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Heat Transfer in Film Boiling of Flowing Water

Yuzhou Chen
China Institute of Atomic Energy
China

1. Introduction

Film boiling is a post critical heat flux (CHF) regime with such a high surface temperature,
that the wall can not contact with the liquid, but is covered by the vapor and thus has
relatively low heat transfer efficiency due to poor heat conductivity of the vapor. The film
boiling is encountered in various practices, e.g., the metallurgy, the refrigeration, the
chemical and power engineering, etc.. In a postulated break loss of coolant accident of
nuclear reactors the uncovered core would experience this regime, and the maximum fuel
temperature would be primarily dominated by the heat transfer of film boiling. Due to its
significant importance to the applications the film boiling has received extensive
investigations both experimentally and theoretically. It was one of three subjects in a
coordinated research program on Thermal-hydraulic relationships for advanced water-
cooled reactors, which was organized by the International Atomic Energy Agency (1994 -
1999). A comprehensive review on these investigations has been presented in the technical
document (IAEA-TECDOC-1203, 2001)

In film boiling the heat is transferred from the wall to the vapor, then from the vapor to the
liquid, characterized by non-equilibrium. The interaction between two phases dominates the
vapor generation rate and the superheat, associated with extremely complicated
characteristics. This presents a major challenge for the estimation of heat transfer because of
less knowledge on the interfacial processes. In particular, due to the peculiar feature of the
boiling curve it is difficult to establish the film boiling regime at stable condition in a heat
flux controlled system by using a conventional experimental technique. As shown in Fig.1,
the stable film boiling regime can only be maintained at a heat flux beyond the CHF, which
associates with an excessively high surface temperature for water. But for a heat flux, q,
below the CHF, the regime can not be maintained stably at the post-CHF region (F or T), but
at the pre-CHF region (N).

The experimental data on film boiling were mostly obtained with refrigerant or cryogenic
fluids, and the data of water were generally obtained in a temperature-controlled system or
at transient condition with less accuracy. Since a so-called hot patch technique was
developed for establishment of the stable film boiling regime (Groeneveld, 1974, Plummer,
1974, Groeneveld & Gardiner, 1978), a large number of experimental data have been
obtained (Stawart & Groeneveld, 1981, Swinnerton et al., 1988, Mossad, 1988). Based on the
data base various physical models have been proposed (Groeneveld & Snoek, 1984,
Groeneveld, 1988, Mossad & Johannsen, 1989), and the tabular prediction methods have
been developed for fully-developed film boiling heat transfer coefficients (Leung et al., 1997,
Kirillov et al., 1996).
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Fig. 1. Typical boiling curve

In 1984 a directly heated hot patch technique was applied by the authors to reach higher
heat flux, enabling the steady-state experiment to cover extended range of conditions (Chen
& Li, 1984). The results fill the gaps of data base, especially in the region of lower flow,
where thermal non-equilibrium is significant, associated with much complicated parametric
trends and strongly history-dependent features of the heat transfer coefficient (Chen, 1987,
Chen et al., 1989, Chen & Chen, 1994). With these unique data the film boiling has been
studied systematically and the prediction methods have been suggested, as will be shown in
the following paragraphs.

2. Steady-state experimental technique

The hot patch technique is to supply separate power to a short section just ahead of the test
section to reach CHF, preventing the rewetting front from moving forward. It was first used
in freon and nitrogen experiments (Groeneveld, 1974, Plummer, 1974). To increase the
power of hot patch for the experiment of water, it was improved by Groeneveld & Gardiner
(1978), using a big copper cylinder equipped with a number of cartridge heaters.

To reach further high heat flux, a directly heated hot patch technique was applied by the
authors (Chen & Li, 1984). As shown schematically in Fig.2, the test section included two
portions, AB and BC, with each heated by a separate supply. The length of section AB was
10 - 25 mm. Near the end (B) the wall thickness was reduced locally, so that a heat flux peak
can be created there by electric supply due to higher electric resistance.

During experiment, at first the inlet valve of the test section was closed, and the water
circulation was established in a bypass at desired pressure, flow rate and temperature. The
test section was then heated by switching on two supplies with it in empty of water. When
the wall temperature reached above 500 °C, the flow was switched from the bypass to the
test section. As the rewetting front moved upward the power to the upstream section was
increased to reach CHF at the end (B), where the rewetting front was arrested without an
excessive increase in the wall temperature as a result of axial heat conduction. In the same
way, another rewetting front was arrested at the end of section BC by the upper hot patch.
Therefore, the stable film boiling regime was maintained on the section BC with heat flux
below the CHF. Shown in Fig.3 are the pictures of stable film boiling in an annulus for
different water temperatures with the hot patch on and a reflooding transient with the hot
patch off.

www.intechopen.com



Heat Transfer in Film Boiling of Flowing Water 237

Elow

}

-
Hot patch :
v )|

—m

[Tean

a
Iiot patch 1 < TC(Tw)
sy —
gm® (ac)

A

R

|

Flow

Fig. 2. Schematic of the test section with measurements of both the wall and vapor
temperatures
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Fig. 3. Inverted annular film boiling in an annulus with water flowing upward (a) and (b):
Stable regime (with the hot patch on), Ti.<T1y, (c): Reflooding transient (with the hot patch off)
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The steady-state film boiling experiments have been performed with water flowing upward
in tubes of 6.7 - 20 mm in diameter and 0.15 - 2.6 m in length, covering the ranges of
pressure of 0.1 - 6 MPa, mass flux of 23 - 1462 kg/m?s and inlet quality of -0.15 - 1.0.

3. Characteristics of the heat transfer in film boiling

The term “film boiling” was originally used for a post-CHF regime in a pool, characterized
by the wall separated from the stagnant liquid by a continuous vapor film. It was then used
in forced flow, though the flow pattern varied with the enthalpy in the channel. It includes
two major regimes: 1) the inverted annular film boiling (IAFB), which occurs at subcooled or
low quality condition, and 2) the dispersed flow film boiling (DFFB), which occurs at
saturated condition with the void fraction larger than around 0.8. In IAFB the vapor film
separates the wall from the continuous liquid core, in which some bubbles might be
entrained for saturated condition. The DFFB is characterized by liquid droplets entrained in
the continuous vapor flow. It can be resulted from break-up of the IAFB or from dryout of
the liquid film in an annular flow. Fig.4 shows the film boiling regimes in a bottom
reflooding transient at different flooding rates.
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Fig. 4. Film boiling regimes during reflooding with different flooding rates (Arrieta &
Yadigaroglu, 1978)
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Typical experimental results are exemplified in Fig.5, where the heat transfer coefficient
distributions in a tube for different inlet qualities are displayed by h (= qw/(Tw-Ts)) versus
xg. For subcooled (run no.1) and low quality (run no. 2) inlet condition the post-CHF region
initiates with IAFB followed by DFFB. While for relatively high inlet quality (run no. 3 and
4) the DFFB covers the whole post-CHF region. As seen, lower heat transfer coefficients are
attained in the transition region.
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Fig. 5. Distributions of the heat transfer coefficients along the length for different inlet
qualities

3.1 Inverted annular film boiling

In IAFB the heat is transferred by convection and radiation from the wall to the vapor,
subsequently from the vapor to the interface with liquid. For subcooled condition it is then
partially transferred to the liquid core. At the interface the vaporization takes place and the
vapor generation rate is determined by the heat flux to the interface minus that to the liquid
core. As the increase of vapor generation the vapor flow in the film may transit from
laminar to turbulent. Furthermore, the interaction between two phases could result in
interface oscillation, having enhancement effect on the heat exchange in both the vapor film
and the liquid core.

3.1.1 Effects of the pressure, mass flux and subcooling

Fig.6 shows the distributions of heat transfer coefficients (h = qw/(Tw-Ts)) under different
conditions. For lower flow with higher subcooling the h decreases rapidly with distance,
while as subcooling decreasing the h decreases, and the trend becomes mild (Fig.6(a)). For
higher flow with higher subcooling a maximum h is attained at a few centimeters from the
dryout point (Fig.6(b,c)). In this case the thickness of vapor film is very small, so the
interface oscillation could lead to dry-collision between liquid and wall, resulting in a
substantial increase in the h. For low inlet subcooling the variation of h along the length is
not substantial (Fig.6(f)). This suggests that as the distance increases the negative effect of
the increase in thickness and the positive effect of disturbance in the vapor film are
comparable on the heat transfer.
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At higher pressure the heat transfer coefficients are generally higher than those at lower
pressure for low subcooling or saturation condition (Fig. 6(e, f). An opposite effect is
observed for higher flow and higher subcooling (Fig. 6(d)). This can be explained in terms
of the thickness of vapor film and the interface oscillation. Higher pressure corresponds
to smaller volumetric vapor generation and thus smaller thickness of the film.
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Fig. 6. Variation of the heat transfer coefficient in IAFB under different conditions (Chen, 1987)
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It results in higher h for low subcooling or saturated condition. Nevertheless at higher flow
and higher subcooling the film is very thin, and for lower pressure there could exist stronger
interface oscillation, even dry-collision of liquid to wall, which has predominant effect on
the heat exchange in both the vapor film and the liquid core. While for higher pressure this
effect is less important due to less interface oscillation.

3.1.2 Effect of the preceding heating

To clarify the effect of preceding heating, an additional power supply was provided to a
section of L = 225 mm immediately ahead of AB (with heat flux qo). When the qo exceeded a
value for the onset of boiling a substantial fall in the T,, was attained over the first about 100
mm for fixed p, G and AT; at the dryout point, as shown in Fig.7 (Chen, 1987). In this case a
bubble layer was produced upstream, which was determinant for the vapor flow rate and
the interfacial oscillation over a certain length near the dryout point. For high subcooling the
vapor film was very thing, and this effect could be more substantial. Nevertheless, at a qo
without boiling the T, near the dryout point was increased slightly. In this case a
temperature profile was developed in the subcooled liquid core, which would result in
lower heat transfer coefficient from the interface to liquid core, compared to that with
uniform core temperature for the same average temperature.
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Fig. 7. Effect of the preceding heating power on the wall temperature (Chen, 1987)

3.2 Dispersed flow film boiling

In DFFB the heat is transferred from the wall to the vapor, then from the vapor to the liquid
droplets entrained in the continuous vapor flow. The wall temperature is mainly dominated
by the vapor convection heat transfer and the vapor temperature. The liquid droplets would
induce some disturbance for the vapor convection, and the vapor-droplet interfacial heat
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transfer determines the vapor temperature. This effect is closely relative with the flow
conditions, associated with complicated parametric trends of the wall temperature.

3.2.1 Effects of the pressure, mass flux and inlet quality

Typical distributions of the h (= qw/(Tw-Ts)) along the length are shown in Fig.8. In general,
as distance increases from the dryout point, at first the h decreases rapidly. For lower flow it
decreases monotonously over the whole length, though the trend becomes milder
downstream. For higher flow the h turns to increase after a certain distance. This behavior
varies distinctly with pressure. At p < 0.2 MPa, for instance, the increase trend in the h is
observed at mass flux below 300 kg/m?2s, while for higher pressure it is attained at higher
mass flux.

In addition to the local parameters, p, G and x., the inlet quality (at the dryout point) has a
significant effect on the h. As seen, for the same pressure and mass flux with different inlet
quality, different h may be attained at a fixed local x., and higher h corresponds to higher
inlet quality, exhibiting a strongly history-dependent feature. This is understandable due to
the fact that to reach a same x. the flow with higher inlet quality subjects to less heat transfer
and thus less superheat of vapor. At low flow this effect is so significant, that the fully-
developed condition can not be reached even at L > 2 m or L/D > 200.

2000
800
F = 58 barf - . »
G = 420 kg/m*%s C = 280 k‘/m s
; 1800 (D=8.8mm) &40 (D6 Yonm)
o -
3] 560 Y .
T =
= 12001 0 \ :
E: 8 0 i SIS .d‘-ﬂ : g q
I: 800 . 320 g (bar) {w/em2)
. ﬁfco
e 1 240 s 14 93
S 7 e 16 1332
& 400 160 - 19 195
80, = 24 20
0 oz 0.5 0.75 1 125 s
Equilibrium quality Xe Quality Xe
(@) (b)
150 - . . 400
P = 3 bar 60 ad 2 - b“
.G - %4.3 kg/m? s % G = 280 kg/m®s L0
= 120 (D=12mm) 320 2 (D+87mm) A
L) L
NE , & 280 % % a® e
<~ 90 q © 0®
x 240 8,4 b°$ s ®
= 200 °
[ ®®eo50p000000
T 680 o 160 :
5‘_:, c 120 P q
~ (ber}{w/cm?}
& 304 80, & 16 133
o 17 113
40
0 — Y |
0.2 0.44 0.68 0.92 1.18 1.4 005 0075 01 0125 815 0115 T 0225 05 0215 0
Equilibrium quality Xe Quality Xe
(©) (d)

www.intechopen.com



Heat Transfer in Film Boiling of Flowing Water 243

100 _ 1000
P = 22 bar
G = 400 kg/m®s ] (D=12mm) G (kg/m?s)
oy BOO (D=12mm) 800 (kg 1080
™ 1 02
“Ex + T nsant TR
‘E"EDO‘I : * F-ﬁd-bu: sm““\n} q"*-’""**{#'
'—; 4 0*?1*¢+4_'4“++** - 0
= .04
400 400 for -2 417
L k e ¢tooococa®oo00000000009 "
£ 1 0000600s00a00000000
. 200 ) 0.18
JEQD 1.5bar i . A T TS 107
0 i i " i M N " N s 0 — . N _ _
4] 0.05 0.1 0.15 0.2 0.25 ] 0.5 1 1.5 2 <5
Equilibrium quality Xe Distance from the dryout point L(m)

(©) (f)

o (o=
a0, G = 400 Ko/ 8 v, P = 63774 bar ]
E\m-m‘ _ L2
I:E\ﬂ' ERA T P:ﬂ o,
;m' LT P ) 135 =
gea fisabsassssaass®l g
) aen | e s
&l el Lol el - “dsoe s e EET T T T —
a LT
e T T T TR TR R % o wr ik Te e T BE L
Distance (m) Distance (m)

(&) (h)
Fig. 8. Variations of heat transfer coefficient for different conditions in DFFB (— mechanistic
model), (a-f): DFFB covering the whole post-CHF region; ( g,h): DFFB preceded by IAFB
(Chen et al., 1991, 1992, 1994b)

4 160
[ I p=52-55MPa ] % p = 0.57 MPa
“ G=420kg/m's o 140 %g'\ G =103 kg/m’s
% 801 A (D=12mm,L=2.2m) g 1204 0, % (D £ 12mm), K+ 2.2'm
- 4 [ )
2 el = 100- LI
= Q(W/cmz) - 1 OOOoo ®®e00s
= % ° 198 " 80- °00000000,. - T
's Og® H i oo
550 X o 16.7 [
>~ o* Seo >~ 60|
> o><o<& oo X 129 = | 2
o %@ ®ee0, o q (Wem)
I 500 299000000800 n 40
< 7 ot 0O < ] o 41
* 204 o 31
450 i i I i I i I i I i 0 . T T T T T T T T T T T T T
005 010 015 020 025 030 010 012 014 016 018 020 022 024

Fig. 9. Effect of heat flux on the heat transfer coefficients in DFFB

www.intechopen.com



244 Heat Transfer - Theoretical Analysis, Experimental Investigations and Industrial Systems

3.2.2 Effects of other factors

The effect of heat flux on the h is shown in Fig.9. Higher heat flux corresponds to higher h.
This is mainly attributed to the increase in the radiation heat transfer due to higher wall
temperature at higher heat flux. Fig.10 shows the effect of diameter on the h. In general,
smaller diameter corresponds to lower heat transfer coefficients over the downstream. It is
expectable that for same heat flux and mass flux smaller diameter corresponds to greater
increase rate of the enthalpy along the length, leading to stronger thermal non-equilibrium
and thus lower h.
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Fig. 10. Effect of diameter on the heat transfer coefficients in DFFB

3.2.3 Thermal non-equilibrium
The complicated parametric trends of the heat transfer in DFFB are closely related to the
thermal non-equilibrium, which is determined by the fraction of total heat to the vapor for

superheating. The following thermal non-equilibrium parameter was defined by Plummer
et al. (1977),

Ko X%

1)

X, =X
with

1
X=x £1+—Cpg(n _TS)J

h

where the T and T, are the vapor temperature and saturation temperature, respectively, the

xo is the quality at the dryout point, and the x and x. are the local actual quality and
equilibrium quality, respectively.
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The case of K = 1 represents the thermal equilibrium, in which all the heat from the wall
goes to liquid for evaporation and the vapor temperature keeps at constant (Ts), so the h
increases along the length as the vapor flow rate increasing. The case of K = 0 represents that
all the heat goes to the vapor for superheating without vapor generation, so the T, increases
as the T, increasing and thus the h decreases monotonously. Fig.11 illustrates the substantial
effect of the K on both the values and the trends of the heat transfer coefficient.

Using a technique to prevent the probe from striking by the liquid droplets and from the
effect of radiation, the data of vapor superheat were successfully obtained in steady-state
film boiling experiments near the exit of test section (Chen, 1992, Chen & Chen, 1994a). The
values of K and ratio of (T,-Ts)/(Tw-Ts) were then evaluated from the vapor superheats
measured at 2 m from the dryout point, as shown in Fig.12. For low Xy, the K decreases as Xo
increasing. At certain increased X, the trend becomes milder. It varies distinctly with
pressure, and higher K is attained at lower pressure. The ratio (T,-Ts)/(Tw-Ts) decreases with
mass flux. For G < 100 kg/m?s, the (T,-Ts)/(Tw-Ts) is larger than 0.5, suggesting a major
contribution of the vapor superheat to the wall superheat. For G < 50 kg/m?2s the thermal
non-equilibrium is much significant, so that the T, and T, increase significantly along the
length, and the h (= qw/(Tw-Ts)) exhibits sharp decrease trend. The effects of various
parameters on the thermal non-equilibrium can be explained in terms of droplet size and
concentration, the vapor-droplet relative velocity and heat transfer coefficient, the
properties, etc.. This is made clear in the analysis with the two-fluid mechanistic model.

2500

4 — Data (No.14)

0.4 0.48 0.56 0.64 0.72 0.8

Local equilibrium quality Xe

Fig. 11. Variations of the heat transfer coefficient along the length for different K (p = 5.8
MPa, G = 417 kg/m?s, xpo=0.383, D=6.8mm) (Chen, et al., 1992)
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3.3 Minimum film boiling temperature

The minimum film boiling temperature, Trin, defines the boundary between the film boiling
and the transition boiling, in which the wall contacts with the liquid intermittently and thus
has much higher heat transfer coefficient than the film boiling. The collapse of film boiling
could be resulted from the thermodynamic limit or the hydrodynamic instability. During a
fast transient it could be thermodynamically controlled, while for low flow and low pressure
it is likely to be hydraudynamically controlled. Six types of the film boiling termination
mechanisms have been identified: (1) collapse of vapor film, (2) top flooding, (3) bottom
flooding, (4) droplet cooling, (5) Leidenfrost boiling and (6) pool boiling. Significant
discrepancies were found among the existing correlations of the Twmin, and were attributed to
the different types of the mechanism and scarcity of reliable data (Groeneveld & Snoek, 1984).
With the hot patch technique the minimum film boiling temperatures were measured in
steady-state film boiling experiments by decreasing the power to the test section slowly with
small steps until the collapse of film boiling occurred. The following empiric correlation was
formulated from an experiment over the ranges of p = 115 - 6050 kPa, G = 53 - 1209 kg/m?s,
x =-0.055 - 0.08 and AT, =-35 - 25.1 K (Chen, 1989),
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Tin =363,6+38.37Inp+0.02844p — 3.86 x 10’6p2 +adTs (2)
with
a=17.1/(3.3+0.0013p) for ATs>0
and a=0 for ATs<0

where the p isin kPa and the T, ;, and 4 T, in K.

This correlation is in reasonable agreement with that derived from a similar experiment by
Groeneveld and Steward (1982). It can be recommended for type (1-4) of film boiling
termination.

4. Predictions for the heat transfer coefficients

As described above, the film boiling is characterized by non-equilibrium in both the velocity
and temperature between phases, associated with extremely complicated parametric trends.
The steady-state experimental data obtained in tube with flowing water were compared with
the existing correlations, and significant discrepancies were observed between them, as shown
in Fig.13. This result revealed the suspect of the correlations, and it was attributed to the lack
of reliable data base and the difficulty in accounting for various physical mechanisms in a
simple correlation (Stewart and Groeneveld, 1982, Groeneveld & Snoek, 1984). With steady-
state technique the accuracy of the experimental data was improved substantially. As shown
in Fig.14, the present steady-state data are in well agreement with those obtained by
Swinnerton et al (1988) using indirectly heated hot patch technique for similar conditions.
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Fig. 13. Comparison of the steady-state experimental data of water with existing correlations
(Stewart and Groeneveld, 1982)
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To predict the non-equilibrium characteristics in film boiling the two-fluid models are
favorable, and have been proposed by many investigators (Groeneveld, 1988, 1992, Mossad
& Johannsen, 1989). The major challenge for these models is to simulate the interfacial heat
and momentum exchanges. Due to less knowledge on these processes they were generally
accounted by empiric or semi-empiric correlations. Therefore, the suitability of this kind of
models is heavily determined by the ranges and the accuracy of data base. The following
two-fluid models are developed based on the present experimental data.

Ml p G q 2401 4 p G a,
Z MPa kg/m’s Wicm? g .t MPa kg/m’s W/cm®
E 3004 1.0 219 93 £ 200 " 049 96 55
s e 10 190 95 3 . = 048 102 6.0
. K, 160-
,:f 250+ e
g g
o i 120
n .
£ 200 <
T T T T T T T T T T T T 80 : . . . . . . . . . : . : .
0.02 0.04 0.06 0.08 0.10 0.12 0.02 0.04 0.06 0.08 010 0.12 0.14 0.16
X X,
(a) (b)

Fig. 14. Comparison of the results obtained in different steady-state experiments with water
flowing in tube (— Swinnerton, et al. D=9.75mm, ® Present experiment, D=12mm)

4.1 IAFB model
The schematic of flow structure in IAFB is shown in Fig.15, in which the vapor film is

divided into two regions, A and B, bounded with the locus of the maximum velocity line.

Locus of mazimum

Heated » P velocity

surtace:
U
WVapor film

\k_"

Liquid core

Fig. 15. Inverted annular film boiling mode
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The assumptions are as follows:

e  The pressure over a cross section is uniform.

e The kinetic energy and viscous dissipation and pressure loss due to acceleration are
negligible.

e  The properties of vapor are evaluated at (T, +7T) /2.

e  The vapor-liquid interface is treated as smooth, and both the vapor and the liquid at the
interface are at saturation.

e The velocity profile in the liquid core is uniform and equal to the vapor velocity at the
interface.

In vapor film the force balance gives

du 115
B T g By ®)

with boundary conditions as

u=0 atr=r,
and

u=u,=u atr=r;

where u; is the average velocity in the core.
Neglecting the weight of vapor, the integration of Eq.(3) gives,
for region A

U, = ! b 7 lni+1(r22 -r?) (4)
2:uv(l—i_gv/vv)dz b 2
and for region B
U, = ! P 7 lnL—l(r2 —rf) |+ @)
2#v(1+gv/vv)dz n 2
with
@ — rlzpcg+ (7'02 —7'12 )pvg (6)

2
dz I

where ¢, is the eddy diffusivity in the vapor film, and the p, is the average density of the
core. Some vapor may be entrained in the core, and p, is evaluated by

Pe = CcPy +(1 _ac)pl

where «a,is the void fraction of the core. The following expression is attempted with
adjustable factor c=40,

o - 1
“Trep, /o /%

Assuming the momentum eddy diffusivity &, independent of r, by integrating Eq. (4) and (5)
the vapor flow rate in the film is as
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4

re— P BN Lot ) JR0E ) |aup o) O)
u,1+e,/v,)dz| 2 r 8 2
The wall heat flux is expressed as
q= qwfi,c + qwfi,r + 9 (8)

where g, is the heat for vapor superheating, q, ;. and g, ;, are the heat flux to the
interface by convection and by radiation, respectively, evaluated by,

qw—i,c = hc (Tw - T;) (9)
with
h, =k_v(1+g_v& (10)
o v, Pr,
and
Gy iy =075 osB (T3 -T¢) (1)

(1/&+1/¢,-1)

where ¢ is the thickness of film, and Pr, is the turbulent Prandtl number.
The energy balance equation at the interface can be written as,

qwfi,c + qwfi,r = qg + q

where ¢; is the heat flux from the interface to the core, and ¢, is the heat flux for
evaporation, as

dr
qg Zzhfg /272'7'1 (12)

The mass equation is written as

I +rtu p, = mr?G (13)

From the authors experiments with saturated and low subcooling condition, the following
empiric expression for ¢, is proposed with Pr, =1.0.

g, /v, =0.011Re%° Re}" (14)
with

Rev :2Gx(r2 _rl)//uv
and
Re; =G(1-x)D; / 1y

For the heat transfer from interface to subcooled liquid core the following correlation is
available (Alalytis & Yadigaroglu 1987)
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¢ =0.06(k / D)Re}* P> [1,p,, / ()] " Pr® (Ts ~Ty) (15)

It should be noted that for subcooled condition the h near the dryout point is related to the
condition at the dryout point, which is determined by the preceding heating, as described
above. It is not simulated in the model, therefore, the calculation result could have
appreciable uncertainty over a short length, especially for high subcooling.

For low subcooling and saturated condition, this model gives satisfactory calculations for
the experimental data of p = 0.1 - 6 MPa, and G = 90 - 1462 kg/m?2s, as exemplified in

Fig.6(f).

4.2 DFFB model

The following two-fluid mechanistic model is based on the motion and energy equations,
involving various equations for the wall-vapor-droplet heat transfer (Chen & Chen, 1994b).
The heat from the wall, qu, is transferred to the vapor by convection, q., and radiation, q, as

9w =9+, (16)

with
q. = hc (Tw - Tv) (17)

and
g, = cogp(Ti ~T7) (18)

where A, is the convective heat transfer coefficient, oz is the Boltzman’s constant, and ¢ the
emissivity.
The vapor temperature is evaluated by

h
7;}:1;+(&_1)£ (19)
x Cp
where x and X, are the actual quality and equilibrium quality, respectively.
From the heat balance equation, we have

de _ 6(1-2)g,

(20)
dz ulhfgpl5

where u; and ¢ are the droplet velocity and diameter, respectively. The heat flux to the
droplet, g, , includes the convective and radiative components, i.e.,

q:i =44t 9q,r (21)
with
94, =Eosp(T, - T}) (22)
and
E= %5 0
3 (1-a)D
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The vapor to droplet convective heat transfer is evaluated by Frossling correlation, as

Qe = %”(2 +0552(Le e )0

Hy

)" Pr, )T, - T,) (23)
The motion equation for the droplet gives

du, 3C,p,(u, —1u)
—= v\ %y _ _ 24
P,y % 25 2 (L= Py)8 (24)

where the drag coefficient, Cj, is evaluated by Ingebo’s correlation, as

0.75
C,= 24(1+0.1Rey") for Re,; <1000
Red
with
Red — pv(uv _ul)é‘
Hy
and

C,;=0.45for Re,;>1000

The wall to vapor convective heat transfer is predicted by the correlation derived from an
author’s convection heat transfer experiment in pure steam, multiplying an enhancement
factor due to the disturbance induced by the droplets, as

e = hoF (25)
with
k u D
hy = 0,0175Lf(m)0.812 Prg/,;}),?
/’lv, f

The factor F would be related with pressure and quality. To fit the calculations with the
experimental results, the following expression for F' is proposed with p in MPa, as

F=232(1+0.1p)e ™ +1

For the DFFB occurring from the dryout of liquid film of annular flow, the initial droplet
diameter, J, is evaluated by a modification of Nujiyama-Tanazawa equation, as

Pv 005, H a
5, =798-Fv (205 _Fv 26
0 Gxo(pl) (GxOD) (26)

where

a=0.63-0.1p for p<1.3MPa
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and

a=0.5 for p>1.3MPa

in which p is in MPa, dandD in m, Gin kg/m?s, 4 in kg/ms, o in kg/m, pjand p, in

kg/m3.

The droplet has a maximum diameter, determined by the critical Weber number, We, , as
We.o

on = ) )

with We, =5.0.

For the DFFB occurring from the break-up of the IAFB, the initial diameter &, is taken
as 0,,. The onset of DFFB is defined by the criterion of droplet carryover (Yanomoto et al.,
1987), as

3.57
e = (0g(p, - py))/* N} (28)
\[ngd
with
Hg
N ug =

1/2
po |-
8(o1— Pg)

where ¢, is critical volumetric flux and N ,, is viscosity number.

Assuming that the droplet break-up does not occur, so it varies with the actual quality, as

5=y )"
1-x,
The present model gives satisfactory predictions for the DFFB data over the range of
pressure of 0.1 - 6 MPa, mass flux of 23 - 1020 kg/m?s, as exemplified in Fig.8.

4.3 Tabular method

The film boiling models and phenomenological equations are time consuming, because they
involve a large number of constitutive equations on the heat and momentum exchanges
between phases and the evaluations of many properties. Furthermore, they are only
applicable for the specific test condition of individual investigator. In recent years, the
tabular method has been widely accepted due to its advantages of high accuracy, wide
applicable range and convenience for application and updating.

4.3.1 fully-developed film boiling heat transfer coefficients

Based on over 15000 film boiling data points, Leung et al. (1997) have developed a look-up
table for the fully-developed film boiling heat transfer coefficients in tubes with vertical
upward flow. It contains a tabulation of normalized heat transfer coefficients at discrete
local parameters of pressure (0.1 - 20 MPa in 14 steps), mass flux (0 - 7000 kg/m?2s in 12
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steps), quality (-0.2 - 1.2 in 11 steps) and heat flux (0.05 - 3 MW/m? in 9 steps). The
agreements of the calculations of this table for surface temperatures with the data are 6.7%
inr.um.s.

The range of flow conditions of the data base is presented in Fig.16. It shows significant gaps
in the range of low flows and medium pressures, where the thermal non-equilibrium could
be significant, and the heat transfer could be strongly history-dependent.

4.3.2 Thermal non-equilibrium parameter

For estimation of the heat transfer coefficient in the region of lower flow, a table for thermal
non-equilibrium parameter has been proposed (Chen & Chen 1998). It formulates the non-
equilibrium parameter, K, for tube of D = 8 mm at concrete values of the pressure p, mass
flux G and quality at the dryout point xo (Tab.1). The values of Ky were produced from the
calculations of DFFB model, which was validated by the data of vapor temperature
measured at the steady-state film boiling experiments.

The K'is assumed to be related with the diameter, local quality and heat flux, as expressed by

K=KFFEF,

where, F; F. and F; are the correction factors for the effects of diameter, local quality and
heat flux, respectively.
For the present experimental results, the Fy is evaluated by

D )0.26

F=(——_
d (0.008

The calculation indicates that from the dryout point the K increases rapidly, while after a
short distance it does not vary appreciably. So it is simply accounted by a proper K, with
F,=1. At present the expression for the F, is not available and is also set to be 1.0.

2
P (KPa) G (kg'm’s)
— ]
4 I —— o
10" :
9 —
1wy i’ B ,:;
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(@) (b)
Fig. 16. Ranges of conditions of the data base for Leung’s Look-up table (Leung, et al., 1997)
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Having the value of K, the actual quality and the vapor temperature are evaluated by

Ko X%

X, —Xp
and

Xe _

h
T,=T,+(Ce-1)5"

X g

Then, the wall temperature is calculated by

Tw :Tv +(qw_qr)/hc
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Table 1. Table of K, with parameters p, G and xo
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where £, is the convective heat transfer coefficient, and g, is the radiative heat flux. They are
evaluated by Eq.(25) and (18), respectively.

The present tabular method was based on 2192 experimental data in tubes of D = 6.7 and 12
mm for pressure of 0.1 -5.8 MPa, mass flux of 23 - 1462 kg/m?2s and local equilibrium
quality of 0 - 1.36. The conditions of the data base are shown in Fig. 17. The agreements of
the calculations of wall temperatures with the data are 7.2% in r.m.s., as exemplified in Fig 18.

5. Conclusions

Using the directly heated hot patch technique the film boiling experiments have been
performed at stead-state in tubes of 6.7 - 20 mm with water flowing upward, covering the
ranges of pressure of 0.1 - 6 MPa, mass flux of 23 - 1462 kg/m2s and inlet quality of -0.15 -
1.0. The characteristics of film boiling have been investigated systematically, including the
inverted annular film boiling, the dispersed flow film boiling and the minimum film boiling
temperature. A great number of data of heat transfer coefficients, the minimum film boiling
temperatures and the vapor superheats have been obtained. They fill the gaps of the data
base and understanding in the regions of lower flow and medium pressure.

The film boiling is characterized by non-equilibrium between phases in both the velocity
and temperature, associated with extremely complicated parametric trends and strongly
history-dependent feature of the heat transfer coefficients. Two-fluid mechanistic models
and tabular method have been proposed to predict the heat transfer coefficients
satisfactorily for the inverted annular film boiling with saturated or low subcooling
conditions and the dispersed flow film boiling.

The results show that the heat transfer coefficient near the dryout point is closely relative to
the preceding heating. Therefore the IAFB model without encountering for this effect could
have appreciable uncertainties over a short length for higher subcooling condition.
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Fig. 17. Ranges of conditions of the present film boiling data for x. > 0 (Chen & Chen 1998)
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Fig. 18. Comparison of the calculation by tabular methods with experimental data (Chen &
Chen, 1998) — Table of Non-equilibrium parameter, --- Leung’s Table ...
Note: in (c,d) two portions of boiling length were heated at different heat fluxes

6. Nomenclature

drag coefficient
specific heat
diameter

T X

mass flux

heat transfer coefficient

latent heat

heat conductivity

distance from the dryout point
pressure

heat flux

radius

temperature

velocity
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x quality

e critical volumetric flux
N, viscosity number

Nu Nusselt number

Pr Prandtl number

Pr; turbulent Prandtl numbe
Re Reynolds number

We Weber number;

o void fraction

o droplet diameter, thickness of film
7 kinetic viscosity

14 dynamic viscosity

P density

& eddy diffusivity, emissivity
o surface tension

Ogp Stefan-Boltzman constant
Subscript

c critical, convective, core
d droplet

e equilibrium

m maximum

min minimum

r radiation

I interface

l liquid

S saturation

v,8 vapor

w wall

0, DO inlet (at dryout point)
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