Journal of the Korean Nuclear Society
Volume 27, Number 4, August 1995

A Mechanistic Model for Forced Convective Transition Boiling
of Subcooled Water in Vertical Tubes

K.W. Lee, S.J. Baik, S.K. Han, K.I. Joo, and J.Y. Yang
Korea Atomic Energy Research Institute

{Received December 29, 1994)
SRy v T35 ZAHF HolulSol Het oty mu

Ol&E - WAIA - BT - 7ol - AR
GEYAE A4
(1994. 12. 29 A )

Abstract

A mechanistic model for forced convective transition boiling has been developed to predict tran-
sition boiling heat flux realistically. This model is based on a postulated multi-stage boiling process
occurring during the passage time of an elongated vapor blanket specified at a critical heat flux con
dition. Between the departure from nucleate boiling (DNB) and the departure from fim boiling
(DFB) points, the boiling heat transfer is established through three boiling stages, namely, the mac-
rolayer evaporation and dryout governed by nucleate boiling in a thin liquid film and the unstable
film boiling. The total heat transfer rate during the transition boiling is the sum of the heat transfer
rates after the DNB weighted by the time fractions of each stage, which are defined as the ratio of
each stage duration to the vapor blanket passage time. The model predictions are compared with
some available experimental transition boiling data. From these comparisons, it can be seen that the
transition boiling heat fluxes including the maximum heat flux and the minimum film boiling heat

flux are well predicted at low qualities/high pressures near 10 bar.

(=] ot
I =

N

ZANF Aol 5 A4 2o} AAH o g olEsy] A dotd =S AEetgct. o] 2l st
a5 He A2 oWl 7| £7)%5 (Vapor Blanket) o] 312 o dofitz chebd] vl524 Z, A
Z71%90 34, 712715} v]4dwt(Macrolayer) o) 713 5 27, 2ela oke 7]A 2ol 4] o}
2 a5 A gl 7|28t dch v Eolvby (DNB) 2 uhu] S o|e (DFB) Ate] o) Helw] 5 =
Aol Af&e Al 711717;01 Folal Wwg g Fot 4717 7 vlEdA o x4 A 7hu] (Time
Fraction) & 7t w] 54 f-&oll 53 F 2708 dsled Hakstsigict o mele] o255 A7 g
B 28 Sol) vhehd Ag e} vt Az, ¥ 2wl A% 5 10 bar EH 9] mpze] VA F @
ol &3k Aoz vhelstch

N

503



504

1. Introduction

Transition boiling is an intermediate heat transfer
mode where the heated surface temperature is too
high to maintain nucleate boiling but too low to main-
tain stable film boiling. In this boiling mode, an in-
crease in surface tempearture usually results in a de-
crease in surface heat flux. The transition boiling re-
gion of the boiling curve is traditionally considered to
be bounded by the critical heat flux (CHF) with the
corresponding CHF temperature (this point is corre-
sponding to the maximum heat flux point in the boil-
ing curve) and by the minimum film boiling (MFB)
heat flux with the corresponding MFB temperature
(see Figure 1). However, the transition boiling boun-
daries may be determined on the phenomenological
basis as the points “a” and “d” rather than the poin-
ts “b” and “c”, as shown in Figure 1. Point “a” indic-
ates the departure from nucleate boiling (DNB), whic-
h is characterized by the appearance of unstable local
dry spots on the heating surface. Point “d” shows
the departure from film boiling (DFB) characterized
by the appearance of unstable local cold spots on
the heating surface. Kalinin et al. [1] took notice of
the fact that the transition from nucleate to film boil-
ing with increasing the wall superheat 4Tw (or the
opposite transition with decreasing 4Tw) is gradual
and smooth, and the maximum heat flux (MHF) and
MFB heat flux are interior points of the transition
boiling region. To investigate the transition boiling
mechanism based on the various experimental obser-
vations [1, 2], this classification is considered more
promising than the traditional one.

Recently, the practical interest in transition boiling
has increased in connection with the safety analysis
of nuclear reactors, especially with studies of hypo-
thetical loss of coolant accidents (LOCA) as the de-
sign basis accident for light water reactors, and heat
treatment of metals. Up to now, the experimental
and theoretical studies have been plentifully perfor-
med for the transition boiling in pool boiling situa-

tions, but scarce in forced convective boiling situa-
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tions. The comprehensive review of Kalinin et al. [1]
and Auracher [2] of the transition boiling shows that
the present knowledge about transition boiling rqech-
anism is plentiful only for pool boiling situations.
However, the forced convective transition boiling mec-
hanism is poorly undersiood due to the inherent
complexity of this phenomenon and the experimen-
tal difficulties. Consequently, available prediction met-
hods are promising in the pool boiling situations but
vield large discrepancies in the forced convective boil-
ing situations due to their limitations caused by the
difficulty in accounting for the various physical mec-
hanisms in a single correlation and the lack of re-
liable data base.

Most of the prediction methods for transition boil-
ing are based on Berenson’s postulate [3] that tran-
sition boiling is a combination of unstable nucleate
boiling and unstable film boiling, each of which alter-
natively exists at any given location on the heating
surface. This can be formulated as,

an=Faa,+(1—Fy4) q, , (1)
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Fig. 1. Schematic Diagram for Transition Boiling Boun-

daries. Point (a): Nucleate Boiling Instability
Boundary, Point (b) : Maximum Heat Flux, Point
(c) : Minimum Film Boiling Heat Flux, Point (d) :
Film Boiling Instability Boundary
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where, q and q, designate the average heat fluxes
during the liquid contact and the vapor contact, re-
spectively. Fa denotes the average statistical fraction
of the wetted area on the heated wall at a given mo-
ment. f the liquid-solid contact process can be as-
sumed to be ergodic, the local liquid contact time
fraction, Fr, is considered to be equal to the wetted
area fraction, Fa.

Based on the idea of Equation (1), some phenom-
enological models for forced convective transition
boiling have been developed by several investigators,
such as Ragheb and Cheng [4], Bjornard and Griffit-
h [5), and Kao and Weisman [6]. In the first two
models, they assume that g and q. are constant dur-
ing the contact process, and equal to the MHF and
the MFB heat flux of a boiling curve, respectively.
They also assume that a linear relationship exists be-
tween the two anchor points and Fa=1 at the MHF
point and Fa=0 at the MFB heat flux point, respect-
ively. In these models, the expression of Fa becomes

Fa= ( Tv_ Turs )2
Twnr— Turs

where, Tu, Twer, and Tws are the temperatures of the

wall, MHF and MFB points, respectively. However,

Kao and Weisman [6] introduced a moving quench

front model to estimate the wetted area fraction (Fa)

at high quality and low flow conditions, and used a

{2)

wetted heat flux curve decreasing with temperature
instead of a fixed MHF and a vapor convection heat
flux instead of a fixed MFB heat flux, respectively, as
two anchor points. In this model, the first anchor
point is not the MHF point but the DNB point in the
boiling curve {point “a” in Figure 1), thus the wetted
area fraction at the MHF does not need to be unity.
In fact, the recent experimental studies [1, 2,
7—9] for the wetted area fraction show that Fa at
the MHF is far below unity. Therefore, the cormrela-
tions of the wetted area fraction derived from Equa-
tion (2) cannot be regarded as a reasonable estimate.
Up to now, we cannot find reliable correlations for
the estimation of the wetted area fraction in the for-
ced convective boiling conditions, especially at low

qualities/high flows. On the other hand, most of the
recent theoretical studies on the transition boiling for
pool boiling conditions, such as those of Kalinin et
al. [1], Pan et al. [10], and Farmer et al. [11], assum
ed the liquid-solid contact process as a periodic se-
quence of transient conduction, nucleation and mac-
rolayer dryout, and vapor film boiling phases on the
heating surface. In these models, the wetted area frac-
tion was evaluated by the liquid contact time fraction,
assuming the contact process to be ergodic. These
studies showed that the wetted area fraction at the
MHF point was smaller than unity and the MHF is
considerably higher than the steady state CHF value
as the upper limit of nucleate boiling.

In this context, we attempt to develop a mechan-
istic prediction model for the forced convective tran-
sition boiling of subcooled water, based on the basic
idea of Pan, Hwang, and Lin (PHL) theoretical mod-
el [10] for the pool boiling. For a specific feature of
forced convective transiton boiling, some mechan-
isms and assumptions in PHL model will be modified
and their rationales will be discussed in the section of
physical model and basic assumptions. The primary
objective of this study is to predict the transition boil-
ing heat flux properly, and to explain adequately the
recent experimental evidence that the wetted area
fraction at the MHF point is smaller than unity and
the liquid contact heat flux is much higher than the
CHF value.

2. Model Description
2.1. Physical Model and Basic Assumptions

Based on the previous investigations {10, 12—17]
of the physical mechanisms of critical heat flux, tran-
sition boiling, and film boiling phenomena, the pres-
ent physical model is supposed as depicted in Figure
2. For a complete transition boiling cicle, there are
four key boiling stages, namely, approaching of vapor
blanket, macrolayer evaporation, macrolayer dryout,
and unstable film boiling with frequent liquid-solid

contacts.
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B. Macrolayer Evaporation under
Vapor Blanket

D. Unstable Film Boiling: Interfacial
Wave Touches The Heated Wall

Fig. 2. lllustration of the Physical Model for Each Stage of Transition Boiling Cycle

It is assumed that the transition boiling cycle starts
when a vanor blanket approaches to a given axial
point on the heated wall. The DNB occurs when the
macrolayer dryout time is equal to the vapor blanket
passage time, which is determined by dividing the
vapor blanket length, Ls, by the blanket velocity, Us,
at a CHF condition. Before the DNB, the heat trans-
fer through the macrolayer is governed by a fully de-

veloped nucleate boiling. After the DNB, the wall
heat transfer is established through two boiling stag-
es, i.e, the macrolayer evaporation governed by a
nucleate boiling in thin liquid film and the unstable
film boiling with alternate wet and dry periods induc-
ed by the instability of the liquid and vapor interface.
The present model assumes that the total heat trans-
fer rate during the transition boiling is the sum of the
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heat transfer rates after the DNB weighted by the
time fractions of each stages, which are defined as
the ratio of each stage duration to the vapor blanket
passage time. The transition boiling heat transfer is
terminated when the wall superheat exceeds the
DFB temperature characterized by a complete separ-
ation of the liquid-vapor interface from the wall
From the assumed ergodicity of the time sequential
process during the vapor blanket passage over a giv-
en point, the transition boiling heat flux at a given
axial location can be estimated.

This physical model is similar to that of PHL pool
boiling model [10], but it is considerably modified to
accommodate the specific feature of forced convec-
tive situations. PHL. model was based on three con-
tributors of the transition boiling process, i.e., transi-
ent conduction, macrolayer evaporation, and vapor
film boiling. In the present model, the effect of transi-
ent conduction on the forced convective transition
boiling is assumed negligible and the vapor film boil-
ing stage is replaced by the unstable film boiling stag-
e due to the instability of the vaporliquid interface
under the forced convective boiling in the vertical
tube geometry. To satisfy the ergodicity of the tran-
sition boiling process, the controlling phenomena are
selected as a time sequential process occurring at a
given point during the vapor blanket passage, instead
of the controlling phenomena under the hovering
bubble on the heated surface of PHL model. If the
specified vapor blanket characteristics (its size, length,
and velocity) are suitable as compared with the tube
diameter and length, and the time scale including all
the controlling phenomena, the ergodicity will be sat-
isfied.

The present model is also similar to that of Katto,
Yokoya, and Yasunaka (KYY) [17] for the pool tran-
sition boiling process. In KYY proposal, the bubble
departure period specified at a CHF condition does
not vary during the transition boiling process and the
liquid macrolayer evaporation is the same as the nu-
cleate pool boiling. Therefore, the DNB occurs when
the liquid macrolayer dryout time is equal to that for

the bubble departure time, and the heat flux after the
DNB is determined by multiplying the wetting time
fraction by the nucleate pool boiling heat flux. In this
approach, the boiling curve slope of transition boiling
region is too steep. This problem is overcome in the
present model by introducing a new boiling mechan-
ism in a very thin liquid film after the DNB and con-
sidering the strong contribution of an unstable film
boiling on the total transition boiling heat flux in the
forced convective boiling situations.

Katto [12], Lee and Mudawwar [13], and Mudaw-
war et al. [14] have developed a theoretical CHF
model under subcooled flow boiling based on the
similar physical mechanism. They have claimed that
the crucial CHF mechanism of subcooled flow boil-
ing is a macrolayer dryout under an elongated vapor
blanket. In the present model, this mechanism is
used for the determination of the DNB condition.

Ueda and Kim[15] and Hino and Ueda[16] inves-
tigated heat transfer characteristics near the CHF con-
dition in a subcooled flow boiling system. They con-
cluded that the wall temperature excursion at the
CHF condition was composed of the temperature
fluctuations which accompany periodic passing of lar-
ge coalescent bubbles close to the surface and a sub-
sequent sharp temperature rise under a film boiling
state. Since this heat transfer characteristics is similar
to that of transition boiling, the macrolayer behaviour
under the vapor blanket is also thought to be a very
important heat transfer mechanism in the transition
boiling process.

After the DNB condition (point “a” in Figure 1),
the macrolayer dries out before the vapor blanket
passage time due to the thin film boiling heat flux
which is higher than the CHF. Therefore, the macrol-
ayer evaporation stage can contribute to the tran-
sition boiling heat flux in proportion to the macrol-
ayer dryout time fraction to the vapor blanket pass-
age time. Just after the macrolayer dryout, the wall
surface is covered by thin vapor film. At this time, a
depression in the vapor-liquid interface occurs due to

the insufficient vapor generation and it allows the
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interface to touch the dry wall surface if the wall tem-
perature is below the DFB temperature (point “d” in
Figure 1). This touching results in a vigorous boiling
at the wall surface and then the interface is repulsed
from the wall. This sequence is periodic, repeating it-
self and lasts until the vapor blanket passes a given
point. In this model, the heat transfer characteristics
of this sequence is evaluated by the simple thermom-
echanical model for the unstable film boiling prop-
osed by Huang et al. [18]. The unstable film boiling
period is determined by subtracting the macrolayer
dryout time from the vapor blanket passage time.
The basic assumptions for the mathematical for-
mulation of the physical model are listed below :
(1) The time sequential process occurring at a given
point during the vapor blanket passage is ergodic.
{2) The vapor blanket passage time specified at the
CHF condition remains constant with increasing
the wall superheat, 4Tw (=Tu-Tex).

(3) The average length and velocity of the vapor blan-

ket during the unstable film boiling period does
not vary.

{4) The thermal and physical properties at a given
point are determined at the CHF condition.

2.2. Mathematical Formulations of Physical
Model

A Critical Heat Flux and Vapor Blanket Character-
istics

In the present physical model, the CHF condition
for the forced convective boiling at low qualities reac-
hes when the macrolayer dryout time is equal to the
vapor blanket passage time. Based on the previous
works of Katto [12], Lee and Mudawwar [13], and
Mudawwar et al. [14], the CHF and the vapor blan-
ket characteristics, i.e., its size, length, and welocity,
are determined as follows.

From the mass balance on vapor stems in the mac-

rolayer beneath the vapor blanket, each phase vel-

odity is related as,
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0 U Ay =p,1U | (A=A, (3)

where, A and Aq denote the total surface area be-
neath the vapor blanket and the cross-sectional area
of vapor stems, respectively. 2y 2» U, and U are the
densities of vapor and liquid phases and the velocit-
jes of vapor and liquid phases, respectively. This
equation simply means that there is a balance be-
tween the vapor outflow and the liquid inflow in the
macrolayer. The vapor wvelocity is obtained by the en-
ergy balance on the vapor stem as follows :

apA = 0,UgAzhy , {4)

where, hy is a latent enthalpy of vaporization and gs
is a boiling heat flux for vaporization, which is given
as

4= donr — s - (5)
Here, qex is the total wall heat flux corresponding to
a CHF and the subcooled liquid convective heat flux,
0w given by Shah’s correlation for high flux boiling
condition [20], can be expressed as

dse =
230 q chf (QC}:I/ Gh/g)oj (Tsat — Tlc)

(230 Cq o/ Gh/g)0'5 =11 (Tou— T) +auyl Hy'

(6)
where, G is the mass flux and the single phase for-
ced convective heat transfer coefficient, H;,, is given
by the well-known Dittus-Boelter correlation for tur-
bulent flow. T and T are the saturation tempera-
ture and the subcooled water temperature, respect-
ively. The allowable relative velocity in vapor stem
can be evaluated by the Helmholtz instability criterion

as follows :
(U= U D2 =2r0(ps+ 0/ (00w, (7)

where, ¢ and Ay are the surface tension and the
wave length of Helmholtz instability, respectively. The
thickness of the macrolayer at the CHF condition is
assumed by Haramura and Katto {19] as follow :

Scnr = AylA. (8)
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From Equations (3), (4), (7) and (8), the macrolayer
thickness can be rewritten as;

% (140,05 a(A ] A)?

1+(P//Pg)l_Ag/A Pgh/g

where, A/A is given by Haramura and Katto’s corre-
lation [19] as follows :

A A (10)
3 1
=0.0654( (11p,/160,+1) ° [ (os/ 0, + D] 2,
~0.0584 (o,/ )2 for s/ po>1.
The CHF condition occurs when the liquid supply
into the macrolayer from the core flow is completely
vaporized and can be formulated as follows :

Lpaas= oA Upg— Uy Senrhrel 1

+(hy—h) [ R }(1 — A/ A), (11)
where, Ls and Ug are the length and velocity of the
vapor blanket, respectively. And Uy is the macrolayer
velocity, which is assumed nearly zero. h; and h, are
the enthalpies of saturated and subcooled liquids, re-
spectively. The vapor blanket length can be deter-
mined by introducing Helmholtz instability criterion
between the macrolayer and the vapor blanket, thus

Lg=2r0(o,+0,) /oo {Us— Up?l. (12)

Since the macrolayer velocity is negligible as com-
pared with the vapor blanket velocity, the relative vel-
ocity can be considered equal to the vapor blanket
velocity. The vapor blanket velocity can be written
from the force balance between buovancy and drag
force on the vapor blanket as follows :

Up=\2Lgg(or— 0/ 0:Cp+ Uy, (13)

where, Uy and Cp are the liquid alone velocity (or
two-phase mixture velocity) at the mass center of vap-
or blanket and the drag coefficient of the vapor blan-
ket, respectively. And p. is the density of subcooled
water. If the liquid alone flow is turbulent, the liquid
alone welocity, Uy, can be obtained by the well-known
Karman’s three layer velocity profile. If the liquid

Ocns = AJA 7 7 \2
]"‘( )(9

*
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alone flow is laminar, Uy can be determined by,
Up=2G/pi[1 = (R.—yp)*/ R2).

Here, VR., is the radius of tube and the distance of the
vapor blanket center from the wall, ys, is

Yp= achf+ Db/2

(14)

(15)

The vapor blanket diameter, D, is assumed equal to
the bubble diameter at the bubble detachment point.
The correlations for the drag coefficient, Cp, and the
vapor blanket diameter, D, will be discussed in the
section of the constitutive equations. Consequently,
the CHF is obtained by Equation (11) and the vapor
blanket characteristics are determined by Equations
{12) and (13).

B. Macrolayer Evaporation

Before the DNB, the macrolayer thickness is larger
than that for the CHF condition (dss and the heat
transfer through the macrolayer can be evaluated by
the fully developed nucleate boiling heat flux, which
is estimated by the correlation of Mikic and Rohsen-
ow [21]. Fujita and Ueda [22] experimentally show-
ed that the surface heat flux in falling liquid film ap-
proaches to a pool boiling heat flux as the wall sup-
erheating increases. From Mikic and Rohsenow’s cor-
relation for water boiling data [21], the fully devel-
oped nucleate boiling heat flux is expressed in SI

units as follows :

qnb =
1.89 10V ex, (oghg) o/ i AT, 10
0" (0,— 0g) BT '

where, «, and ¢, are the thermal conductivity and
specific heat of saturated liquid, respectively. After the
DNB, the macrolayer becomes thinner than that for
the CHF condition (¢,,), and the heat transfer
through the macrolayer is changed from fully devel-
oped nucleate boiling to a thin film boiling. This thin
film boiling is very different from the pool boiling or
forced convective boiling. Mesler [23] suggested that
the nucleate boiling heat flux in a thin liquid film might
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be exceptionally high because a bubble generated in
the thin film can escape quickly with a very small re-
sistance. Kopchikov et al. [24] developed a corre-
lation for the thin film boiling heat transfer focussed
on the heat transfer through the quasi-laminar layer
adjacent to the growing bubble. This correlation is
expressed as,

Cxshye05074TS
0Tewl0s—pg)

qmy = 17)

where, C is an empirical constant, which is given as
0.01 for various fluids including water at the atmos-
pheric and subatmospheric pressures. Kopchikov et
al. [24] also explained that the boiling heat flux in a
thin film boiling could increase up to the heat flux
associated with the limiting temperature of the ligtid
superheat (i.e, Leidenfrost temperature), since in
thin film boiling there are practically no hydrodynam-
ic restrictions on the removal of the vapor and supp-
ly of the liquid.

Beattie and Lawther [25] investigated the structur-
al change in a thin annular film as dryout is ap-
proached, and developed a more generalized thin

film boiling heat flux equation based on the heat tran-

sfer through a single close-packed hexagonal layer of
bubbles. If “N” bubble layers exist in the thin film,
the boiling heat flux is given by
0.0288x sh0,0,4T%,
NoTu(or—0g
It can be seen that the Beattie and Lawther corre-
lation (Eq. 18) is equivalent to that of Kopchikov et
al. if N is assumed to be 2. In the present model, the

{18)

qm=

boiling heat flux in the macrolayer after the DNB is
determined by Equation {18) with N=2 for the pres-
sure below 110 kPa and N=3 for the pressure hig-
her than 110 kPa. For the pressures higher than 110
kPa, the selection of higher “N” value is to consider
the effect of the pressure on the packing of bubble
jayers in the macrolayer.

The DNB wall temperature can be determined by
rearranging Equation (16) after substituting the CHF
[Eq. {11)] for the nucleate boiling heat flux, g The
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step change in the macrolayer evaporation heat flux
before and after the DNB temperature is treated as

follows :
Gme = Qnp for ATMI< ATDNB ’ (19)
Qe = amb{ATw} + Qeny — qmb{ATDNB}

for ATDNB < ATw < ATDFB R (20)
Gwe=10 for AT,> 4T prs (21)

where, que{dTone} and quuid T.} denote the macrol-
ayer boiling heat fluxes determined by Equation (18)
as the functions of the wall superheats ATons

and 4T, respectively. Equation (20) means thatthemac-

rolayer boiling heat flux after the DNB starts from the
CHF value (g} and varies with the slope of Equa-
tion (18) up to the DFB point. The macrolayer thick-
ness, d'me, during the macrolayer evaporation stage
can be evaluated by replacing the boiling heat flux,
ge, in Equation (9) with the macrolayer evaporation
heat flux, qme, determined by Equations (19) to (21).
This thickness is distinguished from the CHF macrol-
ayer thickness, &'y, of Equation (9). Finally, the mac-
rolayer dryout time is given by,

Tond = p/cameh/g[l-'_(hf_ hlc)/h/g]/ame ’ (22)

and the contribution of the macrolayer evaporation
during the macrolayer dryout time to the total boiling
heat flux is

Tme = Uome Tmal Tp (23)

where, 1, is the vapor blanket passage time, which is
defined as,

rp=LB/UB . (24)

C. Unstable Film Boiling

Within the vapor blanket passage time, the macrol-
ayer dries out, and then the heat transfer through a
vapor film is available during the vapor film covering

time. The vapor film covering time is defined as,

Toe = Tp ~ Tpq - (25)
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During the vapor film coverage time, the unstable
film boiling with alternate dry and wet periods is es-
tablished due to the instability of the vapor-liquid
interface, which is augmented by a repeating insuf-
ficient and violent vapor generation under the vapor
film. Therefore, the information for the interface con-
tact frequency, size, and time is needed to quantify
the heat transfer characteristics of the unstable film
boiling. Up to now, this information for the forced
convective boiling situations is unavailable in the lit-
erature.

In this model, the unstable film boiling heat trans-

fer is simply evaluated by the thermomechanical mod-

el proposed by Huang et al. [18]. They developed an
equation of the evaporation enthalpy between the
wetting zone and dry zone, based on the conser-
vation equations at the vapor-liquid interface. In their
model, the wetting liquid on the highly heated wall is
assumed to be at saturated state at an elevated pres-
sure defined as the saturation pressure correspond-
ing to the wall temperature. Also, the vapor is assum-
ed to be saturated at the system pressure of the bulk
liquid. The resulting equation is

hg - h/( Tw) = 0-5[‘)/( Tw) - tog]
[ps( Tw) - p]/pgpf( Tw) + (07 —(1:1)/7” , (26)

where, p, h(T.), 5(T.), and ps(T.) designate the sys-
tem pressure and the saturated liquid enthalpy, den-

an {hg_ h'f( Tw) _05[01( Tw) _pg] [ps( Tw) —D]/ng/( Tw)}
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respectively. Equation (26) can be interpreted as the
fact that the evaporation enthalpy is provided by
both heat conduction and the mechanical energy re-
leased during the depressurization process of evapor-
ation. Since the vapor is assumed at saturated state,
q.* in Equation (26} must be zero to keep the vapor
at the saturation temperature. If we assume that q* is
negligible near the DFB temperature, Equation (26)

can be rewritten as,

he— h/( Tprg) = 0.5 0/ Tprs) — 0]
[9:(Tprs) — 9}/ 040/ Tpra). (30)

Equation (30) is used to determine the DFB tem-
perature and means that the evaporation enthalpy at
the DFB point is supplied by the mechanical energy
of depressurization alone. From the assumption that
the wall heat flux during the unstable film boiling is
proportional to the liquid heat flux at the interface,
the following equation is derived,

ap= Caaqr = mCalh,—h{(T,)
—0.5[p/(Tw) — 0. [£:(Tw)
~ 8l oeo(T,)}. (31)
To remove the proportional coefficient, Ca, the DNB

point is selected as the anchor point and then we

can obtain the following equation :

i {hg—h(Tong) —0.500,(Tonw) — 0] [0:(Tpng) — 1/ 020/ Tpng)}

sity, and pressure corresponding to the wall tempera-
ture, respectively. And q* q.*, and “m” are defined

as

a=q+mV, (V.- V), (27)
G=q,tmV(V,— V), (28)
m = pg( Vg - V,) = p/( V/" V‘) . (29)

where, q; and q, are heat fluxes from liquid phase to
interface and from vapor phase to interface, respect-
ively. V, V; and V, denote the liquid and vapor vel-
ocities normal to interface and the interface velocity,

{32)

For zero heat flux, Equation (32) reduces to Equa-
tion (30) for the DFB temperature. Finally, the con-
tribution of the unstable film boiling to the total boil-
ing heat flux is given as,

E: q/bfvc/ Ty . (33)

D. Boiling Curve Generation

In the present model, the boiling curve ranging
from a nucleate boiling region to the DFB point can
be generated. When the wall superheat is lower than
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the DNB temperature or the macrolayer dryout time
is shorter than the vapor blanket passage time, the
total boiling heat flux is

;= Qup . (34)

Between the DNB point and the DFB point, the total
boiling heat flux is

(35)

Equation (35) involves the DNB heat flux, the MHF
and the DFB heat flux in the boiling curve. If the lig-
uid contact time during the vapor coverage period is

qt= q'ne+;/_b--

assumed negligible, the time fraction of liquid contact
is given as,
FT= de/ Ty . (36)
If the liquid contact process is ergodic, the following
equality can be applied.
F A= F T - (37)

2.3. Constitutive Equations

For the determination of the CHF and the vapor
blanket characteristics, the subcooled flow boiling

model is required. In the subcooled flow boiling mod-

el, the subcooling at the bubble detachment point,
(h¢-hug), is very important in determining the position
of bubble detachment and actual quality profile. To
evaluate the liquid enthalpy at the bubble detach-
ment point (ha), the well-known Saha and Zuber cor-
relation described in Reference [26] is chosen as the
best one for low pressure and low velocity conditions
because this correlation can be applicable to laminar
and turbulent flows. If the wall heat flux in the
pre-CHF region is uniform, the actual quality at the
CHF location is given by the profile-fit method [26]
using equilibrium qualities at the bubble detachment
point and the CHF location. Once the actual quality
is determined, the liquid enthalpy at the CHF lo-
cation is obtained as follows :

h[c = [h,,—hgxg]/(l—xg) N (38)

(2/3)Dyy (0s— 0 gl o
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where, x; is the local flow quality and the bulk en-
thalpy, hs, is defined as

hy= hiy+4 L 3qu/ GD . (39)

Here, hn, Lay, and D are the inlet liquid enthalpy, the
heated length and diameter of flow channel. The bub-
ble diameter at the bubble detachment point is eval-
uated by the modified Lew's formula of Ying and
Weisman [27] and expressed by

D, = 0.015\/ oD[z,
*7 V1+0.1(oi—pp)eD/ 7,

where, 1, denotes the wall shear stress. This formula
can be applicable to the system that the buoyancy ef-

(40)

fect on bubble detachment is considerable as compar:
ed with the drag force effect, such as low flow condi-
tions.

The drag coefficient, Cp, for the vapor blanket is
evaluated by the formula of Ishii and Mishima [28]
for distorted bubble and expressed by

Cp= (41)

1+17.67(1—ap)*"\?
18.67(1—ap)™* ]

where, a; is the local woid fraction. The well-known
woid fraction and quality relationship based on the
drift flux models of Chexal et al. [29] is used to find
the woid fraction (or quality) when the quality (or
void fraction) is given. In addition to this relationship,
the flow regime map is used to identify the CHF mec-
hanism and to validate our physical model. The flow
regime map is based on Mishima and Ishii’s flow tran-
sition criteria {30] .

3. Results and Discussion

To investigate the prediction capability of the pres-
ent model and to study the parametric effect of pres-
sure, mass flux, and inlet subcooling on the transition
boiling heat flux, the comparison of the model pre-
diction with the available experimental data of forced
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convective transition boiling is performed. The exper-
imental data of Huang et al. [31] and Weber and
Johannsen [32] are selected as the representative
transition boiling data.

For simulation of experimental conditions, several
assumptions are needed to fit the model to the ex-
perimental procedures and conditions. Since any in-
formation for the CHF condition and the post-CHF
flow regime is unavailable in the experimental sour-
ces [31, 32], it is assumed that transition boiling is
prevailing in the overall heated length, and an elon-
gated vapor blanket exists at the CHF condition
whenever the inlet water flow is subcooled. The boil-
ing curve at the mid-plane is selected as the rep-
resentative boiling curve in the test section. The axial
conduction due to axial temperature difference or
heat flux difference is neglected in this model. The
parameter ranges of the selected experimental data
are listed in Table 1.

Figure 3 shows the relative contributions of macrol-
ayer evaporation (ME) and unstable film boiling
{UFB) stages to the boiling curve. In this figure, two
symbolized curves designate steady-state. and transi-
ent data of Huang et al. (Case A). The solid, dotted
and dashed lines denote the total heat flux (given by
Eq. 35) and the contributions of ME (given by Eq.
23) and UFB (given by Eq. 33), respectively. The
predicted boiling curve is well matched with the stead-

whose inlet flow condition is identical with the stead-
y-state case. From this figure, it can be seen that the
macrolayer evaporation dominates before the DNB
temperature but rapidly decreases after the DNB tem-
perature, while the unstable film boiling is negligible
before the DNB temperature but rapidly increases
with the wall superheat after the DNB temperature.
Figure 4 shows the wetted area fraction predicted by
this model for the above case. The wetted area frac-
tion decreases rapidly from unity after the DNB tem-
perature and approaches to zero near the DFB tem-

7500 T T T Tow HF
....... HF
--=- UFBHF
O Stecady
| A Transient i
g Huang et al. Data: Case A
=
E 4500 [~ =
13
=2
=
3
o 30001 A —
i
S ]
o
1500 © ° N
o
o
o e o °
P LAt A
0 !
0 50 100 150 200 250

Wall Superheat (K)

Fig. 3. Relative Conftributions to Transition Boiling Heat

y-state data but overestimated for the transient data Flux
Table 1. Parameter Range of Selected Experimental Data
Source Huang et al. [31] Weber & Johannsen [32]
Range Case A Case B Case C Case D Case E
Experiment Type Steady-state & Transient Steady-state
Pressure(MPa) 0.7 10 10 011-10 07
Mass Flux {Kg/m"s) 500 200 200 100 200—500
Inlet Subcooling (K) 5 5 15 15 5
Diameter (m) 0.01 001
Length (m) 005 0.05
Mid-plane 246D 246D
Tube Material Copper (heater) Monel {flow tube) same
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perature. At the MHF point, the wetted area fraction
is not about 1.0 but 0.6. This result is consistent with
the experimental evidence described in the section of
introduction.

Figures 5 (Case B) and 6 (Case C) show the para-
metric effects of inlet subcooling on the transition
boiling in Huang et al. data. From this comparison, it

Lo T T T T
Huang et al. Data: Case A
0s |- =
e
5
g osf .
o
<
B o4l 4
o
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02 |- -
00 1 ] 1
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Fig. 4. Predicted Wetted Area Fraction in Transition

Boiling
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Fig. 5. Comparison of Predicted Boiling Curve with
Experimental Data(Case B)
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can be seen that the inlet subcooling effect is not re-
markable. In these figures, the steady-state and tran-
sient data of Huang et al. are expressed by two
symbols and the prediction is depicted by the solid
line. The experimental data are well predicted for the
steady-state data rather than for the transient data.
Figure 7 (Case D) shows the prediction trend for

7500 ! T T —— Prediction
O Steady
4 Transient
6000 - ‘80 Huangctal.Daza:CaseC
Ty = 15K
% sus
o

4500

Wall Heat Flux (KW/m2)

1500

200 250

Wall Superheat (K)
Fig. 6. Comparison of Predicted Boiling Curve with

Experimental Data(Case C)
6000
T T T — bl pon
® exp_p 0.11
........ cal_p_t
A exp_p 04
o, -~--cal_p_ 07
4800 - I\ O exp_p_0.7 7
’Q \ —.—cal_p_1.0
J?’\‘ \ 4 cxp p 1.0
Q%% N
Jl’)oo ‘Weber and Johannsen: Case D

3600

DM\ i
g 03&) p = pressure (MPa)

Wall Heat Flux (KW/m2)

150 200 250

0 50 100

Wall Superheat (K)

Fig. 7. Comparison of Predicted Boiling Curve with
Exp. Data(Case D)
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the pressure variation in Weber and Johannsen’s
steady-state data. The prediction is well matched with
the experimental trend. However, the predictions at
the low pressure cases are overestimated. This dis-
crepancy seems to be caused by the mismatch be-
tween the physical model and the real situation. For
the low pressure case, the estimated diameter and
length of the vapor blanket are too large to satisfy
the assumed ergodicity of the controlled phenomena.
Especially, the vapor blanket length predicted by the
Helmholtz instability criterion is longer than the heat-
ed length of test section. For this case, a new insta-
bility criterion is needed to awoid this problem, be-
cause the Helmholtz instability criterion derived from
semi-infinite horizontal flow condition is expected to
be inadequate for the cases of vertical tube with low
velocity and low pressure flow. Furthermore, it is sup-
posed that the flow regime just above the DFB tem-
perature is an inverted annular flow according to the
present physical model. However, from the installed
flow regime map, the flow regime at the CHF con-
dition was estimated as an annular flow and thus the
post-CHF flow regime is expected to be a dispersed
droplet flow.

7500
T T T —tal_G_200
® cxp_G_200
SN e cal_G_300
o oo
@ ----cal_G_
6000 O'QJ \ O exp.G_500"
S o g‘ O
s ’A ‘;“’,)‘. Weber and Johannscn; Casc E
5 ‘ G = Mass Flux (Kg/m’s)
¥ 45001 K -
N
x
=2
39
3
T 3000}
3
Z
1500 —
$
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) I
0 50 100 150 200 250

Wall Superheat (K)

Fig. 8. Comparison of Predicted Boiling Curve with
Exp. Data(Case E)

Figure 8 (Case E) shows the prediction trend for
the mass flux variation in Weber and Johannsen’s
steady-state data. The prediction shows the same
trend as the experimental data, but remarkable mis-
matches are observed near the DFB point. The mis-
matched trend near the DFB point is attributed to
the weakpoint of the present unstable film boiling
model, characterized by the fact that there are no par
ametric factors accounting for the mass flux and inlet
subcooling effects in the prediction equations for the
DFB temperature and the unstable film boiling heat
flux.

From the overall comparison illustrated in Figures
3 to 8, it can be concluded that the transition boiling
heat fluxes including the MHF and the DFB heat flux
are well predicted at low qualities/high pressures
near 10 bar, while a considerable discrepancy is
observed at high qualities/low pressures near the
atmospheric pressure.

4. Conclusions and Recommendations

A mechanistic model for forced convective tran-
sition boiling has been developed to predict transition
boiling heat flux realistically. This model is based on
a postulated multi-stage boiling process occurring dur-
ing the passage time of an elongated vapor blanket

The model predictions are compared with some
available experimental transition boiling data given as
the steady-state or transient boiling curves. The para-
metric effects of pressure, mass flux and inlet sub-
cooling on the transition boiling heat transfer are also
investigated. From these comparisons, it can be seen
that the transition boiling heat fluxes including the
maximum heat flux and the MFB heat flux are well
predicted at low qualities/high pressures near 10 bar.

From the results of model validation, the improve-
ment directions of the present model and further
studies are recommended as follows :

(1) A new hydrodynamic instabilty criterion for the
determination of the vapor blanket length at low

pressure and low flow condition should be estab-
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lished.

(2) A generalization of the physical model for the

high quality and low pressure conditions is need-
ed.

(3) An improved model considering the parametric

effects of the mass flux and inlet subcooling on
the unstable film boiling heat flux and the DFB
temperature is required.

(4) A two-dimensional and transient heat conduction

model is needed to simulate and to evaluate the

experimental condition and its data realistically.
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