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TREATMENT OF NUCLEATION AND BUBBLE DYNAMICS IN HIGH HEAT FLUX BOILING

Yang Liu, Department of Nuclear Engineering, North Carolina State University
Instructor: Dr. Nam Dinh, Department of Nuclear Engineering, North Carolina State University

Nucleate boiling 1s a highly efficient and desirable cooling mechanism in high-
power-density systems. At a certain point of high heat flux, the departure of
nucleate boiling (DNB) would occur, leading to substantial reduction of the
system’s coolability. A sound physics-based understanding of nucleation

behavior is essential to the modeling of boiling thermal-hydraulics and
prediction of DNB.

Current model introduced active nucleation site density (NSD) as derived from
photographic images. The NSD 1is a static and averaged parameter. In order to
represent dynamics and obtain nucleation rate, the bubble departure frequency
(BDF) 1s introduced. In this way, the nucleation behavior in current model 1s
treated as static, deterministic, and independent. Note that those experiments
were conducted under low to medium heat fluxes.

BETA experiment (Theofanous et al., ETFS-2002) provides direct visualization
of nucleation under high heat flux. By processing infrared (IR) images using a
novel approach, we can accurately detect nucleation events. The new
observations, point to the need for a new treatment of nucleation and bubble
dynamics 1n high heat flux boiling, that 1s stochastic, dynamic and collective.
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difference from two consecutive frames. The
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Active nucleation sites of each frame can be 1dentified, so the NSD can be
calculated. Nucleation rate can also be obtained by tracking the nucleation
events of each frame. In this way, the location of each nucleation event and
its corresponding nucleation temperature can be obtained.
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The above insight 1s foundational to proposing a new treatment of nucleation. In
fact, the current common use of static and averaged in time and space NSD and
BDF simplifies calculation procedure, while also trip off significant information.
The situation 1s similar to steady-state coarse-mesh treatment of turbulence.

The 1nsights derived from nucleation data analysis suggest that a new modeling
framework for nucleation in boiling 1s needed to provide a more physical
treatment. This treatment must allow for dynamic, stochastic and collective
behavior of nucleation.

Such new treatment should be validated and calibrated under multiple experiment
datasets including history data.

Related Validation and Verification work and corresponding Uncertainty
Quantification work should also be compatible with such new treatment. There 1s
still much challenging yet exciting future work needs to be done.

The number of active nucleation sites under independent frames as well as the nucleation rate
over a certain time period can be obtained. The averaged value of the distribution can be
compared with currently widely used model. Noticed valuable information would be strip off
with the averaging treatment.
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Large model form uncertainty has
been 1dentified 1n current model.
Caution must be exercised 1n
applying “classical” wall boiling
models to predict nucleation
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Nucleation rate and the comparison with models

Interaction between neighboring nucleation sites can be clearly observed in both IR 1mage of
heater surface temperature gradient and optical image of bubble.
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Interaction may play an important role in DNB
and corresponding heater burnout, and should be

incorporated in the nucleation model.
One model to describe nucleation site
interaction

The interaction between nucleation sites under high heat flux 1s both common, and limiting for
nucleation and bubble dynamics, suggesting a collective behavior that makes nucleation a
thermo-fluid process as opposed to thermodynamic condition.
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