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The mechanism of generation of chaotic fluctuations
of heating surface temperature in nucleate boilingt

Technica] University of Bialystok, ul. Wiejska 45a, 15-351 Bialystok, Po]and

Abstract
Chaotic fluctuations of the heating surface temperature occur when nucleate boiling with

high heat flux takes place. One possible mechanism for these fluctuations has been analysed
in this paper. The heat transfer in the heating surface at a single nucleation site has been
consiclered, The generation ofbubbles has been simulated by changes ofthe boundary condition
.;n the heating surface. In this paper the mechanisms of generation of chaotic fluctuations of
surface temperature when the conductivity equation is solved using a Control-Volume Finite
Element Method has been explained, The model presented in the paper has a qualitative
:haracter.
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Subscripts

tinre of bubble grorvth. nunrber
of gird elenent
rvaitirrg tinre. number of grid
elenrent
referred to point .4
alierage
nininlun,l
\.apoul

L
l
max
o
R
sat
w

1eft

largest
maximum
constant value
right
saturation
waI1

Superscripts

nulltbers oI tilne intervals o - instant of rrucleation

1 Introduction

Despite tlre fact that rnany works lrave been devoted to boiling, there are
still numerous fundamental problems, wllich have yet to be solved. The majolity
of tlrese problems have dea]t with the dynamics of boiling [1]. Originally, nucle-
ate boiling was perceived as a steady state pherromenon. Recentiy, the dynamic
plopel,ties of boiling are exarnined more oftell [1-2]. Inrrestigatioll of tlle dynam-
ics of boiling is irrrportant trot only frorn a theoretical but also from a plactical
point of view, because for example, in tlre 19BOs irrstabilities of tlre flow of boiling
water in BwR water reactors were discovered. These disturbances increase the
coolant teirrperature) and tlris can lead to nralfirrrctiolr of the cooling systems oI
even tlreir breakdown. Arralysis of t]re dynanrics of boiling requires an approaclr
different fron tlrose used up to now.

Tlre changes of the lreating stllface tetnperatttre occurring in nricleate boil-
ing are irregular. It lras been commonly accepted tlrat these irregularities lesult
from stochastic pl-ocesses. But similar irregrrlarities of systenr behaviour have
aiso been found in notrlinear dynamic systems, The reasons for suclr irregular-
ities are by trow relatively well unclerstood and the discovered pirenomenon has
beerr cailed the 'deterministic chaos' [3]. 'Deterministic chaos' is understood as
irregular (clraotic) changes of characteristic quantities of a non-linear system, for
whiclr the 1aws of dynarnics deternrine its evoltrtion.

Tlre Lyapunov-exponent is one of the quantities determinirrg wlrether the
be]raviotrr of a dyrramic system is chaotic oI llot. It also describes lrow mtrch
informatiotl about the system is lost during a given anrount of tirrre. When-
ever tlre Lyapunov-exponent is greater tlran zero tlre be]raviour of the dynamic
system is ciraotic. In most cases, the evolution ec1l-ration for the systenr rrnder
irrvestigation is coniplicated or unkllowtl and only a tinre series of nreastlrements



Tlre nl._.:i_,- .

(or numericaily detelll,::_.
such conditions, the rt__.',.
oI even impossible. Il _s _.

Lyapunovexponellt - L. ^_,
chaos exists itr tlre itrr-es:,:..-
onc of the esserltia] fea: ::..]t

of degrees of freedolll c : -.
Tlre trunrber of pa:._.

boiling is ]inlited. T]r_s ..
sol}le of tlre tnost itrrpoi .__- ,,

clraos in boiling ale cies,.:.' .,-

Reconstructiolrs o: ,:;l -

iclerrtification of a corl.€_.,-_ __

face lrave been preselltc-:_ ___

It lras bectr clbscI.it : -.

face itr t]re area close:, -,,_

of tlrc largesi Lvapttll,,.,- ..:..

sltlface ten)pel.atule l_..- ' -._.
llave been rcconst1.1tctt,.i _:. :..
site and spatial-telllpc,:... . .

lrl [7j the restths of o1;3,;....,-
fluctriations ilr a cooi::_: .,,-.-
flreoletic.al ruoclc]s c_r::_. __.. _

10]. Tlre CoLlpled \I;.:.. ] .:-.
]l]ass tr?}llsfer ilr lloili:l. _ _

l, 11] clctelnlinistic t:_
'\\-ecll two trttcleat iolr -,-,, . __

-lr [a]. Clraotic flt,tt,t ttati,,:_. :

ą ]ow corl,clłttion dittletls:, :. .. .

,lf the nrtcleatiolt sites al.,: - _

]rave been preselrted in 'i]-_":

and of effot,ts to tltodel ,ro,_-__,

papel contains leference-. io :_

alrd non-}inear rnoclelling o;' r_-

There ale many trolllll_ti
1lhenotttella of boililrg al,c ...
tllacrolayer foltrlatiolt. tl_e :_:-

departure of a brrbbie. I:, , _.=

lreating sttrface catl ill::,,,_:,- ,

Ilre problelrl of sel:,,:, ,-. ..



The mechanism of generation of chaotic fluctuations ..,

(or numerically determined values of a system variable) can be obtained. Under
strch conditions, the reliable determination of all Lyaptrnov-exponents is difficult
oT even imPossible. It is, however, possible to determine a value of the largest
LYaPunov exponent - trl. Tlre condition h > 0 is sufficient to determine whether
chaos exists in the investigated system. in addition, the correlation dimension -
one of the essential features of the attractor - allows tts to determine the number
of degrees of freedom of t]re system.

The number of papers dealing with the problem of deterministic chaos in
roiling is limited. This is due to the complexity of the boiling process. Below,
some of the most important achievements identifyirrg and modelling deternrinistic
clraos in boiling are described.

Reconstructions of 3D trajectories from tlre temperature fluctttations and
ldentification of a correlation dimension for different tenrperattrre of heating sul-
iace have been presented in [1].

It lras been observed that fluctuations of liquid velocity on t]re heating sur-
iace in the area close to vapoul bubbles are characterisecl by a positive value
of the largest Lyapunov exponent [1]. The local-dynamic nature of the heating
surface temPerature has been analysed in [a-6], In these papers 3D trajectories
have been reconstructed from the temperature fltrctuations at a single nucleation
site and spatial-temporal chaos lras been found to exist during nucleate boiiing.
In [7] the resu]ts of experimental investigations of the temperature and pressure
iuctuations in a cooling system with natural liquid circulation were described.
Tlreoretical nrodels explaining this phenomenollwere described in the papers [B -
-0]. The Coupled \4ap Lattice metlrod has been used to simulate the heat and
lass transfer in boiling [11]. This model was developed by Shoji [1]. Here, too,-1, 

11] deterministic chaos can be observed. Simulations of tlre interaction be-
:\l€en two nucleation sites on a tlritr uniformly heated strip have been pI.esented
-:r [a]. Clraotic fluctuations of tlre heating surface temperattrre characterised by
a iow correlation dimension have been observed. Mode]s simtrlating the locations
,rf tlre nucleation sites and tlre fluctuations of the heating srrrface temperature
lave been presented in [12-13]. In [1] a review of experimental investigations
and of efforts to model non-linear aspects of boiling have been presented. The
PaPer contains references to many works describing experimental investigations
arrd non-]inear model]ing of chaos in boiiing.

There ar€ many nonlinearities in boiling. In [12] the following nonlinear
:lrenotrrena of boiling are indicated: on-off behaviour at the nucleation sites,
:nacrolayer fornration, meniscrrs behaviour, macrolayer thinning and growth and
:ieParture of a brrŁlble. In other words the changes of botrndary conditions at tlre
reating strrface can introduce nonlinearities into the process of lreat transfer.

Tlre Problem of generation of chaotic fluctuations of the heating surface tem-

75



76 R. Mosdorf

perature has been analysed in the papers [18-19]. In these papers conductivity
equation has been solved using a Control-Volume Finite Element Method. I;
this PaPer the mechanisms of generation of chaotic fluctuations of surface tem-
Perature when the conductivity eqtration is solved using a Control_Volume Finite
Element Method has been explained. The model pres=ented in the paper has a
qualitative character.

2 Modelling of the heating surface temperature fluc-
tuations

Nucleate boiling at an active nucleation site can be srrbdivided into two phases
- bubble growth and departure (tinre interval ą), followed by a waiting time
(r2), during which no bubb]e is visible [1a]. The ńeat flux (q) during the-phase
of bubble growth reaches high values, iesulting in a drop of the heater surface
temperature Ą. After a bubble departure, the heat flux q drops to values cor-
resPonding to single-Phase heat transfer, resulting in an increase of the heater
surface temperature Ę. once the surface temperature is high enough, another
bubble begins to grow and the cycle starts anew. Typical changes of itre lreating
surface temPerature T. at a single nucleation site are shown schematically in
Fig. la.

(a) T*

(b) q.
l,av

(ł-
4.av

t

Figure 1. Typical changes of temperature (?-) ancl average heat flux at a single nucleation
site, a) TemPerature changes, b) Changes of arrerage heat flux, QL,au - the heat fluxabsorbed by the bubble. Q2,av - the heat flux absorb*ed by the liquid without bubbles.ł - time interval d}ling which the vapour bubble grows, ą - *uiting timeto;*,*;;;
the new vapour bubble.

conditions for the formation of a new bubble are favourable when the surface
temPerature at the nucleation site, Ą, is greater than temperature of nucleation.
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Ęu*. Growing bubble absorbs the heat from the heating surface causing the drop
in temperature Ę down to temperatur€ Tmżn. Experimental investigations [14]
show that the temperatures ?-]rru* and T7n6n d,T€ not constant and fluctuate around
their average values.

Depending on the behaviour of the boiling liquid and of the bubble, the heat
flux absorbed by the boiling liquid during the time intervals ą and T2 changes
accordingly. It is nevertheless possible to calculate the average heat fluxes: QI,au

- absorbed by the bubble ar..d q2,oo - absorbed by tlre liquid without bubbles for
both intervals. These average heat fluxes, being characteristic for the subsequent
tirne intervals, are shown in the Fig. 1b.

In order to investigate how changes of the boundary condition influence the
changes of temperature,T., in time, a simple model of heat transfer at a single
nucleation site has been analysed. Boiling on a flat and horizontal surface has
been investigated. Fig, 2 shows a two-dimensional model of heat transfer under
the vapour bubble.

Y= 0

y=6,T=Ę
x:0 x:tl

Figure 2. Schematic drawing of the model simulating the heating surface temperature changes
under thesingle nucleation site; Q2,au - the heat flux absorbed by liquid without the
bubbles, qk(Ą - the heat flux uncler the single nucleation site.

The heat conduction equation

a:r..-
dt - av2 T :0,

with the following boundary conditions

a:6, T :To: constant;

U :0, r ł (ra - 
^612,ro 

+ L6l2)lQ: Qy,au,

a :0, r e (rg - 
^612,ro 

+ L6l2),qkę) : l alau ln 
time interval ri,\-/ 

| Qz,", in time interval 12,

r :0 and r _ b,T : r(u) is constant in time,

(1)

-l -l0

T: Tw

'r$, H,-,.,Ą
i--i,henfirrs sufłce

(2)
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has been solved.
It has been assumed that the boundary conditions change in time at the

nucleation site but for other points for y :0 the heat flux absorbed by the liquid
is constant and equal to qz,or. For 9 - ó the temperature of the heating element

is constant and equal to ?o. The temperature of vertical 'walls' of the system is a

linear function of g and this function is constant in time. The initial temperature
distribution is a stationary (linear) function obtained for qk(t) : Q4,au: constant.

The heat flrrx absorbed by a vapour bubble in the period of time, fl, may be

expressed by the following function [I4]: q1 = prlR, When the vapour bubble,
in initially uniformly superheated liquid, is spherical then the Rayleigh's solution
of the bubble growtlr equation shows that in the initial phase of this growth,

R is [1a]

It has been assumed that the average heat flux absorbed by the bubble, q1,oo,

can be expressed by a power function similar to the relation (3)

a= (2PJ@___T,ń7tn.

Ql,au: r* r,,,('Łń!:")"' ,

(3)

(4)

where:
b - coefficient representing the properties of liquid,

Ę - heating surface temperature at the beginning of nucleation.

Depending on temperature Ę, the heat flux q1,o, takes on different values

in the subsequent time intervals, as shown schematically in Fig. 1b. The hea1

flttx, q2,or, in the subsequent time intervals 12, also changes. But in order tc
focus attention on the influence of bubble generation it has been assumed tlrat

the heat flux absorbed by the tiquid without the vapour bubble is constant in tht
strbsequent time intervals of 12.

Equation (i) has been solved on a two-dimensional grid (r, y) (100x13 gric
poirrts) trsing a Control-Volume Finite Element Method. In this method time anc

space are discrete. The lreating surface has been divided into square elements.

The distances between grid points (between central points of squares) have beer
set to A,r : La : Aó, Tlre ternperature at the grid points has been calculato:
for subsequent time intervals equal to Aź. For elements inside the heating srrrfatr

the temperature was being calculated according to the following formula [17]

Tłł*' :rłj(I - a +lurlri_t,j *Tł+l,j +rł,i_l+Tłi*,,), t.
For elements on heating strrface the temperature was being calculated a..:-

cording to the following formula

:rłł' : rłiQ- i,) + ),(rY_r,j ł Tł+t,i * ,r 
oł 

+ rłi*r), i
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a-lrere
6' ,P.,r.

(7)

^r,,.^tThe ntrmerical Procedure solving Eq. (1) in the subsequent time intervals 11
.-i'Ld 12 is stable, wlren Fo : e l4 < 1/4. Tlre nuc]eation site was lepresented by one
ś.Llale elenrent AÓ in lengtlr wit]r the centra] point in I: Io. The ca]cu]ations
-,.re carried out for F'o : 1/8, 

^t 
: 0.002 s and Aó : 0.0014 m on tlre copper

;,-rface.

In the Paper [6] the results of rneasurements of temperature fluctuations rrnder
-" e nucleation sites during pool boiling of water on tirin, electricaliy-heated plate
-::.re beett Presented. The trnderside of the stainless steel lreating surface was
:,ated witlr thernroclrromic liqrrid crystal of approximate thickness of 0.01 nnr.
-:le temPerature fie]ds rnere recorded by iiiglr-speed colour video camera at 200
:::rrres/s. Fig. 3 schematically illustrates changes of temperature Ęu* andT*i,
",_ trricleation siies [6],

ż t[§] ż t[s]

ligure 3. Schematic drawings of changes of tenperature ?,,,,* and, T^,rn uncler two nucleation
sites,4 and B. Drawings have been preparecl using data presentecl in [6]. The site B
produces smalłer bubbles witlr higher frequency in comparison the site A,

Tlre site B Produces smaller bubbles with lrigher frequency as compaled with
:lre site,4. In tlre site,4 tenrperatures Tnax and,T*6, may be treated as constant,
rut in tlre site B tlre tetnperature Tnt"in varies. Tlris is due to tlre fact tlrat tlre
:etnPerature of brrbble departure is deternrined from tlre force balance acting on
:he brrbble and strch quantities as strrface tension and the contact angle, It seems
:hat when the condition of liquid flow around t]re nucleation site is steady then
lhe temperature fluctuation can appeaT between two averaged values, Ę"*,o, and
T-in,au slrown in Fig. 3a.

In the Presented rnodel values of ą and 12have been determined as the time
ilecessaly for tlłe temperattrre T. to reach a value of T^u*,o, and,, respectively,

41
eFo
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as the time required for T. to drop to a value of T^ir,o, (after the instance o{

nucleation). Fis. 4 shows an example of the chaotic changes of temperattre T-
possible to be obtained.

ź-
vlJ

T (I{}

374

37B

.r'/\
1k+2t }lr'
'|' ,t+tlń

'Tt
0.2 t {s}

Figure 4. Results of calculations of T- and q absorbed from the nucleation site for: Tsą! =
373 K, T^o,,o, : 373,3 K, T^in'u : 370 K, ó : 0.054, Q2,al : 0.12 MW/m2, Al
: 0.002 s, Aó : 0.0014 m, copper surface and Fo : 1/8 where 7o : 386 K. Three
dimensional return map of the time series of T- is shown on the right hand side ol

graph.

Three-dirrrensiorral retuln map of tlre time series of the heating surface temper-
ature changes is shown a tlre right hand side in Fig. 4. Coordinates of the point:
in the return maps have been calcrrlated in the following way: r: T(to),a =

T(to + Lt), z : T(to + 2^t).
According to data presented in [14], nucleate boiling of water starts wher-

q = 0,17 MW/m2. In the investigated model this value corresponds to a vaiue o:

q2,or. For water at atmospheric pressure and the heat flux characteristic for thi
nucleate boiling crisis (q = 0.8 MW/m2), frequency of btrbbles departure changc
in the Tange from 50 to 100 Hz, and12= 1,65 ą. In the investigated nrodel, fo:

To : 38Ą K, the frequency of bubble departure is equal to 42 Hz, and 12 = 1.-

ą. These valrres were obtained for a low value of tlre surface superheating of =
0.3 K.

The result of calcrrlations of the largest Lyaptrnov exponent of the temper;-
trrre flucttrations is presented in Fig. 5. The exponent .L; was calculated usir:.

the Wolf algorithrrr [15].
A positive value of the largest Lyaptrnov exponent indicates that determi--

istic chaos occuTs in the investigated model. Tlre Lyaptrnov exponent describe,
the information loss about the system, The calculated value otllLlfbitlbit/s] ł
Il70.0: 0.014 [s] shows how long a certain initial temperature distribution insic.,

tlre lreating srrrface influences the heating surface temperature. In other worr,
we can say tlrat in the ilrvestigated model a single act of nucleatiorr influences t.
boiling plocess dtrring a time interval of 0.014 s. This interval corresponds to t:
average time of the botrndary conditions changes (Fig. a). The obtairred resu:
indicate that the changes of boundary conditions destroy long-term memor}- -.

the system. The heat transfer during the time intervals 71 and T2 occtlTs at c. ]

stant botrndary conditions. The solution of Eq, (1) is stable for F6 17f 4 z"



The mechanisnr of generation of chaotic fluctuations ... 81

I

i

200

-# 150g
ł 10[

5U

Figure 5. The largest Lyapunol-exponents .L;
l,irne t lor differelrt temperatures 79.

t {s)

for tinre series of T. as a function of evolution
.L; wa§ ca]culated using the Wolf algorithm [15].

everY value of q. Tlre results of the calculatiorr of tlre largest Lyaptrrrov exponent
indicate tlrat destabilisation of the lreat trarrsfer is caused, by the bound.ary con-
dition clratrges.

To identifY the tneclranism of chaos generation one elemeŃ of grid located
on the top of heating surface (Fig. 6) has been consiclered.

fon

{Jóst
Figure 6. Schenratic drawing of two-dinrensional gricl arouncl the element '1'.

Equation (6) for element '1' slrown in Fig. 6 has a forrn

-B

rTł.;

(8)

where; qp is a lreat fltrx absorbed by liquid from elenrent '1'.
Wrerr q6 is constant tlre function (q, rr+l?:ł), is a linear lunctiorr ot:rf .

Feigenbaum has slrown that srrbsequerrt iterations of all first-order differerrc" 
"q.ru_tions f+l : J Qh, irr tlre case when l gh lras (after a propel rescaling of Tł)

onIY a single tlaximunl at the unit interual, can be chaotic !3]. Tllerefore whón

Tł*, : rł (, -ił -'u,(rł + Tk -,]r # + rł),

.L .l .H, ĄffH
.fil
+ł
Ę
fi,]

.§
(d

.2
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tlre q6 is a rron-lirrear ftrnction of Tf , as for exanrple (2), tlre subsequent iterations
can be chaotic.

Tlre bounclary conclition (2) at the nucleate site changes depending on the
tetnperature of tlre lreating strrface at tlre truclea,tion site. The btrbble is gen-
erated wlren tlre temperattrre is greater than frrru*,o, arrd it departs wlren the
ternperature clrops below th.e ?]..,u*,ur. To sinplify the analysis furtlrer it lras
beerr assurrred tlrat

( "rQł -T,ot)
sk:ł

l.",

for Tł ) T^u*,o,

for Tł 1T^u*,oo

wlrere a2 is tlre lreat flrrx absorbed by boiling liqtricl, wlren tlrere is no vapour
bubble at tlre nucleation site and "tQł - T,nł) is tlre lreat fltrx absorbed by tlre
vapour bubble at tlre rrucleation site. Aftel putting (9) into (8) and making some
trarrsfornrations we can write dowrr Eq. (8) in tlre following form

iIł*, :l(, - X,) - ;T .,,)r{ + itrł +rfi+rł) + i* alTsat

for Tł ż T^u*,o, 
(10)

Tł*, : (r _ i,)rł +itrł +r§+Tł) -
for TŁ 1Tr'ru*,o,

The set of Eq. (10) lras a form

(9")

(9.,)

eAó_- . o,n
4 \ru

wlrere

Figtrre 7 illtrstrates tlre block diagrarn slrowing lrow tlre tenrperature ff is
calcrrlated in subsequent iteratiorrs of the set of Eq. (11). If rł < Ę',u*,o,
then the firnction (ttb) describes tlre clranges of tenrperature Ę witlr no vapou

Tł*' :,^rTł * br for Tł } T^u*,ou

Tł*' : 
^rTł * bz for Tł { T^o*,o,

*,: (t_ i,) - Z|ł.^,
*,: (t -XĄ,

u, : ]{rł + rfi + rh + Ż* alTsat,

t r: żQł +:rfi+rh - 'u,j..- -

(11a)

(1lb)

(12a)

(12b)

(12c)

(12dj
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r\*' ir calculated

basĘ on Eq. 11.b

Tempirature drop

t'i*' o calculated

basĘ on Eq.11 . a

Tanpetature incrlase

,^k

| 1 < lmax,av

Figure 7. Block diagranr to calculate the tenrperature fi.

btrbble at tlre trucleation site..If Tł > T^o*,o, t}terr the furrction (11a) clescribes
tlie clranges of temperature ?f witlr the vapour bubble at tlre lrucleatiorr sitc.

DePendirrg on the slope of lines (1la, b), in suclr kirrd of tlre systern clraos can
aPPeil [3]. Fig. 8b, c illustrates tlre exanrple of srtbsequerrt iterations of 7f for
two values of coefficient o1.

The PloPerties of two poilrts slrown in Fig. 8a play importzl,trt role irr evoltrtion
of temperature T.f , These poirrts are marked with letters A and B (Fig. 8a). The
ProPerties of the Point B depend upon the valtre of coefficierrt rn2. Wlrelr e(1
(in tlris case |m2| < 1) the point B alwavs attrzrcts tlre srrbsequent iter-atiotrs
of Ę arrd clefirres tlre steacly va]ue of rf (irr case wlren tlrere is no brrbble at
uucleatiorr site). Tlre properties of point,4 clepend on a value of coefficient, mI,
When the point.4 repels tlre subseqlrent iterations of {, (l-rl > 1), belravioril
of tlre systenr described by set of Eq. (1i) can become clraotic. Fig. 8c shows arr
exanrple of such kind of behaviour.

For tlre set of Eq. (11) tlre Lyapunov exponent can be analytically calctrlated
in atr easy way. Wlren itertŃiorr formula taltes tlre forn Tfż+l : /(Tf) the
Lyapunov-exponent eqtrals to [3]

N_1

D t"l/,(Tf)l
i:0

L: lim!l/ (13)

Puttirrg (11) into (13) and assurning tlrat tlre same ntrnrber of iterations has
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{*1tr<]
400

390

a)
360

370

360
37o rf trl

rf lrl
_1ó4

b), 376

368

r| trl
384

") lro

368

Figure 8. Iterations of set of trq, (11), Calculations were nrade for T2 : Tn: Tt : 400 K
e :0.5, T",.,1 : i)73 K, T,,,.*,,,u : 373 K, f,ffn, : 1; a) Two lines described by the sel

of IJq, (11); b) Iwo fixecl points for ffor : 15; cl) Ctraotic iterations for ffa1 =

19.

a place according to Eq. (11a,) as we}l as (11b) we get [3]

1rL : 
;[r"11-,|) + r"l1rnr;;]. (1l

For e { 1 the fbllowirrg inequal ity: |m2| ( 1 is true, but a value of rn1 chang,e
depending on a valtre of coefficient o1 (Eq. (9)). The changes of coefficient a-

can lead to a positive value of L. For data presented in tlre Fig, 8b the Lyapunoi
exponent ,L is iess tlran zero, arrd for data presented in Fig. 8c it is greater tlra:,

Zero.

TIre terłrperature Tf oscillates around the point ,a (Fig. 8a) irrcreasing an_

decreasing its vaiue (Fig. 8b). When l*zl < 1 therr during decreasing tempe:-

+ i ł t ł t+ ł + a " łe ? łI lt fl il ł il 11 ł ł ll 11 11 ll 11 ll] l] f| fl l] ll il ll ll ll i| l\ ll 11 ł/t 11 ll ll ł1 ll/1 11 /l l', , , ,,, , , , ,l] ll lIllll llll llIllllllllllIll!!!!!!!!I!!!!!!
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aturc ?| tlre amplitrrcle
arrrplitude of oscillatiorr,
Fig. 9.

a)

- k+ll1

of oscillation, AZ4.
A74, increases. It

decreases. But łvhen |rn2| > 1 tlre

lras been sclrematically, sirorvrr in

- 
J l*tl

_-[ lorl-'|

- 
JełI- 
Jl-f,|

Y
-t

tI rI

o,2 -=-tlsal. (16)
a1

Figure 9. Schenrłr.tic clrawing of tcrnperature changcs arouncl the point A; a) Point A repels

su,|lsecluent iterations of T| causing irrcl,ea^se o[anrplitude o[oscillation IA?rr|; b) Point

A attracts sttllseqttetrt iterations of T| carrsilrg clecrease o[ irrnplituclc of oscillatiorl

|A"eI

An irreqrralitv |rn1| >1 is tlre necessary condition (rxlt sufficient) for the clraotic

fluctuations of t}re hei:r,ting surfa,ce ternperature to occtrr, Wherr |rn1| >1 tllen tlre

process of tlre changes of tenrperattrre Ę clescribecl by Eq. (11a) is urrstable,

Tlre hetl,t absorptiotl (by boiling liqtrid) fronl elemetrt 1 decretrses its tenrPcr-

ature. Wlretr heat clelivered to tlie elenreŃ 1 (frotn elenretrts -L, R a.rrd 2 slrown in

Fig. 6) is lar-ge enotrglr the irritial differerrce between calculatecl terrrPerature fi
and steady value of temperattrrc does not increase. But wlrerr tlre lreat tratlsfer

from elenents _L,.R ancl 2 (Fig. 6) to elerłrent 1 is less tlrarr heat absorPtion bY

Iicluicl, tlre irritial differerrce between tenlperature fi and steady value of tetrr-

perature, lATal, is arrrplified. Tlre process of anplifyilrg tlre initial tenrperature

Jifi"r"rr"", lA".ąl, (Fig. 9a) is a property of ,answer,of boilirrg liquid to clratlges

of lreating strlface tenrperattrre. Irr the rnoclel tlris 'answer' is reprcsented by

boundary con<lition at tlre nucleation site.

Tlre coorclina,tes of itrterceptiolr of iirres clescribecl by Eq. (11) can be obtairred

frorn tlre follorvirrg eqrratiotr

rn{f *ó1 : m,2T! łb2,

After algebraic tratrsforuraticln tlre following lras beelr obtairred

(15)

_l: bz - bl -S{o. + a,lTsat)
f1 :-lL - m1 - m2 _Ę^

In tlre case s}rowrr in Fig. 8 tlre temperature Tf described by Eq. (16) is

eqtral to 373.1 K. The obtained result explains TvĘ chaotic fltrctuations of Ę
(ńig. ł) appear for [rru*,o, ź Tsat. Wlrerr T^u*,o, increases, the bigger ntrnrber
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of iterations is realized according to tlre Eq. (11b). It causes that the Lyapunov
exporrent (calculated basirrg on Eq. (14)) becones less tlralr 0 - then tlre process
becotrres periodic.

3 conclusions

Tire resrrlts of sirnulations show that clranges of borurdaly conditions at tlre
trucleatiotr site ctłtl, lead to non-periodic clranges of tlre lreating sttrface tenrper-
atule. Calculations of tlre Lya,punov exponent slrow that tlre changes of the
ternperattrre Ą lrave a clraracter of deterministic chaos. The analysis carried out
allorr. rts to conclude that the clraotic clranges of t}re lreating surface tenrperature
occtrr rvlren t]re lreat transfer to tlrin layer of lreatirrg surface is less than lreat
absorption by boiling liqtrid witlr t}re vapoul,bubble frorrł the lreating srrrface.

Tlre tenperattrre of element 1 (Fig. 5) is calctrlated after each tinre interva]
Ąć according to tire method of ireat balance irr elenent 1. Tlre heat flux absorbed
frorrr elenrent 1 is calculated after eaclr tinre interval Alł according to forrrrtrla (4)
or (9). C}raotic fluctuations of tenrperature of element 1 catr appear when func-
tiorr q("f ) causes tlrat the ftrnction rłn'QŁ) has (after rescaling) one maximrrtl
in rrnit interval. This lrappen not only witlr ftrnction (a) but also for exatnple
rł,herr frrnction 

"f+l(",f) 
is a qtradratic fitnction ot:rf . Therefore we can sa},

tirat frrnction (4), rrot th,e metlrod of lreat balance itl eletrrent 1, is responsible
for clraotic fluctuations of terrrperature ff. In tlre initiai phase of calctrlatiotl tlre
telrrperature Z,i always charrges trear its rrrean valtre. Wlrerr tlre lreat transfer tc
a tlrirr layer of lreatirrg srrrface is large enorrglr then tlre initial fltrctuations of Tf
disappear arrd the tenrperatureof Tfl stabilises. Btrt wlren the heat transfer to a.

thirr layer of lreating surface is less tharr lreat absorption by boiling liquid ther
tlre initia} fluctuations of Ę are arrrplified and render deterministic chaos.

'Ib velify tlre nrodels presented in the papel it is necessary to carrv out more
fractal analyses of experimental data concerning boiling.
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