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Abstract

Nucleate boiling is a well-recognized means for passively removing high heat loads
(up to ∼106 W/m2 ) generated by a molten reactor core under severe accident conditions
while maintaining relatively low reactor vessel temperature (<800 ◦ C). With the upgrade
and development of advanced power reactors, however, enhancing the nucleate boiling
rate and its upper limit, Critical Heat Flux (CHF), becomes the key to the success
of external passive cooling of reactor vessel undergoing core disrupture accidents. In
the present study, two boiling heat transfer enhancement methods have been proposed,
experimentally investigated and theoretically modelled. The first method involves the
use of a suitable surface coating to enhance downward-facing boiling rate and CHF limit
so as to substantially increase the possibility of reactor vessel surviving high thermal load
attack. The second method involves the use of an enhanced vessel/insulation design to
facilitate the process of steam venting through the annular channel formed between the
reactor vessel and the insulation structure, which in turn would further enhance both
the boiling rate and CHF limit.
Among the various available surface coating techniques, metallic micro-porous
layer surface coating has been identified as an appropriate coating material for use in
External Reactor Vessel Cooling (ERVC) based on the overall consideration of enhanced
performance, durability, the ease of manufacturing and application. Since no previous
research work had explored the feasibility of applying such a metallic micro-porous layer
surface coating on a large, downward facing and curved surface such as the bottom head
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of a reactor vessel, a series of characterization tests and experiments were performed
in the present study to determine a suitable coating material composition and application method. Using the optimized metallic micro-porous surface coatings, quenching
and steady-state boiling experiments were conducted in the Sub-scale Boundary Layer
Boiling (SBLB) test facility at Penn State to investigate the nucleate boiling and CHF
enhancement effects of the surface coatings by comparing the measurements with those
for a plain vessel without coatings. An overall enhancement in nucleate boiling rates and
CHF limits up to 100% were observed. Moreover, combination of data from quenching
experiments and steady-state experiments produced new sets of boiling curves, which
covered both the nucleate and transient boiling regimes with much greater accuracy.
Beside the experimental work, a theoretical CHF model has also been developed by
considering the vapor dynamics and the boiling-induced two-phase motions in three separate regions adjacent to the heating surface. The CHF model is capable of predicting
the performance of micro-porous coatings with given particle diameter, porosity, media
permeability and thickness. It is found that the present CHF model agrees favorably
with the experimental data.
Effects of an enhanced vessel/insulation structure on the local nucleate boiling rate
and CHF limit have also been investigated experimentally. It is observed that the local
two-phase flow quantities such as the local void fraction, quality, mean vapor velocity,
mean liquid velocity, and mean vapor and liquid mass flow rates could have great impact
on the local surface heat flux as boiling of water takes place on the vessel surface. An
upward co-current two-phase flow model has been developed to predict the local twophase flow behavior for different flow channel geometries, which are set by the design
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of insulation structures. It is found from the two-phase flow visualization experiments
and the two-phase flow model calculations that the enhanced vessel/insulation structure
greatly improved the steam venting process at the minimum gap location compared
to the performance of thermal insulation structures without enhancement. Moveover,
depending on the angular location, steady-state boiling experiments with the enhanced
insulation design showed an enhancement of 1.8 to 3.0 times in the local critical heat
flux.
Finally, nucleate boiling and CHF correlations were developed based on the data
obtained from various quenching and steady-state boiling experiments. Additionally,
CHF enhancement factors were determined and examined to show the separate and
integral effects of the two ERVC enhancement methods. When both vessel coating and
insulation structure were used simultaneously, the integral effect on CHF enhancement
was found much less than the product of the two separate effects, indicating possible
competing mechanisms (i.e., interference) between the two enhancement methods.
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Chapter 1

Introduction

1.1

Motivation and Background
In the case of an inadequate core cooling in an advanced light water reactor,

significant amount of core material could become molten and relocate downward into
the lower head of the reactor vessel. (This actually happened in the TMI-2 accident.) In
such a situation, it is critical that the lower head remains intact and mechanically strong
to accommodate the core melt. If such desired configuration can be achieved, concerns
about ex-vessel cooling and containment failure and risk can be minimized.
During severe core-meltdown accidents, the regime of heat transfer in the core
melt may vary from one region of the melt pool to another and, even within the same
region, the heat transfer regime may shift with time (i.e., varying from conduction to
laminar convection and then to turbulent natural convection). Thus, the melt pool
heat transfer is highly transient. In addition, the melt pool may not be well mixed
and therefore, the pool temperature can not be described in terms of a single bulk value.
Depending on the prevailing regime of heat transfer, the pool temperature could be quite
non-uniform.
The molten pool in the reactor lower head has a freezing temperature (∼2830
◦

C) that is much higher than the melting point of the wall material (∼1400 ◦ C). As a

result, a ceramic crust would be expected to form along the pool boundaries, i.e., at the
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solid/liquid interface between the molten pool and the vessel wall. Such crust will either
grow or decay depending on whether the local heat flux conducted from the crust to the
vessel wall is greater or smaller than the local convective heat flux from the melt pool.
The difference between these two heat fluxes represents the amount of latent heat of
fusion that can be removed from or added to the crust at the particular location under
consideration.
Depending upon the thermal loading conditions, a molten steel layer could form
underneath the crust on the interior side of the lower head. As a result, whether or
not melting of wall material would occur depends on the relative rates of interior wall
heating by the melt pool and exterior wall cooling by downward facing boiling of water
on the vessel outer surface. Based on the assessments of internal circulation within the
melt pool and the energy transferred to the wall, the heat flux from the molten pool to
the vessel wall has been estimated to be of the order of 105 to 106 W/m2 , depending on
the type of accidents and the power plant under consideration.
In-vessel retention (IVR) is a key severe accident management strategy that has
been adopted by some operating nuclear power plants and proposed for advanced light
water reactors (ALWRs) including the Korean Advanced Power Reactor APR1400 [1].
One viable means for IVR is the method of external reactor vessel cooling of reactor pressure vessel (RPV) by flooding of the reactor cavity with water during a severe accident.
With water covering the lower external surfaces of the RPV, significant energy (i.e., decay
heat) could be removed from the core melt through the vessel wall by downward-facing
boiling on the vessel outer surface.
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To improve the margin for IVR for high-power reactors, two heat transfer enhancement methods have been proposed. The first method involves the use of an enhanced
vessel/insulation design to facilitate steam venting through the annular channel between
the vessel and the insulation structure, which in turn would enhance the rate of heat
transfer. The second method involves the use of a suitable surface coating to enhance
downward facing boiling so as to substantially increase the thermal margin for IVR. Both
methods are being investigated in the present study.

1.2

Surface Coating Techniques and Theoretical Models
Continued advances in technology have demanded new and improved heat transfer

systems. Nucleate boiling is one heat transfer mode that can effectively transfer energy
at high rates. It is for this reason that numerous investigations have been made on how
to further enhance this form of heat transfer. This portion of study was undertaken to
investigate the potential of using metallic porous coatings on enhancing nucleate boiling
on downward facing curved surfaces so as to ensure that decay heat could be removed
from the core melt through the vessel wall by downward-facing boiling on the vessel
outer surface. This section first introduces the concept of enhanced boiling heat transfer
and then some of its applications. From this brief introduction, the significance of the
present study becomes apparent.
With water covering the lower external surfaces of the reactor pressure vessel
(RPV), as a result of design features of most ALWRs, decay heat could be removed from
the core melt through the vessel wall by downward facing boiling on the vessel outer
surface. As long as the wall heat flux from the core melt does not exceed the critical
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heat flux on the vessel outer surface, nucleate boiling will be the prevailing regime. In
that case, the vessel outer surface temperature could be maintained near the saturation
temperature of water, thereby ensuring the integrity of the RPV. Figure 1.1 illustrates
the ERVC scenario during severe accident conditions.
Although ERVC appears to be a viable means for IVR, it is not clear that ERVC
without additional enhancements could provide sufficient cooling for next generation,
high-power reactors. To improve the margin for IVR in high-power reactors, it has
been proposed that design modifications of ERVC be made, including the use of surface
coatings to enhance heat removal. The benefit of applying an enhancement technique to
the reactor surface, if successful, is improving the boiling heat transfer and increasing the
critical heat flux (CHF) limit. In so doing, the decay heat could be effectively removed
and the integrity of the vessel could be maintained even under the critical conditions
posted by much higher-power next-generation reactors.
Through the extensive literature survey (see chapter 2), it is found that porous
surface coatings are one of the few boiling enhancement techniques that have been applied to actual systems. This method has been shown to lead to increased performance,
durability, and heat transfer (HT) coefficients and CHF limits. However, micro-porous
coatings are relatively recent and they have been tested only in the laboratory on a
small scale by several researchers. The primary advantage of the micro-porous coating
developed by You [2–4], O’Connor [5], Chang [6–11] is the ease of manufacturing the
coating. The thin metallic coating required no sintering and could be applied and cured
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Fig. 1.1. External Reactor Vessel Cooling During Severe Accident.
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at low temperatures. Without any doubt, these characteristics are very desirable considering the dimensions of a full scale reactor vessel wall and relief for actual systems
(e.g. electronics) that were sensitive to high temperatures.
From the literature survey, it is evident that porous and micro-porous coatings
are practical boiling enhancement techniques that are worthy of consideration. However,
there is no reported application of porous and micro-porous coatings on large scale
systems such as a reactor vessel. Most metallic porous coatings were only applied to
heat exchanger tubes, while micro-porous coatings were tested on small scale systems,
and were intended for electronic device cooling using refrigerants as working fluids.
There are very few reported studies of porous and micro-porous coatings using
water as the working medium. To the best knowledge of this researcher, there has
been no study of boiling on downward facing curved surfaces with surface coatings.
Most studies using surface coating materials were performed for upward facing boiling.
Very few studies have been done using coating materials on downward facing surfaces.
Moreover, virtually all reported data were obtained for flat surfaces having relatively
small dimensions (with a characteristic length on the order of 10 to 50 mm).
Thus, the applicability of earlier studies to large, downward facing, curved surfaces, characteristic of the outer surface of a reactor lower head, is highly speculative.
Evidently, new data for boiling heat transfer on a downward-facing curved surfaces with
micro-porous coatings should be obtained to fill in the blanks.
In this study, the extent of CHF enhancement has been determined quantitatively
by comparing the CHF data obtained using coatings with those without coatings (i.e.,
plain vessel surface). A parametric study has also been conducted to determine the
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effect of variables such as particle material, size, and coating thickness on the boiling and
CHF enhancement. Considering the significant level of heat flux load across the coating
material that would be expected for severe accidents, several aging and adhesion tests
have also been performed on the candidate coating materials to address the reliability and
durability issues in addition to heat transfer enhancement. Apparently, the successful
application of surface coatings in ERVC presented several significant advantages. Aside
from increased safety, the improved margin for IVR would possibly lead to reduced or
eliminate costs for additional equipment to satisfy safety and government regulations.
There will also be an increase in public acceptance for these next generation reactors. In
other words, surface coatings present a simple, economical way to enhance boiling heat
transfer and increase the CHF limit for ERVC.
For the proposed surface coating method, the objective was to identify, construct,
and evaluate a metallic porous coating that would increase the CHF limit on a downward facing curved surface. The initial step involved an extensive literature survey (see
chapter 2), spanning over the past 70 years, of different boiling enhancement techniques
to identify a suitable candidate material. Having considered all the factors, metallic
porous and micro-porous coatings were identified as the most suitable surface treatment
to enhance nucleate boiling for ERVC.
The second stage of the investigation was to determine a suitable composition ratio
and application method for the metallic coating. This required a series of experiments
using different epoxy ratios, solvents, particle materials, and application techniques.
The prepared coating samples then underwent a series of adhesion and durability tests
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to determine the effect of the various parameters. The resulting coating microstructure
was also examined using optical and high power microscopes.
As the final goal, once a suitable coating composition and application process
had been selected, the coating was then applied to the hemisphere and both quenching
and steady-state boiling experiments were conducted. Boiling experiments on a plain
smooth hemisphere were also done to serve as a baseline for comparison. Thermocouples
installed on the inside surface of the hemisphere recorded the local temperature history
during the tests. For the quenching experiments, the cooling curve was used to obtain
the local CHF while for the steady state boiling experiments, the wall heat flux and
CHF were explicitly determined based on the time-averaged reading. The effects of the
coating on both the nucleate boiling rate and local CHF were then evaluated.
Experimental data provided a solid evidence of the enhancing effect of using
micro-porous layer coating, but in order to understand the underneath enhancement
mechanisms, theoretical modelling is desirable. Theoretically, a number of studies have
been performed by previous researchers to investigate the CHF mechanisms for pool
boiling on a plain surface. Carey [12] reviewed four postulated mechanisms as the cause
for the CHF phenomenon in pool boiling. Kutateladze [13] first established a relation
(see equation 1.1) for CHF using dimensional analysis by linking the flooding to the CHF
condition.
00
qCHF
= Ck ρ1/2
hlv [g(ρl − ρv )σ]1/4
v

(1.1)
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Zuber [14] included Taylor wave motion and Helmhotz instability analysis in his
CHF model. The model is further refined by Lienhard and Dhir [15] as follows:
·
00

qCHF = Cρv hlv

g(ρl − ρv )σ
ρ2v

¸1/4

(1.2)

In Zuber’s original model the constant on the right side of above expression is
π/24, while in the model proposed by Lienhard and Dhir the constant is equal to π/[16×
(3)1/4 ].
A number of phenomenological theories have been put forth to explain the CHF
enhancement by using porous-layer coatings. The observed enhancement with porous
media coating is attributed to several effects: capillary pumping action on the liquid
supplying flow, increased number of nucleation sites, extended heat transfer surface area
and the availability of the vapor escape paths from the porous coating at the top of the
layer adjacent to the liquid pool. Although several models are available to predict the
CHF value for upward-facing surfaces, virtually no theoretical studies have been done
on the CHF enhancement for downward facing surfaces with porous-media coatings. In
all CHF models for an upward-facing surface the liquid path is proposed as vertical
columns or stacks from the porous-layer coating to the vapor film, which leading to two
independent liquid choking mechanisms. One is based on Zuber hydrodynamic theory
and the other one is based on the viscous drag surpassed the available capillary pumping
within the porous-media layer (Kaviany, [16]). Neither model could be applied to the
case of downward facing boiling on a coated surface under consideration in this study.
This is become the liquid path is different due to the orientation of the downward facing
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surface. The rate of liquid supply is determined by not only the portion from the upward
flowing two-phase boundary layer but also the capillary pumping flow within the porous
media along the curved surface to the evaporation site. In another words, the limit of
CHF would not be reached unless the sum of these two liquid supply mechanisms is not
sufficient under certain evaporation rate. One major motivation for the present work
is to develop a sound physical model for predicting the local CHF limit for downward
facing boiling on the outer surface of a coated hemispherical vessel.

1.3

Enhanced Insulation Structure Design and Two-Phase Flow
For many operating reactors and ALWRs including APR1400, the reactor vessel is

surrounded by a thermal insulation structure that forms an annular flow channel with the
reactor vessel (see figure 1.2). As boiling of water takes place on the vessel outer surface
under severe accident conditions, the vapor masses generated on the surface would flow
upward through the annular channel under the influence of gravity. Because of the vapor
motions, liquid water would be entrained in the flow, thus resulting in a buoyancy-driven
upward co-current two-phase flow in the channel. While the flow is induced entirely by
the boiling process, the rate of boiling and the CHF limit, in turn, can be significantly
affected by the resulting two-phase motion.
It should be noted that for APR1400, there is a bottleneck in the annular channel
between the reactor vessel and the insulation structure at the minimum gap location
near the shear key position. At high heat flux levels, vapor masses would be generated
at very high rates on the vessel outer surface that could choke the steam venting process
through the bottleneck at the minimum gap location. To assure long-term coolability
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Fig. 1.2. Schematic Diagram of Reactor Vessel Enhanced Insulation Structure.

12
of the vessel wall by the method of ERVC, the choking limit for steam venting (CLSV)
through the bottleneck should not be exceeded. Thus far, virtually no studies have been
performed in the past to investigate the CLSV through the bottleneck of the annular
channel. Moreover, very few studies of the CHF limit for this type of downward facing
boiling process have been performed that are relevant to the ERVC situation under
consideration.
The only studies relevant to ERVC are those by Theofanous et al. [17], Chu et
al. [18], Rouge et al. [19], Cheung et al. [20–23], and Chang and Jeong [24]. Theofanous
et al. [17] conducted a full scale simulation of the downward facing boiling process on the
outer surface of a hemispherical reactor vessel using a two-dimensional copper slice with
independently heated zones in the ULPU facility at UCSB. Three configurations were
employed in their experiments. Configuration I simulated the process of downward facing
boiling on the external bottom center of the vessel, covering the region of -30◦ < θ <30◦
where θ was measured from the stagnation point. Configuration II simulated a full side of
a reactor lower head from the bottom center all the way up to the equator (0◦ < θ <90◦ ).
Configuration III was similar to configuration II with the addition of a panel to simulate
the thermal insulation structure. Their data revealed a significant spatial variation of
the critical heat flux with the angular position, θ, of the vessel. However, the insulation
structure (Configuration III) was found to have very little effect on the local CHF limit.
Chu et al. [18] used the CYBL (Cylindrical Boiling) facility at Sandia National
Laboratories for a full-scale simulation of the downward facing boiling process on the
outer surface of a reactor lower head. The simulated reactor vessel was a torispherical
vessel that was heated by an array of radiant lamp panels capable of delivering a heat
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flux level of up to 0.4 MW/m2 . Two types of steady-state boiling experiments were performed. The first applied a uniform heat flux to the vessel whereas the second delivered
a higher heat flux near the edge. For all the experiments performed, the bottom center
was found to have the highest temperature even when the edge heat flux was higher
than that at the bottom center. Visual observations were made that clearly revealed
the cyclic nature of the vapor dynamics for the downward facing boiling process and the
resulting two-phase motion along the heating surface. However, the CHF phenomenon
was not observed in their experiments.
Rouge et al. [19] conducted a series of SULTAN experiments to investigate the
effects of various parameters including pressure, gap size, inclination angle, local quality
and mass flux on the CHF. The test section used in the SULTAN experiments consisted
of a uniformly heated flat plate, 1.5 mm thick, 4 m long and 0.15 m wide, in a rectangular
channel with gap size (i.e., channel width) that varied from 0.03 to 0.15 m. The test
section could be inclined from vertical to horizontal position. In addition to the gap
size and the inclination of the plate, the heated length, pressure, inlet subcooling, mass
velocity and heat flux level could also be varied in the experiments. An empirical CHF
correlation was developed from the data. Their experimental results indicated favorable
possibilities for long-term coolability of corium under natural convection conditions.
Extrapolation of the data to the real geometrical conditions was also made using the
CATHARE thermal-hydraulic code [19].
Cheung et al. [20–23] studied the downward facing boiling and critical heat flux
phenomena on the outer surface of a hemispherical vessel using the SBLB (Subscale
Boundary Layer Boiling) test facility at PSU. The SBLB facility, which is employed in the
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present study, was first developed under the sponsorship of NRC and later on, upgraded
under the sponsorship of EPRI and KEPRI. Two configurations had been explored in the
facility, one without and the other with a scaled thermal insulation structure surrounding
the test vessel. The latter include both the AP600 and KNGR vessel/insulation structures. For the case without an insulation structure [21], an external two-phase boundary
layer flow was observed on the vessel outer surface. A significant spatial variation of
the critical heat flux, with the local CHF limit increasing monotonically from the bottom center to the equator of the vessel, was measured for both saturated and subcooled
boiling. For the case with an insulation structure [22, 23] an internal two-phase upward
co-current flow was observed in the annular channel between the insulation structure and
the test vessel. At the same heat flux level, more flow was induced along the vessel outer
surface for the case with insulation compared to the case without. As a result, the nucleate boiling heat transfer and the critical heat flux for the case with insulation were found
to be consistently higher than those for the corresponding case without insulation. In
addition to the magnitude of the critical heat flux, the insulation structure also affected
the spatial variation of the CHF limit. For the case with insulation, the local critical
heat flux no longer increased monotonically in the flow direction. Rather, it decreased
from the bottom center toward the downstream locations, exhibiting a minimum near
the minimum gap of the annular channel, before it increased toward the equator of the
vessel.
Most recently, Chang and Jeong [24] conducted the first campaign of the CHF
experiments using the facility at KAIST that employed a 2-D slice test section to simulate
the APR1400 vessel configuration. The test section had a radius of 2.5 m, a width of
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0.1 m, a length of 4 m and a gap size of 0.15 m. It was heated by direct electric heating
using DC power. Under the same mass flux conditions, the CHF values measured in their
facility were found to be consistently lower than those of the ULPU data. They attributed
the differences to a smaller gap size used in the KAIST facility. When comparing their
CHF data with the SULTAN correlation, they found that the latter overestimated the
KAIST data. In addition to the CHF data, they also observed significant effects of the
mass flux on the flow behavior. In the low-flow regime (up to 100 kg/m2 s), vigorous
flow fluctuations with considerable counterflow were observed over the entire heating
region. On the other hand, in the high-flow regime (larger than 100 kg/m2 s) vigorous
flow fluctuations were observed only on the top of the heating region with considerably
less counterflow present.
Although ERVC appears to be a viable means for IVR, it is not clear that ERVC
without additional enhancements could provide sufficient cooling for high-power reactors
such as APR1400. If the local CHF limits were not sufficiently high to provide adequate
margin for ERVC or if the vessel/insulation configuration were such that the CLSV would
be exceeded, the integrity of RPV could be challenged under severe accident conditions.
To circumvent this problem, the vessel/insulation design needs to be substantially modified to drastically enhance the resulting CLSV and CHF limits for downward-facing
boiling on the vessel outer surface. This can be accomplished by selecting an enhanced
vessel/insulation configuration that would greatly facilitate steam venting through the
bottleneck in the annular channel and also promotes water ingression through the bottom
plate of the insulation structure from the flooded cavity. Previous studies by Cheung et
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al. [22, 23] clearly demonstrated the important effects of the induced two-phase flow on
the CHF limit.

1.4

Major Objectives of the Present Work
Through the extensive literature review of the micro-porous surface coating tech-

nique and CHF models (see chapter 2), it becomes evident that there are very few
studies of micro-porous coatings for downward facing curved surfaces with water as the
working fluid. Data of boiling heat transfer for downward facing curved surfaces with
coating are much needed. Furthermore, no theoretical model predicting spatial variation
of the critical heat flux along the coated downward facing curved surface is available to
date. To fill this gap in our knowledge and to evaluate the enhancement effect of surface
coatings on the external reactor vessel cooling, the phenomena of nucleate boiling heat
transfer and CHF on a downward facing curved surface with micro-porous coatings need
to be studied experimentally and theoretically in the present study. It should be noted
that the enhancement effect achieved by using surface coating is still restricted to be a
local effect. In other words, such enhancement might be altered greatly by the global
flow conditions. Thus, attention should also be addressed at improving the global flow
conditions. As boiling of water takes place on the surface, an upward co-current twophase motion would be induced within the flow channel formed between the insulation
structure and the vessel. The effect of an enhanced geometry design of the insulation
structure on the performance of nucleate boiling and CHF limit, which aims at facilitating steam venting through the bottleneck in the annular channel and also promoting
water ingression through the bottom plate of the insulation structure from the flooded
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cavity, is not well understood at this time and needs to be investigated. The major
objectives of this study are:

1. To select, fabricate, and evaluate a suitable metallic porous coating that would increase the CHF limit on a downward facing curved surface. A suitable composition
ratio and application method for the metallic coating needs to be determined.
2. To conduct quenching and steady state boiling experiments on the downward facing
curved surface with candidate metallic porous surface coatings. Comparison of the
boiling data measured is to be made between the results from coated and plain
surfaces to investigate the enhancement effect of different coating materials.
3. To formulate a model for downward facing boiling on a hemispherical vessel with
micro-porous layer coating. Appropriate boundary conditions and universal constants need to be established and determined.
4. To develop a suitable numerical scheme for solving the system of equations governing the local CHF behavior. Numerical computations should then be performed to
predict the spatial variation of the CHF limits along the downward facing coated
surface. In so doing, the effect of coating can be identified quantitatively.
5. To validate the CHF model by comparing the results predicted by the model with
the data measured in the quenching and steady state boiling experiments. Analysis
may then be made using different boundary conditions to extend the applicability
of the CHF model.
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6. To design and construct an enhanced vessel/insulation configuration that would
greatly facilitate steam venting through the bottleneck the annular channel and
also promotes water ingression through the bottom plate of the insulation structure
from the flooded cavity.
7. To perform steady state boiling experiments using the enhanced vessel/insulation
structure. Special attention should be given to the steam venting process through
the bottleneck of the channel and the behavior of the upward co-current two-phase
flow.
8. To determine quantitatively the increase in the CHF limit due to the use of an
enhanced design, and to make comparison between the cases with and without
bottleneck enlargement.
9. To establish an updated co-current two-phase flow model to predict the induced
mass flow rate, and to investigate the enhancement effect of the enhanced insulation
structure quantitatively.
10. To investigate the extent of CHF enhancement that can possibly be accomplished
by combining the two heat transfer enhancement techniques for further increasing
the thermal margins for external reactor vessel cooling, and to identify possible
interactions between these two heat transfer enhancement techniques if any.
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Chapter 2

Literature Survey

2.1

Literature Review of Various Surface Enhancement Techniques
Nucleate boiling is a very effective heat transfer mode that is capable of providing

a much higher rate of heat transfer than conduction or single-phase convection. It is
for this reason that many research work has been conducted to study and develop this
model of heat transfer. In the first section of literature survey, a brief summary of the
major types of boiling enhancement techniques is presented, which covers over the past
70 years of development. For each type of enhancement, a brief discussion is given about
its underlying physics and applications. Such comprehensive literature review plays a
key role in identifying the candidate surface coating that would be the most suitable for
applying to a heated downward facing hemisphere such as the vessel simulator used in
the SBLB facility. A brief summary on the previous boiling experiments is given as well.

2.1.1

Overview and Classification of Enhanced Boiling Surfaces
All the boiling enhancement techniques can be classified into two main categories:

active and passive, according to the suggestions of Bergles et al. [25–28]. Whether a
boiling enhancement techniques is active or passive depends upon the driving mechanism
involved. Some researchers also reported successful case with a compound enhancement
by combining two or more active and/or passive techniques.
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Active techniques characteristically have with some form of mechanical motion,
electrical device or chemical additive, to improve boiling heat transfer. These techniques
utilize an external agent or force to attain enhancement or augmentation, which may
include chemical or fluid additives; mechanical rotation, scraping and wiping of heated
surface; surface or fluid vibration; electrostatic fields; and gas injection. Although this
appears effective, the requirement of an external agent or source is the primary disadvantage of active techniques. Therefore, these active techniques are not commonly used
since they are difficult to implement in actual applications and are often not economically feasible. Evidently, they are not suitable for use in ERVC, and thus, this class of
boiling enhancement will not be considered in this study.
On the other hand, passive techniques have proven to be more practical. Passive
techniques make use of some form of surface treatment or special structural geometry
to improve heat transfer. These techniques can be classified into three major categories
including surface treatment, extended surfaces (modified fins), and attached promoters. Surface treatment methods can include surface roughening, non-wetting surface
coatings, porous-layer coatings (both metallic and non-metallic), micro-porous coatings,
modulated porous-layer coatings, and capillary-porous coatings.
The discussion about the effect of surface roughness on boiling heat transfer can be
traced as far back as the early 1930’s. It was observed that mechanically roughening the
surface would result in increased boiling heat transfer coefficients. As the cavities, pits
and grooves present in surfaces act as nucleating sites, surface roughening increases the
available nucleating sites such that achieved a larger heat transfer coefficients. However,
one disadvantage with surface roughing method is that boiling enhancement tends to fade
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with aging, which is highly undesirable for ERVC since the life span of most advanced
reactor vessels is expected to be 60 years.
Surface coatings represent another major type of augmentation techniques. Nonwetting coatings or sprays involve the application of a polymer on the heating surface:
either on the entire surface, as spots, or inside special cavities or pits. Heat transfer
enhancement from coated surfaces is due to the increase in the bubble radius of curvature in the presence of these non-wetting areas. The large radius of curvature reduces
the required wall superheats, which in turn enhances heat transfer. Due to the nonwetting nature of this enhancement technique, however, it has limited applications and
has problems such as durability and fouling.
Porous-layer coatings represent one of the more commercially viable passive techniques ever developed. Either a metallic or non-metallic particulate coating can be
applied on a heated surface. There are also various application methods available such
as sintering, flame spraying, spraying/painting, and electrogalvanizing. The product of
this application is a porous matrix composed of interconnected channels and different
pores on the surface. Numerous different investigations have shown that porous coatings
can greatly reduce wall superheat, increase heat transfer coefficients, and/or increase the
CHF. It is commonly agreed that such improvement in heat transfer can be attributed
to the structure of the porous layer itself and the capillary action it induces. During a
boiling process, the matrix of cavities and voids within the coating effectively trap vapor, which serve as active nucleation sites. These sites in turn are fed with fluid flowing
through the interconnected channels. The pores on the surface of the porous coating
serve as both fluid inlets and vapor outlets. The most commercially successful passive
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surface treatment is a porous metallic coating known as High Flux that was developed
by Union Carbide [29].
Extended surfaces/special geometries represent another major type of passive
technique. This type includes regular finned tubes of different fin geometries. Studies
showed that not only did the fins provide additional surface area, but also the presence
of the fins altered the boiling process altogether resulting in enhanced heat transfer. A
more interesting enhancement technique was developed by modifying these low finned
tubes (Webb, [30]).By successive processes of knurling, cutting and rolling, the fins can
be deformed and made into circumferential reentrant channels. Reentrant channels and
cavities provide desirable nucleation sites below the surface, thus enhancing heat transfer
by increasing nucleation site density. These active nucleation sites are likewise fed with
fluid through the interconnecting channels. Reentrant cavities (or modified low fins) on
tubes represent another commercially viable passive technique. Popular variants of this
method include Hitachi’s Thermoexcel-E; Wieland’s GEWA-T, Furukawa’s ECR 40, and
Wolverine’s Turbo B tubes, to name a few. All these tube finishes share some similar
manufacturing process and all rely on the heat transfer enhancement brought about by
reentrant cavities.
Work has also been done on attached promoters. This type of passive enhancement technique involves the use of wires, screens, studs, etc. to enhance boiling heat
transfer. Wires or nylon can be wrapped around plain or low finned tubes to increase
the number of nucleation sites. Screens or cloths of metal, glass, or other materials can
be attached or wrapped onto surfaces to also enhance nucleation. This type of passive
heat transfer enhancement has found applications in heat pipe equipment.
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In summary, comparing to active boiling enhancement methods, passive techniques stand out with the increased reliability, reduced installation costs, and simplicity.
However, very few of these methods had actually been applied on large-scale systems
due to practicality and economics. Thus, treated surfaces (i.e., surface coatings) and
special extended surfaces or geometries are the more commercially viable types for the
consideration of ERVC.

2.1.2

Discussion of Various Types of Coating Enhancement Techniques

2.1.2.1

Polymer Coatings

Polymer coatings have thin coating layers made of non-wetting materials. Bankoff
[31] showed that the work required for a single vapor nucleus was much reduced if the
fluid-surface combination would induced a smaller contact angle. Based on this concept,
Griffith and Wallis [32] hypothesized that cavities coated with a non-wetting material
would become more stable sites for boiling nucleation. These non-wetting substance
would generate a smaller contact angle between the liquid vapor interface and the heat
wall. As a result, the coating creates a larger liquid-vapor interface radius inside the
cavity, which results in a smaller wall superheat. However, they noticed that use of a
non-wetting coating would not affect the temperature at which the cavity would nucleate
since that is determined by the cavity mouth diameter. Griffith and Wallis [32] created
conical cavities (∼0.08mm diameter) on a copper surface with the use of a phonograph
needle. These pits were then coated with paraffin. Their study demonstrated that
the treated sites were more stable than uncoated pits and thus enhanced boiling heat
transfer.
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The observed nucleate boiling enhancement can be explained by the following
mechanism. When a bubble forms on a non-wetted surface, such as paraffin or TFE,
it has a larger radius of curvature than if it were in contact with a wetted surface. A
larger radius of curvature means that a smaller wall superheat is required for the bubble
existence and growth. Figure 2.1 illustrates the vapor formation on surfaces and cavities
treated with a non-wetting coating. Once the bubble diameter grows beyond the radius
of the spot, it assumes a spherical shape and begins to grow quickly. The evaporation
of the thin liquid film at the base of the spherical bubble induces this rapid growth.

Fig. 2.1. Bubble Growth on Non-wetting Coating Applied on the Heating Surface as
(a) Isolated Spots and (b) in Pits

Young and Hummel [33] recommended that further studies be made for a surface
with isolated, poorly wetted spots. Specifically, the effect of spot size and spacing, both
known to be significant factors, needed to be further explored. Spot size is important
due to the insulating effect of the site. Hummel received a patent for this type of surface
treatment. Some later studies however claimed that the coating tended to peel off with
prolonged use (Thome, [34]).
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Griffith and Wallis [32] also postulated that the wall superheat required for bubble
growth is dependent on the minimum radius of curvature of the growing bubble, which is
equal to the radius of the site where the bubble is growing. From their observations, they
predicted that spot sizes in the range of 0.01” or less could retain vapor to average wall
superheats less than 1◦ F (0.56◦ C), and would support vapor formation at superheats
of 2 to 3◦ F (1.11 to 1.67◦ C). Except at low heat fluxes, the bubble site density was
determined by the density of poorly wetted spots on the surface. Optimum spot density
was expected to be a function of several factors including thickness and dimensions of
heated surface, heat flux range, and wettability of the entire surface.
A patent was also awarded to Gaertner [35] for his work on artificial nucleation
sites coated with a non-wetting material. He prepared a variety of surfaces with closely
spaced cavities and parallel scratches to form dense nucleation sites. For water, the
coated cavity surface reduced the required superheat and the sites remained active for
a long time. Gaertner observed that if the non-wetting material was left on the entire
surface, the heat transfer coefficient was greatly reduced. He reasoned that the bubbles
spread over the surface and combined with other adjacent bubbles, forming a large
vapor blanket. This would then lead to a reduction in heat transfer. Thus, both studies
by Young and Hummel [33] and Gaertner [35] demonstrated the undesirable effects of
applying non-wetting coatings over the entire surface.
The mechanism of bubble growth on a non-wetted spot presents some inherent
limitations on the type of fluid that would be applicable to such a surface. In general, this
surface would only be effective for surface-liquid combinations that have high interfacial
surface energies. That is, non-wetting coatings are best when the liquid normally wets
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the surface. This limitation was verified by Bergles, Bakhru and Shires [27] and Marto,
Monlson and Maynard [36]. In cooling computer components using refrigerants, Bergles,
Bakhru and Shires observed no heat transfer enhancement by using Teflon spotting.
Refrigerants have low surface tension and large contact angles (∼40◦ ). In a separate
study, Marto, Monlson and Maynard found that for liquid N2 (a non-wetting fluid),
polymer coated pits did not greatly enhance heat transfer performance. They concluded
that the cavities tested were too large for nitrogen and did not trap vapor effectively.
Thome [37] later pointed out that these sites were very difficult to activate, and when
using smaller cavities, the sites easily became nucleation sites. Thome [37] and Marto and
Lepre [38, 39] also showed that using a non- wetting surface (polymer coated) combined
with a non-wetting liquid (i.e. liquid N2 , and liquid Ar, and refrigerants) produced poor
results. This was actually demonstrated earlier by Almgren and Smith [40]. All these
observations were opposite to the results of Young and Hummel [33].
Vachon et al. [41] sprayed Teflon film on the entire surface, and observed the effect
of varying the coating thickness. Unlike Young and Hummel [33] and Gaertner [42], who
cautioned the possibility of film boiling, Vachon did not observed such phenomena when
boiling water. They also noted that only the thinnest Teflon coating (∼0.008 mm)
provided heat transfer enhancement. However, their heat transfer enhancement was not
large as reported by Young and Hummel [33]. When the coating thickness was increased
beyond this value (∼0.04 mm), thermal insulation effects reduced heat transfer.
Hinrichs, Hennecke and Yasuda [43] tested water on a plasma-deposited TFEcoated copper surface. Various coating thicknesses were evaluated but only the thinnest
coating provided heat transfer enhancement. They also claimed that their coating was
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considerably durable. A plasma-deposited coating using methane was also tested but did
not yield any improvement for any thickness. They postulated a surface energy effect
that determines if a particular surface-liquid combination would provide heat transfer
enhancement or not. More recently, Vijaya Vittala, Gupta and Agarwal [44] tested
DuPont PTFE on brass tubes and investigated the effect of coating thickness on heat
transfer. They sprayed PTFE over the entire heater surface and measured the boiling
heat transfer for water. Results verified earlier works that thicker coatings reduced
the heat transfer coefficient due to its insulating effect. They also observed that the
effectiveness of the coating decreased with increasing heat flux. This peculiar behavior
of heat transfer enhancement as a function thickness and heat flux was explained as the
result of two opposing effects: increased site density and increased capillary action.
Despite these numerous studies, polymer or non-wetting coatings have not been
applied widely in commercial use. Long term durability, susceptibility to fouling, and
similar concerns have reduced the interest in this type of surface treatment.

2.1.2.2

Porous-Layer Coatings

Porous-layer coatings could be formed by sintering, brazing, flame spraying, foaming, or electrolic deposition. They have been employed to enhance boiling heat transfer
in heat exchangers, heat pipes, and electronics devices. Researchers have studied the influence of geometric parameters such as particle diameter and material, layer thickness,
and porosity on boiling heat transfer. Actual geometry of porous layer is dependent on
the application process. For smooth surfaces, or mechanically roughened surfaces, evaporation occurs only externally at pits and grooves on the surface. On the other hand,
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porous-layer coatings are composed of randomly arranged particles, often of varying sizes,
producing pores and interconnecting channels providing flow paths for liquid supply and
vapor escape as shown in Figure 2.2. Evaporation can occur within the porous layer
either when the liquid wets the heated wall or when the bottom of the porous layer is
filled with a continuous vapor blanket.

Fig. 2.2. Flow Paths within a Porous-Layer Coating

Porous-layer coatings, when sufficiently thin, have been shown to provide effective enhancement to nucleate boiling heat transfer and critical heat flux. Physically, the
enhancement is attributed to four major factors. These include an increase in the nucleation site density, an increase in the available heat transfer surface area, an enhancement
of the lateral capillary-assisted liquid flow through the porous layer towards the phasechange interface, and the availability of non-hydrodynamically determined vapor escape
paths provided by the porous layer. The amount of enhancement depends not only on
the fluid and solid properties but also on the geometrical coating parameters, such as the
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coating thickness and pore size distribution. For thick porous-layer coatings, however,
there is an additional resistance to the liquid-vapor counterflow over the thickness of the
porous layer. This added resistance acts to trap the escaping vapor above the phasechange interface and within the porous layer, leading to an appreciable reduction of the
permeability of the liquid. As a result, premature dryout due to viscous-drag induced
liquid choking may occur at heat fluxes well below the CHF limit for plain surfaces
(Udell [45]; Kaviany [16]).
Milton [29] was the first one to patent a porous-layer coating for boiling enhancement. Development of this type of coating began as early as 1947 at Union Carbide and
was later known by its trade name High Flux. High Flux is applied to a surface as a
spray consisting of a binder, metallic powder, and brazing powder. The spray produces
a thin film, and the coated tube is then heated in an oven to melt the brazing powder
and burn off the binding material. The result is a thin porous metallic matrix with a
thickness of several particle diameters. The matrix has numerous interconnected passageways. Different particle materials, sizes, and coating thicknesses can be constructed
to match specific applications.
The initial application of High Flux was for air separation plants boiling liquid
oxygen (Milton and Gottzmann, [46]). Larger boiling sites produced larger heat transfer
coefficients. Examination showed bubbles originated from cavities in the surface by
nucleation from a vapor left behind by the previous departing bubble. To provide more
nucleation sites, and maintain good thermal contact with heated wall, thin porous layer
of nickel were used. Their results showed a 20-fold increase in the heat transfer coefficient
for liquid oxygen. The performance was further enhanced by using copper particles that
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had a high thermal conductivity. O’Neill, Gottzmann, and Minton, [47] compared the
performance of four different fluids on a High Flux surface. They observed that the
optimal porous structure depended on the fluid properties such as surface tension and
thermal conductivity. The High Flux coating was tested on both prototype and actual
heat exchanger systems and was observed to be fouling resistant and quite durable.
Starner and Cromis [48] compared High Flux with standard finned tubing. High flux had
6x better performance. Accelerated tests showed the coating’s consistent enhancement.
These studies showed the applicability of this type of coatings to refrigeration industry
in improving evaporator performance.
In addition to High Flux, numerous studies have been conducted on other types of
porous coating materials. This is evident from entries listed in Table 1, which highlights
some of the work done on this type of surface enhancement. Various methods and
techniques for constructing porous coatings were examined, including flame spraying
(Almgren and Smith, [40]; Dyundin et al., [49]), electric sintering (Inoue, [50]), high
current density electroplating (Albertson, [51]), electrogalvanizing (Trepp and Hoffman,
[52]). However, some of these coating procedures often proved to impractical and costly
to implement in actual systems. Thus, their use either was limited to small scales or was
simply abandoned.
Bukin, Danilova, and Dyundin [53] developed three different methods to produce
porous layers (electric arc spraying, sintering, and jacketing with glass/steel clothes).
Using R-12 and R-22, they concluded that heat transfer was dictated by the particular
structure. Spraying molten metal often resulted in low porosity coatings since molten
particles tended to flatten out upon contact with the tube surface. Sintered coatings
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thus performed better, even if the thermal conductivity of the coating was lower. They
observed an optimum coating thickness for sintered particles. When the thickness was
increased beyond this limit, liquid supply to the innermost layers (near the heated wall)
was reduced. This resulted in decreased performance. On the other hand, if the coating
thickness was reduced to the bubble departure diameter, the enhancing effect on the
growth of the vapor nuclei decreased, consequently reducing performance. Optimum
thickness was around 0.5mm but ranged from 0.3 to 1.0mm.
Researchers have also tested different coating materials, made from metallic particles (copper, aluminum, Nichrome, bronze, etc) and non-metallic particles (glass, diamonds). Different fluid-porous coating material combinations have been reported, with
varied operating pressures and heat flux ranges. Working fluids have ranged from water, refrigerants, hydrocarbons, organic liquids, to liquefied gases. All these works have
aspired to determine the coating type and operating conditions that would optimize
nucleate boiling heat transfer.
Numerous parametric studies on the effects of particle geometries, coating thickness and porosity, have been done. Nishikawa, Ito, and Tanaka [54] investigated copper
and bronze particles and the effect of the diameter and coating thickness on heat transfer
enhancement. They obtained an optimum thickness of approximately four particle diameters. Webb [55] also noted that the preferred coating thickness is around four particle
diameters. Fujii, Nishiyama, and Yamanaka [56] and later Fujii [57] varied powder sizes
and thickness to determine the optimum particle diameter. Andrianov et al. [58] studied
effects of pressure, coating properties, and boiling rates on the shape of the boiling curve.
Golobic and Ferjancic [59] also noted optimum thickness in coating.
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Webb [55] developed a classification method for sintered porous layers based on
several parameters. These included particle size or size distribution, particle shape, coating thickness and particle packing arrangement. The significance of the particle packing
arrangement was that it determined porosity. Webb then compared the reported porosity and performance of different authors and found both similarities and discrepancies.
He explained this based on the types of pores produced: (i) active pores with stable
nucleation sites, (ii) intermittent pores that were either liquid or vapor filled, (iii) liquid
filled pores that supply superheated fluid to the active and intermittent pores, and (iv)
non-functional pores or closed voids. Fujii, Nishiyama, and Yamanaka [56] and later
Fujii [57] experimented with various particle sizes and coating thicknesses using an electroplating method. Their porous layer was composed of varying particle sizes, as a result
of the application process.
Almgren and Smith [40] proposed an analytical model of patch-wise boiling and
identified the variables that determine the spreading of a boiling patch. Patch-wise
boiling occurs when vapor bubbles form only on specific areas of the heating surface.
The porous surface finish, however, insures prompt inception of nucleate boiling and
eliminates the occurrence of patch-wise boiling. In an attempt to explain the process of
boiling on porous surfaces and the mechanisms that lead to heat transfer enhancement,
Ferrell and Johnson [60] theorized the presence of a thin layer of liquid next to the
heating surface. Macbeth [61] and Cohen [62] introduced the concept of vapor chimneys
rising from the porous surface, which are fed by liquid flow. Evaporation occurs at the
meeting place of the liquid channels and chimney. The critical condition was determined
by the amount of vapor that can be formed which is in turn dependent of the amount of
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liquid supplied. O’Neill, Gottzmann, and Terbot [63] developed a model that predicts the
required superheat given the coating porosity. Kovalev and Lenkov [64] presented theory
of burn out on a porous layer based on pressure balancing by relating these pressure
terms to porosity, particle size, etc. Andrianov et al. [65] concluded that boiling curve
hysteresis is the effect of vapor layer forming within porous layer. Shapoval, Zaripov and
Semena [66] deduced that incipience of burnout and critical heat flux were functions of
thickness, porosity, conductivity, etc. Afgan et al. [67] observed two boiling modes in
porous coating. Styrikovich et al. [68] studied two branches of boiling. Kovalev, Solov’yev
and Ovodkov [69] developed a model to account for the effects of coating porosity and
material conductivity on the shape and position of the boiling curve. They assumed
that vapor escapes from large channel while liquid penetrates the structure through
fine pores. Ovodkov and Kovalev [70] modeled porous layer and studied its mechanism.
Malyshenko [71] studied the vaporization regimes. Hsieh and Weng [72] explored the key
parameters affecting boiling on porous surfaces. Recently, Hsieh and Yang [73] showed
that pore diameter and layer thickness are the strong factors for cavity flooding.
It should be noted that very few investigations on the long term performance and
durability of porous coatings have been reported. Czikk et al. [74] tested High Flux
on 20-ton flooded chiller prototypes using refrigerant-oil mixtures. Non stop operation
for about 2,000 hrs showed no appreciable degradation in performance and no fouling
occurred. Their investigation also involved testing a double or compound enhancement
surface, consisting of Wolverine corrugated tubes coated with High Flux. Gottzmann,
O’Neill, and Minton [75] have done considerable studies on the performance of High
Flux porous metal coatings on prototype and full-size heat exchangers, some operating
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for more than four years. The High Flux treated, ethylene-propylene reboilers were often
tested in severe operating conditions, such as exposure to oil contaminants. The High
Flux coating showed little variation in enhancement performance and was quite resistant
to fouling. Starner and Cromis [76] applied High Flux to flooded chillers. High Flux
reduced the required tube length per unit of refrigeration duty by about half compared
to the industry standard low finned tubes. Savings in compressor power in the range
of 3 to 10% were also reported. These studies demonstrated that metallic porous-layer
coatings, specifically High Flux, are well suited to actual industrial systems with little
or no issues on durability or fouling.

2.1.2.3

Micro-Porous Coatings

Micro-porous coatings are extra-thin porous-layer coatings having layer thicknesses that are less than the superheated liquid layer thickness, for activation of the
cavities during nucleation (Chang and You [7]). The superheated liquid layer thickness
may be calculated by transient conduction. Figure 2.3 depicts schematically the difference between a micro-porous coating and a conventional porous-layer coating. Whereas
for conventional porous-layer coatings, only the lower portion of the coating layer is
activated during nucleate coiling, for micro-porous coatings, the entire coating layer
is activated. Chang and You [7] have shown that micro-porous coatings exhibit considerably different nucleate boiling and CHF characteristics compared to porous-layer
coatings.
Most coating techniques often involve high temperatures, which could be harmful
to temperature-sensitive electronic devices. Hence, a non-destructive or benign method
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Fig. 2.3. Micro-Porous Coating versus Conventional Porous-Layer Coating

must be developed to apply it to the surface. One such method involving a painting
technique was developed and patented by O’Connor and You [5], which essentially was
based on the concept of particle layering by You, Simon and Bar-Cohen [4]. This painting
technique to produce micro-porous coatings has subsequently been used by O’Connor,
You and Price [77], Chang and You [6–10], Chang, You and Haji-Sheikh [11], Rainey
and You [78], and Rainey, Li and You [79].
O’Connor and You [5] used silver flakes consisting of particles of diameters varying
from 3 to 10 µm to mix with a binder (OB101 epoxy) and a carrier (isopropyl alcohol)
to develop a boiling enhancement paint that could be easily applied to a heating surface.
The paint was cured under a lamp at 80◦ C for about ∼100 minutes. During curing,
the alcohol evaporated and the mixture of flakes and epoxy adhered to the surface,
forming a micro-porous coating. The micro-porous coating produced by this benign
(low temperature), economical technique was found to enhance pool boiling in saturated
FC-72 with ∼80% reduction in nucleate boiling superheat and a ∼109% increase in
the CHF limit over the non-painted surface. O’Connor, You and Price [77] used fine
diamond particles of diameters varying from 8 to 12 µm to develop a dielectric paint.
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When applied on a silicon chip, they obtained an enhancement of ∼24% in the CHF
limit.
Chang and You [6] studied the nucleate boiling heat transfer and CHF for uncoated and coated surfaces using micro-porous coatings made of copper particles (1-50
µm) and aluminum particles (1-20 µm). They used Devcon Brushable-Cerameric epoxy
as the binder and methyl-ethyl-ketone (M.E.K.) as the carrier, instead of OB101 and isopropyl alcohol, respectively. The coated heaters were cured in an oven at 150◦ C for about
an hour. For both aluminum (ABM) and copper (CBM) micro-porous coatings, ∼80%
reduction in incipient superheat, ∼330% enhancement in nucleate boiling heat transfer,
and ∼100% enhancement in CHF were found relative to an uncoated surface. Chang
and You [7] also investigated the effects of particle size on the boiling performances of
micro-porous coatings using different sizes of diamond particles. They observed an increase in both the nucleate boiling heat transfer and the critical heat flux with increasing
particle size due to increased number of nucleation sites.
In an effort to optimize the enhancement, Chang and You [8] further investigated
the effects of composition using two different coating methods, i.e., the dripping and the
spray methods. Micro-porous coatings made of metallic (aluminum and copper) and nonmetallic (diamond and silver flake) particles were explored in the experiments. With the
optimized coating composition, the boiling performances for both methods were found
to be nearly identical. The micro-porous coatings showed consistently enhanced boiling
performances when the ratio of the effective particle powder volume to the binder volume
was above 1.1. For micro-porous metallic coatings (i.e., ABM and CBM), the nucleate
boiling heat transfer was increased by 3 to 4.5 times whereas the CHF was enhanced by
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1.7 to 2 times. Chang and You [8] also examined the physical strength of the coatings
by performing a durability test and an adhesion test. The results provided convincing
evidence that the micro-porous coatings had a strong bonding strength. By applying a
micro-porous coating (ABM) on a simulated microelectronic chip surface, Chang, You
and Haji-Sheikh [11] successfully demonstrated that micro-porous coatings were suitable
for immersion cooling of high-heat-flux applications to prevent film-boiling incipience.
Rainey and You [78] studied the performance of a double enhancement technique
involving the use of a multiple square pin fin array on a horizontal flat surface for a
large-scale area enhancement with micro-porous coating on the fin surface for a smallscale surface enhancement. They found that the micro-porous coated finned surfaces
provided significant boiling heat transfer enhancement over the plain finned surfaces.
Moreover, they observed that the nucleate boiling curves of the micro-porous coated
surfaces collapsed to a single curve regardless of the fin length. This clearly indicated
the effectiveness of micro-porous coatings in enhancing boiling heat transfer.
Recently, Rainey, Li and You [79] extended the use of micro-porous coatings
to flow boiling heat transfer enhancement. In their experiments, ABM coating was
employed under subcooled flow boiling conditions with the liquid subcooling and the fluid
velocity being the two major parameters. Owing to the enhanced boiling characteristics
of the micro-porous coating, it was found that the fluid velocities required to provide
additional enhancement of nucleate boiling due to the flow were higher for micro-porous
coating than the plain surface. For both micro-porous and plain surfaces, higher CHF
values were obtained as either the liquid subcooling or the fluid velocity was increased.
On the other hand, the enhancement of CHF provided by the micro-porous coating
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over the plain surface was found to vary from 1 to 1.7 times, depending on the liquid
subcooling and the fluid velocity. The amount of enhancement tended to increase with
increasing subcooling whereas it tended to decrease with increasing fluid velocity.

2.1.2.4

Modulated Porous-Layer Coatings

Modulated porous-layer coatings are coatings made of layers of sintered spherical metallic particles having specially designed periodically non-uniform thickness (i.e.,
structural modulation). The modulation may have different patterns such as stacks of
particles arranged in either square or hexagonal arrays across the heating surface, as
shown in Figure 2.4. The stacks of particles share a common base consisting of one or
two continuous layers of particles on the surface. The modulation is so imposed as to
provide alternating regions of high capillary-assisted liquid flow and low resistance to
vapor flow.

Fig. 2.4. Modulated Porous-Layer Coatings: (a) Cross Sectional View of a Single Row
and (b) Isometric View of Several Rows
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During the process of nucleate boiling, the liquid is drawn by the capillary force
through the tip of the modulation peaks into the interior of the porous layer towards the
location where evaporation occurs, with the common base along the heating surface being
the liquid-flow arteries. In the meantime, the vapor escapes out of the porous layer from
between the modulation peaks, Figure 2.5. The modulation may be designed to change
the characteristic interfacial wavelengths that stabilize the liquid-vapor interfaces and
hence, delay the collapse of the vapor escape paths until higher heat fluxes. By creating
separate flow paths for the liquid and vapor, the modulation promotes phase separation
within the porous layer, thus reducing the liquid-vapor counterflow resistance. This
capillary-artery effect of the modulation has been shown to greatly enhance the CHF
limit (Liter and Kaviany [80, 81]).

Fig. 2.5. Liquid and Vapor Flow Paths in a Modulated Porous-Layer Coating

In general, the CHF limit depends primarily on the mechanisms of liquid supply to and the vapor escape from the phase-change interface, as discussed in detail by
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Katto [82, 83]. The CHF value is limited by the liquid and vapor counterflow resistance. The critical heat flux is reached when the liquid flow towards the phase-change
interface chokes as a result of exceeding either the hydrodynamic liquid-choking limit
or the viscous-drag liquid-choking limit. The former criterion, which corresponds to the
hydrodynamically imposed stability limit, is dependent on the fluid properties and the
macro-scale geometry of the coating, such as the distance between two adjacent modulation peaks, the height of the stacks, and the modulation pattern. The latter criterion,
on the other hand, corresponds to the critical viscous-drag resistance in the fluid for
the liquid-vapor counterflow within the porous layer. It depends not only on the fluid
properties and the macro-scale geometry of the coating but also on the coating material
properties and the pore-scale geometry of the coating, such as the particle diameter and
the pore size distribution. By providing separate vapor escape paths using the modulated
porous-layer coatings, the hydrodynamic liquid-choking limit is greatly increased. Meanwhile, by creating the liquid supply artery within the porous coating, the viscous-drag
liquid-choking limit also is substantially increased as a result of the capillary pumping
effect.
For pool boiling, an enhancement of nearly three times in the CHF limit over a
plain surface has been observed experimentally by Liter and Kaviany [80,81]. They tested
two modulated coating configurations including conical stacks and tapered walls. Both
configurations gave rise to substantial reduction in the wall superheats and enhancement
in both nucleate boiling and critical heat fluxes. Best enhancement was found to be
a modified version of the conical stacks with dual cone heights. Liter and Kaviany
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presented and correlated analytical models with experimental data. They also considered
optimization of the boiling enhancement based on coating parameters.

2.1.2.5

Capillary-Porous Coatings

Unlike porous-layer coatings that are usually made of relatively thin layers of
metallic or non-metallic particles, capillary-porous coatings are relatively thick porous
structures made of metallic screen mesh or wicks. Thus they often are referred to as
capillary-porous structures. The processes of boiling in capillary-porous coatings or
structures have been studied quite extensively in the past, owing to their important
applications to porous heat exchangers and heat pipes (see, for example, the various
proceedings of international heat pipe conferences). Research and development in heat
pipe technology have resulted in rapid advancement in the design of the capillary-porous
structures, from a simple metallic screen mesh to multi-component capillary-wick structures. Selection of a specific wick design hinges mainly on the capability of the given wick
design to provide sufficient capillary pumping pressure to transport the working liquid
from the condenser end to the evaporator end of a heat pipe. The liquid capillary flow
within the wick structure is considerably more complicated than flows through a porous
medium, as boiling may take place within the wick with pronounced surface-tension
effects at the liquid-vapor interface.
The liquid capillary flow and the boiling processes within the wick structure depend largely on the pore size, the porosity, and the permeability of the wick. Experimental data for these wick properties are available for various wick types, including
stainless steel screen meshes and felts, sintered nickel screen and felts, sintered copper

42
felts, copper and nickel forms, and composite wicks. The latter may have different configurations. In general, the maximum capillary head of a wick increases with reducing
pore size. The use of wicks with smaller pores would give rise to a large driving force for
the liquid capillary flow. However, smaller pore sizes would result in a larger frictional
resistance to flow and a smaller permeability, which are not desirable. Among others, the
composite wicks that are designed to decouple capillary pumping from flow resistance,
have found increasing usage in the heat pipe industry. The artery wicks are particularly
attractive as they also decouple radial heat transfer from axial liquid flow in the wicks,
as depicted in Figure 2.6. The artery, however, is often limited to a relatively small size,
as it needs to be filled with liquid (i.e., self-priming) under the surface-tension forces.
It would not be feasible to maintain the continuous operation of a heat pipe should the
artery be only partially filled or depleted of liquid.

Fig. 2.6. Typical Capillary-Porous Configurations for the Composite Wicks

One of the determining factors for the heat transfer capability of a heat pipe is
the boiling limit. As a result, many studies have been performed on the boiling process
within the wick structure. Hasegawa, Echigo and Irie [84] conducted experiments on
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saturated boiling of water on a heating surface covered with woven screen made of
stainless steel. They found that the woven screen appreciably enhanced the boiling heat
transfer including the critical heat flux. Corman et al. [85, 86] investigated vaporization
from capillary wick structure and boiling augmentation with structured surfaces. They
found that the use of wick in both a capillary-pumped condition and a flooded condition
could increase the critical heat flux. They also found that engineered finned surfaces
could further enhance the critical heat flux and lower nucleate boiling wall superheats in
the intermediate to high heat flux range. Asakavicius et al. [87] employed three different
working fluids, i.e., water, ethyl alcohol, and Freon-113 to study boiling heat transfer
from high conductivity screen wicks. They observed that both the nucleate boiling heat
transfer and the critical heat flux increased with the effective thermal conductivity of
the saturated wick and with improvement in vapor removal.
Smirnov [88] developed an approximate theory to describe the process of nucleate
boiling in capillary-porous structures. He considered characteristic regimes of boiling and
postulated the liquid and vapor flow paths. In particular, they proposed the regime of
boiling under conditions of capillary supply of liquid with vapor phase filtering through
the capillary-porous structure, as in Figure 2-7 below. Vapor generated by vaporization
was venting through the steam channels with discharge of liquid in the form of droplets
into the continuous vapor space above the wetted wick region. The main heat transfer
resistance with boiling in a capillary-porous structure was thought to be the resistance
to transfer from the wall through the wetted ”skeleton” of the porous structure to the
phase boundary. Later, Afanas’ev and Smirnov [89], investigated local boiling heat
transfer characteristics of the boiling process in capillary-porous structures, using screen
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metal wicks made of stainless steel, copper and brass. They found that the establishment
of a steady boiling process in the structure considerably intensified nucleate boiling heat
transfer. With boiling in a non-uniform wick, the ejection of liquid through the steam
channels appeared to intensify the boiling heat transfer and enhance the maximum heat
fluxes.
Although most commercially available capillary-porous structures are much thicker
than the porous-layer coatings mentioned in the previous sections, the underlying physics
leading to boiling heat transfer enhancement is quite similar for both, involving capillaryassisted liquid flow and vapor escape paths provided by the porous structures. Capillaryporous structures have been widely used in the heat pipe industry.

2.1.3

Conclusions of Surface Coating Literature Survey
Through the extensive literature survey, it is clear that enhancement in nucleate

boiling rate and CHF limit can be achieved by using various types of surface modification techniques. There are four major factors that are shared by these enhancement
techniques, which include an increase in the nucleation site density, an increase in the
available heat transfer surface area, an enhancement of the capillary-assisted liquid flow
through the porous layer towards the phase-change interface, and the availability of
non-hydrodynamically determined vapor escape paths provided by the porous surface
structure. Depending on the type of the techniques used, one or more of these factors
may dominate in a particular application. The actual amount of enhancement in nucleate boiling rate and CHF limits can be affected by many other factors such as the fluid
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and solid properties, geometrical parameters of the treated surface, coating thickness
and pore size distribution.
In summary, it was found that the numerous pits, cavities and grooves present in
roughened surfaces act as nucleation sites, leading to boiling enhancement. However, the
enhancement tends to fade with aging and thus, heat transfer augmentation by surface
roughening is of limited use. Reentrant cavities and modified external fins were found
to provide not only additional heat transfer surface areas but also desirable nucleation
sites below the surface, thus enhancing boiling heat transfer by increasing nucleation site
density. These active nucleation sites are likewise fed with liquid through the interconnecting channels. Non-wetting polymer coatings could give rise to considerable boiling
enhancement in some applications due to the increase in the bubble radius of curvature
in the non-wetting surface areas. The latter reduces the required wall superheats. Owing
to the problems associated with durability and fouling, however, polymer coatings have
rather limited applications. Capillary-porous coatings were found to be quite effective in
boiling enhancement, mainly because of the availability of capillary-assisted liquid flow
and vapor escape paths provided by the porous structures. These wick materials have
been widely used in the heat pipe industry. Modulated porous-layer coatings were found
to have great potential for boiling enhancement, as they tend to substantially reduce
the superheat for incipient boiling, increase the nucleate boiling heat transfer coefficient,
and enhance the CHF limit. Unfortunately, this technique has not been well developed
and it is very tedious to fabricate the modulated coatings.
In addition to boiling enhancement, the candidate surface treatment should be
commercially available or readily fabricated, cost-effective, non-toxic, and easy to apply
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over larger surfaces. Based on this selection criteria, none of the above enhancement
methods was found suitable for use in the present work. This was due to the fact that
they are either not sufficiently reliable/durable (which is the case for surface roughness
and polymer coatings) or too structurally complicated for cost-effective installation or
fabrication (which is the case for reentrant cavities, modified external fins, capillaryporous coatings, and modulated porous-layer coatings).
Beside the boiling enhancement, consideration should also be given to the candidate surface treatment regarding whether they are commercially available or readily
fabricated, cost-effective, non-toxic, and easy to apply over larger surfaces. According to
this criteria, unfortunately, none of the above enhancement methods was found directly
suitable for use in the present work. This was due to the fact that they are either not sufficiently reliable/durable (which is the case for surface roughness and polymer coatings)
or too structurally complicated for cost-effective installation or fabrication (which is the
case for reentrant cavities, modified external fins, capillary-porous coatings, and modulated porous-layer coatings). It appears that only the metallic porous-layer coatings and
micro-porous coatings are suitable for use in the present work. Based upon the results
reported in the literature, these two types of coating materials not only provide adequate
boiling enhancement but also can be applied over large surfaces in a cost-effective manner. They also appear to be durable and their heat transfer performance is not sensitive
to aging of the coatings. Both the porous-layer coatings and the micro-porous coatings
have the form of a porous matrix composed of interconnected channels and different
pores on the surface. Micro-porous coatings appear to be most suitable as they provide
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sufficient CHF enhancement, are relatively easy to apply on the heating surface, and do
not degrade in performance with aging.
Thus far, no data are available for downward facing boiling on coated surfaces.
It is necessary that both quenching and steady-state experiments be performed in the
SBLB Test Facility at Penn State to test the performance of metallic micro-porous coatings during ERVC simulations. The extent of CHF enhancement should be determined
quantitatively by comparing the CHF data obtained using coatings with those without coatings (i.e., plain vessel surface). Both aluminum and copper particles should be
used in preparing the micro-porous coatings such that the effect of coating properties
can be studied. Different particle sizes and coating thicknesses should be explored in
the experiments to determine the optimal coating performance. In addition to boiling
enhancement, separate aging-effect and adhesion tests should also be performed on the
candidate coating materials to address the reliability/durability issues.

2.2

Review of Relevant Two-Phase Flow Models
Ishii [90] and Boure [91] first developed the full governing equations for three-

dimensional, time-varying two-phase flow. The governing equations can be simplified by
invoking time and/or space averaging. As a result, however, information regarding the
instantaneous localized behavior of the flow is disregarded. In Carey’s [12] treatment of
internal gas-liquid flows, which proposed further simplification based on Ishii [90] and
Boure [91]’s result, the flow was considered to be steady and one-dimensional in the
sense that all dependent variables are idealized as being constant over any cross section
of the tube or duct, varying only in the axial direction. Carey’s model provides a ideal
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approach in analyzing two-phase flow of ERVC because it achieved a balance between
the cost and function. In ERVC, the total and liquid mass flow rates are the primary
concern among other local quantities such as vapor/liquid instantaneous velocities, phase
interface transition and so on.
Starting from the laws of conservation of mass and momentum for a stratified
flow, a final expression for the overall pressure gradient for two-phase flow in a channel
was derived by Carey [12], in which there are four contributions to the overall pressure
gradient. The first represents pressure variations due to changes in the cross-sectional
area of the duct. The second and the third account for frictional and gravitational head
loss, respectively, and the forth represents acceleration (or deceleration) of the flow. The
following assumptions have been made by Carey [12] in developing the overall two-phase
momentum equation:

1. At a given axial location in the channel, the velocities of the liquid and vapor phases
are uniform over the portion of the channel occupied by each, but not necessarily
equal.
2. The two phases are in local thermodynamic equilibrium.
3. Empirical correlations or relations derived from simplified theories can be used
to predict the void fraction α and one of these two-phase multipliers, φl , φlo and
φv from parameters that quantify the local conditions. The two-phase multipliers
mentioned above are defined as
·

φl =

(dP/dz)f r
(dP/dz)l

¸1/2

(2.1)
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·

φv =
·

φlo =

(dP/dz)f r
(dP/dz)v
(dP/dz)f r
(dP/dz)lo

¸1/2

(2.2)
¸1/2

(2.3)

In the above expression, f r denotes the frictional component of the two-phase
pressure drop, l the frictional pressure that would result if the liquid flowed alone through
the channel at a mass flow rate equal to G(1 − x)A, lo the frictional pressure gradient
that would result if liquid only flows through the channel at the same total mass flow
rate GA, and v the frictional pressure gradient that would result if the vapor flowed
alone through the channel at a mass flow rate equal to GxA.

2.2.1

Analytical Models of One Dimensional Two-Phase Flow
During convective vaporization and condensation processes inside tubes, high va-

por void fractions even at relatively low quality can be expected due to the large difference
between the liquid and vapor densities away from the critical point. It is for this reason,
such situation is always true for the annular flow regime with a thin film of liquid flowing
along the tube walls. Take the evaporation of R-12 for example, The Lockhart-Martinelli
correlation predicted a quality of 20% while the void fraction α would be 0.83 for turbulent flow in a round tube such as the tubes of an air-conditioning evaporator at a
saturation pressure of 384 kPa (corresponding to a saturation temperature of 7 ◦ C).
It should be mentioned that the 20% quality condition considered above would
correspond to the inlet condition of a typical evaporator. Thus, the entire vaporization
process occurs at void fractions greater than 0.83. Vapor-liquid flows for such conditions
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will generally fall into the annular flow regime, up to the point where the liquid film on
the wall begins to dry out. Therefore, annular flow is the predominant flow regime over
most of the length of the flow passage. Similar arguments for the convective condensation
process in the condenser of a typical air-conditioning system indicate that annular flow
will also exist for most of the length of the condensing-side passage.
The importance of annular flow to air-conditioning systems and other applications
has stimulated efforts to develop accurate methods to predict the transport in such
circumstances. In this section, analytical treatments of annular flow are briefly presented.
There are four assumptions made by Carey [12] in the analysis of annular flow
in a vertical round tube. They are (1) the flow is steady, (2) the downstream pressure
gradients felt in the core and the liquid film are the same, (3) the liquid flows in an
annular film on the inside wall of the tube that has a uniform thickness δ and a smoothvapor interface, and (4) there is no entrainment of liquid film in the core. Carey argued
that the effects of the wavy interface on heat transfer and pressure drop are often small
or can be treated by empirically modifying a smooth-interface model.
As shown by Hewitt and Hall-Taylor [92], the streamwise force-momentum balance
for the vapor core flow can be expressed as
µ

dP
4τ
2xG2 dx
=− i − 2
dz
di
α ρv dx

¶

− ρv g

(2.4)
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The momentum equation for the liquid film with the assumptions of steady-state
and neglecting inertia effects requires that
µ

τ (r) = τi

rr
r

¶

µ

1 dP
+
+ ρl g
2 dz

¶µ 2
¶
ri − r2

r

(2.5)

where ri = di /2 is the radius of the tube. Also the conservation of mass gives
µ 2¶
d

Z δ

4

0

i

G(1 − x) = ρl

u(di − 2y)dy

(2.6)

The conservation of energy (neglecting sensible cooling of the film) also requires
that
dx
4q 00
=
dz
Gdl hlv

(2.7)

The boundary conditions for the liquid film are:

at

y = 0: u = 0

at y = τ :

du
τi
=
dy
µl+ερl

(2.8)

(2.9)

For specified values of q 00 , G, x, dt, and fluid properties, the above differential
equations with the boundary conditions can be solved for the velocity profile in the
film only if relations are available to determine (dP/dz), τi , ε, and δ simultaneously.
Therefore two additional relations are required to close the system of equations mathematically. Closure of the system is usually achieved by including empirical relations for
determining the interfacial shear stress and the eddy diffusivity. Wallis [93] proposed
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a simple correlation to determine the interfacial shear stress in terms of an interfacial
friction factor f i, defined as
fi G2 x2
τi =
2ρv α2

(2.10)

µ

δ
fi = 0.005 1 + 300
do

¶

(2.11)

The eddy diffusivity in the liquid film for turbulent flow conditions has typically
been evaluated using relations like those developed for single-phase turbulent flow in
tubes. The Deissler correlation is one of these relations:

ε = n2 uy(1 − e−ρl n

2

uy/µl

)

(2.12)

where n is a constant equal to 0.1.

2.2.2

Empirical Methods for Pressure Drop and Void Fraction
In order to close the system of equations for the separated flow analysis, one needs

to determine the two-phase multiplier and void fraction. The methodologies developed
to predict these quantities have been typically based on a combination of semi-theoretical
arguments and empirical evidence. The most pioneering work was done by Martinelli
and his co-worker in the 1940s. They provided the first widely accepted and successful
methods for predicting these quantities, and established an analytical foundation on
which much of the subsequent work on the two-phase flow has been built.
Lockhart and Martinelli’s correlation [94] was based on data from a series of
studies of adiabatic two-phase flow in horizontal tubes. The relations used to predict φl
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and φv are
φv = (1 + CX + X 2 )1/2
µ

C
1
φl = 1 +
+ 2
X
X

(2.13)

¶1/2

(2.14)

The constant C is based on the flow regimes associated with the flow f o the vapor
and the liquid alone in the duct. The constants associated with each of the four possible
combinations are given in Table 2.1. In addition, Chisholm & Laird [95] proposed a
correlation that is used by most researchers for two-phase flow in a channel. When
the flow of the liquid phase and the gas phase alone is turbulent, the two-phase flow
multiplier φl can be expressed as
µ

21
1
φl = 1 +
+ 2
X
X

¶

(2.15)

Wallis also proposed a separate cylinder model for predicting φl and φv . An actual
two-phase flow is taken to be equivalent to the model flow circumstances in which the
vapor and liquid phases flow at the same flow rates through separate cylinders. The final
expressions for the two-phase multipliers are

Table 2.1. Constant C for Different Combinations
Liquid

Gas

Subscripts

C

Turbulent

Turbulent

tt

20

Viscous

Turbulent

vt

12

Turbulent

Viscous

tv

10

Viscous

Viscous

vv

5
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·

φ2l

µ

= 1+

¶4/(5−n) ¸(5−n)/4

1
X

(2.16)

·

φv = 1 + (X)4/(5−n)

¸(5−n)/4

(2.17)

If the flows associated with the two phases are both turbulent, then the value of
n is 0.25 for a round tube. Equation 2.17 reduces to
·

φ2l

µ

= 1+

1
Xtt

¶16/19 ¸19/8

(2.18)

The definition of Martinelli parameter for turbulent flow on both phases, Xtt , is
given by
µ

Xtt =

ρv
ρl

¶0.5 µ

µl
µv

¶0.125 µ

1−x
x

¶0.875

(2.19)

The relation between φlo and φl can be easily shown to be

φ2lo = φ2l (1 − x)1.75

(2.20)

A method for predicting the void fraction is essential for predicting the acceleration and gravitational head loss components of the pressure gradient in two-phase flows.
Butterworth [96] has shown that several of the available void-fraction correlations can
be cast in the following form:
·

µ

α= 1+A

1−x
x

¶a µ

ρv
ρl

¶b µ

µl
µv

¶c ¸−1

(2.21)
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where the values of the unspecified constants in this relation corresponding to different
correlations reported by Wallis [93], Lockhart and Martinelli [94], Thom [97], Barcozy [98]
and Zivi [99] are listed in the following Table:

Table 2.2. Values of Constants in Void-Fraction Correlations
Correlation or model

A

a

b

c

Wallis [93] separate-cylinder model

1

0.72

0.4

0.08

Lockhart and Martinelli Correlation [94]

0.28

0.64

0.36

0.07

Thom correlation [97]

1

1

0.89

0.18

Baroczy correlation [98]

1

0.74

0.65

0.13

Zivi model [99]

1

1

0.67

0

For engineering design calculations, selection of a two-phase flow model should
be done carefully. Carey [12] argued that the homogeneous model yielded reasonably
accurate results only for limited circumstances. The best agreement was expected for
bubbly or dispersed droplet flow, where the slip velocity between the phases was small.
Martinelli and Nelson’s [100] correlation has been shown to yield reasonable accurate
results for a wide variety of two-phase flow circumstances in round tubes and simple
channel geometries. This correlation has also been adapted to fit data for complex finned
channel and coil geometries. Given the data base from which this correlation was derived,
it is expected to yield best results at low pressures for adiabatic or boiling flows at low
heat flux levels. As with most correlations of this type, the proposed correlation method
neglects the possible effects of the following factors: (1) flow regime; (2) inclination of the
channel; (3) rate of the change of quality with length due to evaporation or condensation.
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Zuber [101] proposed a void fraction correlation for low-to-high mass fluxes under
subcooled conditions based on the drift-flux model. He argued that at low mass flow
rates the net of vapor generation was determined by thermal conditions, whereas at
high mass flow rates it depended upon hydrodynamic conditions. Simple criteria could
be derived which could be used to predict the value of the equilibrium quality at the
point of net vapor generation. These criteria were then used to determine the vapor void
fraction in subcooled boiling. Comparison between the results predicted by his analysis
and experimental data showed good agreement for a wide range of operating conditions,
fluids, and geometries. The void fraction can be expressed as:

Xt

·

α=

C o Xt +

ρg
ρl (1

¸

− Xt ) +
µ

Xeq − Xd exp

µ

Xt =

1 − Xd exp

Xeq
Xd

¶·

µ 00
q

Xd = −0.0022

Xeq
Xd

CHF

ρl hf g

¶

−1
¶

D
kl /(Cpl ρl )

σg∆ρ
Ugi = 1.41
ρ2l

(2.23)

−1

Co = 1.13
µ

(2.22)

ρg Ugi
G

¸

(2.24)

(2.25)
¶

Xeq = (hl − hsat )/hf g

(2.26)

(2.27)

Sadatomi and Sato [102] investigated the two-phase frictional pressure drop in
vertical non-circular channels: rectangular, isosceles-triangular and concentric annular.
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The concentric annular channel consisted of a 30 mm i.d. tube and a rod of 15m diameter.
They proposed a friction factor for a channel with a smooth wall in the turbulent flow
regime by the following power-law equation similar to Blausius:

f = Ct Re−0.25

(2.28)

The coefficient Ct alone represented channel geometry and was termed as geometry factor for turbulent flow by the authers. With a series of measurements of the
pressure drops for non-circular channels, they proposed a correlation for f , which is
given by
Ct
=
Cto

sµ

0.0154

¶

Cl
− 0.012 + 0.85
Clo

(2.29)

In the above equation Clo has a value of 64 based on the coefficient for friction
for the laminar flow regime. For a given channel geometry, Ct can be estimated from
the above equation once Cl is obtained either from the available data in the literature
or from a numerical calculation. Then the friction factor for turbulent flow can be
determined. The frictional pressure drop in non-circular channels can be predicted by
using the two-phase multiplier proposed by Chisholm & Laird [95].

2.2.3

Two-Phase Pressure Drop and Void Fraction in Other Geometries
In the above section, the two-phase pressure drops are correlated for vertically

and horizontally straight tubes with the use of Lockhart-Martinelli parameters. The
questions raised here are how these correlations apply for curved or inclined tubes, or
how the inclination and geometry affect the accuracy of these correlations.
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Rippel et al. [103] worked on the two-phase flow of gas and liquid in a helicoidal
tube with an inside diameter of 12.7 mm and a coil diameter of 208 mm. The working
fluids were air-water, helium-water, Freon-12-water and air-2-propanol. They found that
their data can be correlated fairly well with values of about 40% precision. Owhadi et
al. [104] also found satisfactory agreement between their two-phase flow pressure drops
in a helical coil and Lockhart-Martinelli correlation using a modified Lockhart-Martinelli
parameter. Comprehensive research on two-phase flow in a coil was reported by Banerjee
et al. [105]. The Lockhart-Martinelli correlation was slightly modified and was found to
correlate the data satisfactorily. The helix angle, if small, appears to have no discernible
effect on the pressure drop.
Boyce et al. [106] found that the Lockhart-Martinelli correlation [94] adequately
predicted the data. However, Akagawa et al. [107] found that the frictional pressure
drop of two-phase flow in helical tubes is 10 to 50% larger than that in a straight
pipe over their experimental range. Three types of empirical equations for the frictional
pressure drop were proposed and also the experimental data were correlated by a modified
Lockhart-Martinelli approach independent of the tube diameter to coil diameter ratio.
Kasturi and Stepanek [108] used air-water, air-corn-sugar-water, air-glycerol-water and
air-butanol-water solutions in their experiments to measure the pressure drop. The data
were compared with the Lockhart-Martinelli correlation and Dukler’s correlation [109].
They found that the Lockhart-Martinelli correlation conformed to the data better than
Dukler’s correlation, but there was a systematic displacement of the curves for various
systems in the Lockhart-Martinelli plot. In their continued study (kasturi and Stepanek,
[110]), the correlations for the pressure drop were reported in terms of new correlating
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parameters that consisted of a combination of known dimensionless groups obtained
using the separate flow model.
In the work of Rangacharyulu and Davies [111], a new correlation for two-phase
flow frictional pressure drop was proposed based on a modified extension of the LockhartMartinelli theory. The experimental data are well correlated in terms of dimensional
groups other than the Lockhart-Martinelli parameter. Chen and Zhou [112] found that
the major factors affecting the two-phase friction factor are the gas fraction, liquid
Reynolds number, gas Reynolds number and the tube to coil diameter ratios. Mujawar
and Rao [113] pointed out that the two-phase flow pressure drop can be successfully
correlated by the Lockhart-Martinelli method if the flow patterns are specified. Hart
et al. [114] reported experimentally that the axial pressure drop of two-phase flow in a
helicoidal tube increased as a function of the volume flow rate of the gas, but on attempt
was made to correlate the data. Recently, Saxena et al. [115] proposed a method to
correlate the pressure drop data for two-phase flow in a helicoidal tube, by retaining the
identity of each phase and separately accounting for the effects of curvature and tube
inclination resulting from the torsion of the tube.
In summary, for two-phase flow in vertical helicoida tubes, the Lockhart-Martinelli
method is suitable for correlating the pressure drop data under certain conditions. By
introducing some newly defined or modified Lockhart-Martinelli parameters, they can
predict the two-phase pressure drop quite well. Although the Martinelli’s correlation was
specifically derived for horizontal flows without phase change or significant acceleration,
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it is often used to calculate both the void fraction and frictional pressure drop for twophase flow with other effects. This procedure leads to progressively increasing errors as
the frictional component of pressure drop decreases in proportion to the other terms.

2.2.4

Flow Regime Transition Criteria for Upward Two-Phase Flow in Vertical Tubes
In analyzing two-phase flow transitions such as in nuclear reactors under severe

accident conditions, a two-fluid model is often required because of the needs to describe
detailed thermodynamic transients and phase interactions. The main difficulties in modelling arise from the existence of interfaces between phases and discontinuities associated
with them. The internal structures of a two-phase flow are classified by the flow regimes
or flow patterns. Various transfer mechanisms between two-phase mixture and the wall,
as well as between the two phases, depend on the flow regimes. This leads to the use of
regime dependent correlations together with two-phase flow regime maps.
Traditionally, flow regimes are identified from a flow-regime map obtained from
experimental observations. Many flow regime maps have been proposed using dimensional coordinates based on the liquid and gas superficial velocities. There have also
been theoretical works to predict flow regimes. These conventional flow-regime maps are
based primarily on the liquid and gas superficial velocities or the total mass velocity and
quality. However, Mishima and Ishii [116] argued that flow regimes are the classifications of geometrical structures of flow which should depend directly on the geometrical
parameter such as the void fraction and interfacial area. They further argued that these
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traditional approaches may be suitable for slow transients and near fully developed conditions. However, they could fail near flow reversal conditions or under rapid transient
conditions. In view of these, new flow-regime criteria for upward gas-liquid flow in vertical tubes were proposed by Mishima and Ishii [116]. The criterion for bubbly-to slug
flow transition is given by
α = 0.3

(2.30)

The transition criterion for the slug to churn-flow transition is given by
·

α

≥

¸0.75

q

1 − 0.813 (Co − 1)j + 0.35 ∆ρgD/ρl
½

q

¸1/18 ¾−0.75

·

× j + 0.75 ∆ρgD/ρl ∆ρgD3 /(ρl vl2 )

(2.31)

where
·

q

α = jg / Co j + 0.35 ∆ρgD/ρl

¸

(2.32)

In the above expression, it is assumed that the transition from the slug-to-churn
flow-regime occurs when the mean void fraction over the entire region reaches the mean
void fraction in the slug-bubble section.
There are two mechanisms postulated accounting for the transition from churnto-annular flow regime: (a) flow reversal in the liquid film section along large bubbles,
and (b) destruction of liquid slugs or large waves by entrainment or deformation. The
transition criterion for churn to annular flow was developed by postulating flow reversal
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in the liquid film along large bubbles. It is given by:
q

jg ≥

∆ρgD/ρl (α − 0.11)

(2.33)

where the void fraction is given by:
·

¸
√
2 1/4
α = jg / Co j + 2(σg∆ρ/ρl )

(2.34)

The transition criterion for the annular-mist flow is

−0.2
jg ≥ (σg∆ρ/ρ2g )1/4 Nµl

(2.35)

where
·

¸1/2

q

Nµl = µl / ρl σ σ/(g∆ρ)
The value of Co is given by

sµ

Co = 1.2 − 0.2
for round tubes and

ρg
ρl

sµ

Co = 1.35 − 0.35

(2.36)

¶

ρg
ρl

(2.37)

¶

(2.38)

for rectangular ducts.
The above criteria have been compared with the convectional criteria and experimental data for atmospheric pressure air-water flows and high pressure steam-water
flows in round tubes and rectangular channels under steady-state and fully developed
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flow conditions. Mishima and Ishii [116] reported that there existed wide discrepancies
among the experimental data, not only due to the different methods of observations of
the flow regimes but also due to the transition phenomena themselves which develop
gradually. However, when these factors were accounted for, it could be said that the
criteria showed satisfactory agreements with the data.

2.3

Literature Review of CHF Models
Carey [12] provided a good summary of the four different mechanisms that have

been postulated to cause the boiling crisis in the conventional pool boiling:

1. When the heat flux increases, the bubbles that are generated at the horizontal
upward facing surface coalesce to form vapor columns as shown in Figure 2-8a.
These columns contain liquid droplets that tend to fall back to the surface. It
is postulated that vapor blanketing of the surface occurs when the vapor velocity
in the column becomes high enough to carry the liquid droplets away from the
surface.
2. An increase in the surface heat flux leads to an increase in the nucleation site
density. Eventually, a critical bubble packing is reached that prevents the liquid
from travelling toward the upward facing surface, which leads to the formation of
a vapor blanket over portions of the surface.
3. Due to an increase in the heat flux, the bubbles that form at the surface coalesce
to form vapor jets or columns as shown in Figure 2.7a. Burnout occurs when the
Helmholtz instability of the large vapor jets leaving the surface deforms the jets
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which prevents the liquid from reaching portions of the surface. As the liquid
evaporates at the locations that are prevented from receiving new liquid due to
the distortion of the vapor jets, a vapor blanket is formed over part or all of the
surface.
4. Large vapor bubbles are formed at high heat fluxes and they are supplied with
vapor through several small jets at their base, as shown in Figure 2.7b. The liquid
film underneath the large bubble is assumed to be of very small thickness so that
the jets within it are not Helmholtz unstable. It is also postulated that the liquid
layer thickness is proportional to the Helmholtz unstable wavelength of the small
jets. Before the occurrence of the CHF, the large vapor bubbles hover over the
small jets until they get big enough to detach from the heating surface. Burnout
is assumed to take place when the thin liquid film underneath the large bubble
evaporates completely during the hovering time needed for the large bubble to
escape.

2.3.1

CHF Models for Upward Facing Infinite Flat Plates
Kutateladze [13] was the first to propose the analogy between flooding and the

CHF condition which falls under mechanism (1) described above. This similarity was
first mentioned by Bonilla and Perry in 1941 as reported by Zuber [101], but it seems
that Kutateladze was the first to pursue the idea. The latter used dimensional analysis
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Fig. 2.7. The Proposed CHF Mechanism Based on Helmholz Instability

and arrived at the following relation for the maximum heat flux:
·
00
hf g g(ρf − ρg )σ
= Ck ρ1/2
qCHF
v

¸1/4

(2.39)

In the above expression, Ck is a constant that Kutateladze assigned the value
0.131 to it based on maximum heat flux data. However, the data were for horizontal
cylinders and other configurations different from the infinite flat plate geometry for which
the model was supposed to apply.
Under mechanism (iii), Chang [117] was the first who proposed a similarity between the Taylor wave motion and the boiling crisis. This coupled with arguments that
were published in the Soviet literature influenced Zuber [101] to include Taylor wave
motion and Helmholtz instability as very important elements in his hydrodynamic CHF
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model. His model, with the suggested refinements of Lienhard and Dhir [15], is based
on the following assumptions:

• Burnout is attained when the interface of the large vapor columns leaving the
surface becomes Helmholtz unstable.
• The vapor columns leave the surface in a rectangular array, as shown in Figure 2.8.
The centerline distance between columns in the most dangerous wavelength associated with the two-dimensional wave pattern for Taylor instability of the horizontal
interface between a semi-infinite liquid region above a layer of vapor.
• The radius of the vapor column is assumed to be λD /4, where λD is the critical
Taylor wavelength.
• The Helmholtz-unstable wavelength of the columns is taken equal to the Taylor
wave node spacing λD .
Based on these assumptions, the following expression was derived for the critical
heat flux:
·
00

qCHF = Cρv hlv

g(ρl − ρv )σ
ρ2v

¸1/4

(2.40)

where C is equal to 0.131 according to Zuber [101] whereas it is equal to 0.149 according
to Lienhard and Dhir [15].
Zuber’s model was criticized for the fact that it did not account for the effects
of geometry, surface condition, and the wetting characteristics of the heating surface on
the CHF condition.
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Fig. 2.8. The Vapor Column Spacing in the Critical Heat Flux Model by Zuber

Lienhard and Hasan [118] used the mechanical energy stability criterion to predict
the CHF in pool boiling. However, they retained the vapor column instability mechanism
of Zuber. Their model was based on the fact that a system is in stable equilibrium if

(∆E)SE ≤ 0

(2.41)

where E is the system energy. For nucleate boiling, this relation means that the mechanism of vapor removal remains stable as long as the net mechanical energy transfer to
the system is negative. Violation of this inequality marks the occurrence of CHF. Using
this principle, Lienhard and Hasan were able to show that the results of their analysis are
consistent with the Zuber-Helmholtz instability model. At the same time, they showed
that their method eliminates the need for information regarding the Helmholtz-unstable
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wavelength. This is replaced by the need for information or assumptions regarding the
bubble departure diameter when the vapor column breaks up.
The model that falls under mechanism (4) was proposed by Haramura and Katto
[119]. They postulated that a large bubble hovers over a number of small jets that supply
the large bubble with vapor. This bubble grows in size until its buoyancy is large enough
to pull it upward away from the surface. One very important assumption of their model
is the fact that the thickness of the liquid film is smaller than the Helmholtz-unstable
wavelength for the vapor jets so that they are not Helmholtz unstable. They further
assumed that the liquid layer thickness is λH /4, where λH is the Helmholtz wavelength,
and that the bubbles are arranged in a rectangular array with a centerline spacing equal
to λD , where λD is the Taylor wavelength. Burnout is assumed to occur when the liquid
underneath the large bubbles evaporates completely before the bubble is released. Based
on these assumptions, the following expression was derived for the critical heat flux:
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(2.42)
where Av /Aw is the ratio of the cross-sectional area of the vapor stems to the heater
surface area. A good agreement with the Zuber CHF relation can be obtained if the
latter area ratio is taken equal to
µ

ρg
Av
= 0.584
Aw
ρf

¶0.2

(2.43)

69
In a series of experiments, the large bubbles have been observed to be separated
from the liquid sublayer by large vapor jets, which suggests that the liquid layer underneath the large bubbles could be fed with new liquid on a continuous basis. This is
contradictory to the assumption of the Haramura and Katto model, which postulates
that the liquid is not replenished until the large bubble departs.
Haramura and Katto [119] also applied their new model to forced convection
boiling over a vertical flat plate. The situation is illustrated in Figure 2.9 where vapor
stems maintain a continuous vapor flow blanketing. The liquid film is also moving under
the vapor blanket with a thickness that is decreasing in the direction of the flow due to
evaporation. Their model ignores the phenomena of deposition and entrainment of the
droplets. They further assumed the fresh liquid enters the liquid sublayer at a constant
velocity u. CHF was presumed to occur when the heat transferred from the heated
surface of length l is equal to the latent heat of vaporization of all the liquid flowing into
the liquid film. This resulted in the following expression for the CHF:

µ

00
qCHF
ρg
= 0.175
ρf uhf g
ρf

¶0.467 µ

σ
ρf u2 l

¶1/3

(2.44)

All the existing hydrodynamic CHF models were developed for the horizontally
upward facing direction. The effect of the orientation of the heating surface on the
critical heat flux has not been adequately modelled heretofore.
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Fig. 2.9. The Forced Convection High Heat Flux Boiling on a Flat Plate

2.3.2

CHF Model on Spherical Heating Surfaces
Ded and Lienhard [1972] developed a model, which was based on the hydrody-

namic theory of Zuber, to predict the average critical heat flux from spheres. The vapor
removal configuration from the sphere was dependent on the size of the sphere relative
to the most susceptible Taylor-unstable wavelength λD . They assumed that when the
diameter of the vessel was lower than the critical wavelength,

√
2R ≤ λD / 3

(2.45)

the vapor from the lower hemisphere slides up and eventually formed a single jet above
the sphere, as shown in Figure 2.10a. They also assumed that the wavelength of the
Helmholtz unstable disturbance was equal to the Rayleigh-unstable wave in the jet. As
a result, the ratio of the average heat flux of the sphere to that for an upward facing flat
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plate, as predicted by Zuber, was given by,
¯ 00
¯ qCHF
¯
¯ q 00

CHF F

¯
¯
¯
¯

small,R

√
12 2 [(R0 + 0.5∆)∆]3/4
=
π
R02

(2.46)

where ∆ was related to R0 through an experimental correlation and R0 was given by,
q

R0 = R g(ρf − ρg /σ

(2.47)

When 2R > λD , it was assumed that four jets instead of one rose from the back
of the vessel, as shown in Figure 2.10b. The wavelength of the Helmholtz unstable
disturbance was taken equal to the most rapidly collapsing Taylor-unstable wavelength.
This lead to the following expression for the ratio of the heat fluxes for the case of large
diameter spheres:

Fig. 2.10. The
√ Vapor Removal Mechanism Near the Critical Heat Flux on a Sphere.
(a) 2R < λd / 3,(b) 2R > λd
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In both the case with small diameter spheres and that with large diameter spheres,
the critical heat flux was attained when the escaping jets reached the velocity at which
they were Helmholtz unstable. Also, it was assumed that the velocity in the vapor
blanket at the equator was equal to the velocity in the jet.
After consulting available experimental data, Den and Lienhard [1972] were able
to derive a relationships between R0 and ∆, which lead to the following expressions for
the heat flux ratios:
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R0 < π

(2.50)

Haramura and Katto [119] used the same rationale they used to develop a model
for forced convection boiling over a vertical flat plate to generate a model for forced
convection boiling over a cylinder as shown Figure 2.11. The liquid film covers the whole
surface of the cylinder while getting thinner toward the back due to evaporation. If
l is replaced by πd/2 in equation 2.44, the CHF expression for a cylinder derived by
Haramura and Katto can be obtained:
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(2.51)

It should be noted that all the existing hydrodynamic CHF models for curved
heating surfaces (i.e., 2-D horizontal cylinders or 3-D spherical surfaces) were based on
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Fig. 2.11. The Forced Convection High Heat Flux Boiling on a Horizontal Cylinder

the assumption of a uniform CHF value over the entire heating surface. Thus far, no
theoretical study has been attempted to discern the spatial variation of the critical heat
flux along the outer surfaces of heated spheres and horizontal cylinders.

2.3.3

CHF Model on Downward Facing Surfaces
Cheung and Haddad [120] developed a theoretical model to predict the critical

heat flux limit for saturated pool boiling on a downward facing surface. They argued
that the CHF limit was reached as a result of insufficient supply of liquid from the twophase boundary layer to the micro-layer, leading to depletion of the liquid film, i.e. local
dryout of the heating surface. Thus, the CHF point is a continuation of the nucleate
boiling region in the high heat flux regime. This is important new feature employed in
their study to develop a hydrodynamic CHF model for pooling boiling on a downward
facing hemispherical heating surface.
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Fig. 2.12. Schematic of the Micro-Layer Underneath an Elongated Vapor Slug

Figure 2.12 shows schematically he configuration of a micro-layer underneath an
elongated vapor slug growing on a downward facing curved heating surface. Cheung and
Haddad [120] combined the Helmholtz [1948] wavelength analysis with the Haramura
and Katto’s statement [121] that the micro-layer area ratio is a function of the density
ratio to relate the liquid sublayer thickness, δm ,to the relative velocity:
µ

δm = C1 λH

¶

ρg
2C1 πσ
=
1+
|hug i − hul i|−2
ρg
ρl
µ

hug i
ρg Aw
=
−1
hul i
ρl Av

(2.52)

¶

(2.53)

where Av is the surface area occupied by all the vapor jets, Aw is the total heating
surface underneath the vapor slug. The quantities Ug and Ul represent the local vapor
and liquid velocities averaged over the two-phase boundary layer. According to the
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finding of Haramura and Katto [121], the area ratio is given by:
µ
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(2.54)

Combination of equation 2.52, 2.53 and 2.54 gives:
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The net flow area across the liquid sublayer can be expressed by:

Am ∼ δm l

(2.56)

Thus the local rate of liquid supply, ṁs , from the two-phase boundary layer to
the liquid sublayer is given by:
ṁs = ρl hul iAm

(2.57)

After obtained the above local rate of liquid supply, Cheung and Haddad [120]
derived the local CHF limit value based on that the local CHF limit is reached when the
liquid supply from the two-phase boundary layer to the micro-layer is not sufficient to
prevent local boil-dry of the liquid film.
µ
00

qCHF = ρl hf g ul
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Aw

¶

(2.58)

By assuming Helmholtz instability acting upon the micro-layer throughout the
entire high-heat flux nucleate boiling regime, including the CHF point, equation 2.55
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00
should be applicable to the CHF limit by setting qN00 B equal to qCHF
, Cheung and Haddad

[120] gave the CHF limit relation as:
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It should be noted that none of the above CHF models were developed for a
heating surface with coatings. Thus, they would not be applicable to a coated vessel.
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Chapter 3

Experimental Setup

3.1

SBLB Experimental Setup
As a part of the effort to investigate the enhancement methods for use in ERVC,

a sub-scale boundary layer boiling (SBLB) test facility was developed to simulate the
phenomenon of nucleate boiling on the outer surface of a reactor vessel with two proposed
heat transfer enhancement methods, i.e., the use of metallic micro-porous layer surface
coatings and enhanced thermal insulation structures. The SBLB test as shown in Figure
3.1 facility consisted of a water tank with a condenser assembly, a heated hemispherical
vessel, an insulation structure with/without enhanced design, a data acquisition system,
a photographic system, and a power control system.

3.1.1

Water Tank Assembly
The water tank assembly is specially designed and built for the studies of the

nucleate boiling and critical heat flux phenomenon for downward facing boiling on a
simulated reactor vessel. A schematic of the tank is shown in Figures 3.2 to 3.4. The
tank is 1.22 m in diameter and 1.14 m high. The thickness of the top and bottom of the
tank is 12.7 mm, and the wall thickness is 6.35 mm. The top cover is bolted to the rest of
the tank, and a gasket is used to prevent leaks. The tank is made of carbon steel due to its
strength. In order to prevent corrosion, the interior of the tank has been polished and
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Fig. 3.1. Overall Schematic Diagram of the SBLB Test Apparatus

painted with high-temperature corrosion- and moisture-resistant paints. Additionally,
there is a reflux condenser assembly located on the top of the tank as shown in Figure
3.2. This allows the study of the pressure effects on the critical heat flux for downward
facing boiling on the vessel outer surface. The condensate from the condenser is used
to maintain the water level constant within the tank. To facilitate the visualization and
photographic studies of the critical heat flux phenomenon for downward facing boiling
on the outer surface of the test vessel, two large windows are located on opposite sides of
the tank, one for taking videos and photographs, and the other for providing background
lighting. The two large windows are 25.4 mm thick Plexiglas with a diameter of 0.56 m.
A third, smaller window is located above one of the large windows in order to observe
the water level in the tank. The small window is 12.7 mm thick with a diameter of 0.2
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m. All windows are attached using a ring on the outside of the window bolted to a flange
on the tank, with an o-ring included to prevent leaks.

Fig. 3.2. An Overall View of the SBLB Water Tank with a Thermal Vessel/Insulation
Simulator

The APR1400 scaled vessel/insulation simulator is installed at the center of the
tank, as shown in Figure 3.2. The tank is equipped with three immersion heaters to
maintain the water in the tank at a desired temperature. The three immersion heaters
are capable of supplying a total of 36 kW. The heaters are run off of three identical power
supplies of 240 V, with a maximum current of 50 A. Several thermocouples are located in
the tank to measure the temperature of the water. Due to the height of the tank, there
could be a slight temperature gradient in the tank with the hot water accumulating at
the top. In order to take this temperature gradient into account, three thermocouples

80
are installed at different heights within the tank. These thermocouples are fed into the
tank through a single access hole on the side of the tank, as shown in Figure 3.3. One
thermocouple is directed upward inside the tank, one directed downward, and the other
located just inside the access hole. The heaters are configured as shown in Figure 3.4.
The asymmetry of the heater placement is a result of trying to keep the heaters away
from possible sources of leaks, such as the windows, the condenser unit, and the valve
used to fill the tank. Besides those considerations, the heaters are spaced as evenly as
possible in order to provide heating as uniformly as possible.

Fig. 3.3. Side View of the SBLB Water Tank with the Condenser Assembly
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Table 3.1. List of Components for Figure 3.3
a

Viewing Window

h

Pipe Connection

b

Viewing Window

i

Condenser Access Door

c

Condenser

j

Immersion Heater

d

Condensate Return

k

Cold Water Inlet

e

Tank Drain

l

Hot Water Outlet

f

Water Inlet and

m

2.54 mm Diameter

Pressure Relief Valve
g

Tube for Thermocouple

Elbow

Fig. 3.4. Top View of the Water Tank Showing the Immersion Heaters
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Table 3.2. List of Components for Figure 3.4

3.1.2

a

Tank Cover

f

Viewing

b

Condenser

g

Immersion Heater

c

Condenser Access Door

h

Flange

d

Tank Access Hole

i

Inside of the Tank Wall

e

Viewing Window

Test Vessels with Independently Heated Segments
Two separate test vessels are fabricated for use in the experiments, one simulating

the APR1400 vessel without the bottom head ICI nozzles and the other simulating the
APR1400 vessel with the ICI nozzles. Both vessels comprise two main parts: the lower
part consisting of a heated bottom-head vessel and the upper part consisting of a nonheated cylindrical wall. The cylindrical wall is made from aluminum, having an outside
diameter of 0.305 m, and a wall thickness of 12.7 mm. The lower end has a 25.4-mm
flange with a 6.4 m groove for an o-ring and twelve 3.2 mm screw holes for attaching the
upper part to the lower part.
The two test vessels are made identical in every way except one has holes drilled
on the outer surface for the insertion of 6.4-mm rods. The 6.4-mm rods are used to
simulate the bottom head ICI nozzles. Thirty-four rods are installed on the lower part
of the test vessel extending vertically downward from the test vessel surface.
Both metallic rods and polymer rods are used in this study. The polymer rods
have very poor conductivity and are used to study only the hydrodynamic effect on
the two-phase flow. The metallic rods, with conductivity comparable to the test vessel,
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Fig. 3.5. Side View of the Heater Blocks in the Test Vessel

Fig. 3.6. Top View of the Bottom Segment of the Heater Block
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Fig. 3.7. Side View of the Bottom Segments of the Heater Block

are used to study both the hydrodynamic and thermodynamic effects on the two-phase
flow. Given the similarity of the two test vessels used in the study, design drawings are
provided in Figures 3.5 to 3.7 only for the case with the holes drilled on the outer surface.
All other dimensions apply to both test vessels. The bottom head vessel has a 25.4-mm
flange at the upper edge with twelve 3.2 mm threaded holes for attaching to the upper
cylinder. The vessel diameter is 0.305 m and it is heated using cartridge heaters 31.75
mm long and 9.52 mm thick. Heating blocks are fabricated and installed in the bottomhead vessel to provide a total of six independently heated segments. The heat flux level
for each is able to vary up to 1.8 MW/m2 . The blocks are drilled and reamed to fit
the cartridge heaters with 0.0254-mm tolerance. There is a circular heater block for the
bottom region and two rectangular blocks for the upper region. The two upper heater
blocks are identical, as the test vessel should be symmetric. Within each heater block,
3.2-mm grooves are cut between segments of the block in order to reduce heat conduction
between the different segments. Additionally, groves will be cut around the edge of each
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heater block to reduce the conduction heat loss. In so doing, two independently heated
segments can be created in the bottom block and four independently heated segments
can be created in the upper blocks. Design drawings are provided showing top and
side views of all heating blocks, in addition to show their positions in the test vessel, in
Figures 3.4 to 3.8.

Fig. 3.8. Side View of the Four Upper Segments of the Heater Block

Each cartridge heater has a power rating of 480 W at a voltage of 120 V. Within
the bottom heater block, there are six heaters in the center segment and eighteen heaters
around the outer segment. The upper heater blocks are partitioned into four independent
segments, with eight heaters in each segment. Therefore, each of the four heater blocks
contain thirty-two cartridge heaters, leading to heat flux levels of up to 1.8 MW/m2
from each of the six segments. In order to measure the local wall temperatures at
various angular locations on the test vessel, K-type thermocouples are embedded in the
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wall. The thermocouples are installed at angular locations of 0◦ , 18◦ , 45◦ , 60◦ , and
75◦ ; similar to those employed in the KNGR experiments performed by Cheung and
Liu [23] so that comparisons could be made to the data recorded during those series of
experiments. By comparing the current results with previous data for the case without
enlarging the bottleneck flow area for steam venting, the effects of the enhanced thermal
insulation structure on the critical heat flux can be examined.

3.1.3

Data Acquisition and Power Control System
The thermocouple signals at various locations of the test vessel are recorded using

a 25 MHz IBM compatible personal computer with a data acquisition system. Two
Strawberry Tree ACPC-16 boards are installed in the PC. Each board has 16 analog
inputs and 16 digital input/output channels. The ACPC-16 is capable of resolutions
in the range of 12 to 16 bits, which is equivalent to 0.024% to 0.0015% of full scale,
respectively. Each of the boards has six voltage ranges that can be set according to
the sensor used. The boards also have a high noise rejection integration converter, to
reject 50/60 Hz AC power line interference when used in the ”low noise mode”. The
ACPC-16 units are also capable of accurate cold junction compensation and linearization
for thermocouple devices. The two ACPC-16 boards are connected to a total of four
Strawberry Tree T12 boards, which in turn are connected to the thermocouple. Each of
the T12 boards has 8 analog inputs and 8 digital input/output channels. This allows 32
thermocouple signals to be closely monitored.
Unlike quenching experiments, for steady-state downward facing boiling experiments, the speed of data acquisition is not critical. Therefore, the slower program
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Quicklog developed by Strawberry Tree is used to monitor changes in the vessel temperatures, and also to read and store the local temperatures of the vessel at various
angular locations on the vessel outer surface. When the critical heat flux is reached during steady-state heating experiments, however, any further increase in the power could
result in the onset of film boiling. This is characterized by a sudden large increase in
the temperature of the heating surface following a small increase in the input power. In
order to protect the vessel and cartridge heaters against any possible meltdown, a control
mechanism is installed to discontinue the power supply to the heaters when a significant
jump in the vessel temperature is detected in the high heat flux regime. The control
system consists of a data acquisition system, a constant DC power source, a solid-state
relay, and thermocouple to measure the vessel wall temperature. The solid-state relay
is needed because the high voltage of the variac cannot be connected directly to the
digital I/O channel of the data acquisition board. To carry out the control strategy, a
control routine is created using the computer program Quicklog from Strawberry Tree.
This routine starts by collecting the temperature of the vessel wall at several desired
locations. These temperatures are then compared to a set value of 180◦ C, which is much
higher than the expected wall temperature that is characteristic of nucleate boiling in
water. Wall temperatures higher than 180◦ C could only have been due to the occurrence
of the critical heat flux. Under normal operating conditions, the vessel wall temperature
would be less than 180◦ C and the digital I/O channel connected to the solid-state relay
would be closed. This allows the high voltage side of the steady state relay to stay closed
for the desired power to be delivered to the vessel. If the wall temperature exceeds
180◦ C, the digital I/O channel would become open. As a result, the low voltage side of
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the steady state relay is not powered anymore and the power supply to the heaters is
discontinued, which prevents any further substantial increase in the vessel temperature.

3.1.4

Photographic System
The photographic system consists of a Minolta digital camera and a Kodak Ek-

tapro high-speed video system. The Minolta camera can be used to capture close-up
views of the boiling process. The camera can be set to a speed as high as 1000 frames/sec
when the appropriate lighting level is available. The Kodak Ektapro high-speed video
system consists of a motion analyzer, an imager, a cassette conditioner, and a television
set. The motion analyzer is used to set the speed of videotaping to a value as high as
1000 frames/sec. Once a session is recorded, the motion analyzer can be used to play
the recorded boiling phenomenon on the TV screen. In addition, it is possible to play
the event one frame at a time, which is very helpful in studying the characteristics of
the vapor dynamics on the vessel outer surface and the critical heat flux phenomenon
for the downward facing boiling process.

3.2

Surface Coating Preparation and Characterization
To prepare for the actual application of the micro-porous coating material on the

outer surface of the hemispherical test vessel to be employed in the present study, a series
of characterization tests were conducted. Different compositions of the coating material
were evaluated to obtain a mixture with desirable qualities. Sample surfaces were coated
and then examined using an optical microscope and a scanning electron microscope
to determine the microstructure formed. Different painting techniques including drip,
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brush, and spray painting were tried. Durability and adhesion tests were then done to
study the performance of each of the resulting coatings.
A mixture of metallic particles, epoxy and solvent was first developed to attain
a micro-porous coating structure. Copper and aluminum particles that are compatible
with the wall material of the test vessel were selected to use. They are relatively inexpensive and readily available. The choice of epoxy material is significant because it
determines the adhesion of the metallic particles to the heated surface and to each other.
Omegabond-200 was identified as a suitable epoxy because it possessed several desirable
qualities compared to other epoxy binders, such as increased thermal conductivity, better tensile strength, and higher operating temperatures. Omegabond-200 is a two-part
epoxy system composed of a resin and catalyst and is mixed in a ratio of 10 parts catalyst to 100 parts resin by weight. It has a thixotropic paste consistency that virtually
eliminates sagging during curing when applied to vertical surfaces. This characteristic
makes it ideal for the curved hemispherical test vessels that were employed in the present
study. The only apparent drawback of OB-200 over other epoxy binders is the need for
curing at elevated temperatures. Cure time is dependent on the temperature and varied
from 2 hours (at 204 ◦ C) up to 8 hours (at 121 ◦ C).
Two possible solvents considered for the binding epoxy were ordinary 70% isopropyl alcohol and Methyl Ethyl Ketone (MEK). MEK is a high strength solvent similar
to acetone, but it has a lower volatility. Parks, a solvent and paint manufacturer, noted
that MEK is a better epoxy solvent than isopropyl alcohol. Both solvents were evaluated
during the initial stage of this study and MEK was chosen because it performed better.
Aluminum slabs (0.0018 m2 , 1.59 mm thick) were used to prepare the surface coating
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samples. The selected pieces were flat and had no large surface imperfections such as pits
or scratches. Surface preparation involved initially sanding with a #400 grit sandpaper
to remove any contaminants and remove minor imperfections. Sanding also enhanced
the adhesion of the metallic coating to the surface. The surface was then washed with
water and later with acetone or MEK to remove aluminum particles and to degrease the
surface.
Once the metallic particles, epoxy and solvent had been mixed sufficiently, it was
then applied to the metallic surface. Several painting techniques were tested to see which
produced a more uniform coating and was easy to apply. Early studies on micro-porous
layer coatings by previous researchers used a drip (and shake) method wherein drops of
the coating mixture were placed on the surface. The surface was then gently shaken to
distribute the mixture over the entire area. A spray paint technique was also employed
wherein a compressed air paint sprayer was used to apply the coating. Similar boiling
enhancements were reported for the drip and spray painted surfaces. The last painting
method evaluated in this study involved using a simple paintbrush to apply the coating.
All three methods were evaluated during this study. However, for the actual hemisphere
quenching and steady-state experiment or any large area application, only the spray
method proved practical and was thus tested during the subsequent experiments.
In spraying the metallic particle coating, several parameters that affected the
painting quality were varied until a uniform spray discharge was attained. Significant
operating variables included air pressure, air and fluid flow rates, and spray angle and
distance. To prepare for coating the actual hemispherical test vessels, an 8” (20.32cm)
stainless steel hemisphere was spray coated. This allowed us to determine the spray
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method to be used in the planned tests. Figure 3.9 shows the sample hemisphere with
an MEK based copper coating. As with the other samples, the coating had to be built
up slowly to produce a uniform coating and prevent sputtering or producing puddles
of paint. For the actual test vessels to be used in the experiments, the hemisphere
was mounted on a rotating platform during painting to uniformly distribute the coating
paint. It was found that both aluminum and copper coatings could be applied effectively
and uniformly on the hemispherical test vessels, and that it was better to apply several
thin coats than to attempt to build a thick coating in one single pass.

Fig. 3.9. Sample Hemisphere Before and After Copper Coating

Having selected the coating materials and developed a suitable technique for application of the coating on the vessel outer surface, the next task was to test and characterize
the surface coatings. This was an important task as it was necessary to demonstrate that
the coating was durable under boiling conditions and would function adequately under
severe accident conditions. To investigate the reliability of the metallic coatings, several
tests including abrasion tests, scratch tests, adhesion tests, and boiling tests, were done
on the sample coatings. The coatings were then examined with an optical microscope
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(usually at 100, 200 or 500X magnification) to view the porous structure. Although SEM
pictures provided better depth of field, optical microscopes provided a quick, convenient
way to investigate the surface coating. Another drawback of using an SEM was that it
limited the sample size, approximately 20 mm in diameter and 20 mm thick. Eventually
though, once acceptable coatings had been obtained, small samples were prepared for
the SEM to closely examine the microstructure.
By comparing the performance of the different coating compositions, it was found
that increasing the amount of OB-200 epoxy from 0.68 g to 2.72 g for every 10 ml of
solvent and 1.5 g of metallic powder greatly improved its durability in all the tests. This
was true for both types of metallic powder (i.e., aluminum and copper). This was not a
surprising result because increasing the amount of epoxy would increase the adhesion of
the metallic particles. The most significant improvement was in the scratch resistance
of the coating. For 0.68 g of OB-200, scratching results in the removal of the coating in
the affected area, revealing the underlying aluminum surface. By increasing the epoxy
content to 2.72 g, often only the topmost particles appeared to be damaged or deformed,
but very few or none were actually removed from the surface. There was also a marked
improvement in abrasion resistance. One possible drawback of having a large epoxy
ratio would be the blockage of the pores of the metallic matrix with epoxy. If this would
happen, boiling enhancement would intuitively decrease by a certain amount. Hence a
moderate epoxy ratio was used.
Both the copper and aluminum spray coatings, with 0.68 g of OB-200, performed
well in most abrasion and adhesion tests. After the boiling test, however, the appearance of the thick copper coating changed significantly. Several small white spots could
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be found and the dark brown colored coating had slightly faded. On the other hand, the
aluminum coating appearance was very much unchanged after one hour of continuous
boiling. Figure 3.10 shows the results of the different durability tests for the aluminum
coating. Regardless of solvent, application method or amount of epoxy used, the aluminum coating always resulted in a more durable coating. The aluminum microstructure
remained relatively intact, aside from the presence of some white spiked particulate on
the surface. On the other hand, the copper coatings were often damaged. In some cases,
a majority of the copper coatings was lost, leaving only some particulate of OB-200.
To further examine the microstructure of these sprayed coatings, small samples
were cut and then inspected using an SEM. Unlike an optical microscope, the SEM
provided a better depth of field, revealing a more detailed picture. Figure 3.11 shows
the variety of particle sizes present and the matrix interconnecting channels and pores
produced for both the aluminum and copper sprayed coatings. These characteristics of
the microstructure of the coatings were believed to greatly enhance the nucleate boiling
heat transfer and the CHF.
From the results of durability and characterization tests described above, the
following coating composition is highly recommended as it gave rise to the desired coating
microstructure and strength:
Having developed a durable coating composition and application method, the
next step was to conduct the quenching and steady-state tests to determine the effect of
micro-porous coating on both the nucleate boiling rates and CHF limits for downward
facing boiling on the outer surface of a hemispherical test vessels.
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Fig. 3.10. Durability Tests of Aluminum Coating
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Fig. 3.11. SEM Photos of Copper and Aluminum Spray Coatings
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Table 3.3. Optimized Coating Composition for ERVC

3.3

Metallic Powder

1.5 g (Aluminum)

OB-200 Epoxy

0.68 g (∼0.1 ml)

Solvent

10 ml MEK

Application Method

Spray Coating (20-50 psi Air Pressure)

Cure Time

2 hours @ 204 ◦ C

Enhanced Insulation Structure
Owing to the high decay power and the size of the lower head of an advanced

higher power reactor vessel, the rate of steam generation by the process of downward
facing boiling on the vessel outer surface could be very large during ERVC. Should the
bottleneck near the minimum gap of the annular channel between the lower head and the
insulation structure have a uniform gap size of ∼76 mm, as limited by the configuration
of the four shear keys in APR1400 design, it would not be possible to meet the required
steam venting rate under all postulated severe accident conditions. This is because for
a uniform minimum gap size of ∼76 mm, the available flow area at the bottleneck is too
small for effective steam venting. The resulting superficial velocity of the steam through
the bottleneck is too high that choking of the flow might occur.
To circumvent the above problem, it is proposed that an enhanced vessel/insulation
design be used that would substantially facilitate the process of steam venting through
the bottleneck. This can be done using a non-uniform gap size for the bottleneck by
opening the space available for steam venting in the circumferential locations away from
the four shear key positions. In so doing, the cross-section flow area of the annular
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channel at the bottleneck can be substantially increased, thus reducing the superficial
velocity of steam through the bottleneck. This would allow a much higher mass flow rate
of steam be accommodated through the bottleneck which in turn would greatly increase
the value of CLSV, i.e., enhance the choking limit for steam venting.
It should be noted that by facilitating the steam venting process using an enhanced
vessel/insulation design, not only the CLSV but also the CHF limit would increase.
Previous studies by Cheung et al. [21] have shown that the critical heat flux for the case
with insulation was consistently higher than the critical heat flux for the corresponding
case without insulation. This is because more flow could be induced along the vessel
outer surface for the case with insulation compared to the case without. By enlarging
the bottleneck at circumferential locations away from the four shear keys, the pressure
drop through the bottleneck could be reduced appreciably. As a result, more flow could
be induced when subjected to the same downward facing boiling conditions, which in
turn would lead to a higher CHF limit.

3.3.1

Selection of Insulation Structure Design
The enhanced vessel/insulation structure design that has been selected for the

present study is described in this section. Modelling of the buoyancy-driven upward
co-current two-phase flow through the annular channel of the enhanced design and a
scaling analysis of the resulting ERVC phenomena will be presented in Chapter 4 and
Appendix A. The enhanced vessel/insulation design with an enlarged bottleneck to be
used in conducting the ERVC experiments in the SBLB facility is shown in Figure 3.12.
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Fig. 3.12. Schematic of the Enhanced APR1400 Vessel/Insulation Design with Enlarged
Flow Area at the Minimum Gap Location
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The insulation structure in the enhanced ERVC design consists of three interconnected sections. These are the lower flow inlet section, the conical section, and the
upper outlet section. The lower inlet section is a relatively short section consisting of
a flow inlet cylinder with a bottom inlet plate in its lower end. The bottom plate has
numerous holes for water ingression while allowing the ICI nozzles to penetrate through.
The conical section comprises of a lower cone and an upper cone that are joined together
near the shear key position, as shown in Figure 3.13. The upper surface of the conical
section is tangent to the lower head at the shear key position. It is in the conical section that the cross-sectional flow area is being substantially enlarged to facilitate steam
venting, as discussed in detail later. The upper outlet section is a relatively long section
consisting of a flow outlet cylinder with slots near the top (see Figure 3.12) for the twophase mixture to exit from the annular channel. Because of the geometrical difference
between the lower head and the insulation structure, a bottleneck is present at the shear
key position. In addition, there is a sudden expansion in the cross-sectional flow area
at the vertical location between the conical and the upper outlet sections. At very high
steam venting rates, choking at the minimum gap location is a major concern.
A cross-sectional view of the annular flow areas in the upper and lower cones
is depicted in Figure 3.14. Section B-B is taken at the half height of the upper cone
whereas section C-C is taken at the half height of the lower cone. These two sections
are presented on the same scale in the figure for direct comparison. Although the two
sections are similar in shape, the available flow area is quite different, being considerably
larger in the upper cone than in the lower cone. As can be seen in the figure, both the
lower and the upper cones consist of four 60◦ circumferentially enlarged opening sections,
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Fig. 3.13. Close-up View of the Lower Part of the APR1400 Vessel/Insulation Design
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four 10◦ minimum gap sections at the four shear key locations and eight 10◦ transition
sections that smoothly connect the enlarged opening sections and the minimum gap
sections in the circumferential direction. The slope of the upper surface of the minimum
gap section (see Figure 3.15) at the four shear key locations is tangent to the lower head
surface. Note that the lower and the upper cones are different in the enlarged opening
sections. Whereas the enlarged sections in the lower cones are inclined at a constant
slope, the enlarged sections in the upper cones are vertically oriented, as can be seen in
Figure 3.15.

Fig. 3.14. Cross-Sectional View of the Flow Areas in the Upper and Lower Cones

There are seven essential geometric parameters that affect the local flow area, as
illustrated schematically in Figure 3-14. These geometric parameters include the radius
of the lower head, R1 , the radius of the upper insulation structure, R2 (=D2 /2), the
height of the lower part of the insulation structure, H1 , the radius of the bottom inlet
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plate, R3 (= D3 /2), the shear key position, θm , the minimum gap size at the shear key
position, δ, and the height of the conical section, H3 . Among these parameters, those
that have dominant effects on steam venting are R1 , δ , and θm . For a given set of
geometric parameters, the flow area distribution can be expressed as a function of the
elevation z and the detail expression can be found in Appendix D.

Fig. 3.15. Geometric Parameters for the APR1400 Vessel/Insulation Structure Design

3.3.2

Machining of Solid Model
Due to the unique design features of proposed thermal insulation structure as

shown in the figure 1.2, it is worthy mentioning the machine process from the raw
material to the final product. The major purpose of using an enhanced thermal insulation
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structure in this study is to improve the steam venting process within the annular flow
channel formed between the reactor vessel and the insulation structure. Thus, it is critical
to have a clear visual observation and record of the local two-phase flow behavior during
boiling experiments. As a result, the material for the insulation structure is limited to
be transparent. At the same time, based on the experience of previous boiling tests, the
material should also be able to stand relative high temperature and have low thermal
stress and deformation rate. Apparently, plexi-glass is the candidate material without
compromising the above requirements.
Beside the steady property, another advantage of using plexi-glass is the ease of
joining different parts together simply by applying a thin film of liquid acrylic cement on
the joint surfaces of different components. The non-conventional geometry of thermal
insulation makes it impossible to build the whole structure out of a single piece of plexiglass block. It is for this reason that a total of five parts are machined respectively prior
to joining them together. The five parts includes two cylindrical shells, one ring plate,
one cone structure and one circular plate with penetrating holes. The cylindrical shell
with larger diameter is for the upper outlet section while the one with smaller diameter
is the bottom inlet section. The ring plate connects the upper outlet section to the cone
section that covers the minimum location. The circular plate serves as the bottom plate
with many machined circular holes, which would let the water be sucked into the flow
channel and the ICI nozzles extend to the outside through them.
The non-uniform design of the cone section (as shown in the figure 3.16) presents
a great challenge for machining as shown in the figure 3.12. However, combining CAD
with Electrical Discharge Machining (EDM) system successfully accomplished the task.
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The work flow can be organized as the following. First, a scalable 3-D model was set
up using commercial CAD software SolidWorks. Then, an automatical machine process
program was generated based on the 3-D model, which is only readable by an EDM
system. After transferring this program to the EDM system, the machine bed initiated
the job on the horizontally fixed 2” thick plexi-glass plate and automatically cut the part
into the designed shape.

Fig. 3.16. Cone Section of Enhanced Insulation Structure

To relieve the vapor pressure above the free surface inside the flow channel and
recirculate the vapor to the condenser, two rows of six rectangular openings were created
on the upper end of insulation structure. Figure 3.17 shows the photo of final enhanced
thermal insulation structure that is in scale to the APR1400 advanced reactor.
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Fig. 3.17. Final Solid Model of Enhanced Insulation Structure
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3.4

Test Procedures
All boiling experiments performed in SBLB facility can be divided into two types,

quenching or steady-state, depending on the control mode of heat flux across the vessel
wall during experiments. For quenching experiments, heating of the hemisphere is initiated before submerging it into the water tank and there is no external interference with
the wall heat flux. However, for steady state experiments, the hemispherical vessel remained submerged throughout the experiment with wall heat flux controlled by a group
of variacs. For both quenching and steady-state experiments, before a run, the tank was
first filled with water to the desired level. A pump was then used to circulate the water
through a high-performance filter. This helped prevent water from becoming feculent
during the heating process and also removed any suspended particles within the water.
Then the immersion heaters were turned on to heat the water to a prescribed temperature. The following two subsections describes the test procedure for the quenching and
steady-state experiments respectively.

3.4.1

Quenching Experiments
After the average water temperature reach saturation or near-saturation (if sub-

cooling effect is investigated), heating of the hemisphere was begun. Before beginning
any heating, the Quicklog program used to monitor the hemisphere temperature was
started. The temperatures at different locations on the hemisphere were graphically
displayed on the computer monitor. To achieve an uniform temperature throughout the
body of hemishpere, three propane torches were used at a safe distance with continuous
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motion over the surface. The hemisphere was gradually heated up to temperatures from
240 to 400◦ C. In so doing, any damage to the coating or melting the aluminum can be
prevented. Meanwhile, the Quicklog program was closely monitored to ensure that no
hot spots were developing. Every 5 minutes or so, the heating was stopped for around 20
seconds to allow conduction to diffuse the heat. Heating was continued until a roughly
uniform temperature was reached.
Once the hemisphere has been heated to the initial quenching temperature, it is
then slowly lowered into the water. The vessel was lowered using the control rod and
was the signal to start logging the data on the computer. The stopper clamped onto the
control rod was preset in advance to allow the vessel to be submerged about 0.304 m
below the water level inside the tank. The lowering process typically took 2 to 3 seconds.
Several quenching experiments were conducted for both the plain and coated
hemispheres to check the consistency of results. The best data were then selected for
presentation and analysis.
After the quenching experiments for a particular coating application have been
completed, the hemisphere was sanded with #400 emery paper to remove the metallic
coating. It was then degreased and cleaned with MEK and once dry was ready to be
treated with a new coating application.

3.4.2

Steady-State Experiments
Figure 3.18 shows the steady state boiling experimental procedure that is em-

ployed in this study. Although the water tank of SBLB facility is well insulated to
minimize the convective heat loss, the water temperature is still observed to decrease
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gradually with time since the steady-state experiment requires a relatively long operation
period for one run. If the temperature fell below the desired value during an experiment,
one of the immersion heaters was turned on again to bring the water temperature back
up. Before power was supplied to the groups of cartridge heaters inside the vessel, the
water was given time to become completely quiescent to minimize the circulatory motion
caused by immersion heaters. In these tests, the water in the tank was maintained at
the saturation temperature. The power supply cables and the thermocouple wires were
then connected to the adjustable power suppliers and the data acquisition system, respectively. Each power supply circuit for a group of cartridge heaters was equipped with
a multimeter that allowed the voltage across and current through the adjustable power
suppliers to be measured. Next, the power sources to the adjustable power suppliers
were turned on and the variac and/or SCR were set to deliver the desired heat flux
level. At the same time, the temperatures at various locations inside the vessel wall were
monitored on the computer screen using the data acquisition program Quicklog from
Strawberry Tree Inc. Once steady state conditions were reached, the program Quicklog
was used to record the steady state temperatures at various locations of the vessel wall
and store them into a file for analysis.
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Fig. 3.18. Steady State Boiling Test Procedure
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Chapter 4

Mathematical Models

4.1

Steam Venting Model
During ERVC, a large amount of vapor masses would be generated as a result

of downward facing boiling of water on the vessel outer surface. Under the influence of
buoyancy, the vapor masses would flow upward through the annular channel between the
reactor vessel and the insulation structure. Because of the vapor motions, liquid water
would be entrained in the flow, thus resulting in a buoyancy-driven upward co-current
two-phase flow in the annular channel. For a given heat load (i.e., wall heat flux from
the core melt), the total mass flow rate of the two-phase mixture induced in the channel
represents a major unknown of the system. To determine this unknown quantity, an
upward co-current two-phase flow model has been developed in this work. The model
takes into account the wall heat flux level, the geometry of the enhanced vessel/insulation
design, the local variation of the cross-sectional flow area, and the pressure drops through
various segments of the channel.

4.1.1

Mass Conservation
Under steady state downward facing boiling condition, the conservation of mass

requires that the total induced mass flow rate, m, be constant in the annular channel,
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i.e.,
m = mv + ml = constant

(4.1)

where the vapor mass flow rate, mv , and the liquid mass flow rate, ml , are given respectively by
mv = ρv Av uv = αρv uv A

(4.2)

ml = ρl Al ul = (1 − α)ρv uv A

(4.3)

In the above equations, ρv and ρl are the vapor and liquid densities; uv and ul are
the vapor and liquid velocities; Av and Al are the cross-sectional areas occupied by the
gas and liquid phases, respectively; A is the total cross-sectional flow area of the channel;
and α is the local void fraction. The latter is defined as the fraction of flow area occupied
by the gas phase in the flow channel. Because the primary quantity of interest is the
total mass flow rate induced by the downward-facing boiling process, not the detailed
flow behavior in the channel, the problem is formulated by assuming a one-dimensional
two-phase flow. Accordingly, the local void fraction α can be calculated from the fraction
of flow area occupied by the gas phase at a given flow channel cross section.

α=

Av
;
A

1−α=

Al
;
A

A = Av + Al

(4.4)
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4.1.2

Energy Conservation
An energy balance on the two-phase mixture over the cross-sectional flow area at

a given elevation z in the annular channel yields
µ

1 dQ dW
−
m dz
dz

¶

·

¸

·

¸

du2v
u2l
d
d
=
xhv + (1 − x)hl +
x
+ (1 − x)
+ g sin Ω
dz
dz
2
2

(4.5)

where Ω is the local angle of inclination of the channel, dz is the local length of the
annular channel measured from the bottom plate, and x the quality of the two-phase
mixture.
In equation 4.5, the first term on the right hand side represents the enthalpy
change; the second term represents the change of kinetic energy and the third term
represents the change of potential energy. Compared to the latent heat of vaporization,
the changes of kinetic energy and potential energy are negligible. The second term on
the left hand side is zero because there is no work done through the boundary. Under
saturated boiling conditions, the energy equation can be simplified to:

1 dQ
d
=
[xhv + (1 − x)hl ]
m dz
dz

(4.6)

with x = 0 at z = 0 and with the induced mass flow rate, m, being a constant, the above
equation can be integrated to give
πD12
Q
x=
=
mhlv
2mhlv

Z θ
00
0

qw sin θdθ

for H1 − R1 ≤ z ≤ H1

(4.7)
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00
where qw
is the local wall heat flux at the angular location θ on the outer surface of the

reactor lower head.

4.1.3

Momentum Conservation
By performing a momentum balance, the following momentum equation for the

two-phase mixture over the cross-sectional flow area at a given elevation z in the annular
channel can be derived (Carey, [12]):

−

dP
dz

µ

=

P dA
dP
− φ2lo
A dz
dz

¶
lo

+ [(1 − α)ρl + αρv ]g sin Ω

·

¸

1 d G2 x2 A G2 (1 − x)2 A
+
+ Φloss
+
A dz ρv α
ρv (1 − α)

(4.8)

where G is the local mass velocity. In the above equation the first term on the RHS is
the pressure drop due to the change of the cross-sectional flow area. For the APR1400
configuration, this term could be of importance because of the large variation in the
flow area especially near the minimum gap. The second term on the RHS is the frictional pressure drop expressed in the term of the two-phase multiplier from the following
relation
·

(dP/dz)f r
φlo =
(dP/dz)lo

¸1/2

(4.9)

where the subscript lo denotes the frictional pressure gradient that would result if liquid
only flowed through the channel at the same total mass flow rate m and the subscript fr
denotes the actual frictional pressure drop for the two-phase mixture. The third term on
the RHS is the pressure drop due to the gravitational effect, i.e., the buoyancy force acting
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on the control volume. The fourth term represents the acceleration (or deceleration) of
the flow through the annular channel. The last term represents inlet/exit losses and
sudden contraction-expansion losses at discrete locations along the flow channel.
The fictitious single-phase pressure gradient for the entire flow as liquid can be
evaluated by the following equation:
µ

−

dP
dz

¶

=
lo

2flo G2
ρl Dh

(4.10)

where the friction factor flo can be determined by
µ

GDh
flo = 0.079
µl

¶−0.25

(4.11)

The two-phase multiplier φl needs to be determined to complete the description of
the frictional pressure drop term. This quality can be related to the two-phase multiplier
φl given by
·

φl =

(dP/dz)f r
(dP/dz)l

¸1/2

(4.12)

where l represents the frictional pressure gradient that would result if the liquid flowed
alone through the channel at the liquid mass flow rate of G(1 − x)A.
Based on the above expressions, φ1o and φ1 can be related to each other by
φ2lo
(dP/dz)l
=
2
(dP/dz)lo
φl

(4.13)
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The two-phase multiplier φ1 can be determined from the correlation given by
Carey [12] for upward co-current two-phase flow
µ

21
1
φl = 1 +
+ 2
Xtt Xtt

¶1/2

(4.14)

where Xtt is the Martinelli parameter, which is given by
µ

Xtt =

4.1.4

ρv
ρl

¶0.5 µ

µl
µv

¶0.125 µ

1−x
x

¶0.875

(4.15)

Two-Phase Void Fraction
To calculate the total pressure drop, the void fraction needs to be predicted based

on the local flow conditions. Butterworth [96] proposed a general void-fraction correlation in the form
·

α = 1 + BB

µ

1−x
x

¶n1 µ

ρv
ρl

¶n2 µ

µl
µv

¶n3 ¸−1

(4.16)

For the case of ρv = ρl and µv = µl , the void fraction should be equal to the
quality, which implies that BB and n1 should equal to unity in the correlation. Both
Zivi’s [99] and Thom’s [97] correlations are applicable to the downward facing boiling
process under consideration. Accordingly, the ranges for n2 and n3 are 0.67 ≤ n2 ≤ 0.89
and 0 ≤ n3 ≤ 0.18. These ranges of values will be used in the numerical calculations.

4.1.5

Other Pressure Drops
There are additional pressure drops associated with sudden contraction at z = H2 ,

sudden expansion at z = H2 +H3 , and inlet/outlet losses φ1oss . The sum of these pressure
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drops is collectively accounted for by the term, in equation (4-17) that is given in the
following form
Z H
0

φloss dz =

4
X
i=1

µ

Ki

¶

µ

4
X
1
G2
2
ρu
=
Ki
2 i i
2ρi
i=1

¶

(4.17)

where Ki is the loss coefficient having a value of ∼0.4.
Figure 4-1 depicts the calculational segments and the indexing scheme employed
in the numerical calculations. Note that the flow area is discontinuous due to expansion
and discontinuity of the geometry structure. This flow area distribution characteristic
requires the pressure drop be evaluated for each section of the channel. Six flow sections
are constructed according to the value of elevation as shown in the figure. The numerical
grid is generated along the two-phase flow direction. The pressure and other quantities
of the two-phase flow are calculated at the bottom and upper boundaries of the grid
and these quantities are treated as constant throughout the grid. A very fine grid
size, compared to the dimensions of the entire geometry, is employed in the numerical
calculations. The system of governing equation is discretized to fit into the assigned
control volumes. A numerical calculational scheme is then developed accordingly.

4.2

Hydrodynamic CHF Model for a Coated Hemispherical Vessel
A number of phenomenological theories have been put forth to explain the CHF

enhancement by using porous-layer coatings. The observed enhancement with porouslayer coating is attributed to several effects: capillary pumping action on the liquid
supply flow, increased number of nucleation sites, extended heat transfer surface area and
the availability of the vapor escape paths from the porous coating adjacent to the liquid
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pool. Although several models are available to predict the CHF value for upward-facing
surfaces, virtually no theoretical studies have been completed for CHF enhancement
on downward facing surfaces with porous-layer coatings. In all CHF models for an
upward-facing surface the liquid path is proposed as vertical columns or stacks from
the porous-layer coating to the vapor film, leading to two independent liquid choking
mechanisms. One is based on Zuber hydrodynamic theory and the other one is based
on the viscous drag surpassing the available capillary pumping within the porous layer
(Liter and Kaviany, [81]). However, the above models can not be applied to the present
work, as the liquid path is different due to the orientation of the downward facing surface.
The rate of liquid supply is determined not only by the portion from the upward twophase boundary layer flow but also by the capillary pumping flow within the porous
media along the curved surface to the evaporation site. In another words, the limit of
CHF would not be reached unless the sum of these two liquid supply mechanisms is not
sufficient to maintain nucleate boiling under certain heating conditions.
In this study, a hydrodynamic CHF model is developed for downward facing
boiling on a hemispherical vessel with a micro-porous coating layer, taking full account
of the capillary effect of the vessel coating. Spatial variation of the local CHF limit on
the vessel outer surface predicted by the model is compared with the experimental data
recently obtained by Dizon et al. [122] and Yang et al. [123].
As described in Figure 4.1, there are three layers of interest. These include the
thin surface coating sublayer, a liquid sublayer and a buoyancy-driven two-phase boundary layer. The surface coating sublayer refers to the micro-porous layer adjacent to the
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heating surface with liquid artery and vapor generation sites. The liquid sublayer corresponds to the layer underneath an elongated vapor slug growing over the surface coating.
This liquid sublayer consists of a continuous liquid film with numerous micro-vapor jets.
The buoyancy-driven two-phase boundary layer corresponds to the external buoyancydriven two-phase boundary layer flow region. A detailed analysis of the flow and heat
transfer for each layer is given below.

Fig. 4.1. Schematic of the Sublayers Underneath an Elongated Vapor Slug

4.2.1

Behavior of the Porous-Layer Coating
The flow paths to an evaporation site within the porous-layer coating are critical

to the occurrence of the CHF. Accurate description of the flow paths is not possible at this
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time, as the extremely complex liquid-vapor flow during downward facing boiling within
the porous-layer coating is not well understood. The difficulty of visually observing the
phenomenon within the thin coating hinders the understanding of the phenomenon. In
this work, some simplifying assumptions are made regarding the flow paths in order to
make the study of the CHF possible. First, it is assumed that there is complete phase
separation within the coating where the vapor escapes from the void formed among the
metal particles (see SEM photo of aluminum surface coating in Figure 3.11).
Second, when the local void shown in Figure 3.11 is taken as the local representative elementary volume, this smallest differential volume will result in statistically
meaningful local average properties. Adding extra pores (extra volume) around the representative elementary volume will not change the values of the local volume-averaged
properties such as temperature and liquid velocity.
The liquid flow is idealized as entering toward the bottom of the porous layer,
and then flowing along the surface matrix to the vapor generation zone. The vapor
pressure is assumed to be constant at the saturation pressure everywhere in the system.
As the process of depletion of capillary-assisted liquid supply approaches the critical
condition, some deviations from the Darcy law are assumed. These deviations are due
to the inertial contribution to the momentum balance. At any liquid supply velocity,
the sum of the body force contribution, viscous contribution and inertial contribution
make up the momentum balance for the flow. To account for the inertia effect, the
pressure drop in the liquid through the porous coating is considered being governed by
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the Darcy-Ergun momentum relation (Kaviany, [16]):

∇Pl = ρl g sin Ω −

µl
CE
hul,p i − 1/2
ρl |hul,p i|hul,p i
K
K

(4.18)

where hul,p i is the magnitude of the volume-averaged liquid velocity vector through
the liquid saturated region within the micro-porous coating layer. The hul,p i describes
the liquid supply motion toward the vaporization sites driven by local capillary-induced
pressure gradient. K is the media permeability, CE stands for the Ergun coefficient, and
K 1/2 is used as the length scale. The quantity Ω indicates the angular location measured
from the bottom center of the curved heating surface. The coefficient CE represents
deviation from the Stokes flow and the flow direction effect. Here the scalar form of CE
is used assuming that the angle between the direction of the pressure gradient of interest
and the flow direction is zero. The Carmen-Kozeny model is used for the permeability,
which predicts the value of K for packed beds reasonably well. This gives

K=

ε3 d2
180(1 − ε)2
µ

CE =

0.018
ε3

(4.19)

¶1/2

(4.20)

The porosity of the coating ε is assumed to be independent of the presence of a
pressure gradient for the rigid surface coating matrices of interest. Although there are
some porosity measurement techniques available, in this study photography is chosen
because the length scale in the tangent direction of the matrix is much larger than the
scale in the radial direction. By comparing the sum of areas of solid to the sum of areas
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of void, the porosity of the coating ε can be determined. The metallic particle diameter
d is equal to 50 µm in this study, as shown in Figure 3.11, and the coating porosity is
about 0.4.
The coexistence of liquid and vapor within the voids of the micro-porous coating
gives rise to capillary forces. As interfacial tension exists on the boundary between
two phases in a pore space, the interface is curved and there is a capillary pressure
difference across the interface. There is a maximum sustainable pressure drop across
the characteristic length of the coating, which is assumed to be equal to the capillary
pressure, i.e.,
Pmax = Pg − Pl =

2σ
Rc

(4.21)

where σ is the surface tension and Rc the radius of curvature of the interface.
Luikov [124] derived an expression for the largest minimum pore diameter Rc of
a system consisting of uniform spherical particles of small radius. With cubic packing,
the largest minimum pore diameter has been determined as

Rc = 0.41

d
2

(4.22)

For a porous medium made of spherical metallic particles of d=50 µm, this will
give:
Pc =

4σ
= 11.473 kP a
0.41d

(4.23)

Leverett [125] defined a reduced capillary pressure function, which was subsequently named the Leverett J-function and used for relating the liquid saturation, media
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porosity and media permeability to the capillary pressure through the equation

Pc = J(s)

σ
(K/ε)1/2

(4.24)

In the above relation, J(s) is the Leverett function. For the maximum capillary
pressure, the Leverett function is represented by a constant number CJ . According to
Liter and Kaviany [81], Schiedeggar [126] determined the value of CJ = 0.523 from the
data presented by Leverett. Udell reported a value of 0.56 [45]. By utilizing the results
of Luikov [124] shown in Equation 4.23, CJ would be 0.48 for the particle size of 50
µm which is in good agreement with the available data. In the subsequent analysis, the
following equation is used to calculate the capillary pressure

Pc = CJ

σ
(K/ε)1/2

(4.25)

The maximum liquid velocity within the porous media is obtained through the
momentum balance given by equation 4.18 along with the available capillary force given
by equation 4.25. The liquid supply velocity below the critical condition within the
porous media can be linearly related as a fraction of this maximum velocity, where the
ratio is determined by the media geometric parameters. Inserting equation 4.25 into
equation 4.18 one can explicitly solve for hul,p i:

−

CJ σ
CE
µ
= − l hul,p i − 1/2
ρl hul,p i2
1/2
K
(K/ε) lm
K

(4.26)
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K 1/2
hul,p i =
2CE ρl

·µ 2
µ

l
K2

4C ρ C σ
+ 1/2 E l J1/2
K (K/ε) lm

¶1/2

µ
− l
K

¸

(4.27)

where lm is the characteristic length for the porous medium. In deriving equation 4.27,
the effect of gravity is assumed to be negligible since the capillary effect dominates the
liquid pumping liquid pumping through the micro-porous layer coating, which is shown
by the experimental results for test vessel at different sizes. In terms of the characteristic
length, l, of the vapor slug (see Figure 4.1), the net flow cross-sectional area Ap can be
expressed by
Ap ∼ εδp l

(4.28)

where δp is the thickness of the porous-layer coating.
It follows that the local rate of liquid supply, mp , from the porous-layer coating
to the heating surface is given by

mp = ρl Ap hul,p i

4.2.2

(4.29)

Behavior of the Liquid Sublayer
Cheung and Haddad [120] combined the Helmholtz wavelength analysis (Carey,

[12]) with the Haramura and Katto’s statement [119] that the micro-layer area ratio is
a function of the density ratio to relate the liquid sublayer thickness, δm , to the relative
velocity between the vapor jets and the liquid:
µ

δm = C1 λH

¶

ρg
2C1 πσ
=
1+
|hvg i − hvl i|−2
ρg
ρl

(4.30)
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and
µ

¶

hvg i
ρ Aw
= l
−1
hvl i
ρg Av

(4.31)

where Av is the surface area occupied by all the vapor jets, and Aw is the total heating
surface underneath the porous layer coating. The quantities hvg i and hvl i represent the
local vapor jet and liquid velocities, respectively. According to the finding of Haramura
and Katto [119], we have:
µ

ρg
Av
= C2
Aw
ρl

¶1/5

(4.32)

Combination of equation 4.30, 4.31 and 4.32 gives:
µ

δm = C3 σρg 1 +

ρg
ρl

¶µ

ρg
ρl

¶0.4 µ

hf g
qN00 B

¶2

(4.33)

The net flow area across the liquid sublayer can be expressed by:

Am ∼ δm l

(4.34)

Thus the local rate of liquid supply, ms , from the two-phase boundary layer to
the liquid sublayer is given by:
ms = ρl hul iAm

4.2.3

(4.35)

Occurrence of the local CHF
The local critical heat flux limit is reached when the liquid supply from the two-

phase boundary layer through the liquid sublayer and the micro-porous coating to the
heating surface is not sufficient to prevent local boil-dry of the liquid film. This process
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comprises two steps. In the first step, the vapor slug moves toward the surface-coating
sublayer as a result of the depletion of the liquid sublayer. In the second step, depletion of
the capillary-assisted liquid supply in the micro-porous coating initiates the local dryout
process. This marks the occurrence of the local CHF that leads to an abrupt increase in
the local temperature of the heating surface. From equation 4.29 and 4.35, an expression
for the local critical heat flux can be obtained by setting the sum of mp and ms equal
to the local rate of the liquid depletion at the local CHF:
00
qCHF
Aw
K 1/2
= ρl hul iδm l + ρl
hf g
2CE ρl

·µ 2
µ

l
K2

4C ρ C σ
+ 1/2 E l J1/2
K (K/ε) lm

¶1/2

¸

µ
− l εδp l
K

(4.36)

From the two-phase boundary layer flow observations by Cheung and Haddad
[127, 128], the characteristic length l, is found to be proportional to the local two-phase
boundary layer thickness, δo , in the bottom center region, i.e.

l = C4 δo

(4.37)

where C4 is a constant having a value very close to four along the curved heating surface.
As discussed by Cheung and Haddad [127, 128], the CHF point is a continuation of the
nucleate boiling regime in the high heat flux region. Helmholtz instability is acting
upon the micro-vapor jets throughout the entire high heat flux nucleate boiling regime
including the CHF point. Hence, equation 4.33 should be applicable to the CHF limit.
00
By setting qN00 B equal to qCHF
, the following equation is obtained for the occurrence of
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CHF:
00
00
A(qCHF
)3 − B(qCHF
)2 − C = 0

(4.38)

where the coefficients are given by
A=

B=

K 1/2
2CE

·µ 2
µ

l
K2

+

Aw
hf g

(4.39)

4CE ρl CJ σ
1/2
K (K/ε)1/2 lm
µ

C=

ρl hul iC4 C3 δo σρg h2f g

¶1/2

ρg
1+
ρl

¸

−
¶µ

µl
εδp C4 δo
K

ρg
ρl

(4.40)

¶0.4

(4.41)

The quantity, hul i in equation 4.41 can be determined from the following twophase boundary layer flow analysis.

4.2.4

Behavior of the Two-Phase Boundary Layer
During the heating process, a large amount of vapor masses would be generated

as a result of downward facing boiling of water along the heating surface. Under the
influence of buoyancy, the vapor masses would flow upward above the curved outer
surface of the vessel. The ambient liquid water, which is saturated and quiescent initially,
would be entrained by the vapor flow, thus resulting in a buoyancy-driven upward cocurrent two-phase flow along the boundary layer.
To develop a comprehensive analytical model for the liquid-vapor two-phase flow
is not necessary as the main focus here is the local heat transfer enhancement by the
micro-porous layer coating. According to Carey [12], a simplified system of governing
equations with the ability to provide an accurate assessment of the local quantity, hul i,
in equation 4.41 is used in this study. Although information regarding the local behavior
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of the flow is lost in doing so, the model provides the required information for predicting
the local CHF value. A schematic of the two-phase boundary layer is given in 4.2.

Fig. 4.2. Schematic of the Two-Phase Boundary Layer Along the Coated Vessel

The momentum for the vapor-liquid mixture in the two-phase boundary layer is
governed by the following differential equation.

d
dθ

½·

¸

¾

ρg αu2g + ρl (1 − α)u2l δ sin θ = αδRg(ρl − ρg ) sin2 θ − (τw − τi )R sin θ

(4.42)

where τw and τi represents the wall and the interfacial shear stresses. These quantities
are given by Cheung and Epstein [129]:

τw + τi = 0.5Cf [αug + (1 − α)ul ][ρg αug + ρl (1 − α)ul ]

where Cf is a friction coefficient having the value of 0.005.

(4.43)
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The mass flow rate across the thickness of the two-phase boundary layer is governed by the following differential equation:

d
[(1 − α)ul δ sin θ] = jl R sin θ
dθ

(4.44)

where jl is the net liquid velocity entrained from the ambient fluid into the two-phase
boundary layer at θ. In this case, jl only represents the liquid mass swept into the
boundary layer by the upward motion induced by vapor generation, excluding the portion
of liquid mass depletion due to boiling on the heating surface. Similarly, the vapor mass
across the thickness of the two-phase boundary layer under saturated boiling conditions
at a given location θ is governed by the following equation:
q 00 R sin θ
d
[αug sin θ] = CHF
dθ
ρg hf g

(4.45)

In equation 4.45, the heat flux is set equal to the local CHF value so that the local
vapor and liquid velocities would correspond to those appearing in equation 4.41. Note
that the local CHF condition gives rise to the maximum local vapor/liquid velocities and
boundary layer thickness that can possibly be developed at a given downstream location.
It is necessary to have the relative velocity between the liquid and vapor phases
to close the governing system. This is obtained by assuming that once the vapor mass
departs from the heating surface, it would attain its terminal rise velocity relative to the
liquid phase in the two-phase boundary layer (Wallis, [130]). Accordingly, the relative
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velocity is given by:
·

σg sin θ(ρl − ρg )
ug = ul + 1.53
ρ2l

¸1/4

(4.46)

Equations 4.42 to 4.46 complete the governing system for the buoyancy-driven
external two-phase boundary layer flow.

4.2.5

Initial Conditions and the Universal Constants
To solve equations 4.38-4.46 simultaneously for the spatial variation of the local

CHF, it remains necessary to determine the initial value of the two-phase boundary layer
thickness at the bottom center of the vessel. To do so, the vapor mass that forms in
the bottom center region needs to be considered. The initial location is chosen as the
bottom center surface at a small θo away from the vertical axial. Since θo ¿ π/2, the
00
local critical heat flux can be treated as a constant equal to (qCHF
)o . The vapor velocity

leaving initial location, ugo , can be determined from a mass balance:

1
ρg ugo α(2πRδo sin θo ) =
hf g

Z θ
o
00
0

qCHF 2πR2 sin θdθ

(4.47)

This leads to
·

ugo

00
(qCHF
)o 1 − cos θo
=
αρg hf g
sin θo

¸µ

R
δo

¶

(4.48)

From equation 4.46, it can be shown that
·

σg sin θo (ρl − ρg )
ulo = ugo − 1.53
ρ2l

¸1/4

(4.49)
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Based upon the vapor dynamics observed by Cheung and Haddad [127, 128], the
aspect ratio of the vapor mass is very close to four, i.e., C4 = 4 in equation (21). There
is another universal constant, C3 , that needs to be determined from experimental data.
To do this, the vapor dynamic and the local CHF limit at θ = θo observed by Dizon
et al., [122] are employed. The occurrence of the local CHF limit in the bottom center
region is the result of liquid depletion within the liquid sublayer and the microporous
coating all together before the departure of the vapor mass from the heating surface.
The mass of the liquid sublayer is ρl δm (Aw − Av) whereas the mass of liquid hold up in
the microporous coating under the same heating area is ρl δp εAw . The total rate of the
nucleate boiling heat transfer is qN00 B . The observed duration of the vapor ejection cycle
is ∆tv , as such local dryout would occur if qN00 B Aw ∆tv /hf g becomes equal to or larger
than the mass of the total liquid available in the bottom center region. Thus, the local
CHF limit at the bottom center is given by
µ

·

hf g
A
(qCHF )o =
ρδ 1− v
∆tv l m
Aw

¶

00

¸

+ ρl δp ε

(4.50)

where δm is given by equation 4.33. This leads to

C3 =

00
(qCHF
)o ∆tv /hf g − ρl δp ε

µ

ρl σρg 1 +

ρg
ρl

¶µ

ρg
ρl

¶0.4 ·

hf g

¸2

(4.51)

00
(qCHF
)o

where the term involving the area ratio has been ignored since Av /Aw ¿ 1.
According to the experimental observations reported by Dizon et al., [122] and
Cheung and Haddad [127, 128], the duration ∆tv was found to be 0.2s whereas the local
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CHF limit was 0.85 MW/m2 . Using the properties for water at one atmospheric pressure,
the value of C3 is calculated to be 0.00141.

4.2.6

Numerical Calculations
Equations 4.38-4.46 form a complete set of coupled equations governing the local

variations of the CHF, q 00 CHF , the vapor and liquid velocities ug and ul , respectively, the
two-phase boundary layer thickness, δ, and the void fraction, α. The liquid entrainment
rate, jl in equation 4.44 is needed to solve this set of equations, however, no experimental
data or relation on the liquid entrainment for such case is available to date. To circumvent
this difficulty, the local void fraction in the two-phase boundary layer is postulated to be
a constant value as the CHF limit is approached on the heating surface. This postulation
has been justified by Cheung and Haddad [120] based on their experimental observations
[127, 128]). According to the experimental data of Cheung and Haddad [127, 128]), α
is set equal to 0.915. Thus, equation 4.44, which contains the liquid entrainment term,
can be eliminated from the governing system. The remaining unknown quantities (i.e.
00
qCHF
, ug , ul and δ) can be determined from equations 4.38-4.43 and 4.45-4.46 through

numerical calculations.
00
To update the local value of qCHF
, ug , ul and δ, control volumes are assigned

to distribute evenly along the curved heating surface starting from the bottom center
00
region to the hemisphere equator. With initial values of qCHF
, ug , ul and δ, which

are determined and discussed in the previous section, equations 4.42 and 4.45 could be
numerically integrated over the control volumes, however, the local CHF limit is updated
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through the following implicit relation derived from equations 4.38:
s

C

00

qCHF =

Aq 00

CHF

−B

where A, B and C are given by equation 4.39-4.40.

(4.52)
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Chapter 5

Results and Discussions

In this chapter, the experimental data, including the local downward-facing boiling rate and local CHF limits, obtained from both quenching and steady-state boiling
tests are presented in the forms of either local temperature history or boiling curves.
Nucleate boiling rates are then correlated against local wall superheat at all test locations. As the highest cooling rate observed in the quenching experiments, and at the
same time, the upper limit of local nucleate boiling rate recorded in the steady-state
tests, the local CHF limits are plotted against the angular location to show the spatial
variation of CHF limits under the influence of the local two phase boundary layer, which
itself is governed by the level of local boiling rate and the flow channel geometry if an
insulation structure is used. In addition to the data plots, correlations for CHF limits in
terms of the angular location are also developed for different ERVC scenarios. From the
measured data, the enhancement effect of different surface coatings could be identified by
comparing the local boiling curves for the case with and without surface coatings. Based
on such comparisons, three CHF enhancement factors are correlated to provide scalable
results that would be applicable to advanced reactor vessels with different dimensions.
By introducing five dimensionless local quantities, numerical results from the
calculations of the CHF model with surface coatings are summarized in the following
sections. Special consideration is given to the variation of vessel size, where certain
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extreme large or small vessels can only be possible in such numerical investigations. As
a result, comparisons of local characteristic quantities between different vessel sizes are
made. Several conclusions are drawn at the end and the vessel size effect on the local
quantities are then determined.

5.1

ERVC Test Results

5.1.1

Results of Quenching Experiments

5.1.1.1

Transient Quenching of a Plain Hemispherical Vessel

To provide a baseline case for comparison, quenching experiments were first conducted using a plain hemispherical vessel without coating. Figure 5.1 shows a typical
cooling curve for the plain vessel. This temperature-time history curve shows the transition from film boiling to transition boiling, up to the CHF point, and then nucleate
boiling. The location of the CHF point was slightly above 150◦ C, where there was an
abrupt change in the slope of the curve.
Visual observations were made during quenching. As the vessel entered the water,
a stable vapor film blanket developed. This vapor blanket could last from around 10 to 15
seconds, depending on the initial temperature. As the wall temperature decreased, the
film became wavy, indicating the onset of transition boiling. The CHF point was marked
by a sudden presence of large vapor masses and large bubbling. Nucleate boiling then
concluded the process. It should be noted that CHF always occurred first at the higher
θ locations (near the equator). Transition boiling then progressed towards the bottom
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Fig. 5.1. Typical Cooling Curve for Plain Vessel

center. These observations are essentially the same as those reported by Haddad [131]
for plain hemispherical vessels.
Figure 5.2 shows the local boiling curves at different angular positions on the
vessel outer surface. The lowest CHF was observed at the bottom center having a value
around 0.45 MW/m2 . The local CHF limit increased monotonically with the angular
position and had a value consistently higher by up to 10% than Haddad’s results (Haddad, [131]). This slight difference could be attributed to the water conditions employed
in the tests and the uncertainties in the thermocouple contact resistance. From the
boiling curves obtained, it was noted that there were some instances where the temperature readings fluctuated slightly. These small errors caused some dispersal in the boiling
curves constructed. Despite these uncertainties, temperature readings and calculated
CHF values were repeatable and the general trends in CHF values, cooling and boiling
curves were consistent. Note that the corresponding local wall superheats were in the
range of 50 to 60◦ C, similar to those reported by Haddad [131].
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Fig. 5.2. Boiling Curves at Different Angular Locations on a Plain Vessel

5.1.1.2

Transient Quenching of an Aluminum Coated Hemispherical Vessel

Having obtained the baseline values, the plain hemispherical vessel was replaced
by an aluminum-coated hemispherical vessel. The coating was made from 50 µm diameter (nominal) aluminum particles. Typically, around 400 to 500 ml of coating mixture
was used to fully coat the vessel. Figure 5.3 depicts a typical cooling curve for the
coated vessel. By qualitatively comparing the cooling curves for plain and coated surfaces, Figures 5.1 and 5.3, a steeper cooling curve was observed for the coated surface.
This indicated a higher CHF value for the same angular position.
Aside from the cooling curves, there were also distinct differences in the observed
hydrodynamic behavior (i.e., bubble dynamics) between the plain and coated surfaces.
During transient quenching of the coated hemispherical vessel, a loud bubbling noise was
heard as the vessel entered the water. This noise was accompanied by vibrations caused
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Fig. 5.3. Typical Cooling Curve for Aluminum Coated Vessel

by the liquid-vapor interaction. For plain surface quenching, this phenomenon was never
observed during any of the experimental runs, regardless of the initial temperature. It
became apparent that the violent bubbling and noise at the start of quenching was unique
to the coated hemispherical vessel. It was speculated that the strong capillary action at
the coating-liquid water interface was responsible for this phenomenon.
Another important observation was that even at a high initial temperature, the
vapor film surrounding the vessel was short lived, with film boiling transforming to
transition boiling much faster. Typically, film boiling for plain surfaces could last for
10 to 15 seconds before transition boiling began. However, even at the same initial
temperature, transient quenching for coated surfaces was characterized by a short lived
film, and a rapid transition to the CHF point and then nucleate boiling. The reason for
this observed behavior became clearer after the boiling curves were constructed.
Figures 5.4 to 5.8 compare the local boiling curves for the plain and coated surfaces
at various angular locations. For all angular positions, the boiling curves for the coated
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surface were consistently higher than those for the plain surface. The CHF values for
the micro-porous coated vessel were around 40 to more than 100% higher. The boiling
curves were also consistently shifted to the right, indicating higher wall superheats at
which CHF occurred. This was the reason why for the same initial temperature, the film
boiling on coated surfaces was much more short lived as compared to the plain surface.
Note that in some of the curves, the experimental uncertainties caused slight fluctuations
in the temperatures recorded. Thus, not all the curves display a smooth profile, with
some erratic peaks or dips present. Despite this, the trend for all curves was found
consistent in all the runs. The coated vessel always resulted in higher CHF values and
all the curves were shifted to the right. The corresponding local wall superheats were in
the 100◦ C range.

Fig. 5.4. Boiling Curves at θ=0◦ for Plain and Aluminum Coated Vessels
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Fig. 5.5. Boiling Curves at θ=14◦ for Plain and Aluminum Coated Vessels

Fig. 5.6. Boiling Curves at θ=28◦ for Plain and Aluminum Coated Vessels
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Fig. 5.7. Boiling Curves at θ=42◦ for Plain and Aluminum Coated Vessels

Fig. 5.8. Boiling Curves at θ=70◦ for Plain and Aluminum Coated Vessels
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The increase in the CHF and shift in the boiling curves could be due to the porous
nature of the coating (see Figure 3.11) that apparently improved the liquid supply to
the heated surface. Not only did fluid get sucked into the coating in the radial direction,
but it was also drawn in laterally through the sides. This porous nature of the surface
coating became more apparent when it was observed how water would effectively spread
from one location to another on the surface. It was found that with a dry, cool coating,
drops of water placed on a small spot of the surface quickly spread over a large area.
In other words, the surface coating behaved like a thin sponge, spreading the liquid.
With the improved liquid supply at the phase change region, dry out occurred at a
much higher wall superheat. This was the reason for the shift in the boiling curve to the
right. Because the porous coating delayed the formation of a vapor blanket by promoting
nucleate boiling, the CHF limit therefore increased.
Figure 5.9 is a composite plot of the boiling curves for different locations, while
Table 5.1 summarizes the results of the experiments on plain and coated hemispherical
vessels. The data reported by Haddad [131] for plain surfaces are also presented for
comparison.
By plotting the results in Table 5.1, the variation of CHF with angular position
can be illustrated, as in Figure 5.10, where θ in the CHF correlation is given in radians.
From Figure 5.10, it can be seen how closely the results from the present study match
those obtained earlier by Haddad [131]. Although the exact values of CHF and wall
superheat were different, the trend was the same for both studies. For plain surfaces,
the CHF value increased from the bottom center towards the equator. Unlike the linear
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monotonic variation of CHF with angular position for the plain surface, the coated
hemispherical vessel had a much different behavior.

Fig. 5.9. Boiling Curves at Different Angular Locations on the Coated Vessel

The most notable observation for vessels with surface coatings was the higher
CHF value at the bottom center, θ = 0◦ , as compared to the θ = 14◦ or 28◦ locations.
The higher CHF at the bottom center was believed to be attributed to the nature of the θ
= 0◦ location. The bottom center could be thought of as a singularity point, where there
was liquid supply from all radial directions. As the hemispherical vessel was submerged
in the water, the porous coating allowed liquid to be supplied from all directions within
the porous coating structure. This helped prevent dryout at the bottom center, thereby
increasing the CHF value. On the other hand, for other angular locations away from the
bottom center, liquid supply was possible only through a longitudinal direction, i.e. from
above and below, since in the latitudinal direction, there was minimum liquid supply due
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Table 5.1. Summary of the local CHF limits at Various Angular Locations for Plain
and Coated Vessels (Tsat = 100◦ C)
Plain Surface

Present

Plain

Coated

CHF

Haddad [131]

Study

Surface

Surface

Increase
%

Location

CHF @ Tw

Location

CHF @ Tw

CHF @ Tw

(θ)

(MW/m2 @◦ C)

(θ)

(MW/m2 @◦ C)

(MW/m2 @◦ C)

0◦

0.40@140

0◦

0.453@147

0.849@235

87

18◦

0.44@145

14◦

0.496@152

0.750@192

51

0.55@140

◦

0.579@164

0.823@258

42

◦

0.790@163

1.166@197

48

◦

56

0.801@160

1.490@226

85

70◦

0.888@159

1.880@217

112

◦

31.5
◦

45

0.77@135
◦

67.5

0.90@140

28
42

Fig. 5.10. Variation of the CHF versus Angular Location for Plain and Coated Hemispherical Vessels (Twater = 100◦ C)
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to symmetry. Thus, unlike the bottom center, there were less liquid supply routes in the
other angular locations.

5.1.2

Results on Steady State Experiments

5.1.2.1

Steady State Boiling Data for Plain Vessels

The boiling curves constructed based on the quenching experiments with/without
coating, which are shown in the above section, successfully demonstrate the CHF limits
as well as the relation between the wall heat flux and the wall superheat in the transition
boiling region. Those boiling curves also indicate the trend in the nucleate boiling region,
in which the temperature of the wall is decreasing monotonically as the wall heat flux
is reduced. However, during the quenching process, the wall temperature is dropping
monotonically. Beyond the CHF point, the event of nucleate boiling would last for a very
short period of time before the wall reaches a quiescent state. The nucleate boiling event
in the quenching experiments moved so fast that the data acquisition system was not
capable of accurately recording the temperature history in the nucleate boiling region.
Thus, although the trend of nucleate boiling shown by the quenching experiments was
qualitatively reasonable, the data contain quantitative errors that need to be corrected.
The steady-state boiling experiments were different from the quenching experiments. First, the heating elements inside the test vessel delivered the heat flux through
the wall during the experiment, such that the local wall temperature was maintained
constant. Second, the heat flux level was controlled through the use of a power varic
to curtain the level and maintained that level for each data point. On the other hand,
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the heat flux level was governed by the cooling rate of the test vessel in the quenching experiments. The nucleate boiling data obtained from the steady state experiments
were more representative than the corresponding quenching data, as they eliminate the
transient effect on the boiling process. As shown from Figures 5.11 to 5.15, the boiling
curves in the nucleate boiling region are quite different between the steady state and
quenching data. However, both sets of data tended to yield the same CHF limit at the
same wall superheat. Each data point within the nucleate boiling region in the steady
state experiment was established by setting the wall heat flux to at a given level until
the recorded wall superheat was no longer fluctuating. By this procedure, the error due
to the transient effect in the quenching experiment could be eliminated.
It should be noted that with a coated surface, the test vessel reached a steady
state at a shorter period of time compared to the plain surface at the same heat flux
level. The temperature variation for a coated vessel ceased to vary in about 4∼5 minutes
following a step change in the wall heat flux while for a plain surface, it took a much
longer time to reach a steady state. This phenomenon was due to the enhancement effect
of the surface coating. Because of the increased number of active nucleation sites and
the capillary-assisted liquid supply underneath the liquid sublayer, a coated surface was
able to establish a new steady state faster.
As can be seen from Figures 5.11 to 5.15, the quenching data underestimated the
boiling heat flux in the nucleate boiling region. A possible explanation is that there
were errors associated with the data deduced from the transient experiments in the final
stage of quenching. An order-of-magnitude analysis of the quenching process indicated
that the time scales for the initial and intermediate stages of quenching were sufficiently
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Fig. 5.11. Comparison of the Boiling Curve with Plain Surface at 0◦ location

Fig. 5.12. Comparison of the Boiling Curve with Plain Surface at 14◦ location
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Fig. 5.13. Comparison of the Boiling Curve with Plain Surface at 28◦ location

Fig. 5.14. Comparison of the Boiling Curve with Plain Surface at 42◦ location
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Fig. 5.15. Comparison of the Boiling Curve with Plain Surface at 70◦ location

large for the flow to establish a quasi-steady behavior. However, the time scale for the
final stage of quenching, corresponding to the nucleate boiling regime, was much too
small for adequate flow development. As a result, the quenching data underestimated
the nucleate boiling rate because of the transient effect. Nevertheless, the difference
between the steady state and transient data became smaller as the heat flux level was
increased. The local CHF limits obtained in the steady state experiments appeared to
be very close to those deduced from the transient quenching data.
By comparison of the steady state boiling data obtained at various angular positions shown in Figures 5.11 to 5.15, it can be seen that in the nucleate boiling regime,
the local boiling curve tended to shift upward and to the right as the angular position
was increased from the bottom center toward the equator of the test vessel. For a given

149
wall superheat, higher nucleate boiling rates were obtained in the locations downstream
of the bottom center. The local CHF increased monotonically with the angular position
from the bottom center to the equator of the vessel. These results are quite similar to
those reported by Haddad [131] for a plain vessel.

5.1.2.2

Steady State Boiling Data for Vessels with Micro-Porous Aluminum
Coatings

Steady state boiling experiments were performed in the SBLB facility using test
vessels with micro-porous aluminum coatings. Nucleate boiling curves at different heat
flux levels measured at various locations of the test vessel under saturated boiling conditions are shown in Figures 5.16 to 5.20. In these figures, the local nucleate boiling
heat fluxes are plotted against the local wall superheats with the angular position as
a parameter. Also shown in these figures for comparison are the corresponding boiling
curves obtained by the transient quenching technique using test vessels with micro-porous
aluminum coatings reported in the preceding section.
For all locations on the vessel outer surface, the steady state boiling data were
consistently higher than those determined from transient quenching experiments, particularly at moderate high flux levels. These results are similar to those observed for a plain
vessel. Owing to the transient effect mentioned in the preceding section, the quenching
data underestimated the nucleate boiling rate. Nevertheless, the difference between the
steady state and transient data became smaller as the heat flux level was increased. The
local CHF limits obtained in the steady state experiments appeared to be very close to
those deduced form the transient quenching data.
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Unlike the trend observed for plain vessels, the local boiling curve for coated
vessels did not shift monotonically upward and to the right as the angular position was
increased from the bottom center toward the equator of the test vessel. Rather, the local
CHF appeared to exhibit a local minimum at the θ = 14◦ location. This non-monotonic
behavior was not observed for a plain vessel.

Fig. 5.16. Local Boiling Curve at the Bottom Center (0◦ ) of a Coated Vessel

It should be mentioned that the micro-porous aluminum coatings appeared to
be very durable. Even after many cycles of steady state boiling, the vessel coatings
remained rather intact, with no apparent changes in color or structure. Nevertheless,
newly coated vessels were used to repeat some selected steady state boiling tests. The
results were well within the uncertainties of the experimental measurements. The effect
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Fig. 5.17. Local Boiling Curve at an Off-Center Location (14◦ ) of a Coated Vessel

of aging was found to be of secondary importance. This confirms the finding reported by
Dizon et al. [122] and further demonstrates the durability and utility of this candidate
coating for ERVC enhancement.
Aside from shortened time requirement for reaching the steady state with coated
surface, there were also distinct differences in the observed hydrodynamic behavior between the plain and coated surfaces at the steady state experiment. Large vapor bubble
covering the bottom center location is observed for the coated test vessel, whose dimension is at the same scale as the bottom center region. In addition to the large dimension
of the vapor bubble, it is also featured with a high departuring frequency. Although
bubbles at smaller size release from the large vapor mass around the bottom center,
the large vapor mass will maintain the stable dimension. It was speculated that the
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Fig. 5.18. Local Boiling Curve at an Off-Center Location (28◦ ) of a Coated Vessel

strong capillary action at the liquid water supplying mechanism was responsible for this
phenomenon.

5.1.2.3

Steady State Boiling Data for Vessels with Micro-Porous Copper
Coatings

To examine any potential effect of coating material on the CHF enhancement and
to further confirm the non-monotonic behavior of a coated vessel, steady state boiling
experiments were performed in the SBLB facility using test vessels with micro-porous
copper coatings. Special attention was given to the boiling behavior in the bottom
center region. Nucleate boiling curves were obtained at the bottom center location and
the θ = 14◦ as well as θ = 28◦ locations of the test vessel under saturated boiling
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Fig. 5.19. Local Boiling Curve at an Off-Center Location (42◦ ) of a Coated Vessel
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Fig. 5.20. Local Boiling Curve at an Off-Center Location (56◦ ) of a Coated Vessel

conditions. Results are shown in Figures 5.21 to 5.23. In these figures, the local nucleate
boiling heat fluxes are plotted against the local wall superheats with the angular position
as a parameter. Also shown in these figures for comparison are the corresponding boiling
curves obtained by the transient quenching technique using test vessels with micro-porous
copper coatings.
For all three locations explored in the experiments, the steady state boiling data
were consistently higher than those determined from transient quenching experiments.
These results are consistent with those observed for micro-porous aluminum coatings.
As explained in the preceding sections, the quenching data underestimated the
nucleate boiling rate because of the transient effect. However, the difference between
the steady state and transient data became smaller as the heat flux level was increased.
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Fig. 5.21. Local Boiling Curve at the Bottom Center (0◦ ) of a Coated Vessel

Fig. 5.22. Local Boiling Curve at an Off-Center Location (14◦ ) of a Coated Vessel
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Fig. 5.23. Local Boiling Curve at an Off-Center Location (28◦ ) of a Coated Vessel

The local CHF limits obtained in the steady state experiments appeared to be very close
to those deduced from the transient quenching data. Similar to the trend observed for
vessels with micro-porous aluminum coatings, the local CHF for test vessels with microporous copper coatings also exhibited a local minimum at the θ = 14◦ location, as can
be seen from Figures 5.21 to 5.23.
It should be mentioned that the micro-porous copper coating appeared to be
much less durable than the micro-porous aluminum coating. After several cycles of
steady state boiling, the copper coating started to peel off, with apparent changes in
color and structure. As a result, newly coated vessels had to be used to eliminate any
possible effects of aging and material degradation. In spite of the good heat transfer
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performance of the micro-porous copper coating, this candidate material is not recommended for ERVC enhancement under severe accident conditions owing to the durability
and material degradation issues.

5.1.3

Effect of Vessel Coatings on the Local CHF Limits
To quantitatively determine the effect of vessel coatings, the local boiling curve

at a given angular position obtained for micro-porous aluminum coating is compared to
the corresponding boiling curve for a plain vessel, as shown in Figures 5.24 to 5.28. In
each figure, the boiling curves for the plain and coated vessels were constructed using the
results presented in Figures 5.11 to 5.20. The steady state boiling data were employed in
constructing the nucleate boiling portion of the curve whereas the transient quenching
data were employed in constructing the remaining portion of the boiling curve. This
approach was deemed appropriate, as the steady state boiling data were more reliable
and accurate than the transient quenching data in the nucleate boiling regime. The
boiling curves shown in these figures provided a more realistic representation of the
actual boiling behavior on the vessel outer surface.
As can be seen from Figures 5.24 to 5.28, for all angular positions, the local boiling
curves for the coated vessel were consistently higher than those corresponding boiling
curves for a plain vessel. The local boiling curve for a coated vessel tended to shift upward
and to the right relative to the corresponding local boiling curve for a plain vessel. Hence
a higher local CHF limit could be achieved by using micro-porous aluminum coatings.
In addition to the magnitude of the local CHF limit, the corresponding wall superheat
at which CHF occurred was also higher for the coated vessel. It should be noted that
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the effect of coating was not uniform over the entire vessel outer surface. The extent of
CHF enhancement and the increase in the corresponding wall superheat depended on
the particular angular position. A more detailed discussion of this observation will be
given later.

Fig. 5.24. Comparison of the Local Boiling Curves at the Bottom Center (0◦ )

In spite of the fact that micro-porous copper coatings were not durable and tended
to degrade after several cycles of boiling, the heat transfer performance of this candidate
coating was found to be quite desirable. To further confirm the trend observed for microporous aluminum coatings, boiling data obtained for micro-porous copper coatings were
used for comparison as shown in Figure 5.29 to 5.31.
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Fig. 5.25. Comparison of the Local Boiling Curves at an Off-Center Location (14◦ )

Again, the boiling curves for the copper-coated vessels were constructed using the
steady state boiling data for the nucleate boiling portion of the curve and the transient
quenching data for the remaining portion. The boiling curves shown in these figures
provided a more realistic representation of the actual boiling behavior on the coppercoated vessel outer surface. For all three angular positions, the local boiling curves for
the coated vessel were consistently higher than those corresponding boiling curves for a
plain vessel. A higher local CHF limit and a higher corresponding wall superheat were
obtained for the copper-coated vessel relative to the plain vessel.
Similar to the trend observed for aluminum-coated vessel, the effect of coating
was not uniform over the outer surface of the copper-coated vessel. The extent of CHF
enhancement and the increase in the corresponding wall superheat depended strongly on
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Fig. 5.26. Comparison of the Local Boiling Curves at an Off-Center Location (28◦ )

the particular angular position, as can be seen from these figures. This behavior will be
further discussed in next subsection.

5.1.4

Nucleate Boiling Curve Correlations
The purpose of this research has been to provide a strategy to enhance the boil-

ing heat transfer for ERVC. Toward this end, two methods have been proposed and
investigated experimentally and theoretically. However, application of boiling data to
hemispherical vessel with different size other than the ones used in the current tests
has been hindered by lacking general boiling curve correlations. It is desirable to have
well-organized general boiling correlations that are suitable and scalable for any vessel dimensions. Thus, in this section, nucleate boiling curve correlations have been developed
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Fig. 5.27. Comparison of the Local Boiling Curves at an Off-Center Location (42◦ )

Fig. 5.28. Comparison of the Local Boiling Curves at an Off-Center Location (56◦ )
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Fig. 5.29. Comparison of the Local Boiling Curves at the Bottom Center (0◦ )

for four different ERVC test scenarios. Together with the scaling analysis approach (see
Appendix A), calculating the local nucleate boiling rates at different angular locations
in terms of local wall superheat becomes possible.
Different combinations of two enhancement methods would give rise to four different ERVC test configurations. Four types of steady state boiling experiments were
performed in this study. The configuration of each type is described below:
1. Plain Vessel Without Surface Coating or Thermal Insulation: For this type of
boiling tests, the outer surface of the vessel wall was first polished and cleaned
for a smooth surface finish and normal cavity-size distribution because surface
finish can shift the position of boiling curves noticeably. Steady state boiling tests
were then performed without installation of thermal insulation to the test vessel.
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Fig. 5.30. Comparison of the Local Boiling Curves at an Off-Center Location (14◦ )

This type of boiling tests provided the baseline case for heat removal performance
achieved under ERVC conditions without any enhancement.
2. Coated Vessel Without Thermal Insulation: For this type of boiling tests, aluminum micro-porous surface coating was first applied on the outer surface of the
vessel wall. An optimized coating mixture and a suitable application method were
used to ensure a coating product with desired uniform thickness and pore distribution. By comparing the results obtained for this type of boiling tests to the
baseline case, the separate effect of coating was determined.
3. Plain Vessel With Enhanced Thermal Insulation: For this type of boiling tests, the
outer surface of vessel wall was first treated as done in the baseline case. Then,
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Fig. 5.31. Comparison of the Local Boiling Curves at an Off-Center Location (28◦ )
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the enhanced thermal insulation structure was installed on the test vessel. By
comparing the results obtained for this type of boiling tests to the baseline case,
the separate effect of enhanced thermal insulation structure was determined.
4. Coated Vessel With Enhanced Thermal Insulation: This type of boiling tests investigated the integral effect of using the two ERVC enhancement methods simultaneously: using aluminum micro-porous surface coating to promote local boiling
heat transfer while using enhanced thermal insulation to improve the global steam
venting process. By comparing the results obtained for this type of boiling tests to
the above three sets of results, the integral effect of the two ERVC enhancement
methods was determined.

Figure 5.32 shows the nucleate boiling data measured for the baseline case (i.e.
plain vessel without surface coating or thermal insulation structure) at five angular
locations along the vessel surface starting from the vessel bottom center where θ = 0◦ .
In this figure, the local boiling heat fluxes are plotted against the local wall superheat.
It can be seen that the nucleate boiling rate tended to increase as the angular location
moves upward from the bottom center toward the equator of the test vessel. The CHF
limits, which correspond to the maximum location of the nucleate boiling curves, also
increased with the angular position.
Nucleate boiling correlations were developed from the boiling data using semi-log
scale polynomial fittings. The general form of the correlations is

00
qwall
= a(ln ∆T )3 + b(ln ∆T )2 + c(ln ∆T ) + d

(MW/m2 )

(5.1)
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Fig. 5.32. Nucleate Boiling Data and Correlations for a Plain Vessel
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where ∆T is the wall superheat in degree Celsius.
The following equations summarize the nucleate boiling correlations for the baseline case at various angular locations:
θ = 0◦ , 6◦ C < ∆T < 47.4◦ C

qN00 B = −0.057(ln ∆T )3 + 0.522(ln ∆T )2 − 1.341(ln ∆T ) + 1.124 (MW/m2 )

(5.2)

θ = 14◦ , 8◦ C < ∆T < 52.7◦ C

qN00 B = −0.0441(ln ∆T )3 + 0.408(ln ∆T )2 − 1.011(ln ∆T ) + 0.836

(MW/m2 )

(5.3)

(MW/m2 )

(5.4)

(MW/m2 )

(5.5)

θ = 28◦ , 9◦ C < ∆T < 64.8◦ C

qN00 B = −0.0153(ln ∆T )3 + 0.181(ln ∆T )2 − 0.438(ln ∆T ) + 0.353

θ = 42◦ , 7◦ C < ∆T < 63◦ C

qN00 B = −0.0488(ln ∆T )3 + 0.569(ln ∆T )2 − 1.738(ln ∆T ) + 1.705

θ = 56◦ , 7◦ C < ∆T < 59.1◦ C

qN00 B = −0.215(ln ∆T )3 + 2.01(ln ∆T )2 − 5.673(ln ∆T ) + 5.134 (MW/m2 )

(5.6)

Figure 5.33 presents the nucleate boiling data for a coated vessel without an
insulation structure. By comparing the nucleate boiling curves obtained at different
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angular locations, it can be seen that for a coated vessel, the nucleate boiling rates and
CHF limits were considerably higher than those for the baseline case. Moreover, contrary
to what was observed for the baseline case, the nucleate boiling rates and CHF limits
for a coated vessel did not increase monotonically with the angular location as shown
by the data at θ = 0◦ , θ = 14◦ and θ = 28◦ . This non-monotonic behavior was a result
of the capillary action of the coating and the convergence effect of the bottom center.
Water was drawn into the coating by the capillary action and then supplied toward the
bottom center from all directions. These promoted nucleate boiling heat transfer and
helped prevent dryout at the bottom center, thereby increasing the local boiling rate and
the local CHF limit.

Fig. 5.33. Nucleate Boiling Data and Correlations for a Coated Vessel
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The following equations summarize the nucleate boiling correlations for a coated
vessel without an insulation structure:
θ = 0◦ , 13◦ C < ∆T < 135.3◦ C

qN00 B = −0.0796(ln ∆T )3 + 0.87(ln ∆T )2 − 2.772(ln ∆T ) + 2.92 (MW/m2 )

(5.7)

θ = 14◦ , 7.3◦ C < ∆T < 92.3◦ C

qN00 B = −0.095(ln ∆T )3 + 0.881(ln ∆T )2 − 2.318(ln ∆T ) + 1.999 (MW/m2 )

(5.8)

θ = 28◦ , 13◦ C < ∆T < 158.4◦ C

qN00 B = −0.0122(ln ∆T )3 + 0.129(ln ∆T )2 − 0.188(ln ∆T ) + 0.051

(MW/m2 )

(5.9)

θ = 42◦ , 10◦ C < ∆T < 97◦ C

qN00 B = −0.009(ln ∆T )3 + 0.21(ln ∆T )2 − 0.674(ln ∆T ) + 0.718

(MW/m2 )

(5.10)

θ = 56◦ , 7◦ C < ∆T < 126◦ C

qN00 B = −0.0345(ln ∆T )3 + 0.345(ln ∆T )2 − 0.687(ln ∆T ) + 0.651 (MW/m2 )

(5.11)

Figure 5.34 shows the nucleate boiling data measured for a plain vessel surrounded
by an enhanced insulation structure. Comparing to the nucleate boiling curves shown in
Fig. 5.32 and 5.33 for vessels without an insulation structure, the nucleate boiling rate
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in Fig. 5.34 increased at a higher rate with the wall superheats because of the influence
of the enhanced insulation structure. Owing to the variation of the cross-sectional area
of the flow channel formed between the vessel wall and the insulation structure, the
nucleate boiling curves did not exhibit a monotonic trend with respect to the angular
location.

Fig. 5.34. Nucleate Boiling Data and Correlations for a Plain Vessel With Enhanced
Insulation Structure

The following equations summarize the nucleate boiling correlations for a plain
vessel with an enhanced insulation structure:
θ = 0◦ , 13◦ C < ∆T < 63.2◦ C

qN00 B = 0.267(ln ∆T )3 − 2.229(ln ∆T )2 + 6.54(ln ∆T ) − 6.422

(MW/m2 )

(5.12)
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θ = 18◦ , 21◦ C < ∆T < 67◦ C

qN00 B = −0.0109(ln ∆T )3 + 0.588(ln ∆T )2 − 2.868(ln ∆T ) + 3.942 (MW/m2 )

(5.13)

θ = 45◦ , 15◦ C < ∆T < 54◦ C

qN00 B = −0.284(ln ∆T )3 + 3.177(ln ∆T )2 − 10.78(ln ∆T ) + 11.86 (MW/m2 )

(5.14)

θ = 60◦ , 17◦ C < ∆T < 58◦ C

qN00 B = −0.251(ln ∆T )3 + 2.721(ln ∆T )2 − 8.677(ln ∆T ) + 8.82 (MW/m2 )

(5.15)

θ = 75◦ , 22◦ C < ∆T < 64◦ C

qN00 B = 0.83(ln ∆T )3 − 7.958(ln ∆T )2 + 26.30(ln ∆T ) − 29.48

(MW/m2 )

(5.16)

Figure 5.35 presents the nucleate boiling data measured for a coated vessel surrounded by an enhanced insulation structure, showing the integral effect of the two
ERVC enhancement methods. Although the vessel had a micro-porous surface coating,
the boiling curves were more similar to those shown in Fig. 5.34 than to those in Fig.
5.32 and Fig. 5.33 Evidently, the enhancement effect of the insulation structure dominated the boiling heat transfer performance of the test vessel. Owing to the variation of
the cross-sectional flow area, the nucleate boiling curves did not exhibit any monotonic
trend.
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Fig. 5.35. Nucleate Boiling Data and Correlations for a Coated Vessel With Enhanced
Insulation Structure
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The following equations summarize the nucleate boiling correlations for a coated
vessel with an enhanced insulation structure:
θ = 0◦ , 16◦ C < ∆T < 61◦ C

qN00 B = 0.163(ln ∆T )3 − 1.17(ln ∆T )2 + 3.072(ln ∆T ) − 2.677

(MW/m2 )

(5.17)

θ = 18◦ , 12◦ C < ∆T < 65◦ C

qN00 B = −0.0154(ln ∆T )3 + 0.472(ln ∆T )2 − 1.835(ln ∆T ) + 2.163 (MW/m2 )

(5.18)

θ = 45◦ , 10◦ C < ∆T < 45◦ C

qN00 B = 0.311(ln ∆T )3 − 2.345(ln ∆T )2 − 6.205(ln ∆T ) − 5.309 (MW/m2 )

(5.19)

θ = 60◦ , 12◦ C < ∆T < 52◦ C

qN00 B = −0.2(ln ∆T )3 + 2.209(ln ∆T )2 − 6.756(ln ∆T ) + 6.665 (MW/m2 )

(5.20)

θ = 75◦ , 16◦ C < ∆T < 53◦ C

qN00 B = −0.866(ln ∆T )3 + 9.111(ln ∆T )2 − 30.28(ln ∆T ) + 32.86 (MW/m2 )

(5.21)
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5.1.5

Spatial Variations of CHF
Figure 5.36 shows the spatial variation of the local CHF limits along the outer

vessel wall for the four different types of steady-state boiling experiments. By comparing
the CHF variations obtained for the four different types, the separate and integral effects
of the two ERVC enhancement methods could be studied. The CHF limits for type 2, 3
and 4 experiments were consistently higher than those for the baseline case at all angular
locations. For type 4 experiments, where both ERVC enhancement methods were used,
the highest CHF limits were reached. However, the CHF variation for type 4 was more
similar to that for type 3 than to the CHF variation for type 2 because the enhancement
effect of the insulation structure dominated the boiling performance, as discussed in the
proceeding section.

Fig. 5.36. Spatial Variation of the Local CHF and Correlation Curves
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For the baseline case, the local CHF along the angular location had the following
profile:
³

00
qCHF

´

´³

³

o

= 1 + 0.036∆Tsub

0.434 + 0.347θ + 0.0604θ2

´

(MW/m2 )

(5.22)

where θ, measuring from the bottom center of the vessel, is in radians and ∆Tsub , accounts for the subcooling effect on the local CHF limit.
For type 2 experiments, the local CHF along the angular location had the following
profile:
³

00
qCHF

´

³
c

´³

= 1 + 0.036∆Tsub

0.853 − 1.083θ + 2.63θ2 − 0.94θ3

´

(MW/m2 )

(5.23)

For type 3 experiments, the local CHF had different profiles for three separate
regions within 0 < θ < π/2 test range due to the variation of the cross-sectional flow
area formed between the vessel and the thermal insulation structure:
In the bottom center region of the channel where 0 < θ < 0.314, the experimental
results give rise to the following CHF correlation:
³

00
qCHF

´

³
EI

= 1.37 + 0.35θ

´

(MW/m2 )

(5.24)

In the convergent region covering the upper exit of the inlet section up to the
shear key location where 0.314 < θ < 0.785, the experimental results give rise to the
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following correlation:
³

00
qCHF

´

³
EI

´h

= 1.573 − 0.295θ

³

´1/3

1 + 0.0925 θ − 0.314

i

∆Tsub

(MW/m2 )

(5.25)

In the divergent region covering the upper part of the channel beyond the shear
key location where 0.785 < θ < 1.571, the experimental results give rise to the following
correlation:
³

00
qCHF

´

³

EI

= 1.19−0.439θ+0.803θ2

´h

³

i

´

1+0.0746 1−0.573(θ−0.785) ∆Tsub

(MW/m2 )
(5.26)

For type 4 experiments, the local CHF had a similar behavior as that for type
3. In the bottom center region of the channel where 0 < θ < 0.314, the experimental
results give rise to the following CHF correlation:
³

00
qCHF

´

³

´

= 1.49 + 0.318θ

C+EI

(MW/m2 )

(5.27)

In the convergent region covering the upper exit of the inlet section up to the
shear key location where 0.314 < θ < 0.785, the experimental results give rise to the
following correlation:
³

00
qCHF

´

³
C+EI

= 1.65 − 0.191θ

´h

³

´1/3

1 + 0.0925 θ − 0.314

i

∆Tsub

(MW/m2 )

(5.28)

In the divergent region covering the upper part of the channel beyond the shear
key location where 0.785 < θ < 1.571, the experimental results give rise to the following
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correlation:
³

00
qCHF

´

³

C+EI

= 1.65−0.993θ+1.021θ2

´h

³

´

i

1+0.0746 1−0.573(θ−0.785) ∆Tsub

(MW/m2 )
(5.29)

5.1.6

Enhancement Factors Correlations
To quantitatively evaluate the separate and integral effects of the two ERVC

enhancement methods, CHF enhancement factors were determined by comparing the
experimental results for type 2, 3 and 4 experiments to the baseline case.
The enhancement factor (FC )o was correlated by curve fitting the CHF ratio
obtained in type 2 experiments (i.e., equation 5.23) and baseline case experiments (i.e.,
equation 5.22), as follows:
³
³

´

FC

o

=³

00
qCHF

³
³

´

FC

o

=³

00
qCHF

00
qCHF

00
qCHF

´
´c

³

=

1.88 − 2.35θ + 2.3θ2

´

for

0 < θ < 0.38

(5.30)

o

´
´c

³

=

1.73 − 2.14θ + 3.63θ2 − 1.45θ3

´

o

for 0.38 < θ < 1.57 (5.31)

The enhancement factor FEI was correlated by comparing the type 3 test data
(i.e., equation 5.24 to 5.26) to the baseline case data given by equation 5.22:
³

00
qCHF

FEI = ³

´

00
qCHF

´EI
o

³

= Fsub 3.024 − 1.042θ

´

for

0 < θ < 0.314

(5.32)
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for

0.785 < θ < 1.571

(5.34)

o

³

´EI

´

= Fsub 1.547 − 0.325θ

o

The subcooling effect in equations 5.32 to 5.34 is given in the following equations
for corresponding angular regions:
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(5.35)

The integral effect of an enhanced insulation structure and vessel coating can be
obtained by comparing the experimental results given by Eq. 5.27-5.29 to the results
given by Eq. 5.22. The resulting enhancement factor FC+EI can be correlated as follows,
³
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The subcooling effect Fsub is given by equation 5.35.
³

Figure 5.37 summarizes the distribution of the CHF enhancement factors, FC

´
o

,

FEI and FC+EI . It can be seen that for 0 < θ < π/4, the enhanced insulation structure
could improve boiling heat transfer and CHF limits remarkably. The similarity between
FEI and FC+EI can be attribute to the fact that the insulation structure had a dominant
³

effect over the vessel coating. In Fig. 5.37, the dashed line,

´

FC

o

× FEI , provides

the idealized enhancement that could have been achieved if there were no interference
between the two ERVC enhancement methods. However, the integral factor, FEI , appears
³

much less than the idealized value FC

´
o

×FEI because of possible competing mechanisms

(i.e., interferences) between the two enhancement methods.

Fig. 5.37. Distribution of the CHF Enhancement Factors
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5.2

Results on Steam Venting Calculations
Figures 5.38-5.40 present the numerical results predicted by the ERVC steam

venting model over the surface heat flux range of 0.5-1.2 MW/m2 . The calculation is
performed under two different geometry settings, one for the APR1400 subscale enhanced
vessel/insulation structure introduced in the previous section, and the other for the
KNGR (Korean Next Generation Reactor) subscale structure without enhancement (has
minimum gap around 45◦ ) as the baseline geometry for comparison purpose. In Figure
5.38, the vapor velocities at the minimum gap location predicted by the steam venting
model for both geometries are plotted against the surface heat flux level. Also shown in
the figure are experimental data measured by dye tracking. The present model slightly
overestimated the experimental data but the trend is correctly predicted by the model.
For all heat flux levels, the enhanced geometry greatly reduces the vapor velocity at the
minimum gap location compared to the baseline geometry. The present results clearly
indicate that the enhanced geometry could delay or prevent the occurrence of ”choking”
at the shear key location at high-heat-flux levels.
Figure 5.39 depicts the liquid flow inside the annular channel as a function of
the wall heat flux. For both the enhanced and baseline geometries, the liquid velocities
at the inlet and outlet locations of the channel are shown for comparison. Contrary to
the trend for the vapor velocity shown in Fig 5.38., the liquid velocity for the enhanced
geometry is higher than that for the baseline geometry, corresponding to a stronger flow
boiling effect. The enhanced geometry streamlined the two-phase motions, thus reducing
the pressure drop and inducing more liquid flow at a given heat flux level. Note that
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Fig. 5.38. Vapor Velocity at the Minimum Flow Area Location
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Fig. 5.39. Liquid Velocity at the Inlet/Outlet of the Annular Channel

owing to the flow area variation, the outlet liquid velocity is always larger than the inlet
liquid velocity.
The major effect of the enhanced geometry on the global performance of the
vessel/insulation system is the total induced mass flow rate, which is presented in Figure
5.40. The enhanced geometry induces ∼ 14% more mass flow under the same surface
heat flux level compared to the baseline geometry. This enhancement in liquid mass
flow rate is expected to have a stronger flow boiling effect on the local CHF limit since
a higher liquid mass flow rate would provide a stronger cooling effect to prevent local
dryout from occurring, thus resulting in a higher local CHF limit.
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Fig. 5.40. Variation of the Total Mass Flow Rate with the Wall Heat Flux

5.3

Flow Visualization and Measurements
The simplified energy equation 4.6 indicates that increasing surface heat flux

would lead to a higher vapor mass generation at a given location of the flow channel.
This trend was observed in the present experiment as shown in Figure 5.41. When
the surface heat flux was at a relative low level, the vapor generated would induce a
two-phase boundary layer building up along the heating surface with the thickness of
the two-phase boundary layer increasing in the downstream direction. However, when
the surface heat flux became larger than a certain value, the two-phase mixture would
occupy the entire cross-sectional flow area such that the geometry of the flow channel
formed by the insulation structure would take effect on the local flow behavior.
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Fig. 5.41. Flow Development with Increasing Surface Heat Flux
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Boiling cycle is one important feature in characterizing the nucleate boiling heat
transfer process because it is directly related to the bubble nucleation dynamics, which
is governed by the combined effect of interfacial thermodynamic equilibrium, bubble
mechanical equilibrium and local surface characteristics. Figure 5.42 depicts a typical
boiling cycle observed under saturated boiling conditions, based on the time march of
still video images captured during the steady-state boiling experiments. Compared to
the case without using an enhanced vessel/insulation design, the present boiling cycle
(from ∼0.2s/cycle to ∼0.25s/cycle) was shorter at the same heat flux level. In another
word, more heat could be removed by the latent heat of vaporization during boiling.
This heat transfer enhancement was due to the effect of the enhanced vessel/insulation
design, which induced a higher mass flow rate in the channel. This gave rise to a stronger
shear force that would overcome the surface-tension force such that a growing bubble
would tend to depart from an active nucleation site more readily. As a result, the boiling
cycle became shorter.
The local vapor velocity is an important flow quantity since it characterizes the
upward co-current flow induced in the channel. The local vapor velocity was observed
to increase with the surface heat flux level. Although the enhanced vessel/insulation
structure would streamline the local flow more efficiently, the vapor still had certain
velocity components in directions other than vertical/tangential to the heating surface,
which made it difficult to measure the local vapor velocity. Figure 5.43 shows the measurement of the local vapor velocity by a dye tracking method. A series of tests were
conducted at a given heat flux level and the averaged value was obtained from the data.
In so doing, the three dimensional effect of the vapor motion could be minimized. The
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Fig. 5.42. Boiling Cycle Investigation for Steady State Tests
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measured vapor velocity will be used for comparison with the prediction of the ERVC
steam venting model )(see Figure 5.43).

Fig. 5.43. Vapor Velocity Dye Tracking Measurement

5.4

CHF Model Calculation Results
Numerical calculations of the local boundary layer flow quantities, the local liquid

supply velocity and the local CHF limits have been made for water along the curved
porous-layer-coated heating surface. The vessel diameter has been treated as a parameter
in these calculations. Results are shown in Figs. 5.44 to 5.51. To better show the physical
size effect of the vessel, dimensionless quantities for the two-phase boundary thickness,
vapor/liquid velocities and local CHF limit are defined in the following,
·

Lb =

1
σ
R g(ρl − ρg )

¸1/2

(5.39)
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Physically, Lb represents the ratio between the characteristic bubble size and the
radius of the vessel. For all values of Lb , the two-phase boundary layer thickness increases
considerably from the bottom center to the upper edge of the vessel (see Fig. 5.44 and
5.45). It can be seen by comparing the dimensionless quantity to the actual value of
the two-phase boundary layer thickness that the size effect becomes less important as
the vessel diameter increases. For Lb = 0.000164 (D = 30.5m) and Lb = 0.00164
(D = 3.05m), the dimensionless two-phase boundary layer thicknesses are very close to
one another. However, the actual thickness of the two-phase boundary layer is a strong
function of Lb because the heating surface increases as the square of the vessel diameter.
The spatial variations of the vapor and liquid velocities are presented in Figs.
5.46, 5.47, 5.48 and 5.49, respectively. For all vessel sizes, the vapor and liquid velocities
increase by more than an order of magnitude from the bottom center to the upper edge
of the vessel. The relative velocity between the liquid and vapor phases is on the same
order of the vapor and liquid velocities when θ is small. For large values of θ, the relative
velocity is an order of magnitude smaller than the liquid and vapor velocities. The effect
of Lb is quite strong on ul and ug , but very weak on the dimensionless quantities Ul and
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Fig. 5.44.
Thickness

Spatial Variation of the Dimensionless Local Two-Phase Boundary Layer
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Fig. 5.45. Spatial Variation of the Local Two-Phase Boundary Layer Thickness

Ug . For vessels larger than 0.3m (Lb < 0.0164), ul and ug would vary according to the
square root of the vessel diameter whereas Ul and Ug are essentially independent of the
vessel size.
Figures 5.50 and 5.51 shows the spatial variations of the local critical heat flux
predicted by the model. The dimensionless quantity QCHF appears to be a weak function of the vessel size especially when the vessel diameter becomes larger. This clearly
demonstrates the fact that for heated vessels with diameters considerably larger than
the characteristic bubble size, the critical heat flux is weakly dependent of the vessel
size. Note that away from the bottom center region the local critical heat flux increases
from the bottom center to the upper edge of the vessel. This result is similar to the
spatial variations of CHF observed experimentally by Dizon et al. [122]. As the local
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Fig. 5.46. Spatial Variation of the Dimensionless Local Vapor Velocity in the Two-Phase
Boundary Layer
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Fig. 5.47.
Layer

Spatial Variation of the Local Vapor Velocity in the Two-Phase Boundary
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Fig. 5.48. Spatial Variation of the Dimensionless Local Liquid Velocity in the TwoPhase Boundary Layer
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Fig. 5.49.
Layer

Spatial Variation of the Local Liquid Velocity in the Two-Phase Boundary
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liquid velocity increases more than an order of magnitude along the vessel outer surface,
there is a large increase in the local liquid supply rate, resulting in a significant increase
in the local critical heat flux. Note, however, that there is a local peak value of CHF
at the bottom center where the local liquid supply rate is higher due to the convergent
effect. This result is consistent with the behavior observed experimentally by Dizon et
al. [122].

Fig. 5.50.
Surface

Spatial Variation of the Dimensionless Local CHF on the Coated Heating

Figure 5.52. shows the predicted local critical heat flux together with the experimental data from Dizon et al. [122] and Cheung and Haddad [127, 128]. For the
same vessel size Lb = 0.0164 (D = 0.305m), the predicted CHF limits agree reasonably well with the experimental data. It should be noted that in the work of Dizon et
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Fig. 5.51. Spatial Variation of the Local CHF on the Coated Heating Surface

al. [122], uncertainties in the data acquisition system and the thermocouple resistance
could cause slight fluctuations in the CHF value recorded. Thus, the experimental data
do not display a smooth profile compared to the predicted CHF limits. Note that for a
plain surface, the CHF limit increase monotonically with θ, which is different than the
trend showed for the coated surface. For a coated vessel, the present model predicts a
local peak at the bottom center with the local CHF limit decreasing in the downstream
locations for small values of θ. This predicted behavior is consistent with that observed
by Dizon et al. [122]. This behavior is due to the convergence effect on the local liquid
supply at the bottom center, where the liquid could be sucked in from all radial directions through the porous layer coating such that it helps prevent dryout at the bottom
center, thereby increasing the local CHF limit.
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Fig. 5.52. Comparison of the Predicted CHF with Experimental Data for Lb = 0.0164

By comparing the CHF limits for a plain surface reported by Cheung and Haddad [127, 128], the CHF enhancement effect of the micro-porous layer coating can be
clearly seen. This enhancement is mainly attributed to several effects: capillary pumping action on the liquid supply flow, increased number of nucleation sites, extended heat
transfer surface area and the availability of the vapor escape paths from the porous coating on the top of the layer adjacent to the liquid pool. Among the four enhancement
mechanisms, the capillary pumping action on the liquid supply through the porous layer
is the dominant factor. The capillary induced liquid supply velocity is presented in Fig.
5.53. Although the magnitude of liquid supply velocity through the porous layer coating is much less than the liquid velocity of the two-phase boundary layer, such liquid
supply to the vaporization sites on the heating surface greatly prevents local dryout and
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enhances the local CHF limits. Note that the liquid supply rate from the porous layer
coating increases monotonically with the porosity ε, owing to the influence of ε on the
availability of the flow channel inside the coating. However, the liquid supply rate tends
to decreases as the diameter of the particles increases, as can be seen from equations
4.23 and 4.27. Smaller particles give rise to a larger capillary pressure force.

Fig. 5.53. Liquid Supply Velocity through the Micro-Porous Layer Coating

199

Chapter 6

Conclusions

The goal of this research has been to develop boiling heat transfer enhancement
methods for ERVC for use in an advanced nuclear reactor vessel undergoing a coremeltdown severe accident. Toward this end, two distinctly different enhancement methods have been developed. The first method involves the use of a suitable surface coating
to enhance local downward-facing boiling rate and CHF limit so as to substantially increase the cooling rate, and thus the possibility of reactor vessel surviving high thermal
load attack. The second method involves the use of an enhanced vessel/insulation design
to facilitate the steam venting through the annular channel formed between the vessel
and the insulation structure, which in turn would further enhance both the boiling rate
and CHF limit globally. The viability of above two methods has been investigated in this
study through ERVC boiling experiments using the SBLB test facility in Penn State.
Both quenching and steady-state boiling experiments have been performed using test
vessels with or without surface coating or insulation structure. Four ERVC scenarios
in total have been considered in this study depending on different combinations of two
enhancement methods.
A group of local boiling curves have been constructed based on the raw data
obtained from boiling experiments performed in this study. Nucleate boiling correlations
that include subcooling effect have been developed, which are suitable for predicting
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the local nucleate boiling given a different vessel dimensions. Comparisons of spatial
variation of local CHF between different test scenarios give rise to the enhancement
effect of the according techniques, based on which three enhancement factors have been
determined. These enhancement factors also serves to reveal any possible interaction
between the two enhancement methods.
Beside the local boiling data measured, which are in the form of local wall heat
flux against local wall superheat relative to the environment water temperature, local
characteristic quantities such as local vapor velocity and local boiling cycle for coated
surface have been measured during flow visualization tests.
Theoretical medelling and numerical work have also been performed using an
upward co-current two-phase flow model to simulate the steam venting process. In
addition, a hydrodynamic CHF model has been developed for downward facing boiling
on the outer surface of a coated hemispherical vessel. The CHF model represents a first
attempt to discern the enhancement effect of vessel coating on the local CHF limits for
downward facing boiling on the vessel outer surface.
Based upon the results of this study summarized in Chapter 5, the following
conclusions can be made:

1. The CHF data obtained in this study clearly revealed the fact that appreciable
enhancements in the local CHF limits could be obtained by using metallic microporous coatings. Within the range of conditions explored in the present study, the
effect of coating materials appeared to be of secondary importance as far as the
heat transfer performance is concerned.

201
2. Improvement in the local CHF could be attributed to the structure of the microporous coating itself and the capillary action it induced. The matrix of cavities and
voids within the coating effectively trapped vapor, which served as active nucleation
sites. These sites in turn were fed with liquid flowing through the interconnected
channels. The pores on the surface of the porous coating served as flow inlets for
liquid supply to the heating surface, leading to appreciable enhancements in the
local CHF limits.
3. Unlike the trend observed for plain vessels, the local boiling curve for coated vessels
did not shift monotonically upward and to the right as the angular position was
increased from the bottom center toward the equator of the test vessel. The local
CHF exhibited a minimum at the θ = 14◦ location rather than at the bottom
center. This non-monotonic behavior of the local CHF variation was largely due to
the capillary effect of the microporous coatings, where there was continuous liquid
supply from all radial directions toward the bottom center.
4. Microporous aluminum coating appeared to be very durable. Even after many
cycles of steady state boiling, the vessel coating remained rather intact, with no
apparent changes in color or structure. Moreover, the heat transfer performance of
the coating was found to be highly desirable with an appreciable CHF enhancement
but very little effect of aging. Although similar heat transfer performance was
observed for microporous copper coating, the latter was found to be much less
durable and tended to degrade after several cycles of boiling. It appeared that the
most suitable coating material for ERVC is microporous aluminum coating.
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5. An appreciable enhancement in the local CHF limit could also be achieved by
using the enhanced vessel/insulation design, especially for the CHF limit at the
minimum gap location. This enhancement is attributed to the change in the local
flow conditions at the minimum gap location, where the local vapor velocity is
greatly reduced and the local liquid flow rate is substantially increased due to the
streamlining effect offered by the enhanced insulation structure.
6. Both ERVC enhancement methods appeared to be quite effective. At a given angular location, not only the local CHF but also the nucleate boiling heat transfer
could be increased considerably by using either vessel coating or an enhanced insulation structure. Depending on the angular location, the local CHF limit could
be enhanced by 1.4 to 2.5 times using vessel coating alone whereas it could be
enhanced by 1.8 to 3.0 times using an enhanced insulation structure alone.
7. The local CHF for the case using both vessel coating and insulation structure
exhibited a similar behavior (i.e., similar angular variation) as the local CHF for the
case with insulation structure but without vessel coating. Evidently, the insulation
structure had a dominant effect over the vessel coating.
8. The combined CHF enhancement factor which represents the integral effect of
the two ERVC enhancement methods, appeared much less than the product of
the two separate enhancement factors due respectively to vessel coating alone and
enhanced insulation alone. This indicates that there were competing mechanisms
(i.e., interference) between the two enhancement methods.
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9. At the same heat flux, the boiling cycle on the vessel outer surface for the enhanced
geometry was found to be shorter than that for the baseline geometry. This enhancement in the boiling heat transfer is evidently due to the higher mass flow rate
induced in the annular flow channel by the enhanced vessel/insulation design.
10. The vapor velocity increased monotonically with the wall heat flux. At a given
heat flux level, however, the enhanced insulation structure greatly reduced the
vapor velocity at the minimum gap location compared to the baseline geometry.
As a result, the enhanced geometry could delay or prevent the occurrence of steam
choking at the shear key location. The vapor velocity predicted by the present
ERVC steam venting model agrees well with the measured data.
11. Based on the developed CHF model, local dryout of the heating surface was shown
to occur when the local rate of liquid supply from the two-phase boundary layer
through the liquid sublayer and the micro-porous coating becomes smaller than the
rate of depletion of the liquid film by boiling. This critical condition determines
the maximum local wall heat flux leading to dryout corresponding to the local CHF
limit.
12. The present CHF model also predicted a considerable enhancement of the local
CHF limits due to the vessel coating. This enhancement is mainly due to the
capillary pumping effect on the liquid supply through the flow path formed inside
the micro-porous layer coating. The present model, which accounts for the capillary
effect on the CHF enhancement, agrees favorably with the experimental data.

204
13. As observed in the ERVC boiling experiments, the present CHF model also predicted a local peak at the bottom center where the local CHF limit is higher than
those values immediately downstream. This behavior, which is distinctly different
from that observed for a plain surface, is due to the convergence effect on the liquid supply rate at the bottom center. Liquid could be sucked in from all radial
directions through the porous layer coating such that it helps prevent dryout at
the bottom center, thereby increases the local CHF limit.
14. Results from the CHF model calculations showed that the effect of the vessel size
is relatively weak on the dimensionless two-phase flow quantities and the dimensionless critical heat flux. For a coated vessel with a diameter considerably larger
than the characteristic bubble size, the dimensionless liquid and vapor velocities
are essentially independent of the vessel diameter whereas the dimensionless CHF
limit is a weak function of the vessel diameter.
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Chapter 7

Recommendations for Future Work

The research work presented in this study has shown that the two proposed heat
transfer enhancement methods can greatly increase the local nucleate boiling rate and
CHF limit, and thus significantly improve the performance of ERVC during a postulated
severe accident. However, in order to seek a better understanding of the mechanisms
responsible for the boiling enhancement, more work needs to be done in the future. The
following tasks may further enhance our understanding of the underlying physics of local
vapor and liquid transport during the boiling heat transfer processes.

1. More experiments are recommended to investigate the local temperature variation
at different spots of the surface coating, i.e., the bottom of pores formed inside
the surface coating versus the top of the surface coating. Such information will
provide evident for the modelling of local liquid transport within the porous media
of surface coating. Toward this end, thermocouple of a much finer scale, i.e.,
∼ 50µm should be used in the boiling experiments.
2. Restricted by the current experiment conditions, hemispherical vessels are available
only in intermediate sizes. However, to verify the size effect on the local characteristic quantities predicted by the theoretical CHF model, hemispherical vessels
having very large or small dimensions should be employed in the future boiling
experiments.

206
3. One major assumption of the current analytical steam venting two-phase model is
that the mean velocities in the radial and circumferential directions are assumed
to be zero . For the insulation structure without enhanced design feature, such
assumption is valid since there is no variation of gap size in the circumferential
direction. However, for the enhanced insulation structure used in this study, featuring non-uniform flow area, extension to the present steam venting model should
be made to include the three-dimensional effect. It should be noted that visualization tests have confirmed that turbulent motion would impose an upward vapor
slug with non-zero mean velocity in the circumferential direction, although it was
observed to be in a smaller magnitude compared to the axial mean velocity.
4. A theoretical model should be developed to predict the velocity of vapor and pressure drop at the minimum gap location when the critical condition, ”choking”, is
reached during the steam venting process. Unlike the pressure-drop-driven critical
two-phase flow phenomenon that has been investigated by previous researchers,
two-phase flow in the current study is induced purely by the upward motion of
vapor slugs, which is governed by the buoyancy force. A new model is needed to
incorporate such a difference.
5. The bonding material in the coating components together with the application
method developed in this study should guarantee that the enhancement in boiling
heat transfer be independent of the choice of the particle material, which can
be seen from the comparisons of CHF enhancement for aluminum coating and
copper coating. However, as the reactor vessel is made of steel, more experiments
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using microporous coating with fine stainless steel particles are recommended to
investigate the dependence of coating performance on the particle material as well
as any compatibility issue.
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Appendix A

Scaling Analysis for APR1400-like Test Vessel

A scaling analysis of the system depicted in Figure 1 to 4 is performed by assuming
the ambient water in the cavity to be saturated and quiescent, with the upward cocurrent two-phase flow in the annular channel being induced entirely by downward facing
boiling of the saturated liquid on the vessel outer surface. This represents a conservative
assumption, as the situation of saturated boiling would lead to the most severe steam
venting process through the minimum gap of the channel. Furthermore, it is assumed
that the vessel outer surface is approximately hemispherical so that the spatial location
of the heating surface is given by the angular position, θ, measured from the bottom
center of the vessel.
There are five transfer processes that take place simultaneously in the vessel/
insulation system. These are (i) the downward facing boiling process on the vessel outer
surface, (ii) the steam venting process through the bottleneck at the minimum gap location, (iii) the momentum transfer process in the upward co-current two-phase flow,
(iv) the water ingression process through the bottom plate, and (v) the heat conduction
process in the vessel wall. The characteristic time for each of these transfer processes is
determined by performing a scaling analysis. By comparing the characteristic time for
a given transfer process with the residence time for ERVC in the annular channel, the
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relative importance of the transfer process can be assessed. The dimensionless parameters (i.e., the Pi -groups) controlling the key transfer processes that need to be preserved
in the experimental simulation may then be determined from the results of the scaling
analysis.

A.1

Residence Time for ERVC
The residence time for ERVC is the duration in which the flow of the two-phase

mixture induced by the downward facing boiling process on the vessel outer surface would
reside in the annular channel between the vessel and the insulation structure. In terms
of the induced mass flow rate, m, which can be determined from the ERVC two-phase
flow model, the local volumetric flow rate, V̇ , of the two-phase mixture is given by

V̇ = m/ρ

(A.1)

where ρ is the bulk density of the two-phase mixture. The local quality x appearing in
equation A.2 can be calculated. The local flow volume is

dV̇ = Adz

(A.2)

where A is the local cross-sectional flow area of the annular channel. From equations
A.1 and A.2, the local residence time dτR can be evaluated as

dτR =

dV̇
ρA
=
dz
m
V̇

(A.3)
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By integrating the above expression from the flow inlet at the bottom plate to
the equator of the lower head, the total residence time can be obtained. This is
Z

τR =

H1

0

ρA
1
dz =
m
m

Z

H1

0

ρAdz

(A.4)

Note that the major concern for IVR under severe accident conditions is the
integrity of the lower head. The latter is directly heated by the corium. Thus, the upper
limit of the integral is chosen to be z = H1 .

A.2

Characteristic Time Scale for Downward Facing Boiling
The transfer quantity for the downward facing boiling process is the enthalpy ψb

of the saturated fluid per unit volume at a given position, θ, on the vessel outer surface.
Using the enthalpy of the saturated liquid as a reference point, this transfer quantity is
given by
ψb = ρxhf g

(A.5)

where x is the local quality and hf g the latent heat of vaporization of water. The total
enthalpy of the two-phase mixture can be obtained by integrating ψb over the entire
length of the heating surface, i.e.,

ψ b V̇ =

Z H
1
H1 −R1

ψb Adz = hf g

Z H
1
H1 −R1

ρxAdz

(A.6)

where ψ b denotes the volume-averaged value of ψb . Note that the lower and upper limits
of the integral correspond to the bottom center (θ = 0) and the equator (θ = π/2) of
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00
the vessel, respectively. For a given wall heat flux distribution, qW
(θ) , the total rate of

downward facing boiling on the vessel outer surface is

qb00 Ab =

πD12
2

Z π/2
00

qW sin θdθ

0

(A.7)

where qb00 is the average boiling heat flux and Ab is the vessel outer surface area equal to
πD12 /2. It can be shown that
qb00 Ab = mhf g xb

(A.8)

where xb is the maximum quality of the two-phase mixture at the equator generated by
the boiling process. This quantity is given by
πD12
xb =
2mhf g

Z π/2
00

qW sin θdθ

0

(A.9)

From equations A.6 and A.9, the characteristic time scale, for the downward
facing boiling process can be evaluated as

τb =

ψ b V̇
1
=
00
m
qb Ab

Z

H1

H1 −R1

µ

ρ

¶

x
Adz
xb

(A.10)
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A.3

Characteristic Time Scale for Steam Venting Through the Bottleneck
The transfer quantity for the steam venting process is the vapor mass through

the bottleneck at the minimum gap location, i.e.,

d(Mv )m = αm ρv Am R1 dθ

(A.11)

where R1 is the radius of the vessel, αm and Am are the local void fraction and crosssectional flow area at the bottleneck, and the subscript “m” refers to the minimum gap
location. The total vapor mass can be obtained by integrating equation A.11 from the
bottom center of the vessel to the minimum gap location, θm . This gives

(Mv )m = αm ρv Am R1 θm

(A.12)

Under saturated boiling conditions, the total rate of vapor generation on the vessel
outer surface from the bottom center to the minimum gap location is

(Mv )m

πD12
=
2hf g

Z θ
m
00
0

qW sin θdθ

(A.13)

The above expression can be written as

(Mv )m = mxm

(A.14)

where xm is the local quality of the two-phase mixture at the minimum gap location.
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From equations A.12 and A.14, the characteristic time scale for the steam venting
process through the bottleneck can be evaluated as
µ

¶

µ

(Mv )m
1 αm
D1
τv =
=
ρv Am θm
(mv )m
m xm
2

A.4

¶

(A.15)

Characteristic Time Scale for Momentum Transfer
The transfer quantity for momentum transfer in the upward co-current two-phase

flow in the annular channel is the momentum ψm of the two-phase mixture per unit
volume. This quantity is given by

ψm = αρv uv + (1 − α))ρl ul = m/A

(A.16)

The total momentum of the two-phase mixture can be obtained by integrating
the above expression from the flow inlet to the equator of the vessel, i.e.,
Z

ψ m V̇ =

0

H1

ψm Adz = mH1

(A.17)

where ψ m denotes the volume-averaged fluid momentum. The momentum flux driven
by the buoyancy force under the influence of gravity can be expressed by

jm = g(ρl − ρv )H1

(A.18)

Since the upward co-current flow, driven entirely by buoyancy, is induced by
the downward facing boiling process on the vessel outer surface, the height H1 , which
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measures the fluid head from the bottom plate to the equator of the vessel, is employed
in equation A.18. The total rate of momentum transfer is
Z

jm A = g(ρl − ρv )

H1

0

Adz

(A.19)

where A is the average cross-sectional flow area of the annular channel.
From equations A.17 and A.19, the characteristic time scale for momentum transfer in the upward co-current flow can be evaluated as

τm

A.5

ψ V̇
mH1
= m =
g(ρl − ρv )
jm A

µZ

H1

0

¶−1

Adz

(A.20)

Characteristic Time Scale for Water Ingression Through the Bottom Plate
The transfer quantity is the liquid mass across the bottom plate of the insulation

structure per unit volume of the lower chamber of the channel, i.e.,

dMl = ρl (πD32 /4)dz

(A.21)

where H1 − R1 is the average height measured from the bottom plate to the bottom
surface of the vessel. Under quasi-steady downward facing boiling conditions, the total
rate of water ingression is equal to the total mass flow rate, m, induced by the boiling
process on the vessel surface, as required by the continuity of mass. It follows that the
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characteristic time scale for the water ingression process is given by
µ

τi =

A.6

¶

2
Ml
ρ πD3
= l
(H1 − R1 )
m
m
4

(A.22)

Characteristic Time Scale for Heat Conduction in the Vessel Wall
The transfer quantity for heat conduction in the vessel wall is the sensible heat

per until volume of the wall, which is essentially the thermal mass of the wall per unit
volume. This quantity is given by

ψw = ρw Cp ∆Tw

(A.23)

where ρw Cp is the wall capacity and ∆Tw the temperature difference across the thickness
of the wall. In terms of the wall thickness, δw , the total thermal mass of the wall is

ψw Vw = ρw Cp ∆Tw (πD12 δw /2)

(A.24)

where Vw is the total volume of the vessel wall. The conduction heat flux through the
wall is on the order of
00
qw
= kw ∆Tw /δw

(A.25)

where the wall thickness, δw , is assumed to be much smaller than the diameter, D1 , of
the vessel. Thus the vessel can be treated locally as a plane wall. The total rate of heat
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conduction is on the order of

00
qw
Aw = (kw ∆Tw /δw )(πD12 /2)

(A.26)

where Aw is the total surface area of the vessel and kw is the conductivity of the wall.
From equations A.24 and A.26, the characteristic time scale for heat conduction is the
vessel wall can be estimated as

τw =

2
δw
ψw V w
=
00 A
qw
αw
w

(A.27)

where αw is the thermal diffusivity of the wall.

A.7

Characteristic Time Ratio for the Downward Facing Boiling
Process
The characteristic time ratio, πb , for the downward facing boiling process rep-

resents the total change of the fluid enthalpy brought about by nucleate boiling on the
vessel outer surface during the residence time for ERVC. From equations A.4 and A.10,
this time ratio can be obtained as
R

H1
ρAdz
τR
0
R
πb =
= H1
τb
ρ(x/xb )Adz
H −R
1

(A.28)

1

Note that the time ratio πb is independent of the induced mass flow rate, m , as both τR
and τb are inversely proportional to.

217

A.8

Characteristic Time Ratio for Steam Venting Through the
Bottleneck
The characteristic time ratio, πv , for steam venting through the bottleneck at

the minimum gap location represents the total change of the vapor mass brought about
by the steam venting process during the residence time for ERVC. From equations A.4
and A.15, this time ratio can be obtained as
R

2xm 0H1 ρAdz
τ
πv = R =
τv
ρv Am θm D1 αm

(A.29)

Note that the time ratio πv is independent of the induced mass flow rate m as both τR
and τv are inversely proportional to.

A.9

Characteristic Time Ratio for Momentum Transfer
The characteristic time ratio, πm , for momentum transfer in the flow represents

the total change of the fluid momentum brought about by the buoyancy-driven twophase motion during the residence time for ERVC. From equations A.4 and A.20, this
time ratio can be obtained as

πm =

τR
g(ρl − ρv )V1
=
τm
m 2 H1

Z
0

H1

ρAdz

(A.30)

where V1 is the total flow volume from the bottom inlet plate to the equator of the vessel.
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A.10

Characteristic Time Ratio for Water Ingression Through the Bottom Plate
The characteristic time ratio, πi , for water ingression through the bottom plate

represents the total change of the liquid mass brought about by the water ingression
process during the residence time for ERVC. From equations A.4 and A.22, this time
ratio can be obtained as

πi =

τR
4
=
2
τi
πD3 ρl (H1 − R1 )

Z

H1

0

ρAdz

(A.31)

Note that the time ratio πi is independent of the induced mass flow rate, m , as both τR
and τi are inversely proportional to.

A.11

Characteristic Time Ratio for Heat Conduction
The characteristic time ratio, πw , for heat conduction in the vessel wall represents

the total change of the sensible heat of the wall during the residence time for ERVC,
brought about by the conduction process through the wall. From equations A.4 and
A.27, this time ratio can be obtained as

πw =

τR
α
= 2w
τw
δw m

Z

H1

0

ρAdz

Note that πw is inversely proportional to the induced mass flow rate, m.

(A.32)
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Appendix B

Measurement Errors

B.1

Temperature Measurement Error
Taylor [132] summarized that there are four sources of error associated with tem-

perature measurements using a thermocouple along with a data acquisition system. First,
source of error is associated with the difference in the emf vs. temperature relationship
between manufactured thermocouple wire and the standards published by the National
Bureau of Standards, which is a consequence of the change in the homogeneity and purity
of the material used. Second, there are errors associated with measuring the low voltage
difference, i.e., less than 100 mV, generated by the thermocouple. Since the Analog to
Digital Converter input range is typically 5V or 10V, the low level thermocouple signals
must be amplified in order to maximize the measurement’s resolution. Third, a reference
junction is required because thermocouples are differential devices which adds another
source of error. Finally, there is an error associated with converting the measured analog
voltage into temperature.
These error sources can lead to two types of deviations of the measurements from
the true temperature value. The first is called Random Error, e, and the second is
Fixed Error which is also called Bias. N temperature measurements of boiling water
under normal atmospheric pressure are assumed to be collected. Under one atmospheric
pressure, the temperature measured for boiling water all should be exactly 100◦ C. In
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reality, the temperature readings are going to fluctuate about a mean value T given by

T =

ΣN
T
1 i
N

(B.1)

which is not necessarily equal to 100◦ C because of existence of a Fixed Error. The
differences between a set of N Random Errors ei such that

ei = Ti − T

(B.2)

where i varies from 1 to N . Each of the Random Errors defined by equation B.2 can
be characterized by the number of times, ni , it occurs within the sample of size N . For
a sufficiently large sample size, the distribution of ni will be normal or Gaussian about
the mean error given by
e=

ΣN
e
1 i
N

(B.3)

When the average temperature given by equation B.1 is equal to the true value,
it is an indication that the Bias in the collected data is zero. If the Bias is not zero, it
can be used to correct the data set by reducing each of the measurements by

Bias = T − 100◦ C

(B.4)

As a result, the corrected data set will have a Bias equal zero and a mean temperature of 100◦ C. The temperatures of the modified sample are denoted by Tc,i , where
i varis from 1 to N . These modified temperature thus are used to define a new set of
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errors ec,i , given by
ec,1 = Tc,i − 100

(B.5)

The Standard Deviation S of the corrected data set is given by
·

ΣN
e
1 c,i
S=
N −1

¸1/2

(B.6)

It is used to define the error range for a certain confidence level. The following
error interval is associated with a 95% confidence level. The error in equation B.6
accounts for Random Error and the error associated with using a finite sample size.

100 − 3.92S ≤ Tc,i ≤ 100 + 3.92S

B.2

(B.7)

Heat Flux Measurement Error For Steady State Experiments
For all the steady-state boiling experiments performed, three sources of error can

be identified in the determine of the heat flux through the vessel wall. First, there
an error associated with the measurement of the voltage across the variacs supplying
the cartridge heaters. Secondly, measurements of the current travelling through each
heating element add another source of error. The third source of uncertainty is due to
estimating the heat loss from the segment to the adjacent segment by conduction and
to the environment by natural convection.
When steady operation is reached, an energy balance on one heater segment gives

qb00 Ab = Q̇in − Q̇loss

(B.8)
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which indicates that the heat removed by boiling is equal to the total heat supplied to
the segment reduced by the total heat loss to the adjacent segment by conduction and
to the surrounding by natural convection. During the steady state experiments carried,
the back of the test section was cover by a large quantity of fiber glass insulation. As
a result, it is very reasonable to assume that the heat loss by natural convection is
negligible in equation B.8. In addition, the total heat supplied to the segment is equal
to the product of current, I, and the voltage, V , of every cartridge heater multiplied by
the total number, N , of heaters. Therefore, the equation is

qb00 Ab = N IV − Q̇c

(B.9)

where Ab is the boiling heat transfer area and Q̇c is the heat loss by conduction to the
adjacent segment is given by
Q̇c = λAc

∆T
∆s

(B.10)

where Ac is the conduction heat transfer area between the two segments, ∆T is the
temperature difference between the two segments, ∆s is the distance between the two
nodes representing the two segments, and λ is the thermal conductivity of the vessel
wall. The heat transfer area, Ac , between the inner and outer segments and distance
between the nodes, ∆s, are estimated to be 3.00 × 10−4 m2 and 0.04 m, respectively,
based on the information contained in 3.7. The node representing the inner segment is
chosen to be bottom center and the node representing the outer segment is 14 degree
from the bottom center. The temperature difference, T , between the inner and the outer
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segments is of the order of 1 degree. Using these estimates and a thermal conductivity
for aluminum equal to 170 W/m-K, we can show that Q̇c is of the order of 1.275 W.
The error in estimating the conduction term can be obtained from the following
equation:
δ Q̇c
=
Q̇c

·µ

δ∆T
∆T

¶2

µ

+

δ∆s
∆s

¶2

µ

+

δAc
Ac

¶2 ¸1/2

(B.11)

where the error associated with the thermal conductivity has been neglected. It will
be shown later that this is a good assumption, because the error in the temperature
measurements accounts for almost all the uncertainty in Qc . The error in the temperature
measurements can be estimated based on the information given by Haddad [131], and the
uncertainty in Ac and ∆s are estimated based on a machining tolerance of 2.54 × 10−5
m. Therefore, we have

δ∆T

= 2δT = 0.8◦ C

δ∆s = 2δs = 5.08 × 10−5
δAc = 2δRo = 5.08 × 10−5

m
m

where Ro is the outside radius of the vessel. The uncertainty in estimating Q̇c is evaluated
to be 5%.
Now we need to find the error associated with Q̇in in order to find the total experimental uncertainty in measuring the total boiling heat flux qb00 , which is the product
of the boiling heat flux and the boiling heat transfer area. The error in the voltage and
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the current measurements are obtained from manufacture’s information about the multimeter used. For heat flux levels greater than 0.01 MW/m2 , the maximum uncertainty
in the voltage and current measurements are equal to 10 and 4 % respectively. On the
other hand, when the heat flux is higher than 0.1 MW/m2 , these maximum errors drop
to 6% for the voltage and 1.75% for the current. Using these error estimates for I and V ,
the uncertainty in the total heat input can be estimated based on the following equation:

δ Q̇in
=
Q̇in

·µ

δI
I

¶2

µ

+

δV
V

¶2 ¸1/2

(B.12)

This gives
δ Q̇00in
Q̇00in

= 5%

(B.13)

These relative uncertainties in the heat input along with the error in estimating
the conduction heat transfer are used to estimate the relative error associate with the
boiling heat flux given by equation B.9, which leads to
δ q̇b00
= 7%
q̇b00

B.3

when q̇b00 > 0.01MW/m2

(B.14)

Heat Flux Reduction Error For Quenching Experiments
Unlike steady-state boiling experiments, there is no device-controlled heat source

inside the vessel during a quenching operation. The wall heat flux is evaluated, however, based on the time rate of local temperature drop. For this lumped capacitance
approach to be valid, the local Biot number should be less than 0.1. This assumption
is valid because the characteristic length scale is the wall thickness, which is 3.175mm,
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and the heat transfer coefficient for boiling is about 10 kW/m2 ·K. The Biot number is
approximately 0.09.
When determining the local boiling heat flux based on local temperature measurements for quenching experiments, two source of uncertainty are present. First, there are
errors associated with the temperature measurements, as summarized before, Random
Error e, and Fixed Error Bias would be two major causes of temperature deviations
from the true temperature value. The other source of uncertainty is due to the heat
loss from the segment to the adjacent segment by conduction and to the environment by
natural convection. Since the hemispherical vessel was tightly sealed during a quenching
process, the heat transfer to the interior by natural convection would be negligible since
the convection coefficient would only be around 2 to 25 W/m2 ·K.
For one data measurement time step, an energy balance on one segment volume
gives
ρCp V ∆T = (Q̇c + Q̇b )∆t

(B.15)

where ∆T is the average temperature drop over the unit segment volume V for a time
interval of ∆t.
The uncertainty in estimating Q̇c has been evaluated to be 4% based on the
result of B.11. The error in the temperature measurements can be estimated based on
the information given by Haddad [131], and the uncertainty in V is estimated based on
a machining tolerance of 2.54 × 10−5 m. Therefore, combining uncertainties in the heat
conduction, the error in measuring the local temperature drop and the uncertainties in
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local segment volume leads to
δ q̇b00
= 9%
q̇b00

when q̇b00 > 0.01MW/m2

(B.16)
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Appendix C

Raw Data of Quenching and
Steady-State Boiling Experiments

Table C.1: Plain Vessel Quenching and Steady-State Boiling
Data at θ = 0◦ (Tsat = 100◦ C)

Tw − Tsat (◦ C)

00
qwall
(MW/m2 )

Tw − Tsat (◦ C)

00
qwall
(MW/m2 )

2.03

0.011

68.70

0.236

2.73

0.021

71.70

0.231

3.75

0.039

74.68

0.189

4.85

0.060

77.28

0.201

6.57

0.077

79.70

0.150

8.87

0.099

81.80

0.158

10.60

0.118

83.85

0.161

12.14

0.139

85.90

0.147

13.18

0.156

87.96

0.144

14.39

0.177

89.91

0.152

15.45

0.196

91.85

0.132

16.37

0.218

93.51

0.146

17.36

0.240

95.39

0.140

18.91

0.274

96.90

0.135

Continued on Next Page. . .
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Table C.1 – Continued
Tw − Tsat (◦ C)

00
qwall
(MW/m2 )

Tw − Tsat (◦ C)

00
qwall
(MW/m2 )

23.01

0.299

98.53

0.123

25.03

0.320

100.20

0.131

30.13

0.360

101.75

0.110

35.01

0.390

103.34

0.116

47.38

0.453

104.84

0.114

50.25

0.442

106.35

0.114

53.18

0.368

108.63

0.100

57.33

0.222

109.98

0.108

60.30

0.204

111.98

0.100

63.08

0.212

114.59

0.108

65.88

0.216

117.58

0.106

Table C.2: Aluminum Coated Vessel Quenching and SteadyState Boiling Data at θ = 0◦ (Tsat = 100◦ C)

Tw − Tsat (◦ C)

00
qwall
(MW/m2 )

Tw − Tsat (◦ C)

00
qwall
(MW/m2 )

13.30

0.189

202.59

0.437

23.30

0.326

205.48

0.449

36.10

0.510

208.33

0.405

49.30

0.553

210.95

0.373

Continued on Next Page. . .
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Table C.2 – Continued
Tw − Tsat (◦ C)

00
qwall
(MW/m2 )

Tw − Tsat (◦ C)

00
qwall
(MW/m2 )

57.30

0.708

213.41

0.380

135.34

0.849

215.83

0.344

140.84

0.735

218.10

0.324

145.60

0.704

220.20

0.330

150.16

0.685

222.34

0.305

154.60

0.664

224.31

0.305

158.90

0.742

226.29

0.256

163.61

0.679

227.95

0.270

168.01

0.727

229.70

0.247

172.73

0.664

231.30

0.238

177.11

0.673

232.81

0.244

181.48

0.654

234.43

0.174

185.71

0.583

235.55

0.141

189.49

0.519

236.46

0.108

192.85

0.531

237.16

0.077

196.29

0.488

237.66

0.077

199.45

0.494

238.43

0.083
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Table C.3: Plain Vessel Quenching and Steady-State Boiling
Data at θ = 14◦ (Tsat = 100◦ C)

Tw − Tsat (◦ C)

00
qwall
(MW/m2 )

Tw − Tsat (◦ C)

00
qwall
(MW/m2 )

1.66

0.011

93.01

0.154

2.49

0.026

94.91

0.125

3.40

0.045

96.75

0.129

4.80

0.067

98.35

0.143

6.75

0.090

100.10

0.120

8.82

0.116

101.58

0.133

10.20

0.138

103.19

0.131

11.50

0.158

104.64

0.106

12.90

0.180

106.08

0.112

14.68

0.201

107.53

0.089

15.87

0.221

108.90

0.087

17.00

0.241

110.10

0.100

18.70

0.270

111.50

0.089

20.30

0.293

112.78

0.094

21.60

0.316

114.04

0.092

25.80

0.351

115.24

0.089

30.00

0.380

116.38

0.096

52.70

0.496

117.53

0.094

55.91

0.451

118.56

0.093

58.84

0.415

119.70

0.077

Continued on Next Page. . .
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Table C.3 – Continued
Tw − Tsat (◦ C)

00
qwall
(MW/m2 )

Tw − Tsat (◦ C)

00
qwall
(MW/m2 )

61.53

0.390

120.63

0.077

66.63

0.329

121.59

0.098

70.50

0.232

122.64

0.069

73.33

0.181

123.58

0.050

76.00

0.212

124.38

0.079

78.50

0.201

125.29

0.058

81.08

0.181

126.09

0.085

83.35

0.159

126.89

0.058

85.40

0.166

127.60

0.066

87.48

0.141

128.40

0.035

89.34

0.154

128.90

0.058

91.25

0.143

129.84

0.043

Table C.4: Aluminum Coated Vessel Quenching and SteadyState Boiling Data at θ = 14◦ (Tsat = 100◦ C)

Tw − Tsat (◦ C)

00
qwall
(MW/m2 )

Tw − Tsat (◦ C)

00
qwall
(MW/m2 )

7.30

0.124

130.58

0.444

11.30

0.214

133.45

0.435

17.30

0.335

136.33

0.390

Continued on Next Page. . .
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Table C.4 – Continued
Tw − Tsat (◦ C)

00
qwall
(MW/m2 )

Tw − Tsat (◦ C)

00
qwall
(MW/m2 )

23.30

0.480

138.85

0.355

28.30

0.547

141.15

0.289

92.33

0.752

143.03

0.319

97.20

0.747

145.05

0.272

102.04

0.685

146.81

0.259

106.48

0.698

148.49

0.176

111.00

0.630

149.65

0.189

115.16

0.596

150.88

0.131

119.03

0.653

151.73

0.125

123.18

0.573

152.54

0.106

126.89

0.569

153.23

0.104

Table C.5: Plain Vessel Quenching and Steady-State Boiling
Data at θ = 28◦ (Tsat = 100◦ C)

Tw − Tsat (◦ C)

00
qwall
(MW/m2 )

Tw − Tsat (◦ C)

00
qwall
(MW/m2 )

2.74

0.009

109.93

0.126

3.34

0.017

111.63

0.106

3.67

0.037

113.11

0.135

4.31

0.056

114.84

0.131

Continued on Next Page. . .
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Table C.5 – Continued
Tw − Tsat (◦ C)

00
qwall
(MW/m2 )

Tw − Tsat (◦ C)

00
qwall
(MW/m2 )

5.63

0.074

116.63

0.123

7.49

0.093

118.14

0.122

9.06

0.109

119.68

0.127

10.79

0.129

121.14

0.126

12.57

0.147

122.76

0.089

13.69

0.163

124.13

0.108

14.81

0.186

125.56

0.112

15.95

0.205

127.04

0.106

16.96

0.225

128.33

0.112

17.77

0.242

129.66

0.104

19.41

0.262

130.88

0.108

21.00

0.281

132.21

0.096

22.80

0.301

133.53

0.096

25.70

0.327

135.99

0.096

29.70

0.361

138.21

0.087

35.40

0.400

140.54

0.089

40.00

0.432

142.88

0.073

44.10

0.470

144.95

0.093

64.80

0.579

147.15

0.081

68.63

0.544

149.10

0.091

72.15

0.378

151.13

0.073

74.60

0.274

153.23

0.064

Continued on Next Page. . .
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Table C.5 – Continued
Tw − Tsat (◦ C)

00
qwall
(MW/m2 )

Tw − Tsat (◦ C)

00
qwall
(MW/m2 )

77.95

0.227

155.03

0.073

81.08

0.219

157.03

0.056

83.88

0.201

158.73

0.061

86.15

0.154

160.35

0.069

88.21

0.162

162.03

0.067

90.26

0.168

163.79

0.052

92.46

0.150

165.25

0.068

94.54

0.139

166.81

0.064

96.45

0.162

168.35

0.038

98.48

0.139

169.70

0.075

100.40

0.158

170.99

0.058

102.44

0.136

172.48

0.034

104.39

0.137

173.60

0.052

106.18

0.135

174.65

0.029

108.03

0.155

175.58

0.040

235
Table C.6: Aluminum Coated Vessel Quenching and SteadyState Boiling Data at θ = 28◦ (Tsat = 100◦ C)

Tw − Tsat (◦ C)

00
qwall
(MW/m2 )

Tw − Tsat (◦ C)

00
qwall
(MW/m2 )

13.00

0.211

190.99

0.596

18.50

0.302

194.93

0.488

31.00

0.430

198.03

0.384

44.90

0.532

200.51

0.434

63.00

0.624

203.33

0.350

158.41

0.824

205.55

0.376

163.54

0.781

208.09

0.361

168.70

0.773

210.48

0.253

173.91

0.705

212.11

0.225

178.58

0.662

213.54

0.164

182.86

0.679

214.60

0.115

187.26

0.575

215.36

0.095

188.12

0.581

215.95

0.069
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Table C.7: Plain Vessel Quenching and Steady-State Boiling
Data at θ = 42◦ (Tsat = 100◦ C)

Tw − Tsat (◦ C)

00
qwall
(MW/m2 )

Tw − Tsat (◦ C)

00
qwall
(MW/m2 )

2.74

0.009

121.71

0.108

3.34

0.017

124.63

0.114

3.67

0.037

127.45

0.112

4.31

0.056

130.29

0.106

5.63

0.074

132.91

0.091

6.00

0.093

135.36

0.096

7.50

0.109

137.84

0.094

9.30

0.129

140.26

0.085

10.80

0.147

142.46

0.087

12.30

0.170

144.59

0.083

13.50

0.186

146.54

0.091

14.60

0.205

148.54

0.085

16.40

0.225

150.59

0.071

17.90

0.246

152.44

0.074

19.80

0.269

154.36

0.067

21.70

0.305

156.11

0.068

23.90

0.343

157.94

0.062

28.80

0.436

159.59

0.066

36.60

0.551

161.31

0.047

43.70

0.640

162.79

0.067

Continued on Next Page. . .
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Table C.7 – Continued
Tw − Tsat (◦ C)

00
qwall
(MW/m2 )

Tw − Tsat (◦ C)

00
qwall
(MW/m2 )

52.30

0.731

164.46

0.057

63.03

0.790

165.94

0.056

68.45

0.261

167.45

0.056

70.28

0.302

168.90

0.041

71.40

0.329

170.26

0.056

74.48

0.361

171.53

0.053

84.50

0.393

172.85

0.052

87.20

0.395

174.11

0.073

93.71

0.204

175.78

0.036

96.63

0.189

176.94

0.042

98.90

0.156

178.09

0.034

101.00

0.168

179.14

0.037

102.99

0.170

180.06

0.041

104.99

0.148

181.06

0.035

106.90

0.143

182.06

0.039

108.70

0.147

182.96

0.049

110.53

0.135

184.53

0.033

112.23

0.116

185.59

0.035

115.41

0.116

186.93

0.045

118.56

0.102

189.54

0.036
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Table C.8: Aluminum Coated Vessel Quenching and SteadyState Boiling Data at θ = 42◦ (Tsat = 100◦ C)

Tw − Tsat (◦ C)

00
qwall
(MW/m2 )

Tw − Tsat (◦ C)

00
qwall
(MW/m2 )

10.00

0.170

187.85

0.328

16.00

0.270

189.98

0.276

22.00

0.370

191.76

0.280

38.00

0.620

193.58

0.256

58.00

0.830

195.24

0.260

97.00

1.166

196.89

0.245

122.06

0.907

198.48

0.239

146.09

0.747

200.03

0.231

151.03

0.777

201.53

0.255

156.06

0.681

203.21

0.208

160.48

0.634

204.56

0.152

164.66

0.632

205.55

0.133

168.68

0.543

206.41

0.094

172.26

0.545

207.03

0.114

175.94

0.557

207.76

0.112

179.48

0.505

208.49

0.116

182.75

0.433

209.24

0.120

185.61

0.345

210.01

0.112
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Table C.9: Plain Vessel Quenching and Steady-State Boiling
Data at θ = 56◦ (Tsat = 100◦ C)

Tw − Tsat (◦ C)

00
qwall
(MW/m2 )

Tw − Tsat (◦ C)

00
qwall
(MW/m2 )

2.30

0.009

92.56

0.139

5.00

0.019

94.34

0.104

5.60

0.044

95.90

0.120

7.60

0.095

97.43

0.116

10.40

0.130

99.20

0.106

11.60

0.180

100.58

0.116

14.90

0.240

102.04

0.127

17.30

0.300

103.44

0.127

18.90

0.338

104.94

0.141

22.10

0.390

106.53

0.131

23.00

0.440

107.85

0.127

25.00

0.500

109.30

0.093

27.30

0.550

110.63

0.108

29.30

0.600

113.49

0.075

30.50

0.650

115.61

0.096

34.50

0.710

117.96

0.096

36.10

0.723

120.43

0.087

41.40

0.764

122.51

0.095

43.80

0.780

124.65

0.077

49.40

0.789

126.69

0.081

Continued on Next Page. . .
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Table C.9 – Continued
Tw − Tsat (◦ C)

00
qwall
(MW/m2 )

Tw − Tsat (◦ C)

00
qwall
(MW/m2 )

59.09

0.801

128.78

0.053

65.08

0.412

130.36

0.077

67.80

0.352

132.39

0.058

70.13

0.256

134.05

0.066

73.18

0.181

135.76

0.060

75.48

0.146

137.28

0.066

77.65

0.170

138.88

0.042

79.93

0.166

140.24

0.062

82.03

0.150

141.60

0.033

84.13

0.104

142.54

0.040

85.88

0.185

144.21

0.035

87.91

0.144

145.20

0.069

89.59

0.095

146.26

0.050

91.03

0.139

147.85

0.033

Table C.10: Aluminum Coated Vessel Quenching and SteadyState Boiling Data at θ = 56◦ (Tsat = 100◦ C)

Tw − Tsat (◦ C)

00
qwall
(MW/m2 )

Tw − Tsat (◦ C)

00
qwall
(MW/m2 )

7.00

0.358

189.36

0.282

Continued on Next Page. . .
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Table C.10 – Continued
Tw − Tsat (◦ C)

00
qwall
(MW/m2 )

Tw − Tsat (◦ C)

00
qwall
(MW/m2 )

13.00

0.619

191.23

0.276

19.00

0.672

193.09

0.278

28.00

0.943

194.85

0.266

126.38

1.491

196.58

0.233

136.15

0.806

198.11

0.243

150.01

0.708

199.69

0.160

154.88

0.654

200.73

0.201

159.20

0.624

202.03

0.172

163.33

0.597

203.14

0.152

167.35

0.558

204.13

0.175

171.04

0.524

205.24

0.129

174.50

0.480

206.08

0.147

177.68

0.439

207.12

0.132

180.58

0.399

207.03

0.129

183.16

0.355

207.86

0.125

185.46

0.295

208.69

0.104

187.41

0.307

209.36

0.100
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Table C.11: Copper Coated Vessel Quenching and SteadyState Boiling Data at θ = 0◦ (Tsat = 100◦ C)

Tw − Tsat (◦ C)

00
qwall
(MW/m2 )

Tw − Tsat (◦ C)

00
qwall
(MW/m2 )

18.02

0.260

200.63

0.658

30.11

0.390

204.98

0.586

44.21

0.510

208.85

0.511

63.22

0.630

212.16

0.495

87.37

0.810

215.44

0.430

130.75

0.930

218.23

0.449

136.78

0.889

221.14

0.434

142.54

0.920

223.95

0.390

148.74

0.924

226.48

0.380

154.73

0.848

228.99

0.357

160.11

0.762

231.30

0.393

165.05

0.751

233.90

0.399

170.01

0.652

236.49

0.345

174.24

0.691

238.73

0.351

178.71

0.705

241.00

0.302

183.38

0.704

243.04

0.233

187.94

0.658

244.55

0.231

192.29

0.687

246.05

0.158

196.74

0.600

247.08

0.155
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Table C.12: Copper Coated Vessel Quenching and SteadyState Boiling Data at θ = 14◦ (Tsat = 100◦ C)

Tw − Tsat (◦ C)

00
qwall
(MW/m2 )

Tw − Tsat (◦ C)

00
qwall
(MW/m2 )

8.02

0.162

249.21

0.414

13.33

0.247

251.95

0.420

17.17

0.311

254.68

0.382

25.29

0.383

257.10

0.357

36.10

0.470

259.46

0.315

195.80

0.718

261.46

0.278

200.36

0.712

263.26

0.310

204.98

0.710

265.28

0.249

209.58

0.681

266.89

0.227

213.99

0.685

268.39

0.247

218.51

0.702

269.99

0.226

223.06

0.646

271.43

0.195

227.25

0.691

272.69

0.174

231.64

0.638

273.81

0.176

235.78

0.584

274.95

0.160

239.56

0.540

275.99

0.143

243.06

0.461

276.91

0.133

246.11

0.488

277.78

0.118
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Table C.13: Copper Coated Vessel Quenching and SteadyState Boiling Data at θ = 28◦ (Tsat = 100◦ C)

Tw − Tsat (◦ C)

00
qwall
(MW/m2 )

Tw − Tsat (◦ C)

00
qwall
(MW/m2 )

7.02

0.137

245.00

0.444

10.11

0.202

247.88

0.434

18.93

0.321

250.69

0.401

29.31

0.434

253.34

0.368

42.43

0.557

255.73

0.364

68.12

0.672

258.04

0.341

192.64

0.866

259.04

0.331

198.14

0.820

260.25

0.324

203.45

0.781

262.35

0.328

208.51

0.748

264.48

0.270

213.36

0.692

266.23

0.260

217.94

0.738

267.91

0.251

222.63

0.637

269.54

0.247

226.84

0.637

271.14

0.179

230.96

0.632

272.30

0.237

234.98

0.562

273.84

0.173

238.69

0.563

275.00

0.141

242.26

0.422

275.91

0.120
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Table C.14: Comparison of Steady-State Boiling Data at θ =
0◦ with Enhanced Insulation Structure (Tsat = 100◦ C)

Plain Vessel

Coated Vessel

Tw − Tsat (◦ C)

00
qwall
(MW/m2 )

Tw − Tsat (◦ C)

00
qwall
(MW/m2 )

13.02

0.190

16.02

0.320

20.11

0.320

21.10

0.470

25.52

0.450

30.09

0.650

33.09

0.605

37.31

0.830

44.40

0.807

46.09

1.150

49.90

1.050

60.09

1.490

63.20

1.370

60.09

1.490

63.20

1.370

60.09

1.490

Table C.15: Comparison of Steady-State Boiling Data at θ =
18◦ with Enhanced Insulation Structure (Tsat = 100◦ C)

Plain Vessel

Coated Vessel

Tw − Tsat (◦ C)

00
qwall
(MW/m2 )

Tw − Tsat (◦ C)

00
qwall
(MW/m2 )

21.09

0.360

12.06

0.270

21.09

0.360

16.03

0.390

28.10

0.510

23.09

0.570

Continued on Next Page. . .
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Table C.15 – Continued
Tw − Tsat (◦ C)

00
qwall
(MW/m2 )

Tw − Tsat (◦ C)

00
qwall
(MW/m2 )

34.07

0.690

29.11

0.730

42.05

0.850

36.09

0.910

46.08

0.990

42.90

1.130

57.01

1.250

52.10

1.340

67.19

1.480

61.20

1.510

67.19

1.480

65.06

1.590

67.19

1.480

65.06

1.590

Table C.16: Comparison of Steady-State Boiling Data at θ =
45◦ with Enhanced Insulation Structure (Tsat = 100◦ C)

Plain Vessel

Coated Vessel

Tw − Tsat (◦ C)

00
qwall
(MW/m2 )

Tw − Tsat (◦ C)

00
qwall
(MW/m2 )

15.02

0.320

10.12

0.350

20.19

0.450

15.93

0.500

26.00

0.630

20.01

0.600

30.10

0.770

27.03

0.820

34.07

0.890

34.03

1.050

40.11

1.080

40.08

1.300

45.20

1.190

45.08

1.500

Continued on Next Page. . .
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Table C.16 – Continued
Tw − Tsat (◦ C)

00
qwall
(MW/m2 )

Tw − Tsat (◦ C)

00
qwall
(MW/m2 )

52.02

1.340

45.08

1.500

52.02

1.340

45.08

1.500

Table C.17: Comparison of Steady-State Boiling Data at θ =
60◦ with Enhanced Insulation Structure (Tsat = 100◦ C)

Plain Vessel

Coated Vessel

Tw − Tsat (◦ C)

00
qwall
(MW/m2 )

Tw − Tsat (◦ C)

00
qwall
(MW/m2 )

17.03

0.350

12.09

0.350

20.01

0.510

17.23

0.600

23.10

0.609

23.03

0.820

27.10

0.780

28.05

1.050

34.92

1.050

35.09

1.310

42.09

1.280

45.02

1.600

50.42

1.490

52.09

1.730

58.09

1.610

52.09

1.730

58.09

1.610

52.09

1.730
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Table C.18: Comparison of Steady-State Boiling Data at θ =
75◦ with Enhanced Insulation Structure (Tsat = 100◦ C)

Plain Vessel

Coated Vessel

Tw − Tsat (◦ C)

00
qwall
(MW/m2 )

Tw − Tsat (◦ C)

00
qwall
(MW/m2 )

22.03

0.307

16.02

0.500

28.08

0.506

19.08

0.600

32.09

0.653

23.03

0.820

38.11

0.859

27.13

1.050

42.01

1.011

32.09

1.320

48.09

1.250

37.02

1.600

55.10

1.530

43.20

1.800

64.03

1.990

53.02

2.100

64.03

1.990

53.02

2.100
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Appendix D

Equations for the Flow Area Calculation

There are seven essential geometric parameters that affect the local flow area, as
illustrated schematically in Figure D.1. These geometric parameters include the radius
of the lower head, R1 , the radius of the upper insulation structure, R2

(= 0.5D2 ), the

height of the lower part of the insulation structure, H1 , the radius of the bottom inlet
plate, R3

(= 0.5D3 ), the shear key position, θm , the minimum gap size at the shear key

position, δ , and the height of the conical section, H3 . Among these parameters, those
that have dominant effects on steam venting are R1 , δ, and θm .
For a given set of geometric parameters, the flow area distribution can be expressed as a function of the elevation z, whose reference base is the bottom inlet plate
as shown in Figure D.1.
The critical value for R3

(= D3 /2) is the radius of the lower cone formed by the

bias tangent to the lower head at the position where z = H1 − R1 . This critical radius,
Rc , is given by.
Rc =

R1 (1 − cos θm ) + δ
sin θm

(D.1)

For the APR1400 insulation structure design, the radius of the bottom plate must
be chosen such that R3 > Rc . The height of the bottom inlet cylinder H2 is related to
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Fig. D.1. Geometric Parameters for the APR1400 Vessel/Insulation Structure Design
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the geometric parameters by

H2 = R3 tan θm −

R1 (1 − cos θm ) + δ
+ H1 − R1
cos θm

(D.2)

It should be noted that the flow area varies along the elevation z, having a minimum value near the shear key position.
From Figure D.1, it can be shown that the local annular flow area, A, would vary
with the elevation z, according to the following manner:

A = πR32
A = πR32 − π[R12 − (H1 − z)2 ]
7
A = πR42 − π[R12 − (H1 − z)2 ] +
9
7
A = πR62 − π[R12 − (H1 − z)2 ] +
9

2 2
πR
9 5
2 2
πR
9 5

A = πR22 − π[R12 − (H1 − z)2 ]
A = π(R22 − R12 )

0 < z < H1 − R1

(D.3)

H1 − R1 < z < H2

(D.4)

H2 < z < H2 + H3 /2

(D.5)

H2 + H3 /2 < z < H2 + H3 (D.6)
H2 + H3 < z < H1

(D.7)

z > H1

(D.8)

In the above equations, R4 is the radius of the lower cone measured from the
center of the lower head to the inner part of the cone at the local elevation z, (see Figure
D.1). It can be evaluated by the following expression:

R4 = 2(z − H1 + R1 ) cot θm − R3 +

2[(R1 + δ) − R1 cos θm ]
sin θm

(D.9)
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The quantity R5 is the radius of the lower cone measured from the center of the
lower head to the upper surface of the cone at the local elevation z, which is given by:

R5 = (z − H1 + R1 ) cot θm − R3 +

(R1 + δ) − R1 cos θm
sin θm

(D.10)

The quantity R6 is the radius of the upper cone measured from the center from
the lower head to the vertical cut of the cone at the local elevation z. This quantity is
given by:
R6 = H3 cot θm + R3

(D.11)

Note that because of the presence of the eight 10◦ transition sections in the upper
and lower cones, an approximation has been made in obtaining the flow area expressions
given by equations D.5 and D.6. The approximation involves treating the transition
sections as straight lines, with the flow area in the circumferential region B (see Figure
D.2) being a right-angled triangle formed between the minimum gap section at the shear
key position and the enlarged opening section. To obtain an appropriate expression for
the flow area, it is necessary to account for the percentage of the flow area occupied
by each of the three circumferential regions shown in Figure D.2. In order to show the
transition section structure in detail one quarter of cross section is shown in Figure D.2
with the shaded region indicating where the approximation mentioned above been made.
With the approximation made, each transition section area is equal to the summation
of the region in red and the one in green. Region A is the annular flow area formed
by the four minimum gap sections at the four shear key positions, which occupy the
percentage of 4 × 10◦ out of 360◦ . Region B represents the flow area formed by the
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eight transition sections, which occupy the percentage of 8 × 10◦ out of 360◦ . Region
C includes the annular flow area formed by the four enlarged opening sections, which
occupy the percentage of 240◦ out of 360◦ .

Fig. D.2. Cross-Section View of the Conical Structure Showing the Three Circumferential Regions

It should be noted that the sum of H2 and H3 should be within a certain limit
for given a minimum gap size. This limit is given by the following equation:

H2 + H3 ≤ H1 −

R+δ
+ R2 tan θm
cos θm

(D.12)

The above inequality assures that the conical section can be positioned properly relative
to the minimum gap location.
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Appendix E

Current Development of In-Vessel Retention Strategy

Besides the enhancement that has been made to the ERVC as studied in this
thesis, several recent developments have been accomplished by other researchers to improve the margin for In-Vessel Retention in high-power reactors (up to 1500 MWe).
These recent developments include modifications to enhance in-vessel debris coolability (enhanced in-vessel core catcher configuration, thickness, and material), improved
narrow-gap boiling curve based on experimental data, and improved CHF data obtained
with prototypic water. The following briefly discussed each improvement that has been
made and demonstrates how these research result represents a significant step forward
in the use of IVR.

E.1

Core Catcher Designs
To assure that relocating corium is rapidly quenched and/or its decay heat is

rapidly reduced, several designers have proposed core catcher designs, both in-vessel
type and ex-vessel type, that could be retrofitted into current LWRs or integrated into
ALWRs and GEN IV reactor designs. The core catcher concept is not new. During
the last three decades, designers have proposed various core catcher designs located
within and external to the vessel. The configuration, material, and size of proposed
designs vary dramatically. However, two types of materials are selected, depending on
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whether they are designed to withstand high-temperature melts attack (and retain the
relocated material) or designed to reduce melt decay heat loads. Many design efforts
have recognized the need to perform simulant and prototypic material tests to confirm
characteristics of proposed designs.
Rempe et al [133] investigated one particular core catcher design that involves the
use of an engineered structure inside the reactor vessel to guard against direct attack of
core melt on the vessel wall. Rempe et al. used a high-temperature refractive sacrificial
material, such as M gO for the engineered structure. It is shown that this material tends
to form a eutectic solution with U O2 upon physical contact. As corium dissolves into the
sacrificial structure, the fuel concentration would decrease, resulting in the dilution of the
decay heat. The rate of dissolution of the sacrificial material, however, depends not only
on the material selected, but also on the process of natural convection in the melt pool.
Rempe et al achieved significant time delay before the melt pool penetrates through the
entire thickness of the sacrificial layer by selecting proper thickness and shape for the
engineered structure. By the time the melt pool relocates down onto the reactor lower
head, both the decay power level of the fuel and the concentration of corium in the
melt pool would be reduced such that long-term decay heat removal can be established
through the reactor vessel.
In characterizing the benefit of various types of proposed in-vessel core catchers,
Rempe et al. applied the maximum in-vessel heat removal capability determined by Kim
and Suh [134] as mentioned in the following section E.2. Kim and Suh obtained relevant
test data so that curves can be developed for predicting the maximum removable heat
from the debris through the narrow gap. A heat removal capability map (HRCM) is
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then developed that displays critical factors for estimating the maximum heat removal
from the debris in the lower plenum (gap size, melt relocation mass, pressure, etc.).

E.2

Narrow Gap Cooling
A series of experimental investigations of the cooling mechanism in the narrow

gaps, focusing on the CHF, have been conducted by Suh [135] using the SNU GAMMA
and KAERI CHFG facilities. The CCFL and CHF phenomena were experimentally
studied with azimuthal angle dependency to physically understand the complicated heat
removal mechanism in the narrow gap. SNU GAMMA and KAERI CHFG facilities
are capable of performing experiments in two-dimensional (2D) slice and the threedimensional (3D) hemispherical geometries. The 2D slice experimental facility located
at SNU, which consists of a rod heater, a heat exchanger and a coolant control system.
Data for modelling the enhanced cooling associated with boiling in a narrow gap is
insufficient and in order to evaluate the impact of proposed core catcher concepts on plant
safety margin, it is necessary to obtain data to develop curves for predicting the maximum
removable heat from the debris through the narrow gap. The SNU 3D GAMMA or the
KAERI 3D CHFG are ideally suited for performing these tests. With these facilities, Kim
and Suh [134] have performed tests to assess the sensitivity in determining the maximum
in-vessel heat removal capability from the core material relocated into the lower plenum.
Results of the these test were then used to develop a heat removal capability map that
displays critical factors for estimating the maximum heat removal from the debris in the
lower plenum. This map can be used to compare the enhanced safety margin possible
with various in-vessel core catchers.
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