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1 INTRoDUCTIo^

Subc001ed boiling is widely observcd in both natural mld forced two—phase svs—

tems，such as nuclear reactors，heat excllaIl眨ers，et c With the phase transition of the

working nuid(8 g，wateT，fTeon etc)，the pres趴Ⅱe nuctuates，which is known a5 the

thermo—i11duced sound radiation phenoIlleno工l As the b。lli工lg regiIIle develops，both tlle

ampⅡtude and fjequency of the pressure osciUation varv This killd of thermo—acousLic

e行套ct can be utiⅡzed in r89ime recogniti。n with the advantages of easy measuTement and

verv httle innuence on the svstem

IrL recent vears，the fractal nlethods，whlch can re丑ect the dvna血cd complexitv of

a two／州ti．phase svstem meticl工lously and comprehensively，have drawn much atten—

tion in the Helds of two／nmni—pIlase now 110r example，with tlle sel■siHd】aritv collcept

of M龃delbrot，Saether efⅡd1 and Franca￡￡o}2 appUed L1le fractal technique to Lhe

detection and recognition of two—phase How Te舀me in tubes，in which a pressure drop was

used as a detected signal．Thr。ugh the fractal method suggested by Hlguchl，H DJ血nal et

Ⅱ4剖made use of the nuctuation si譬nals of temperature in the regime identi^cation of LllP

boibng two—phase system．In addition，it is derrlonstrated【5“J that，the“1erlno—acoustic

e抒色ct jn the subcooled bo山ng system reflects the nonUnearitv of the complcx dyna删cal
ev01u“on process Obviously，t11ere exjsts noI山Ilearitv，raIldoInness and djssipativity l¨

the subcooled boihng system 1、he non】jnearitv CoⅢes froTll f 1)i11ternal“particles”of t11e
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310 NUCLEAR SCIENCE AND TECHNIQUES

syst锄，namely，movement of bubbles and compucated interactions anlong them，and(2 J

nonhneaf extemal action of the system，。 g distribu“on。f energy a工1d that of sound

aeld in the system The randomess comes from the random variatlon amd distribution

oflocal 5ystem condjtions As there e五sts
strong thermodyn洲c nonequihbrilllll，v渖

caus dissipation 0f the now and sound dissiPation，the dissipativity of the system appears

natlIraⅡy．AⅡthe above factors form the compIe五ty and induce the fractal feature oftlle

system dynaInics．

SilIce the hactal feature renects the complexity of a dyna血c process within the sub—

c001ed boihng system，it is possibk to utibze fTactal characteristic quantities of the sound

pressure signal whjch may indjcate workillg condjti。n，such as the fractional dimension

Values，Hllrst exp衄entsj etc to recognjze the r89hne dyna工11icaUy in the equipment such

as a water—c001ed reactor．F1lrthermore，the method of the recognition r【light mso be

used iIl satllrated boihnE regimes

2 DYNAMIC CHARACTERISTICS oF SoUND PRESSURE IN T王IE

SUBCooLED BoILING SYSTEM AND DATA ACQUISTIoN

2．1 Experimental setup

The test section of experimental setup is sketched in Flg．1．To control the total

heat iIlput to ensure the subcoohnE of bllIk丑ow and to enhance the heat丑ux densitv

on the surface of heater so that the now su口erheat nearbv was mailltained，the heater

material was specially chosen and U1e stainless Eteel tube with an i．d．of 0．25Inm，an o d

of 0．5ⅡlⅡl and a length of 250 mm，was used，with the DC current of 16～20A passing

throu薛h． The tubes of the loop，with姐i d of 15玎lm，were made of copper exc8p‘

that a plexi葺Lass tube is apphed fbr珏ow visualikation just around the heater where the

subcooled boiling occurs．Also，the water—cooUng condensers with adequate。apacity were

eq山pped．：Ebr the objectiVe of data acquisition，piezo—resistiVe pressure。tTansducers(p1、

p2，p3)a工ld thermocouple te皿【perature t删1sducers(正，乃，孔)were equjpped h1 the Ioop，

whose 10cations are shown iIl F疃1 Distmed and degassed water was used as worklng

fluid and the test was DerfbrIned under the current of 20A

2．2 Data acquisition of the subcooIed boiling dynamical ressure signal and

phenomenological Analysis

In the e印eriment，oscmating pressllre s培nals picked uP by poess埘e transducer8

were transferred to A／D ports of the c。mputer data acqllisition system(cDAs)(with

the sampliⅡg rate of 27435 points per second)and throu曲A／D traIlsformati。n，th8

electric signals were convened to pressure data and saved in data址es【w虹ch cont孤n5

4096 data in eacll file)．The acqlIired data were疗1tered by a wavelet sottw盯。hlt8。and

the time series of s01md pressure for analysls weTe thus obt札ned

2．2．1 PhenoⅡ1enological analysis Df the system regirrle based on typl。aI p。。8‘

surewa、re s远nals
， ， ，，

Three typic出groups 0f pressure wave time ser主es were acqmred and pr。。。55。d 1588
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Fig．2) Accordjng to the waveforrrls of s01md pressure，the dynaⅡuc process。f subcooled

b。mng can be Toughly classi6ed jnto thee stages w“h the subcoolmg decreased

(a)Injtial subcooled bomng st89e(subcooⅡng range：>60 K，accordjng to乃)

Si工Lce very few bubbles are generated in this stase，the pressure waveform approxi—

mately reflects the sound pressure ra出ation feature of s如gle b11bble generation pTocess，H

bubble shape osciⅡation from the be百nnjng of bubble ejectjon simultaneously forms th8

mat出n叵volurrle osc山ation． The osciUations are continued ti】l the矗nal stage of bub—

ble condensation and then Teb01md to a shock waⅣe which Ieads to a decaying volume

0scmation

(b)Middle subc001ed boi“ng stage(subc001i】19 range：60～loK，acc。rding to乃)

With l解ger蛐10．_Int of bubbles observed and smaUer subcooUng establishd，t}Ie

solmd waveform becomes“successive”and t11e hjgh peakg of shock waves almost disap—

pear．The reason is that the potentjaI di虢rence fbmled by the thermodyllaHlic non8qu卜

Ubrium effect ch】rin譬the conden5ation process of bubbJes js now not strong eno“gh tu

lead to a rebound that forms shock Moreover，undeT the Testraint of the sound neld

of bubb】es cloud itself，the volume oscmation doInjllatcs the bubbles and with the jn—

teraction of B jerknes forces【6I between them，the vapor bubbles attract each other and

their agglomeration leads to combination of the bubbIes Under this condition，sound

Tadiation frequencies of vapor bubbles tend to be identical

(c)Near satll『ated b。m“g st89e(subcoohng range：1mdeT lo K，accordj“g to乃)

DuTmg the stage，the subcooUrLg is sma卫1 w上LiIe the Vapor bubbles which即ow rather

b讵osciⅡatmE。n the sllrface of heater．It is。bserved that the lumps of 7印or emer and
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stTongly stir the bulk The two—phase reglon becomes lnhomogeneous and the sound waVe

wjth a high frequency tends to be weakened while Jow freque工1cy coHlponent enl村ged

As t。the average吼phtude，“is natural that the transducer(声2)>(jlj>i乒．，j
since the transducer p2 is代ry near the two—phase regjoIl where the bubbles are generated

and p1 10cates at the inkt of single—phase region Here，西(i=L，2，3)is the oscillatl()n

arnpⅡtude of the pressllre at 10cation。and“()”refers to tjme aVeragiIlg

2．2．2 Evidence of＆actal f奄ature in sound pressure signaI

(a)Pseudophase di89ram
The pseudo phase diagram drawn from the sound pressure time serjes at the s Llb—

co凼g“H．8i K fIldddfe subcoo如g sta占司js demollsna把d m赡3 n re如cts the

entity attractive fea“ue a11d local oscⅡIatjve behavior of the sound Pressure a“ractor

愈鲰峨
Fig．3 Pseudo phasc dlagranl ofm．p2，舶at cI【e sIlbco()ling“14 8l K

(b)Application of wavelet transformatlon(78}

In t虹s work，the fractal feature，say'self_sirIlilarity featuTe of the sound press LIrP

time series，was briefly stu died B)r example，Fig．4 gives a sound pressure time senes of

p2 at the subcoonng of48 95 K and its wavelet transformation series(1000 points)Ⅲ1der
djfrerent scales(here，the Daube一3 wavelet fhncti。n is adopted)．109Ⅱn—log T Telation。f a

str越ge peak“A”js plotted in Fig．5，where口n js the nth scme and r refers to the Vallles

of Deak“A”at dⅢ研ent scales．It is obvious that a ceTtaill region of the relatlon satls6es

the pdwer law approximately ThereIbre，it could be lulrigously conchlded that the fractm

feature does e妇st证the sound pressure si霹nals of the subcooled boiling t、vo—phase 5ystem

at a certain scale range．

Fig．4 Typical sound p。e88ure time serirs and

it8 continuous wavelet tran8fbnIlatlE)rL

10口“

FIg．5 Fr；Lctal featllre 0f pD砒‘。A～In FlB 1

(powe】la胛cvi(iPnc。
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3 FRACTAL DIMENSIoN CALCULAT丁oN oF SOUND PRESSURE

IN THE SUBCooLED BoILING SYSTEM

3．1 F}actal dimension and correlation dimension

SirLce the fractal fjatllre is fbund in tjle dvnanllc characteristics of t11e subcoole(】

boil血g system，it is obvious that the fractal dimensi()n can be apphed to describe thc

dynaIllic process witmn the system and it varies wiUl the change of TeglIne The genefal—

ized dimensjon is deaned a5 fbUows The trajectorv of an attractor of a dvn(ⅥIdf svstem

ls divided iIlto a series ofpoints z(￡二o)，z(￡=f)， ，z(￡=ⅣT)，and the d—dimeIIsion础

phase space is delim主ted into units of“v01mne”一 The probab山ty of矗ndlng a point of

attractor withh unit i is鼽，and乳=linlⅣ_∞Ⅳi／Ⅳ、where，．vi is the nⅢnber。f point s

(z(t=jr))in unit i Thus th8 generaIized diHlension ls expressed as

卟嬲者log‘三，灿g‘ (1)

SpeciaUy，when g=2，it is cal】ed the correlation d】mension，i e．

．Ⅵf¨

D：2}鳃1。斟∑pM。gf (2)

The D2 is of great signmcance for the dynaIllic al characte丁istics of an。r出nary dy—

narnjc system，e5pecially when considering the evenness of coverings i3』FoT such dhcTcte

time series as the acq血red sound pressure osciⅡa“on s培n“，G—P aIg。Tithm for caIcu一

1ating D2 djrectly from time series，which conles from the theory of embed ding aIld

reconstruction of the phase space，js devised(see Ref．『9】)
IIl thjs work，a computer ca上culation program was made，w上Lich improves the algo—

rithm as well as the followmg recuHe眦e formuLa recommtllded in Reflf9l，

r}*，+。=一7一J x：一x，l+l x，+。。一爿，+。f (3)

The imⅣovements lie in f。uow洫g aspects (1)For di舶rent embedded dimeuslons，

the recurrence formula

r‰，。=r％。一一x⋯。+，一x朋一 (4)

is deduced and suggested，where do is the assllmed iILitlaI embedded dimensi。11 (2)w11iIP
c alcldating，the smau number series，i e the c。mparing boxes(E(i))are arTallged from

smallt。bigin size s。if r必幽>e(≈)，then

r：兰，如>￡(七1歹1)(J，=l，2，

柚d the initi“diⅡ1ensi锄s are缸ranged from low to}吨h

r：?幽+。>e(七)(n=l。2， ·，n-)
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wh盯e佗1 js the assumed hj叵hest embedded(1imension and¨s the assmed maximum

comparing box order nuHlber

(3)Finauy，some impTovements are made jIl the dynarrLical array organizati。n with
the5e arrangeInents，the calcu上ating e历ciency is greaLly improved Using the tlme series

of研，p2，p3 acquired for an experimentai dyn删c ev。Juti。n process，the correlatiDn dl

mensions at蝴erent subcooⅡngs are c alculated and demonstrated in F堙．6．The detallcd

discussion in Ref．(5]mdicates that the v“ue of correLation quantitatively reaects some

iIlfbrmation of dyn枷c characteristics of the systenl-It should be p。inted out that the

G—P“gorjtllnl remains to be improved and for the tiIlle being，there still e xist s。me er

rorg ill the reslllts 0f calculation，aIld it may influence the reglme rec0911ition to a ceTt aln

extent

Fjg·6]曙end of correIatjon djIfjensjonnf，1， Fjg．7’nend of hIIrs^cxpfmeIlt(什f犯

p2·p3

3．2 Hurst exponent

With the coexistence of nolllinearitv and randoTrmess of the svstem Drocess、the

acoustical dynaInic盎atllre of the subc00ied boiHng two—phase system is rath盯compb—

cated．1nstead of being complete rand。m，the dynaⅡdcs shows a certain 8pecial lrregular—

it y1 i e．the so—caUed Hurst phenomenon【lo The analvsls of the ampntude distrml】tion

dia酽ams of the sound pressure time series jndicates that the sound pTessure tlme series

in the subc001ed two—phase 8ystem ls actua儿y not classic“Brownian Movement(BM)．
whjle its long—tem correlation(memory e＆ct)nlay be identi矗ed arLd explained wJth

Fractal BTowILian Movement(FBM)suggested by M‘Ⅵdelbrot etⅡl川with the con。印t
of Mandelbrot e￡计s，Hurst exponent renects the long—term coTTelatjon of the sotlnd

press址e time series When日>O 5，the time series is of persistence，i￡，in average，aIIv

positive increment ln tll8 past hplies an increase in the futllre：and when日<O 5，it

is of antipersistence，i．e．，a positive increment in th8 past imphes a negative one i工l the

future Therefore，by ca王cu】ating the value日，the trend of a future time serles can be

qualitativelv forecasted from the persistencv

Infact，Hurst exponent is an excess dimension Throu曲the丑／F anaJysis metllod。圳

suggested by Hllrst，one can evah上ate th8 persistence／antipersistence of the s01lnd pr盼
sⅢe time series．The trend of Hurst exponents at typical subcooUngs in the e邱enment
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(for p3)is calcttlated and shown in Fig 7 see Ref[5]for a detailed discussion tn the

relation of日and the dynarn主c feature m the e。periment

3．3 Bxplanation to the calculation results

For an ide出dyna耻c systeml when D2==1，the 8ystem belongs to a se皿excited pen—

o dic osciⅡation state fhmit cycle)；when D2=2，it belongs to a quasi—pe“odic osclllati。n，

when D2 is not an integer or D2>2，the system renects some chaostic feature In this

study，D2 of p3玎讧ght renect the dyn删c characte ristics or“1e two—phase system be—

cause traIlsducer p3 10cates at the a fuⅡy developed two·phase r。gion It is seeII fjom

Fig．6 that the variation of D2 in d讧rerent stages of the subc。olings n13y roughly，but

comprehensively，demonstrates di珏0rent dvn扯nic features of the system and its cvoIu—

tioⅡToute when the subcoohng>60K oT s。(mltial stage)，(_D2)p3∈(o 5，o 6) In this

sta醇，D2 is relatively smaU since very smaU amount of bubbles ar8 generated a11d stab】e

souⅡd矗eld has not been completely established． When the subcoohng is between 60

to 10 K or so(middle)，wjth more and more bubbles appear，a regular sound neld Is

fo玎ned，periodic and quasi—pe“odic pressure。sciUati。ns are obviously found It is Ila⋯一

ral that(D2)m∈(o．8，2．o)，which r【Leans that the two—phase 5ystem js self-organized At

low subcoohng(near saturated subcooled boiung stage)，(D2)p3 approaches 3．o、whlch

indicates that as moTe and moTe bubbles aTe即nerated and combmed to laTger 011es，

self．or只anjzation of the sound pressure osciUation beconle8 poorer and poorer

In Fig．7，the trend of H exponent shows that with the decrease of the subcooling．

H tends to 8pproach I．0，wmch indicates that the 5ystem ls getting more aJld more self

orgaⅡized．However，in the subcooUng range of 13 to 14 K，there is an abrupt decrease

of日，appToa出inE to O 5．This phenomenon seems to hdic乱e曲at there h a kind uf

“non-equilibrim phase chan∥’and a“cmical s1。wdown”r。gion That is to sayl the

pressllre osciUation modes on both sides of the critical regIon aTe essentiaUy ditf色renl

Anvhow．it stiU needs more evidence and fUrther investigation

Moreover，the H values in the wh01e subcooled boibng process are出1 1arger thaII

O．5 This means that the sound pressure time series in the wh01e subcooled bo诅1ng re譬ion

are Dersistent

4 DYNAMIC REGIME RECoGNlTIoN TECI{N1QUE BASED oN

THE FRACTAL FEATURES

4．1 R89ime recognition strat89y

The recogⅡition measuTe given in Fig．8 was adopted in this work，in which．espel

ciaUy，a non—teadlered dyn谢cd clustering method was apphed to the design of classihel

and the strategy of classi丘cation．Accordillg to the sirnjlarity d89ree。f the samples c01。

1ected ill the experiment，an automatic classmca“on and clustermg(here)the c—averaged

value alg。rithm was used． see Reff51 for detail) was carried out The ev“uat】on

cr“erion is the sum of squared error L，which is deflmed as
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wheTe而J(J=1，2

c ”j

五=∑∑

嚼：去妻哆 ㈣％2 i毫。’
㈦’

aIld they act as c clustering centers，representing c regime types． nJ
is the numbeT，jf

regirne saⅡ1pIes，y is the eigen—vectoT of each sample and‘‘}I·{{”represents a certaln

dist缸lce(m this study，the geometrical distance between eigeIl—Vectors is adopted)

骨目国

哼

，鬈
F咤．8 Sttn。gy oc r。gimt：Ⅲt’E11ltlon

C

F逗．9 Jc～c cllrVe of rccog!liti 0I

The meamn叠of the criterion ls t hat

the larger the v出lle of， ls，the wors8

clusterin譬result is obta血ed．Th矗nd a

clusterin譬resuIt sa“sfying the demand uI

the sma】1est^．whjch is tlle a】m oi tl】c

algoIithm，the jn丑exion of五～c curVe

which(·orres口onds to me number ot rec+

ognjzed reglme should be found(as shown

scheIflatjcally in Fig 9) In the work，th

resuhs of dvnan讧cal cluster曲g based oIl

correl玳ion dimension D2 and Hurst cx—

Donent demonstrate that the nunlber oi

ideTnmed Teg曲es is 3，wh主ch is in acc。rdance with the phenoIneno】ogic“analysis
to tjl。

so、lnd pressllre t证1e series．

4．2 Con砒ruction of the eigen．vectors for reginle recognition based on fractal

characteristic quar吐“ie8

Based on D2，the elgen—vector for regime recognition is c。nstructed as

屿弦呵№n邸叩舡

扛

甜

闰

噼卵扑emC
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E驯。=((西：)，五万：，)

where蕊1，=(D2¨[(D2)：k。。and碗j=二△咒。／(△死，)㈣are normahzed correlatiofl

djmensions and subcooh98，respectively，MeaIlwhjle，for me ejgen．vectorbased on Ht￡rst

exponents，jt is de丘ned as

where日；=月。／(打。)⋯
％=(矗：，△丁“)

4·3 Results of the regime recognition

】O)

1he resmts of the subcooled bojliIlg regime recognjtion based on打actaj cbaracte，一

lstlc qu{uLtItles ot solnld pressure waVeforrns ar8 given in Figl0 and Fjg、¨．The reslllt 5

aTe 1n rough accordance wlth the qualitative discussion 0n the sound口ressure time series

thelr erroTs occllr only at the subc00liIlg range of 30～50 K in the reco聃ition based on

D2．In Ref 15I，it i8 p。i工lted。ut that，some i工11provemems in the di5crete algoTithnl of

caJcuja￡皿g D2 based on￡he mne series shoⅡ】d s砌l be achjered to reduce the error

Fig．10 Recognition rcslllt ha}；I、d ojl D2 Fig．11 R P。嘴儿11ion resu¨baserl o】J口v，1

5 CoNCLUSIoNS

(1)Fr。m the soLuld presslIre data acquired and a throu曲pretreatment procedllre

幻che dynarruc缸pfessure slgn缸s。f the subcooied boinIlg jn tube，combined with phP．

nomenol。gical quahtative analyses，the trend of regime evolution is described．

(2)Based。n pseudo the pllase space diagra瑚and wavejet ana】ysis，the evidence or

the existence of丘actal featllre in the dynaIllical subc001ed bo诳ng pr。cess is demollstra

tiVely de¨vered

(3)ealcmatiorLs of the two fractal characteristic quantitjes—correlation dimenslon

D2 and Hurst exponent日，for the s。und pressure time se“es aare carried ou￡、whjch

quantitatively reve出the trend of re颤me evojution in the system．

oz毋uJl6心芷
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(4)On the basis offfactal charactensti。quantities and thro“gh dyn觚cal clustc“ng

to them，r89imes of the system are reco印ized It rnjght contrihute to the quantization

and inte山gent organi2ation。f r89ime recogILition in the bojling two·phase system

(5)Because a great de“of dynarr正calirdbrmation is cont ained in oIle fractal dj—

mensjon，the regime identmca“on based on the e培en—vector from the quantity seeⅢs

rather simple，comprehensive，convenjent and hence pr。rnjslllg However，the algonthm

of calcmating the quantities山rectly fr。m time series is far from mature a工ld should he

improved to reduce the rate of recognitjon error．
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