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This paper presents an investigation of the transient Onset of Nucleate Boiling (ONB) on a vertical heated
surface cooled by an upward flow. The duct geometry used (semi annulus with a heated inner wall) make
this study very similar to a fuel rod in a Pressurised Water Reactor (PWR). This test section is then heated
with different power steps to show the ONB and observe its propagation along the wall.
The fluid used is the refrigerant HFE7000 flowing with flow rates corresponding to Reynolds numbers

from 0 to 60,000 and subcoolings Jakob numbers from 8 to 33. Synchronised infra red (IR) thermal mea
surements and high speed camera visualizations provided new data which helped to develop models to
characterise the Onset of Nucleate Boiling and the transition to the Fully Developed Nucleate Boiling
regime (FDNB).
This very finely characterized local behaviour provides an original insight for the onset of nucleate boil

ing in such sub cooled convective configuration. It is shown that boiling is initiated by nucleation at a few
specific sites and then propagates in the wake of a large vapor pocket flowing along the wall. Analysis of
wall to fluid heat transfer evidences a short heat transfer degradation phase below the first vapor pocket,
followed by a very effective cooling in its wake. The wall to fluid heat transfer during this transition
toward fully developed nucleate boiling appears uncorrelated to the power dissipated within the heating
element or to flow conditions.
1. Introduction

The core of a Pressurised Water Reactor (PWR) contains thou
sands of cylindrical fuel rods immersed in high pressure water that
acts as coolant and moderator fluid. Through the net of fuel rods
some control rods regulate the nuclear reaction but an accidental
ejection of one of these control rods could lead to a local and sud
den reactivity increase, namely a reactivity initiated accident (RIA),
resulting in a large increase of the fuel rod temperature. While the
rod temperature increases at a rather large heating rate (hundred
of K/s), the heat transfer from its clad to the surrounding fluid is
first characterized by convective heat transfer, and then boiling
heat transfer. There is still a lack of knowledge for the rod’s clad
to coolant heat transfer in those transient conditions. The present
study takes part of the research program defined by IRSN (Institut
de Radioprotection et de Sûreté Nucléaire) on this topic.
Transient boiling has been studied since the 1950s and most of
these investigations were performed in pool boiling condition
using ribbon [1], wire [2 4] or plate [5 7] heaters. Visentini [8]
studied transient pool boiling in semi annular geometry that is clo
ser to the typical geometry encountered in a PWR. These studies
point out that the boiling incipience, corresponding to the appari
tion of the first vapor bubble and generally denoted as onset of
nucleate boiling (ONB), occurs with a wall superheat (Tw Tsat)
that increases with the heating rate and the subcolling. Sakurai
et al. [2], Jonhson [9], Su et al. [7] used a modified Hsu’s criterion
to predict the superheat at ONB with a good agreement with their
experiments. These studies also report different boiling regimes
during the transition from the ONB to the fully developed nucleate
boiling regime (FDNB) or to the film boiling regime. In particular,
and depending on the experimental condition, a temperature over
shoot (OV), i.e. a temperature larger than the FDNB temperature,
can be observed during this transition. The case of transient boiling
with forced convection has also been studied on ribbon [9], wire
[10] and plate [11] heaters. Johnson [9] pointed out an increase
of the ONB superheat with the heating rate as observed for pool
boiling. Su et al. [7] did not report measurement of the ONB



























� The very localized first nucleation event is well modelled by
Hsu’s theory. While the flow rate and sub cooling did not
change the results significantly, the nucleation site size pre
dicted by the theory is consistent with the size of cavities along
the wall. The wall superheat and the time for the nucleation
event are well predicted by the combination of the Hsu’s theory
and the model proposed for transient convective heat transfer
before nucleation.

� The first vapour bubble at this nucleation site rapidly grows as a
vapor pocket that spreads over the wall mainly in the flow
direction. This insulates partially the heated wall: except at
the first nucleation site, a first sharp decrease of heat flux
toward near zero values coincides with the presence of the
vapor pocket over the wall. The wall temperature thus increases
until the vapour layer is too big and breaks up. Then, the nucle
ate boiling regime is activated that leads to a rapid wall temper
ature decrease. The corresponding local heat flux can be very
high, even larger than the critical heat flux and uncorrelated
from the power level.

� The vapor pocket grows when it propagates until approximately
7 mm thickness. Its propagation speed of the vapor
pocket along the wall has been estimated and is larger in the
flow direction since it is then driven both by gravity and drag
from the flow. For the largest flow rates, no upstream propaga
tion has been observed and on the corresponding downward
parts of the wall nucleate boiling is triggered by other nucle
ation events.

� The fine spatio temporal analysis of both heat transfer and
two phase flow structure has evidenced the localized mecha
nisms beneath the triggering of nucleate boiling in such con
vective, turbulent, and sub cooled flow with a rapid heating
of a vertical wall. No homogeneous nucleation over the wall
has been observed but rather a propagation from isolated
nucleation sites. On one hand, space and/or time averaged
analysis of such process could not reveal such features. On
the other hand, localized measurements by thermocouples
are insufficient to cover the relatively spatially inhomogeneous
process over the wall.

� Therefore, this study will allow a better interpretation of past
experimental results, first from the studies of transient boiling
over wires, plates or ribbons, but also more particularly, in the
context of nuclear safety studies, from RIA dedicated tests of
power pulse heating of fuel rods.
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Supplementary data associated with this article can be found, in
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