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Abstract

The development of transition boiling modes igwally the formation and spading process of dry patches induced by applied superheat
or heat fluxes. Given that the interactions among multiple dry patches with different sizes, transition boiling can only be described in statistical
way. In this paper, dry patches statistical distribution function was obtained and the stochastic feature of transition to stable film boiling was
then discussed. The new academic implications on classical MHF (minimal heat flux) model have been revealed. The present investigations
tried to make a renewed effort to the understandifigansition boiling. Available experimentalgelts revealed that the present analysis was
more reasonable than traditional one in framework.
0 2004 Elsevier SAS. All rights reserved.
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1. Introduction the great size in transition boiling [4]. The wetting ratio dra-
matically falls as wall superheat increases. Till stable film
Transition boiling bridges the nucleate boiling and film boiling has established on the heated surface, the wetting ra-
boiling, which is encountered in a number of applications, tio approaches zero [5].
including metallurgical quenching processes, and immersion It is not yet unanimous regarding the dynamic features in
cooling of high temperature components. Although having transition boiling. Witte and Lienhard [6] and Ramilison and
been studied for decades, transition boiling still holds its Lienhard [7] reported the occurrence of sudden “jumps” be-
place as the least understood of the several boiling mechatween nucleate boiling and film boiling regimes. Large dry
nisms [1]. Such an occurrence is attributed to the complexity patches once emerge, would flush and cover the entire heated
of mechanisms controlling the transition boiling heat trans- surface. However, Bui and Dhir [8] tried, but failed to desta-
fer, and the difficulty of performing experiments. Since the bhilize the transition-boiling mode by wiping the surface with
pioneering work of Berenson [2lesearchers noted that the a brush. Dhuga and Winterton [9] had neither observed any
transition boiling process incorporated liquid—solid—vapor jumps in their transition boiling experiments. We claimed
triple phases interactions. Theat transfer mechanism was that, although certainly posséljumps in transition boiling
hence regarded as a combined process including transienturve were not inevitable [10]. Restated, the occurrence of
heat conduction, nucleation boiling, and film boiling heat jumps in transition boiling cwe is conditional and statisti-
transfer modes [3]. It is no doubt that dry patches play im- cal. There exists no comprehensive framework to interpret
portant roles during whole transition boiling processes, for these experimental findings until now [11].
the dry patches would form at the high-density level and at  Actually, available literatures on transition boiling mostly
encounter a time/surface-averaged procedure in which a sta-
* Corresponding author. Fax: +86-22-87402076, tel: +86-22-27890550, IONATY boiling process is assumed. While during transition
E-mail addresses: Ihchai@tju.edu.cn (L.H. Chai), boiling, the wall temperature is extremely non-uniform for
pxf-dte@mail.tsinghua.edu.cn (X.F. Peng). the stochastic formation/rewet of dry patches. For the inter-
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Nomenclature

C, specific heat at constant pressure Greek symbols

F fluctuation growth rate £ dimensionless number

hig latent heat P density

k driftgrowthrate _ o surface tension

N dry patch number distribution function A thermal conductivity

P pressure y _ a constants

P dry patch probability function s Dirac delta function

Pr Prandtl number 0 defined parameter

q dry patch production rate y defined parameter

r dry patch radius )

R safe probability function Subscripts

R, roughness l liquid

s* critical radius MHF  minimal heat flux

t time v vapor

T temperature w wall
actions among multiple dry patches with different sizes, it Dry patches
is becoming apparent that transition boiling can only be de-

scribed in statistical way. Dry patch dynamic feature could —- - —
be largely masked by the averaging [12].
From above survey, it may be concluded that a new per- —
spective on transition boiling heat transfer is desired [13]. In - — —
this paper, from the view of nonlinear interaction mechanism —
and inclusion of nonuniform dry patches size distribution, - = -
we propose stochastic analysis on dry patches growth in — — —
transition boiling system. Dry patches statistical distribution
function is obtained and the stochastic feature of transition to - - —
stable film boiling is then discussed. The research reported
herein is directed in attempt tdescribe stochastic features
in transition boiling process in a new fashion. The new aca-
demic implications on classical MHF (minimal heat flux)
model have been revealed. Comparisons to our previous ex-
perimental results show that present theoretical analysis is
not only beneficial to the current understanding of the transi-

tion boiling mechanisms, but also potential for the prediction
of the transition boiling heat transfer with more accuracy. o

Fig. 2. Analytical model.

2. Physical descriptions
will surely propagate toward the liquid phase till the occur-
2.1. The case for the existence of single dry patch rence of stable film boiling. Propagation is deterministic, not
uncertainly [14]. Doubtless, this kind of analyses can only
If we mainly considered a single dry patch surrounded by approximately reflects the feature of transition to stable film
an infinite liquid phase, as shown in Fig. 1, the case could be boiling, for a lot of dry patches with all kinds of sizes often
simplified as an illustrative model with lateral heat conduc- simultaneously exist in real transition boiling.
tion, as shown in Fig. 2. Physically, when dry patch grows up
to a certain size, it cannot be rewetted any longer. This size2.2. The case for the existence of multiple dry patches
was often represented as arél radius of dry patch. Typical
research could be found in references [14,15]. Letus assume Transition boiling system generates highly complicated
the critical radius of dry patch obtained with method in ref- phenomena. Transition boiling is a dynamic phenomenon
erences [14,15] is*. Obviously, as shown in Fig. 2, if the  with vivid dry patches generation, growth and being rewet-
single dry patch is larger thast in radius, the vapor front  ted under the action of superheat or heat fluxes. The whole
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Fig. 3. The co-existence of multiple dry patches.

transition boiling may be principally imagined as the forma-
tion, growth and spreading of dry patches, as roughly shown
in Fig. 3. The transition boiling process is a typical non-
equilibrium irreversible kinetic process. According to well-
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ation F(t) may be assumed to have a Gaussian distribution
for the convenience of calculation, i.e.,

(F(Fh)= 08t —1') @)

Heres is Dirac function [16] andD is the fluctuation growth
coefficient. Sometime flucttian growth coefficient varies
with time and should be written i@ (7). But similar analysis
can be conducted.

Egs. (1) and (2) are Langevin-typed descriptions for sto-
chastic processes. In term of stochastic theory, the general-
ized Fokker—Planck equation [16], which corresponds to the
generalized Langevin Egs. (1) and (2), is as follows

dP(r, 1) d Q %P

= e KOPIH 55 ®)
This is the differential equation describing the stochastic
growth process of the dry patch, whePér, ¢) is the proba-
bility of dry patches between andr + dr at timez. Obvi-
ously P(r, t) satisfies the normalization condition

known many-bodies theory in quantum mechanics and sta- o

tistics mechanics, a complex system with multiple elements

interactions can only be described by stochastic theory and

statistical way [16]. In this connection, the law of transition
boiling evolution process with multiple dry patches interac-
tions is stochastic, but not deterministic. Hence the basic law
of the whole process is also statistical.

From the stochastic features of the occurrence of dry

patches, a logical conclusion can be drawn that the occur-

rence of critical dry patch radius also shows stochastic be-
haviors and is related to certain probability value from view-
points of stochastic theory. Critical dry patch (with radius
equal to or larger tham*) derived by deterministic method

(the case for the existence of single dry patch) cannot nec-

essarily spread. We can onlgysthat this critical dry patch

P(r,t)ydr=1 4)

In general, in a real boiling system, a large number of
dry patches form and grow simultaneously under action of
applied heat fluxes. It is necessary to derive a differential
equation describing the evolution process of a number of dry
patches.

Superheat is a main factor for transition boiling. Let us

introduce a dimensionless parameiet p[‘g’::ng , which re-
flects the effect of superheAtl’ = T,, — 7;. Under the action
of heat flux, the average dry patches number for radius
at¢ is N(r, &) dr, the average dry patches number for ra-

dius between andr + dr at& — dg, is N(r, & =d&)dr =

has a certain spreading probability. Detailed analysis can be(N — % dé) dr and netincrease in dry patch numbet db

found in part 4 of this paper.

3. Dry patch distribution model

Now we give the differential equation describing the sto-
chastic process. Letdenote the time that a wall is subjected
to applied heat fluxes,denote dry patches radius, ahde-

&E—dtis

IN

5% d¢ dr (5)
The increase of dry patches number comes from two parts:
one is due to dry patch growth, and the other is due to forma-
tion. The averaged dry patches number coming froimto
r + dr due to growth ag to & — d¢ is (k(r)N), (k(r) is drift
dry patch growth rate). The averaged dry patch number com-

note dry patches growth rate. Because the dry patch radiusng out ofr + dr from initial radius betweem andr + dr
can be regarded as the average background superimposed bpr growth is

inhomogeneous fluctuation, the dry patch growth rate must
obey the following generalized Langevin equation [16]

1)

Wherek (r) is drift growth rate, which is determined by outer
conditions.F (¢) is fluctuation growth rate, which is deter-
mined by inhomogeneous fluctuation. By adjusting terms
k(r) and F(¢), Eq. (1) can describe dry patch development

F=k(r)+ F(t)

at any regimes. In general, dry patch growth process may be
approximately regarded as a Markov process and the fluctu-

[k(r)N], g d€ = [(k(r)N)r + %(k(r)N)rdr} dg (6)

So the net increase of the averaged dry patches number be-
tweenr andr + dr for growth is

0

(k (r)N) dr d& @)

The new averaged dry patch number betweemdr + dr
até tog —d¢ is

q(r,§)drdg (8)
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q(r, &) dr is averaged dry patches number in unit between Eg. (13) then yields the solution
andr + dr até for formation of new dry patches.

Combining Egs. (5), (7) and (8) yields 2188(Pr)1-03(1/;/)9—0-4(;’;’—(];*9])3@,pl
AN(r, 3 NE,r)= - .
- 8(5 D e - [k ONG 8] 9) ang?
201Cp
For the convenience of calculatian(y, &) can be reasonably x exp(— &Mp V) (16)
supposed to be the form

Eq. (16) physically means that dry patches density squarely

q(r,§) =q(&)3s(r) (10) increases with decreasing and exponentially decreases
3 is Dirac function, Eq. (9) is then changed into with increasing dry patch radius.

N 3 Dry patch probability can be obtained W®(r, &) dr =
—% = q(E)8(r) — E(kN) (11) N(r,€)dr/N (&), and it yields
Where the first term is the increase for new production of p. . _ 201Cpl <_ 2P1Cplr> (17)
dry patches, the second term is the increase for growth. The >’ ar ar

above equation satisfies the initial condition and boundary .
The result of Eq. (17) means that dry patch probability ex-

condition ) A _ .
ponentially decreases with increasing dry patch radius.

N, & —>o00)=0 (12a) Obviously dry patch probability satisfies normalization

N(r— 00,£) =0 (12b) condition

In term of Eqgs. (11) and (12)N(r,&) can be obtained r

for known ¢ (&) and k(r, &). According to P(r, &) dr = /P(Vf)dr =1 (18)

N(r,&)dr/N (&), we can obtainP(r, &), which is probabil- 0

ity that we can find the dry patches betweeandr + dr
among all sizesiV (¢) = fg’o N(r, &) dr is the total dry patch
density. 4. Statistical featureon transition to stable film boiling
It is useful to get the solutions of evolution differential
equations. In term of basic theory of differential equation,

X Transition to stable film boiling is important for a better
Egs. (9)—(12) can be combined as

understanding of a number of thermal processes in indus-

ON(E,r) 0 —— trial research facilities and thus attracts a lot of research.
- A& + ar [k(r’ EINGE. r)] =0 However, the basic phenomena are still elusive today. Basing
N(E — 00,7) =0 on physical vision of part 2 and results of part 3 of this pa-

per, here we further give statistical analyses from stochastic
viewpoints. Stochastic features of dry patches mean that the
[k()N],_g=q() (13) occurrence of critical dry patch radius also shows stochastic
behaviors and is related to certain probability value. Assum-
ing the critical radius of dry patch obtained with method in
references [14,15] is*, the following equation can be ob-

nE, r—>o00)=0

k(r, &) is averaged growth ratg(£) may approximately be
equal to nucleation rate and can be found in literature [17]

1 B\ 3 tained by substituting it into Eq. (17)
q(&) = 2188(Pr)1'03<—)90'4<'0v—cfg) g3 (14)
Y piCpi o _ 2p1Cpl 201Cpi
where P& = ar exp(— an ) (19
DA+ B(RaP) + C(RaP>2 P(&,s%) is the probability function for the occurrence of
o critical dry patches, which physically means that the oc-
o C currence of dry patch with critical radius shows stochastic
y= [JwluCpw behaviors and is related to certain probability value.
ar piCpl Apparently, probability distribution of critical dry patches
(Subscriptay is for wall, / is for liquid, andp is for pressure, ~ satisfies the normalization condition
thenC,,, is specific heat for wall, et al.) 00
Considering dry pat_ches as I_arge coalescence bubbles, |ts/ P(E, s*)ds =1 (20)
averaged growth rate is approximately [18]
0
A
kre)=a—t—¢1 (15)

The total number of dry patch@g(&) in unit area is
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Fig. 5. Probability for transition to stable film boiling as a function of dry
Fig. 4. Dry patch number density as a functiortof patch critical radius™.
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Choosing typical thermo-physical properties, the illustrative
result of Eq. (21) is shown in Fig. 4. Obviously, the dry patch
number squarely decreases with increaging ) B o

The probability for the occurrence of transition to stable danger may occur in boiling systems. In a more explicit
film boiling, Pwrr, is equal to the probability satisfying the ~Way, we define safety probability function, which physically
condition that any single one dry patch radius being larger Means the probability that the boiling system keeps below
thans*, while others still being less thast, therefore, we  Stable film boiling, as

Fig. 6. Safety probability as a function of dry patch critical raditis

have 2pC,
R=1-P = - - * 24
~ NG MHF eXp|: N(é)exp( T )} (24)
Py =1-— |:1— / P, r) dr] (22) The result of Eq. (24) is shown in Fig. 6. It is our hope that
et the same discussion may be applied to the occurrence of crit-
ical heat flux.

Physically, the probability is unit when the size of critical
dry patch is zero. While the probability will be zero when the
size of critical dry patch is infinite. Generally the probability
for the occurrence of transition to stable film boiling ranges
between 0 and 1. Fof.>” P(§,r)dr < 1, andN(§) > 1,
Eq. (22) can be simplified as

5. Academicsimplications on classical MHF model

Transition to stable film boiling is analyzed from statis-
tical viewpoint above, which challenges deterministic view-

00 points in available transition boiling theory. For example, the
Pune=1— exp[—N(g) / P(&,r) dr:| MHF (minimal heat flux) model was traditionally viewed as
% a single point in the boiling plang (and AT) and an inde-
20C pendent entity [19]. In spite of its wide recognition and good
=1- exp[_N(g) exp<_A—”s*)} (23) agreement with experimental results, there are some reasons
akr accounting for its invalidity. Because of the various para-
The result of Eq. (23) is shown in Fig. 5. meters involved in the process and the potential dry patches
The occurrence of transition to stable film boiling often interactions, it is useful to take a fresh look at the process.
means danger incipience of industrial heat excharrRygsr According to foregoing stochastic theory on transition boil-

can also be defined as danger exponent that physically mean@g of this paper, the occurrence of MHF shows stochastic
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behaviors and is related to certain probability value. Con- too. In fact, our previous theoretical model also justifies our
sequently, MHF should be viewed as a region rather than present analysis [4].

a single point in the boiling plang;(and AT) and an in- Of course, the more important aspect is that present the-
dependent entity. Restate, the occurrence of MHF shouldory is potential for developing more accurate predictive
be considered within the region of the transition boiling. It models for transition boiling heat transfer. In the future, it
is reasonable to describe the MHF phenomena as the highs crucial to relate dry patch distribution model to heat trans-
superheat transition boiling rather than as an independenffer, though there still seems a long way to go.

outcome.

In addition, classical MHF model is based on the idea that
MHF is purely the consequence of liquid—vapor interface 7. Conclusions and recommendations
destabilization, which mainly deals with liquid phase, vapor
phase and their interface. Therefore, potential interactions The development of transition boiling modes is virtually
with inclusion of heater are ignored. In fact, modeling MHF the formation and spreading process of dry patches under
is a conjugate problem incorporating the liquid phase, vapor the action of superheat or hdhixes. Different from avail-
phase, solid phase and their interfaces [20]. In reality, the able transition boiling analysis, when taking characteristics
present model from stochastic view reflects the three phasef nonlinear, nonequilibrium ahstochastic into account, the
and their interactions. It isatural that present stochastic occurrence of transition to stable film boiling is not deter-
analysis is more reasonable than classical MHF model. Sto-ministic but stochastic, which means the statistical analysis
chastic model may lead to a new avenue of thought andis not only beneficial to the current understanding of the
research [21]. transition boiling mechanisms, but also potential for the pre-
diction of the transition boiling heat transfer with more ac-
curacy in the future.

The ultimate goal of boiling heat transfer research is to
be able to predict the boiling heat transfer rates without re-
course to empiricism. Though much effort has been devoted
toward achieving this goal, little effort has been made to un-
derstand the underlying nonlinear interactions and stochastic
features. The present investigations in fact try to propose
a new thinking way of developing transition boiling heat
transfer research incorpdiag the nonlinear and stochastic
effects. Further elaborate studies, such as photographic re-
sults are definitely required to form a new paradigm.

6. Comparisonsto experimental resultsand potential
for predicting transition boiling heat transfer

We previously conducted experimental investigations on
transition and film boiling [22,23]. Here it is necessary
to compare our present theoretical analysis to experimen-
tal results. We mainly mentioned two experimental results:
(a) the scatters of data in our experiments obviously revealed
the stochastic feature for the transition to stable film boil-
ing [22], and we further found that the transition to film
boiling was caused by un-rewet dry patches [23]. These re-
sults pr_ovided a strong experimen_tal basis f_or our presemAcknowledgement
theoretical analyses. (b) In our previous experiments [22,23],
by adjusting factors such as velocity, sub-cooled degree,
gravitational acceleration and other conditions, we had got
different dry patches and critical dry patches features. Cor-
respondingly, we had got different features for the transition
to stable film boiling. Definite conclusions were drawn that
transition boiling regime would be reduced with increasing
flow velocity and sub-cooling degree and tend to disappearReferences
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