dunatìn na upologisteÐ. Ed¸, ∂/∂t metab�lletai

ìpwc h akoustik  suqnìthta, U/D kai to epifaneiakì olokl rwma ìpwc

to D2. Opìte brÐskoume ìti gia thn pÐesh pou sqetÐzetai me tic kin seic

tal�ntwshc thc epif�neiac twn swm�twn sthn (3.47) eÐnai

p(x, t) ∼ U

D

ρD2U

4πr
=
ρD

4πr
U 2 (4.76)

kai

I(r) =
p2(x, t)

(ρc)0
=

ρ2D2

16π2r2(ρc)0
U 4. (4.77)

Oi suntelestèc kateujuntikìthtac èqoun paralhfjeÐ gia thn sqèsh (4.74)

kai thn (4.72), sÔmfwna me ton Friedman, [18].

H exÐswsh (4.77) upodhl¸nei ìti h ekpempìmenh hqhtik  isqÔc eÐnai

an�logh me thn tètarth dÔnamh thc taqÔthtac ro c. EÐnai parìmoia me th

U 4 sqèsh pou par�qjhke sthn par�grafo 4.4 gia ta monìpola.

Pollèc shmantikèc parathr seic mporoÔn na gÐnoun se sqèsh me tic

exis¸seic (4.72)- (4.77). Kat� arq n, h èntash tou ekpempìmenou  qou

(  h mèsh tetragwnik  hqhtik  pÐesh) eÐnai an�logh me to antÐstrofo te-

tr�gwno thc apìstashc. Kat� deÔteron, h èntash eÐnai an�logh me to

tetr�gwno thc tupik c di�stashc thc phg c, gia par�deigma tou p�qouc
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tou oriakoÔ str¸matoc   thc diamètrou thc balbÐdac. TrÐton, h ex�r-

thsh apì thn taqÔthta poikÐlei apì U 8 gia ta tetr�pola èwc U 4 gia ta

monìpola.

Gia ta autokÐnhta, k�tw apì kanonikèc sunj kec od ghshc, isqÔei ìti

M ≈ 1
10 , ètsi ¸ste h (4.74) eÐnai perÐpou mÐa t�xh megèjouc mikrìterh

apì thn (4.76), en¸ h (4.72) eÐnai dÔo t�xeic megèjouc mikrìterh apì thn

(4.76).

Di�foroi aerodunamikoÐ  qoi dhmiourgoÔntai ìtan odhgoÔme èna autokÐ-

nhto. Proèrqontai apì thn mhqan , touc ualokajarist rec, touc plaðnoÔc

kajrèptec, tic talant¸seic tou s¸matoc tou autokin tou, to sÔsthma kau-

saerÐwn, thn allhlepÐdrash twn elastik¸n twn troq¸n me ton drìmo, thn

radiofwnik  keraÐa k.t.l. Sthn sunèqeia (sto epìmeno kef�laio) afoÔ

pr¸ta anafèroume k�poia basik� stoiqeÐa thc jewrÐac twn Powell - Howe

ja asqolhjoÔme me thn keraÐa. Apì thn an�lush (4.72)-(4.76) blèpoume

pwc o pio shmantikìc ìroc ston aeroakoustikì  qo pou par�getai apì

thn keraÐa eÐnai autìc pou proèrqetai apì thn kÐnhsh thc epif�nei�c thc.

4.9 H jewrÐa twn Powell - Howe gia ton  qo pou

par�getai apì strobilismì

H jewrÐa tou Lighthill èqei qrhsimopoihjeÐ ektetamèna kai se upohqhtik�

kai se uperhqhtik� sust mata ro¸n, gia thn prìbleyh jorÔbou apì ae-

riwjoÔmeno, jorÔbou apì oriakì str¸ma, astajeÐc roèc p�nw se st�sima

  kinoÔmena stere� s¸mata, k.t.l. Akìma kai ìtan ìlec oi plhroforÐec
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gia thn ro  den eÐnai diajèsimec, en¸ oi mìnec par�metroi pou eÐnai diajè-

simec eÐnai oi ent�seic kai oi di�forec metabolèc twn mhk¸n, o tanust c

t�shc tou Lighthill, Tij eÐnai èna ergaleÐo me pollèc dunatìthtec. An

parìl� aut�, zhteÐtai leptomer c gn¸sh thc ro s-twn akoustik¸n allh-

lepidr�sewn, tìte oi ìroi thc phg c sthn exÐswsh tou Lighthill prèpei na

oristoÔn xan�.

To 1964, o Powel [39] èjese to aÐthma ìti h proèleush tou aerodu-

namikoÔ  qou prèpei na apodojeÐ sth diadikasÐa sqhmatismoÔ strobÐlwn

- h èntonh kÐnhsh pou prokaleÐ ton sqhmatismì strobÐlwn, tautoqrìnwc

aux�nei kai thn ekpomp   qou. O Howe, [23], anapros�rmose thn jewrÐa

tou Lighthill gia roèc qamhl¸n arijm¸n Mach sÔmfwna me ton Powell gia

ton  qo pou proèrqetai apì strobilismì, kai sunèdese tic aerodunamikèc

hqhtikèc phgèc me tic sugkekrimènec perioqèc sth ro  ìpou to olikì di�nu-

sma (mèso kai astajèc) strobil¸douc kÐnhshc, ω⃗, den mhdenÐzetai. Prèpei

na anaferjeÐ pwc, en¸ h strobil¸dhc kÐnhsh eÐnai mÐa aparaÐthth sunj kh

gia mÐa aerodunamik  hqhtik  phg , den eÐnai mÐa epark c sunj kh.

Apì thn mhqanik  twn reust¸n, ìtan mÐa ro  perièqei kai peristrofik 

kai mh peristrofik  kÐnhsh, h olik  taqÔthta, U⃗ , dÐnetai apì thn exÐswsh

(4.8) kai eÐnai

U⃗ = ∇⃗ϕ+ ∇⃗ × ψ⃗, (4.78)

ìpou ϕ eÐnai to dunamikì thc mh peristrofik c taqÔthtac, kai ψ⃗ to du-

namikì thc peristrofik c taqÔthtac. Se sust mata turbwd¸n ro¸n, υ⃗ =

∇⃗× ψ⃗ eÐnai h olik  (mèsh kai astaj s-mean plus unsteady) peristrofik 
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sunist¸sa tou pedÐou taqÔthtac, kai u⃗ = ∇⃗ϕ eÐnai h mh peristrofik  asta-

j c sunist¸sa (irrotational unsteady component). H mh peristrofik 

astaj c sunist¸sa eÐnai mh mhdenik  mìno ìtan to reustì eÐnai sumpie-

stì kai epomènwc sqetÐzetai me thn akoustik  taqÔthta tou swmatidÐou.

O strobilismìc tìte mìno sqetÐzetai me to di�nusma tou dunamikoÔ thc

taqÔthtac kai eÐnai

ω⃗ = ∇⃗ × υ⃗ = ∇⃗ × (∇⃗ × ψ⃗). (4.79)

Gia strobil¸deic perioqèc entopismènec sto q¸ro, o Howe (anafor�

[23]) anapros�rmose thn kumatik  exÐswsh tou Lighthill kai par gage

thn
1

c2
∂2p

∂t2
−∇2p = ρ0∇⃗ · (ω⃗ × υ⃗). (4.80)

O ìroc ρ0(ω⃗ × υ⃗) anafèretai sthn bibliografÐa wc di�nusma Lamb kai

eÐnai h astaj c, strobil¸dhc dÔnamh �ntwshc (unsteady vortical lifting

force). O Howe prosp�jhse na genikeÔsei thn exÐswsh, me thn st�simh

(<<limn�zousa>>) enjalpeÐa (stagnation enthalpy) wc akoustik  metablh-

t  sth jèsh thc puknìthtac, gia thn mètrhsh twn allhlepidr�sewn twn

stere¸n swm�twn k.t.l. H klasik  tou an�lush eÐqe wc apotèlesma thn

akìloujh analogÐa me tanust  t�shc tou Lighthill ton

∂2Tij
∂xi∂xj

= ρ0∇⃗ ·
{
(ω⃗ × υ⃗)− T ∇⃗S

}
, (4.81)

ìpou T eÐnai h jermokrasÐa kai S h entropÐa. H parap�nw exÐswsh dieu-

krinÐzei pwc oi phgèc tou aerodunamikoÔ  qou perièqontai stic perioqèc

thc ro c ìpou to di�nusma strobilismoÔ kai to di�nusma tou an�delta
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thc entropÐac eÐnai mh mhdenik�. H an�lush tou Howe èqei efarmosteÐ

epituq¸c se èna eurÔ f�sma perÐplokwn problhm�twn paragwg c  qou

se mh omogeneÐc roèc (anaforèc [23], [24], [25]). Ja  tan qr simo na sh-

mei¸soume pwc h parap�nw an�lush den eÐnai aparaÐthta periorismènh se

isqurèc roèc (ìpou dhmiourgeÐtai katanemhmènoc strobilismìc) ìpwc eÐnai

fanerì kai apì thn exÐswsh (4.82). EpÐshc ja prèpei na poÔme pwc, h

Ôparxh trib¸n den ephre�zei thn parap�nw jewrÐa. O Crighton, [9], mac

dieukrinÐzei wstìso, pwc h jewrÐa strobilismoÔ twn Powell-Howe en¸

sundèei tic phgèc  qou me perioqèc strobilismoÔ, den tic sundèei topik�

kai grammik� me to strobilismì. Genik� den èqoun efeurejeÐ trìpoi gram-

mik c susqètishc twn hqhtik¸n phg¸n me to strobilismì. En¸ h jewrÐa

tou Lighthill epitrèpei na èqoume akrib  genik� apotelèsmata ìtan o ta-

nust c t�shc, Tij, mporeÐ eÔkola na upologisteÐ, h jewrÐa strobilismoÔ

twn Powell-Howe epitrèpei se sugkekrimèna probl mata, sqetik� me tic

akoustikèc allhlepidr�seic thc ro c, na lujoÔn.

O Howe sth sunèqeia ([25], [24]) dhmioÔrghse mia genik  sqèsh isor-

ropÐac thc orm c (momentum balance relationship ) perigr�fontac ton

rujmì ��ap¸leias�� hqhtik c enèrgeiac exaitÐac thc paragwg c strobÐlwn

parousÐa mh èntonwn, mèswn upohqhtik¸n ro¸n (low sub-sonic mean flo-

ws). O ìroc ��ap¸leia�� qrhsimopoieÐtai kataqrhstik� kaj¸c mporeÐ na

anaferjeÐ kai se arnhtik  ap¸leia (paragwg  tou  qou) kai jetik  ap¸-

leia (aporrìfhsh tou  qou), gia par�deigma h paragwg  tou  qou lìgw

strobilismoÔ prokaleÐ arnhtik  ap¸leia, en¸ h paragwg  strobilismoÔ
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lìgw  qou jetik  ap¸leia. O tÔpoc ap¸leiac tou Howe eÐnai

ΠD = ρ0

∫
V

{(ω⃗ × υ⃗) · u⃗}dV, (4.82)

ìpou ω⃗ eÐnai to olikì (mèso kai astajès-mean plus unsteady) di�nu-

sma strobilismoÔ kai υ⃗ eÐnai h olik  (mèsh kai astaj c) peristrofik , mh

sumpiest  sunist¸sa (incompressible component) tou pedÐou taqÔthtac.

Aut  h sqèsh eÐnai exairetik� qr simh diìti epitrèpei kai poiotik  kai po-

sotik  perigraf  diaforetikoÔ tÔpou ro¸n-akoustik¸n allhlepidr�sewn,

pio sugkekrimèna, perioqèc metafor�c enèrgeiac an�mesa ston  qo kai sto

pedÐo ro c mporoÔn na anagnwristoÔn. O Howe, [25], parousi�zei thn je-

tik  ap¸leia (aporrìfhsh  qou) me skopì th sqèsh thc epÐdrashc twn

mèswn ro¸n sth perÐjlash (diffraction) tou  qou se hmi-�peiro èlasma

(semi-infinite plate), kai thn exasjènhsh tou  qou me th ro  na aggÐzei e-

lafr�, di�trhta qwrÐsmata (el�smata). EpÐshc o Howe pragmateÔetai p¸c

h arnhtik  ap¸leia (dhmiourgÐa  qou) mporeÐ na ekdhlwjeÐ se sugkekrimè-

nec taqÔthtec ro c kai kateujÔnseic thc di�doshc. H enèrgeia thc mèshc

ro c mporeÐ epÐshc na metatrapeÐ se  qo an mÐa aerodunamik  akoustik 

ant qhsh proklhjeÐ, ìpwc hqhtik� kÔmata se èna swl na sugqronismèna

me k�poia eswterik�, prokaloÔmena apì ro , fainìmena ekpomp c stro-

bÐlwn. O Welsh, [49], [50], èqei prìsfata melet sei di�forouc tètoiouc

tÔpouc ro¸n-akoustik¸n allhlepÐdrasewn kai èqei efarmìsei epituqhmèna

s� autoÔc ton tÔpo ��ap¸leias�� tou Howe.

Pollèc shmantikèc jewr seic, [49], mporoÔn na gÐnoun se sqèsh me

thn exÐswsh (4.82). Arqik� ta ω⃗, υ⃗ kai u⃗ prèpei na èqoun meg�lec gwnÐ-
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ec metaxÔ touc, gia par�deigma an h akoustik  taqÔthta swmatidÐou eÐnai

par�llhlh me to drìmo strobÐlou (vortex path), den ja up�rqoun allhle-

pidr�seic an�mesa ston  qo kai sta pedÐa ro c. DeÔteron, ta ω⃗, υ⃗ kai u⃗

prèpei ìla na èqoun meg�la megèjh - se perioqèc ìpou h akoustik  ta-

qÔthta swmatidÐou eÐnai mikr  ja parathreÐtai polÔ mikr  aporrìfhsh  

paragwg   qou. TrÐton, epeid  to u⃗ eÐnai talantwtikì (oscillatory), h

mèsh hqhtik  enèrgeia ja proseggÐzei to mhdèn (exaitÐac twn exoudeter¸-

sewn) ektìc e�n ta megèjh   h dieÔjunsh twn dianusm�twn metab�lletai

kat� th di�rkeia enìc kÔklou tal�ntwshc (oscillatory cycle). O Welsh,

[49], [50], anafèretai se aut  th sunj kh wc ��anisorropÐa�� (imbalance).

Se èna prìsfato �rjro [45], pragmateÔontai p¸c h enèrgeia metafèretai

apì th mèsh ro  sthn endun�mwsh mÐac aerodunamik c akoustik c kat�-

stashc ant qhshc, gia tèssera sugkekrimèna paradeÐgmata. 'Ena apì aut�

ta paradeÐgmata eÐnai kai to anthqeÐo se koilìthta tou Helmholtz.

Sto par�deigma autì parousi�zetai h efarmog  thc jewrÐac tou  qou

gia strobilismì sthn anagn¸rish kai twn perioq¸n all� kai twn mhqani-

sm¸n thc paragwg c  qou apì ro .



Kef�laio 5

To montèlo thc radiofwnik c

keraÐac

5.1 Eisagwg 

Sta prohgoÔmena kef�laia exhg jhke o  qoc wc episthmonik  ènnoia, sqe-

tÐsthke me tic diakum�nseic thc pÐeshc kai thc puknìthtac tou reustoÔ

mèsa sto opoÐo diadÐdetai kai anaptÔqjhkan oi pio gnwstèc kai oi peris-

sìtero qrhsimopoioÔmenec jewrÐec montelopoÐhshc tou  qou. 'Egine mia

pl rhc an�lush tou montèlou tou Lighthill kai thc sqetik c jewrÐac tou,

kaj¸c kai mia sunoptik  anafor� sth jewrÐa twn Powell-Howe me skopì

h teleutaÐa na apotelèsei b�sh gia ton anagn¸sth pou epijumeÐ na asqo-

lhjeÐ ektenèstera kai na proseggÐsei me �llo trìpo di�fora probl mata

paragwg c  qou.

EpÐshc eis�qjhkan basikèc ènnoiec perigraf c tou  qou ìpwc to akou-

stikì dunamikì taqÔthtac, h èntash kai h hqhtik  isqÔc. Dìjhkan di�fora

montèla akoustik¸n phg¸n kai sundèjhkan me th jewrÐa tou Lighthill kai

72
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ton aerodunamikì  qo.

S� autì to kef�laio èqontac wc b�sh ìsa anaptÔqjhkan sta prohgoÔ-

mena ja suzhthjeÐ o aerodunamikìc  qoc pou par�getai lìgw thc kÐnhshc

enìc oq matoc kai eidikìtera o  qoc pou par�getai apì th radiofwnik 

keraÐa k�tw apì orismènec sunj kec pou ja tejoÔn sthn epìmenh par�-

grafo.

Pio sugkekrimèna ja suzhthjoÔn oi AiolikoÐ tìnoi pou par�gontai lì-

gw thc paragwg c strobÐlwn apì èna kÔlindro. Oi lÔseic pou parou-

si�zontai s� autì to kef�laio den periorÐzontai mìno se mÐa kulindrik 

diatom , kai parèqoun axioshmeÐwth gn¸sh gia thn fÔsh tou  qou pou

ekpèmpetai apì leptèc kataskeuèc mèsa se èna reustì. Stic epìmenec

paragr�fouc o kÔlindroc jewreÐtai ìti eÐnai mèsa s� èna aperiìristo, o-

mogenèc reustì to opoÐo rèei p�nw se èna kÔlindro me taqÔthta polÔ

mikrìterh apì thn taqÔthta tou  qou. Aut  h an�lush epikentr¸netai

stic sunist¸sec tou  qou sto apìmakro pedÐo, oi opoÐec despìzoun ìtan

o parathrht c eÐnai arket� m kh kÔmatoc makri� apì ton kÔlindro. Sthn

par�grafo 5.3, analÔetai o  qoc ekpempìmenoc apì èna kÔlindro me pl rwc

suntonismènh paragwg  strobÐlwn (fully corralated vortex shedding) se

ìlh thn èktas  tou, en¸ sthn par�grafo 5.4, melet�tai o ekpempìmenoc

 qoc apì merik¸c suntonismènh paragwg  strobÐlwn (partial corralated),

perÐptwsh pou antapokrÐnetai kai sthn pragmatikìthta.
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5.2 Exis¸seic tou ekpempìmenou  qou se èna

mh periorismèno reustì

Akolouj¸ntac ton Blevins, [7] ja jewr soume thn perÐptwsh ìpou S eÐ-

nai to sÔnoro enìc kulÐndrou me di�metro D kai m koc L mèsa se stajer 

ro  (steady flow) me taqÔthta U kai kateÔjunsh k�jeth proc ton �xona

tou kÔlindrou, blèpe sq ma (5.1). Se èna kulindrikì sÔsthma suntetagmè-

nwn (R, θ, ϕ) ekteÐnetai mÐa gramm  m kouc R apì to kèntro tou kulÐndrou

proc ènan parathrht  o opoÐoc katagr�fei ton ekpempìmeno  qo. Dun�-

meic tou reustoÔ energoÔn p�nw ston kÔlindro, k�jeta sthn eleÔjerh ro 

(y kateÔjunsh) kai par�lllhla sthn eleÔjerh ro  (x kateÔjunsh). O

kÔlindroc antidr� se autèc tic dun�meic me tal�ntwsh. O  qoc pou ek-

pèmpetai apì ton kÔlindro sth sunèqeia ja upologisteÐ akolouj¸ntac tic

ex c upojèseic:

R/λ≫ 1, (5.1)

R/L≫ 1, (5.2)

D/λ≪ 1, (5.3)

Ay/λ≪ 1, (5.4)

D/L≪ 1, (5.5)

U/c≪ 1, (5.6)

ìpou λ eÐnai to tupikì m koc kÔmatoc tou ekpempìmenou  qou, kai Ay eÐnai

to pl�toc thc tal�ntwshc tou kulÐndrou.
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Oi sunj kec (5.1) kai (5.2) eÐnai upojèseic makrinoÔ pedÐou. H sunj -

kh (5.2) upodhl¸nei oi gwnÐec θ kai ϕ sto sq ma (5.1) den ja all�zoun

shmantik� an to kèntro tou kulindrikoÔ sust matoc suntetagmènwn meta-

kinhjeÐ kat� m koc tou �xona tou kulÐndrou. Oi sunj kec (5.3) kai (5.4)

epitrèpoun sto kÔlindro na jewrhjeÐ wc mÐa apeÐrwc lept  hqhtik  phg  me

morf  gramm c, qwrÐc na labaÐnetai upìyh h kÐnhs  tou. H sunj kh (5.5)

qrhsimopoieÐtai gia na sthriqteÐ h upìjesh ìti o  qoc pou par�getai sta

�kra tou kulÐndrou mporeÐ na jewrhjeÐ amelhtèoc. H sunj kh (5.6) eÐnai

mÐa upìjesh qamhloÔ arijmoÔ Mach. Autì epitrèpei na qrhsimopoihjeÐ

sthn an�lush mÐa omoiìmorfh taqÔthta tou  qou c sto sÔsthma anafor�c

tou kulÐndrou. Epiplèon, oi diataraqèc pou par�gontai sto hqhtikì pedÐ-

o jewroÔntai mikrèc, ètsi ¸ste ta mh grammik� stoiqeÐa tou reustoÔ na

jewrhjoÔn amelhtèa, en¸ epÐshc jewreÐtai pwc h diatom  tou kulÐndrou

eÐnai omoiìmorfh kat� to m koc tou, kai o kÔlindroc den sustèlletai  

diastèlletai.

MporoÔme na gr�youme thn (3.47)1 sÔmfwna me ton Curle, [11] sthn

morf 

c2(ρ− ρ0) =
∂2

∂xi∂xj

∫
V

[
Tij
4πr

]
dVy

+
1

4π

∫
S

li
r
[
∂

∂yj
(ρuiuj + pij)]dSy

+
1

4π

∂

∂xi

∫
S

lj
r
[ρuiuj + pij]dSy (5.7)

1Qrhsimopoi¸ntac kai thn sqèsh: (arq  diat rhshc thc orm c) li
∂
∂yi

(ρuiuj + pij) =

−li ∂
∂t
(ρui).
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ìpou ρ−ρ0 = diakum�nseic tou pedÐou thc puknìthtac, xi = suntetagmènec

shmeÐwn sÔmfwna me ton parathrht  (i = 1, 2, 3), r = |xi − yi|, kai li = ta

sunhmÐtona kateÔjunshc kat� thn exwterik  k�jeth dieÔjunsh wc proc ton

ìgko tou reustoÔ ((l1, l2, l3) = n)2. Oi agkÔlec sumbolÐzoun kajustèrhsh

qrìnou t− r/c.

Ta turb¸dh fainìmena sto reustì jewroÔme pwc emfanÐzontai mèsa

ston ìgko V , ston opoÐo èna antikeÐmeno kleist c epif�neiac S eÐnai ento-

pismèno. To hqhtikì pedÐo mporeÐ na jewrhjeÐ san autì pou ja paragìtan

se èna omoiìmorfo akoustikì mèso se hremÐa p�nw sto opoÐo energoÔn:

i. MÐa katanom  tetrapìlwn dÔnamhc Tij katanemhmènwn pantoÔ sth

ro .

ii. Phgèc katanemhmènec gÔrw apì to eswterikì sÔnoro S me isqÔ Ðsh

me to rujmì metabol c thc topik c m�zac me ro  proc ta èxw apì to

S kai

iii. DÐpola katanemhmèna gÔrw apì to S me isqÔ Ðsh me to rujmì meta-

bol c thc orm c proc ta èxw apì to S.

Apì thn an�lush sto prohgoÔmeno kef�laio (kef�laio 4) xèroume ìti gia

mikroÔc arijmoÔcMach oi tetrapolikèc phgèc eÐnai dunatìn na agnohjoÔn,

afoÔ h sumbol  sthn paragwg   qou twn tetrapolik¸n phg¸n eÐnai polÔ

2UpenjumÐzoume pwc ui = oi sunist¸sec thc taqÔthtac tou reustoÔ, i = 1, 2, 3,

ρui = h puknìthta orm c (momentum density), yi = oi suntetagmènec thc shmeiak c

phg c, xi = oi suntetagmènec tou shmeÐou pou brÐsketai o parathrht c, kai pij = o

tanust c t�shc sumpÐeshc (compressive stress tensor).
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mikrìterh apì aut  twn dipolik¸n kai polÔ perissìtero twn monopolik¸n.

Opìte, oi tetrapolikèc phgèc kajÐstantai amelhtèec jètontac Tij = 0.

JewroÔme sth sunèqeia ìti eÐmaste se aut n thn perÐptwsh.

'Enac periorismìc thc exÐswshc (5.7) eÐnai to ìti h epif�neia S, eÐnai

akÐnhth sto q¸ro. Autì sunep�getai pwc oi lÔseic thc (5.7) efarmìzon-

tai mìno se kataskeuèc pou eÐnai se hremÐa   ekteloÔn mìno apì mikrèc

talant¸seic. Wstìso, oi Frost kai Harper, [19], èqoun apodeÐxei ìti gia

mÐa talant¸menh sfaÐra, oi kin seic thc epif�nei�c thc eis�goun ìrouc oi

opoÐoi eÐnai mikrìteroi apo th lÔsh thc (5.7) thc t�xhc (D/λ)2, ìpou D

eÐnai oi diast�seic thc diatom c kai λ eÐnai to m koc kÔmatoc tou  qou.

Opìte eÐnai logikì sto apìmakro pedÐo (D/λ ≪ 1) na efarmìzoume ka-

teujeÐan thn (5.7), akìma kai se peript¸seic ìpou to pl�toc tal�ntwshc

eÐnai thc Ðdiac di�stashc me thn diatom .

To deÔtero mèloc thc exÐswshc (5.7) eÐnai dunatìn na aplopoihjeÐ an

antikatast soume s� aut n thn arq  diat rhshc thc orm c3. An ta a-

potelèsmata lìgw thc sumpiestìthtac tou reustoÔ jewrhjoÔn amelhtèa

dhlad  ρ = stajer�, pou eÐnai logikì gia mÐa ro  qamhloÔ arijmoÔ Mach,

h exÐswsh (5.7) gÐnetai

ρ− ρ0 = − ρ0
4πc2

∫
S

li
r

[
∂ui
∂t

]
dSy +

1

4πc2
∂

∂xi

∫
S

lj
r
[ρ0uiuj + pij]dSy (5.8)

upenjumÐzoume pwc oi agkÔlec sumbolÐzoun thn <<kajustèrhsh qrìnou>>

t − r/c kai r = r(x, y) = |x− y|, ed¸ èqoume p�rei ρ = stajer� sto S.

Sthn sunèqeia ja jewr soume ìti mèsa sto qwrÐo V pou perikleÐetai mèsa

3 ∂
∂t
(ρui) +

∂
∂yi

(pij + ρuiuj) = 0
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sto S ikanopoioÔntai oi arqèc diat rhshc thc m�zac kai thc orm c kai ìti

ρ = stajer�. Opìte apì to je¸rhma apìklishc to pr¸to olokl rwma

thc sqèshc (5.8), gÐnetai∫
S

li
r

[
∂ui
∂t

]
dSy = −

∫
V

∂

∂yi

[
∂ui

∂t

]
r

dVy =

= −
∫
V

{
1

r

[
∂2ui
∂t∂yi

+
1

c

∂2ui
∂t2

(xi − yi)

r

]
+

[
∂ui
∂t

]
(xi − yi)

r3

}
dVy

(5.9)

H morf  thc (5.8) proèkuye qrhsimopoi¸ntac kai to gegonìc o,ti h ∂ui/∂t

eÐnai upologismènh me kajustèrhsh qrìnou, opìte

∂

∂yi

[
1

r
f(yi, t−

r

c
)

]
=

1

r

∂f

∂yi
−

(
1

r2
f +

1

cr

∂f

∂(t− r
c)

)
∂r

∂yi
. (5.10)

To prìshmo thc exÐswshc (5.9) prokÔptei apì ton orismì thc kateÔjun-

shc twn exwterik¸n dianusm�twn li. O pr¸toc ìroc tou oloklhr¸matoc

thc sqèshc (5.9) exafanÐzetai lìgw thc asumpiestìthtac pou upojèsame

(pr�gma pou upodhl¸nei ìti ∂ui/∂yi = 0 sto V kai uili = 0 sto S, blèpe

kai [7]).

PaÐrnontac to deÔtero ìrokl rwma thc (5.8) kai efarmìzontac thn

∂/∂xi èqoume

∂

∂xi

∫
S

lj
r
[ρ0uiuj + pij]dSy =

−
∫
S

lj

{
(xi − yi)

cr2

[
∂

∂t
(ρ0uiuj + pij)

]
+

(xi − yi)

r3
[ρ0uiuj + pij]

}
dSy.

(5.11)

JewroÔme t¸ra th perÐptwsh tou makrinoÔ pedÐou dhlad  xi ≫ yi.
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'Otan h tupik  di�stash thc diatom c tou s¸matoc D, pou perièqetai apì

thn epif�neia S, eÐnai tètoia ¸ste D ≪ c/ω, ìpou ω h tupik  suqnìthta

tou  qou, o ìroc kajustèrhshc tou qrìnou r(x, y)/c mporeÐ na grafeÐ

r(x)/c gia ton upologismì tou oloklhr¸matoc. Jètoume

t′ = t− r(x)

c
,

pi = −ljpij

kai jewroÔme ìti xi ≫ yi (h apìstash se shmeÐo tou pedÐou jewreÐtai

na eÐnai meg�lo sugkritik� me to mègejoc tou s¸matoc). AfoÔ antikaji-

st soume tic (5.11) kai (5.9) sthn (5.8), kai anakalèsoume thn upìjesh

asumpiestìthtac (sÔmfwna me thn opoÐa uili = 0 sto S kai ∂ui/∂yi = 0

sto V ), paÐrnoume:

ρ− ρ0 =
ρ0xi

4πc3r2

∫
V

∂2ui
∂t2

(y, t′)dVy +
ρ0xi

4πc2r3

∫
V

∂ui
∂t

(y, t′)dVy

− xi
4πc3r2

∫
S

∂pi
∂t

(y, t′)dSy −
xi

4πc2r3

∫
S

pi(y, t
′)dSy

− ρ0xi
4πc3r2

∫
S

lj
∂uiuj
∂t

(y, t′)dSy

− ρ0xi
4πc2r3

∫
S

ljuiuj(y, t
′)dSy. (5.12)

Efìson to s¸ma pou perièqetai mèsa sto S jewreÐtai asumpÐesto, oi te-

leutaÐoi dÔo ìroi thc sqèshc (5.12) mhdenÐzontai kai epomènwc èqoume thn

sqèsh:

ρ− ρ0 =
ρ0xi

4πc3r2

∫
V

∂2ui
∂t2

(y, t′)dVy +
ρ0xi

4πc2r3

∫
V

∂ui
∂t

(y, t′)dVy

(5.13)

− xi
4πc3r2

∫
S

∂pi
∂t

(y, t′)dSy −
xi

4πc2r3

∫
S

pi(y, t
′)dSy.
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An h di�metroc tou s¸matoc eÐnai mikr  se sÔgkrish me to m koc kÔ-

matoc tou  qou sthn suqnìthta pou mac endiafèrei, ta oloklhr¸mata thc

sqèshc (5.13) mporoÔn na upologistoÔn qwrÐc na d¸soume shmasÐa sto

sq ma thc diatom c. An to s¸ma èqei èna kentrikì �xona pou ekteÐnetai

apì z = 0 e¸c z = L, tìte h ui paÐrnei tic timèc p�nw ston �xona.

H dÔnamh an� mon�da m kouc pou askeÐtai apì to s¸ma sto reustì

eÐnai

Fi = −
∫
σ

pi(y, t
′)ds

ìpou to σ sumbolÐzei mÐa gramm  olokl rwshc p�nw sto sÔnoro thc dia-

tom c (cross-section). Prèpei na shmei¸soume pwc gia mikrèc akoustikèc

diataraqèc, oi diakum�nseic thc puknìthtac eÐnai an�logec me tic diakum�n-

seic thc pÐeshc:

ρ− ρ0 = (p− p0)/c
2, (5.14)

An proseggÐsoume thn ui me Vi, thn taqÔthta tou �xona tou s¸matoc

upologismènh se mÐa <<kajustèrhsh qrìnou>>, telik¸c katal goume ston

tÔpo

p− p0 =
xi

4πr2

∫ L

0

[
ρ0A

c

∂2Vi
∂t2

+
1

c

∂Fi

∂t
+

1

r

(
ρ0A

∂Vi
∂t

+ Fi

)]
dz. (5.15)

S� autì ton tÔpo Vi eÐnai h taqÔthta tou �xona tou s¸matoc, kai ta Vi kai

Fi eÐnai upologismèna me kajustèrhsh qrìnou. Aut  eÐnai h jemeli¸dhc

exÐswsh gia thn aerodunamik  hqhtik  pÐesh (p) pou par�getai apì èna

kinoÔmeno s¸ma, to opoÐo askeÐ mÐa dÔnamh se èna reustì �peirou ìgkou.

Mia �llh morf  thc teleutaÐac exÐswshc, (sthn opoÐa upologÐzetai h

hqhtik  pÐesh pou ekpèmpetai apì ton kÔlindro - blèpe Lighthill, [30] kai
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Koopman, [28]) qrhsimopoi¸ntac tic upojèseic pou anafèrjhkan parap�-

nw eÐnai kai h:

p =
sin θ cosϕ

4πRc

∫ L/2

−L/2

(
ρA

∂2Vy
∂t2

− ∂Fy

∂t
+
c

R

(
ρA

∂Vy
∂t

− Fy

))
dz

+
sin θ sinϕ

4πRc

∫ L/2

−L/2

(
ρA

∂2Vx
∂t2

− ∂Fx

∂t
+
c

R

(
ρA

∂Vx
∂t

− Fx

))
dz.

(5.16)

SumbolÐzoume me:

V1 = Vx h taqÔthta tou �xona (tou kulÐndrou) par�llhlh sthn ro ,

V2 = Vy h k�jeth sthn eleÔjerh ro  sunist¸sa thc taqÔthtac tou �xona,

F1 = Fx h dÔnamh pou askeÐtai sto reustì par�llhlh sthn eleÔjerh ro 

F1 = Fy h dÔnamh pou askeÐtai sto reustì k�jeth sthn eleÔjerh ro .

To embadìn thc diatom c tou kulÐndrou eÐnai A. Oi posìthtec pou eÐnai

mèsa stic agkÔlec [ ] eÐnai upologismènec me kajustèrhsh qrìnou, kai pio

sugkekrimèna gia to qrìno pou apaiteÐtai gia ton  qo na taxidèyei thn

apìstash R − z cos θ, me mÐa taqÔthta c, apì to shmeÐo z tou kÔlindrou

ewc ton parathrht , blèpe kai sq ma (5.1). H kajustèrhsh qrìnou eÐnai:

t′ = t− R

c
+
z cos θ

c
(5.17)

Posìthtec se kulindrikèc kai Kartesianèc suntetagmènec èqoun qrhsimo-

poihjeÐ sthn exÐswsh (5.18) gia eukolÐa sthn an�lush,

y = R sin θ cos θ h y (k�jeth) suntetagmènh tou parathrht 

x = R sin θ cosϕ h x (kat� m koc) suntetagmènh
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z = R cos θ h apìstash kat� m koc tou �xona tou kulÐndrou.

H olik  hqhtik  pÐesh thc exÐswshc (5.16) eÐnai to �jroisma tou  qou

lìgw twn dun�mewn tou reustoÔ kai thc tal�ntwshc tou kulÐndrou k�jeta

sthn eleÔjerh ro  (pr¸toc ìroc), sun ton  qo exaitÐac twn dun�mewn

tou reustoÔ kai thc tal�ntwshc tou kulÐndrou par�llhla sthn eleÔjerh

ro  (deÔteroc ìroc). O ekpempìmenoc  qoc perièqei apìmakrou pedÐou

sunist¸sec thc pÐeshc, oi opoÐec exasjenoÔn se analogÐa me ton ìro 1/R,

kai eggÔc pedÐou sunist¸sec thc pÐeshc oi opoÐec exasjenoÔn se analogÐa

me ton ìro 1/R2. O lìgoc tou eggÔc kai tou apìmakrou pedÐou tou  qou

eÐnai
pNF

pFF
=

c

ωR
=

λ

2πR
(5.18)

an h kÐnhsh tou kulindrou kai oi dun�meic tou reustoÔ eÐnai armonikèc sto

qrìno me suqnìthta ω. Efìson prohgoumènwc jewr jhke ìti λ/R ≪ 1

(exÐswsh 5.1), oi sunist¸sec tou eggÔc pedÐou tou  qou eÐnai polÔ mikrì-

terec apì tic sunist¸sec tou apìmakrou pedÐou, kai epomènwc mporoÔme

na tic agno soume sthn an�lush tou apìmakrou pedÐou.

Wstìso oi dun�meic tou reustoÔ exaitÐac thc paragwg c strobÐlwn

se èna kÔlindro, pou energoÔn par�llhla sth eleÔjerh ro , eÐnai genik�

mikrìterec apì to 10% twn dun�mewn pou energoÔn k�jeta. To pl�toc thc

tal�ntwshc tou kulÐndrou par�llhla sthn eleÔjerh ro  eÐnai genik� polÔ

mikrìtero apì to pl�toc thc tal�ntwshc tou kulÐndrou k�jeta sthn ro .

An R ≫ λ, |Fy| ≫ |Fx| kai |Vy| ≫ |Vx| tìte oi exÐs¸seic (5.16) kai (5.17)
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gÐnontai (blèpe kai Fitzpatrick-Strasberg, [16], kai Leehey-Hanson, [29])

p =
sin θ cosϕ

4πRc

∫ L/2

−L/2

(
ρA

∂2Vy
∂t2

(z, t′)− ∂Fy

∂t
(z, t′)

)
dz+

(5.19)

+
sin θ sinϕ

4πRc

∫ L/2

−L/2

(
ρA

∂2Vx
∂t2

(z, t′)− ∂Fx

∂t
(z, t′)

)
dz.

 

p =
sin θ cosϕ

4πRc

∫ L/2

−L/2

(
ρA

∂2Vy
∂t2

(z, t′)− ∂Fy

∂t
(z, t′)

)
dz (5.20)

ìpou

t′ = t− R

c
+
z cos θ

c
. (5.21)

Autèc oi exis¸seic mac dÐnoun ton  qo tou apìmakrou hqhtikoÔ pedÐou

pou par�getai exaitÐac twn dun�mewn tou reustoÔ kai thc antÐdrashc tou

kulÐndrou k�jeta sthn eleÔjerh ro . Sthn an�lush pou akoloujeÐ stic

epìmenec paragr�fouc lÔnontai autèc oi exis¸seic gia di�fora montèla

twn Vy kai Fy (blèpe paragr�fouc 5.3 kai 5.4).

Oi treÐc sunist¸sec thc akoustik c èntashc orÐzontai wc

Ii = pui, i = R, θ, ϕ, (5.22)

ìpou ui eÐnai oi diakum�nseis-diatar�xeic thc taqÔthtac sto reustì lìgw

tou ekpempìmenou  qou, kai h paÔla p�nw apì ton ìro pui sumbolÐzei ton

mèso ìro se polloÔc kÔklouc tal�ntwshc. Gia thn ekpomp   qou sto

makrinì pedÐo to opoÐo eÐnai armonikì me to qrìno, mporeÐ na deiqteÐ (blèpe

[7]) ìti

uR = p/(ρc) (5.23)

uθ = uϕ = 0. (5.24)
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Opìte,

IR = p2/(ρc) (5.25)

Iθ = Iϕ = 0. (5.26)

H olik  isqÔc pou ekpèmpetai apì ton kÔlindro sto reustì eÐnai

Π =

∫
S

IRr̂ · d−→s +

∫
S

Iθθ̂ · d−→s +

∫
S

Iϕϕ̂ · d−→s (5.27)

ìpou to S orÐzei mÐa epif�neia pou perièqei ton kÔlindro, d−→s eÐnai èna

stoiqeÐo tou S, me kateÔjunsh dianÔsmatoc dosmènh apì to exwterikì k�-

jeto di�nusma, kai r̂, θ̂, kai ϕ̂ eÐnai ta monadiaÐa dianÔsmata stic r, θ, kai ϕ

dieujÔnseic antÐstoiqa. H ekpempìmenh hqhtik  isqÔc sto apìmakro pedÐo

eÐnai dunatìn na upologisteÐ oloklhr¸nontac to IR se sfaÐra aktÐnac R:

Π =

∫ π

0

∫ 2π

0

IRR
2 sin θdϕdθ. (5.28)

Sthn epìmenh par�grafo, h akoustik  èntash kai h hqhtik  isqÔc upolo-

gÐzontai gia ènan akÐnhto kÔlindro pou par�gei strobÐlouc.

5.3 AkÐnhtoc kÔlindroc me suntonismènh para-

gwg  strobÐlwn

An sumbolÐsoume me f thn suqnìthta ekpomp c strobÐlwn (vortex shed-

ding frequency) se Hz tìte

f =
SU

D



KEF�ALAIO 5. TO MONT�ELO THS RADIOFWNIK�HS KERA�IAS 86

ìpou U eÐnai h taqÔthta ro c,D h taqÔthta tou kulÐndrou, kai S o arijmìc

Strouhal4 . To D ed¸ an poÔme ìti metr�tai se mètra, h taqÔthta U

èqei wc mon�da mètrhshc ta mètra/deuterìlepta. An oi strìbiloi pou

dhmiourgoÔntai eÐnai se f�sh kat� m koc thc èktashc tou kulÐndrou kai oi

dun�meic pou askoÔntai sto reustì eÐnai armonikèc me kuklik  suqnìthta

ω = 2πf , tìte oi dun�meic �ntwshc kai opisjèlkouses-antÐstashc (in lift

and drag) pou askoÔntai sto reustì eÐnai, (blèpe [7])

Fy =
1

2
ρU 2DCL sinωt, (5.29)

Fx =
1

2
ρU 2DCD +

1

2
ρU 2Cd sin(2ωt+ β) (5.30)

ìpou CL eÐnai o suntelest c thc talantwtik c �ntwshc (oscillating lift),

CD eÐnai o suntelest c opisjèlkousac (steady drag) kai h Cd eÐnai o

suntelest c thc talantwtik c opisjèlkousac (oscillating drag), ω eÐnai

h kuklik  suqnìthta paragwg c strobÐlwn, kai β h gwnÐa f�shc.

Peir�mata kai jewrÐa èqoun deÐxei pwc h talantwtik  sunist¸sa thc

opisjèlkousac èqei mÐa suqnìthta dipl�sia apì aut  thc �ntwshc. Pei-

ramatikèc metr seic mac deÐqnoun pwc CD ∼ 0.07CL gia kulÐndrouc kai

Cd ∼ 0.05CL gia èna isìpleuro trÐgwno topojethmèno na deÐqnei proc th

ro .

An o kÔlindroc eÐnai akÐnhtoc, tìte Vx = Vy = 0, kai o ekpempìmenoc

 qoc par�getai mìno apì tic talantwtikèc dun�meic tou reustoÔ p�nw

4O orijmìc Strouhal, S, eÐnai h stajer� analogÐac metaxÔ thc suqnìthtac ekpomp c

strobÐlwn, f , kai thc taqÔthtac eleÔjerhc ro c, U , diairemènh apì to m koc tou

kulÐndrou D
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ston kÔlindro. An antikajist soume tic (5.29) kai (5.30) sthn (5.16) kai

jewr soume touc ìrouc tou eggÔc pedÐou amelhtèouc (R/λ≫ 1), tìte oi

ìroi apìmakrou pedÐou thc hqhtik c pÐeshc parathr¸ntac kai pwc

t′ = t− R

c
+
z cos θ

c

eÐnai

p(R, θ, ϕ) = −sin θ cosϕ

4Rc

(
sin η

η

)
ρU 3LCLS cos

[
ω

(
t− R

c

)]
(5.31)

−sin θ sinϕ

4Rc

(
sin 2η

2η

)
ρU 3LCdS cos

[
2ω

(
t− R

c

)
+ β

]
ìpou

η =
kL

2
cos θ =

πL

λ
cos θ,

o arijmìc kÔmatoc k eÐnai

k = ω/c = 2π/λ,

ìpou ω = 2πSU/D. Sthn paragwg  thc (5.31) qrhsimopoi same thn

upìjesh ìti èqoume makrinì pedÐo kai pio sugkekrimèna ìti

R ≫ λ≫ D ≫ B

ìpou B to pl�toc thc tal�ntwshc tou kulÐndrou.

Oi isostajmikèc kampÔlec thc èntashc tou  qou ìpwc problèpontai apì

thn sqèsh (5.31) èqoun thn morf  tou sq matoc 5.2. O  qoc ekpèmpetai

proc k�je kateÔjunsh. An to m koc tou kulÐndrou eÐnai polÔ mikrìtero

apì to m koc kÔmatoc tou  qou, tìte o kÔlindroc ekpèmpei  qo ìpwc mÐa
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~

Sq ma 5.2: Oi isodunamikèc grammèc thc hqhtik c èntashc gia  qo paragìmeno apì

èna kÔlindro
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f(x, θ) = sin θ sin
(
πL
λ cos θ

)
/
(
πL
λ cos θ

)

θ

πL
λ

= 0

1
2 5

πL
λ

= 10

Sq ma 5.3: AÔxhsh thc kateujuntikìthtac tou ekpempìmenou  qou me auxanìmeno to

lìgo tou m kouc kulÐndrou (L) proc to m koc kÔmatoc tou  qou (λ)

shmeiak  dipolik  hqhtik  phg . An to m koc tou kulÐndrou eÐnai polÔ

megalÔtero apì to m koc kÔmatoc tou  qou, tìte o kÔlindroc ekpèmpei

 qo proc k�je kateÔjunsh ìpwc mÐa gramm  apì dÐpola (a line of dipoles).

Sth sunèqeia ja d¸soume èna par�deigma gia thn kalÔterh katanìhsh

thc kateujuntikìthtac enìc kumatikoÔ pedÐou. Upojètoume pwc k�poioc

pet�ei èna bìtsalo mèsa se mÐa  suqh lÐmnh. T¸ra, upojètoume pwc, èna

makrÔ leÐo kladÐ dèntrou pèftei epÐshc mèsa sth lÐmnh. To kladÐ eÐnai

mÐa gramm  phg¸n (line source). Prèpei na poÔme pwc h grammm  phg¸n

par�gei èna uyhl c kateujuntikìthtac kumatikì pedÐo (highly directional

wave field). Fusik�, ta trisdi�stata hqhtik� pedÐa eÐnai pio perÐploka apì

ta disdi�stata kÔmata sto nerì, all� kai stic treÐc diast�seic isqÔei o
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λ(m)

Reustì c (m/sec) f = 20Hz f = 100Hz f = 500Hz

Aèrac 340 17 3.14 0.68

Nerì 1500 75 15 3.0

'Hlio (1000◦F ) 1800 90 18 3.6

PÐnakac 5.1: M koc kÔmatoc tou  qou gia trÐa reust� (λ = c/f).

kanìnac: kaj¸c aux�netai to m koc tou kulÐndrou èqoume kai aÔxhsh

thc kateujuntikìthtac. To sq ma 5.3 mac upodeiknÔei p¸c h hqhtik 

èntash pou par�getai apì dun�meic talantwtik c �ntwshc (pr¸toc ìroc

thc (5.31)) gÐnontai auxanìmenhc kateujuntikìthtac kaj¸c o lìgoc tou

m kouc kulÐndrou proc to m koc kÔmatoc tou  qou aux�netai.

Kaj¸c o lìgoc tou m kouc tou kulÐndrou proc to m koc kÔmatoc tou

 qou mei¸netai,

lim
L/λ→0

sin η

η
= lim

L/λ→0

sin 2η

2η
= 1 (5.32)

kai to prìtupo ekpomp c eÐnai autì tou shmeiakoÔ dipìlou. Grammèc sta-

jer c hqhtik c pÐeshc eÐnai fanerèc sto sq ma 5.2 gia mÐa k�jeth tom 

ston �xona tou kulÐndrou. Oi loboÐ eÐnai qarakthristikoÐ twn dipolik¸n

hqhtik¸n phg¸n. Efìson h sunist¸sa thc talantwtik c opisjèlkousac

eÐnai kat� polÔ mikrìterh apì thn sunist¸sa thc talantwtik c �ntwshc,

o  qoc pou par�getai exaitÐac thc talantwtik c opisjèlkousac sun jwc

jewreÐtai amelhtèoc opìte analÔoume ton  qo exaitÐac thc talantwtik c

�ntwshc. To m koc kÔmatoc tou  qou gia treÐc suqnìthtec eÐnai fanerèc

ston pÐnaka 5.1.
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Sto makrinì pedÐo, mìno h aktinik  sunist¸sa di�doshc tou  qou eÐnai

shmantik . H hqhtik  èntash tou makrinoÔ pedÐou exaitÐac thc talantwti-

k c �ntwshc (h èntash IR) orÐzetai apì thn sqèsh (5.25) wc

IR =

⟨
p2
⟩

ρc,
(5.33)

ìpou ⟨p2⟩ eÐnai h mèsh tim  tou p2, opìte brÐskoume apì th sqèsh (5.31)

ìti

IR = lim
T→∞

1

T

∫ T

−T

p2dt/ρc =

= −sin2 θ cos2 ϕ

32c3R2
ρU 6L2C2

LS
2

(
sin η

η

)2

(5.34)

H katanom  tou  qou exaitÐac twn dun�mewn talantwtik c opisjèlkousac

èqei agnohjeÐ. H èntash tou  qou eÐnai an�logh me thn taqÔthta thc

eleÔjerhc ro c uywmènh sthn èkth dÔnamh. Peir�mata èqoun epalhjeÔsei

thn U 6 ex�rthsh thc hqhtik c èntashc (anafor� [36]).

H olik  isqÔc pou ekpèmpetai sto makrinì pedÐo (exÐswsh (5.28)) eÐnai

ΠS =
πρU 6L2C2

LS
2

24c3
(5.35)

gia λ ≫ L. H isqÔc pou exèrqetai apì to reustì lìgw thc sunist¸sac

thc opisjèlkousac eÐnai

ΠD = FDUL =
1

2
ρU 3DCDL. (5.36)

O lìgoc thc ekpempìmenhc hqhtik c isqÔoc proc aut c pou q�netai lìgw

thc opisjèlkousac eÐnai

ΠS

ΠD
=
πS2

12

(
U

c

)3
C2

L

CD

L

D
. (5.37)
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Gia roèc me mikroÔc arijmoÔc Mach, U/c ≪ 1, h ekpempìmenh hqhtik 

isqÔc eÐnai èna mikrì kl�sma thc isqÔoc pou q�netai se opisjèlkousa. O

mhqanismìc paragwg c Aiolik¸n tìnwn eÐnai opìte ènac as mantoc ekpom-

pèac aerodunamikoÔ  qou.

Tèloc to epÐpedo hqhtik c pÐeshc (SPL), orÐzetai wc ex c

10 log10

⟨
p2
⟩

pref
,

kai dÐnetai tìte sÔmfwna me ton tÔpo thc IR apì thn sqèsh

SPL = 10 log10 IR + 120.2(dB). (5.38)

5.4 AkÐnhtoc kÔlindroc me merik¸c suntonismè-

nh paragwg  strobÐlwn

5.4.1 Oi exis¸seic gia ton ekpempìmeno  qo

Genik�, apì èna akÐnhto kÔlindro den par�gontai pl rwc suntonismènoi

strìbiloi (fully correlated vortex shedding). An kai oi strìbiloi kurÐ-

wc apob�llontai sthn suqnìthta Strouhal, ω = 2πSU/D, up�rqoun kai

tuqaÐa stoiqeÐa sthn diadikasÐa paragwg c. H f�sh kai h suqnìthta (pa-

ragwg c) eÐnai dunatìn na metab�lletai kat� m koc enìc meg�lou m kouc

st�simou kulÐndrou. Tupik�, to m koc suntonismoÔ eÐnai metaxÔ dÔo kai

pènte diamètrwn enìc st�simou kulÐndrou k�jetou sth ro . S� aut  th

par�grafo, h mèsh tetragwnik  ekpempìmenh hqhtik  pÐesh exaitÐac thc

merik¸c suntonismènhc paragwg c strobÐlwn apì èna akÐnhto kÔlindro u-
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pologÐzetai qrhsimopoi¸ntac mÐa st�simh, se periorismènh z¸nh, tuqaÐa

diadikasÐa, wc èna montèlo paragwg c strobÐlwn.

To mèso tetr�gwno thc pÐeshc tou hqhtikoÔ pedÐou pou par�getai apì

dun�meic talantwtik c �ntwshc se ènan akÐnhto kÔlindro par�getai apì

thn sqèsh (5.20), me Vy = 0:

p2 =
sin2 θ cos2 ϕ

16π2c2R2
lim
T→∞

1

2T

∫ T

−T

∫ L/2

−L/2

∫ L/2

−L/2

∂Fy

∂t
(z1, t

′
1)

∂Fy

∂t
(z2, t

′
2)dz1dz2dt (5.39)

ìpou

t′1 = t− R

c
+
z1 cos θ

c
,

(5.40)

t′2 = t− R

c
+
z2 cos θ

c
.

Prin upologisteÐ h mèsh tetragwnik  pÐesh, prèpei na brejeÐ èna montè-

lo gia tic dun�meic �ntwshc twn merik¸c suntonismènwn strobÐlwn. Qrh-

simopoi¸ntac mÐa, se periorismènh z¸nh, tuqaÐa diadikasÐa wc èna montèlo

gia thn paragwg  strobÐlwn, eÐnai dunatì na diaqwrÐsoume thn epÐdrash

thc kajustèrhshc qrìnou (sqèseic (5.40)), apì to qronikì mèso ìro thc

exÐswshc (5.39) ìpwc ja doÔme parak�tw.

H dÔnamh �ntwshc merik¸c suntonismènhc paragwg c strobÐlwn ston

kÔlindro montelopoieÐtai wc sqedìn armonik  sto qrìno, me mÐa sunist¸sa

tuqaÐac metabol c thc suqnìthtac ∆ω, h opoÐa eÐnai polÔ mikrìterh apì

thn suqnìthta paragwg c ω. To ∆ω metab�lletai me to qrìno kai me thn
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apìstash, all� h mèsh tim  tou eÐnai mhdèn se opoiod pote shmeÐo. Opìte,

h ω eÐnai to kèntro twn suqnot twn paragwg c oi opoÐec paÐrnoun timèc

se di�sthma pl�touc 2∆ω. H strobil¸dhc dÔnamh �ntwshc an� mon�da

m kouc eÐnai

Fy(z, t
′) = F0(z) sin[(ω +∆ω)t′]. (5.41)

JewreÐtai ìti o mèsoc ìroc thc diafor�c f�shc thc paragwg c strobÐlwn,

an�mesa se dÔo shmeÐa tou kulÐndrou eÐnai mhdèn. Autì eÐnai logikì, an o

�xonac tou kulÐndrou eÐnai k�jetoc sth ro . An o kÔlindroc èqei klÐsh wc

proc th ro , h sunist¸sa thc eleÔjerhc ro c, par�llhlh ston �xona tou

kulÐndrou, prokaleÐ mÐa proodeutik  di�tmhsh (shearing) twn strobÐlwn

kat� m koc thc èktas c tou. Autì antistoiqeÐ se mÐa gwnÐa f�shc, thc

opoÐac h mèsh tim  exart�tai apì th jèsh (spanwise location) kai den

ja sumperilhfjeÐ s� aut  thn an�lush. Wstìso, o ekpempìmenoc  qoc

eÐnai anex�rthtoc apì to mèso ìro thc f�shc paragwg c strobÐlwn, an

to m koc suntonismoÔ eÐnai polÔ mikrìtero apì to m koc kÔmatoc tou

ekpempìmenou  qou.

PaÐrnontac thn par�gwgo thc exÐswshc (5.41),

∂Fy

∂t
(zi, t

′
i) = F0(zi)[ω +∆ω(zi, t)](cosϕi cosψi − sinϕi sinψi), (5.42)

ìpou

ϕi = [ω +∆ω(zi, t)](t−R/c),

ψi = [ω +∆ω(zi, t)]zi cos θ/c.
(5.43)
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Opìte

∂Fy

∂t
(z1, t

′
1)
∂Fy

∂t
(z2, t

′
2) = F0(z1)F0(z2)[ω +∆ω(z1, t)][ω +∆ω(z2, t)]

(cosϕ1 cosϕ2 cosψ1 cosψ2 + sinϕ1 sinϕ2 sinψ1 sinψ2

− sinϕ1 cosϕ2 sinψ1 cosψ2 − cosϕ1 sinϕ2 cosψ1 sinψ2).

(5.44)

PaÐrnontac to mèso ìro aut c thc exÐswshc se èna kÔklo paragwg c

strobÐlwn èqoume

1

T

∫ t+T

t

∂Fy

∂t
(z1, t

′
1)
∂Fy

∂t
(z2, t

′
2)dt =

cos[ω(z1 − z2) cos θ/c]

T

∫ t+T

t

∂Fy

∂t
(z1, t)

∂Fy

∂t
(z2, t)dt+ 0

(
∆ωT

ω

)
.

(5.45)

'Opwc anafèrjhke nwrÐtera, h mèsh tim  tou ∆ω eÐnai mhdèn se k�je sh-

meÐo. An sthn exÐswsh (5.45) p�roume to mèso ìro se polloÔc kÔklouc

paragwg c strobÐlou, tìte to l�joc pou gÐnetai ìtan diaqwrÐzoume thn

epÐdrash thc kajustèrhshc qrìnou apì to mèso ìro tou qrìnou,

∂Fy

∂t
(z1, t′1)

∂Fy

∂t
(z2, t′2) =

∂Fy

∂t
(z1, t)

∂Fy

∂t
(z2, t) cos[ω(z1 − z2) cos θ/c],

(5.46)

eÐnai thc t�xhc ∆ω/ω. Autì to l�joc mporeÐ na agnohjeÐ gia periorismènh

z¸nh paragwg c strobÐlwn. An o suntelest c suntonismoÔ (spanwise

correlation coeficient) orÐzetai wc

r(z1, z2) =
∂Fy

∂t (z1, t)
∂Fy

∂t (z2, t)[(
∂Fy

∂t (z1, t)
)2
]1/2 [(

∂Fy

∂t (z2, t)
)2
]1/2 (5.47)
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tìte h mèsh tetragwnik  hqhtik  pÐesh mporeÐ na brejeÐ apì thn sqèsh

(5.39):

p2 =
sin2 θ cos2 ϕ

16π2c2R2

[(
∂Fy

∂t
(z1, t)

)2
]1/2 [(

∂Fy

∂t
(z2, t)

)2
]1/2

·
∫∫ L/2

−L/2

r(z1, z2) cos[ω(z1 − z2) cos θ/c]dz1dz2. (5.48)

An h sun�rthsh suntonismoÔ r kai h rÐza tou mèsou tetrag¸nou twn du-

n�mewn �ntwshc mporoÔn na upologistoÔn, tìte aut  h exÐswsh dÐnei to

mèso tetr�gwno thc ekpempìmenhc hqhtik c pÐeshc tou apìmakrou pedÐou

exaitÐac thc talantwtik c �ntwshc. H exÐswsh (5.48) eÐnai ègkurh, an

to eÔroc thc paragwg c strobÐlwn (bandwidth of vortex shedding) eÐ-

nai polÔ mikrìtero apì thn suqnìthta paragwg c (shedding frequency),

∆ω/ω ≪ 1, kai o qronikìc mèsoc ìroc thc f�shc ekpomp c strobÐlwn

den metab�lletai kat� m koc thc èktashc (span).

5.4.2 Ekpempìmenoc  qoc me λ≫ L

An to m koc kÔmatoc tou  qou eÐnai polÔ megalÔtero apì to m koc tou

kulÐndrou (to opoÐo peiramatik� epalhjeÔetai sthn perÐptwsh thc keraÐac

pou melet�me), [
ω(z1 − z2)

c

]
max over z

= 2π
L

λ
≪ 1, (5.49)

tìte

cos[ω(z1 − z) cos θ/c] ∼ 1. (5.50)
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Aut  h prosèggish aplopoieÐ shmantik� touc upologismoÔc pou apaitoÔn-

tai gia na brejeÐ to mèso tetr�gwno thc hqhtik c pÐeshc apì thn exÐswsh

(5.48).

H sun�rthsh suntonismoÔ gia ènan makrÔ akÐnhto kÔlindro eÐnai mìno

mia sun�rthsh thc sqetik c apìstashc (relative separation) dÔo shmeÐwn

tou kulÐndrou dhlad :

r(z1, z2) = r(z1 − z2) = r(z2 − z1). (5.51)

Qrhsimopoi¸ntac tic exis¸seic (5.50) kai (5.51), to qwrikì diplì olokl -

rwma thc exÐswshc (5.48) gia λ≫ L gÐnetai∫ L/2

−L/2

∫ L/2

−L/2

r(z1, z2) cos[ω(z1 − z2) cos θ/c]dz1dz2 =

=

∫ L/2

−L/2

∫ L/2

−L/2

r(z1 − z2)dz1dz2 =

=

∫ L/2

−L/2

∫ (L/2)−z

(−L/2)−z

r(ξ)dξdz =

=

∫ L/2

−L/2

∫ (L/2)−z

0

r(ξ)dξdz +

∫ L/2

−L/2

∫ (L/2)+z

0

r(ξ)dξdz,

(5.52)

ìpou

ξ = z1 − z2, (5.53)

z = z2. (5.54)

Ta dÔo dipl� oloklhr¸mata sthn teleutaÐa gramm  thc exÐswshc (5.52)

eÐnai dunatìn na upologistoÔn all�zontac thn seir� thc olokl rwshc. H
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ξ = L/2− z

Sq ma 5.4: Perioq  olokl rwshc

perioq  me tic diastauroÔmenec grammèc tou sq matoc 5.4 upodeiknÔei thn

perioq  olokl rwshc tou pr¸tou diploÔ oloklhr¸matoc thc teleutaÐac

gramm c thc exÐswshc (5.52). H olokl rwsh mporeÐ na gÐnei eÐte oloklh-

r¸nontac pr¸ta wc proc ξ apì 0 èwc L/2 − z1 (katakìrufa bèlh) kai

sth sunèqeia oloklhr¸nontac to z apì −L/2 èwc L/2 (orizìntia bèlh),

  antistrèfontac thn seir� olokl rwshc:∫ L/2

−L/2

∫ (L/2)−z

0

r(ξ)dξdz =

∫ L

0

∫ (L/2)−ξ

−L/2

r(ξ)dzdξ

=

∫ L

0

(L− ξ)r(ξ)dξ. (5.55)

To deÔtero diplì olokl rwma sthn teleutaÐa gramm  thc exÐswshc (5.52)
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dÐnei to Ðdio apotèlesma. Opìte,∫ L/2

−L/2

∫ L/2

−L/2

r(z1 − z2)dz1dz2 = Lc(L− γ), (5.56)

ìpou to m koc suntonismoÔ Lc kai to kentroeidèc tou suntonismoÔ γ eÐnai

Lc = 2

∫ L

0

r(ξ)dξ, (5.57)

γ =

∫ L

0 ξr(ξ)dξ∫ L

0 r(ξ)dξ
. (5.58)

Ta Lc kai γ eÐnai faner� kai sto sq ma (5.5). To m koc suntonismoÔ

orÐzetai gia olokl rwsh p�nw sto di�sthma (0, L), kai ìqi sto (0,∞),

to opoÐo suqn� qrhsimopoieÐtai ston upologismì tou m kouc suntonismoÔ.

Aut  h di�krish den eÐnai shmantik  an to m koc suntonismoÔ eÐnai polÔ

mikrìtero apì to m koc tou kulÐndrou, diìti to γ eÐnai p�nta mikrìtero

apì to Lc.

'Enac suntelest c thc rÐzac tou mèsou tetrag¸nou thc �ntwshc (root

mean square lift coefficient) orÐzetai wc[(
∂Fy

∂t

)2
]1/2

=
1

2
ρU 2D

(
C2

L

)1/2

ω2. (5.59)

E�n h kÐnhsh eÐnai prosdiorismènh kai armonik , h exÐswsh (5.29) mporeÐ

na qrhsimopoihjeÐ me thn (5.59) gia na apodeÐxoume pwc

C2
L =

1

2
C2

L, (5.60)

ìpou to CL eÐnai h stajer� pou perigr�fei to pl�toc twn talantwtik¸n

suntonismènwn dun�mewn �ntwshc (exÐswsh (5.29)).
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0
0

hbe

γ

L

r(ξ)
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ξ

Kentroeidèc thc perioq c
�
�
�
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�
�	

Lc/2

�-

Sq ma 5.5: M koc suntonismoÔ Lc kai kentroeidèc γ orismèna se ìrouc thc sun�rthshc

suntonismoÔ.
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An oi exis¸seic (5.56) kai (5.59) antikatastajoÔn sthn exÐswsh (5.48)

tìte h hqhtik  èntash (p2/ρc) tou apìmakrou hqhtikoÔ pedÐou, to opoÐo

ekpèmpetai apì èna akÐnhto kÔlindro me merik¸c suntonismènh paragwg 

strobÐlwn me λ≫ L eÐnai

IR =
sin2 θ cos2 ϕ

16c3R2
ρU 6C2

LS
2Lc(L− γ). (5.61)

An h paragwg  (apobol ) strobÐlwn eÐnai pl rwc suntonismènh (r(ξ) =

1), kai λ≫ L, opìte Lc = 2L, γ = L/2, C2
L = C2

L/2 kai h exÐswsh (5.60)

an�getai sthn perÐptwsh pl rouc suntonismoÔ thc exÐswshc (5.34). An to

m koc suntonismoÔ eÐnai polÔ mikrìtero apì to m koc tou kulÐndrou, tìte

h èntash tou  qou mei¸netai apì thn perÐptwsh tou pl rouc suntonismoÔ

me to lìgo Lc/L.

H olik  hqhtik  isqÔc pou ekpèmpetai sto apìmakro pedÐo prokÔptei

oloklhr¸nontac thn èntash tou  qou, IR, p�nw se mÐa sfaÐra aktÐnac R

(exÐswsh (5.28)). To apotèlesma eÐnai

Π =
πU 6C2

LS
2Lc(L− γ)

12c3
(5.62)

EÐnai qarakthristikì pwc kai sthn perÐptwsh paragwg c pl rwc sun-

tonismènwn strobÐlwn (sqèsh (5.34)) ìpwc kai sthn perÐptwsh twn meri-

k¸c suntonismènwn strobÐlwn (sqèsh (5.62)) h hqhtik  èntash (kai sune-

p¸c kai h isqÔc) sto apìmakro pedÐo eÐnai an�logh me thn èkth dÔnamh thc

taqÔthtac ro c, U 6. An to m koc suntonismoÔ eÐnai kat� polÔ ligìtero

apì to m koc tou kulÐndrou, tìte h hqhtik  isqÔc sto apìmakro pedÐo

mei¸netai apì thn perÐptwsh pl rouc suntonismoÔ me to lìgo Lc/L.
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Αριθμός r.m.s. Μήκος Κεντροϊδές Προβλεπόμενη Μετρήσεις για την

Reynolds Συντελεστής συντονισμού συντονισμού ένταση στο ένταση στο

(Ud/ν) άντωσης (διάμετροι) (διάμετροι) r = 36 in. (dB) r = 36 in. (dB)

4000 0.04 15.0 5.2 47 46

4090 0.03 13.0 4.0 46 46

4140 0.08 12.5 4.0 55 54

6050 0.42 9.7 4.7 76 78

6260 0.43 9.2 3.5 79 77

6450 0.51 8.5 3.2 80 77

PÐnakac 5.2: Peiramatikèc metr seic twn Leehey kai Hanson.

Prèpei na tonisteÐ pwc oi parap�nw sunj kec èqoun epalhjeuteÐ kai

peiramatik�. Qarakthristikèc eÐnai oi metr seic twn Leehey-Hanson, [29],

gia thn èntash tou  qou, (sqèsh (5.61)), pou pragmatopoi jhkan sto A-

coustics and Vibration Laboratory tou M.I.T. Oi metr seic autèc èginan

p�nw ston x �xona kai me gwnÐa 90◦ se sqèsh me ton �xona tou kulÐndrou

kai sthn kateÔjunsh thc omoiìmorfhc ro c U (eÐnai fanerèc ston pÐnaka

5.2).

ParathroÔme ìti oi metr seic eÐnai se sumfwnÐa me ta apotelèsmata pou

dÐnei h sunj kh (5.61) pr�gma pou upodhl¸nei kai thn egkurìthta aut c.

EpÐshc prèpei na shmeiwjeÐ ìti o suntelest c �ntwshc eÐnai o kurÐarqoc

par�gontac sthn ekpempìmenh hqhtik  èntash. Sthn klÐmaka twn arijm¸n

Reynolds thc parap�nw èreunac h aÔxhsh tou epipèdou thc èntashc me

thn taqÔthta sunodeÔetai apì mÐa aÔxhsh tou suntelest  �ntwshc en¸ to

m koc suntonismoÔ mei¸netai stajer�.

Ja  tan qr simo na anafèroume pwc k�poia �lla peiramatik� apote-

lèsmata dÐnoun stoiqeÐa gia thn SPL (Sound Pressure Level) wc mÐa
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sun�rthsh tou IR gia diaforetikoÔc arijmoÔc Reynolds, Re. O Gary

Strumolo, (blèpe [18]), eis gage èna suntelest  α sto dexÐ mèloc thc

exÐswshc (5.34) kai sthn sunèqeia prosdiìrise ta α kai γ, ta Lc kai CL

wc sunart seic tou Re ètsi ¸ste na prosarmìsei thn exÐswsh (5.38) sta

peiramatik� dedomèna.



Kef�laio 6

Parathr seic - anoiqt�

probl mata

Met� thn olokl rwsh, sto prohgoÔmeno kef�laio, thc melèthc tou mo-

ntèlou gia ton  qo pou par�getai apo th kÐnhsh thc radiofwnik c keraÐac

me tic sunj kec pou anafèrjhkan, dhlad  thn upìjesh makrinoÔ pedÐou

k.t.l., prèpei na dieukrinisteÐ pwc anaferj kame mìno se mia polÔ eidik 

perÐptwsh. Sthn pragmatikìthta up�rqoun kai �llec pollèc peript¸seic,

kai an dokim�zame na epektajoÔme perissìtero h an�lush ja  tan ekten c

kai kourastik .

Sthn perÐptwsh thc keraÐac enìc autokin tou, me thn opoÐa asqolh-

j kame, k�poioc ja endiaferìtan p.q. gia ton prosdiorismì thc hqhtik c

èntashc gia apost�seic R oi opoÐec eÐnai kai meg�lec kai mikrèc. EpÐshc,

se �llh perÐptwsh, ja mporoÔse na apotelèsei antikeÐmeno melèthc h klÐ-

sh thc radiofwnik c keraÐac wc proc th ro  (pr�gma pou sunant�tai sta

sÔgqrona oq mata gia lìgouc aerodunamik c). Den ja èprepe na para-

104
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leÐyoume kai thn perÐptwsh diaforetik¸n tÔpwn keraÐac ìpwc eÐnai aut 

me bhmatik  meÐwsh thc diamètrou   h keraÐa me grammik  meÐwsh thc dia-

mètrou. Sto biblÐo [18] proteÐnontai ta akìlouja probl mata ta opoÐa

ousiastik� eÐnai k�poiec �llec tètoiec peript¸seic:

Prìblhma 1. An�loga me thn paragwg  thc exÐswshc (5.19), na pa-

raqjeÐ apì thn (3.47) ènac tÔpoc gia to p qwrÐc na gÐnoun oi upojèseic

makrinoÔ pedÐou.

Prìblhma 2. Na analujeÐ h perÐptwsh enìc kwnikoÔ (muteroÔ) kulÐn-

drou ìtan

i. h aktÐna mei¸netai grammik� kat� m koc tou �xona,  

ii. èqoume bhmatik  meÐwsh stajer c diamètrou.

Prìblhma 3. Na analujeÐ h perÐptwsh enìc kulÐndrou me klÐsh proc

to reÔma aèra.

Tèloc ja anaferjoÔn kai ta probl mata ta opoÐa èqei proteÐnei o Ble-

vins sto biblÐo tou [7]:

1. Sthn paragwg  strobÐlwn.

(aþ) Poi� eÐnai h antÐdrash mh kuklik¸n kulÐndrwn sthn tal�ntwsh

exaitÐac thc paragwg c strobÐlwn; kai

(bþ) poiì eÐnai to apotèlesma thc tÔrbhc sthn tal�ntwsh prokaloÔ-

menh apì paragwg  strobÐlwn;

2. Se talant¸menh ro . Peiramatik�, na prosdioristeÐ p¸c ènac kÔlin-

droc plaisiwmènoc apì èna elastikì antidr� stic dun�meic �nwshc se
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mÐa hmitonoeid¸c talant¸menh ro .

3. Sqetik� me ton  qo pou prokÔptei ap� thn paragwg  strobÐlwn. Na

metrhjeÐ o  qoc pou ekpèmpetai apì èna kinoÔmeno kÔlindro, o opoÐoc

eÐnai suntonismènoc me paragwg  strobÐlwn megalÔterou megèjouc

apì 0.5D.
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