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Understanding of two-phase heat transfer mechanisms on downward-facing hemispherical vessels is
crucial during external reactor vessel cooling (ERVC) under severe accident conditions. Film boiling is
the predominant heat transfer regime in the initial stages of quenching under these circumstances. In this
work, the process of downward-facing film boiling on the outer surface of a hemispherical vessel is stud-
ied using high-speed video. High-speed video is a valuable measurement technique because it does not
require any invasive sensors that may alter the natural liquid-vapor interface in film boiling. With high-
speed video and a few image processing techniques, accurate measurements of film thickness have been
made at four different degrees of subcooling (0, 3, 5, and 10 �C) and angular locations (0, 14, 28, and 42�)
on a hemispherical vessel. With increasing subcooling and decreasing angular location, the vapor film
thickness has been found to decrease. Average film thickness at 0 �C (respectively, 10 �C) subcooling
and one second after immersion is found to be approximately 2 mm (respectively, 0.5 mm).
High-speed videos taken at 650 frames per second (fps) have shown significant oscillations at the
liquid-vapor interface during film boiling. Additionally, oscillations in the film thickness and its wave
characteristics have been analyzed at the prescribed angular locations and degrees of subcooling. From
the visual data, insights regarding the heat transfer behavior of film boiling are obtained. Additionally,
the characteristics of the interfacial oscillations have been related to the heat flux distribution. The mech-
anism for the interfacial oscillations can be attributed to disturbances in the balance between the wall
and interfacial heat fluxes, along with the hydrodynamic instability.

� 2018 Elsevier Ltd. All rights reserved.
1. Introduction RPV. Therefore, during such accidents, it is crucial to maintain
A properly designed nuclear power plant can provide safe and
consistent energy under well-controlled operating conditions;
nevertheless, radiation protection is still a large concern. Currently
there are multiple layers of protection for the safekeeping of
radioactive materials such as a containment layer, holding of fis-
sion gases by the fuel pellets themselves, and cladding around
the fuel rods. All of these layers are housed inside the reactor pres-
sure vessel (RPV), which is retained in a containment building.
During a severe accident, fuel pellets rupture and the fuel rod clad-
ding melts, which can cause a meltdown of the reactor core, with
molten corium relocating downward into the bottom head of the
the integrity of the RPV lower head for in-vessel retention (IVR)
of the molten corium to achieve in-vessel cooling; this effort min-
imizes the risk of containment failure. In order to contain the
radioactive molten corium within the reactor, the reactor cavity
is flooded with coolant to submerge the entire RPV. This method,
also known as IVR through external reactor vessel cooling (ERVC),
allows for the removal of decay heat from the molten corium
through the vessel wall by downward-facing boiling (DFB) on the
vessel outer surface.

In spite of its practical importance, most of the research related
to DFB has been conducted only in the past 20 years. Of the DFB
experiments performed, it has been found that there is a significant
spatial variation of the critical heat flux (CHF) with angular location
[1,2]. The cyclic nature of the vapor dynamics and the resulting
two-phase motion along the heated surface for DFB have been
observed visually. It was found that the vapor departure velocity
and the CHF changed with the angle of orientation of the heated
surface [3]. Furthermore, the net rate of vapor generation reduced
significantly with the increase in bulk liquid subcooling, such that
the bubble residence times at the CHF were independent of the
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subcooling [4]. Additionally, Cheung et al. [5–8] observed signifi-
cant spatial variation of the CHF, with its local limit increasing
monotonically from the bottom center to the equator of the vessel
for both saturated and subcooled boiling. Sohag et al. [9–11] and
Segall et al. [12], investigated the effects of subcooling and micro-
porous coatings on the enhancement of DFB on a hemispherical
vessel. They also found that the CHF is dependent on the angular
locations and surface conditions for these types of geometries. In
the present work, the effects of subcooling on the vapor film thick-
ness, interfacial vapor velocity, and interfacial wave frequency for a
downward-facing hemisphere have been determined quantita-
tively. These measurements were made using an image processing
technique involving high-speed video to determine the vapor film
thickness as a function of submersion time and angular location.

Utilizing image processing techniques, which capture the phy-
sics of two-phase flows without the need for invasive sensors, is a
relatively newmethodology. Pham et al. [13] studied the interfacial
wavy behavior of two-phase flows on a rod bundle geometry via
high-speed video in 2014. They later built on this work in 2015
[14] by processing the images they collected to determine mean
film thicknesses, wave height, power spectral density (PSD), and
wave velocity that were used to characterize the interaction mech-
anisms along the wavy film. In addition to the work by Pham, other
authors have used high-speed video to characterize bubble growth
and nucleation processes [15–18]. Besides utilizing imaging to
determine two-phase flow dynamics, there has been work to cap-
ture the nucleate boiling departure frequency using these method-
ologies [15,19–26]. Brooks et al. [15] found that bubble departure
frequency and size increase with the heat transfer rate. For nucleate
boiling frequencies under pool boiling conditions, the following
bubble departure frequencies have been observed: 4 Hz for DFB
[5], 11 Hz for upward-facing pool boiling [20], 25 Hz for micro-
channels [21], and as low as 2 Hz for a Na/Cl pool boiling bath
[22]. Depending on the orientation, surface conditions, bath liquid,
and applied heat flux, the bubble departure frequency has been
found to vary. With this variation, there is a wide selection of mod-
els to predict the bubble departure frequency and even size [24].
However, to the best of the authors’ knowledge, no literature is
available that measures the frequency of the film oscillations,
determines a heat transfer coefficient (HTC), or estimates the heat
flux in film boiling by making use of high-speed video data.

In this work, a downward-facing hemispherical vessel undergo-
ing quenching is observed using high-speed video. Thewall temper-
ature before immersion is well above the minimum film boiling
temperature to investigate the effects of liquid subcooling and angu-
lar location on film boiling. Some of the characteristics explored in
film boiling include: vapor film oscillation frequency with time
and vessel temperature;mean,maximum, andminimumfilm thick-
nesses; and the relative interfacial vapor film velocity with angular
location. In addition to the observed film boiling characteristics, the
HTC is computed for a downward-facing hemisphere bymaking use
of the high-speed videodata. This determinedHTC is comparedwith
results fromapublishedmodel and found to produce similar results.
With the modeled HTC, the heat flux in film boiling is compared
using a traditional lumped capacitance method, and a new method
that utilizes both the video and thermocouple data.

The remainder of this article is organized as follows: Section 2
describes the experimental setup and approach; Section 3 focuses
on the results and discussion; and Section 4 provides the conclu-
sions from this study.

2. Experimental setup and approach

The following section focuses on the experimental facility,
setup, and approach for acquiring the measured quantities,
including the image processing technique and methodology.
2.1. Facility

The Subscale Boundary Layer Boiling (SBLB) facility at The Penn-
sylvania State University is shown in Fig. 1(a). This pool boiling
facility contains a cylindrical water tank that is 1.14 m tall and
1.22 m in diameter. The setup simulates a reactor cavity in a
nuclear power plant that is sufficiently large to minimize recircu-
lation currents generated due to boiling. Two large viewing win-
dows of diameter 0.558 m are installed on the tank to record the
flow as boiling takes place on the outer surface of the test vessel.
Three 12 kW immersion heaters around the bottom of the tank
are used to preheat the bath to the prescribed temperature. Heat-
ing requires between 5 and 6 h before reaching the saturation tem-
perature. During the heat-up process, a temperature gradient is
created by natural convection and so three installed thermocou-
ples monitor temperature variation in the tank. While the facility
can perform tests at higher pressures, all experiments reported in
this study are conducted at atmospheric pressure.

The vessel is made of 304-grade stainless steel, having an out-
side diameter of 30.48 cm with a wall thickness of 2.54 mm. Four
36-gauge K-type thermocouples are spot welded along an arc
starting from bottom center up to the equator of the vessel at 0,
14, 28, and 42� (see Fig. 1(b)). These angular locations were chosen
to maximize the number of thermocouples that can be installed on
the vessel. The error associated with the temperature measure-
ment is �1.1 �C, or 0.4% of the thermocouple reading within its
measurement range. Thermocouple sensors are synchronized with
the high-speed video by sampling both signals at the same time
instance. In order to negate the radial temperature variation
through the vessel wall, 3.81 mm holes with a depth of 1.905
mm are drilled from the inner surface where thermocouples are
then spot-welded. Prior to quenching, the vessel is heated to
approximately 400 �C and the bath temperature has reached the
prescribed subcooling. After preheating, the vessel is manually
lowered into the tank via a hollow stainless steel rod, which is con-
nected to the top of the vessel. It takes only a few seconds to lower
the vessel into the tank, during which time no significant cooling
takes place as the vessel is initially well above the minimum film
boiling temperature.

2.2. Image processing technique

To capture the film boiling dynamics, high-speed videos are
used to measure the instantaneous film thickness at 650 frames
per second (fps). Fig. 2 shows a progression of vapor film thickness
throughout the quenching process for the 100 �C bath. Notice that
the upper angles show larger vapor bubbles than the lower loca-
tions in the 15 s frame, suggesting that the upper elevations are
in the process of quenching.

To measure the film thickness using high-speed video, the edge
of the film must be detected. The color images of the complete
quenching process are first converted to binary images by using
color thresholding, where the thresholds for each of the three color
channels (red, green, and blue) are predetermined. Since the ambi-
ent lighting, vessel geometry, and camera were not changed during
the experiment, the same settings for image thresholding are used
for all experiments. In the binary image, any gaps present along the
edges are filled and binary regions having only a few pixels are
deleted to filter out any unnecessary noise. Then, edge detection
is carried out on the resulting binary image by using a Laplacian
of Gaussian filter [27]. An example detected edge is shown in
Fig. 3, with both the original and binary images. Once the colored
image is converted to a binary edge, a polar-to-Cartesian coordi-
nate transformation is used to obtain the film thickness at each
angular location for every instant in time. The location of the
center and radius of the vessel are needed for the coordinate



Fig. 3. Original image with processed edge detected for the 97 �C bath.

Fig. 1. Experimental setup.
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transformation and are obtained by fitting a circle to the detected
edge for a fully-quenched hemisphere [28]. The measured film
thickness from this high-speed video analysis has an accuracy of
�0.252 mm, since the measurement resolution from the video
data in the current setup is 0.252 mm/pixel. In the following
section, quantitative insights demonstrate the physical significance
of these results in relation to heat transfer and film boiling
mechanisms.
Fig. 2. Quenching process for the 100 �C
3. Results and discussion

In the following section, the video data is used to study the
vapor film interfacial oscillations, thickness with time and temper-
ature, minimum and maximum values at the vessel bottom center,
interfacial velocity, interfacial heat transfer coefficient, and heat
flux estimation that is compared with a traditional lumped capac-
itance method.

3.1. Interfacial oscillations

Flow visualization can depict oscillations in the liquid-vapor
interface. These oscillations are reflected as a change in the film
thickness at a particular angular location displayed in successive
high-speed images. The frequencies of the interfacial oscillations
at a particular angular location on the vessel wall are analyzed to
obtain the dominant frequency. We also examine how this domi-
nant frequency changes with time and subcooling. The bottom 0�
angular location is considered in Fig. 4, showing the variation of
film thickness with time for the 90 �C bath. Here, a filtered film
thickness is overlayed for clarity; the film thickness is filtered with
an unbiased, moving average. Note that the point of CHF is denoted
on the figure and any time after this point, the 0� location is under-
going nucleate boiling. A 7 Hz (0.14 s) nucleate boiling frequency is
determined from Fig. 4.

Cheung et al. [5] determined that the nucleate boiling frequency
for downward-facing surfaces was lower than that of upward-
facing surfaces due to differences in the boiling orientation. They
also observed a 4 Hz vapor ejection frequency at the vessel’s bot-
tom center. Additionally, Gerardi et al. [20] found a nucleate boil-
ing frequency of 11 Hz for an upward-facing surface undergoing
pool boiling. Given Cheung’s conclusion that the nucleate boiling
frequency for a downward-facing surface would be less than that
of an upward-facing surface (11 Hz), it is reasonable that a 7 Hz
nucleate boiling frequency is observed in this experimental setup.

Using high-speed video and image processing, the interfacial
oscillation frequency is determined by making use of a Windowed
Fourier Transform (WFT). A window having 512 frames is chosen
to carry out the WFT, which enables us to examine the dominant
frequency for nearly every one second time instance (imaging
bath at different moments in time.



Fig. 4. Film thickness with time during nucleate boiling for the 90 �C bath.

Fig. 5. Dominant frequencies for the 0� location at 0 s for three different bath
temperatures of 95, 97, and 100 �C.
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frequency is 650 Hz) [29]. Using a power spectral density (PSD)
estimation [30], the progression of the interfacial oscillations is
studied to determine the dominant frequency. In Fig. 5, the domi-
nant frequencies are shown for three bath subcoolings with a PSD
at 0 s after complete submersion of the vessel. Two characteristics
can be noted in this figure, a high frequency peak and a high-
frequency band. First, for each bath temperature of 95, 97, and
100 �C, there are associated dominant frequency peaks at 20, 8,
and 13 Hz, respectively. Secondly, in addition to these dominant
high frequency peaks, there is a high frequency band visible for
all signals from approximately 8–30 Hz. These high frequencies
are attributed to the fast interfacial oscillations in the vapor film.
Additionally, there is another lower frequency peak that is
detected in the 95 �C bath temperature: the 7 Hz frequency. This
7 Hz peak has been attributed to the vapor bulge frequency that
resembles the nucleate boiling frequency in Fig. 4; the same fre-
quency which was observed for the 90 �C bath after it achieves
CHF. In Fig. 5, the 7 Hz peak is most visible in the 95 �C signal at
0 s of submersion. This 7 Hz peak is still noticeable for the 97
and 100 �C bath temperatures, but considerably decreases in inten-
sity as the subcooling decreases. Since 7 Hz was observed as the
nucleate boiling frequency from Fig. 4, and there is a noticeable
peak at 7 Hz during film boiling for the 95 �C bath temperature,
we can make the following statement: an artifact of the vapor
bulge frequency is present in the signal. In other words, it can be
said that the vapor bulge and nucleate boiling frequencies may
not be independent since the end of film boiling dictates the begin-
ning of nucleate boiling and this transition from one regime to
another may induce some artifacts.

Since a lower bath temperature has a shorter transition from
film to nucleate boiling, the progression of the 7 Hz nucleate boil-
ing frequency is more visible for these experimental conditions. As
observed in Fig. 5, an increase in bath subcooling intensifies the 7
Hz peak, suggesting that the vapor bulge frequency is embedded in
the signal and becomes more dominant as quenching approaches.
In other words, the embedded vapor bulge frequency, detected
after the vessel has achieved CHF, has been identified and a precur-
sor of this signal can be found during film boiling. Vapor bulges
grow locally in the film when the interface moves closer to the
hot surface. This movement enhances heat transfer by vaporizing
the surrounding liquid and contributes to a vapor bulge similar
to that of bubble nucleation on a vapor film [31].

In addition to comparing the dominant oscillation frequencies
in the vapor film thickness with bath subcooling, PSDs have also
been taken through time for all subcooled bath temperatures. In
Fig. 6, however, only data for the 95 �C bath temperature is shown.
Here, each signal is taken at one second intervals after vessel sub-
mersion for the first eight seconds of quenching. Similar to the
effect of bath subcooling, through time, the 7 Hz frequency inten-
sifies during the quenching process. Again, this 7 Hz frequency has
been attributed to the vapor bulge frequency, reiterating that as
the vessel quenches and the temperature difference between the
hot vessel wall and the bath temperature decreases, the 7 Hz oscil-
lation becomes more dominant in the signal.

3.2. Film thickness study

In addition to calculating the film oscillation frequencies
through time, film thicknesses were extracted for all subcoolings
and compared with the corresponding vessel wall temperatures.
Given that the thermocouple wire is 36-gauge and spot-welded
the inner vessel wall, the thermal time constant for such welds is
approximately 0.1 s, corresponding to a maximum detectable fre-
quency of 10 Hz [32,33]. Since 7 Hz is one of the dominant film
oscillation frequencies and the thermocouple can detect up to 10
Hz, the effect of the vapor bulge can be accurately detected in
the thermocouple signal. Given that the Biot number based on
the wall thickness for the vessel is 0:002 � 1, the local vessel wall
temperature, as measured from the inside at 0.635 mm, is taken as
the outer surface temperature. Vessel temperatures at the 0� angu-
lar location have been extracted and synchronized with the high-
speed video. This effort provides insight into the evolution of film
thickness with time and temperature. In Fig. 7, the film thickness at
the 0� location is shown with respect to the vessel temperature for
the 97 �C bath experiment. During film thickness measurement,
the vessel temperature is well above the minimum film boiling
temperature. Approximately 5 s after submersion, the film thick-
ness drastically increases, varying between 1 and 2 mm initially
and then climbing to 5 mm by approximately 14 s.

This rise in local film thickness is attributed to the unique
quench progression of a downward-facing hemisphere. In Fig. 8
(a), a schematic diagram illustrates the quench progression of the
vessel. Critical heat flux (CHF) occurs when liquid is able to contact
the vessel wall, as can be seen from the photograph provided in
Fig. 8(a). When CHF occurs at a particular location, large vapor
bubbles form as contacting liquid rapidly evaporates, contributing
to the vapor layer. The CHF is defined as the maximum heat flux
determined by the transient thermocouple data in Eq. (1) as:

q00
CHF ¼ max �Cpqwx

dT
dt

� �
; ð1Þ

where Cp is the specific heat of the vessel, qw is the density of the
vessel wall, x is the wall thickness, and dT

dt is the change in wall tem-
perature with time. Once the upper angular locations begin to



Fig. 6. Dominant frequencies through quench progression for the 95 �C bath.

Fig. 7. Film thickness with vessel wall temperature for the 97 �C bath.
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quench and the two-phase boundary layer becomes thicker at these
locations, they act as a flow obstacle to the single-phase vapor film.
The dynamics of angular locations upstream of the CHF, or quench
location, are described as follows: from Fig. 8(a), as vapor is gener-
ated at the bottom center of the vessel, it begins to move upward
through the continuous vapor film with a steady, increasing veloc-
ity until reaching the CHF location. At CHF, portions of the vessel
are, or are in the process of becoming quenched. With intermediate
liquid contacting the vessel wall, the single-phase vapor film
merges with the two-phase boundary layer at the point of CHF.
Now the vapor film cannot move with the same, steady velocity it
previously had in the single-phase layer. This causes a large vapor
bulge to form around the quench location, as seen in Fig. 8(a), which
increases the local film thickness upstream. In film boiling when the
wall temperature decreases, so does the heat flux; and when the
film thickness increases, the heat flux will decrease. Considering
these two phenomena, the increase in film thickness with time
appears to be physically consistent. In Fig. 8(b), a time-line of three
images, over the course of 0.06 s, shows the growth and movement
of a vapor bulge up the side of the vessel.

In Fig. 9, film thickness with temperature is shown as a function
of time for the 97 �C bath at the 0� angular location. Here, small
‘‘kinks” in the wall temperature correspond to abrupt increases
in the film thickness. For example, one second after submersion,
an increase in film thickness from 1.8 to 2.2 mm correlates to a
small increase in the vessel wall temperature from 386.2 to
386.3 �C. Physically, as the vapor film becomes thicker, the insulat-
ing vapor blanket, which conducts heat poorly, will provide a local
hot-spot for temperature rise. As the vapor film reaches a
maximum thickness, a peak temperature is attained locally. When
the vapor film thickness decreases, the conduction through the
interface and the rate of heat transfer increase locally to produce
a relative temperature ‘‘minimum.” A similar relationship between
the local film thickness and relative instantaneous temperature has
been observed at all subcoolings.

The film thickness at the 0� angular location is compared with
different liquid bath temperatures in Fig. 10(a) and the variation
in film thickness with angular location is compared in Fig. 10(b).
In Fig. 10(a), the local film thickness at the 0� vessel bottom center
is found to decrease with increasing liquid subcooling. There are
two heat transfer mechanisms at work when the liquid bath is
subcooled. First, part of the heat from the vessel wall is utilized
to raise the liquid temperature, and the remaining heat is used
for evaporation. Secondly, as the vapor film tries to grow outward,
it is condensed by the subcooled bulk liquid [34–36]. For these two
reasons, we observe a lower film thickness with increased subcool-
ing. Comparing the effects of angular location on film thickness for
a 95 �C bath, or 5 �C bath subcooling, Fig. 10(b) shows that as the
angular location increases, so does the film thickness. Due to the
violent nature of the quenching process, some low frequency ves-
sel vibrations are noted for angles >14�. Since the vessel is fixed at
the top of the support structure, the vibrations induce sideways
oscillations with the fulcrum at the top of the support. In other
words, the vessel may rotate about this location in a pendulum-
like motion if there are any disturbances [28]. Regardless, the
vapor film thickness will become larger at higher angular locations
due to the effects of downstream quenching. Additionally, as the
vessel produces vapor from the lower angular locations, that vapor
travels up through the vapor film, growing in size by collecting
vapor produced at all lower angles.

In Fig. 11, the variation of film thickness with angle and time
is shown in the first second of submersion for the 95 �C bath
temperature. Here, the color bar intensity represents the relative
film thicknesses. Fig. 11(a) shows the vapor film on the hemi-
spherical vessel, while Fig. 11(b) depicts a top-down view of
the film thickness with time on a Cartesian plane. Since the
image includes a portion of the vessel that is to the right of
the vessel’s bottom center, negative angles are depicted in
Fig. 11(b), given the notation in Fig. 1(b). Fig. 11 demonstrates
how the video data is converted into film thickness information,
as part of the image processing that is performed. Note that the
vapor film is thinner for lower angles and increases significantly
for those angles above 21�.

3.3. Minimum and maximum film thicknesses at the vessel bottom
center

While it has been established that the overall film thickness
would increase with time (Fig. 8), the minimum and maximum
film thicknesses can be extracted for all liquid subcoolings at
the 0� angular location to demonstrate their time dependence.
Fig. 12 shows the minimum and maximum film thicknesses for
the 100 �C bath temperature, relative to time after vessel sub-
mersion. In Fig. 12, both the minimum and maximum film thick-
nesses increase with time as the vessel surface temperature
decreases. For the time shown in the figure, vessel temperature
remains well above the minimum film boiling temperature
(275 �C), which is determined from thermocouple data. As dis-
cussed in Fig. 9, small jumps in the temperature correspond to
local maxima in the film thickness, and temperature dips
correspond to local film thickness minima. The average maxi-
mum, minimum, and overall average of both signals show an
increase with time as the vessel quenches. The physical explana-
tion for the increase in vapor film thickness with time lies in the
downstream effects described in Fig. 8.



Fig. 8. Schematic depicting the physics of downward-facing quenching under pool boiling conditions.

Fig. 9. Film thickness with vessel wall temperature for the 97 �C bath at the 0�
angular location. Box highlights one such kink in film thickness corresponding to a
local spike in vessel temperature.
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3.4. Interfacial vapor bulge velocity

In addition to the vapor film thickness, Fig. 8(a) also shows the
difference in vapor film dynamics between vapor bulge growth and
movement. Let us consider two timescales associated with the
vapor film. The first is the time it takes for the vapor bulge to grow
outward, denoted by (1) in Fig. 8(a). The bubble growth time has
been referred to as the vapor bulge frequency in Section 3.1 and
from the frequency analysis, is determined to be 7 Hz. The second
timescale is for the vapor bulge to migrate to higher angular loca-
tions, or what we will call ‘‘interfacial movement,” denoted by (2)
in Fig. 8(a). Here, the required time for a bubble to grow outward is
much larger than the time required for a bubble to drift down-
stream to higher angular locations. In other words,
sbubble growth � sinterfacial movement . Given this observation, the interfa-
cial velocities along the tangential direction have been determined
using successive images sampled at each angular location. The
interfacial velocity at different angular locations is shown in
Fig. 13. To measure the interfacial velocity, two successive images
are considered at one particular angular location. The pixel move-
ment of an interface is taken for the two frames, and converted to a
distance. With a known frequency of image acquisition, in this case
650 Hz, the interfacial velocity can be calculated. For each location,
more than 90 sets of images were measured. Each represented
velocity is the average of more than 30 data points, and the stan-
dard deviation is presented with error bars.

As shown in Fig. 13, the interfacial vapor velocities increase
with an increase in the angular location. At the vessel bottom cen-
ter, the velocity is close to zero, as some vapor will move either to
the right or left side, averaging to approximately 0 m/s. At 14�, the
vapor velocities are slightly higher, averaging around 0.15 m/s.
However, from 14 to 28�, there is the largest jump in the vapor
velocity, where the average velocity at 28� is approximately 1 m/
s. At 42�, the average velocity seemingly stabilizes to 1.2 m/s.
The present study does not show any prominent effect of liquid
subcooling with the interfacial vapor velocity.
3.5. Interfacial heat transfer coefficient estimation

In order to estimate the heat flux at the vessel bottom center,
the local heat transfer coefficient is required at this position. One
key assumption for this analysis is that the interface at the bottom



Fig. 10. Film thickness variation with bath temperature and angular location.

Fig. 11. 3-D visualization of the vapor film thickness.

Fig. 12. Maximum, minimum, and average film thicknesses with time after vessel
submersion for the 100 �C bath.
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center is stationary, meaning that the interface is taken to be at a
time-averaged or mean position. Given the control volume in
Fig. 14, the region of interest is the liquid-vapor interface, where
heat transfer occurs only in the normal direction to and from this
location.

From conservation of mass on the control volume:

qvVv ¼ qlV l; ð2Þ

where q is the density of liquid or vapor, and V is the velocity of
these associated phases. In natural film boiling, the vapor film is
not stationary; however, the interface will be treated as such
when the vapor film is at an average film thickness. This
assumption is accurate when the mass flow rate of vapor due
to evaporation from the interface is equivalent to the mass flow
rate of liquid coming towards the interface. In Fig. 14, q00

cond;w�i is
the heat flux due to conduction from the wall to the interface,
q00
rad;w�i is the heat flux due to radiation from the wall to the

interface, q00
SL;i�l is the heat flux from the interface that provides

sensible heating to the surrounding liquid, and q00
evap;i�l is the heat

flux from the interface to the liquid which evaporates the sur-
rounding liquid and contributes to the vapor film layer. Using
the control volume established in Fig. 14, an energy balance at
the interface yields:

q00
cond;w�i þ q00

rad;w�i � q00
evap;i�l � q00

SL;i�l ¼ 0 ð3Þ

where,

q00
cond;w�i ¼

kvðTWðtÞ � TSATÞ
dðtÞ ð4Þ
q00
rad;w�i ¼

rðT4
WðtÞ � T4

SATÞ
1
�W

þ 1
�L
� 1

ð5Þ

q00
evap;i�l ¼ qlV lhlv ¼ m00

evaphlv ð6Þ



Fig. 13. Interfacial vapor film velocity with angle and bath temperature.

Fig. 14. Energy balance on the liquid-vapor interface at the vessel bottom center.
The volume inside the dotted rectangle is the control volume.

Fig. 15. Regions of stable film boiling for each bath temperature.
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q00
SL;i�l ¼ hi�lðTSAT � TLÞ ð7Þ

and kv is the thermal conductivity of the vapor, dðtÞ is the vapor film
thickness, TWðtÞ is the transient wall temperature, TL is the liquid
bath temperature, TSAT is the saturation temperature at atmospheric
pressure, r is the Stefan-Boltzmann constant, �W and �L are the
emissivities of the wall and liquid, respectively, m00

evap is the mass
flux due to evaporation, and hlv is the latent heat of vaporization.

To determine the heat flux due to the sensible heating of liquid
(q00

SL;i�l), the heat transfer coefficient from the interface to the bulk
liquid, hi�l must be known. Since the interfacial heat transfer coef-
ficient fluctuates with the film thickness throughout the quenching
process, it is difficult to model its value. However, when the film
thickness is maximum at the vessel bottom center, the interfacial
velocity, equivalent to the change in film thickness with time, will
be zero as seen in Eq. (8):

Vl ¼ dd
dt

����
d¼davg

ð8Þ

In Eq. (8), Vl is the liquid velocity at the interface, derived from
the measured film thickness (dðtÞ) that has been extracted during
stable film boiling for the time durations shown in Fig. 15. The
interfacial velocity will be zero when the film thickness is maxi-
mum because there will be no additional vapor growth or evapora-
tion at that time. At maximum film thickness, q00

evap;i�l will also be
zero from Eqs. (6), and (3) simplifies to:

q00
cond;w�i þ q00

rad;w�i ¼ q00
SL;i�l ð9Þ

Substituting the values for the heat fluxes (Eqs. (4), (5) and (7))
into Eq. (9), yields a solution for the interfacial heat transfer coef-
ficient hi�l that can now be written in terms of known quantities
when the vapor film thickness is at a maximum:
hi�lðtÞ ¼ kv
dMAXðtÞ

TWðtÞ � TSAT

TSAT � TL
þ

r T4
WðtÞ � T4

SAT

� �
1
�W

þ 1
�L
� 1

� �
ðTSAT � TLÞ

ð10Þ

The calculated heat transfer coefficient at the interface (Eq.
(10)), is compared with the correlation for the interfacial heat
transfer given by Kelly (Eq. (11)) for inverted annular flow boiling
on a heated rod [37]. While Kelly’s correlation is for a vertical rod,
it is the only correlation available in the literature for interfacial
heat transfer, and as such, the two heat transfer coefficients are
shown for comparison. Kelly’s correlation follows as:

hKelly;2015ðtÞ ¼ 130
davgðtÞ ðCp;LlLkLÞ1=2; ð11Þ

where Cp;L;lL, and kL are the specific heat, viscosity, and thermal
conductivity of the liquid phase, respectfully.

The modal values for the heat transfer coefficients are com-
pared at three different liquid bath temperatures shown in
Fig. 16. From the figure, the heat transfer coefficients were calcu-
lated in the regions of stable film boiling (see Fig. 15), and their fre-
quencies, at different magnitudes, show the probability of a
particular coefficient value under the respective conditions. To
model Eq. (10), the maximum film thickness, dMAX , is extracted
every 5 Hz (0.2 s) to determine its value in that interval. Then, that
maximum film thickness is used to solve for hi�lðtÞ every 5 Hz. In
contrast, Kelly’s Eq. (11) is modeled using an average film thickness
extracted at 5 Hz intervals to determine davgðtÞ. As the bath tem-
perature increases, the heat transfer coefficients appear to
decrease, with hKelly;2015 predicting larger values than hi�lðtÞ.

While the two methods provide coefficients of the same order
of magnitude, the values of hi�lðtÞ were selected for the following
analyses due to the differences in geometry for Kelly’s model, Eq.
(11). The modal value of hi�lðtÞ, in the period of stable film boiling,
is used to define q00

SL;i�l and ultimately the total heat flux balance
derived in the following section.

3.6. Heat flux comparison using video data

The following section provides an alternative method to calcu-
lating the heat flux on the vessel bottom center by utilizing the
vapor film thickness measured from the high-speed video data.
Two methods are used to estimate the heat flux; the first method
uses a traditional lumped capacitance (L-C) formulation and the
second proposed method utilizes both thermocouple and video
data (T-V) to compare the results. Derived from a transient energy



Fig. 16. Heat transfer coefficients (HTCs) for different bath temperatures.
Fig. 17. Heat fluxes calculated by lumped capacitance (L-C) and thermocouple-
video (T-V) methods.
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balance on the vessel wall, the heat flux obtained from the (L-C)
method is defined as:

q00
L�C ¼ �Cpqwx

dT
dt

; ð12Þ

which is the heat flux into the control volume as determined by
thermocouple data. Here, Cp is the specific heat of the vessel, qw

is the density of the vessel, and x is the vessel wall thickness.
Additionally, the heat flux determined by the (T-V) method

follows as:
q00
T�V ¼ q00

cond;w�i þ q00
rad;w�i

¼ kvðTW ðtÞ � TSATÞ
dðtÞ þ

r T4
WðtÞ � T4

SAT

� �
1
�W

þ 1
�L
� 1

� � : ð13Þ

The heat flux at the interface in Eq. (13) is calculated by fusing
information obtained from both thermocouple and video data. We
estimate the film thickness from the extracted video data and mea-
sure TWðtÞ from the thermocouples embedded in the vessel wall.
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Both q00
L�C and q00

T�V , Eqs. (12) and (13) respectively, are used
to determine the heat fluxes in Fig. 17 for the different liquid
bath temperatures. For the 95 �C bath, shown in Fig. 17(a),
q00
L�C is significantly less than that of q00

T�V . However, as the bath
temperature increases in Fig. 17(b) and (c), the values for q00

L�C

increase with time. Additionally, q00
L�C has a much larger spread

when compared with q00
T�V . In fact, as the bath temperature

increases from 95 to 97 and 100 �C, q00
L�C increases with the

time, whereas, q00
T�V decreases with time after vessel

submersion.
The differences in behavior between q00

L�C and q00
T�V with time

and bath temperature originate from their definitions and asso-
ciated assumptions. For q00

L�C , the heat flux from the wall
depends on the change in the temperature response with time.
Since the vessel temperature decreases steadily in the film boil-
ing regime, the temperature change will be large and positive,
increasing with time after vessel submersion. However, for
q00
T�V the heat flux from the wall is inversely proportional to

the film thickness, which increases with time (see discussion
of Fig. 8(a)).

In addition to the differences in formulation, distinctions
between the two heat flux methods may be due to the assump-
tions made for q00

T�V , which include: (1) the energy loss due to
advection through the vapor film is negligible, and (2) Vl can be
represented by a time averaged film thickness in Eq. (8). Both
assumptions may have contributed to the underestimation of
q00
T�V when compared with q00

L�C . Further investigation concerning
the differences between the two heat flux methods is required
in future work.

By comparing these methods for the heat flux, the feasibility to
estimate this value through the use of multiple sensors has been
established. While not equivalent, both methods produce results
of comparable magnitude that can be explained based on their dif-
ferences in methodology and formulation.
4. Conclusions

The following important aspects of the research conducted in
this article are summarized below:

1. An image processing technique utilizing thresholding and edge
detection is useful for extracting the interfacial vapor film
thickness through time. Thermocouple sensors synchronized
with high-speed video can provide useful insight into the
thermal-hydraulic behavior of interfacial vapor films during
pool boiling of a downward-facing hemisphere.

2. With this measurement technique, quantitative observations
using visual sensors can be made, which were not otherwise
apparent. These observations include: interfacial oscillation
frequency with time, film thickness behavior with vessel
wall temperature, film thickness response to liquid subcool-
ing, and interfacial velocity behavior with vessel angular
location.

3. The interfacial heat transfer coefficient has been determined for
the 0� angular location during film boiling for different bath
temperatures. Additionally, these values are comparable with
results obtained from Kelly’s correlation [37] for film boiling
on a rod geometry.

4. The heat flux at the vessel bottom center has been calculated
using two different methods; a traditional lumped capacitance
and a new method that utilizes thermocouple and film thick-
ness measurements from the video data. The proposed method
for determining the heat flux is presented as an additional tech-
nique, utilizing video and thermocouple information, to model
its values in the film boiling regime.
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