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Abstract
The Ex-vessel cooling of Reactor-Pressure-Vessel in Light-Water-Reactor at the

severe accident have been proposed for future nuclear reactors. The estimation of
Critical-Heat-Flux on a downward-facing curvilinear surface, like a hemisphere, is
important to the assessment of the cooling. In this study, the CHFs on inclined surfaces
were examined experimentally focusing on orientation of the heating surface. In order
to discuss detailed mechanism of the CHF, the behaviors of coalesced bubbles near the
heating surface were investigated through visual observations.

Experiments were conducted by using a copper thin-film and saturated R-113 liquid
for a pool condition at 0.10 MPa. The angles of the test section from the horizontal
downward-facing position were 0, 0.5, 1, 3, 5, 15, 30, 45, 90 and 180 degrees,
respectively.

The critical heat flux obtained in the present experiments increased with the inclined
angle over the present experimental range. The dependence of the inclined angle on
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the critical heat flux was qcHF,R-n3[q] = f( q033) for the present experimental results.
The effect of the surface orientation on the critical heat flux was roughly explained by
using the simple analytical model based on the macrolayer model and Kelvin-Helmholtz
instability. From visual observations for behavior of bubbles near the heating surface,
whereas the coalesced bubble covered over the heating surface for the inclined angle of
0 degree, the coalesced bubble moved upward to avoid packing the bubble on the
surface above 5 degree. As the inclined angle increased, the velocity of the coalesced
bubble was high, the period covered the heater and the bubble length were small. The
results suggested that the CHF was closely related to forming the coalesced bubble and
the behavior of the bubble.

Introduction

The effects of surface orientation on pool boiling heat transfer and critical heat flux -
CHF - have received concern for many industrial application. In particular, the Ex-
vessel cooling of Reactor-Pressure-Vessel in Light-Water-Reactor at the severe accident
has been proposed for future nuclear reactors, the estimation of CHF on a downward-
facing curvilinear surface, like a hemisphere, is important to assessment of the cooling
(for example, Henry and Fauske, [1]).

Many attempts have been made by investigators to examine the effects of the
surface orientation on the pool boiling heat transfer and the critical heat flux. Mudawar
and co-author ( for example, Howard and Mudawar, [2]) examined CHF trigger
mechanisms through experiments and visualizations, then they proposed the CHF model
based on Kelvin-Helmholtz instability for a inclined plate. Theofanous et al. [3] reported
experimental data of CHF distribution on hemispherical surface with a radius of 1.76 m
and presented the correlation of the CHF distribution on the hemispherical surface.
Furthermore, Theofanous et al. [4] pointed out through numerical simulations that a
vapor lens, i.e., a vapor dome, formed on the hemispherical surface was important to
leading to CHF. As for the hemispherical surface, Haddad and Cheung [5] also
reported the experimental results on boiling heat transfer included liquid-subcooling
effects with a radius of 0.152 m. A CHF correlation included the effect of large scale
has been developed from SULTAN experiments [6]. It is pointed out in the report [6]
that under reactor conditions, the flow path will induce flow rates which are very different
from the boundary layer flow rates associated to natural convection in an small open test
section, thus the recirculation flow induced by this external flow path increases very
much the CHF.

The purpose of this study is to examine the mechanism of CHF on inclined plates,
focusing on the effect of the surface orientation on the critical heat flux as a fundamental
research on ex-vessel cooling of RPV. The effect of the surface orientation on the CHF
is discussed with the macrolayer model of CHF (by Haramura-Katto, [7]) and Kelvin-
Helmholtz instability. The behaviors of coalesced bubbles near the heating surface
were observed to obtain fundamental information of modeling on the critical heat flux,
then the application of the macrolayer model was tried by including the results of the
visual observations.
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Nomenclature

cp: specific heat

g : gravitational acceleration

k: thermal conductivity

Gr: Grashof number

h|V: latent heat

L: vapor length

Pr: Prandtl Number

q w : wall heat flux

T : temperature (DTsat: wall superheat)

U : velocity

Greek symbols

I : wavelength

I d: most dangerous wavelength

m: viscosity

q : inclined angle measured from horizontal downward-facing position

r : density

s : surface tension

t : period

Subscripts

CHF : critical heat flux

K-H : Kelvin-Helmholtz

I: liquid

v : vapor

Experimental Apparatus and Procedures

Experiments are conducted by using saturated R-113 liquid for a pool condition at
0.10 MPa. The experimental apparatus used in the present study is shown in Fig. 1 and
the details of the test section are illustrated in Fig. 2. The test section was made of
coated copper film of 0.035 mm thickness on a plastic substance. The width of the test
section was 5 mm and the distance between two voltage taps, i.e., the length, was 40
mm.

The test section was heated by Joule heating of d.c. current supplied through
electrodes from a low-voltage high-current stabilizer. The heating rate of the test
section was determined from supplied current and voltage between the voltage taps. The
wall heat flux was calculated with the heating rate and calibrated heat loss to the
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Figure 1. Experiment apparatus Figure 2. Details of heating surface

substance. The average temperature of the test section was obtained by referring to
the measured electric resistance calculated from the current and the voltage and the
calibrated curve of temperature and electric resistance expressed by a linear equation.

The test bath was composed of a commercial stainless steel bath. The test section
arranged for several orientations was housed in the test bath. The adopted angles from
horizontal downward-facing position were 0, 0.5,1, 3, 5, 15, 30, 45, 90 and 180 degree,
respectively. In order to confirm the 0 degree, the experiments for the inclined angles of
the opposite side also were performed in a range 0.5 to 5 degree, i.e., -0.5, - 1 , -3 and -5
degrees, respectively.

The test section was submerged with pouring subcooled R-113 into the bath.
Meanwhile adjusting heating power into the bulk liquid and cooling flow rate into
condenser, a saturated state at p = 0.10 MPa was established. After the saturated
condition was obtained, the d.c. current to the test section was increased stepwise
maintaining the single-phase natural convection to the nucleate boiling, then the critical
heat flux. The critical heat flux was determined as just before the heating surface
physically burned-out.

In the present study, the effects of the inclined angles on the boiling heat transfer
and the critical heat flux were examined experimentally.

Experimental Results and Discussions

Boiling curves and CHF

The typical boiling curves are plotted in Fig. 3. The values calculated with
conventional correlations for single-phase natural convection on horizontal plate facing
upward and downward (JSME, [8])

Nu =hx/kt = c(Grt Pr, )1/3, (1)

nucleate boiling on horizontal plate facing upward (Rohsenow, [9])
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1
(2)

and critical heat flux on horizontal upward-facing plate (Kutateladze, [10])
.1/4

(3)

are included in Fig. 3 for comparison. In Equation (1), x is the width of the heating
surface. The constant in Eq. (2), CS{, was determined so as to provide the best
agreement with the measured results. The measured results of CHF reported by
Uemura et al. [11] with using a downward-facing copper block and R-113 were also
added in Fig. 3. The heat fluxes obtained in nucleate boiling near downward-facing
horizontal increase with inclined angle in a range of 0 to 5 degree, as seen from Fig. 3.
The heat fluxes in nucleate boiling from 15 to 180 degree, however, decrease with the
angle. For the present experimental results, the nucleate boiling heat fluxes at low
superheat region for downward-facing plate are higher than those for upward-facing.
The trend is similar to that reported by Nishikawa et al. [12] The results for the nucleate
boiling heat transfer from 0 to 5 degree is caused to form the coalesced bubbles like the
sliding bubbles on the heating surface as Nishikawa et al. [12] pointed out. In addition,
the gradients of boiling curves in nucleate boiling for the inclined angle of 0 to 5 degree
are fixed at about 1.5; the value increases for 15 to 180 degree as the inclined angle
increase.

On the other hand, the critical heat fluxes obtained in the present experiments
increase with the inclined angle over the present experimental range. The CHF for the
horizontal upward-facing plate increases a factor of ten to that for downward-facing.
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Figure 5. Behavior of coalesced bubbles

The trend is also similar to that surveyed by Mudawar et al. [2].

In Figure 4, the dependence of the inclined angle on the critical heat flux is shown
together with experimental results reported by Mudawar et al. [2] and calculated values
with correlations presented by Guo and El-Genk [13] and Theofanous et al. [3] The
experimental data by Mudawar et al. were conducted by using FC-72 liquid. The
correlation by Guo and El-Genk was based on data for water: those by Theofanous et al.
was obtained for a large hemispherical surface. As seen from Fig. 4, the critical heat
flux obtained in the present experiments increases with the inclined angle as mentioned
above. The trend is similar to that of other experimental results or previous correlations.
The following correlation based on the that of Guo and El-Genk,
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where CCHF,Rm(q) = 0.0353 q033 , (4)

is presented to provide the best agreement with the present experimental results, the
values calculated by Eq. (4) are plotted in Fig. 5. The exponent in Eq. (4), 0.33, is
discussed in the following section.

Behavior of coalesced bubbles
Figure 5 depicts the changes in behavior of the coalesced bubbles on the heating

surface near the critical heat flux with increasing the inclined angle. At 0 degree, Fig.
5(a) shows growing bubble on the plate. That is, the larger coalesced bubble was
observed, the bubble was covered over the heating surface during long period. As the
inclined angle increased ( Fig. 5(b) to Fig. 5(d)), the length of the bubble were shorter
and the velocity were higher to decrease the time covered over the heater. The results
observed above suggested that the CHF is closely related to forming the coalesced
bubble and the behavior of the bubble.

The average velocity of coalesced bubble is plotted against the inclined angle of the
plate in Fig. 6. The characteristics length of coalesced bubble is also shown in Fig. 6.
The time covered over the heating surface with the coalesced bubble is presented in Fig.
7. The time covered over the heater with the bubble increases with decreasing the
inclined angle from Fig. 7. The trend is corresponded to decreasing the velocity of
bubble and increasing the length of that with decreasing angle. The periods estimated
with the length divided by the velocity are plotted in Fig. 7, the values agree with the
measured results qualitatively. Thus, as the inclined angle decreases, the coalesced
bubble is covered over the heating surface during long period to decrease the critical
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heat flux.

Critical heat flux on inclined plate

As previous report [14], the critical heat flux near downward-facing horizontal is
examined through Zuber model [15] and the macrolayer model presented by Haramura-
Katto [7].

First, the CHF model developed by Zuber for a horizontal upward-facing plate is
applied for the inclined plate, although the correlation by Zuber is based on Rayleigh-
Taylor instabilities for a horizontal upward-facing plate and these instabilities are
associated to countercurrent flow between vapor leaving the wall and liquid trying to flow
towards the wall. The Kelvin-Helmholtz instability corresponded to the inclined plate,
which is associated to parallel flow between vapor and liquid, is closely related to the
Rayleigh-Taylor instability for the horizontal upward-facing plate. [16] The CHFs above
90 degree, i.e., for the upward-facing heater, obtained in present experiments and by
Mudawar et al. [2] depended on the inclined angle weakly in comparison with the CHFs
below 90 degree. Thus, it is assumed that the effect of the surface orientation works
upon the gravitational acceleration simply and Zuber model is satisfied for the CHF on a
vertical heating surface, the following equation is obtained :

a -C (r h )^8sinq)s(rl- rg)u
I CHF,Zuber ~ ^ Zuber,RU3 V v nlv I & 2 [)

r
& 2 [)
e rv u

(5)

where Czuber.Rm is determined by fitting the present experimental data on the vertical
condition. The calculated values from Equation (5) are added in Fig. 4. As shown in
Fig. 4, the line obtained by Eq. (5) differs from the results in the present experiments and
by Mudawar et al. The fact suggests that the effect of the surface orientation on CHF is
controlled by the gravity together with other factors : the characteristics length and the
characteristics velocity on boiling heat transfer.

Next, a detailed CHF model by Haramura-Katto [7], i.e., macrolayer model, is
applied to the CHF on the down-facing plate, focusing on the characteristics length and
the characteristics velocity on coalesced bubbles near the heating surfaece. The CHF
on a horizontal upward-facing plate in pool boiling by the macrolayer theory is obtained
with

" A )K • (6)
Here, td is hovering time of coalesced vapor bubble, Aw total heating area,
thickness of the macrolayer on the heating surface, Av total area of vapor stems on the
heating surface. The cWcro is based on Kelvin-Helmholtz instability in thin liquid film on
the heating surface. The instability is associated to countercurrent flow between vapor
leaving the wall and liquid trying to flow towards the wall in thin liquid film. Thus, the
dmacro is proposed by Haramura-Katto [7] as

macro macro Hw ' \' I
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In order to discuss the effect of surface orientation on the critical heat flux on the down-
facing plate, the following assumptions are employed with Eqs. (6) and (7) here.

I The td is time covered over the heating surface with the coalesced bubble in
the present report. Here, td is given as the calculated value with the length of
the coalesced bubble, L, divided by the velocity of the vapor flow, Uv,:

td=L/Uv (8)
I The length of the coalesced bubble, L, is estimated as the most dangerous

wavelenght of Kelvin-Helmholtz instability, I d,K-H> because the vapor
coalesced into a continuos wavy layer at heat flux close to CHF as shown in
the present visualization, Fig. 5, and pointed out by Mudawar et al. [2]

I The most dangerous wavelenght of Kelvin-Helmholtz instability, I d,K-H> is
approximately calculated with

(Nishio and Ohtake, [16]). Here, dv is thickness of vapor flow, i.e., that of
coalesced vapor bubble, Uv characteristics velocity of the coalesced bubble.

The dv and Uv are given from analytical results reported by Mudawar et al. [2]
The adopted equations are as follows.

and

Ur=U9(g
inql"zUi), (11)

which are derived for a neglecting momentum gradient model. For the
present case, z in Eqs. (10) and (11), where dv and Uv are estimated
numerically, is given by I d,K-H, as recommended by Mudawar et al. [2] for CHF
model and Nishio and Ohtake [16] for film boiling model.

Equations (6) to (11) are rearranged, the following relation is obtained as well as
previous report [13]:

1cHF,macwlayer=1cHF\8\

Thus, the critical heat fluxes are proportional to g025. The power of g presented with Eq.
(12) are similar to that in the Zuber model. As shown in Fig. 4, a best-fitting curve based
on Eq. (12) overestimate the experimental results corresponded to 0.33 in exponent.

On the other hand, according to the present visual observations, td is proportional to
q"0-4 from Fig. 7 :

td =0.1507 q0A. (13)

The following equation is obtained from Eqs. (6) and (13):

04)
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The results are also overpredicted the experimental data. Although further
examinations are required for detailed analysis on the vapor flow, the wavelenght on
Kelvin-Helmholtz instability and the thickness of the macrolayer and for the comparison
with measured results and the calculated values for the covered time over the heater, the
effect of the surface orientation on the critical heat flux was roughly explained by using
the simple analytical model based on the macrolayer model, Kelvin-Helmholtz instability
and the visual observations. In addition, according to another analytical results
presented by Mudawar et al. [2], i.e., no shear stress model, the critical heat flux was also
proportional to g025.

For future subjects, the more precise model is developed and the model for the
inclined plate is extend to a down-facing hemispherical surface focusing on the effects of
the vapor flow, the thicknesses of vapor and macrolayer and Kelvin-Helmholtz instability
on the surface orientation. In addition, in order to examine the effect of dimension of
heating surface on the CHF, the experiments using heaters with 10 mm width and 40 mm
length and 5 x 80 mm in width and length were performed. The measured CHFs were
similar to those for 5 x 40 mm in width and length as presented above.

Conclusions

As fundamental study on the ex-vessel cooling of reactor-pressure-vessel, the effect
of surface orientation on the critical heat flux was investigated experimentally. And the
following conclusions were obtained.

I The critical heat flux obtained in the present experiments increased with the
inclined angle over the present experimental range. The dependence of the
surface orientation on the critical heat flux was qcHF,R-n3[q] = f(q0'33) in the
present experimental range.

I The effect of the orientation on the critical heat flux was roughly explained by
using the simple analytical model based on the macrolayer model and Kelvin-
Helmholtz instability, which was derived qcHF,R-u3[q] = f ( q025 ) . On the
other hand, the simple analytical model based on the macrolayer model and
the present visual observations was presented qcHF,R-n3[q] = f( q0133).
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