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ABSTRACT

Theoretical and experimental investigations conducted in the field of Inverted Annular Film Boiling
(IAFB) have led to considerable developments. The heightened interest in IAFB is also attributed to the
increased importance of the same in a variety of practical applications across various industries. The
occurrence of critical heat flux prompts an abrupt increase in the wall temperature which is further
responsible for a physical burnout of the heated surface. IAFB conditions are usually not present during
normal operations in nuclear reactors, but can be encountered in case of an accident following a loss of
coolant. Experiments for measuring IAFB are not easy in conventional heat flux controlled systems and
as a result different models and experiments need to be conducted. As a part of this thesis, different
methods have been discussed for the purpose of conducting experiments.
The data has been collected from 10 experiments involving reflood heat transfer performed in The
Pennsylvania State University/U.S. Nuclear Regulatory Commission Rod Bundle Heat Transfer (RBHT)
Test Facility. Measurements were taken for heater rod temperatures, bundle power, upper plenum
pressure, inlet flow rate and inlet subcooling, superheated vapor temperatures in the bundle, liquid
carryover, spacer grid temperatures and axial bundle pressure drop. The results obtained from the reflood
data were used as a basis for developing and accessing the model.
Many theoretical and experimental models have been developed for IAFB, as many heat transfer
coefficient correlations have been proposed to predict the experimental data. In this work, all the
important theoretical models applicable to IAFB are reviewed and the major correlations for IAFB are
evaluated by comparing them with experimental data in order to identify the most optimized correlation.
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Chapter 1: Background and Motivation

1.1.

Introduction
Motivated by its importance in practical applications, Inverted Annular Film Boiling (IAFB) has

been a subject of considerable interest for academic and industrial research. The occurrence of critical
heat flux results in an abrupt increase in the wall temperature, which further leads to a physical burnout of
the heated surface. IAFB conditions are usually not likely to occur during normal operations in a nuclear
reactor. However, an accident involving a loss of coolant may lead to reaching the IAFB conditions.
Experiments for measuring IAFB carried out under conventional heat flux controlled system are not easy
and as a result different models and experiments need to be conducted and analyzed. This chapter
provides a brief summary of the information that is already available with respect to IAFB.

1.2.

Research Objectives
In broad terms, the objectives of the research are to design and analyze the models of IAFB. The

specific objectives of the research are:


Summarize and analyze the existing experimental and theoretical IAFB models



Analyze and plot the data recorded for a total of 25 valid bottom reflood heat transfer
experiments, which have been performed in The Pennsylvania State University/U.S. Nuclear
Regulatory Commission Rod Bundle Heat Transfer (RBHT) Test Facility



1.3.

Compare and ascertain the most optimized contemporary model for IAFB.

Literature Review
In this section a review of the important literature related to inverted annular flow boiling (IAFB) is

presented in detail. Before focusing on IAFB, related concepts and nomenclatures are briefly discussed. It
starts with a brief introduction to two-phase flow, with its basic concepts and flow patterns and models
discussed. As boiling always involves a two-phase flow, the important flow regimes associated with
boiling heat transfer in vertical tubes are discussed. Different regimes in the post critical heat flux
regimes, especially the film boiling region, are explained in detail.

Finally, the experimental and

theoretical works on inverted annular film boiling are reviewed and documented in detail.
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1.3.1.

Two-Phase Flow

Two-phase flow is a term that is used for describing the interactive flow of two different phases,
where each phase represents the mass or the volume of the matter with common interfaces insides tubes
or channels.
1.3.1.1.

Basic Concepts of Two-Phase Flow

A two-phase flow can occur in both types of systems – single component or multiple components.
There are a variety of combinations that are possible, namely



Solid-Liquid, systems where the solid particles are carried by a liquid;



Solid-Gas, systems where the solid particles are carried by a gas;



Liquid-Vapor, systems where the volume fraction of one phase is dependent on the
resulting flow regimes;



A combination of all of the above.

Among the different types of combinations discussed above, the liquid-vapor flow is
important for its common occurrence in the industry. The liquid-vapor flow though common is
also the most complex one as the interfaces are deformable. In the case of two-phase flows,
interfacial configurations are also complex and can vary over a wide range. The complexity of
the interfacial configurations is attributed to the interfacial heat transfer.
The fundamental quantities of a two-phase flow are discussed next.
 Phase velocity (vk)
The phase velocity, vk, corresponds to the velocity of the liquid phase (k=1 is liquid) or its vapor
phase (k=2 is gas).
 Volume Fraction
The volume fraction of a phase k in a two-phase mixture, which is also referred to as the void
fraction, is defined as, Vk/V, where Vk is the volume of the phase k and V is the total volume of the
mixture. For flows in a channel or a duct, the volume fraction can be defined in terms of the ratio of the
flow area of the phase ‘k’ and the total cross sectional flow area of the duct.
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 Superficial velocity
The superficial velocity is also known as the volumetric flux. The superficial velocity of a phase ‘k’
is the ratio between the volumetric flow rate of phase ‘k’ and the total flow area. The product of phase
velocity of the phase ‘k’ and the flow area of the phase ‘k’ is termed as the volumetric flux.
 Slip ratio (S)
The slip ratio is the ratio of the vapor phase velocity to the liquid phase velocity.

𝑆=

𝑤𝑣

(1.1)

𝑤𝑙

 Equilibrium quality (xe)
The equilibrium quality is defined as

xe =

ℎ𝑣 −ℎ𝑙
ℎ𝑙𝑣

𝑥𝑎

(1.2)

The above equation corresponds to the vapor flow fraction when the thermodynamic equilibrium
exists between the liquid and the vapor phases. The fact that fluid enthalpy is used for describing
equilibrium quality, allows a value greater than one and less than zero to be obtained. A value that is less
than zero or more than one can be considered to be a measurement of degree of subcooling or
superheating of the fluid, however, cannot be used for determining the fluid state.
 Flow quality or actual quality (x)
The flow quality is the ratio of mass flow rate of the vapor phase to the total mass flow rate. A value
in the range of zero to one is obtained for the flow quality or the actual quality.
 Void fraction-quality-slip relation
The void fraction (α) is related to the flow quality and the slip ratio with the help of following
relation:
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1
1  x g
1
S
x l

(1.3)

1.3.1.2. Flow Patterns in a Vertical Tube
A comparison of two-phase flow in a horizontal tube is made with that in a vertical tube. The flow in
a vertical tube is found to be more systematic. This is primarily due to the effect of gravity. The force of
gravity acts equally in the circumferential direction. The flow pattern in a vertical tube is marked by
characteristics like

Bubbly flow:
Vapor bubbles are dispersed in a continuous liquid phase. The bubbles size varies over a
wide range, but is smaller compared to the tube diameter.



Slug or plug flow:
The bubbles begin to consolidate and plugs start to form when bubbles size becomes bigger.
The plugs are often bullet-shaped in the upward flow, and they may be separated by liquid phase
with a dispersion of small bubbles.



Churn flow:
The slug bubbles will begin to break up when they grow larger to some extent. This will lead
to a more unstable flow. In the churn flow, vapor flows upward continuously, while liquid phase
may go upward or downward oscillatory and randomly, due to the balance of shear force against
pressure gradient and gravitational force. This is an intermediate regime between slug flow and
annular flow, which may even don’t exist when the tube diameter is very small.



Annular flow:
As quality continually increases, the thin liquid layer flows near the inside surface of the
vertical tube and center core consists of vapor phase. This regime takes place when shear stress of
the interface is dominant over pressure gradient and gravitational force. Because the vapor
velocity is much higher than the liquid velocity, vapor phase may create waves on the liquid film.
Situation that bubbles entrains in liquid film or liquid phase becomes small droplets may also
happen.



Wispy annular flow:
Liquid droplets may merge to large lumps or wisps of liquid at high liquid flow rate, when
the concentration of liquid drops in the vapor increases.
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The flow regimes discussed in this thesis are only applicable to vertical upward two-phase flow.
Downward two-phase flow though common in areas like condensation has not held the interest of
investigators resulting in limited data being available. The limited research conducted shows that the
annular flow regime is dominant in vertical downward flow, which is totally different from vertical
upward flow.
1.3.1.3. Two-Phase Flow Models
Identification of the conditions that are associated with different flow regimes is essential as the
pressure drop and heat transfer could be quite different among different flow regimes. Different analytical
and numerical models have been developed to understand and predict different two-phase regimes. These
models are based on both physical concepts and data collected through experiments and operations. While
the analytical models are used for deriving information about factors such as, one dimensional continuity,
momentum and energy balance equations for steady state and simple boundary conditions. The numerical
models are used for predicting two-phase flow in transient and more complex systems. Mostly in such
systems the boundary conditions are not very clear. The experimental and operational models have helped
arrive at semi-empirical correlations that can be used for predicting two-phase flow to some degree. The
information that we obtain from the above methods has been used to develop simple tools that we can use
to generate various graphic diagrams, which can represent the flow in terms of important parameters such
as flow rate, heat transfer coefficient, pressure drop and so on.
As it has been discussed earlier, there are a number of models that can be used for representing flow
regimes and calculating the pressure drop and heat transfer in two- phase flow. For the current work the
models that have been used most are - homogeneous flow model and separated flow model. The main
difference between the two models is velocity.
The separated flow model allows two phases to have different properties and one-dimensional
velocities, while the conservation equations are written for the combined flow. In the case of homogenous
models, both the phases are mixed together in order to provide a homogenous flow before the flow is
determined. In case of separated flow models the flow of each phase is determined individually. Both the
models have their own advantages and disadvantages. The homogenous model is easier and allows
determination of flow properties and behaviors but does not allow the pressure drop to be determined
especially if it falls in a moderate range. When velocity and the flow conditions for both the phases are
more dispersed, the homogenous flow model does not give accurate results.
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The homogenous flow model is based on the presumption that the two phases travel at the same
velocity and lump together allowing the phases to be treated as one. The model is known to give better
results when
-

Used near the critical point for the difference between the liquid and vapor is minimum at this
point;

-

The mass velocity of the two phases is very high making the flow bubbly or misty. The separated
flow model allows two phases to have different properties and one-dimensional velocities and it
provides a better prediction of flow behavior, thus it’s more widely used.

1.3.2.

Boiling Heat Transfer

Boiling of liquid occurs at the surface as the surface temperature of a heated surface exceeds the
saturation temperature of the surrounding liquid. This holds true even in the case of subcooled boiling.
Subcooled boiling is a term used for describing a situation where the bulk fluid temperature of the liquid
is less than the saturation temperature. When subcooled boiling takes place, the bubbles formed near the
surface tend to collapse while the subcooled liquid moves away from the walls. The degree of subcooling
and the length of the heated channel determine if the bubbles will exit the channel before collapsing. In
case the bulk fluid temperature and the saturation temperature are at the same level, bulk boiling is said to
occur which results in the flow to become completely two-phase (liquid phase & vapor phase).
1.3.2.1. Basic Concepts of Boiling Heat Transfer
Figure 1-1 illustrates typical flow regimes observed during boiling in a vertical channel. The
subcooled liquid enters from the bottom of vertical tube (heated uniformly) with a low heat flux. During
the initial stages, the wall temperature is lower than the temperature that is needed for the process of
nucleation. A region of subcooled single phase heat transfer can be observed. As the temperature of the
wall rises and crosses the saturation temperature of the liquid, boiling nucleation begins near the walls in
the temperature boundary layer region. The vapor bubbles begin to move to the subcooled core of the tube
before collapsing. As the heat flux approaches the critical heat flux levels, Departure from the Nucleate
Boiling (DNB) or the post Critical Heat Flux (CHF) boiling regimes can be observed. This includes
transition boiling and film boiling that comprise of IAFB and Dispersed Flow Film Boiling (DFFB).
IAFB can be said to be the region where a film of vapor is formed near the heated surface and is
surrounded by the liquid at the core of the channel. The vapor film reduces the heat transfer coefficient at
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the wall. Transition boiling as the name suggests is an intermediate boiling region existing between the
nucleate boiling and the IAFB, where each of the boiling modes can exist at different points of time.
DFFB takes place after the breakup of IAFB, which is indicated by the entrainment of the liquid droplets
in the continuous vapor phase

Figure 1-1: Various flow and heat transfer regimes in boiling of a heated vertical channel [Johannsen
(1991)]

Figure 1-2 illustrates a typical boiling curve for flow of water with a subcooled inlet from another
perspective. It is clear from the figure that, the heat flux increases in the nucleate boiling region up to the
point of critical heat flux. The critical heat flux is the level at which the vapor begins to form near the
surface. This acts as insulation between the surface and the core liquid. In the transition boiling region, as
the difference in the temperature rises the heat flux experiences substantial reduction. This is the result of
vapors that are formed as the difference in temperature increases. The post transition region or the film
boiling region acts in a manner identical to the nucleate boiling region in terms of the heat transfer. The
heat transfer coefficient is sufficiently low in comparison to nucleate boiling.
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Figure 1-2: Typical boiling curve for forced convective flow of water with subcooling inlet [Johannsen
(1991)]

1.3.2.2. Film Boiling
Film boiling is a term that is used for defining the region in which the vapor film obstructs the
transfer of heat from the surface directly to the liquid. When the excess temperature increases beyond the
minimum heat flux point, boiling takes place in the film boiling regime. In this regime, the surface is
covered by a continuous vapor film, which contains the major thermal resistance. In the film boiling,
vapor film is very stable. The flow of heat takes place from the wall to the vapor and then from vapor to
the liquid. Non-equilibrium is a characteristic of heat transfer in film boiling. Film boiling comprises of
two regions
• Inverted Annular Film Boiling (IAFB)
• Dispersed Flow Film Boiling (DFFB)
While IAFB occurs at subcooled or conditions of low quality, DFFB takes place at saturated
conditions with higher void fractions. Agitated or inverted slug flow regime is not very stable and
represents the transition zone between the two regimes. Void fractions are used for distinguishing
between IAFB and DFFB. IAFB is at void fractions of less than 0.5. During this, the heated wall is
separated from a continuous liquid core existing at the center of the channel by a vapor. DFFB is at void
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fractions of greater than 0.8, and during this, the liquid is dragged into a continuous vapor core in the
form of small droplets. On comparisons drawn between the two regimes it is observed that the DFFB
range has moderate heated surface temperature while IAFB has high heated surface temperature. This can
lead to a physical failure of the heated surface.
1.3.3.

Inverted Annular Film Boiling (IAFB)

The IAFB flow regime is observed at relatively high flooding rates, typically 3 inches/sec or higher.
The flowing liquid cannot rewet the heated surface because the wall temperature is sufficiently high,
especially for subcooled liquid. A liquid column is formed downstream of the quench front that is
separated from the heated surface by a thin vapor film.

1.3.3.1. Basic Concepts of IAFB
For IAFB flow regime, transfer of heat takes place from the wall to the vapor blanket and further
from the vapor to the liquid column. With a subcooled liquid column, some portion of the heat is
consumed by the process of vaporization while the remaining is consumed for reducing subcooling. In the
case of a saturated column, heat is exclusively consumed by vaporization which further results in an
increase in the thickness of the vapor film. The IAFB regime terminates as the liquid breaks into droplets.
This happens as a result of a destabilizing increase in the velocity difference between the vapor film and
the liquid column.
On the heated wall, vapor is formed as a thin film in order to prevent wetting of the surface by the
liquid. The vapor flows axially before collecting in a vapor layer towards the upper parts of the tube. This
is attributed to the existence of force of buoyancy. In the case of subcooling, the vapor formation rate is
considerably reduced.
Theoretical analysis and experiments conducted in order to investigate IAFB has led to phenomenal
developments. Their use in practical applications such as refrigeration, steam generators, evaporators,
cryogenic systems and metallurgical processing has further prompted developments in this field.
1.3.3.2. Loss of Coolant Accident (LOCA)
IAFB plays an important role in the safety of water cooled nuclear reactors for the reason that a
portion of the fuel bundle may come across film boiling during a large break Loss of Coolant Accident
(LOCA). Analysis of these specific accidents can lead to limits of total core power being reached in the
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reactor and the allowable peak linear fuel rod power in the hottest rods. For an accident of this nature, the
broken pipes result in loss of the initial coolant in the reactor core. The core cooling is a process that is
dependent on Engineered Safeguards Systems. An analysis of the design of the systems is carried out in
order to determine if it can contribute towards mitigation of the accident. In case of a large-break LOCA,
the fuel rod cladding is calculated to determine the high temperature at which it is likely to rupture. It is
assumed that the primary piping has experienced a failure. Absence of adequate cooling of the core leads
to continued heating of the reactor which can be the cause of its failure and lead to release of fission
products from the fuel.
During the process of post-accident cooling of nuclear reactors, film boiling takes place when a
LOCA induces a transient. Once the coolant is lost from the core, the fuel elements are surrounded by
vapor. This results in poor natural convection heat transfer environment. As the fuel elements continue to
generate heat, the temperature rises. For cooling the core and limiting the temperature of the fuel element,
emergency core cooling coolant is introduced into the core from the bottom of the vessel. The likelihood
of the temperature of the fuel cladding to be much above the minimum film temperature is high. This
means that for initial cooling of the reactor film boiling heat transfer is used. Multiple factors like liquid
velocity and liquid subcooling have an impact on the rate at which heat transfer takes place in film
boiling. A thorough understanding of the process of heat transfer is obtained at the stage of reflooding
making it important for determining peak cladding temperature.
The presence of complex physical phenomenon like interfacial waves, droplet entrainment and
redisposition, oscillations of the liquid core and turbulence in the vapor film add to the difficulty of an
analytical solution for the governing equations for IAFB. This makes it imperative to rely on empirical
correlations though their applicability cannot be accepted as such in some cases.
In the following paragraphs various experimental and theoretical studies on inverted annular film
boiling are reviewed in detail. Various experimental studies over the last six decades on IAFB are
summarized below.
1.3.3.3. Experimental Studies on IAFB
The first experimental evidence of IAFB was collected as early as the 1950’s by Bromley et al.
(1953) from experiments conducted on a horizontal tube in order to examine the theory for predicting
boiling heat transfer coefficient. Experiments were performed on different liquids such as benzene, ethyl

10

alcohol, carbon tetrachloride and n-hexane for analyzing the effect of pipe diameter and velocity on heat
transfer coefficient.
Polomik et al. (1964) performed experiments for water inside annular shaped test sections, heated
by passing electric current through the middle section of the annulus, and discussed the impact of
pressure, quality of steam and mass velocity on the heat transfer coefficient.
Lewis et al. (1962) used liquid hydrogen and nitrogen for his experiments and obtained data for
temperature distribution after transition from nucleate to film boiling.
Hendricks et al. (1961) presented the heat transfer coefficients and pressure drop data for liquid
hydrogen flowing through a heated vertical tube. They concluded that there were radical differences
between the temperature profiles in the wall and temperature distribution in a single phase fluid heat
transfer.
Kruger (1961) investigated film boiling heat transfer with a saturated liquid inside a horizontal tube
in great detail and used constant heat flux from the wall and a lower quality at the inlet. It was observed
that the two-phase flow regime was a stratified flow. The liquid flowed in the bottom of the tube that was
separated from the wall by a thin vapor film while the main portion of the vapor flowed at the top of the
tube above the liquid. The observations further led to evolving a theoretical model for predicting the
temperature at the wall, which was in a good agreement with his experimental measurements.
Dougall and Rohsenow (1963) analyzed multiple factors along the wall in a vertical tube with a
saturated liquid at the inlet namely, the local heat transfer coefficient, flow regimes and temperature
distribution. Both the IAFB and DFFC regimes were studied. This served as the basis of a theoretical
model based on the assumption of turbulent vapor film for IAFB, which was in agreement with the
experimental data. Figure 1-3, illustrated below is a visualization of film boiling experiments of Dougall
and Rohsenow (1963).
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Figure1-3: A photograph of film boiling [Dougall and Rohsenow (1963)]

Before the development of the hot patch technique (Groeneveld, 1974, Plummer, 1974, Groeneveld
& Gardiner, 1978), the experimental data on film boiling was limited to application with refrigerant or
cryogenic fluids. Data related to water was obtained in a conventional temperature controlled system that
showed less accuracy. There are two ways the hot patch method can be applied:


The Indirectly Heated Hot Patch



The Directly Heated Hot Patch

In the indirectly heated hot patch method, a cylindrical copper block is used. Figure 1-4(a) shows
how the copper block is brazed onto the test section. Cartridge heaters are implanted in cylindrical copper
block to heat the hot-patch block. Further, it uses a power supply which is completely independent from
the supply which is used to heat the remaining section. This has an advantage of reaching the CHF in the
hot patch without failure of the test section due to high heating. Fung (1981), Stewart (1981),
Laperriere (1983), Swinnerton et al. (1988), Takenaka et al. (1989), Hammouda et al. (1996) and
Nakla et al. (2011) used the indirectly heated hot patch method in their experiments for IAFB.
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Figure 1-4: Schematic diagram of the experimental setups with (a). indirectly heated (b). directly heated
hot patch [Nakla et al. (2011)]

In the directly heated hot patch method, short notch or grooves are cut at both ends of the test section
as shown in Figure 1-4(b). This reduction in thickness increases the resistance (electrical) of the tube,
which eventually introduces more heat flux at those locations for same power supplied to the test section.
Chen and Li (1984), Chen (1987), Chen et al. (1988, 1989), Mosaad & Johannsen (1989), and Chen
et al. (1996) performed IAFB experiments using the directly heated hot patch method.
Fung (1981) conducted experiments at atmospheric pressure levels of subcooled and lower quality
water flow in a vertical tube. The impact of mass flux and inlet subcooling was examined on the heat
transfer rate at the surface. The analysis was used for developing a model for predicting the wall
temperature in the IAFB region. Good agreement was observed between the predicted wall temperature
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and the void fraction on one hand and the experimental values on the other. Figure 1-5 shows the
experimental setup used by Fung (1981) which used the indirect heated hot patch technique.

Figure 1-5: Schematic diagram of the experimental setup of Fung (1981)

Stewart and Groeneveld (1982) continued investigation of Fung (1981) using the indirectly heated
hot patch technique at a pressure range of 2-9 MPa at low quality and subcooled conditions. They also
compared their results with four existing correlations for IAFB. The observations showed that there was
no correlation allowed predicting the trend in experimental data at all different ranges of parameters.
Laperriere (1983) presented heat transfer coefficient data and verified the effect of mass flux, inlet
subcooling and heat flux. They compared their data with empirical relations and found poor agreement.
Chen and Li (1984) analyzed IAFB by applying the directly heated hot patch technique at different
diameters and length of the pipe with different mass flux, inlet subcooling and pressure. Figure 1-6
illustrated below represents the schematic of the test section as used by Chen and Li in their experiments.

14

Figure 1-6: Schematic of the experimental setup by Chen and Li (1984)

Ishii and De Jarlais (1986) performed injecting liquid inside a vapor annulus in upward flow using
Freon 113 to investigate the basic hydrodynamics of post-critical heat flux. They studied the liquid core
disintegrating and droplets in vapor annulus formation mechanisms. They observed that the flow structure
consisted of smooth IAFB, agitated IAFB, inverted slug film boiling and DFFB.
Mosaad and Johannsen (1989) used the directly heated hot patch technique to study IAFB with
various mass flux and inlet subcooling. They compared their data with Bromley model(1953) and found
good agreement in the data with and mean deviation of 10.2 % respectively.
Takenaka et al. (1989) performed experiments using R-113 and nitrogen flowing upward inside a
vertical heated tube, and they were the first to produce a flow regime map for IAFB. They concluded that
heat flux or inlet subcooling didn’t impact the heat transfer coefficient, as a function of equilibrium
quality, while mass flux did impact that as equilibrium coefficient increased, higher mass flux produced
higher heat transfer coefficient at the same quality. They used the Dougall-Rohsenow model (1963) to
predict the Nusselt Number and found it matched the experimental result. They also investigated the
pressure drop in IAFB and found the pressure drop fit the heat transfer regime map well.
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Hammouda et al. (1996) investigated subcooled film boiling heat transfer with various refrigerants,
such as R-12, R-22 and R-134a at various mass flux, inlet subcooling and systems pressure ranges. The
heat transfer coefficient vs. equilibrium quality curve they got was consistent with Takenaka (1989). They
also found out that mass flux, inlet subcooling, heat flux and system pressure all impacted the heat
transfer coefficient, that higher mass flux, inlet subcooling, heat flux and system pressure all led to higher
heat transfer coefficient.
Sindhuja et al (2010) performed IAFB experiment with R-407c refrigerant and presented heat
transfer coefficient for various mass flux, heat flux and pressures. They found that existing correlations
for R-407c over predicted the heat transfer coefficient value.
Nakla et al. (2011) presented a heat transfer correlation for R-134a refrigerant and reported that
depending on parameters such as mass flux, local quality and pressure, the heat transfer vs. quality curve
could be divided into four distinct regions.
1.3.4

Effects of Various Parameters

The main parameters that have been analyzed as a part of literature review are –
• Mass Flux
• Heat Flux
• Pressure
• Inlet Quality and Subcooling
• Diameter of the pipe and
• Axial Distance
The impact of the above parameters on heat transfer has been the subject matter of many studies. The
results of these studies have indicated towards identical trends. Some of the parameters have been
discussed in detail below:

Effect of subcooling
The effect of subcooling on the heat transfer coefficient is highly predominant in the region
immediate by downstream of CHF in an IAFB. As the local quality increases, the effect of inlet
subcooling reduces in the downstream region [Nakla et al. (2011)]. With every per 0C increase in
subcooling, the heat transfer coefficient increases by 2% to 5% [Chen (2011)]. Figure 1-7 illustrated
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below represents the effect of subcooling on the heat transfer coefficient. A linear dependence between
the inlet subcooling and the heat transfer coefficient was observed for fixed mass and wall superheat.

Figure 1-7: Effect of subcooling on the heat transfer coefficient [Meduri et al. (2009)]

Effect of mass flux
The effect of mass flux on the heat transfer coefficient is present in Figure 1-8 (a-c). It is clear from
the figure that the heat transfer coefficient increases as the mass flux increases, making it more visible at
higher inlet subcooling. Figure 1-8 (a) illustrates that for low mass flux, the heat transfer coefficient
decreases in the downstream direction. At higher mass flux, with higher subcooling, the heat transfer
coefficient obtains the maximum value after some distance downstream. This is illustrated in Figure 1-8
(b) and (c). The dry collision resulting from interface oscillations can be considered to be the reason
behind this. Similar observations were also obtained by Mosaad and Johannsen (1989) at high inlet
subcooling.
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Figure 1-8: Effect of mass flux on the heat transfer coefficient [Chen (2011)]

Effect of Pressure
An increase in pressure increases the heat transfer coefficient, which can be attributed to increase in
the thermal conductivity of the vapor. Figure 1-9 shows the effect of pressure on the heat transfer
coefficient at various inlet qualities and mass fluxes. It shows that the heat transfer coefficient increases
with increasing pressure independent of quality and mass flux.
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Figure 1-9: Effect of pressure on the heat transfer coefficient [Nakla et al. (2011)]

Effect of inlet quality
The effect of inlet quality depends on the mass flux value (Figure 1-10). At a smaller mass flux
value, the heat transfer coefficient decreases as the quality increases. With higher mass flux, however, the
heat transfer coefficient increases as the quality increases, as observed in the figure.
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Figure 1-10: Effect of inlet quality on the heat transfer coefficient [Groeneveld (1982)]

Effect of heat flux
As the heat flux increases, the heat transfer coefficient decreases. Its effect is not major when
compared to other parameters as shown in Figure 1-11 given below.
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Figure 1-11: Effect of heat flux on the heat transfer coefficient [Nakla et al. (2011)]
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Chapter 2: Models and Correlations for IAFB
As presented in Chapter 1, many researchers have performed film boiling experiments, including
IAFB experiments in the past. At the same time, many theoretical models have been developed. In this
chapter, all the important theoretical models applicable to IAFB will first be summarized. The existing
major correlations for film boiling, especially IAFB will then be discussed. In chapter 4, the most
representative models and correlations will be selected for comparison with the data which had been
collected from 10 pertinent experiments conducted in The Pennsylvania State University/U.S. Nuclear
Regulatory Commission Rod Bundle Heat Transfer (RBHT) Test Facility.

2.1. Theoretical/Computational Studies on IAFB
Bromley (1950) was the first to develop a physical model for film boiling. The laminar film boiling
identical to the approach of Nusselt for film condensation was analyzed. Based on the assumptions
described below, Bromley (1950) developed a correlation of heat transfer coefficient for film boiling heat
transfer.
The assumptions on which the model were based are 

A constant surface temperature;



A laminar vapor flow with only shear force and buoyancy force;



Heat transfer takes place only through conduction and heat transferred from vapor to liquid phase
through evaporation;



A continuous vapor film and a smooth liquid vapor interface;



Maintenance of the liquid at its saturation temperature;



The vapor properties are calculated at a temperature that is equal to arithmetic average of the wall
and liquid temperature.

Bromley (1950) was successful in showing that the heat transfer coefficient experienced a decrease
proportional to the distance along the film. The Bromley’s model cannot be considered to be appropriate
for explaining the impact of flow rate and subcooling. Since it is based on a number of assumptions, the
accuracy of the model is questionable. However, the model is very important that it has provided a
motivation for developing sophisticated models.
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The work conducted by Hsu and Westwater (1960) contended that the Bromley model was valid
until the Reynold’s number of the vapor phase reached a critical level of 100. The thin viscous film
assumed in the case of Bromley’s model didn’t hold true in this region. Hsu and Westwater (1960) based
their model on an assumption of velocity profiles identical to the universal velocity profile of Prandtl and
Nikuradze in the laminar sublayer and the turbulent core regions. Further the turbulent core temperature
was assumed as constant and equal to the saturation temperature. In addition a flat velocity profile was
assumed in the turbulent core. The laminar sublayer provided resistance to heat and momentum transfer.
An integral differential equation based on force balance on a vapor element in the turbulent core of the
vapor film was derived. The schematic of their analysis is illustrated in Figure 2-1.

Figure 2-1: Schematic of the model by Hsu and Westwater (1960)
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Berenson (1961) considered the impact of Taylor Helmhotz instability existing at the vapor-liquid
interface for horizontal film boiling heat transfer. The analytical expression for heat transfer coefficient
using a simple geometrical model was derived. The expression was in agreement with the experiments
conducted within 10% of error for n-pentane and carbon-tetrachloride film boiling.
Kruger (1961) analyzed the process of film boiling in a horizontal tube. His analysis was based on
the following assumptions –
• Saturated liquid is present in the tube;
• Constant heat flux;
• Development of a stable vapor film near the heated wall;
• Smaller mass flow of the vapor as compared to the total mass flow.
The temperature distribution of a film boiling in forced convection along the tube was successfully
predicted. It was also observed that the two-phase flow regime was a stratified flow. A thin vapor film
separated the liquid flowing at the bottom of the tube from the wall, while a major portion of the vapor
flowed at the top of the tube above the liquid [Kruger (1961)].
Doyle (1962) analyzed the case of subcooled film boiling and the results obtained were the same as
obtained by Kruger (1961) with the difference that the liquid was subcooled. Visual observations
indicated towards the flow regime being a stratified flow which remained unaffected by subcooling of the
liquid. Comparisons were made of the results obtained by Kruger (1961) and it was found that near the
inlet of the heated section, the wall temperature was less when a subcooling liquid was used than a
saturated liquid. In downward parts of the tube, the wall temperature increased with subcooled liquid than
in the case with saturated liquid. He further proposed a theory that the relations discussed below should be
determined in order to get – heat transfer rate, flow velocity and initial liquid subcooling. The relations
that needed to be discussed are • Conduction around the wall;
• The vapor layer hear transfer coefficient;
• The ratio of vapor area at any cross section;
• The heat transfer coefficient across the thin vapor film;
• The liquid subcooling heat transfer rate.
Koh (1962) extended the Bromley’s model (1950) and solved the boundary layer type equations for
vapor and liquid phase assuming a laminar velocity profile for the vapor phase. He also argued that in
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contrast to the film condensation problem, the interfacial shear in the case of film boiling could not be
assumed to be negligible.
Dougall and Rohsenow (1963) also developed a model for predicting the heat transfer coefficient
and wall temperature for film boiling in a vertical tube. Comparison with the experimental results showed
very good agreement with their model. Their model was based on the following assumptions:


Constant surface heat flux;



Occurrence of film boiling through the entire length of the pipe;



Saturated of liquid at the inlet;



Other than at the inlet, flow in the vapor film is turbulent;



The flow between the parallel plates is represented by the vapor film;



In comparison to pressure and viscous forces it is possible to ignore forces of momentum;



A universal velocity profile exists for the vapor film in the three regions - viscous buffer and
turbulent core. They also considered various expressions for interface resistance, namely LBT
interface theory, BT interface theory and T interface theory.

Chen (1966) considered the effect of both forced convective heat transfer and bubble generation. He
obtained data from four kinds of materials: water, pentane, methane and cyclohexane, in terms of two
factors F and S, which represented enhancement term and suppression term respectively. Chen (1966)
successfully proved his model valid comparing with the experimental results. but later on Collier made
modifications to the original model.
Suryanarayana and Merte (1972) considered interfacial oscillations based on empirical relations.
The analysis was based on the following assumptions - the turbulent velocity profile of Spalding in the
vapor film, existence of a linear behavior for small vapor thickness and logarithmic profile for large vapor
thickness.
Leonard et al. (1976) modified the original Bromley model (1953) by taking Taylor instability wave
length as the characteristic length scale. The analytical correlation took into consideration the fact that the
waves existing on the interface could lead to the boundary layer being restarted over every wavelength
and prevent the heat transfer coefficient as a result of continuous decrease in the distance. The results of
reflooding experiments were not found to be in agreement with the analysis. This represented an
exponential decay in the heat transfer coefficient with distance from the quench front.
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Andersen (1976) discussed modifications made to the laminar film and contented that the smooth
vapor film breaks as a result of Kelvin Helmholtz instability. The most unstable wavelength was used as
the characteristic length of the film in his research.
In the model developed by Osakabe and Sudo (1977), the vapor film surrounded with two-phase
mixture was treated with turbulent boundary layer theory. The model showed that lower heat transfer
correlated with higher void fractions of the mixture core. The model was only applied to saturated liquids
and assumed that both the interfacial shear stress and interfacial velocity were zero.
Baum et al. (1978) considered the oscillatory behavior of the vapor liquid interface to develop a
model for transition and film boiling heat transfer.
Fung (1981) conducted experiments using water and developed a model that was based on onedimensional integral analysis identical to the single phase boundary layer analysis. Effects of subcooling,
mass flux, pressure and hydraulic diameter had been incorporated in the model. The vapor film was taken
as a laminar in the initial stage and as it traveled downstream it was assumed to be turbulent. On
comparing the experimental results agreement was observed with the model.
Elias and Chambre (1981) divided the IAFB into two distinct regions. While constant vapor
thickness characterized the first region, the second region carried the characteristic of being wavy and
unstable liquid vapor interface. A model for the region with constant vapor thickness was developed.
Results from the model developed by Elias and Chambre (1981) are illustrated in Figure 2-2.

Figure 2-2: Typical heat transfer coefficient predicted by the model of Elias and Chambre (1981) and
comparison with the experimental data
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Kawaji and Banerjee (1983) developed a model by considering the interphase momentum
interactions which were the result of friction, vapor thrust and surface tension. A linear stability analysis
was conducted not only indicated the short wavelength disturbances, but also captured the long
wavelength disturbance growth, which was in agreement with experimental data. Growth of longer
wavelength instabilities led to a transition from IAFB to DFFB.
Denham (1984) was credited with modifying the Bromley model (1953). He took into account the
effects of quality and flow rate, and proposed a system of first-order non-linear differential equations.
These equations were solved using different boundary conditions.
Bui and Dhir (1985) presented the data in a different style in the form of images and videos of the
vapor film. The parameters included in the data were thickness of the film, bubble detachment properties
and so forth. The images helped to build a model which was useful to predict the film boiling heat
transfer. This transient model based on laminar flow in the film incorporated the effects of both largescale and small-scale waves. The model compared well with the experimental data.
Jarlais et al. (1986) analyzed the hydrodynamic behavior of inverted annular flow. They resorted to
performing the simulation adiabatically using turbulent water jets enclosed in coaxial gas annular jets.
Variations for the diameters, gas species and velocities were recorded in addition to the core shape,
breakup mode, core jet length and dispersed core droplet sizes. They discovered that the coaxial jet
disintegration phenomenon that inverted annular flow destabilization could lead to inverted slug flow at
low relative velocities and dispersed droplet flow at high relative velocities. The correlation in terms of jet
core breakup length, the jet core surface wavelength and the dispersed core droplet size was derived and
the jet core breakup mechanism was obtained. The simulation was not free from limitations, which
included that film boiling conditions were absent and the void fractions could not be lower than 0.28 due
to the test facility constrains.
Analytis and Yadigaroglu (1987) developed a model for IAFB based on a two-fluid formulation.
The interfacial velocity was assumed to be the same as liquid velocity. An enhancement factor was used
in order to account for the non-smoothness effect of the interface. The comparison of this model with
experimental results showed good agreement as shown in Figure 2-3.
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Figure 2-3 Typical heat transfer coefficient predicted by the model of Analytis and Yadigaroglu (1987)

Takenaka et al. (1989) discussed a model for IAFB that was based on the assumption of one
dimensional energy balance and neglect of heat conduction in the axial direction. By assuming Reynolds
analogy and neglecting effects of phase change, velocity and temperature distributions in the radial
direction were solved using a turbulent boundary layer model. In addition, the radiation heat transfer was
ignored and the void fraction values were assumed small. And the entire region was split into four subregions (from the center to the wall). Two of the four sub-regions were in the vapor phase while the
remaining two were in the liquid phase. The physical properties were calculated at the saturation
temperature. The results obtained using the Takenaka et al. model (1989) and comparisons of the results
of the experiment are illustrated in Figure 2-4.

28

Figure 2-4: Typical heat transfer coefficient predicted by the model of Takenaka et al. (1989)

Cachard (1996) developed a model based on the work by Yadigaroglu and Analytis (1987). A six
equation model for the IAFB regime was discussed. As a part of the model, different phenomena like
droplet entrainment and re-deposition, turbulence in the vapor film, oscillations of the liquid core were
taken into account by using semi-empirical laws.
Hammouda et al. (1997) developed a two-fluid model based on the reduction of the number of
degrees of freedom of the system for IAFB to predict the wall temperature. Their model constituted of the
conservation equations for mass, momentum, and energy for each phase, relevant constitutive relations
for mass, momentum and energy transfer, boundary and initial conditions. The results obtained by using
the model were compared with the results of the experiments numbered as R-12, R-22 and R-134a.
Sridharan (2005) proceeded to discuss a modeling technique for IAFB in his Ph.D. thesis. The
proposed model was based on integral method. Liquid core, energy vapor film, momentum and
conservation of mass equations were derived respectively. The turbulence in the flow could also be
formulated using this model. He integrated the system of second-order partial differential equations in the
radial direction a system of integral differential equations.
Nakla et al. (2010) proceeded to develop a two-fluid one-dimensional model with the objective of
predicting wall temperature of the tube during IAFB. Their model showed an average error of 1.21% and
RMS error of 6.375% in predicting wall temperatures of R-134a. Furthermore, in predicting water data,
average error was found to be 1.76%, while the RMS error was 7.78%. Typical results from the model of
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Nakla et al.(2010) are shown in Figure 2-5. Figure 2-6 shows the control volume used for model
derivation in the study of Nakla et al. (2010).

Figure 2-5: Effect of inlet sub-cooling on the heat transfer coefficient predicted by the model of Nakla
et al. (2010)

Figure 2-6: Control volume used in the model of Nakla et al. (2010)
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Recently, Agafonova and Paramonova (2013) developed a modified version of Hammouda’s
model (1997) for boiling heat transfer in the IAFB. In the new model, the temperature factor was used for
calculating the Nusselt number and to arrive at new approximations of influence coefficient. Comparisons
of experimental data related to steam flow showed good agreement.

2.2. Heat Transfer Correlations
Various heat transfer correlations for IAFB have been discussed in detail that summarizes the
various developments in correlations for IAFB over the last six decades. These include theoretical,
empirical and semi-empirical correlations. Stewart (1981), in his thesis compared his experimental data
with four different correlations given by Groeneveld-Delorme (1976), Berenson (1961), DougallRohsenow(1963) and Sherman(1980). He reported that the Groeneveld-Delorme’s correlation (1976)
was able to predict the heat transfer predictions at higher qualities and the Berenson’s correlation (1961)
was able to predict the correct pressure dependence of the heat transfer coefficient. Here, we shall review
all the correlations from Bromley (1950) to the correlation given by Agafnonva and Paramonova (2013).
In the first section, we shall review the correlations developed for boiling heat transfer. Thereafter,
correlations specific to IAFB will be summarized.
2.2.1. Correlations Related to Boiling Heat Transfer
Schrock and Grossman (1959) studied various data of vertical upward flowing boiling heat transfer
for water and came up with the following correlation
0.66

 1  
h  hl C1  Bo  C2   

 tt  

(2.1)

where, Bo is the boiling number, defined as
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Xtt is the Martinelli parameter, defined as
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Hendricks et al. (1961) correlated the Nusselt number using the data of their experiments performed
with hydrogen flowing inside a highly heated tube. They found out that Nusselt number determined from
experimental measurements had high deviation from the calculated Nusselt number. Based on these
experimental results, they made modification and published Nusselt number correlation to improve their
predictive accuracy.
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Hendricks et al. (1966) extended their work to improve the above correlation based on data for
cryogenic hydrogen at subcritical conditions. The author argued that the equation should behave for
subcritical convective film-boiling data up to pressures near the critical pressure when non-equilibrium
characteristics are small. Their correlation is given by
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(2.8)

In the above equation, the subscript f refers to properties evaluated at the average temperature based on
wall and bulk temperatures. Furthermore, the subscript fm refers to mean film conditions. However,
Hendricks et al.’s correlation (1966) excludes data for which equilibrium quality is below zero, which
means they didn’t consider the subcooling situation.
Chen (1966) developed a correlation taking both forced convection and bubble generation into
account. He denoted forced convection with subscript mac (macroscopic) and bubble generation with
subscript mic (microscopic).

h  hmac  hmi c
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where,
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In the above equation, h1 is the heat transfer coefficient of the single phase liquid flowing alone in the
pipe. Further, k, cp, σ and h1v denote the thermal conductivity, specific heat, surface tension and heat of
vaporization respectively. T is the temperature, S is a boiling suppression term, F represents a boiling
enhancement term and Re is the Reynolds number. The subscripts w and s refer to wall and saturation
conditions respectively.
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Bjorge, Hall, and Rohsenow (1982) developed a correlation for vertical internal upward forced
flow boiling for higher qualities. As opposed to Chen’s (1966) superposition of heat transfer coefficients,
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this correlation was based upon superposition of heat fluxes. Their correlation is valid for quality in the
range above the value of 0.05.

q"tot
h
w  s

q

"
tot

(2.14)

       3 
w
s i
 q fc  q fdb 1  
 
  w  s  


"

"

(2.15)

Re
k 
q" fc  FB Prl  l   w  s  l
C2
D

(2.16)

 1
2 
FB  0.15 
 0.32 
 tt tt 

(2.17)

0.9

C2  f  Prl , Rel 
 g  l   v  
 BM l hlv 





1/2

q

''
fdb

Tw  Ts  

(2.18)
3
1/8
 kl1/2 l17/8c19/8

pl v Tw  Ts 


9/8
 l hlv7/8  l  v   5/8Ts1/8 

8 Ts h fc
kl hlv

v  l 

(2.19)

(2.20)

In the above equation, υ is the specific volume.
Shah (1984) studied the boiling heat transfer in both vertical and horizontal tubes and developed a
correlation based on the assumption that the heat transfer coefficient depends on Colburn, boiling, and
Froude numbers, represented as Co, Bo, and Fr.

h  h1 f  Co, Bo, Fr 
where,
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Here, q// denotes heat flux at the surface.
Gungor and Winterton (1986, 1987) developed a correlation based on theoretical and experimental
studies of boiling heat transfer during a vertical convective flow in pipes. The correlation is given by
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Kandlikar (1990) also developed a correlation for both the vertical and horizontal flow boiling heat
transfer in tubes based on Boiling number and Froude numbers. His correlation is given by
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(2.26)

In the above equation, the constants each of the C1, C2, C3, C4 and C5 can take on two different values
based on the Colburn number. Further, the constant Fk is strongly dependent on the modeling liquid.

2.2.2 Correlations Related to IAFB Heat Transfer
In this section some of the more widely known and contemporary correlations for IAFB are reviewed
and presented in detail. In general, most correlations can be categorized into two forms, one focuses on
the heat transfer of a high convective flow, the other one focuses on the buoyancy effects. The models of
the former use the form of the Dittus-Boelter’s model (1930), while the models of the latter base on the
Bromley’s model (1950).
Bromley (1950)

35

Bromley (1950) obtained the overall heat transfer coefficient for film boiling
1/3

h 
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(2.27)

where hcon is the convective heat transfer coefficient, hrad is the radiative heat transfer coefficient. The
above equation is not convenient for determining the overall heat transfer coefficient h, since h appears on
both sides of the equation. Bromley (1950) further recommended that the equation could be simplified to

h  hcon  0.75hrad

(2.28)

The difference between the overall heat transfer coefficients obtained by these two equations is within 5%
for cases where the value of hrad is small compared to the value of hcon
Bromley (1950) obtained the average Nusselt number for laminar film boiling on a horizontal cylinder as
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where,
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Stands for the effective latent heat of vaporization which accounts vapor superheat

hlv is the latent heat of vaporization
So overall heat transfer coefficient will be
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(2.31)

The correlation constant C for horizontal cylinder is 0.62. The vapor properties are evaluated at the film
temperature asTf =

Tw +Tsat
2

. Equation is valid for 0.8 <

λc
D

≤ 8 where λc = 2π{σ/[(ρl − ρv )g]}1/2 is

the critical wavelength, or as long as the diameter of the horizontal cylinder is much greater than vapor
film thickness.
Various film boiling models have been developed based on the framework developed by Bromley (1950).
Bromley et al. (1953)
Bromley et al. (1953) performed experimental study on film boiling heat transfer for an upward
flow over a horizontal tube. Based on their results, they have extended the basic model of Bromley
(1950). They indicated that equations from (2.29) to (2.31) are only valid at very low flow velocities,
when

U
√gD

< 1.0, where U is the velocity of liquid.

They corrected the equations for cases in which the flow velocities are high, i.e. when

U
√gD

> 2.0. The

overall heat transfer coefficient will be corrected as
1/ 2

 Ukv v hlv ' 
h  2.7 

 D Tw  Tsat  

(2.32)

It should be noted that either Bromley’s model (1950) or the other developed models only takes
convection into account, and neglect the effect of radiation heat transfer.
Hsu and Westwater (1960)
Based on the universal turbulent velocity profile of Prandtl and Nikuradze, Hsu and Westwater
(1960) extended the Bromley’s model (1950) to develop a correlation for Nusselt number as
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(2.39)

In the above set of equations, L0 refers to critical Reynolds number which is 100. λ refers to the latent heat
of vaporization and λ/ denotes latent heat of evaporation plus the sensible heat content of the vapor.
Berenson (1961)
Berenson (1961) performed an analysis of film boiling on a horizontal flat heat surface in which he
assumed that the bubbles were released at the node of the Taylor wave. He modified the assumption of
smooth liquid-vapor interface of the Bromley’s model (1950) by incorporating the hydrodynamic
instabilities predicted by Taylor instability theory. The correlation resulting from the Taylor instability
analysis is given by
1/4
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(2.40)

where,

 C pv Tw  Tsat  
hlv '  hlv 1 

hlv



(2.41)

which is in good agreement with experimental results obtained by using n-pentane and carbon
tetrachloride.
Figure 2-7 below shows the actual shape of the liquid-vapor interface and Berenson’s (1961) model
interface.

Figure 2-7: Film boiling model of Berenson (1961)

In the model of Berenson (1961), the vapor properties are evaluated at the mean film temperature 𝑇𝑓 =
𝑇𝑤 +𝑇𝑠𝑎𝑡
2

and liquid properties are evaluated at saturation temperature. Furthermore, instead of using the

value of 0.62 in the Bromley’s model (1950), he had used 0.425 as the coefficient considering the
enthalpy of vaporization to superheated conditions
Koh(1961)
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Koh (1961) developed a correlation for inverted annular film boiling by solving boundary layer
equations simultaneously on vapor and liquid phases. The following equations are solved

f ''' 3 ff '' 2 f '2  1  0

Momentum

 '' 2 Pr f  '  0

Energy

(2.43)

with the following boundary conditions

v  0

{ ff '00

(at the wall)

v   v  or

L  0

(at the vapor-liquid interface)

L   (liquid phase)

F'0

For the energy equation

v  0
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The Nusselt number is calculated as
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Breen and Westwater (1962)
Breen and Westwater (1962) found that Bromley’s relationship failed to predict data for cylinders
with very large and very small diameters. The original Bromley’s model (1950) predicted zero heat
transfer coefficient for large tubes and horizontal surfaces. This was corrected by Breen and Westwater
(1962) by using the following correlation
1

ℎ = (0.59 +

0.69𝜆𝑐
𝐷

𝜌 𝑔(𝜌 −𝜌 )ℎ′ 𝑘 3 4
) [ 𝑣 𝑙(𝑇 𝑣 𝑙𝑣 )𝑣 ]
𝜇𝑣 𝜆𝑐 𝑤 −𝑇𝑠𝑎𝑡

(2.45)

where,
′
ℎ𝑙𝑣
= ℎ𝑙𝑣 [1 +

0.34𝐶𝑝𝑣 (𝑇𝑤 −𝑇𝑠𝑎𝑡 )
ℎ𝑙𝑣

]

(2.46)

In the above equation, the minimum wavelength for Taylor instability (λ c) is given by
𝜆𝑐 = 2𝜋{

𝜎
[(𝜌𝑙 −𝜌𝑣 )𝑔]

}1/2

(2.47)

Dougall and Rohsenow (1963)
Dougall and Rohsenow (1963) made observations of film boiling inside a vertical tube and they
noted that at low vapor quality and low flow rates the flow structure consisted of a central liquid core and
a thin annular film of vapor on the heated wall. The interface between the two phases was not smooth but
noticeably disturbed by waves traveling at a velocity similar to that of the liquid core. Due to the density
difference between the two phases, the vapor was assumed to be traveling at a much higher velocity than
the liquid core. Depending on the imposed conditions on vertical upward flow, the liquid core was
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observed to flow upward, remain more or less stationary, or even flow downward. Entrained vapor
bubbles were also observed in the liquid core.
For single-phase turbulent flow, Dittus and Boelter (1930) correlation is given by
𝑁𝑢 = 𝑎𝑅𝑒 𝑏 𝑃𝑟 𝑐

(2.48)

where, a = 0.023, b = 0.8 and c = 0.4.
Dougall and Rohsenow (1963) extended the traditional Dittus-Boelter forced convection concept and
developed the following model for IAFB and DFFB of Freon 113. For the IAFB region, his model can be
represented by
ℎ𝐷

𝑁𝑢𝑣 =

𝑘𝑣

0.8
= 0.023𝑅𝑒𝑣ℎ
𝑃𝑟𝑣0.4

(2.49)

where the homogeneous vapor Reynolds number is

𝑅𝑒𝑣ℎ =

𝑚𝐷
𝜇𝑣

[𝑥𝑒 +

𝜌𝑣
𝜌𝑙

(1 − 𝑥𝑒 )]

(2.50)

The overall heat transfer coefficient will be corrected as

ℎ=

0.8
0.023𝑅𝑒𝑣ℎ
𝑃𝑟𝑣0.4 𝑘𝑣

𝐷

(2.51)

The vapor quality to use in the expression is the equilibrium vapor quality xe, and all properties are
evaluated at the saturation temperature.

xe =

hv −hl
hlv

xa

(2.52)

Laverty and Rohsenow (1964, 1967)
Laverty and Rohsenow (1964, 1967) extended the work of Dougall and Rohsenow (1963) for
higher mass qualities. They performed experiments on IAFB of nitrogen, which included visual analysis
of the flow structure. Based on their experimental results and Dittus-Boelter’s model (1930), although
they believed that no simple correlation could represent heat transfer coefficient, they assumed the vapor
flow to be turbulent and developed a correlation, which is given by
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𝜌𝑣 𝐷 𝑞𝑣 +𝑞𝑙

ℎ = 0.023[

Where, the term

𝑞𝑣 +𝑞𝑙
𝐴𝑐

𝜇𝑣

(

𝐴𝑐

)]0.8 𝑃𝑟𝑣 0.4

𝑘𝑣

(2.53)

𝐷

is the through-put velocity and is calculated using the equation
𝑞𝑣 +𝑞𝑙
𝐴𝑐

=4
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1

𝐴 𝐷ℎ𝑙𝑣 𝜌𝑣

1

𝐺

𝜌𝑙

𝜌𝑙

− )+

(2.54)

where, qv and ql represents heat flux for vapor and liquid, Ac is the cross-sectional area for fluid flow
through test section, L is the distance from start of test section
Forslund and Rohsenow (1968)
Forslund and Rohsenow (1968) also extended the work of Laverty and Rohsenow (1964).
Improvements focused on droplet breakup due to vapor acceleration, modified drag coefficients on
accelerating droplets, and a Leidenfrost heat transfer from the wall to the droplets at lower qualities. They
found out the importance of vapor superheating, which might be up to 50% in vapor quality. And droplet
size was impacted strongly by the heat flux, rather than liquid flow rate and quality. They presented a heat
transfer model with modification of the Reynolds number to reflect conditions in the vapor. Their
correlation is given by
𝐺𝐷

ℎ = 0.019( )0.8 𝑃𝑟𝑣 0.4 [𝑥 + (1 − 𝑥)
𝜇𝑣

𝜌𝑣 𝑣𝑣 0.8 𝑘𝑣
]
𝜌𝑙 𝑣𝑙
𝐷

(2.55)

Chen (1968)
Chen’s (1968) correlated the heat transfer coefficient as a contribution of two parts: a macroscopic
contribution (bulk), and a nucleate boiling contribution

ℎ = ℎ𝑚𝑖𝑐 + ℎ𝑚𝑎𝑐

(2.56)

where,
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)0.736 , 𝑋𝑡𝑡
> 0.1

(2.61)

1

(2.62)

h, hmic , hmac  heat transfer coefficients (total microscopic and macroscopic), X n =

Martinelli parameter,

 f  thermal conductivity of the liquid,  f ,  g  liquid and gas densities

at saturation conditions,  f ,  g  liquid and gas dynamic viscosity at saturation conditions, G=
mass flux,



x

quality,

Dh = hydraulic diameter, c pf = liquid specific heat capacity at saturation,

surface tension, i fg  latent heat of vaporization,

ps =saturation pressure at the wall

temperature in [bars], p f = actual fluid pressure in [bars].
Bailey (1972)
Bailey (1972) presented a buoyancy-based heat transfer model as follows:
2𝑘𝑣 3 𝑔𝜌𝑣 (𝜌𝑙 −𝜌𝑣 )ℎ𝑙𝑣 1/4
]
𝐷𝑣𝑣 (𝑇𝑤 −𝑇𝑠𝑎𝑡 )

ℎ=[

(2.63)

Groeneveld (1973)
In the homogeneous flow approach of Dougall and Rohsenow (1963), the definition of the Reynolds
number is not actually consistent with homogeneous flow theory because some vapor properties are used
in conjunction with the homogeneous flow density when only homogeneous flow properties should be
used. Groeneveld (1973) modified the Dougall and Rohsenow (1963) model to include the effects of
non-homogeneity into the correlation. They proposed the following correlation
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𝑁𝑢𝑣 =

ℎ𝐷
𝑘𝑣

0.688
= 0.0520𝑅𝑒𝑣ℎ
𝑃𝑟𝑣1.26 [1 − 0.1 (

𝜌𝑙
𝜌𝑣

0.4

− 1)

(1 − 𝑥)0.4 ]−1.06

(2.64)

where the homogeneous vapor Reynolds number is

𝑅𝑒𝑣ℎ =

𝑚𝐷
𝜇𝑣

[𝑥 +

𝜌𝑣
𝜌𝑙

(1 − 𝑥)]

(2.65)

In the above equation, the last term accounts for the non-homogeneity of the two phases. The vapor
quality to use in the expression is equilibrium vapor quality xe, and all properties are evaluated at the
saturation temperature.
This correlation is applicable to vertical and horizontal tubes and to vertical annuli. The large values of
the pressure, heat flux and mass velocity in the database are typical of power boilers but they are beyond
those of most other industrial applications.
Groeneveld and Deloeme(1976)
Groeneveld and Deloeme (1976) extended the Groeneveld (1973) model to account for the actual
vapor quality and non-equilibrium temperature, rather than equilibrium vapor quality and saturation
temperature. Their correlation is given by

𝑁𝑢𝑣 =

ℎ𝐷

𝑅𝑒𝑣ℎ =

𝑚𝐷

𝑘𝑣

0.8774
= 0.008348𝑅𝑒𝑣ℎ
𝑃𝑟𝑣0.6112

(2.66)

where, the Reynolds number is

𝜇𝑣

[𝑥𝑎 +

𝜌𝑣
𝜌𝑙

(1 − 𝑥𝑎 )]

(2.67)

the subscript v stands for vapor properties that are to be evaluated at the film temperature defined as 𝑇𝑓 =
(𝑇𝑤 + 𝑇𝑠𝑎𝑡 )/2. The actual quality is estimated from

𝑥𝑎 =

ℎ𝑙𝑔
ℎ𝑔𝑎 −ℎ𝑙

𝑥𝑒

(2.68)

In the above equation xe is the equilibrium vapor quality, hfg is the latent heat of vaporization, hga is the
actual vapor enthalpy and the hl stands for saturated liquid enthalpy.
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Elias and Chambre (1981)
Elias and Chambre (1981) performed an analytical solution of the energy conservation equations
simultaneously in the vapor and liquid regions in IAFB. He assumed a constant vapor film thickness
which depends on the fluid equilibrium quality at the quench front. They analytically solved the entranceregion problem for the vapor film.

They have showed that the heat transfer coefficient decays

exponentially from the quench front for IAFB.
The governing equations for heat flow in the vapor layer was presented as
2
T
2  T
uv
 av
,
x
y 2

x  0,0  y   v

(2.69)

with the following boundary condition

T  x, o   Tw , T  x,  v   Ts  , x  0

(2.70)

T 0, y   Ts ,0  y   v

(2.71)

The entrance condition is as follows:

The following equations were solved to get the heat transfer from the wall to vapor as




T x,  v  v
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2 1  x  
  
ql x   v
 T 1  2  1 exp  n 
y
v
Pev   v  

n 1


(2.72)

Bui and Dhir (1985)
Bui and Dhir (1985) based on their flow visualization of the vapor film, theoretically derived a
model. Figure 2-8 shows the characterization of vapor-liquid interface used by Bui and Dhir (1986) in
their analytical derivation. They estimated heat transfer under the film, vapor-liquid interfacial velocity
and heat transfer in the bubbles. Based on all of these, they developed a correlation for the overall heat
transfer coefficient. This correlation is given by
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(2.73)

where, the constant C represents the enhancement of the constant heat transfer coefficient due to presence
of ripples. C can be predicted by

C

1

(2.74)

1  2

where, η is the ripple amplitude to the mean film thickness. Further, λ2 is the large scale wavelength.
Based on linear stability analysis, Bui and Dhir (1986) found the dominant unstable wavelength as

D  f Re, Prv , Sh

Figure 2-8: Schematic of the vapor-liquid interface used in the model of Bui and Dhir (1986)
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(2.75)

Analytis and Yadigaroglu (1987)
Analytis and Yadigaroglu (1987) employed two-fluid formulations for predicting heat transfer in
IAFB. They solved the closure equations and the appropriate closure models with the help of numerical
simulation.
Assuming vertically upward flow with Ul and Uv which are the liquid and vapor velocities in the moving
frame of reference, the mass, momentum and energy conservations for vapor and liquid can be written as

 l
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l lU l   ml Pi
dz
A

(2.76)
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(2.78)

A

hvs  hv Pi
hlv c pv v A

(2.79)

(2.80)

They assumed the vapor film thickness to be



  R 1  l
They used following closure relations:
Vapor generation per interfacial area
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(2.81)
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hlv

Heat flux from wall to vapor and vapor to interface
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where,

  1 150 R

(2.85)

The values of Nu and θ* were calculated by assuming laminar flow between parallel plates.
Radiative heat transfer
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(2.86)

Heat transfer from liquid interface to bulk liquid

qlh  H l Ts  Tl ,

(2.87)
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if Re<2000,

if Re>2000,

(2.88)

(2.89)

and
F  1  1.4R z

(2.90)

Vapor heating flux

Pi qv  qwv Pw  qvl Pi

(2.91)

Interfacial shear
Assuming turbulent flow in the vapor film, the following quantities are calculated:

f  U  U 
i  i v v i 
2
2

(2.92)

 wv  f w vU v2 2

(2.93)

f i  0.085 Rei0.25

(2.94)

f w  0.085 Re0v.25

(2.95)

Rei  v U v  U i 2 v

(2.96)

with

where,

Rev  vU v 2 v

(2.97)

Leung and Groeneveld (1985)
Leung and Groeneveld (1985) modified the Berenson’s model (1961) by changing the constant to
be accounted for inlet subcooling effects. They proposed a new constant as
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T T
C  0.4251  8.3 sat bulk 
Tbulk  273.15 


(2.98)

where, Tbulk is calculated based on the equilibrium quality as

Tbulk  Tsat
Tbulk  Tsat 

h fg
Cpl

for xeq  0

(2.99)

for xeq  0

(2.100)

xeq

Takenaka et al. (1989)
Takenaka et al. (1989) based on the various experimental and theoretical studies gave a correlation
similar to the Dittus-Boelter’s correlation (1930). This correlation is given by

k  Gz 
hi  0.054 L  
z  L 

0.84

PrL

(2.101)

Mosaad and Johannsen (1989)
Mosaad and Johannsen (1989) extended the work of Bromley (1950) to a two-phase model which
also accounted for subcooling and interface oscillations and assumed that the overall heat transfer
coefficient consists of convection and radiation heat transfer as given by

h  hc  0.75hR

(2.102)

The convective heat transfer coefficient can be calculated as





hc   1  0.4 s  0.075 s2 hsat
The radiative heat transfer coefficient was calculated as

51

(2.103)

hR 
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   1Tw  Tsat 
  w l 

(2.104)

The subcooling number in the calculation of hc is defined as

s 

0.81  3.5D z hi l Tsub
hsatTw

(2.105)

The enhancement factor was defined as
0.45

  
  1  1.1 Re  v v   D 
 l l  sat
0.5
l

(2.106)

where the liquid Reynolds number Rel is given by

Rel  l ul D  2  l

(2.107)

The heat transfer coefficient between the vapor-liquid interface and the liquid is given by
0.15

hi l  0.06  kl D  Re Pr Pr
0.6
l

0.3
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0.6
vfilm

 v  v 


 l l  sat

(2.108)

Further the film boiling heat transfer coefficient from the Bromley’s model (1950) is given by

hsat

 kv3 g v l   v hfg


16v Tw z







0.25

(2.109)

Cachard (1996)
Cachard (1996) used the same governing equations used by Analytis and Yadigaroglu (1987) with
the following closure relations:
The interfacial shear stresses in the vapor and the liquid sides are equal
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 vi   il

(2.110)

Wall shear stress is given by

 w  f w v U v  Vqf
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(2.111)
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v

The interfacial shear stress is given by

 vi  f vi v U v  U i

U v  U i 
2

(2.115)

where,

f vi   fv

24
Re vi

Re vi  v U v  U i

The interfacial shear stress in the liquid side is given by
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(2.116)
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where

f l  l
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(2.119)

f l  l

0.079
Reli0.25

(2.120)

Finally, the various heat transfer rates are given by
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(2.121)

(2.122)

(2.123)

(2.124)

Hammouda et al. (1997)
Hammouda et al. (1997) considered the mechanism of heat removal during film boiling. It involved
convective heat flux from the wall to vapor, radiant heat flux between the wall and liquid, heat flux from
vapor to the vapor-liquid interface surface and from the interface surface to the liquid core.
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The vapor layer thickness was expressed in terms of radius of the tube and the void fraction.



  R 1 1



(2.125)

The relation between wall to vapor and vapor to interface heat transfer is given by

qv l Tv  Tsat

qwv Tw  Tv

(2.126)

The heat transfer form wall can be calculated as

qwv 

kv Nuv Tw  Tv 
2 1  qv t 
qwv

(2.127)

where, θ is the influence factor.
The interfacial heat transfer coefficient is determined from the Nusselt number criterion given by Kays
and Crawford (1980) for laminar and turbulent flows. Here, this is given by

ht l  0.023

kl
Rel0.8 Prl0.4 F
D 1

(2.128)

The parameter F accounts for the entrance length effects, which is given by

F  1 1.4

R
z

(2.129)

The radiation heat transfer coefficient is given by

qrad 

4

 Tw4  Tsat

1

w
Nakla et al. (2010)
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l

1
1
1

(2.130)

Recently, Nakla et al. (2010) developed a two-fluid one-dimensional model to predict the wall
temperature of IAFB. This model basically extended the idea developed by Hammouda et al.(1997) to
account for more variation in the parameters.
They developed the model for wall-to-vapor, vapor-to-interface, interface-to-liquid, and radiation
heat fluxes. They simplified the problem as a flow between parallel plates by assuming the vapor gap to
be much smaller than the tube radius. The vapor layer thickness is similarly defined as that of Hammouda
et al. (1997)
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(2.131)

The wall to vapor heat transfer coefficient was given by

hwv 

kv Nuv Tw  Tv 
2 Tw  Tv   Tv  Tsat  





(2.132)

Furthermore it was assumed that the wall-vapor heat transfer coefficient is equal to the vapor-interface
heat transfer coefficient.

hvi  hwv

(2.133)

Furthermore, the interfacial heat transfer coefficient is given by

ℎ𝑖𝑙 = {

𝑘𝑙

3.66
0.023

𝐷−2𝛿
𝑘𝑙
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𝑅𝑒𝑙0.8 𝑃𝑟𝑙0.4 𝐹,

𝑅𝑒𝑙 > 2000

(2.134)

where, the liquid core Reynolds number is given by
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(2.135)

and,

F  1 0.7
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The radiation heat transfer is given by
4

 Tw4  Tsat

qrad 
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w
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1
l 1

(2.137)

When compared with the other prediction methods of Analytis and Yadigaroglu (1987), Cachard (1994)
and Hammouda (1997) showed that this model performed much better than the other models.
Agafonova and Paramonova (2013)
Recently, Agafonova and Paramonova(2013) extended the Hammouda’s model(1997) to modify
the influence factor approximation. Furthermore, they also modified the Nusselt number calculation to
account for the temperature factor. The heat flux from the wall to vapor of the Hammouda’s model (1997)
has been modified from
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(2.138)

to
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Furthermore, they have modified the Nusselt criterion, from

Nu g 

5.071
 0.0028 Re g Prg0.645
Prg0.0439

(2.140)

to

Nu g  5.385  0.021Re0g.8 Prg0.4
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(2.141)

Chapter 3: Rod Bundle Heat Transfer (RBHT) Test Setup
The Rod Bundle Heat Transfer (RBHT) test facility was designed and constructed at the
Pennsylvania State University under the sponsorship of the US Nuclear Regulatory Commission to
conduct reflood experiments for providing high quality data for computer model development and
assessment. A series of experiments have been performed over a wide range of conditions to examine the
reflood thermal/hydraulic behavior.
The test section was setup for both high flooding rates and low flooding rates experiments. The
dominant flow region for high flooding rates is the inverted annular film boiling (IAFB), whereas the
dominant flow region for low flooding rates is the dispersed flow film boiling (DFFB).

3.1. Brief Description of the Test Setup
The test section of the RBHT Test Facility is 3.66 m (12 ft) in length. A 7x7 heater rod array
simulates 17 x 17 pressurized water reactor (PWR) fuel assemblies. The diameter and the pitch of the
heater rods are 9.49 mm (0.374 in) and 12.59 mm (0.496 in) respectively. The heater rods have a skewed
power profile with peak to average power ratio of 1.5 at the 2.77 m (9.08 ft) elevation.
Range of parameters
The RBHT test setup facilitates a wide range of values for various parameters as presented below.


The range of pressures from 138 to 414 kPa (20 to 60 psia),



The range of flooding rates from 0.0254 to 0.1524 m/s (1 to 6 in/s),



The range of initial peak clad temperatures from 1033 to 1144 degrees K (1400 to 1600 degrees
F),



The range of inlet subcooling from 11 to 83 degrees K (20 to 150 degrees F), and



The range of peak powers from 1.32 to 2.31 kW/m (0.4 to 0.7 kW/ft).

Key features of the RBHT setup
The RBHT setup consists of number of key features which are not found in other rod bundle reflood
heat transfer experiments. Some of them are as follows:
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In contrast to other rod bundle experiments, which simulate power decay along the length, the
RBHT experiments were performed using constant power.



The laser illuminated high resolution digital camera and its associated software measures the
entrained droplet size within the bundle at various values of elevations relative to the spacer grids.



The Pressure damping tank and pressure control valve dampen the pressure oscillations which are
common in reflood heat transfer experiments.



The heat transfer phenomena observed in the RBHT setup are similar to that of commercial PWR.



Faster detection of the entrained water with the help of large and small carryover tanks.

Details of the RBHT setup
Figure 3-1 (a)-(b) show the schematic and the isometric view of the rod bundle heat transfer test
setup. The main parts of the setup include


A test section, which consists of a lower plenum, a low-mass housing containing the heater rod
bundle, and an upper plenum.



A small and a large carryover tank.



Injection water supply tank.



Steam generator and steam injection system.



Steam separator and water drain tank.



A pressure fluctuation damping tank and steam exhaust piping.



A vortex meter to measure steam flow rate.



An exhaust valve.

The RBHT flow configuration is a kind of once-through in nature, where, water or steam can enter
through the lower plenum and flow into the test section through the rod bundle. The lower plenum, which
is attached to the bottom housing, is made to act as a coolant reservoir. This is before it is injected to the
rod bundle during reflood. The phase separation occurs in two parts in the upper plenum and in the steam
separator. There is a separation of the liquid phase from the vapor phase in the upper plenum due to the
sudden change in the flow area in the upper plenum. The liquid thus separated is collected at the small
carryover tank which is connected to the upper plenum. The large carryover tank acts an alternate
container in the event that the liquid in the small carryover tank overflows. The measure of entrainment in
the flow is given by the total carryover liquid thus collected in both the carryover tanks.. Downstream of
the upper plenum, the centrifugal steam separator separates the remaining liquid from the flow and
collected in the liquid collection tank, termed as the water drain tank in the schematic.
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(a)

(b)

Figure 3-1: RBHT test setup (a) schematic (b) Isometric View

The pressure oscillation damping tank and the pressure control valve, located downstream of the
steam separator, dampen the pressure fluctuations in the flow and maintain a tight pressure control on the
setup. Further downstream, as seen in the isometric view, a vortex meter is attached to measure the flow
rate of the single-phase steam flow. Finally, steam leaves the facility through an exhaust valve and an
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exhaust muffler. This separation of the exhaust steam from re-entering into the facility enables the
experimenter to calculate the transient mass and the energy balance on the facility.

3.2. Test Section
As shown in Figure 3-2, the test section consists of a heated rod bundle, flow housing, lower plenum
and the upper plenum. These four parts will be explained one by one.
Rod bundle
As mentioned earlier, the rod bundle resembles a small portion of a 17x17 PWR fuel assembly. The
heater rods are arranged in a 7x7 array and the diameter and the pitch are 9.5 mm (0.374 in) 12.6 mm
(0.496 in) respectively.

Figure 3-2: Cross section of the rod bundle assembly.
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Among these 49 rods, the 4 unheated corner rods provide structural support to the bundle. These are
made from Inconel 600 tubing with diameter, wall thickness and total length of 9.525 mm (0.37 in),
2.108 mm (0.083 in) and 3.96 m (156 in) respectively. The heated rods are made from Monel 500 heating
elements which are hot pressed by boron nitrite insulation and enclosed in a Inconel 600 cladding.
The heated rods are powered with a 60 volt, 12,600 amp, 750 kW DC power supply. These heated
rods have a total heated length of 3.66 m (12 ft) skewed power profile along the length as shown in Figure
3-3. The peak power is 1.5 times of the average power and it is located at 2.74 m (9 ft) elevation.

Figure 3-3: Axial power profile of the heater rod

Flow housing
The flow housing is also made of Inconel 600 and its dimensions are 90.2 x 90.2 mm (3.55 x 3.55 in
with a wall thickness of 6.4 mm (0.25 in) as shown in Figure 3-4. The flow housing provides six pairs of
windows of 50.8 x 292 mm (2.0 x 11.5 in) viewing area for measuring droplet size and velocity using a
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Laser Illuminated Digital Camera System (LIDCS). It also facilitates 23 pressure measuring taps located
at various axial positions.

Figure 3-4: Schematic of the test section

Lower plenum
The lower plenum is made of a 304 stainless steel pipe with an inside diameter of 202 mm (7.94 in)
and a height of 203 mm (8 in). It is connected to the flow housing as shown in the Figure 3-5. The Lower
plenum is connected to both the injection water line and steam cooling line. For measuring temperatures
and pressures before reflood, thermocouples and pressure taps are attached into the lower plenum as
shown in Figure 3.5. It also contains flow baffle and flow straightener to provide an even flow to the rod
bundle.
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Figure 3-5: Lower plenum

Upper Plenum
The upper plenum is made from a 204 stainless steel pipe with an inside diameter of 202 mm (7.94
in) and a height of 305 mm (12 in). It is connected to the steam separator through a 76.2 mm (3 in) pipe
flange connection. Further, the upper plenum is covered with a 203 mm (8 in) 304 stainless steel blind
flange at the top. It has a thermocouple and a pressure tap to measure temperature and pressure leaving
the rod bundle as shown in Figure 3-6.

Figure 3-6: Upper plenum
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The structure and functionality of the other parts of the system are described in the following:
Large and small carryover tanks
The liquid separated from the upper plenum flows through a 25.4 mm (1 in) tube, which is connected
to the small carryover tank. The small carryover tank gives the measurement of the amount of carryover
liquid. It is made from a 50.8 mm (2 in) schedule 80 pipe with an overall length of 914 mm (36 in) and a
corresponding volume of 1388 cm3 (0.049 ft3). The small carryover tank is coupled with the large
carryover tank, which is made from a 102 mm (4 in) schedule 40 pipe with a total volume of 15917 cm 3
(0.562 ft3).
Steam separator and the drain tank
The steam separator is made from a 356 mm (14 in) diameter 316 stainless steel pipe, which is 914
mm (36 in) long. Two pressure taps are attached to it for liquid pressure measurement The drain tank is
made from a 102 mm (4 in) schedule 80 pipe with an overall length of 1.78 m (70 in) and a corresponding
volume of 11329 cm3 (0.4 ft3). It is connected to the steam separator through a 25.4 mm (1 in) top pipe
connection.
Pressure oscillation damping tank
The pressure tank is made from a 356 mm (14 in) diameter, 304 stainless steel standard schedule
pipe which is 2.59 m (102 in) long. This tank has a volumetric capacity of 0.209 m3 (7.38 ft3). A 76.2 mm
(3 in) schedule 40, 304 stainless steel pipe present in the inside of this tank, provides the required pressure
damping effect by forcing the steam flow to expand into the large volume of the tank.
Exhaust piping
The exhaust piping is a 76.2 mm (3 in) schedule 40, 304 stainless steel pipe. It has a vortex flow
meter to measure steam flow rate, a 76.2 mm (3 in) V-Ball pressure control valve and finally an exit
muffler at the exit to minimize the noise during the outward flowing of the steam to the atmosphere.

3.3. Instrumentation
The instrumentation of the RBHT setup is designed to measure the following quantities at various
axial positions:
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Wall and fluid temperatures
Power,
Flow rate,
Liquid levels.
Static pressure and pressure differential.
Void fractions,
Droplet size, droplet distributions, and droplet velocities.

Apart from these measurements, the vapor velocity can be calculated based on the measured data.
Furthermore, the transient mass and energy balances, the steam flow rate and the amount of carryover
liquid can also be calculated as functions of time.


Test section instrumentation
Heater rod bundle and flow housing

In order to determine the quenching phenomenon during reflood, each of the six grids has
thermocouples attached to the surface. The thermocouple arrangement in one of these grids is shown in
Figure 3-7.

Figure 3-7: Grid no. 4 instrumentation

66

Among the 45 heated rods, 14 rods are un-instrumented. The other 31 rods are divided into eight
groups based on the location of the thermocouples at different elevations as shown in Figure 3-8. The
entire rod bundle heated length can be instrumented by placing various groups of thermocouples at
various elevations. The radial locations for each of the groups were chosen such that the total heat transfer
of the hot rods, comprising of center rods, rod-to-rod and rod-to-housing can be characterized.
Furthermore, to achieve this, heated rod thermocouples, steam probes and the housing wall thermocouples
are located at the same elevations. To quantify the effect of grids on the droplet size and distribution,
steam probes (fluid thermocouple) are positioned close to the grid in both the upstream and downstream
directions.
The four unheated thermocouples at the corner are equipped with eight thermocouples located at
various elevations based on the locations of thermocouples in the heater rods and in the housing wall.
These thermocouples enable us to quantify the radiation loss to the unheated rod during reflood.

Figure 3-8: Instrumented heater rod radial locations

As mentioned earlier, the flow housing has six pairs of windows at various elevations for droplet
measurements. A droplet imaging system known as VisiSizer, which uses a pulsed infrared laser, is used
to measure the size and the velocity of the water droplets which are entrained in the steam flow. VisiSizer
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uses a high resolution 1000x1000 pixel black and white camera to capture images through a set of
windows in the bundle housing.
Lower plenum and upper plenum
Two fluid and two wall thermocouples are instrumented in the lower plenum. The fluid
thermocouples monitor the injection water temperature while the wall thermocouples monitor the vessel
wall temperature at the inlet.
The upper plenum also has two fluid and two wall thermocouples to measure the steam temperatures
and the wall temperatures during testing. To control the test section pressure, a static pressure transmitter
is also instrumented in the upper plenum.


Loop instrumentation

Figure 3-9 shows a schematic of the loop instrumentation facility in the RBHT test setup. As shown
in the figure, there are three fluid, three wall thermocouples and a differential pressure transmitter
attached to the injection water supply tank. The pressure transmitter is used to determine the water mass
in the tank during reflood experiments. Further, it also has a static pressure transmitter to maintain a
constant pressure during forced injection reflood experiments. The mass flow in the water and steam
injection lines is measured using the Coriolis Effect in the Micromotion flow meter and Rosemount
Vortex shedding flow meter respectively.
The small carryover tank is instrumented with one fluid and two wall thermocouples while the large
carryover tank has one fluid and three wall thermocouples. In addition, both these tanks have a liquid
meter to measure the extracted liquid during testing.
The pressure oscillation damping tank has two fluid and three wall thermocouples. The exhaust line
is instrumented with a Vortex flow meter, V-ball pressure control valve, one fluid thermocouple, one wall
thermocouple and two pressure transmitters to measure the steam flow arte and to maintain the constant
pressure during testing.

3.4. Data Acquisition System
The data acquisition system of the RBHT test setup involves two parts


The computer and the display terminals in the control room.
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VXI mainframe and terminal panels in the test facility.

IEEE 1394 (Firewire) serial control and data interface is used to connect the two parts. The VXI
mainframe has firewire controller card (HPE8491A) and seven data acquisition and control cards (HP
E1419A). The terminal panels are connected to the HP E1419A cards with SCSI cables. The isothermal
reference junctions, which are needed for the thermocouples, are provided by these terminal panels.

Figure 3-9: Schematic of the loop instrumentation
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Chapter 4: Results – Data and Comparison
The observed trends of the data will be discussed and analyzed in this chapter. Although many
previous researches on the heat transfer coefficient have been done, most of them focused on the heat
transfer coefficient variation with the wall temperature or the heat transfer coefficient variation with the
equilibrium quality trend. Very few studied the heat transfer coefficient variation with the void fraction
trend.
Five representative heat transfer coefficient correlations are compared with 10 sets of the RBHTReflood tests data over a wide range of conditions.
The Run conditions are listed in the following table:

Run No 1143

Run No 1170

Run No 1196

Run No 1202

Run No 1223

Upper plenum
pressure

138kPa
(20psia)

276kPa
(40psia)

276kPa
(40psia)

276kPa
(40psia)

276kPa
(40psia)

Initial peak clad
temperature

1144K
(1600F)

1144K
(1600F)

1144K
(1600F)

1144K
(1600F)

1144K
(1600F)

2.3Kw/m
0.7kW/ft
0.1524m/s
(6 in/s)
83K
(150F)

2.3Kw/m
0.7kW/ft
0.1524m/s
(6 in/s)
11K
(20F)

2.3Kw/m
0.7kW/ft
0.1524m/s
(6 in/s)
53K
(96F)

2.3Kw/m
0.7kW/ft
0.1524m/s
(6 in/s)
23K
(42F)

2.3Kw/m
0.7kW/ft
0.1524m/s
(6 in/s)
11K
(20F)

Start of reflood

740.3s

298s

226.6s

258.5s

135.2s

End of reflood

1022.5s

771.8s

718.7s

801.7s

788.6s

Run No 1228

Run No 1280

Run No 1285

Run No 1291

Run No 1295

Upper plenum
pressure

138kPa
(20psia)

138kPa
(20psia)

276kPa
(40psia)

414kPa
(60psia)

414kPa
(60psia)

Initial peak clad
temperature

1144K
(1600F)

1144K
(1600F)

1144K
(1600F)

1144K
(1600F)

1144K
(1600F)

Rod peak power

2.3Kw/m
0.7kW/ft

2.3Kw/m
0.7kW/ft

2.3Kw/m
0.7kW/ft

2.3Kw/m
0.7kW/ft

2.3Kw/m
0.7kW/ft

Flooding rate

0.1524m/s

0.1524m/s

0.1524m/s

0.1524m/s

0.1524m/s

Rod peak power
Flooding rate
Inlet subcooling

70

(6 in/s)

(6 in/s)

(6 in/s)

(6 in/s)

(6 in/s)

Inlet subcooling

23K
(42F)

83K
(150 F)

83K
(150F)

83K
(150F)

23K
(42F)

Start of reflood

120.5s

173.2s

115.8s

122.9s

114s

Table 4.1 Run conditions of 10 sets of the RBHT-Reflood tests

There are 10 sets of experiments, and three cases of each. To avoid redundancy, the Run No 1143 case is
shown as an example.

4.1. General Data Observations and Analysis
Based on the results obtained, the following trends are observed.
1.

The higher the wall temperature is, the smaller the heat transfer coefficient is. From the Run No
1143 test data, it shows that the heat transfer coefficient decreases as the wall temperature
increases. When the wall temperature is highest, the heat transfer coefficient is smallest. This is
because a higher wall temperature results in a thicker vapor film, thus decreasing the heat transfer
coefficient. This phenomenon also can be explained by the following equation.
ℎ=

𝑞
(𝑇𝑤 −𝑇𝑠𝑎𝑡 )

(4.1)

where Tw is the wall temperature and Tsat is the liquid saturation temperature

2. The heat flux varies significantly with time. It sharply decreases to a relatively stable negative
value at the end. This is due to the quenching of the test section. Usually the lowest heat flux can
be determined by the quenching at some point.

4.2. Heat Transfer Coefficient vs. Void Fraction
A general shape of the overall heat transfer coefficient curve is shown in Figure 4-1
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Figure 4-1: Overall heat transfer coefficient vs. quality

From the results of Run No.1143, it can be seen that for void fractions between 0 and 0.5, the heat
transfer coefficient decreases dramatically. The reason is that conduction plays a very important role in
the overall heat transfer process at low void fraction, where the vapor layer is very thin and the flow is
laminar. The void fraction increases as the quality increases, which results in a thicker vapor film thus
decreases the heat transfer coefficient. The experiment result is consistent with the anticipated shape of
the overall heat transfer coefficient curve.
For a void fraction above 0.5, the heat transfer coefficient still decreases as the void fraction
increases, however, with a much lower decreasing rate. This is because as the void fraction increases,
convection starts contributing to the heat transfer as the film changes from laminar to turbulent. The vapor
layer no longer exists and liquid will be in the form of droplets dispersed in the vapor phase. As a result,
the void fraction no longer has such a dominating influence on the overall heat transfer coefficient. It
follows that there is a level-up in the curve when the void fraction becomes larger. However, the heat
transfer coefficient continues to decrease as the void fraction increases due to the fact that the vapor
temperature is also increasing. This behavior is consistent with the anticipated shape of the overall heat
transfer coefficient curve.
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4.3.Comparison of Correlations with Data
The data are compared with the following five correlations are:
(1) Berenson

ℎ1 = 0.425 {[

0.5𝐶𝑝𝑣 (𝑇𝑤 −𝑇𝑠𝑎𝑡 )
]𝑘𝑣 3
ℎ𝑙𝑣

𝜌𝑣 𝑔(𝜌𝑙 −𝜌𝑣 )ℎ𝑙𝑣 [1+

𝜇𝑣 (𝑇𝑤 −𝑇𝑠𝑎𝑡 )

][

𝑔(𝜌𝑙 −𝜌𝑣 )
𝜎

1
1 4
2

]}

(4.2)

(2) Breen and Westwater

ℎ2 = (0.59 +

0.69∗2𝜋{

𝜎
}
[(𝜌𝑙 −𝜌𝑣 )𝑔]

𝐷

1
2

0.34𝐶𝑝𝑣 (𝑇𝑤 −𝑇𝑠𝑎𝑡 )
]𝑘𝑣 3
ℎ𝑙𝑣
1
2
𝜎
𝜇𝑣 2𝜋{
} (𝑇𝑤 −𝑇𝑠𝑎𝑡 )
[(𝜌𝑙 −𝜌𝑣 )𝑔]

𝜌𝑣 𝑔(𝜌𝑙 −𝜌𝑣 )ℎ𝑙𝑣 [1+

)[

1
4

]

(4.3)

(3) Dougall and Rohsenow

ℎ3 =

=

0.8
0.023𝑅𝑒𝑣ℎ
𝑃𝑟𝑣0.4 𝑘𝑣

𝐷

𝜌𝑣
α
𝜌𝑙

0.023𝑘𝑣 𝑚𝐷 ℎ𝑣 −ℎ𝑙

{

𝐷

𝜇𝑣

[

𝜌
( 𝜌𝑣 −1)α+1
𝑙

ℎ𝑙𝑣

+

𝜌𝑣
𝜌𝑙

(1 −

ℎ𝑣 −ℎ𝑙
ℎ𝑙𝑣

𝜌𝑣
α
𝜌𝑙

0.8

)]}

𝜌
( 𝜌𝑣 −1)α+1
𝑙

(

𝜇𝑣 𝐶𝑝𝑣 0.4
𝑘𝑣

)

(4.4)

(4) Bailey
1

ℎ4 =

2𝑘 3 𝑔𝜌𝑣 (𝜌𝑙 −𝜌𝑣 )ℎ𝑙𝑣 4
[ 𝑣 (𝑇
]
𝐷𝜇𝑣 𝑤 −𝑇𝑠𝑎𝑡 )

(4.5)

(5) Groeneveld and Deloeme

ℎ6 =

=

0.008348𝑘𝑣 0.8774 0.6112
𝑅𝑒𝑣ℎ 𝑃𝑟𝑣
𝐷
0.008348𝑘𝑣 𝑚𝐷
𝐷

{

𝜇𝑣

ℎ𝑙𝑣

[

ℎ𝑣 −ℎ𝑙

𝑥+

𝜌𝑣
𝜌𝑙

(1 −

ℎ𝑙𝑣
ℎ𝑣 −ℎ𝑙
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𝑥)]}

0.8774 𝜇 𝐶
0.6112
𝑣 𝑝𝑣

(

𝑘𝑣

)

(4.6)

Figure 4-2: Run No 1143 case A the heat transfer coefficient vs. void fraction
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For the correlations presented in terms (1), (2), (4) and (5), the vapor thermo-physical properties are
evaluated at the film temperature, which is defined asTf =

Tw +Tsat
2

. The vapor properties for the Dougall

and Rohsenow correlation, on the other hand, are evaluated at the saturation temperature.
From the results of experiment 1143, the Berenson’s correlation and the Bailey’s correlation appear
to be very close to the data when the void fraction is small(i.e., in the range of 0 to 0.4), It appears that the
Berenson’s model agrees better with the experimental data. For void fraction around 0.4, the deviation of
Berenson’s estimate from the measured data is within approximately 10% or less. For void fractions
above 0.4, the Berenson’s correlation still has a better estimate than the Bailey’s.
For void fractions between 0.1 and 0.4, both the Berenson’s correlation and the Bailey’s correlation
agree well with the data, The Berenson’s correlation slightly underestimates the heat transfer coefficient
whereas the Bailey’s correlation slightly overestimates it.
The trend of the Breen and Westwater’s correlation is similar to those of the Berenson’s correlation
and the Bailey’s correlation. However, it does not give a good estimate compared to the other two, except
when the void fraction is really small (void fraction<0.05).
The Dougall and Rohsenow’s correlation and the Groeneveld and Deloeme’s correlation
significantly underestimate the heat transfer coefficient when the void fraction is small.
It should be noted that as the void fraction increase, the heat transfer coefficient tends to decrease,
possibly due to vapor superheat. However, none of these five correlations show this trend.
Although the Berenson’s correlation along with the Bailey’s correlation and the Breen and
Westwater’s correlation have a closer estimate of the data for small void fractions, they fail to predict the
heat transfer coefficient at larger void fractions.
The Dougall and Rohsenow’s correlation and the Groeneveld and Deloeme’s correlation agree better
with the data for large void fractions. In particular, the Groeneveld and Deloeme’s correlation agrees best
with the data for void fractions larger than 0.5. Both the Dougall Rohsenow’s correlation and the
Groeneveld and Deloeme’s correlation exhibit a sharply increasing trend with void fraction.
The Dougall and Rohsenow’s correlation exhibits sharply changing much sooner than does the
Groeneveld and Deloeme’s correlation, which thus makes it less accurate than the latter. However,
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compared to the Berenson’s, the Bailey’s and Breen and Westwater’s correlations, they have a much
better prediction for large void fractions.
For small void fractions, the Berenson’s correlation is the most accurate correlation when compared
with the data. For large void fractions, on the other hand, the Groeneveld and Deloeme’s correlation
appears to give a better estimate of the data.

4.4. Final Remarks
1. The evolution of flow in the system includes heat transfer under subcooled, saturated, and
superheated thermodynamic conditions. Heat is transferred from the inside wall of tube to liquid
mainly through convection. However, when temperature differences are large, the effect of
radiation will be significant. All the five correlations neglect the effect of radiation and only take
convection into account.

2. The equation of quality x is as follows,

𝑥=

𝜌𝑣
αS
𝜌𝑙

𝜌

( 𝜌𝑣 𝑆−1)α+1

(4.7)

𝑙

where S is the slip ratio, which represents the ratio of the vapor velocity to the liquid velocity.
In the Dougall and Rohsenow’s correlation and the Groeneveld and Deloeme’s correlation, in
order to simplify calculation, S equal to 1 is assumed, which means the vapor phase velocity and
liquid phase velocity is equal. However, in the case for vertical upward flow, the vapor velocity is
usually higher than the liquid velocity, which makes these two correlations overpredict the void
fraction, thus causing deviation of these two models from the measured data larger.

3. The five correlations chosen for comparison are all developed using the data with relatively high
quality film boiling data (x≥0.4). From Figure 4-1, it’s observed that the void fraction increases as
the quality increases, which means these five correlations adopt data of relatively large void
fractions. Therefore, it’s explainable that from Figure 4-1, when the void fraction is smaller than
0.3, no single correlation could accurately predict the data.
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4. The reason that the Dougall and Rohsenow’s correlation creates more deviation than the
Groeneveld and Deloeme’s correlation is that the former only considers the equilibrium effects
whereas the latter considers the non-equilibrium effects of superheating the vapor.
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Chapter 5 Summary and Recommendations for Future Work

5.1. Summary
Few researches of the heat transfer coefficient variation with the void fraction trend have been
done. The heat transfer coefficient data are not easy to predict, which highly depends on the flow regimes.
Even though the five correlations chosen in the study are better than the classic Dittus-Boelter’s model
which focuses on the convective effect, and the Bromley’s model which focuses on the buoyancy effect,
they still cannot guarantee highly accurate prediction of the data. The most obvious evidence is that the
decrease trend with respect to the void fraction in IAFB, is not captured by any of the five correlations.
Based on the results obtained from comparing the five correlations with the RBHT-Reflood No 1143
test, the trend is observed that the heat transfer coefficient decreases as the wall temperature increses, and
highest wall temperature corresponds to the smallest heat transfer coefficient. It’s also observed that the
heat flux sharply decreases to a relatively stable negative value at the end and the heat flux varies
significantly with time.
The heat transfer coefficient decreases dramatically for void fractions between 0 and 0.5, and
continuously decreases with a much lower decreasing rate though for void fractions above 0.5.
For small void fractions, the Berenson’s correlation along with the Bailey’s correlation and the Breen
and Westwater’s correlation agree better with the data, the Berenson’s correlation in particular. For large
void fractions, the Dougall and Rohsenow’s correlation and the Groeneveld and Deloeme’s correlation
have a better estimate, the Groeneveld and Deloeme’s correlation in particular.

5.2. Recommendations for Future Work
1. In order to make the correlations predictions more accurate, more measurements need to be made,
such as mass flux, temperature profiles, axial and radial velocity, wall friction and so on.
2. In addition, many models are developed not for IAFB, but for DFFB and other flow regimes,
which makes the IAFB model less accurate. Therefore, separate models and correlations should
be developed more specifically for different flow regimes.
3. If more accurate estimate is desired, the effect of radiation should be taken into consideration
even though it’s small at low temperatures compared to the conduction and convection.
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4. Empirical correlations for slip ratio need to be developed.
5. More correlations using data with relatively low quality film boiling data and small void fractions
should be developed.
6. Separated flow model and non-equilibrium effects should be considered when developing a
correlation for the heat transfer coefficient.
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Appendix A
Steps for Obtaining h vs. α Plot


Steps for obtaining 𝒉 vs. 𝜶 experimental plot
1. Start from the Excel file containing two sets of data:
A. 𝛼 vs. 𝑡1
B. ℎ vs. 𝑡2 .
2. In these two sets of data the values of time are different.
3. Set A contains data for time 𝑡1 up to many significant digits after the decimal point. However, set
B contains data for time 𝑡2 only up to 1-2 significant digits after the decimal point. To make the
digits after the decimal point same in both, 𝑡1 is rounded to the 1-2 significant digits after the
decimal point – same as in 𝑡2 . If this rounding off is not done then matching will not work.
4. Then a time series 𝑡 is created starting the first set of time in Set A or B and with increment of 0.1
or 0.01 depending on the significant no. of digits to which 𝑡1 was rounded.
5. Combination of MATCH and INDEX formulas in Excel is used to obtain the values of 𝛼 and ℎ
corresponding to each 𝑡. For those values of 𝑡 which are not present in 𝑡1 , the values of 𝛼 are kept
blank and for those values of 𝑡 which are not present in 𝑡2 the values of ℎ are kept blank. Thus
there are three columns of data – 𝑡, 𝛼, ℎ with all rows of 𝑡 filled but only a few rows of 𝛼 and ℎ
filled.
6. A VBA macro was created to fill in these missing values using linear interpolation technique. The
formula used is as explained below. Suppose there are 𝑛 blank cells between two nonempty cells,
values are 𝑉1 and 𝑉2 , under 𝛼 or ℎ column. The value in the 𝑖-th cell of the 𝑛 blank cells will be
given by
𝑉2 − 𝑉1
)𝑖
𝑛+1
7. Once the values of α and h are obtained for each value in t then ℎ is plotted against α.
𝑉(𝑖) = 𝑉1 + (



Steps for obtaining 𝐡 vs. 𝛂 correlation plot
1. ℎ is replaced with 𝑇𝑤 and then all the steps from 1 to 6 of the above procedure for obtaining
experimental plot are performed.
2. To calculate ℎ, correlation formula is used as function of 𝑇𝑤 or 𝛼 (depending on the theory) for
each value of 𝑡.

80

3. The properties of saturated water at a given temperature and pressure remain constant. However,
the properties of vapor changes with temperature and pressure. An Excel Add-In is used to
calculate the values of these properties of vapor for each value of 𝑇𝑓 =

𝑇𝑤 +𝑇𝑠𝑎𝑡
2

.

4. With the properties of saturated water and vapor, the values of h are calculated for each value in
t. Already, values of α for each 𝑡 is present as obtained during creation of the experimental plot.
Then ℎ is plotted against 𝛼.

81

Appendix B

VBA Macro Source Code
The VBA code provided below is present in the all the 10 files for 10 experiments. To run this code
from those 10 Excel files use keyboard shortcut is CTRL + SHIFT + J.
Option Explicit
Sub Interpolate()
Dim i, j, m, n, last_row, row1, row2 As Long
Dim SourceRange, OutputRange, EachColumn As Range
Dim Value1, Value2 As Double

Set SourceRange = Application.InputBox("Select the range which needs to be filled", Type:=8)

Application.ScreenUpdating = False

m = SourceRange.Columns.Count

For j = 1 To m
Cells(100000, SourceRange(1, j).Column).Select
Selection.End(xlUp).Select
last_row = ActiveCell.Row
SourceRange(1, j).Select
Do While ActiveCell.Row < 100000
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If ActiveCell.Text = "" Then
Do While ActiveCell.Text <> ""
If ActiveCell.Row = last_row Then
If j < m Then
GoTo NewColumn
Else
Exit Sub
End If
End If
ActiveCell.Offset(1, 0).Select
Loop
End If

Value1 = ActiveCell.Value
row1 = ActiveCell.Row

If row1 = last_row Then
If j < m Then
GoTo NewColumn
Else
Exit Sub
End If
End If
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ActiveCell.Offset(1, 0).Select
If ActiveCell.Text = "" Then
Do While ActiveCell.Text = ""
If ActiveCell.Row = last_row Then
If j < m Then
GoTo NewColumn
Else
Exit Sub
End If
End If
ActiveCell.Offset(1, 0).Select
Loop
End If

'On Error Resume Next
Value2 = ActiveCell.Value
row2 = ActiveCell.Row

n = row2 - row1

For i = 1 To n
On Error Resume Next
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Cells(row1 + i, SourceRange(1, j).Column).Value = Value1 + (Value2 - Value1) * i / (row2 row1)
Next i
Loop

NewColumn:

Next j

Application.ScreenUpdating = True

End Sub
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