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Review of recent investigations of deterministic clraos irr boiling

The paper presents recent progress in modelling of boiliłrg phenomena, It has been pointed out tlrat
the majority of the approaches are based olr static models, i.e. on tlre concept of searching for stationary or
quasi-stationay states which determine the heat transfer. Usually, the analysis of stoclrastic plrenomena
neglects local changes o{ the temperature o{ the lreatirrg srrrface ancl local heat flux. The furrdamental
ideas of deterministic chaos along rvitlr their implementation in the analysis of boiling are also presented
in the paper. The ]iterature survey shows that the phenomena of clraos lrave been observed md analysed
in boiling flow along witłr the fractal properties of phase separtrlion surface arrci tlre heat rvave flont.

Nomenclatrrre

A
a,b,d -
D
e,-
l-
Fr
l_

p-
q-

I
Ikr, Ilkr
kr
l
matr

crisis index,
crisis index,
criticaI,
Iiquid, viscous,
maximum,

T

t
T
I
z
u
€
.\

f

Subscripts

min
n-
o-
sat
1'

area, Constant,
constants
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1. Introduction

It has been aclrnowledged that the
started by Leidenfrost in 7756 L7-2].

investigations of boiling phenomena weTe

He investigatecl the behaviour of a water
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droPlet on a lrot and heavy metai spoon. LTntil the 1930s ilie investigations of
boiling Phenomena, we]:e purely scientific. Arr increased interest in boiling was
observed in tl,1rl 19'l0s, wlrich can be explairred by tlre plogless in the area,Jsuch
as nuclear P0.',rI, Clyogenics and space scierrces" Tlre interest stemmecl from the
fact that tlre process is characterised by a łLigh value of heat tra,nsf'er coefficient.
For exarnple, durirrg nucleate boiling it is possible to obtain tlre 1reat flux from
tlre lreatirrg surfa,ce to the boiling liqrrid of tlre orcier of "l06W/m2. One of the cha-
racteristics of boiling is tlre boiling culve) whic}r describes tlre relation between
the lreat transferrecl from tlre heating surface to tlre boiling liquicl (q), and tlre
temPerature (ą) of tlre heating surfJce . In t,lre literature, ńouilv tlriee'dlfferent
kinds of boiling Cul'ves are discerned. They are obserlrecl irr the plocesses whiclr
take Place in apparattrses of different construction arłcl principle of worlr. The
sclrematic distribution of tlrese culves is slrown in Fig. 1.
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Fig- 1. Boiling crrrv,es. a) Boiling crrrve by Kutatełaclze, 1 - ntcleate boiiing region, 2 - transition boiling
regicn. 3 film boiling regiorr,
b1 Boi}ing curve blr Nukivama.
c) Boiling curve for rron-stationary systems.

Tlre curves shown in I'igs. 1 a,b (Kuta,telaclze and Nukiyarna) can be obse-
rr-ed in an aPParatus where statiorrary boiling processes take piace. The process
of boiling is controlled by a control palameter]. In Fig.la the cóntrol parameter isŚĘ, ancl in Fig. 1b the heat flux (q). The boiling crrrve slrown ił Fig.lc exists irł
dvrramic sYsterns, i.e. in tlre apparatuses rvhere fast changes of contro-i paralneters
such as Q, LT* take place.

Besides the wayirr which boiling is realised (Fig-.1a,b.c)it can be diviclecl into
tlrree regions: tlre nucleate boiling region, transitión boiling region and film bo-
iting region (Fig.la). By the concept o{'existerrce of boilin§region'tlre region irr
the space of control parameters {T,p,...) is understoocl.

The cirange o{'type of boiling is calleci a boilirrg crisis. When r,lre temperature
of tlre lreating surface is equal toT.r.l1r, therr the transitiotr frorrr nucleate to film
boiling (Fig.lb) or from rruclełr,te to transition boiling (Fig.la) takes place. This
Phenornenon is called the nucleate boiiilrg crisis ol tlre'firit boiling crłsis. Wlren
tlre temperatrrre of tlre heating surface is equal toTru,111r. tiren rvJhave the pro-
cess of transition from filrn to ntLclea,te boilirrg (Ilig.]1,1) or fi,om fillł to transiiion
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boiling (Fig.la). Tiris phenomelton is callecl the fllnr boiling crisis ol tlre second
boiling crisis.

Experinrentai investigatjolts perforrned in recerrt yezlrs sholv that the critical
tempelatrrre Ę and critical lreat flux q are deterrnirtecl by tlre rate of clrange of
control parameters (Fig.lc). In łorL-sta,tionary plocesses? a rlecrcase of heat flux
q^o* anld iltcrease of lre;rt "flu_x r4,,r;r, is observed, compared to tlre re-levant values
of heat flux in stationary systems [25].

'Ilre transition boilirrg is a process rv]rose existence is constra,ined by two plre-
nomen.a - lirst and seconc1 boiling crisis. Irrvestigatiorrs of tlris phenomenorr are
lrinderecl bv its vehernence ancl instability. .1g..r.iing to fJeI:ensorr [1]. tlre tralrsi-
iion boilirrg is a cornplex of p}rcnontena characteristic for lltrcleate ancl fi.lm boiling.
The iatest investigatiorrs reinforce this lrypothesis. llsLially tlre transition boiling
does not occrrr trnder stationary corrclitions. tlrerefore tiłe transition boilirrg is a,n

unstable boiling regiolt. N,Iainta,irring statiorrary parartreters of a ireating apparatus
requires special equipment. lrr Figs.la,b tlre tr;r,nsition boiling region is marked
with a clotted line. Irr dynarnic systenrs in tlre regicln of transition boilirrg, the
plocesses talre place at tlre sarrre ra,te ułs in otlrer boilirrg regions; in Fig. 1c tiris
region is marked by a solicl line.
Althouglr several łvorlrs have been clcvotecl to boiling, tlrere are still numerous
fundamenta,l ploblems not solved yet. 'I'lre majority of these problenrs concern
clynamic properties of boiling. It follows 1i,om tlre Iact tliat rł,itlr tlre deve}op-
ment of new Ineasurernent teclrniclues, tlre approaclr to the anal.ysis of boiiing
pherromen,a lras been changed. Originallv, tlre process was perceivecl as a sta-
tic phenornenon wlriclr can be accomplislred at given initial conditions. Recently,
the dynamic properties of boiling ale more o1ten irrvestigated. Tlre ir"Lterpretation
of these plrenomena requires a diffelerrt approach than those elaborated so far,.

In rrany cases? a new approaclr to the analysis of boiling is inportant not only
from a tlreoretical but also practical poitrt of view, as for exa,mple in the 1980s
when disturbances of boiiing water flow in water leactols rvere cliscovered. Tlrese
disturbances irrcrease tlre ternperature of the coolirrg liquicl. wlriclr can 1ead to
malfunction of rea,ctor coollrrg systems arrd eventtrally its breakdowrt. Numerous
inspections of rna,ny irtstallaticns showed that t]ris pherromenorr talres place very
o{ten and is cleperrdelrt on the values of cooling systerrr contro], pal,arnetels. NIost
approaclres to mathematical nrodelling of boiiing phenorrrena seem to be urrsa-
tisfactory in the analysis of ciyrrarnics of boiling pfocess) alrcl tlrerefore nore and
lnore often tlre model of deternrinistic chaos is used.

2. Deterministic chaos

investigations in the area of norr-statiorral)r pl,ocesses occurring in clynanric. slrs-
tems have lecl to the aopeara,nce of several moclern metlrods of classiflcatiolr ancl
analysis of non-stationary plocesses [3]. One of such methods is tlre so-called mo-
del of deterninistic chaos, based olr the ana1.1,,5|5 of tlre solution of differerrtial
equations describing tlre plten,ornerron. Tlris nrethod has been clevelopecl in tłre



114 R. ł{osdorf

advent of computing facilities.
BY the concept of deterministic clraos are understood irregular (clraotic) clran-

ges of characteristic quantities clraracterising a non-lirrear system, for which tlre
laws of dynamics determine unarłrbiguously its tirrre evolution when its history is
known.
The chaotic dynamic system has the following properties [3];

o The trajectorY of a chaotjc system ilr the plrase space cloes not form any
single geometrical object such as a circle ot toru,s. but resernbles tlre fractal
structure.

r The chaotic dynamic system is sen.sitive to tlre change of irritial conditions.

In order to exPlain the lundamerrtals of chaos let us consider the dvnamic svstem
described by the equation:

Znł1. : f(r"),
where: n - constant.

Equation (1) is used for example in the clescriptiorr of behaviour of the eco-
sYstem in subsequent phases of its evolrrtion. Tlre variabie z, clescribes the states
of tlre dynamic system wlrich are separated by a consta,nt period of tirtre r.
_ . one of the cluantities describing the clraotic belraviour ór thu clynarnic system
(1) is the Liaprrnov coefficient defined as [3]:

(1)

(2)
f*(r. * E) - fN (r")

It is a measure of change of the distance betrveen two initial points (z,) and
Q"+_e1, which evolve correspondingly to ecluation (1) througho,rt X iteraiions,
The LiaPunov coefficient is also a measule of loss of tlre system irr,formation in
one iteration [3]. In the case when ,\ ) 0, rve say about the dynamic systern that
its behaviour is chaotic,

After Schuster [3], we can discern at least tlrree scenarios of reaching tlie state
of chaos by a dynamic system,

The first one has been discovered in simple difference equations (1), where
subsequent iterations oscillate between the stable values. The numbe_. of th"r"
values increases to infinity with the change o1'eciuation pararneters, which n}eans
the transition to chaos. Fig.2. illustrates the behaviour of tlre clynanric systern
described by a logistic equation in tlre forrrr:

Znłt: rZn(l - zn) (3)

With the change of parameter r, subsequerrt iterations of equation (3) converge
around one (Fig.2a), two (Fig.zb) or forrr (Fig.2c) conveIgence points. \Ą/lren tlie
Parameter r exceeds its critical value, subsequerrt iterations of ecluation (3) become
chaotic (Fig.zd). Fig.2e. illustrates the diagram of stable points of eqLratiorr (3),
as a function of parameter r.
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Fig_. 2. The scenario of reacłrilrg tłre state of chaos in logistic eqrration (3).
a) Subsequent iterations of tlre equation convel,ge ..o.ń or-r" 

"orr".g".róe 1>oint.
b) With an increase of panameter r subsequent iterations of tlrc logi,stic eqlration converge arouncl two
stable points.
c) A furtlrer increase of paranreter r causes dorrbling tlre rTurnber of convergence points in subsequent
iterations.
d) Whenthe parametel r exceer,ls some critical value , then subsequent itelations of tire logistic eqrration
becorne chaotic.
e) Diagram of tlre stable points as a function of parameter r.

Anotlrer classical example of transition to chaos in the systems clescri-
bed by the clifference equations is the behaviolrr of iteratiorrs. a trvo-dimensional
equivalent of tlre logistic equation in the form:

trlł7 = 1-ar2rłYn,
9n*1 = brn.

§rrbsequent iterations of eclrration (4) forrn the so-callecl Herron
'- Fig. 3. Subsequent iteratiorrs of eqlration (4) have an irregular
e.itractol,.

The seconcl scena,r,io, the so-called intermittence scenario, exists in the case,
mhen the regular solution is disrrrpted by an accidentally distributed chaotic si-
gnal. An avelage nrrmber of these disruptions increases with t}re clrange of equ-
łlion parameters. until reaciring tlre chaotic state.

The thircl scerrario is connected with the existence of stra,rrge attractors, i.e.
ial regions in tlre phase space? arouncl rvlrich the subsequent iterations of tl"Le

:ations describibing the phełomenon collverge, Examples of suclr classes ale:
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Fig. 3. Henon attractor, a = 1.4 ,b = 0.3.

the Julii class or Marrdelbrot class [4]. Arr exanrple of tlre Julli class is given irr

Fig. 4.

The phenomenon of chaos exists not only in the systems described bY tlre dif-

ference equations, but also in the systems described by the diffelerrtial equations.
A classical example of such belraviour is tlre motion of a powered pendulum or
the behaviour of licluid circulation in the Benard experirnent described rvitlr the

aid of the Lorenz rnodel [3]. The fluctuations of licluid circulation in the Benard
phenomenon wlrich takes place between two plates havirrg clifferent temPeratures
ire s}rown in Fig.5. Tlre fluctuations lrave beerr determirred based orr the Lorenz
model. The process of reaching stationary state by the system is shown irr Fig. 5a.

An increase of the temperature difference between the plates leads to irregular
(chaotic) behaviour of the system (Fig. 5b).' Anoiher result of the worlis on deterministic chaos is the result obtained by
Takens (1981) [3,5], which shows tlrat after damping the transitional effects, it
is possibie to reconitruct tlre tra,jectory on tlre attractor with tlre aid of the me-

asuremerrt of one component of the vector describirrg the dyrramic sYstem. The
utilisation of Takens works together with tlre capabilities of rnodern measurement
techniques and computatiorral methods errables the analysis of the chaotic Pro-
cesses based on experimental data.

The analysis of the sigrral enables tlre deternriration of a series of clraracte-
ristics of the dynamic system such as Hausdorff dinension, I(omogoror,v entroPY,

Liapunov exponents [3]. Usually the analysis of the signai starts with tlre con-

struction of reverse maps, which are a special ]<ind of Poincare maps. These maPs

are the graphs of z^l1r(zr), wlrete k determines the iength of the time period
betweeni*br"qo"ot measurements r. Reverse maps ale helpful in the analYsis

of the behaviour of tlre reconstructed attractor, but tlreir interpretation is bY no
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F'ig, 4, An example of the Julii class forrned as a result of_iteratiorrs rlf the equation żnłl = z| + c, where; is a complex vmiableand c is a constant c= _'0.2+ i0.6.

ilneans simPle and reqrrires the krrowledge of otlrer quantities w]rich clraracterise
t&e given system.

The reconstruction of reverse maps baseci on the results of nreasurements of
heating surface during nucleate boiling faces numerous di{ticu]tiEoulllłi DulIóLc uurllr8_ Irucleatre Dol.Llns laces numerous dithculties coming

the inertia of measu,ring clevices and tlrerefore the picttire of tlre mups i!lre maps is
|24].

,łccording to the definition of the chaotic systenr gir,.en above, its trajectories
uot form any single geometrical object in the plraie space such as a circle or

-_Th"{ form, however, the objects called strange attiactols rvhose structure
rbles the fractal structure. Tlrere are several deirritions of strange attractorsit can be assumed as in [4] tlrat a s-trat,lge attractoris a mininlcil inaar.iant

§'lrrctuatiom of liquid circulation velocity in the Benad phenomenon described by tlre Lorenzłlr=]5,b)r=30.

b)



118 R. N,{osdorf

class whiclł attra,ct.c tra.fectories fronl all, clr a pa,rt of, it_s neighbourhoorl, and, hcls
a strange geometl'ical strtLcture. T]re delinitiorr of the fractal is the fractal in the
Plalle R2 is each nr,tn-empty art,il compact subclas.s oJ the ,plclne l:ł2 [łi. łIairdelbrot
assigns tlrree properties to tlre fracta1l

o it is determirred be a recursive reiatiorr,

o it has self-sirnilality features (a, part of tlre fractal is similar to a whole
[r,actaJ),

o is an object rvith incornplete dimension.

Orre of the importarrt fra,ctal characteristics is its climension. Tlrere lrave been
introduced severa] defirritions of tlre fractal rlimerrsion (informatir.e, pointwise,
Liapunov's). The most popular is the Hausdorff and Koimogorow definition [4].Irr orcler to form this delinition let rrs corrsider tlre geomeirical object in ihi
rr-dimensional Euclides space. Let us cover it with tlre ńt ot n-climerrsional blocks
of side e. Let lY(e ) r,vill be a minimal nurłber of blocks sufiicient to cover the
rvlrole object, The fractal dinension is defined as

D = 1im 
los 1r(e)l) = nm 

*ne 
(5)

If a geometlical object is a part of a smooth line, then ff(e) ł (I/e)-If a
geomelrical object is a slice o1'a smooth sut.face. tllerr lV(e ) = (1lc)2.'For the
fractal object, the relation holcls 1/(e) x |Ile)D.
The correlational dimerrsion is rrsualJy determinecl rvherr the tinre signal of the
measurecl quantity is lirrołvn. Tlre corr-elational dimension is defined 

", Jł1,

1

D" : lim .| lr, )- p?
|ll"'Z-",

L

lvhere: the quantity

irr a cell ld.

is the probabiLity of flnding trvo points of the attractor

3. Chaos in two-phase systems - recent investigations

The number of publishecl works clealing łvith the application of the concept of
chaos to tlre analysis of boiling is snrall, The published works have predominantly
a theoretical (funclamental) character. This is clue to difficulties encounteted in thl
measulement of time characteristics suclr as the local ternperature of the heating
surface or the local heat flrrx. In tlris part the most importint works dealing witt
tlre aPPiication of tlre concept of clraos for modelling ot loitiog are describid.

(6)

T,p'i
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3.1. Two-phase flow and boiling

A pherromenon linorvl a,s density-tuatlę irtstabili,ty takes place in tlre systerrrs
with a plrase charrge as, for example, ilr lvaier nuclear reactors [6]. irr such sys-
tems there is a forced florv of licltrid undel corrditions of boililrg. i\s tłLc numelous
experimental results ancl theoletical considerations slrow, botli tlre boiling plocess
itself arrd tlre two-plrase liqrrid-vapoul flow carr leacl to clraotic fluctuations of tlre
licluid flow ancl, as a conseqtlence, to the strorrg fluctuations of tlre lreat removed
by tlre cooling system [9]. Tliis problem has been investigatecl fronr tire point of
view of safety of the nuclear reactor [6-12]. Theoretical rnoclels are ba,sed, on tlre
analysis of the solution of clift'erentiał equatlons describirrg the pirenomena of heat
and mass transfer. The set of partia1 differerrtial equations (balance equations) is
transformed irrto a set o1 orclinary difi'erential equations relatirrely sirrrple to solve.

The flow of heat and mass in a velticai pipe was analysed in the wollrs [10-11].
For low va}ues of tlre Froucle (Fr) number, wilich, corresporrds to tlre florv lvitlr a
small velocity, stłong chaotic velocity {luctu,ations wele discovered. This pheno-
menon talres place when the heating powel of the systenr decreases anrl the limit
of boiling approaches the end of tlre 1reating regiorr. The systenr becomes unsta-
ble and through tlre cascade of subsequent bifurcations reaches a chaotic state.
The strange attractor, which exists irr this case, lras a correla,tional dimension
D = 7r8. Numerous inspections of many installations of rrucleat teactor cooling
systems showed that tlris phenorrrenon ta,kes place vet,y often ancl is determined
by tlre values of tlre control pararrreters of the cooling systen.

Tlre results of experimental irrvestigatiorrs of temperatrrre anc[ pl,essrrre fluc-
tuations in the cooling system with a natural liquid circulation are described in
the work [13]. The scherna,tic of the experimental arrangement is sirown in Fig.6.

§,Ieasrrrement of T, p

Ę MeasuretnefitofT,p

ł
Iu

Fig. 6. A schematic of the experirnental setrrp for measu,ements of temperature and pressrtre fluctuations
in a vertical heated clrannel [13].

Measurements of temperature and plessule flrrctuatiorrs \^/ele carriecl out at
the beginning and the end of.the heating legion, wlriclr is shown in liig. 6. Du-

ll
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ring the experiment, the chaotic velocity, temperattrre arrd pressure arourrd their
nean values wele observed. T]re frorrt of the start of boilirrg dicl not nove during
tlre experinrents (a different ca,se to that leported irr [10-11]). Its tnovernent was
observed only in the ca,ses of appearance of additjorral nucleation cerrtres rvlren
tlre inlet liquid velocity wa,s reduced.

The results of pressrrre rrleasulelnents served for tlre determinłrtion of the cor-
relatiorral dimension wlrich exists during boiling of chaotic stru,ctures. It 1ras beerr
concluded tlrat fol tlre florv witlr additional ntrcleation centres. the correlational
dimension is D = 1.35. For tire florv existing before the appearance of aclclitional
rrucleation centles, it is impossible to cleterrrrirre one fracta,l diłnerrsion (tliere is
a lacii of one fractal structure). but tlre belravionl of tlre plessul,e fluctua,tiorrs is
clraotic.

In the work [6] in orcler to model the trvo-phase florv in a heatecl clrannel, the
set of ordirrary non-linear equations was rrsed. where some variables lrrete defined
as time functions. Tlre set of equatiorrs was solved rrrrmerically fbr the conditiorrs
of constant, exponentially clecaying ancl periodical clranges irr the pressure diffe-
rerrce Ap. In the case of periodical clrangels of Ap, the slstem errolrrtion can form
strange attractors. The shapes of attractors change with respect to tlre frequency
of Pressure changes. In the rvork [6] tlre fractal climerrsiotr of the attractór was
estimated at D :2.048.

Some anaiysis of 1ractal dimerrsion ,,va,s conductecl for tlre flow of mixtures in
|1a], In the florvs of gas atrd licluid irr a vertjcal pipe, strałrge attractors of dirnen-
sions between 5 ancl 12 wer-e detected. In tlre lrorizontal florv (gas, solicl) a strange
attractor of dimension D : 3.7 rvas detected. Tlre results of investigations ofa
droPlet oil-'water flow in a vertical pipe i,vere also preserrted in [rł]. The results
ł'ere arralysed by mea,ns of tlre Grassberger-Procaccio algoritlim_ iri this case tlre
attractor dimension was determiłed a,s D = |:.a.

The exPerimerrtal results of cooling bv means of liquicl nitrogen supeTcon-
ductoł YBa2Cu3O7, have been are 1lreserrted irr [15]. Durirrg coo1iiig tlre boilirrg
PIOCeSS took Place. The circuit rł,ith tlre superconductor corrtained incluctarrcą
Tlre oscillations of the current irr tlre circrrit rvere obselved. Tlre results show that
the increase of voltage causes that originally periodical oscillations transform to
cłraotic ones. The influence of rnains oscilla,tions on tlre systern belravj,our rvas also
investigated there.

3.Z. Phase separatiorr surface

During tlre fractai dinerrsion measurement of tlre plrase separatiorr sutface,
tlre surface is approximateci bv a brolierr lirre consistirrg of segrnónts of length A/
(Fig. 7).

The fractal dimerrsion
tlre relation:

of tlre plrase sepa,ration surlace całr be determirred from

D : ]im (, _ _]9*/ \,-o\ r,gfo), (7)

ł,here: l - the length of the bro]ien line, A/ - the lengtlr of tlre segrnent.
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Fig. 7. Schematic for calculation of fractal dimension of the phase separation srrrface.

Experimental and theoretica1 investigations sho\M that the fractal dimension
of the phase separation suTface is about D = 1,2 126]. Fractal properties of
the pha,se separation surface exist in the case of lack of surface tension. As the
experimental investigations demonstrate, the surface tensiorr leads to the decay
of fractal properties of the phase separation surface.

It was shown in [16] that tlre fractal dimerrsion of the phase separation surface
is connected with the Reley-Taylor instabilities and that the character of the
process€s which occur during the initial phase of Reiey-Taylor instabilities is
analogous to the processes which take place in gravitational waves in deep water
(in this case the fractal dimension of the phase separation surface is D : 2.25).
The results of measurements of tlre fractal dimension of the heat wave front in
liquid were also presented in [16]. The measurements were perfbrmed with the
aid of light refraction in liquids under the presence of the temperature gradient.
The obtained results show that with the increase of the temperature gradient the
fractal dimension decreases. In the lange of the experiments, the tractal dimension
varied between 1.4 and 1.6.

4. Remarks on the chaotic phenomena in boiling

Boiling is a phenomenon characterised by dynamic changes of thermodynamic
parameters. A review of historic and recent investigations of boiling can be found
in [1,1B-17]. The boiling plocess deperrds on several parameter-s where the most
important are: the plessule, kind of liquid, kind and properties of the heating
surface, gravitational field.

Due to tlre construction of the measuring devices, measuleruents of tlre tenr-
perature of the heating surface and heat flux always refer to some fragment of
the heating surface §. For example when the bar sensor is used, the surface 5 is
equal to the cross-section area of the §ensor. The area ,§ is a region where avera-
ging (with respect to space dimensions) of the functions T(*,u,t),q(r,y,t) takes
place. The smaller is the area § the more local phenomena can be measured and
the recorded quantities have a higlrer frequency. The heat flux and the heating
temperature determined on the heating surface fragment of diameter close to the
Vapoul bubble diameter wil1 be called local quantities. For the heat flux q, its
local value will be denoted by a superscript s.
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Usually in modelling of boilirrg, time clraracteristics of tlre local tempelatule
of the heating surface ancl łocal heat flux are rejected and only the quantities
determined orreT a relatively 1arge area are corrsiclerecl. In the case of pool boiiing,
we usually talk about the mean temperatrrre of the ireating surl'ace and tlre rnearr
heat flux as the cluantities referred to tlre total heating surface.

4.1. Nucleate boiling

A clraracteristic property of nucleate boiling is generation of single vapoul
bubbles frorn the heatirrg surface. The process rlepends on tlre strrface tempe-
rature. Witlr the temperature increase the coalescence of single btbbles takes
place. With respect to this fact, the nucleate boiling region is dividecl irrtcr two
regions: isolated u&pour bu,bble region arrd tlre region where tlrere is an, ]rrteraction
between the vapour bubbles (coalescerrce). The plocesses which talie place on
the heating surface determine the distribution of local heat transfer płrenomena
between the liquid and heating surface. Del Valle and Kennig [17] cliscern the
regions shown in Fig. B on the heating surface cluring tlre nucleate boiling. These
are: the nucleation łegion, the region rvlrere there is no nucleatiorr, the region of
isolated bubbles which have an influence on tile heat transfer and the region of
covering of neighbouring vapour bubble intera,ction regions. A. sarrrple location of
the measurement surface ,§ is shołvn irr Fig. 8.

Fig. 8. The heating srrrface during the nucleate boiling [rZ]. r. The nrrcleatiorr regions. 2. Tlre region with
no nucleation. 3. The region of isolated bubbles włrich have arr irrflrrence on the heat, transfer. 4. Tlre
region of covering ofneighbouring vapou bubb]e interaction regions 5. The region of tlre measrłrement
of local value of heat flux q-",

The plrenomenon of formation and departure of the vapour bubbles froln the
heating surface causes local clrarrges of tlre temperature. When. the fragment of
the heating surface S is covered by vapour, then due to a decrease oi the heat
transfer coefficient in the measured area, tlrere is an increase of the local tem-
peratule of the heating surface. The contact between tlie liquid and tlre heating
surface causes an increase of the heat transfer coefficient arrd t]rerefore the tem-
perature of the heatirrg surface locally decreases. In other words, tlte plrenomenon
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Fig. 9. Clranges of the heating surface temperatue rłncłerrleath a single vapour bubble. The graph was
made basecl on data from [18]. Tempelatrrre fluctrrations are about 5o, tlre measurenrent time is about
480 s.

Fig. 10. Locai fluctuations of the lreat flux in nucleate boiling. Tlre graplr rvas made błrsetl on data frorrr
[l0] for R-114, measrrrement time lvas 3 s.

of forrnation and clella,rture of the vapoul, brrbbles from tlre ireating sulfac.e is ac-
compa,nied by local fluctuations of ireat leceivecl from the lreating sulface. Fig. 9

and Fig. 10 illristrate 1ocal changes of tlre temperature of tire 1reating su.lface ancl
heat flux g'.

Fig. 9 presents changes of the loca1 ternpel-atule of tlre heating surface undel-
neath a single vapoul bubble. Despite tlre lact that tlre furrction is not periodical,
its particulal curved segments can be interpletecl as a result of realisation of sub-
sequent phases of growtlr of a single vapoul bubble [18]. Suclr a process is called
a quasi-periodical pTocess.

Overlapping legions of vapour bubbies irrteraction disttrrb tlre nrtcleation pro-
fess and lead to the stoclrastic clranges of the temperatule of tlre heating sulface
arrd local lrea,t flux q'. Tlre local fluctua,tions of the lreat flrix in nucieate boiling of
R-114 ale shown irr Fig, 10. These results were obtairred owing the implerrrentation
cf a computel clata, acqrrisitiorr system ancl post-processing. The measulements
§ele malde rvitlr the freclrrełcy of 16 Hz [19].

The presented results of local temperatrrre changes give rise to tlre corrclusion
[hat originally quasi-periodical ciranges of tile heating surface temperatrrre (in
fihe isolated bubble legioll - Fig. 9) with the increase of temperature transform
fo,lo chaotical changes (Fig. 10).

There is a variety of works cievoted to the nucleate boilirrg. Holvever, most

fih,ev are based on the concept of sta,tionaly or cluasi-stationary plocesses of heat
lfu:ansfer. stoclrastic clranges of the loca1 tenpertltttte of the heating surface ancl
fu*lal lreat flux are negiected.
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Accorcling to R,. Cole [18] the rrucleate boiling rnoclels can llc, classifiecl in tlre
flollowing wa;r:

1. Nlodels lvlrere the neclrarrism of lrea,t tra,nslet,irłterrsif,ca,tion is assttrrred to
be connected łvitlr tlre vapour bubble rlrotiorr.
This corrcept łlia,s a, basis for severa,l ntoclels of nrrclctr,te boiJirrg develo1led
by tlLe fo11or,ving researcltes, see [i8]:

o Jalrob and Linke srrggestec1 a, sinrple rrroclel llasecl on tlłe analysis of
licluid motiorr ancl va,pour brrJ;ble nrotiorr, T]rjs moclcl rvas furtlrer de-
veloped by Insiger, Bliss, Jaliob. Bonilla an,cl Perry.

o Rolrserror,v proposed a corlela,l,iorr wlriclr desclibecl the inflrrence of tlre
pIeSSul'e on tlre heat flux, Tlre rnociel rł,a,s barsec] on tlre Jtrlioll and Liłlie
consiclerations. R,olrsenow assrrrrred tlrat the lreat is tratrsl'errecl directly
from tlre heating surface to tlre acl.ja,celrt Jicluid antl tłre intensification
of heat transfer is caused by vapour btlbble motion.

r Guntlrer and Kleitlr concluctecl tlre investigatjolrs of boiling in a subco-
oled liquid. il'lrey strggestecl that forned a,nd clepałted vapour bubbles
cause microcortyectiorr in the bourtclary la"vet, acljac.errt to the heatiłrg
surface. A similar result rvas obtajned bv Ellion, Forster and Zrrbel.

o Forster and Greif modified tlre rnicroconvection nrorlei by treatr.rent
of the growing vapou} brrbble as a, 'putrtp' tlansf'erring a, watm liquid
from tlre heating srrrface alea, irtto lrig}rer 1jcluicl lalrers ancl forcing a
coo1er liqrrid irrto tlre lreating sur{i,ce alea,. This moclel is reinfblcecl by
numel,ous plrotograplric pi ctures.

o Han and Griffitlt proposecl tłre applicatiolr of the }-orster and Greif
model 1br saturated pool_ boiling. Tłrey fuąyę deterrrrilred the regiori of
thermal interactiorr o1 a vapoul bubble on, tlre lteatirrg surfa,ce.

2. The rnode]s wlriclr assume that tlre tlltsteacly hełrt conductiorr betrveen th.e
lreating surface ancl 1iq,uici fllling irl tlrc gap a.fter d,elrarture o1 a vapour
bubble determines tlre lreat tlarrsl'er clulirrg the rrucleate boiling.
This concept gave rise to the followirrg nrodels of nuc]eate boiling:

o Van Stralen proposed a, motle1 basecl on th_e analysis o1 heat tr,;lnsf'cr
in a srrpplementary t}rermal iicluid nricrola)rer (so-callecl reiaxation ni-
crolayer) rvhose dimerrsions are adjustecl so tlrat tlre lreat stored tlrere
shołild corresponcl to the lreat carriecl a,lval, ily the r,a,potrr bubble.

o Jucld ancl llwang assumed tlrat the tota,i }reat flrrx calt be clivided irrto
tlrree compon,ents: natrrral contrectiott, voirrrnetric corrvoctiorr. vapori-
satiort tb rouglr th e microlii.vclr.

o Tietr basecl lris nlocle1 orr tlre a,rtaiog.y betweel tlre liquici flolv causecl
by a r.,aportr bubjlle rnol,iotr a,lrcl t.htl inr.ertet1 sl,a.erla,tion florv.
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o Zuber substituted tlre trvo-plrase florł- by arr a,rralogv to tłre turbrrlerrt
florv.

3. Mode]s which assume tlrat vaporisa,tion of a tlrirr microla._ver of tlre superlre-
ated liquid underrreatlr tlre łaporrr bubble decides about tlre lreat tla,nsfer
during the nucleate boilirrg.
This concept rvas used in Snyder's model:

o He assumed tlrat due to the capillary fo,rces and surface tension under-
neath tlre cerrtral part of a vapoul brrbllle, a,n a,Iea, coverecl by a tlrin
layel of liquid is formed (0.5-2 pnr).

4.2. Transitiorr boiling

Transition boiling it is a rathcr late investigated regiorr of' boiling. One of
clraracteristic features of transitiorr boiling is tire conta,ct llctrł,een tlre liquicl and
ireating surface. TIre intcrest in this problern rvas czrusecl by increasecl conside-
lation of reactor safety. The trtl,rrsitiorr boiiing is a, r,,ery complex plrerronrerrorr.
_łmong otlrer things, tlre corrta,ct betrveerr the liquicl ancl lrea,tirrg strrfa,ce, tw,o bo-
ilirrg cu,rrres ancl a vcry stroug irrflttertce of tlre heatirrg surfa,ce otL tlre pl,ocess carl
ie observed.

Investigations of trarrsition boiling are hinclcred due to t,lre veheutellce of, tlre
:,|ocess. Observal;ions of tlre plrenonrenotr are 1;ossi ble oll1rl tlril,rr]is to very refined
jleasulenent teclrniques. We can inclrrcle lrere tlie experirrlerLts rvlrele licluid iras
ł,een used a,s a, Ireating system, the experiments rvlrere vapotrl rvłl,s usecl as a lre-
,niillg systeln anci tlre exlierinrerlts lvhere corrrplicatecl elec:trortics lrave beerr tsed
|.,.r tlre control of lreatirrg surface tenrperature [19].

According to |20], in tra,nsitiol boilirrg tlre heatirrg surface of tlre al,eir '4A can
tę divided irrto the fo11owing regions: the region of cotrtar:t betrveen tlre liquicl ancl
_lłating surface. va,po11lf,lrn, folnatiolr of si:rgle vapoulbtLbbles. J.'his clirrisiori js

;-:hematicaliy shown in Fig. 11,

tl,q_rl_]*rtfi]
I ręgion Ac 

l

tT"p*rf,Ńl
trłilńi"y**l

tłig. 11. A schematic of the heatirrg surface in trarrsitiorr boililrg |2O]
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In the boiling experirnent with R1l clescribed in [20], the borders of the fol-
lowing regiorrs were determirrecl: a dry region un,derrreatir tlre vapoul bubble, a
region coverecl by the liquid, a regiorr covered by tire vapoul film arrrl the mi-
crolayer. It was concluded, au}ong otlrers, tlrat rvith ał increase of tire heatirrg
surface temperature there is a decrease of the contact area betrveen the liquid
anci the heatirrg surface. A similar result was obtained for water. where a special
electronic measul€ment teclrniclue for the corrtact a,Iea was usecl [17]. The results
of percentage share of the area of contact .4. lvith rc;spec,t to the total boiling
surface Alr,in transition boiling for R11 and water ane showrr irr Fig. 12.

b)

1

0 100 260 10 100 1t}00

Fig. 12. The change of t}re contact area <lrrring traroition boiling. a) R-lr; the graph is bmecl on datą
from [ZO]. b) Water; the graplr is bme<l on data from [17].

The phenomena which take place during tlansition boiling such as: contact
between the licluid and }reating suTface, formatiorr of local legiolts of vapour fllm
and formatiorr of single vapoul bubbles induce strong fluctuations of the local
lreat flux g" and łreating §urface tenrperature.

TJre results of treasuremerrts of local flucttations 1br the rvlrole bofing curve
illustratecl in Fig. 13 were preserrted in |19],

Tlrese results slrorv tlrat during the transition boiling and in t}re vicinity of
tlre first and second boilirrg crisis strong fluctuations of tlre locał lreat flux and
hence the local ternperatures of tlre ireatirrg surface take place. Despite strong
fluctrratiorrs, the mean, values of tlre ioczrl lreat flu,x forrn a transitiorr boiling
curve. The changes clrrring the local heat flux have a stochastic character. rvlriclr
is shown in Fig. 14.

The distributiorr of the boilirrg cułve depends on dynamics of the process. This
effect is observed in the experiments witlr a non-stationaTy plocess of heating or
cool,ing of lreatirrg elemerrts. For the non-stationary pTocesses, lower- values of 8^o*
and higher values of q,nin are obtairrecl tharr irr the case of boilin,g irr systems rvhere
stationary plocesses are realised. In Fig. 14. the ilistributiorr of the boilinp; cułve
during coo}ing of a lreated coppel cylirrcler arrd the boiJirrg curvtl obtairred in the
stationar.y plocess are slrown.

a)
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Fig. 13. Fluctuations of local heat flux for fi,eon R-l.t. The graplr is based on data from [19].

F'ig. 1a. Fluctuations of t]re local lreat flux drrring tlre transition boiling for tlre heating surface tempe-
ratrrre close to Tlpr. The 6raplr was macle basecl on data from [19] for R-114, the rneasrrremerrt time was
J s.

During non-stationaly pl,ocesses of boilirrg, just as in nucleate boiling, film
boiling and tTansition boiling, there are stTong flu,ctuations of tlre heating surface
temperature. Fig. 15 illrrstrates fluctuations of tlre lreatirrg sulface temperature
during cooling of a hot coppel cylinder lvitlr saturated water. In Fig. 15a, the mean
voltage change in the tenrperature measulenent system a§ a function of time is
shown. This graph collesponds to the culve of fluctuations of tlre heating sulface
temperature fluctuations irr the plocess of abrupt cooling. I'ig. 15b plesents the
voltage fluctuations in tlre temperature measurement systern with respect to tlre
regression li ne.

During dynamic experiments with transition boiling a so-called effect of two
boiling curves can be observed. It was flrst noticecl bi, Linlrard anci \Ą/itte |21-22].
According to the directiorr of changes of the temperature (increase or decrease),
a different distribution of the boiling culve is observecl, r,vhich is illustrated in
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Fig. 15. Tlre boiling cru've, in_ a norr-stationaly pfocess of cooling of a celpper cylirrder. 'Llre graplr rvas
made basecl olr clata flom [19].

Fig. 16.
Tlre results o1, experimen,tal irrvestigatiorrs slror,v tlrat tlre plrenclrnenon of two

boiling culves stlongl5l clepencls on rvcttabilitr. of 1,ire lreatirrg §tulace. Irr tlie ca,se
of sul,face with goorl rvettabilitil, tlre trvo cttlves ]ie closer tci eaclt other tlra,n for
tlre surface łvitlr pool, r,vett;lbilit;,.

TransitiorL boiling lra,s been rrroclellec] bv several lesealcl}e],s. A nurnbeI] of mo_
dels are discussed in [23]. Baurkoffarrcl Nlebra proposec1 a tnoclei wirele itorr-stationary
lreat corrcl uctiorr is a lnailr nrecl,La.nisrrt of lreat transfel,. I(a,tto arrrl \blioya analysed
tlre lreat concluctiorr throLLgh the liquid rnicroltlyer covcring thc heatirrg sulface.
I{ostvuk et al. proposer] a serni-ernpirical rllodel based orL tłle anal-vsis of tlre
rrorr-statiorraI,y 1reat con(lu,ctioll and tltc conclitiotrs 1bl, tlre onselt of boiling du-
rirrg tlre contact of tire liquicl anc] tlLe lrełll,ing srrrftice. Farme,t, et a1. ntodeileil tlre
contact in transitiorr boilitrg anc1 {ilm boiling. }Isu arrcl liin proptlsed a statistical
apploach to the rłroclelling of trłr,rrsitiorr boilirrg.
łccording to lrLłjiia [17] tlre motlels o1'tra,lrsition boiliLlg can be cljvidelcl irrto two
categories:

1. The rnoclels where tlre heat flux iir transiliorr boiling is assurrred to be con-
trolied llY the relatiotr betrveen the lreatirLg surlłrce region, ll,ltere tlrere is a
contact of the liquicl arrd hezr,ting sutface, a,nd tlre łlrea of tlre heating surface
occuPied bY the Vapoul fllm. This clrtcept rvas a błt,sis for tla,lrsitiorr boiling
models cler.elop ec1 by tlre follorvitrg lesel;rlcirer.s ;

o I(a]innirr et al. [23] proposed that t}re lreat flux irr tlr,e plreltonrenon of
conta,ct betrveert tire licluid a,nd lreatirrg surfa,ce is detcrmirrecl by tlre
extrapolatiorr of tlre propelties lelel,arrt to rrrrcleate łloilirrg ancl fllnr
boilirrg.

o Bjor-narcl et a1. [2;J] assurtlccl that ibr the nucleat,e boilirrg crisis ttre
contact betlveen tlre licltiicl arlc1 lreatirlg srrrl'ace takes pla,ce on tlre entire

50
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a)

Fig. t6. Temperattrle clranges dtrring copper cylincler cooling. Tlre rneasulement was perlbrmed using a
K-type thermocouple enrbeclded by 0.3 rnn into the cylilrder. Data lras been macle avaiilrble thanks to
tlre courtesy of Mr. D. Kisicl.
a) Voltage changes in the temperature measurement systen as a function of time. b) Voltage_fluctuations
in tlre ternperature measuren-rent system witlr respect to the regression line for 5OO rlata points.

heating sutface, and for tlre film boiling crisis the entile heating surface
is covered by the vapoul film,

2. The models assuming that the lreat flux irr transition lroilirrg is controlled
by the relatiorr w}riclr cletermines tlre rneatl time of contact and the vapoul
film. This corrcept was pursu€d by the following lesealchels:

o Liarv and Dhir considelecl clranges of the wetting angle of tlre l,Lezr,ting

sulfa,ce dtrrillg hea,ting arrd cooling. Their model exlJlains the pherro-
filel}oll of two boiling culves in trtl,nsition boiling,

Chin Parr et al. [23] ploposeci a cornplex model of trarrsition boiJing. 'Ilre moclel is
based on the plrenomerra of vapotrr birbble departure, contact between, the liquicl
and the heating surface' boiling initiatiorr, microlayer vaporisa,tion ancl vapoul'
filrn pherromenon. They assuned tlrat duriłg transition boiling, there is a, m,iring
of the phen,omena of great importance for heat transfer sllch as non-stationaly
heat conduction, nricrolayer vaporisation and beat conclrrction tlrrough the vapouł
f,lm. The heat flrrx w,as cletelminecl using nean tine of existence of pa,rticular
phenomena. Tlre share of particulal plocesses in lrea,t tra,nsl'er is shown in Fig. 17.

The above mentiorred models of transitiorr boilirrg, just as the nrodels of rruc-
leate boiling and fllm boiling, predomirrantly neglect the dynamic analysis oi
changes of the heating surf'ace terrrperature and local heat flux. Instead, tlre con-
cept of mean times of presence of particular lreat transfer structures ot lnean
aTeas of important heat transfer plocesses is u,sed.
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Fig. 17. Boiling cuves on a srrtooth clean copl:er lreatirrg surface. "Il}re glaplr rvas rrtacle basecl on data
from [r9].

4.3. Filnr boiling

A characteristic property of {ilrn boilirrg is generatiotr of sirlgle va,porrr lrui;-
bles from the vapour filn whiclr sept}rates tlle boiling iiquid a,nd the heating
surface. During an advalrced filrn boilirrg. tlre process of perioclical tlcparturc of
\,,apouT btrbbies from tlre vapoul lilrrr ilrterfacc strrface call be observecl [2] . This
process can be assunred quasi-stationaly. \Ąlith a, decrełł,se of tlre lieatirrg sul,face
temperature, the corrtact betweerł tlre Liqrricl and the lrcatirrg sul{ace can be ob-
selrred, which leads to tlre vapour filn brealidclrvn ałrd lrerrce the brealidow]t of
the quasi-periodical vapoul btrbble generation. Experinteni;al iltvesti.qa,tions slrow
that for the heating sulface tentperatures a,pploaclrirrg tlrei telrlpela,ture of tlre
II boiling crisis. thele exist strorrg terrrperature fluctu;rtiolrs o1'1,he lreating sur-
face, induced botlr by tlre corrtact betrveen tlre liq,uici a,ncl ihe lreatirrg surface arrci
the wave phenomena at tlre interface. Fig. 18 illustrates t]re loca,l fl.uctuations of
the heał flux q" in ńlm boiling fbr tlre heating srrrfa,ce terrrpera,ture appt,oaclring
Tlr,IIkr. A stochastic cltaracter of clra,rrges of g" carr be observed. It carr be assu-
med tlrat irr film boiling rvitlr the decrease, o1'tirc hea,ting strrfa,ce temperatrrre a
quasi-periodical process of vaporrr bubble gclteratiorr tlarrsforrrrs into a stoclrastic
plocess. An analogous pToce§s is observecl in nucl,eate boiling il the case of incl:e-
ase of tlre heatirrg surface temperatrrre.

Numerous worlis lrave beerr publishecl abotlt 1,1lc rnoclc]lilg o1'Iilrn boiling.
However, most of tlrese worlis drarv on static nociels. sinłilar as irr tlre case of
nucleate boiJ_ing and 1ocal clranges of the lreatirig srr1_|a,ce tenlpela,ttll,e and heat
flu,x q' are rreglected.

Accorfing to lhn Stralen [18] tłre 1ilłr boiliłg rrrcrc]els ca,ri be divideci into two
categories:
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Fig. 18. Boiling ctrves irr transition boiling * the slrare of particular processes in heat transfer. Tlre graph
was made based on data from [23].

Fig. 19. Local heat transfer: fluctuations. Tlre graplr rvas macle basecl on data frorrr [l9] for R-114, tłre
measurernent time rvas 3s.

the models assuming that tire frrndamental heat transfel rnode is heat con-
duction through the vapour film (Bramley, Pitsclrmann and Grigull),

the models assull}ing that vapour bubble genelation is lesponsible for lreat
transfer. Tlris process is connected witłr the lrydrodynamic stability of the
licluid-vapour irrterface ( Cłrang, Zlh et, Tribrrs, Berensorr).

conclusions

The presentecl selection of experimental resuits illustrates tlre stochastic cha-
Iact€I of local heat and mass tlansfer plocesses iri boilirrg ancl allows us to conc_
lude that:

o generation of single vapoul btrbbles callses quasi-perioclical fluctrrations of
the lreating sul,face ternpetature,

. a Sulface temperatur€ inclease leduces quasi-periodical temperatul,e fluctu-
ations,

,b.
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. stlong local fluctuatiolrs of tlre lreating srrrfa,ce temperature
talie place in non-stationary boiling pl,ocesses,

o tlre am_plitude of fluctua,tions of the local łreat l]rrx is the
region of transition boilirrg and arouncl tite first a.ltcl secortc1

The survey o1 theoretical rvorks on boilirrg reveals that;

an,cl heat {1ux

biggest in the
boiling crisis.

o The models of nuclca.te lloiling and fllrrr boiling are preclonrinantl)r sta-
tic model.s, i.e. tlrev dttrx, on the concept of searchirrg for stationary or
cluasi-sta,tionaly plocesses lesponsibie for lrea,t trarrsfer. Tlre local changes
of the lreating surface temperature arrd ]reat fllrx are neg_l,ccterl.

r In the moclels of transitiolr, tlre a,rralysis of local }reat ancl ma,ss transfer
PIoceSSeS is neglected and itrsteatl. tlre rtrean titrres of existence of particular
heat trarrsfel structures oI nean rcgions of inrporta,nt heat transfer processes
are intłoduced.

Tlre survey of models rvhiclr use the methocls of clta,os for the a,nalysis of
boiling enables us to conclucle that the plrenornena of clraos have been observed
and analYsecl in flow boiling. The fractai propelties lrave also beerr observecl ancl
analysed on tlre phase separation srrrface and heat lvave front,

The above can be summarised as follorł,s:

1. Usualiy in rnoclelling of boilirrg plrerrolllena, the tirrre characteristics of local
changes of the heating surface temperatttre ancl lrea,t flux ale rejectecl, only
the quantities determined over a larger a,rea ale considered, Irr tłre case of
poo1 boiling it is usrra115, łr,ssumed 1;1rat the mearr tern,perattrle of tire lreating
surface and mean heat flux as tlre qrrantities rel'elred to the total heatiltg
surface are considered.

2. The approaclres, elaborated so far, to rrrodelling of boiling ivith the aid of
the methods of chaos clo not anaiyse the local clralrges of the heating surface
temperature and heat flux ca,rrsecl by tlre vapoul bubble gerreration.

I\fanuscript receir.ed irr January 199?
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Przegląd współczesnych osiagnięć w zastosowaniu c}raosu
deterministycznego w dziedzinie wrzenia

Strrrrn:rry

W PracY omówiono dotychczasorve sposoby moclelowarria rvrzenia pokaztrjąc, że rv przeważającej mie-
rzesątomoclele słatyczne, tzrr.opartenakorrcepcjiposzrrkiwaniastacjrrrrarnycłrproc-esówdecyjujących
o w'Ymianie ciepła. pomija się w nic}r analizc zjawisk sioclrastycznych zrniarr lokalrryclr lyartości tempera-
tuY Powierzchli glzejnej i loltalrrego strumierria ciepła. Omórviono rórvńeź podstalvowe pojecia zwiĘzane
z koncePcją chaosu cleterministycznego oraz dotyclrczasorve próby zastosorv;xria metocl clraoiłł do aializy
wrzenia. Przegląd literatuly pokazuje, że: zjarviska chaosu obserworvano i arralizowmo rvlasności fraktalne
powierzclrni lozdzia.lu faz araz frontrr fa,li cieplnei.


