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Abstract

During flow boiling, occurrence of dryout leads to deteriorated heat transfer and a dramatic
increase in the temperature of the heated surface. The heat transfer mechanism in the
post-dryout (PDO) region significantly influences the peak wall temperature, which is
critical for maintaining the structural integrity of heat exchange devices. Over the past
five decades, extensive research focused on PDO heat transfer, resulting in numerous
experimental studies, empirical correlations and mechanistic models. While empirical
correlations are widely used, mechanistic models offer better generalizability for predicting
wall temperature by describing the individual heat transfer processes in the PDO region.
However, the predictive accuracy of the interfacial heat transfer remains challenging due
to the complex dynamics of droplets.

In this study, an integrated approach combining three-dimensional numerical simulations
and visualization experiments is employed. The findings from CFD (Computational Fluid
Dynamics) simulations and experimental studies are integrated to improve the predictive
accuracy of interfacial heat transfer, enabling a more sophisticated, physical phenomena-
based mechanistic model for PDO heat transfer prediction.

CFD simulations are performed to investigate post-dryout heat transfer, with the focus on
elucidating droplet dynamics and interfacial heat transfer mechanisms. It is found that the
droplet evaporation in the near-wall region is significant compared with the overall evapo-
ration rate. The strong evaporation in the near-wall region also hinders droplet deposition
from the central region toward the wall. Based on these findings, a two-region approach
is developed to predict the interfacial heat transfer to capture the distinct evaporation
difference in the near-wall and the central regions. Dimensionless radial profiles of vapor
temperature and velocity, extracted from the simulations, are incorporated to capture the
lateral droplet transport and the non-uniform evaporation.

Complementary flow visualization experiments in PDO conditions enable the measurement
of droplet size and velocity, contributing to the extension of existing limited droplets
database and the development of refined correlations of droplet size. The experimental
results reveal that droplets radial velocity follows a normal distribution, while axial velocity
exhibits a shifted normal distribution, both are strongly influenced by working pressure
and mass flux. Droplet size is observed to decrease as pressure increases. Additionally,
a decreasing trend in droplet size is observed with the increase in local steam quality.
Based on these findings, a new droplet size correlation is derived, incorporating the Weber
number, the density ratio, and the vapor Reynolds number.

An advanced mechanistic model for PDO heat transfer is developed, by integrating the
new two-layer methodology, the improved models related to the interfacial heat transfer
and the droplet dynamics into an existing mechanistic model. The proposed PDO model
has been validated against nearly 8,000 data points from both water and R-134a experi-
ments, demonstrating its high predictive accuracy and robustness across a wide range of
parameters.
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Zusammenfassung

Während des Strömungssiedens führt das Auftreten des Austrocknens einer beheizten
Oberfläche (Dryout) zu einer Verschlechterung des Wärmeübergangs und einem drastis-
chen Anstieg der Oberflächentemperatur. Der Wärmeübertragungsmechanismus in der
Post-Dryout-(PDO-)Region beeinflusst maßgeblich die maximale Wandtemperatur, was
entscheidend für die strukturelle Integrität von Wärmeüberträgern ist. In den letzten
fünf Jahrzehnten wurde intensiv zur Wärmeübertragung in der PDO-Region geforscht,
was zu zahlreichen experimentellen Studien, empirischen Korrelationen und mechanistis-
chen Modellen geführt hat. Während empirische Korrelationen weit verbreitet sind, bieten
mechanistische Modelle eine bessere Generalisierbarkeit für die Vorhersage der Wandtem-
peratur, da sie die einzelnen Wärmeübertragungsprozesse in der PDO-Region physikalisch
beschreiben. Die genaue Vorhersage des Wärmeübergangs an der Phasengrenze zwis-
chen dem Dampf und der Flüssigkeit bleibt jedoch aufgrund der komplexen Dynamik der
Tröpfchen eine Herausforderung.

In dieser Arbeit wird ein integrierter Ansatz verfolgt, der dreidimensionale numerische Sim-
ulationen mit Visualisierungsexperimenten kombiniert. Die Ergebnisse der CFD-Simulationen
(Computational Fluid Dynamics) und der Experimente werden zusammengeführt, um die
Genauigkeit der Vorhersage des interphasischen Wärmeübergangs zu verbessern und ein
fortschrittlicheres, physikalisch fundiertes mechanistisches Modell zur Beschreibung der
Wärmeübertragung in der PDO-Region zu entwickeln.

Die CFD-Simulationen dienen der Untersuchung der Wärmeübertragung nach dem Dry-
out, mit besonderem Fokus auf die Dynamik der Tröpfchen und die Mechanismen des
interphasischen Wärmeübergangs. Es zeigt sich, dass die Tröpfchenverdampfung in wand-
nahen Bereichen im Vergleich zur Gesamtverdampfung von erheblicher Bedeutung ist.
Diese erhöhte Verdampfung verhindert auch die Ablagerung von Tröpfchen aus der zen-
tralen Strömungsregion zur Wand hin. Auf Grundlage dieser Erkenntnisse wird ein Zwei-
Zonen-Ansatz entwickelt, um die unterschiedliche Verdampfung in wandnahen und zen-
tralen Bereichen zu erfassen. Zur Erfassung des lateralen Tröpfchentransports und der
inhomogenen Verdampfung werden dimensionslose radiale Profile der Dampftemperatur
und -geschwindigkeit aus den Simulationen einbezogen.

Ergänzende Strömungsvisualisierungsexperimente unter PDO-Bedingungen ermöglichen
die Messung der Tröpfchengröße und -geschwindigkeit, erweitern die bislang begrenzte
Tröpfchendatenbank und tragen zur Entwicklung verfeinerter Korrelationen der Tröpfchen-
größe bei. Die experimentellen Ergebnisse zeigen, dass die radiale Geschwindigkeit der
Tröpfchen einer Normalverteilung folgt, während die axiale Geschwindigkeit eine ver-
schobene Normalverteilung aufweist. Beide Größen werden stark vom Systemdruck und
vom Massenstrom beeinflusst. Es wird beobachtet, dass die Tropfengröße mit zunehmen-
dem Druck abnimmt. Darüber hinaus zeigt sich ein abnehmender Trend der Tropfengröße
mit der Erhöhung der lokalen Dampfqualität. Auf dieser Basis wird eine neue Korrelation
zur Vorhersage der Tröpfchengröße abgeleitet, welche die Weber-Zahl, das Dichteverhältnis
und die Reynolds-Zahl des Dampfes berücksichtigt.

vii



Ein fortschrittliches mechanistisches Modell für die Wärmeübertragung in der PDO-Region
wird somit entwickelt, indem die neue Zwei-Zonen-Methodik sowie die verbesserten Mod-
elle zum interphasischen Wärmeübergang und zur Tröpfchendynamik in ein bestehendes
mechanistisches Modell integriert werden. Das vorgeschlagene PDO-Modell wurde an-
hand von fast 8.000 Datenpunkten aus Experimenten mit Wasser sowie R-134a validiert
und zeigt eine hohe Vorhersagegenauigkeit und Robustheit über einen weiten Parameter-
bereich hinweg.
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1. Introduction

During the operation of heating exchange systems like thermal power plants and nuclear
power reactors, the deterioration of heat transfer could happen on the heated surface. For
example, when the surface heat power increases or the working fluid flow rate decreases,
the evaporated liquid forms a vapor core in the tube center while the left liquid forms an
annular liquid film. As the liquid film evaporates all its mass, the heated surface can no
longer be covered by the liquid. The heat transfer mechanism suddenly change at this
moment. The sharp drop in the heat transfer coefficient causes a sharp rise in the wall
temperature of the heated surface. This phenomenon is called dryout. After the occurrence
of dryout, the liquid exists only in the form of droplets and no continuous liquid can cover
the heated surface anymore. The region beyond the dryout point is called post-dryout
(PDO) region. The flow pattern in the PDO region is figured out as dispersed flow. Vapor
conducts convective heat exchange with the heated surface and becomes superheated. The
liquid droplets are dispersed in the superheated vapor at a saturated temperature. Driven
by the temperature difference between droplets and vapor, the heat is transferred from
the superheated vapor to droplets, which slows down the process of vapor superheating,
thus affecting the developing trend of wall temperature after dryout. Therefore, figuring
out the heat transfer mechanism in the PDO region is important in determining the wall
temperature trend and the maximum wall temperature during the process of thermal
dynamic design and safety analysis for heat transfer systems.

1.1 Post-dryout Heat Transfer

As shown in Figure 1.1, when the working fluid flows inside the tube with heating, the
liquid is heated up and evaporated into vapor as small bubbles. As the heating length
increases, the bubbles grow up and merge with the surrounding bubbles into a vapor
core in the centerline of the tube with high velocity. The left liquid forms a liquid film
covering the heating surface. This flow pattern is named as annular flow. During the
process of annular flow, the velocity difference between the vapor core and the liquid film
brings a shear stress force on the interfacial surface. The liquid is continuously entrained
from the liquid film to the vapor core. This process is called entrainment. The entrained
liquid forms droplets. Since the vapor temperature in annular flow is still at saturated
temperature, there is no evaporation of droplets. But the droplets may not remain stable
owing to aerodynamic behaviors like break-up into small sizes and deposition. One theory
for break-up mechanism is that the droplet Weber number exceeds the free stream critical
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Weber number (Hynek, 1969b). The droplet size and distribution change as the break-
up, deposition, and entrainment process progresses. Further downstream of the flow,
the thickness of the liquid film gradually decreases due to evaporation and entrainment.
When the liquid film is completely depleted, the temperature of heated surface jumps to
a significantly high value. This point marks the onset of dryout, beyond which lies the
PDO region. In this region, the vapor—particularly that near the wall—is rapidly heated
and becomes superheated almost immediately. In the PDO region, the dispersed droplets
are carried by the vapor flow and remain at the saturated temperature. This temperature
difference between the two phases is referred to as thermal non-equilibrium. The presence
of thermal non-equilibrium in the PDO region has been observed in several experimental
studies done by Forslund and Rohsenow (1966), Nijhawan et al. (1980), Evans et al. (1983)
et al. Due to the temperature difference, heat is transferred from the vapor to the droplets,
particularly in the near-wall region where vapor superheating is greatest. Additionally,
droplets can deposit on the wall and remove heat through direct evaporation.

Figure 1.1: Flow pattern of two-phase flow inside tube

From Figure 1.2, the heat transfer mechanism in the PDO region can be decomposed as:
forced convective heat transfer from the wall to the vapor Qw→v, interfacial heat transfer
from the vapor to droplets Qv→d, direct contact heat transfer from wall to droplets Qw→d

, and radiation heat exchange among wall, droplets, and vapor. Since the liquid droplets
cannot wet the surface at high wall temperatures, the portion of heat transferred through
the droplets-wall direct contact heat transfer is quite limited. The forced convection heat
transfer between the wall and the vapor is considered as the primary mode of wall cooling.
Most droplets are evaporated in the superheated vapor flow. The existence of droplets is
not only important to the interfacial heat transfer but also affects the convection cooling
efficiency. The presence and evaporation of liquid droplets changes the vapor velocity and
temperature profile. Especially, when the droplets evaporate in the region near the wall, the
thermal boundary layer of the vapor flow is altered, affecting the wall-vapor heat transfer
efficiency. Thus, the convection heat transfer coefficient cannot be calculated directly using
the correlation from single-phase flow heat transfer and needs modifications for dispersed
flow. The efficiency of droplet evaporation affects the speed of vapor superheating and
affects the convective heat transfer between wall and vapor. Understanding the droplet
behaviors in the PDO region is important to understand the PDO heat transfer mechanism.
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Figure 1.2: Schematic of dryout and post-dryout

1.2 Research Background

Since PDO heat transfer plays an important role in determining the maximum tempera-
ture of the thermal system, research on PDO heat transfer has been ongoing for more than
50 years. The research scope involves experimental and theoretical studies. Experimen-
tal studies conducted by previous researchers (Bennett et al., 1968; Becker et al., 1983;
Era et al., 1966; Köckert et al., 2018) with different fluids cover a wider range of mass
flux, heat flux, pressure, and tube size. Considering the growing importance of investi-
gation and application of supercritical systems, more interest has been attracted to the
heat transfer characteristics at very high pressure (Bishop et al., 1965; Swenson et al.,
1962; Herkenrath et al., 1967; Nishikawa et al., 1983). From the analysis of the exper-
imental data, several correlations for predicting the wall temperature and heat transfer
coefficient have been developed by modifying the Dittus-Boelter correlation (Dittus and
Boelter, 1930; Winterton, 1998). In these correlations (Liesch et al., 1975; Groeneveld and
Moeck, 1969; Vojtek, 1978) the vapor temperature is taken as saturated temperature with
the assumption that the vapor is not superheated until all the droplets are evaporated.
However, with the improvement of the experimental technique, the vapor temperature in
mist flow was measured. It was found that the vapor could be superheated even with
the existence of a large amount of droplets (Parker and Grosh, 1961). The discovery of
thermal non-equilibrium makes the assumption of saturated vapor temperature during
PDO heat transfer prediction lack physical meaning. More research works then focus on
how to describe and calculate the degree of thermal non-equilibrium. Some empirical or
semi-empirical correlations based on parameters analysis and data fitting were developed
to predict the actual vapor temperature or actual steam quality. For example, Chen et al.
(1979) derived correlations for actual steam quality by analyzing the process of vapor-
droplet interfacial heat transfer and data fitting. Yoder and Rohsenow (1983) built a
first-order differential equation for the actual steam quality, with coefficients determined
from experimental data. However, the accuracy of the empirical correlations is always
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limited by the parameter range of the experimental data for regression analysis. To obtain
a general model capable of elucidating heat transfer mechanisms and a wider application
range, mechanistic models have been developed by modeling the individual heat transfer
processes in the PDO region. The mechanism model takes dryout as the starting point and
assumes dryout corresponds to a thermal equilibrium status (Yu, 2019; Guo and Mishima,
2002). The heat transferred between wall-vapor, vapor-droplet, and droplet-wall is cal-
culated with correlations developed for single process. For example, the correlation used
in the vapor-droplet heat transfer calculation is developed from the experiment of single
droplet evaporation in superheated gas (Ranz et al., 1952; Lee and Ryley, 1968; Yuen and
Chen, 1978). The heat transfer between the droplet and the wall usually uses correlations
from single droplet evaporation on the heated wall and solid particle deposition rate in
unheated gas (Liu and Ilori, 1974; Paleev and Filippovich, 1966). The droplet initial size
and velocity are elementary for the initialization of the calculation procedure. The size
was usually evaluated with correlations from annular flow (Tatterson et al., 1977; Kataoka
et al., 1983; Lopes and Dukler, 1985) or the fitted correlation from limited experimental
results (Ueda and Kim, 1982; Cumo et al., 1974). The velocity was evaluated at first by the
homogeneous model (Forslund and Rohsenow, 1968; Hynek, 1969b) and later evaluated
by the derived correlations(Yoder and Rohsenow, 1983; Plummer et al., 1974). Besides,
the radiation heat transfer between wall, vapor, and droplet is ignored in several works
(Forslund and Rohsenow, 1968; Moose and Ganić, 1982; Saha, 1980) while also included
in the work of Guo and Mishima (2002) and Meholic (2011). The most popular radiation
model is the network radiation model developed by Sun et al. (1976). After implementing
the correlations of all the heat transfer processes, the first-order differential equations of
the steam quality and droplet size are created according to the conservations of energy
and momentum. Droplet velocity in PDO region is solved either from first-order differ-
ential equations based on force analysis (Varone, 1990; Plummer et al., 1974) or from
slip-ratio correlations (Yu, 2019). Then the vapor temperature and wall temperature pro-
file can be calculated step by step. The mechanistic models are mostly one-dimensional.
The parameters with two-dimensional(2D) and three-dimensional(3D) distributions such
as void fraction, droplet size, velocity, etc. are all calculated using surface averages. The
complexity of droplet behavior makes one-dimensional mechanistic models unable to pre-
dict droplet-vapor heat transfer accurately. The influence of droplet evaporation on vapor
convection in a one-dimensional model has also not been properly considered in previous
work. To investigate the multi-dimensional characteristics of droplet behaviors and its
effect on the vapor phase, computational fluid dynamics (CFD) has been used to simu-
late thermal-hydraulic behavior in the PDO region. There are two numerical approaches
usually used in CFD models: the Euler-Euler method and the Euler-Lagrange method.
Euler-Euler method builds continuity equations both for vapor and droplets (Lin et al.,
1989; Li and Anglart, 2015) while the Euler-Lagrange method builds continuity equations
for the vapor phase and builds the motion equation for the droplets (Keizo et al., 2005;
Torfeh and Kouhikamali, 2015). In CFD models, it is necessary to solve the governing
equations by discretizing the flow region into microelements, which requires far more com-
putational resources than correlation-based or mechanistic models.

1.3 Objectives and Methodology of Research

Understanding heat transfer in the PDO region is essential for ensuring the thermal
integrity of high-power-density heat exchange systems and maintaining nuclear reactor
safety. Previous investigations of PDO heat transfer have employed experimental studies,
predictive models, and computational fluid dynamics (CFD) approaches. Despite decades
of research, accurately modeling PDO heat transfer remains challenging due to the complex
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behavior of droplets and the limited availability of detailed interfacial heat transfer models.
In particular, existing correlations for droplet size and velocity lack sufficient experimental
validation, and experimental data on droplet parameters under PDO conditions remain
scarce.

This research is therefore motivated by the following needs:

• To improve the mechanistic understanding of droplet dynamics—including lateral
transport, deposition, and evaporation—under PDO conditions.

• To generate experimental data on droplet size and velocity in the PDO region for
the validation and enhancement of submodels describing droplet behavior.

• To integrate CFD-based and experimental insights into a reliable, mechanistic PDO
heat transfer model capable of predicting wall temperature across a range of thermal-
hydraulic conditions.

To address these objectives, a combined numerical and experimental methodology is
adopted, as illustrated in Figure 1.3:

• CFD simulation of droplet behavior in the PDO region: A discrete particle model
(DPM) implemented in ANSYS Fluent is employed to simulate droplet dynamics in
the PDO region. The radial distribution of droplet mass flux, evaporation rates, and
deposition behavior are analyzed under various boundary conditions. The simula-
tions enable visualization of droplet transport phenomena and allow quantification
of the effects of evaporation on droplet deposition and entrainment. Additionally,
the impact of droplet evaporation on the vapor temperature profile is investigated.
These results contribute directly to the development of the improved PDO model.

• Visual experimental investigation of droplet behavior: High-speed visualization ex-
periments are conducted through optical access windows to capture droplet motion
under PDO conditions. Post-processing of the recorded images enables the extrac-
tion of key parameters, including droplet size, velocity, and spatial distribution. The
experimental data are used to evaluate existing correlations for droplet size and ve-
locity. The validated or newly developed correlations are then incorporated into the
PDO heat transfer model.

• Development of an improved PDO heat transfer model: A physics-based mechanistic
model is developed, incorporating enhanced interfacial heat transfer treatment and
experimentally validated correlations for droplet size and velocity. This model aims
to improve both the accuracy and the physical interpretability of wall temperature
predictions under PDO conditions.
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Figure 1.3: The structure of objective and methodology
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2. Scientific and Technical Status

Previous investigations on PDO heat transfer can be roughly divided into experimental
studies, prediction models, and numerical simulations. From the experimental work, the
wall temperature is measured and found to continuously increase in the PDO region in
some cases. However, a decreasing trend of wall temperature in the PDO region was also
found under high mass flux conditions (Bennett et al., 1968). The experimental data have
provided valuable insights into the heat transfer mechanisms in PDO regions. Through pa-
rameter analysis of the experiment data, the wall temperature trend is found to be related
to fluid properties, fluid mass flux, wall heat flux, and operation pressure. To determine
the relationship between wall temperature and these parameters, and thus to predict the
peak temperature of the heating surface, numerous predictive models for PDO heat trans-
fer have been developed. Among them, the correlative models assume that the PDO heat
transfer is similar to the single-phase convection. The heat transfer coefficient is fitted
with the obtained experimental data. Besides, the mechanistic model attempts to model
the actual heat transfer paths that existed in the PDO region. Correlations developed
for individual heat transfer paths are used. CFD simulations are also employed to simu-
late PDO heat transfer and obtain the three-dimensional distribution of thermodynamic
parameters.

2.1 Experimental Work

Bennett et al. (1968) performed experiments in the PDO region using a tube with an
inner diameter of 12.6 mm at a pressure of 7 MPa, corresponding to the typical operating
pressure of a boiling water reactor (BWR). From the experiment, the wall temperature was
measured and it showed a sharp increase at the onset of dryout. In the experimental work of
Becker et al. (1983), dryout and PDO experiments were conducted in a 14.9 mm diameter
tube with a 7 m heated length, utilizing water as the working fluid. Becker’s experiments
covered a wide range of pressures, with reduced pressure ranging from 0.1 to 0.99. The
sharp increase in wall temperature under high pressure is less significant compared with
the case under lower pressure. It is known that fluid properties change dramatically from
subcritical to supercritical pressure conditions. Understanding heat transfer characteristics
under very high pressure is important for the design and safety analysis of supercritical
power systems, such as supercritical water reactors (Wu et al., 2022) and supercritical
carbon dioxide system(Song, 2021). Bishop et al. (1965), Swenson et al. (1962), Herkenrath
et al. (1967) conducted experiments with water under high pressure up to the reduced
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pressure of 0.97. To reduce the difficulties of conducting experiments with water at very
high pressures, experimental research on PDO heat transfer at high pressure was often
performed using refrigerants(Nishikawa et al., 1983; Mawatari and Mori, 2016; Rensch
et al., 2024), since refrigerants exhibit similar thermodynamic behavior during boiling as
water but have relatively low latent heat and critical pressure.

In addition to measuring and analyzing wall temperature, some experiments conducted in
the PDO region also focused on characterizing droplet parameters to better understand
droplet behavior in dispersed flow regime. For instance, Kendall and Rohsenow (1978)
carried out experiments to investigate the heat transfer between the wall and dispersed
droplets in the PDO region. By maintaining the target wall at a specified temperature and
recording the changes in heat input before and after droplet impact, the amount of heat
transferred during wall-droplet interaction was quantified. The experimental observations
revealed that at low wall superheat, droplets attached and evaporated on the wall surface,
whereas at high superheat, droplets tended to rebound. Analysis of the processed data
indicated that the heat transfer efficiency between droplets and the wall depended highly
on the wall superheat. As shown in Figure 2.1, the heat transfer efficiency is high at
low wall superheat but drops sharply beyond a critical superheat threshold, approaching
nearly zero.

Figure 2.1: Drop heat transfer effectiveness in different wall superheat (Kendall and
Rohsenow, 1978)

Cumo et al. (1974) conducted a photographic study on droplet behavior in the PDO
region using Freon 12 as the working fluid. A visual test section was installed at the
end of the heating tube. When subcooled Freon entered the inlet and was heated, dis-
persed flow was generated within the heating section by adjusting the supplied heat flux.
Through the visual test section, droplet size and spatial distribution could be observed and
recorded photographically. The experiment was performed at a vapor mass flux of approx-
imately 900 kg/(m²·s) and a pressure range of 0.3 to 1.0 MPa. Analysis of the extracted
droplet parameters from the images revealed that, with increasing pressure, the droplet
size distribution shifted toward smaller diameters. The observed distributions exhibited a
Maxwellian shape and were fitted using a gamma distribution function.

Ueda and Kim (1982) conducted dryout experiments to determine the heat flux at which
dryout occurred at the end of the test section. Freon 113 was used as the working fluid in a
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uniformly heated, vertically upward flow tube. A glass plate coated with magnesium oxide
was placed at the tube outlet. After adjusting the heating power to reach dryout at the
end of the test section, droplets exiting the tube were collected on the coated glass plate.
This experiment was carried out under mass fluxes ranging from 220 to 890 kg/(m²·s) at
a constant pressure of 0.3 MPa. By measuring the size of the craters formed by droplet
impacts and converting these to actual droplet diameters, droplet size and distribution were
obtained. The measured arithmetic mean diameter was found to decrease with increasing
vapor velocity.

2.2 Prediction Model

In this section, theoretical investigations of PDO heat transfer are reviewed from two per-
spectives: empirical correlations and mechanistic models. Empirical correlations typically
treat the entire PDO heat transfer as a convective process between the vapor and the
wall. In contrast, mechanistic models aim to decompose the PDO heat transfer into sev-
eral constituent mechanisms, including wall–vapor convective heat transfer, vapor–droplet
interfacial heat transfer, wall–droplet contact heat transfer, and radiation heat transfer.

2.2.1 Empirical Correlations

From the convection heat transfer Equation (2.1), when the wall heat flux q
′′
w is known,

the wall temperature Tw can be calculated after obtaining the heat transfer coefficient hwv

and vapor temperature Tv.

Tw = Tv +
q
′′
w

hwv
(2.1)

Based on the treatment of vapor temperature, empirical correlations can be categorized
into equilibrium and non-equilibrium correlations. In equilibrium correlations, the vapor
is assumed to remain at the saturation temperature until the equilibrium steam quality xe
exceeds 1, and the primary objective is to determine the heat transfer coefficient. In non-
equilibrium correlations, the vapor is superheated after the occurrence of dryout. Then
the key task becomes the determination of the degree of vapor superheating.

2.2.1.1 Equilibrium Correlations

In equilibrium correlations, by assuming the vapor temperature is at the saturation tem-
perature, the wall temperature can be predicted by obtaining the heat transfer coefficient
hwv. The well-known Dittus-Boelter correlation (Dittus and Boelter, 1930), which works
well in pure vapor forced convection, is selected and modified to fit the two-phase flow heat
transfer in the PDO region. Dougall (1963) substituted the homogeneous two-phase ve-
locity into the Dittus–Boelter correlation and obtained the Dougall–Rohsenow correlation.
Liesch et al. (1975) modified the Dougall-Rohsenow correlation by including a temperature
ratio of wall and vapor temperature. A correction factor was introduced by Miropolskiy
(1963) in Equation (2.6) and later incorporated into Groeneveld’s correlations.
Dittus-Boelter correlation

hwv = 0.023
kv
Dt

Re0.8v Pr0.4v (2.2)

Rev =
GvDt

µv
Prv =

cp,vµv

kv
(2.3)

Dougall-Rohsenow correlation

hwv = 0.023
kv
Dt

[
ρvDt

µv

(
V̇l + V̇v

AT

)]0.8
Pr0.4v (2.4)
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Modified Dougall-Rohsenow correlation

hwv = 0.023
kv
Dt

Pr0.4v

[
Rev

(
xe + (1− xe)

ρv
ρl

)]0.8( Tv

Tw

)0.5

(2.5)

Miropolskiy Y factor

Y = 1− 0.1

(
ρl
ρv

− 1

)0.4

(1− xe)
0.4 (2.6)

Groeneveld correlation

hwv = 0.00327
kv
Dt

(Prvw)
1.32

[
Rev

(
xe + (1− xe)

ρv
ρl

)]0.901
Y −1.5 (2.7)

The term Rev (xe + (1− xe)ρv/ρl) in Equation (2.7) represents the two-phase Reynolds
number, ReTP , which is correlated with the equilibrium steam quality and fluid densities.
In the above correlations, parameters with the subscript v are evaluated at the bulk vapor
temperature, which corresponds to the saturation temperature. Parameters with the sub-
script vw are evaluated at the wall temperature. Here, Prv and Rev denote the Prandtl
number and Reynolds number of the vapor phase, respectively. V̇l and V̇v represent the
volumetric flow rates of the liquid and vapor phases. Af and Dt are the inner flow area
and inner diameter of the tube, respectively. Cp,v, ρv, kv, and µv denote the specific heat,
density, thermal conductivity, and dynamic viscosity of the vapor at the bulk temperature.
ρl is the liquid density, typically evaluated at the saturation temperature Ts. G represents
the mass flux. xe is calculated by:

xe =
h− h′

hlg
(2.8)

where h is the enthalpy at a defined position. h′ is the enthalpy of liquid phase at saturation
temperature. hlg is the latent heat.

Correlations for predicting the heat transfer coefficient under very high pressure have
also been developed based on high-pressure experimental databases. For example, Bishop
et al. (1965) and Swenson et al. (1962) conducted experiments under high pressure and
modified the constant variables in the Dittus-Boelter correlation with the experimental
data. Recently, Song (2021) included several factors to account for variations in properties
and dimensionless numbers. Based on regression analysis of a large set of high-pressure
experimental data, Song’s correlation considers mixture properties, the non-equilibrium
factor, and the effect of wall temperature. The assessment of the correlation shows good
agreement with a wide range of experimental data (Becker et al., 1983; Köckert et al.,
2021).

Song correlation

hwv =
kvNu

Dt
(2.9)

Nu = F1 · F2 · F3

(
0.023Re0.8TPPr0.4w

)
(2.10)

with,

F1 = 8.346× 10−03Re0.319TP (2.11a)

F2 = max
(
0.795Pr−1.752

w , 0.809Pr1.287w

)
(2.11b)

F3 = min
[
0.715 (1− xe)

−0.678 , 1.0
]

(2.11c)
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In Song’s correlation, the two-phase Reynolds number ReTP is evaluated with viscosity
and expressed as:

ReTP =
GDt

µv

[
xe +

µv

µl
(1− xe)

]
(2.12)

2.2.1.2 Non-equilibrium Correlations

In thermal non-equilibrium correlations, vapor superheating is assumed to exist throughout
the entire PDO region. EEmpirical or semi-empirical correlations have been developed to
predict the actual vapor temperature or steam quality. The non-equilibrium correlations
focus on solving the actual vapor temperature Tva as well as the actual steam quality xa.

Groeneveld and Delorme (1976) developed a non-equilibrium correlation that includes a
calculation procedure to determine the actual steam quality, xa. However, due to experi-
mental limitations, xa cannot be directly measured but inferred from experimental data.
With the inferred xa , the dimensionless parameters were analyzed and a correlation for
the thermal non-equilibrium was fitted as:

hva − hl
hlg

= exp[− tanΨ] exp[−(3αhom)−4] (2.13)

Ψ = a1Pra2(Rehom)a3

(
q
′′
wDtCp,ve

kvehlg

)a4 i=2∑
i=0

bi (xe)
i (2.14)

(Ψ < 0 ⇒ Ψ = 0; Ψ > π/2 ⇒ Ψ = π/2)

The subscript ve represents that the thermal properties are evaluated at equilibrium vapor
temperature. The Rehom and αhom are the Reynold number and void fraction under
homogeneous conditions:

Rehom =
GDtxa
µveαhom

αhom =
xa

xa +
ρv
ρl
(1− xa)

(2.15)

where

a1 = 0.13864, a2 = 0.2031,

a3 = 0.20006, a4 = −0.09232,

b0 = 1.3072, b1 = −1.0833, b2 = 0.8455.

The xa and Tva then can be known after obtaining hva from Equation (2.13). The modified
wall-vapor convective heat transfer correlation of Hadaller and Banerjee (1969) for two-
phase flow performs best during the assessment, which is recommended for further analysis.

hwv = 0.008348
kvf
Dt

[
GDt

µvf

(
xa + (1− xa)

ρv
ρl

)]0.8774
(Prvf )

0.6112 (2.16)

Here the subscript vf means the properties are evaluated with film vapor temperature
Tvf , where

Tvf ≃ (Tw + Tb)

2
(2.17)

After assessing with 1852 data points, the root mean square (RMS) of predicted wall
temperature is 6.9%. Compared with the Dougall-Rohsenow and equilibrium Groeneveld
correlation, the prediction accuracy has been improved a lot. In the model of Groen-
eveld and Delorme (1976), the derived actual steam quality used for correlation fitting is
evaluated by the empirical correlation which brings a large degree of empiricism.

11
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In Chen et al. (1979)’s work, an analogy between momentum transfer and heat transfer
was established. Based on this analogy, a wall–vapor heat transfer model was derived,
allowing the actual steam quality to be inferred from experimental data:

hwv = GvCp,vfPr
−2/3
vf

fF
2

(2.18)

the Gv is the vapor mass flux, fF is the friction factor which is evaluated by Beattie
(1973)’s correlation. It is known that thermal non-equilibrium drives the heat transfer
from vapor to droplets. This amount of heat determines the actual steam quality. There-
fore, Chen analyzed the vapor–droplet heat transfer mechanism using the interfacial heat
transfer correlation of Forslund and Rohsenow (1966) and obtained the ratio of actual to
equilibrium steam quality through dimensional parameter analysis:

qvd =
3π

2
(1− α)

Dt
2

d

2kv
d

(
1 + 0.276Red

0.5Prv
0.3
)
(Tv − Td) (2.19)

xa
xe

≃ f3

[
Tv − Td

Tw − Tv

] [
1 + 0.276Red

0.5Prv
0.3

fRevPrv
1/3

] [
6(1− α)Dt

2

d2

]
(2.20)

d is droplet diameter. Td is the droplet temperature, which is normally calculated with
saturated temperature Ts. Red is the droplet Reynolds number and is defined as below,

Red =
ρv (Uv − Ud) d

µv
(2.21)

The three bracketed terms in Equation (2.20) indicate that the ratio xa/xe depends on the
dimensionless temperature difference, the dimensionless heat transfer coefficient, and the
dimensionless heat transfer area. Regression analysis of these three parameters against the
inferred actual steam quality shows that xa/xe is proportional only to the dimensionless
temperature difference, with the proportionality slope varying under different pressures.

xa
xe

= 1−B(P )Td (2.22)

B(P ) =
0.26

1.15− (P/Pc)0.65
(2.23)

P and Pc are the working pressure and the critical pressure. The correlation for B(P ) was
obtained from regression analysis of water experiment data in the reduced pressure range
of (0.01,0.89). Chen’s model predicted the convection heat flux of 2854 data points with a
14.9% derivation. Several researchers have assessed this model with different experimental
databases. It was found that the model exhibits a larger standard deviation when applied
under very low mass flux conditions (Annunziato et al., 1983). Yu (2019) and Köckert et al.
(2024) also assessed Chen’s model and found it performs poorly with R-134a experimental
data.

Köhler and Hein (1986) developed a correlation for vapor temperature by analyzing the
interfacial heat transfer as Chen et al. (1979) did. Köhler derived a vapor superheated
correlation based on the heat balance in the PDO flow region.

Tv,max = Ts +
hlg

2Cp,v

[√
1 +

4Cp,vq
′′
w

hlg(hvdAd)
− 1

]
(2.24)

The Tv,max is the maximum vapor temperature that can be reached. hvd is the heat transfer
coefficient of vapor to the droplet. Ad is the heat transfer area. (hvdAd) represents the
amount of heat transferred from vapor to droplets. Correlations were fitted by:
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For G/La ≤ 1767× 103,

(hvdAd) = 1.473× 10−7 (G/La)1.33 (2.25a)

and G/La > 1767× 103,

(hvdAd) = 3.078× 10−24 (G/La)4 (2.25b)

La =

√
δ

g (ρl − ρg)
(2.25c)

In Köhler and Hein (1986), the PDO region in a horizontal tube was divided into two sub-
regions: a thermal equilibrium developing region and a thermal non-equilibrium developed
region. The calculated maximum vapor superheat Tv,max, as defined by Equation (2.24),
was used as the boundary between these two regions. The corresponding steam quality
at this split point, denoted as xmin, was determined based on the value of Tv,max. From
the dryout point to xmin, the actual vapor temperature Tva was assumed to increase
linearly from the saturation temperature to Tv,max, during which no droplet evaporation
was considered to occur. In the developed region, the vapor temperature was assumed
constant, and droplet evaporation proceeded until the steam quality reached a limiting
value xlim. Beyond this point, the wall temperature was held constant until all droplets
were fully evaporated.

The correlation of xlim was fitted by water experimental data and found that it only related
to the pressure change:

xlim = 0.7 + 0.002 · P (2.26)

The correlation proposed by Köhler and Hein (1986) was subsequently improved by Kas-
tounis (1987), who introduced a density ratio term to extend its applicability to working
fluids such as nitrogen, water, and Freon-12. The improved correlation was later evalu-
ated in Shah (2017) across a comprehensive set of experimental conditions. However, its
performance was found to be unsatisfactory for the broader dataset. Based on the com-
parison results, Shah (2017) recommended the correlation developed by Shah and Siddiqui
(2000) for predicting the actual steam quality, which demonstrated superior accuracy. This
correlation incorporates two dimensionless parameters: the boiling number (Bo) and the
Froude number (Fr).

Bo =
q
′′
w

Ghlg
FrL =

G2

ρl2gDt
(2.27)

For the cases with Bo ≥ 5× 10−4,

If xe ≥ 0.4:

xa =
(
−0.0347 + 0.9335xe − 0.2875xe

2 + 0.035xe
3
)
FrL

0.064 (2.28)

If xe < 0.4, the value of xa is obtained by linear interpolation between xa at xe = 0.4,
calculated using Equation (2.28), and xa,int from Equation (2.29).

xa,int = xe,int = 0.19FrL
0.16 (2.29)

For the case with Bo < 5× 10−4,

(xe − xa) = (xe − xa)o
Bo

5× 10−4
(2.30)
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where the (xe − xa)o is the value of (xe − xa) when Bo ≥ 5× 10−4.

The above methods all use local parameters to substitute into explicit thermal non-
equilibrium correlations. Yoder and Rohsenow (1983) proposed an implicit correlation
for calculating the actual steam quality based on the droplet diameter gradient along the
heating length.

dd

dz
= −2

hvd(Tv − Ts)

Udρdhlg
(2.31)

Assuming that the droplet number rate is constant and substituting the energy and mass
conservation:

K
x
3/4
a xe

(1− xa)
7/12

dxa
dxe

= xe − xa (2.32)

with:

K = 0.58

(
ddo
D∗

)1.25 1

(1− xdo)5/12

(
ρd
ρv

q
′′
w

Ghlg

)0.75(
GD∗
µv

)0.5 (
Pr2/3v

)

•

ρvρd 1− xdo
xdo

+
1

1 + 3.65

√
ρd
ρv

q′′w
Ghlg

ddo
D∗

1
xdo


0.5

(2.33)

D∗ is heated equivalent diameter. ρd is the density of droplet and evaluated at the sat-
urated temperature. The xdo and ddo are the steam quality and droplet diameter at the
dryout point, which was calculated by the correlations from Yoder (1980). A Runge-
Kutta solution scheme was used here to get the value of K and xa. Yoder’s model is
a history-dependent and step-wise model. The correlation could successfully predict the
wall temperature profile in the PDO region in different dryout steam quality and pressure
cases from literature data (Bennett et al., 1968; Forslund and Rohsenow, 1966; Yoder and
Rohsenow, 1983). However it did not get a good agreement when assessed with the Freon-
12 data from Cumo et al. (1972), low-pressure water data from Nijhawan et al. (1980) and
Freon data from Koizumi et al. (1979).

Similar as Yoder’s model, Nishikawa et al. (1986) developed a first-order implicit equation
to calculate the xa for high pressure conditions.

dxa
dxe

=
1

BoKn

(
xe
xa

− 1

)
(2.34)

where Kn represents the non-equilibrium degree obtained by the experimental data fitting:

Kn = 4260

(
GDt

µv

)0.52(G2Dt

σρv

)−0.73

Pr0.3v

(
ρv
ρd

)0.3

xna (1− xa)
−0.2

(
xe
xa

− 1

)0.83

(2.35)

n = 2.0 exp

[
−1.3

(
Gµv

σρv

)(
ρd
ρv

− 1

)1.7
]
− 1 (2.36)

σ is the droplet surface tension. A correlation for convective heat transfer for superheated
vapor is developed and modified based on the experimental data under high pressure.

hwv = 0.0048
kv
Dt

[
GDt

µv

(
xa + (1− xa)

ρv
ρd

)]0.92
Pr0.4v

[
1 +

2

(z/Dt)1.1

]
(2.37)

The prediction results of Nishikawa’s model show good agreement with their Freon ex-
perimental data obtained at high pressure. The model also performs well when evaluated
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against the Freon data from Groeneveld (1972) and Schnitter (1982), which were conducted
at relatively low pressure. But the work of Köckert et al. (2024) showed that Nishikawa’s
model doesn’t predict the heat transfer coefficient well in R-134a experimental data under
low and middle pressures.

2.2.2 Mechanistic Model

The basic idea of the mechanistic model is to identify the individual heat transfer processes
occurring in the PDO region and simulate each separately. Instead of applying a single
correlation for the convective heat transfer coefficient, several submodels are employed
to describe these distinct processes. As mentioned earlier, six heat transfer paths exist
among the wall, vapor, and droplets. The two most critical processes are heat transfer
from the wall to the vapor and from the superheated vapor to the droplets. The direct
heat transfer path from the wall to the droplets is sometimes neglected, as the high wall
temperature tends to prevent direct contact between the wall and the droplets. The heat
transfer equations for the three processes can be expressed as:

q′′wv = hwv (Tw − Tva) (2.38)

q′′vd = hvd (Tva − Ts)ndπd
2Dt

4
(2.39)

q′′wd = ndepQsd (2.40)

q′′wv, q
′′
wd, q

′′
vd are the heat transfer per unit wall area between wall-vapor, wall-droplet and

vapor-droplet. hwv is the heat transfer coefficient between wall and vapor in the mecha-
nistic model. q′′vd is calculated with the interfacial heat transfer coefficient hvd and droplet
surface area ndπd

2. nd is droplet volume density. Through step-wise integration of q′′vd and
q′′wv, the actual steam quality and vapor temperature can be obtained. Compared with
applying a single thermal non-equilibrium correlation, the mechanistic model estimates the
amount of droplet evaporation, thereby extending its applicability to a wider range of pres-
sures and flow conditions. In the two-step model, the wall-droplets q′′wd is assumed to be
zero. q′′wv equals to the wall total heat flux q′′w. For example, Bennett et al. (1968),Laverty
and Rohsenow (1964), and Saha (1980) developed two-step models that neglected both
droplet–wall contact heat transfer and radiation heat transfer. It was also suggested that
in the short distance beyond dryout, the wall temperature is not extremely high, allowing
partial droplet deposition to occur (Cheng et al., 2018). Therefore the q′′wd is included in
three-step models (Forslund and Rohsenow, 1968). The Qsd is the heat transferred from
the wall to the single droplet during the collision. ndep is the droplet number per area and
second contacting with the heated wall.

q′′wv = q′′w − q′′wd (2.41)

In both the two-step and three-step models, the calculation procedure starts from the dry-
out point, establishes gradient equations based on correlations for the individual processes,
and solves them by stepwise integration. The gradient on droplet diameter is based on the
assumption that the droplet size decreases while the droplet number keeps constant. Here
is the calculation of gradient of key parameters:

Droplet diameter gradient

dd

dz
= −

2q′′vd
hlgρdUd

−
4d q′′wd

3(1− xa)hlgDtG
(2.42)

Actual steam quality and vapor temperature gradient

dxa
dz

=
−3(1− xdo)d

2

ddo
3

dd

dz
(2.43)
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dTv

dz
=

hlg
dxe
dz − [hlg + Cp,v(Tva − Ts)]

dxa
dz

xaCp,v
(2.44)

Considering that the radiation heat transfer could be important in some cases, several
researchers also included the radiation model in their models(Guo and Mishima, 2002;
Meholic, 2011).

From the above overview, it is evident that in mechanistic models the convective heat
transfer coefficient, interfacial heat transfer coefficient, wall–droplet heat transfer model,
droplet size, and droplet velocity are the key parameters governing the model’s applicability
and predictive accuracy. Considerable efforts have been devoted to refining the correlations
associated with these sub-processes. In the following section, the models and correlations
adopted for these key parameters in previous mechanistic approaches are reviewed.

2.2.2.1 Heat Transfer Between Vapor and Droplet

The correlations of interfacial heat transfer coefficient hvd used in the PDO heat transfer
mechanistic model are mostly derived from the experiments of single droplet evaporation in
superheated gas. Frossling (1938) conducted several experiments to investigate the evap-
oration of single stationary droplets in superheated gas. Experimental results revealed
that the water droplet surface area reduction rate is proportional to the square root of
Reynolds number. Ranz et al. (1952) developed a set of dimensionless partial differen-
tial equations to theoretically analysis the interfacial mass and heat transfer mechanism.
Although a general solution is difficult to obtain, through dimensional analysis, the mass
transfer Nusselt number is found to be related to the Reynolds number Re and Schmidt
number Sc. Substituting the special boundary condition of Re = 0 into the governing
equations, the natural evaporation Nusselt number of droplets in stationary gas as 2.0 can
be obtained. Therefore, the basic format of interfacial mass transfer Nusselt number Nuim
can be written as:

Nuim = 2.0 +K1Sc
mRen (2.45)

Through the analogy of mass transfer and heat transfer, the interfacial heat transfer Nus-
selt number Nuih can be expressed as:

Nuih = 2.0 +K2PrpReq (2.46)

Through fitting the Frossling experimental data (Frossling, 1938), it can be obtained that
p = 1/3 and q = 1/2. Since the droplets are stationary in these experiments, the Re here
actually is the relative Reynold number Red. With further experiments being conducted
under the Red numbers range of 0 to 200 and air temperature up to 220℃, the value of K2

was determined to be 0.6. The widely used Ranz correlation(Ranz et al., 1952) is written
as:

Nuvd =
hvdd

kv
= 2.0 + 0.6Prv

0.33Red
0.5 (2.47)

The form of Equation (2.45) is widely accepted as a fundamental model for droplet evapo-
ration in gas flows. Most subsequent studies adopt this form as a basis for empirical fitting,
aiming to improve predictive accuracy and extend the applicability of the K2 parameter.
For instance, Forslund and Rohsenow (1968) employed a value of K2 = 0.55, based on the
earlier work of Baumeister et al. (1965), while Saha (1980) reported a value of K2 = 0.459.

Lee and Ryley (1968) conducted evaporation experiments on water droplets exposed to
superheated steam. The droplets, with diameters ranging from 230 to 1130 µm, were
suspended on glass fibers of 50 µm diameter, and their size reduction was measured op-
tically. In Lee’s experiments, the droplet Reynolds number (Red) ranged from 64 to 250,
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the steam pressure varied from 1 to 2 bar, and the degree of superheat spanned from 2°C
to 34°C. Based on the experimental data, the value of K2 was fitted as 0.74. Owing to
its development under water–steam conditions, Lee’s correlation has been widely adopted
in PDO mechanistic models (Guo and Mishima, 2002; Keizo et al., 2006; Meholic, 2011).
However, since the correlation was derived from data with Red < 250, its applicability
may be limited for higher Reynolds numbers.

To address this limitation, Hughmark (1967) incorporated data from Friend and Metzner
(1958) and Griffith (1960), and developed a set of correlations applicable to various ranges
of Red and Pr.

If Red < 450 and 0 ≤ Prv < 250,

Nu = 2 + 0.6Re0.5d Pr0.33v (2.48a)

If Red < 450 and Prv > 250,

Nu = 2 + 0.4Re0.5d Pr0.42v (2.48b)

If 450 < Red < 10000 and Prv < 250,

Nu = 2 + 0.4Re0.5d Pr0.42v (2.48c)

If 450 < Red < 10000 and Prv > 250,

Nu = 2 + 0.175Re0.62d Pr0.42v (2.48d)

Experimental investigations and theoretical analyses of droplet and vapor heat transfer
mechanisms have revealed that, during droplet evaporation in superheated vapor, the
newly generated vapor accumulates near the droplet surface, thickening the local bound-
ary layer. This phenomenon influences both the local flow field and the vapor concentra-
tion in the interfacial region. The vapor produced by droplet evaporation is initially at
saturation temperature, which is lower than that of the surrounding superheated vapor.
Consequently, this saturated vapor must absorb heat to reach thermal equilibrium with its
environment, thereby modifying the vapor temperature distribution and thermophysical
properties near the droplet interface. To characterize the reduction in heat and mass trans-
fer caused by this effect, a dimensionless parameter B, known as the blowing correction
factor or mass transfer number, is introduced. The influence of B has been incorporated
into several empirical correlations, including those proposed by Yuen and Chen (1978) and
Downingm (1966).

B =
Cp,v(Tv − Td)

hlg
(2.49)

Yuen and Chen (1978) conducted experiment in higher Red number to 2000 and high gas
temperature. The Ranz correlation (Ranz et al., 1952) was selected as the basic format
and fitted the blowing factor with the experimental data:

Nuf (1 +B) = 2 + 0.6Re0.5d Pr0.33v (2.50)

In addition to the blowing effect, radiation heat transfer may also significantly influence
droplet evaporation under high-temperature conditions. To account for this, the blowing
factor B is often modified to include the contribution of radiation.
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In the work of Renksizbulut and Yuen (1983), the form of B was improved to account the
effect of radiation heat transfer in high temperature environment:

Bf =
Cp,v(Tv − Td)

hlg

(
1 +

qr
qc

)
(2.51)

where the qr and qc are the heat transfer due to radiation and convection. In the work of
Kim and Ban (2000), the blowing factor Bf was also used and Schmidt number Sc was
inserted to Yuen’s correlation(Yuen and Chen, 1978) to include the effect of coupling effect
of mass transfer and energy transfer. After fitting the experimental data of Renksizbulut
and Yuen (1983) and Lee and Ryley (1968) et al, the exponent value of Sc and the constant
were determined:

Nuf (1 +Bf )
0.7 = 2.0 + 0.53Scf

−0.2Prv
0.33Red

0.5 (2.52)

Besides introducing the blowing factor, Kuznetsov et al. (2020) conducted experiments
under high gas temperature and larger Red range. A temperature ratio was included in
their correlation:

Nuf = 2.0 + 0.6Prv
0.33Red

0.5 (1− Ts/Ta)
−Ts/Tb (2.53)

2.2.2.2 Heat Transfer Between Wall and Vapor

The calculation of wall-to-vapor convective heat transfer often employs the same empirical
correlations as those introduced in the correlative studies presented in section 2.2.1. For
example, Saha (1980) employed the correlation from Heineman (1960), which was devel-
oped for superheated steam-wall convection. Cheng et al. (2018) substituted two-phase
mixture properties into the Dittus-Boelter correlation(Dittus and Boelter, 1930). The
mixture temperature is evaluated by:

TTP = αTv + (1− α)Ts (2.54)

There are also some modified Dittus-Boelter correlations for two-phase flow accounting
entrance effect and property variations effect. For example, the Forslund and Rohsenow
(1966)’s correlation was developed based on nitrogen experimental data. Yu (2019) in-
cluded the factor of viscosity ratio to improve the Forslund correlation to work also for
water and R134 fluids.

Forslund hwv,fdev = 0.035
kvb
Dt

Re0.743vb Pr0.4vb (2.55a)

Yu hwv,fdev = 0.03675
kvb
Dt

Re0.743vb Pr0.4vb

(
µvb

µvw

)0.1

(2.55b)

Besides, the existence of droplets in the PDO region brings further differences to the
convection heat transfer. Therefore, Varone (1990) developed a correlation for convective
heat transfer between wall and vapor to account for the effects of the droplet evaporation,
the fluid property variations over the tube cross-section, and the entrance length effect
from Sozer et al. (1984):

Nuwv = ϕhNuwv,0 (2.56)

Nuwv,0 = 0.0168Re0.841vw Pr0.4vw (2.57)

ϕh = ϕpϕtϕe

(
ρv

∗

ρvb

)m

(2.58)

where the vapor properties with subscript vw are evaluated at wall temperature. The
correlations for ϕp, ϕt, and ϕe were eventually empirically correlated. The ρv

∗ is the vapor
density in the property correction factor.
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2.2.2.3 Heat Transfer Between Wall and Droplet

The heat transfer between the wall and droplets in the PDO region is typically calculated
using Equation (2.40), where the product of the droplet deposition rate and the heat
transferred by a single droplet. Based on the contact heat transfer coefficient for a single
droplet on flat plates developed by Baumeister et al. (1965), Forslund and Rohsenow
(1968) proposed a corresponding correlation in their mechanistic model for PDO heat
transfer. A constant value of 0.2 is given as the correction factor. This simplification
was later refined by Bajorek and Young (2000), who replaced the constant with empirical
correlations expressed as functions of the Reynolds number.

According to the experimental investigations conducted by Kendall and Rohsenow (1978),
the wall-droplet heat transfer efficiency is relatively high at low wall superheat, but de-
creases sharply once a certain threshold is exceeded as shown in Figure 2.1. This behavior
led to the classification of wall-droplet interactions into two regimes: wet impact and dry
impact. Wet impact occurs at low wall superheat, where droplets are able to spread and
evaporate upon contact, facilitating effective heat transfer. In contrast, dry impact domi-
nates at high wall superheat, where droplets are unable to wet the surface and are instead
rebounded into the flow. Since wall temperatures in the PDO region typically fall within
the dry impact regime, the associated heat transfer is often minimal. Consequently, some
models neglect this mechanism altogether, while others attempt to capture the physics of
dry impact more accurately.

Kendall and Rohsenow (1978) modeled dry impact by representing droplets as truncated
spheres and right circular cylinders:

q′′wd = (1− α) ρdu
∗
Dhlgϵ (2.59)

ε = 2.6

(
ρv
ρd

) 1
2
(
R̄

d

) 1
8

[
β2kv(Tw − Ts)

hlg(ρvσd)
1
2

] 1
2 [

1.5
µvhlg

β2kv(Tw − Ts) + 0.225

]− 1
4

(2.60)

u∗D is the dimensionless droplet deposition rate. β2 is a coefficient accounting for the effect
of superheat on the vapor temperature profile. R̄ is average droplet extension radius. This
model led to a predictive model for heat transfer effectiveness that showed good agreement
with experimental results. Kendall’s dry impact model was also implemented in the PDO
model of Varone (1990), Yoder (1980) and Yu (2019).

Guo and Mishima (2002) modeled the dry collision process between droplets and walls and
derived a simpler droplet contact model. This model was adopted by Meholic (2011) and
Keizo et al. (2006) into their mechanistic models.

q′′wd = (Tw − Ts)

[
18kv

3tR
3ρvhlgṁ

5
D

d5ρd4µv(1− α) (Tw − Ts)

]1/4
(2.61)

where tR is the contact time and calculated with tR = π
√
ρdd3/(16σ). ṁ

5
D is the droplet

deposition mass flux.

Iloeje et al. (1989) developed models separately of dry and wet impact processes. The
dry impact process is considered not touching the wall but transferring heat from droplets
with the vapor in the thermal boundary layer.

Different from the above situation where wet and dry impacts are discussed separately,
Cheng et al. (2018) considered the contact heat transfer efficiency (the ratio of the heat
transfer between the droplet and the wall to its own latent heat) as a complementary error
function with the superheat of the wall:

q′′wd = hlg · ṁD · fEV (2.62)
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fEV = 1− 1

2

[
1 + erf

(
Tw − TLF

0.1 ·
√
2 · (TLF − Ts)

)]
(2.63)

The TLF is the Leidenfrost temperature (taken as 100◦C superheating here). 10% of the
superheat degree is used as the standard deviation. When the wall temperature Tw far
exceeds the TLF , the heat transfer efficiency between the droplet and the wall is 0. When
the wall temperature gradually decreases, the heat transfer efficiency gradually increases
until the Tw is lower than the TLF , the droplets are considered to be able to wet the wall
and completely evaporate on the wall when they impact on the wall.

2.2.2.4 Models for Droplet Parameters

(A) Droplet Size and Distribution Model

In the mechanistic model, the droplet size at the dryout point should be known as part
of the initial calculation procedure. For one-dimensional mechanistic models or for sim-
plifying calculations, the average droplet size is often employed. Various mean diameters,
such as volume mean diameter dvm, sauter mean diameter d32, and arithmetic mean di-
ameter d10 are commonly used based on different calculation methods. In the actual
conditions, the droplets are not in one uniform size but have a size distribution at the
dryout point. Therefore, the study of droplet size is usually conducted together with the
study of droplet distribution. Previous investigations into droplet size models in dispersed
flow can be broadly categorized into two groups: One group involves correlating droplet
size and distribution based on experimental data. The other group posits that droplets are
generated in the period of annular flow, suggesting that size models developed for annular
flow may be applicable to the dryout point.

Cumo et al. (1974) conducted a photographic experiment with Freon 12 as the working
fluid. The experimental data of droplet size and distribution were obtained from the
visual test section. The experiment data extracting from the images showed that the
average droplet size is smaller at high pressure conditions. The correlations for droplet
size distribution and most probable diameter are fitted as:

n (d) =
d

d∗
2 e

−d/d∗ (2.64)

The d∗ here is the most probable diameter, which is correlated as:

d∗ = 123.1
µd

Gxe
(1− π)0.31 (2.65)

With known droplet distribution, the linear mean diameter d10 was postulated with the
most probable diameter: d10 = 2d∗. The value of xe is larger than 1 in most cases showed
in Cumo’s work, which means that the observing points mostly fallen in the PDO region.
But the distance between the observing point and the dryout point is unknown from
experimental data.

Ueda and Kim (1982) conducted dryout experiments and got the droplet size and dis-
tribution at the dryout point. From the experiment data it was found that the droplet
size is smaller in higher vapor velocity. After combined with data obtained by air-water
system(Ueda, 1979), the mean droplet size is fitted as:

d10
Dt

= 6.1× 10−3

[
σ

µgUv
×
(
ρv
ρd

)1.25
]0.5

(2.66)

Uv is the vapor axial velocity. The gamma distribution was also found well fitted the
measured droplet size distribution:

∆n

N
= 42.7

(
d

d10

)3

exp

(
−4

d

d10

)
∆d

d10
(2.67)
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The ∆n is the number of droplets having size between (d−∆d/2) and (d+∆d/2). N is
the total number of droplets obtained in current conditions, which equals to 600. The ex-
periments is conducted with a mass flux range from 218 to 887 kg/(m²·s). Ueda and Kim
(1982) compared the current results with those from previous adiabatic annular flow exper-
iments and found that the mean droplet diameter showed no significant difference between
adiabatic and heated boundary conditions. These data were also utilized by Schnitter
(1982), who included 30 experimental data points from the literature and developed a
correlation for the mean droplet diameter:

d10
Dt

= 683.5 · µg

Ug
ρg · (

σ

Ug ρd
)0.4 · (1− xdo

xdo
)0.25 · (ρd

ρg
)0.325(

µg

µd
)0.1 (2.68)

It is worth noting that in PDO heat transfer models, after substituting the droplet size
at the dryout point, the droplet size within the PDO region is iteratively updated based
on the heat transfer rate. For simplicity, most models assume that the total number of
droplets remains constant, with only their size varying. In contrast, Schnitter’s model
accounted for droplet splitting and introduced an empirical correlation for the change in
droplet number, employing a critical Weber number Wecr.

However, due to the scarcity of experimental data on droplet sizes in dispersed flow,
these models were developed using very limited datasets without mechanistic justification,
which constrains their applicability and accuracy. Consequently, substantial research has
been directed toward understanding the mechanisms governing droplet size evolution from
annular flow.

Some studies suggest that once droplets are entrained into the vapor core, the shear stress
between the droplets and the vapor increases with vapor acceleration. When the droplet
Weber number exceeds Wecr, droplets undergo breakup into smaller fragments, implying
that droplet size cannot grow beyond a certain limit under given flow conditions. Based
on the free-stream Weber number for droplet breakup, Wecr is employed to determine the
maximum stable droplet size:

Wecr =
ρv(Uv − Ud)

2dmax

σ
(2.69)

dmax is the maximum droplet size in the vapor flow. Groeneveld (1972) took the value
of 6.5 as the Wecr. In the PDO region, if the droplet weber number gets larger than the
Wecr, the droplet will break-up. The new droplet size after break up is assumed as same
as the critical droplet size. Forslund and Rohsenow (1966) calculated the droplet size at
the dryout point with Wecr equal to 7.5. The droplet break-up was also included in their
model. It was assumed that the droplet size after a break-up would be 1/3

√
2 times of the

initial size as the setting in Hynek (1969b)’s model.

Besides the free-stream Weber number, several researchers have suggested that droplet
size is primarily determined by the generation process. Tatterson et al. (1977) considered
the Kelvin–Helmholtz instability as the primary mechanism governing droplet formation.
When high-velocity vapor flows over the agitated surface of a low-velocity liquid film, the
pressure at the wave crest is lower than that in the trough. The pressure difference acts
as the suction force on the crest and torn the crest. The surface tension of the torn crest
resists the suction force until the pressure difference becomes large enough to detach part
of the liquid from the crest. The detached liquid is then entrained into the main flow in the
form of droplets. Based on this mechanism, Tatterson performed force balance analysis
on the wave crest and derived the droplet size model for annular flow:

d10
Dt

= 2.4× 10−3(
2σ

ρgUg
2fsDt

)1/2 (2.70)
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The upper limit log-normal distribution was selected by Tatterson as the droplet distribu-
tion according to the work of Lopes and Dukler (1985) and Evans et al. (1983). Tatter-
son’s size correlation was implemented in the mechanistic model of Mastanaiah and Ganic
(1981).

In the work of Kataoka et al. (1983), the type of roll wave shearing off was considered as
the main droplet entrainment and sizing mechanism. The force balance equation between
the interfacial drag force and surface tension force was established. Factors then were
correlated with experimental data. A correlation for volume mean diameter was developed
as:

dvm = 0.028
σ

ρgUg
2Red

−1/6Reg
2/3(

ρg
ρd

)−1/3(
µg

µd
)2/3 (2.71)

Kataoka’s correlation was used in the model of Guo and Mishima (2002).

Yoder (1980) considered both the droplet formation mechanism and sizing during the
development history. Several droplet sizing sequences prior to the dryout point were ana-
lyzed. Tatterson’s correlation(Tatterson et al., 1977) was selected to represent the sizing
process based on the Helmholtz instability mechanism. A value of 0.65 was chosen for
Wecr to represent both film-slip droplet formation and Weber-number-induced breakup.
By combining the three droplet sizing mechanisms, the droplet size at the dryout point can
be determined from the cumulative mass distribution spanning from the droplet generation
position to the dryout point.

dc
Dt

=
ρvσ

G2Dt

Wec

(Sdo − 1)2
(
ρv
ρd

+
(

1
Sdo

− ρv
ρd

)
xdo

)2 (2.72)

Sdo =

1 +

√√√√1−

(
1− 4

3

ρdρvg
(
1− ρv

ρd

)
G2CD

dc

(
αdo
xdo

)2)(
1− 16

3
q′′w

Giv−dCD

dc
DT

ρv
ρd

1
xdo

)
1− 4

3

ρdρvg
(
1− ρv

ρd

)
G2CD

dc

(
αdo
xdo

)2 (2.73)

ddo
Dt

=
1

xdo − 0.1

(
dc
Dt

(xA − 0.1) +

(
ρd
ρv

)2 Wec
(Slf − 1)2

ρvσ

G2DT

1

(ρdρv
1

Slf
− 1)

•

[
1

1 + xA(
ρd
ρv

1
Slf

− 1)
− 1

1 + xdo(
ρd
ρv

1
Slf

− 1)

]) (2.74)

where

xA =

[
Sdo−1
Slf−1

] [
ρv
ρlf

+
(

1
Sdo

− ρv
ρlf

)
xdo

]
− ρv

ρlf

1
Slf

− ρv
ρlf

(2.75)

Slf ≡ Uv

Ulf
=

(
ρlf
ρv

)0.205(GDT

µlf

)−0.016

(2.76)

where the xdo, Sdo and ddo are steam quality, slip ratio and droplet size at dryout point.
The slip ratio Slf is calculated by Ahmad (1970). Yoder’s model was implemented in the
PDO model of Yu (2019) and Varone (1990).
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Droplet Velocity Model

The droplet velocity is the key parameter to calculate the void fraction α and droplet
Reynolds number Red. At first, the flow at the dryout point was assumed a homogeneous
flow. For example, Forslund and Rohsenow (1968), Hynek (1969b), and Moose and Ganić
(1982) assumed at the dryout point the droplet velocity has the same velocity as the vapor,
which means the slip ratio equals to 1.0. Mastanaiah and Ganic (1981) selected the slip
ratio at dryout point Sdo as 1.1 for the initialization of droplet velocity. Then the void
fraction can be calculated with:

α =
1

1−x
x

ρg
ρd
S + 1

(2.77)

The droplet velocity downstream of dryout is not considered homogeneous and is usually
calculated by the force balance acting on the droplet. The drag force and gravity force are
the most popular forces considered in the literature. Taking Hynek’s calculation method
of increment of droplet velocity as an example(Hynek, 1969a):

dUd

dz
=

3CDρg(Uv − Ud)
2

4dρdUd
− (1− ρv

ρd
)
g

Ud
(2.78)

Since simply take Sdo as 1.0 or 1.1 lack scientific meanings, Groeneveld (1972) adopted the
slip ratio correlation (Ahmad, 1970) for annular flow and took the average value between
this correlation and the 1.0 from the homogeneous model, which is shown to give the best
results when applied in the PDO heat transfer model:

Sdo = 1 +
1

2

[
(
ρd
ρg

)0.205 · (GDt

µ
)−0.016 − 1

]
(2.79)

Plummer et al. (1974) used Groeneveld’s dryout slip ratio correlation and derived slip ratio
correlation for downstream of dryout through analogy with equilibrium quality:

(
1− S

1− Sdo
) =

[
1− k(xe − xdo)

1− xdo

]A/kB

(2.80a)

k = C1loge

[
G

√
Dt

ρgσ
(1− xdo)

5

]
+ C2 (2.80b)

The C1 and C2 are obtained through regression analysis. This slip ratio correlation was
used for the droplet velocity calculation in the downstream flow in Ganic (1976)’s dispersed
flow heat transfer model.

Yoder (1980) derived a new slip ratio correlation in the PDO region by integral droplet
velocity gradient equation Equation(2.78) and rewritten as:

S = 1 + 2.31

[
ρd
ρg

1

xa

q
′′
w

GhlgCD

d

Dt

]1/2
(2.81)

Saha (1980) used a droplet drift velocity Vij to calculate the relative velocity and void
fraction:

Vij ≈ −1.41

[
gσ(ρd − ρg)

ρg2

]0.25
(2.82a)

(1− α) =
1− xa

1 +
xa(ρd−ρg)

ρg
+

ρdVij

G

(2.82b)
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Droplet Deposition Model

When the droplets are dispersed in the turbulent flow, they have a tendency to deposit
on the wall due to the effect of vapor fluctuating velocity. From the Equation (2.40), the
ndep is calculated as:

ndep =
ṁdep

ρd
πd3

6

(2.83)

ṁdep = kdC (2.84)

where ṁdep is droplet deposition mass flux and kd is droplet deposition velocity. C is
droplet concentration. The correlations used for droplet deposition in previous PDO mod-
els were normally developed from solid particle in gas flow. From the summary of McCoy
and Hanratty (1977), it can be found that smaller particles deposit under the action of
brownian force while the deposition of larger particles is a turbulence-controlled process.
McCoy summarized the experimental data and proposed correlation of particle deposition
rate with dimensionless particle relaxation time τ+, which is calculated by:

τ+ =
d2ρgρpu

∗2

18µ2
g

(2.85)

where the ρp and d are the particle density and diameter. u∗ is the dimensionless gas
velocity. When the value τ+ is small, the particle deposition rate is correlated by the
Schmidt number Sh, which represents the molecular diffusion process. As the value of τ+

increases, the deposition rate is proportional to the τ+
2
. At approximately τ+>22.9, the

deposition rate seems to keep constant or slightly decrease as the increase of τ+.

Theoretical investigations have aimed to analyze the mechanisms of particle transport and
to develop a general model for predicting particle deposition, rather than relying solely
on empirical data fitting. Friedlander and Johnstone (1957) identified the inertial effect
of particles in turbulent eddies as the dominant transport mechanism. Experimental data
indicated that the deposition rate is linearly proportional to the Reynolds number. Con-
sequently, Friedlander assumed that mass transport is analogous to momentum transport
in turbulent flow. Accordingly, a mass transport equation was established by analogy with
momentum transfer in turbulent flow:

τs = (µ+ ρϵg)
dU

dy
(2.86)

N = (Dv + ϵg)
dC

dy
(2.87)

C is the particle concentration. y is the radial distance to the wall. By neglecting the item
of molecular diffusivity Dv and assuming that the eddy diffusivities of particles ϵp and gas
ϵg are the same, the particle deposition rate kd could be obtained:

For S+ < 5 :
kd
u∗

=
fs/2

1 +
√
fs/2(

1525
S+2 − 50.6)

For 5 < S+ < 30 :
kd
u∗

=
fs/2

1 +
√
fs/2[5ln(

5.04
S+/5−0.959

)− 13.73]

For S+ > 30 :
kd
u∗

=
√
fs/2

(2.88)

where S+ is the reduced stopping distance that a particle with a given initial velocity can
travel through stagnant gas, as defined by Friedlander and Johnstone (1957).
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Similar work have been conducted by Ganić and Mastanaiah (1981), Issapour and Lee
(1990), and Yang and Lee (1991). These studies aimed to solve the diffusion Equa-
tion (2.87), with a key difference being that they applied eddy diffusivity correlations
for the turbulent core rather than for the sublayer. To account for the lag between large
particles and fluctuations in the gas phase, Ganić and Mastanaiah (1981) introduced a
correction factor based on the ratio of particle eddy diffusivity to gas-phase eddy diffusiv-
ity. In contrast, Yang and Lee (1991) proposed a correction based on the ratio of droplet
velocity to transverse vapor velocity. The correlation from Yang and Lee (1991) is provided
below as an example:

kd
u∗

=
1.224 ηb

1.33 + 2.44 ηb ln

[
1+2(1−30/Re

√
fs/2)2

1−(1−30/Re
√

fs/2)2

] (2.89)

ηb is the ratio of droplet velocity to fluid fluctuation velocity.

In addition to employing the analogy between mass and momentum transfer, Sugawara
(1990) developed a droplet deposition correlation based on the analogy between mass and
heat transfer. The mass transfer Schmidt number (Sc) and the heat transfer Nusselt
number (Nu) were used to establish this analogy, and a correlation was subsequently
fitted:

kd
Ug

= f(C)Reg
−0.2Sc−2/3 (2.90)

f(C) = 9.0× 10−3(
C

ρg
)−0.5 (2.91)

2.2.2.5 Radiation Model

In most cases, the heat transferred via radiation accounts for only a small fraction of the
total heat transfer in the PDO region. Plummer et al. (1974), Forslund and Rohsenow
(1968), Iloeje et al. (1989), Shah (2017), Moose and Ganić (1982), Yoder and Rohsenow
(1983), and Varone (1990) all completely neglected the contribution of radiation heat
transfer. However, radiation can become significant when the wall temperature is suffi-
ciently high. Accordingly, Ganic (1976) considered radiation heat exchange between the
wall and droplets. Later, Ganić and Rohsenow (1977) extended this analysis by including
radiation heat exchange between the high-temperature wall and both the steam and liquid
droplets, while still neglecting radiation between the superheated steam and droplets. The
radiation heat flux is calculated as:

q′′rad = Fwdσb(Tw
4 − Ts

4) + Fwvσb(Tw
4 − Tv,s

4) (2.92)

Here, Fwd and Fwv are the graybody factors, evaluated using the geometry factor and
the method proposed by Sun et al. (1976). Guo and Mishima (2002) and Meholic (2011)
also implemented Sun’s network radiation model in their mechanistic models, including all
radiation transfer paths. This network radiation model describes radiation heat transfer
between the wall, vapor, and droplets in a manner analogous to an electrical network with
three nodes, where thermal resistance corresponds to electrical resistance. σb denotes the
Stefan–Boltzmann constant. Radiation heat exchange between the vapor and droplets
(vd) is also considered, and the corresponding graybody factors Fwd, Fwv, and Fvd are
calculated as:

Fij =
1

Ri +Rj +
RiRj

Rk

(2.93)
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Rv = (1− εv)/[εv(1− εvεd)]

Rd = (1− εd)/[εd(1− εvεd)]

Rw = 1/(1− εvεd) + (1− εw)/εw

(2.94)

where the εi,j,k is the body emissivity.
There is another radiation model called two-flux model, which is proposed by Chan and
Grolmes (1975) and used in Andreani and Yadigaroglu (1997)’s model. Meholic (2011)
reviewed and compared the two-flux model with the Sun’s network model. It was found
that the Sun’s network model is more suitable for modeling the radiation heat transfer in
dispersed flow.

2.3 Numerical Approach

Parameters such as droplet size, droplet velocity, and void fraction exhibit complex multi-
dimensional distributions that are difficult to capture in one-dimensional models. With ad-
vances in computational science, numerical approaches have increasingly been employed to
simulate PDO heat transfer. By numerically solving two-dimensional or three-dimensional
governing equations, the trajectories of droplets and their interactions with the wall and
vapor flow can be simulated in detail, providing a more comprehensive understanding of
the underlying physical processes.

It should be noted that in numerical models, the heat transfer coefficients between droplets
and vapor, as well as the collision models between droplets and the wall, still rely on em-
pirical correlations, similar to those used in mechanistic models. Typically, these models
assume that heat from the wall is first transferred to the adjacent vapor layer via con-
duction and subsequently transported through the vapor core by convection. In some
simplified numerical models, heat transfer between the wall and vapor, along with turbu-
lent transport, is treated using empirical or semi-empirical correlations.

For example, Lin et al. (1989) developed a two-dimensional model by solving the continuity,
momentum, and energy equations for both vapor and droplet phases in the PDO region.
Mass, momentum, and heat exchanges between the phases are incorporated into the source
terms of the differential equations. The wall-to-droplet heat transfer rate, q′′wd, is calculated
using the correlations of Kendall and Rohsenow (1978), while the heat transfer between
vapor and droplets is computed using the correlation of Yuen and Chen (1978). In addition,
radiation heat transfer and wall-droplet contact mechanisms are also considered. At the
wall boundary, the heat flux is distributed as:

(kg + kr)
∂Tg

∂r
+ q′′wd = q

′′
w (2.95)

r is the radial distance to the centerline of the tube. kg is the gas thermal conductivity.
kr is the equivalent thermal conductivity of thermal radiation.

The turbulent thermal conductivity ktur is used for the radial distribution of vapor tem-
perature, which is calculated with turbulent Prandtl number Prtur and eddy viscosity are
calculated with the µt from Malhotra and Kang (1984):

ktur = Cpv
µt

Prtur

Prtur =
1

0.91 + 0.13Prv
0.545

(2.96)

Lin et al. (1989) used zero-function turbulence model of Cebeci and Bradshaw (1984) to
express the µt :

µt = ρv

{
l
[
1− exp(− y

A
)
]}2

·
∣∣∣∣∂uv∂r

∣∣∣∣ (2.97a)
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A = 26

(
µv

ρv

)(
τw
ρw

)1/2

(2.97b)

l = R ·
[
0.14− 0.08(1− y

R
)2 − 0.06(1− y

R
)4
]

(2.97c)

R is the radius of the tube, which equals to Dt/2. τw is the wall shear stress. l is the mixing
length. The calculation results were assessed with Bennett et al. (1968)’s experiment data
and agreed well.

From the review of Lin et al. (1989), CFD simulations involve solving sets of discrete gov-
erning equations that cannot be feasibly calculated manually and thus require computer-
based solutions. Self-programmed CFD models, such as those developed by Lin et al.
(1989) and Andreani and Yadigaroglu (1989), allow greater flexibility but require substan-
tial development time and expertise, often accompanied by additional simplifications—for
example, simplified turbulence models in Lin et al. (1989). Due to these challenges, com-
mercial CFD software has become increasingly popular because of its user-friendliness and
comprehensive built-in functionalities (Li and Anglart, 2015; Torfeh and Kouhikamali,
2015). Software such as ANSYS Fluent offers multiple sub-models but allows only limited
modifications. Incorporating extra forces on droplets or modeling droplet breakup can sig-
nificantly increase computational costs. Recently, open-source CFD platforms like Open-
FOAM have been adopted for PDO heat transfer predictions due to their flexibility. For
instance, Anglart et al. (2018) extended the twoPhaseEulerFoam solver in OpenFOAM to
implement Lagrangian particle tracking (LPT), enabling simultaneous tracking of droplet
trajectories and bidirectional coupling with the vapor phase.

From the method dealing with the droplet phase, the approaches used for the PDO heat
transfer simulation can be divided into the Euler–Euler approach and the Euler–Lagrangian
approach. The aforementioned model by Lin et al. (1989), in which the droplet phase is
treated as a continuous field with its own set of conservation equations, is an example
of the Euler–Euler method. The method used in Andreani and Yadigaroglu (1989) for
PDO heat transfer is the Euler-Lagrangian approach, which treats the vapor phase as
a continuous medium solved on an Eulerian grid while droplets are tracked individually
in Lagrangian coordinates by solving their equations of motion. The change of droplet
mass, temperature, and velocity is collected as the source term to account for the heat,
momentum, and mass exchange between phases.

In the following subsections, previous numerical studies are reviewed and categorized ac-
cording to these two modeling frameworks.

2.3.1 Euler–Euler Approach

Zhong et al. (2019) selected the mixture two-phase model in ANSYS Fluent to study
the flow and heat transfer characteristics of mist flow in a wire-wrapped rod bundle. A
phase change model of liquid droplets is carried out through the coupling of a user-defined
function (UDF) to ANSYS Fluent. The Discrete Ordinates (DO) Radiation Model is also
included in their simulation. The results showed the temperature and velocity distribution
of horizontal cross-sections.

The Euler–Euler approach can not only simulate PDO heat transfer but also predict the
wall boiling and dryout occurrence. For example, Lin et al. (2022) conducted a 2D numer-
ical simulation by coupling the Eulerian model with the wall boiling model to investigate
the critical heat flux (CHF) and post-CHF in the vertical pipe. Similarly, Li and Anglart
(2016) built an integrated model based on a three-field description of droplets, gas, and
liquid film for annular flow, which incorporates both the pre- and PDO regions. Shi et al.
(2016a) and Shi et al. (2016b) introduced a 3D Eulerian two-phase model and predicted

27



2. Scientific and Technical Status

the occurrence of dryout and temperature profile in the post-dryout region in a straight-
pipe once-through steam generator. Besides the prediction of CHF, their results found
the existence of superheated steam in the PDO region, resulting in a deviation from the
thermodynamic equilibrium between the vapor and liquid. It was found that the thermal
non-equilibrium effect dominates in the whole PDO region and does not disappear until
all droplets are evaporated. In the simulation work of Shi et al. (2016b), the Yuen and
Chen (1978) correlation is selected for calculating vapor-droplet heat transfer. The droplet
size change due to evaporation uses the model of Yao and Morel (2004). The standard
turbulent k-ϵ model was used for both the vapor and droplet phases.

2.3.2 Euler–Lagrangian Approach

Compared with the Eulerian method, the Lagrangian method is more suitable for tracking
droplet trajectories in dispersed flow.

Andreani and Yadigaroglu (1989) developed a 2D Eulerian and 3D Lagrangian model for
simulating the heat transfer and droplet trajectories in dispersed flow. The vapor phase
was simulated using a 2D Eulerian mesh, while the droplets were tracked in 3D Lagrangian
coordinates. In this self-coded model, various forces acting on the droplets and droplet
dynamics could be more easily incorporated. Andreani and Yadigaroglu (1989) considered
drag force, lift force, thrust force, and turbulent force. Aerodynamic breakup and wall-
impact breakup were also included. The correlation of Beard and Pruppacher (1971) was
used to calculate the interfacial heat transfer coefficient.

Compared with the Euler–Euler method, the Lagrangian method in commercial software
achieves better convergence and higher computational efficiency. The droplet trajectories
and distributions are also clearer and easier to obtain. Kumari et al. (2010) studied
air–water droplet mist flow inside a square heat sink using the DPM method in ANSYS
Fluent. The discrete phase was simulated using the Lagrangian approach, coupled with the
continuous phase through interaction terms in the transport equations. The droplet–air
heat transfer was calculated using the correlation of Ranz et al. (1952). Their simulations
showed significantly higher heat transfer coefficients in mist flows compared to those in air
flows, indicating the potential of mist flow for enhanced thermal management applications.

Torfeh and Kouhikamali (2015) investigated thermal non-equilibrium in mist flow in a
vertical tube using ANSYS Fluent. The simulation included drag force, virtual mass
force, lift force, and thermophoretic force. They performed separate simulations assuming
complete thermal equilibrium and complete thermal non-equilibrium. By analyzing the
wall temperature and heat transfer coefficients, they found that under total thermodynamic
equilibrium, the heat transfer rate to entrained droplets was too fast, which did not reflect
the actual situation, thus proving the existence of thermal non-equilibrium. In the total
thermal non-equilibrium case, the droplets were almost ignored, and the vapor temperature
downstream of the dryout point was calculated based on the assumption that all added
heat went into superheating the vapor. The results showed that the heat transfer rate from
the vapor phase to entrained droplets was too slow. The simulation also revealed that PDO
heat transfer tended toward total thermal non-equilibrium at low vapor velocities or with
larger droplet sizes.

Anglart et al. (2018) developed a mechanistic CFD model in OpenFOAM to predict PDO
heat transfer in annular flow. In the PDO region, the vapor phase was solved using a
RANS-based Eulerian approach, while droplets were tracked individually through a La-
grangian particle tracking method with two-way coupling. The total wall heat flux was
partitioned into vapor convection, wall-droplet direct contact, and thermal radiation. In
addition to gravity, the droplets are considered to move under drag force and lift force.
Simulation results showed good agreement with experiments in terms of wall temperature
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rise and dryout location. While the contribution of wall-droplet and radiation heat trans-
fer was generally small (<2% and 3–4%, respectively), their inclusion improved accuracy,
particularly under low heat flux conditions. The model was also applied to a BWR sub-
channel, successfully capturing asymmetric dry patch formation, highlighting the benefit
of CFD for three-dimensional PDO heat transfer analysis.

2.4 Summary

In this chapter, previous PDO heat transfer experiments, prediction models, and numerical
simulations have been thoroughly reviewed. The experiments on PDO have a limited
amount of data on droplet parameters, such as droplet size, distribution, and velocity,
which are still lacking experimental investigation.

Equilibrium correlative models assume the vapor is at saturated temperature and focus on
determining the wall-vapor heat transfer coefficient under PDO conditions. In contrast,
thermal non-equilibrium correlations aim to solve the actual vapor temperature and then
apply superheated vapor convection correlations. These correlations are often limited by
the range of their underlying databases, prompting extensive research into developing
reliable models to predict the physical processes accurately.

Mechanistic models use sub-models to simulate individual processes in PDO heat trans-
fer, potentially including up to six heat transfer paths. Some studies ignored wall-droplet
contact heat transfer and radiation due to their relatively small contributions to the to-
tal heat transfer. The two primary heat transfer processes—wall to vapor and vapor to
droplets—are considered the most critical. Specifically, vapor-to-droplet interfacial heat
transfer is crucial for determining thermal non-equilibrium. During interfacial heat trans-
fer, droplet concentration and size distribution greatly influence the heat transfer rate. A
review of existing droplet size and velocity models reveals a persistent lack of valid models
for predicting droplet size and velocity at the dryout point.

With advancements in computer science, several CFD models and commercial software
can now simulate PDO heat transfer in 2D or 3D. These simulations can accurately depict
droplet distribution and behaviors such as droplet deposition and break-up. Nevertheless,
CFD simulations require significant computational resources and time, and they also de-
pend on the accuracy of correlation selection for initial droplet conditions, droplet-wall
contact models, and single-droplet interfacial heat transfer coefficients.
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In the PDO region, liquid is entrained in the vapor flow as discrete droplets. Heat is
transferred from the wall to the vapor, leading to an increase in vapor superheating.
The droplets entrained in the vapor flow absorb heat from the superheated vapor, which
slows down the process of vapor superheating and thus affects the wall temperature in
the PDO region. The droplets also tend to move toward the wall, deposit on it, and
transfer heat directly from the wall, further contributing to droplet evaporation and wall
cooling. Therefore, in the PDO region, droplets play a significant role in slowing down
the increase in wall temperature. Accurate prediction of droplet parameters is crucial for
the predictive capability of PDO mechanistic models. Parameters such as droplet size,
distribution, and velocity are essential for calculating interfacial convective heat transfer.
Moreover, droplet deposition behavior is important when calculating wall-droplet heat
transfer, which requires the droplet deposition velocity to account for the droplet deposition
flux. However, the empirical correlations used to determine these droplet parameters are
typically derived from studies on air-droplet flow or annular flow over unheated surfaces
(Meholic, 2011; Iloeje et al., 1989). Research on droplet parameters in dispersed flow
over heated surfaces, particularly considering droplet evaporation, remains very limited.
Experimentally, studying the dynamic characteristics of evaporating droplets is especially
challenging. Nevertheless, CFD provides a valuable tool for gaining a deeper understanding
of droplet behavior in the PDO region.

This chapter explores droplet behaviors in the PDO region using CFD techniques, be-
ginning with an introduction to the Discrete Phase Model (DPM method) in ANSYS
Fluent, which is employed in the current simulations. The DPM method not only tracks
the dynamic behaviors of droplets effectively but also exhibits good convergence and fast
computational performance when tracking a large number of droplets. This method is vali-
dated in this chapter using experimental data from the literature. After method validation,
a test section for simulating droplet behaviors in the PDO region is built, and boundary
conditions are specified based on Becker’s water experiments (Becker et al., 1983). The
calculation results present the vapor temperature profile and droplet behaviors in the PDO
region separately. Vapor temperature profiles under three pressures, three droplet sizes,
and two mass fluxes are displayed and analyzed. The behaviors of droplets—including dy-
namics, evaporation, and deposition—are thoroughly examined under the reference condi-
tions. Droplet dynamic behaviors, including size, spatial distribution, and velocity profiles,
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are presented. Evaporation behaviors are visualized through contour plots and quantita-
tively analyzed via the radial distributions of evaporation rate density. Detailed analysis
of droplet deposition includes single-droplet trajectories, as well as the statistical distribu-
tion and average radial velocity of droplets. Moreover, to quantitatively capture the effect
of droplet size and evaporation on lateral movement, three new parameters representing
overall movement behavior—droplet deposition mass flux, droplet deposition velocity, and
droplet entrainment velocity—are introduced and derived from the CFD results. Addi-
tional simulations are conducted with an inactive droplet evaporation model to assess the
impact of droplet evaporation on droplet deposition and entrainment.

3.1 Model Description

The present simulation is conducted using ANSYS Fluent 2021, which offers a compre-
hensive range of multiphase modeling approaches. Among them, the DPM is employed
to investigate droplet behavior in the PDO region. In this method, the continuous vapor
phase is solved on an Eulerian mesh, while droplets are tracked individually in Lagrangian
coordinates. As droplets pass through vapor control volumes, they exchange momentum,
mass, and energy with the surrounding vapor. This approach enables detailed tracking of
droplet trajectories and facilitates the extraction of key droplet parameters such as size
and velocity. A notable advantage of the DPM is that the computational mesh can be
relatively coarse compared to the droplet size, since the droplets are tracked separately. In
addition, only the conservation equations for the continuous phase and the droplet motion
equations need to be solved, with interfacial interactions represented through source terms.
Consequently, the DPM offers significantly higher computational efficiency compared to
other multiphase methods, such as the Volume of Fluid (VOF) and Eulerian–Eulerian
approaches.

However, the DPM assumes negligible droplet–droplet interactions and does not account
for the physical volume occupied by droplets within the mesh, making it suitable only for
dilute dispersed flows. In the present study, cases with the vapor volume fraction is above
90% are selected, justifying the assumption of negligible droplet interactions. Therefore,
the application of the DPM in this simulation is both appropriate and advantageous.

Considering its efficiency, numerical robustness, and applicability to high steam quality
conditions, the DPM is selected for the three-dimensional simulation of heat transfer in
the PDO flow region. During the simulation, the vapor flow is treated as the continuous
phase and is solved on Eulerian meshes. The k-ϵ turbulence model is used to calculate
turbulence parameters of the vapor flow. Enhanced wall treatment (ANSYS Fluent) is
applied to introduce a two-layer near-wall model, allowing more accurate prediction of
vapor flow and droplet behavior near the wall. Vapor properties, such as density and heat
capacity, are specified as functions of temperature and pressure.

3.1.1 Discrete Phase Model

In the present simulation, the unsteady particle treatment based on DPM is employed
(ANSYS Fluent). Droplets are tracked in Lagrangian coordinates and are subject to grav-
itational and drag forces. The droplet and vapor phases are two-way coupled: superheated
vapor transfers heat to the droplets, and the droplets absorb heat and evaporate into the
vapor. This heat exchange modifies the vapor temperature profile, and the resulting in-
crease in vapor quantity subsequently affects the flow velocity. The change in droplet
momentum also serves as a momentum source in the continuous phase.

The droplet trajectory in Lagrangian coordinates is controlled by :

md
du⃗d
dt

= md
u⃗v − u⃗d

τr
+md

g⃗(ρd − ρv)

ρd
+ F⃗ (3.1)
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where md is the droplet mass, u⃗d is the droplet velocity, u⃗v is the vapor velocity. F⃗ is
the additional force, which is not considered in this simulation. The first item on the
right-hand side is the drag force, and the τr is the droplet relaxation time. It is calculated
by:

τr =
ρdd

2

18µv

24

CDRed
(3.2)

The Red is calculated with:

Red =
ρvd |u⃗v − u⃗d|

µv
(3.3)

Where d is the droplet diameter. CD is the drag coefficient, calculated with the spherical
drag law:

CD = a1 +
a2
Red

+
a3
Re2d

(3.4)

The a1, a2, a3 are constants given by Morsi and Alexander (1972).

The dispersion of particles due to turbulence in the continuous phase is predicted using the
stochastic tracking model. In this model, the vapor transient velocity in Equation (3.1)
is calculated by Equations (3.5) and (3.6) to include the effect of instantaneous turbulent
velocity fluctuations on the particle trajectories. Taking the velocity component in u
direction as an example:

uv = ū+ u
′

(3.5a)

u
′
= ζ

√
¯
u′2 (3.5b)

Where u
′
is the vapor fluctuation velocity. ζ is a normally distributed random number.√

¯
u′2 is the RMS of velocity fluctuation, which is considered isotropic and determined by

the turbulent kinetic energy:√
¯
u′2 =

√
¯
v′2 =

√
¯
w′2 =

√
2k/3 (3.6)

with known the droplet velocity, the droplet trajectory is predicted by:

dx

dt
= ud (3.7)

The new position of the droplet xn+1 is computed by a trapezoidal discretization of old
position xn and droplet velocity at old position und and new position un+1

d :

xn+1
d = xnd +

1

2
∆t(und + un+1

d ) (3.8)

3.1.2 Interfacial Energy, Mass and Momentum Exchange

As the trajectory of a droplet is computed, the heat, mass, and momentum gained or lost by
the droplet stream are calculated. These quantities are then incorporated into subsequent
calculations for the continuous phase. Thus, the effect of the droplet trajectories on the
vapor flow is also included. This two-way coupling is achieved by alternately solving
the discrete and continuous phase equations until the solutions for both phases converge.
Figure 3.1 shows the interactions between phases when one droplet passes an Eulerian
mesh. After the exchange of mass, energy, and momentum, the parameters of droplets,
like velocity, size, and trajectory as well as the parameters of vapor will change.
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Figure 3.1: Schematic of interfacial interaction (ANSYS Fluent)

3.1.2.1 Interfacial Momentum, Heat and Mass Exchange

When the droplets pass through the control volume of the vapor phase, the droplets can
be accelerated or decelerated under the effect of drag force between phases. During this
process, there is momentum transfer between the continuous phase and the discrete phase.
The CFD model examines the change in momentum of every droplet and sums all the
momentum change to the momentum source of the momentum equation of the continuous
phase. The heat transfer between droplet and vapor in ANSYS Fluent (2021) is calculated
by:

Nuvd =
(
2 + 0.6Re

1/2
d Pr1/3

)
ln

[
1 +

cpv(Tv − Td)

hlg

]
(3.9)

The mass and heat transfer from the droplets to the vapor phase are calculated by counting
the mass and energy change of all the droplets as they pass through one control volume.
The calculated mass and heat exchange is represented as the source term in the continuity
and energy equation of the continuous phase.

3.1.3 Droplet Wall Interaction Model

When a droplet moves to the boundary cell, it has a possibility to impinge on the wall.
During the impingement, the droplet deforms into a cylinder (ANSYS Fluent) and remains
in direct contact with the heated wall for a short period of time (contact time) before
rebounding. During this time, heat is exchanged between the droplet and the wall. After
heat and momentum are transferred, the droplets are reflected back to the flow. The heat
transfer from the wall to the droplet is calculated as following equations in ANSYS Fluent:

mdcp,dTd =

∫ td

0

klAcont

Hwd
(Tw − Td) dt (3.10)

Where the kl is droplet thermal conductivity. Hwd is the distance between deformed
droplet center to the heated wall. The Acont in this equation is the base area of the
deformed droplet and is calculated by:

Acont = πD2
max/8 (3.11a)

Dmax = 0.61D0We0.38 (3.11b)

where the D0 is the droplet size before the impaction. The contact time td between droplet
and wall is calculated by (Akao et al., 1980; Birkhold, 2007):

td = 0.4 ∗ π

4

√
ρdD

3
0

σ
(3.12)
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3.2 Model Validation

The experimental work of Guo and Leung (2005) is selected for model validation. They
conducted an air/droplet mixing two-phase flow experimental work in a test facility which
has a length of 177.8 mm and a diameter in 22.2 mm. The experiment was conducted with
Reynolds number of air flow ranging from 10,000 to 35,000, wall superheat up to 300°C,
and droplet mass fraction ranging from 1 to 6 percent, which is quite similar to the PDO
conditions. Experiments with both pure air injection and air-droplet mixture injection
were performed to study the effect of droplets on the wall temperature profile. During the
experiment, the wall temperature is measured. In present simulation, the geometry was
built according to the experiment test section. The mesh sensitivity studies were carried
out and the results are displayed in Figure 3.2. The mesh structure with 0.52 million
meshes was finalized. Based on the simulation of single-phase cases, the k-ϵ turbulence
model is selected among several turbulent models available in ANSYS Fluent. Figure 3.3
shows simulation results with the selected mesh structure and k-ϵ turbulence model under
various heat fluxes. The simulated wall temperature of single-phase in three different wall
heat fluxes shows a good agreement with the experimental measured wall temperature.

Figure 3.2: Mesh sensitivity analysis Figure 3.3: Single phase validation (Xia
et al., 2024)

To validate the DPM method, the case with droplet injection is simulated according to
the experimental boundary condition, which is listed in Table 3.1. In the experiment, the
droplets have size distribution, whereas in the calculation, an average droplet diameter is
taken to simplify the calculation.

Table 3.1: Boundary conditions of validation case

Pressure Inlet Vapor
Temperature

Inlet Vapor
Velocity

Heat Flux Initial
Droplet
Diameter

[MPa] [K] [m/s] [kW/m2] [mm]

Case 0.1 388.15 15 14 0.01

Figure 3.4 compares the calculated wall temperature with the measured values. It can be
seen that the overall agreement with the experimental results is good, which shows that
the selected DPM model works well for dispersed flow calculations.
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Figure 3.4: Comparison of experiment and predicted wall temperature in two-phase
calculation (Xia et al., 2024)

3.3 Geometry and Boundaries

For the investigation of droplet behavior in the PDO region, a 1 m long tube with a 14.9
mm diameter is taken, followed the experiment test section of Becker et al. (1983), and is
shown in Figure 3.5. Three mesh structures with different numbers of meshes are generated
and single-phase calculations are conducted. Fluid flows upwards along the Z direction.
The calculated wall temperature with three different mesh numbers is displayed in Figure
3.6(a). As seen, the effect of mesh number has a negligible effect on the predicted wall
temperature in case that the mesh number is larger than 930,000. Therefore, from the
mesh sensitivity analysis, the mesh with 930,000 is taken to conduct further simulation.
Since the enhanced wall treatment is implemented in this simulation, the value of y+ in
the first layer mesh is examined and displayed in Figure 3.6(b). It can be seen that the y+

value of all the cells in the first layer is lower than 1, which means the mesh is fine enough
and meets the requirement of application of the enhanced wall treatment.

Figure 3.5: Geometry

In the calculation, the inlet boundary condition for the vapor phase is specified as a mass
flow inlet, corresponding to the product of the steam quality at the dryout point and the
total mass flow rate. The inlet mass flow rate of droplets is held constant; however, their
initial diameters are varied to investigate the effects of droplet size on droplet behavior
and wall temperature. An experimental case from Becker et al. (1983) is adopted as the
reference condition. The boundary conditions for the selected cases are summarized in
Table 3.2. At the dryout point, the steam quality is very high, and the droplet volume
fraction is below 1%, which satisfies the applicability requirements of the DPM method.
Three initial droplet diameters dp0 —0.05 mm, 0.1 mm, and 0.2 mm—are selected to assess
the influence of initial droplet size.
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(a) Mesh sensitivity analysis (b) The y+ value of the first layer mesh

Figure 3.6: Mesh information

Table 3.2: Boundary conditions of reference case

Pressure Mass Flux Heat Flux Dryout
Quality

Initial Droplet
Diameter

[MPa] [kg/(m²·s)] [kW/m2] [—] [mm]

Reference Case 1 7.0 500 466 0.883 0.1

Reference Case 2 7.0 500 466 0.883 0.2

Reference Case 3 7.0 500 466 0.883 0.05

3.4 Results Analysis

In this section, the predicted wall temperatures for the three reference cases are presented
and compared with experimental data. The influences of droplet size, pressure, and mass
flux on the vapor temperature profile are analyzed. The dynamic and evaporation be-
haviors of droplets are thoroughly investigated based on the reference cases. Additional
simulations with constant wall temperatures and without droplet evaporation are per-
formed to further explore droplet deposition behavior and the impact of evaporation on
deposition.

3.4.1 Wall Temperature

The wall temperature measured in Becker’s experiment and the predicted wall temperature
by the current calculation are compared in Figure 3.7. The predicted wall temperatures
with three initial droplet sizes encompass the profile of the measured wall temperatures
from the experiment. This agreement further demonstrates the reliability of the current
CFD model for simulating PDO heat transfer. It is also observed that injecting smaller
droplets results in lower predicted wall temperatures. Additionally, the cross-sectional
average vapor temperature for each case is presented. Initially, the average vapor tem-
perature equals the saturation temperature, represented by the blue dashed line, but the
degree of superheating increases along the test section. By the end of the section, the va-
por is superheated by approximately 60°C. The case with smaller initial droplets yields a
lower wall temperature and slower vapor temperature increase, while larger initial droplets
result in higher wall and vapor temperatures. This indicates that smaller droplets provide
more effective wall cooling in the PDO region.
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Figure 3.7: Droplet and vapor temperature distribution along heated length

3.4.2 Vapor Behaviors

The radial profiles of vapor temperature and vapor velocity for both the single-vapor case
and the vapor-droplet mixture case are compared in Figure 3.8. It is observed that the
vapor velocity decreases from the tube center toward the wall, while the vapor temper-
ature increases with radial distance from the center. The light blue curve in the Figure
3.8(b) represents the saturation temperature. The vapor is highly superheated especially
those close to the wall. Compared to the single-vapor case, the presence of droplets in

(a) Radial profiles of vapor velocity (b) Radial profiles of vapor temperature

Figure 3.8: Comparison of radial distributions of vapor parameters in cases of
single-phase and vapor-droplet mixture

the vapor-droplet mixture leads to lower vapor temperatures and velocities. Although
droplet evaporation can increase steam quality and potentially enhance vapor velocity, the
accompanying reduction in vapor temperature dominates, resulting in an overall decrease
in vapor velocity in the presence of droplets evaporation.

To display the droplet effect on the vapor profiles, the dimensionless vapor temperature
T+ and dimensionless vapor velocity u+ are calculated according to Equation (3.13). The
dimensionless velocity u∗ is determined by the wall shear stress τw with fluid properties
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at the wall temperature, while the bulk vapor velocity is denoted as uvb. For y+ and T+

calculations at various radial positions, vapor properties are referenced to the local vapor
temperature Tv.

u∗ =

√
τw
ρvw

(3.13a)

u+ =
uvb
u∗

(3.13b)

y+ = y · u
∗ρv
µv

(3.13c)

T+ =
(Tw − Tv) ρvcp,vu

∗

q′′w
(3.13d)

Figure 3.9 presents the non-dimensional temperature profile T+ and velocity profile u+ as
a function of the wall-normal coordinate y+ for both single-phase flow and vapor-droplet
mixtures with varying initial droplet diameters. In Figure 3.9(a), it can be seen that the
presence of droplets modifies the near-wall thermal behavior significantly. Notably, the
case with the smallest droplet size (dp0 = 0.05mm) yields the highest T+ values in the
near-wall region (y+ < 300). As shown earlier in Figure 3.7 this case also corresponds to a
lowest wall temperature. Therefore, the increase in T+ indicates a pronounced reduction
in the local vapor temperature near the wall. This is attributed to the rapid evaporation
of fine droplets, which absorb large amount of heat from the surrounding vapor during
phase change, thereby steepening the temperature gradient. Consequently, the elevated T+

reflects enhanced convective heat transfer driven by the high efficiency droplet evaporation.
In contrast, larger droplets exhibit a more moderate influence on the thermal boundary
layer, with their T+ profiles approaching that of the single-phase case. On the other
hand, the existence of droplets show less effects on u+ profiles as shown in Figure 3.9(b),
though significant differences persist between the curves due to the combined influence of
evaporative cooling and enhanced vapor mass flux.

(a) Vapor temperature (b) Vapor axial velocity

Figure 3.9: Dimensionless vapor temperature and vapor profile in the radial direction of
reference cases

To examine the impact of droplet evaporation on vapor temperature profiles under varying
boundary conditions, the cases listed in Table 3.3 are simulated, and the resulting T+

profiles are shown in Figure 3.10.

Figure 3.10(a) shows the T+ profiles for both low mass flux (Reference Case 2 in Table 3.2)
and high mass flux (Case 3 in Table 3.3) with the initial droplet size of 0.2 mm. For
the lower mass flux case, the T+ profiles of the vapor-droplet mixture and the single-
phase vapor are similar, as discussed previously. In the higher mass flux case, although
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the relative difference becomes more pronounced, the slope of the T+ profile remains
comparable. This suggests that increasing mass flux has only a limited increase effect of
droplet evaporation on the T+ profile.

Figure 3.10(b) shows the T+ profiles for vapor-droplet mixtures and single-phase vapor
under varying pressure conditions (Reference Case 2 and Case 4 in Table 3.3), with a same
initial droplet size of dp0 = 0.2mm. As pressure increases from 7 MPa to 12 MPa, the
T+ profile for the mixture becomes increasingly flatter, especially in the near-wall region.
This indicates a slower increase in vapor temperature away from the wall, suggesting that
droplet-induced evaporative cooling becomes more effective at higher pressures. Further-
more, the slope difference between the mixture and single-phase T+ profiles becomes more
pronounced with increasing pressure. This behavior implies that droplet evaporation has
a stronger influence on the thermal boundary layer at elevated pressures, particularly near
the wall.

Table 3.3: Boundary conditions of cases with different mass fluxes and pressures

Pressure Mass flux Heat flux Dryout
Quality

Initial Droplet
Diameter

[MPa] [kg/(m²·s)] [kW/m2] [—] [mm]

Reference Case 2 7.0 500 466 0.884 0.2

Case 3 7.0 1000 604 0.705 0.2

Case 4 12.0 500 317 0.677 0.2

(a) vapor temperature profile under different mass
flues

(b) Vapor temperature profile under different pres-
sures

Figure 3.10: Dimensionless vapor temperature profile in radial direction of other cases

The enhanced modification on T+ at high pressure can be attributed to a combination
of factors, including longer droplet residence time in the vapor flow and a higher droplet
volume fraction, both of which promote sustained heat absorption through phase change.
As a result, the near-wall vapor is more effectively cooled, leading to a reduced local vapor
temperature and a flatter T+ gradient.

3.4.3 Droplet Dynamic Behaviors

In this section, the dynamic behavior of droplets—including size, spatial distribution,
velocity, and mass concentration—is systematically analyzed based on the reference cases
presented in Table 3.2. Building on this analysis, the evaporation characteristics of droplets
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in the PDO region are examined in detail. A qualitative assessment is first conducted us-
ing contour plots of evaporation rate density, followed by a quantitative comparison of its
radial distribution for various droplet sizes. Furthermore, the total evaporation of droplets
in the entire flow region and on the wall surface is collected to investigate the proportion
of droplet evaporation on the wall. The analysis of droplet evaporation highlights that
droplet radial transport plays a critical role, not only in wall-droplet heat transfer but
also in influencing the radial distribution of droplets, which in turn affects interfacial heat
transfer. Therefore, the droplet deposition behaviors are investigated through the droplet
moving trajectory, droplet radial velocity, and droplet overall lateral movement with dif-
ferent initial droplet sizes in detail. The radial velocities of the droplets are displayed
in histogram form to statistically represent their radial movements. The overall lateral
movements are quantitatively assessed based on three derived deposition parameters, net
deposition mass flux, deposition velocity and entrainment velocity. In addition, the effects
of droplet evaporation on the droplet deposition behavior under various wall temperatures
are investigated based on these three parameters.

3.4.3.1 Dynamics of Droplets

In the process of heat exchange between droplets and superheated vapor, the droplet size
and mass concentration primarily determine the available interfacial area for heat transfer.
Droplet velocity directly influences the interfacial heat transfer efficiency. Additionally, due
to the radial variation in vapor temperature, droplets at different radial positions experi-
ence significantly different thermal environments, leading to spatially varying evaporation
characteristics. Therefore, this section presents the droplet size, spatial distribution, veloc-
ity, and mass concentration profiles to characterize droplet dynamics in the PDO region.

(A) Droplet size and location distribution

Prior to dryout, a liquid film exists on the wall, and droplets are subsequently entrained
into the central vapor core, initially distributed within a radial range of 7 mm. Due to
turbulence-induced transverse motion, the initially uniform droplet distribution becomes
increasingly nonuniform along the axial direction. Simultaneously, droplet size evolves as
the increase in heated length due to evaporation in the superheated vapor.

To enable statistical analysis of droplet characteristics, a 10-cm-thick slice from 1.05 m
to 1.15 m in z direction is selected as the target zone. Figure 3.11 presents two comple-
mentary visualizations for the case with an initial droplet diameter of dp0 = 0.2 mm: the
spatial distribution of droplets within the target zone and the radial profile of their mean
size and variability to provide both qualitative and quantitative insights into the spatial
organization and size variation of droplets under this condition.

Figure 3.11(a) shows the spatial distribution of droplets in this region for the case with an
initial droplet diameter of dp0 = 0.2 mm. In this case, the relatively smaller total number
of droplets facilitates clearer visualization. The droplets appear more densely clustered
near the tube center and close to the wall. The color indicates droplet diameter, with
lighter colors representing larger droplets. It is evident that droplets in the central region
tend to be larger than those near the wall.

To further quantify the radial variation in droplet size, the mean droplet diameter is com-
puted and plotted in Figure 3.11(b). Error bars represent the RMS deviation, indicating
size dispersion at each radial position. The results show a clear trend: from the center
toward the wall, the average droplet size decreases, while the size variability increases.
Notably, in the near-wall region, although the mean droplet size is the smallest, large
droplets are still present, as reflected in the high RMS values. This suggests strong local
inhomogeneity in droplet evaporation and transport behavior.

41



3. CFD Simulation on Droplet Behaviors in PDO region

(a) Droplet scatter plot (b) Droplet average size and error bar

Figure 3.11: Droplet scatter plot and radial distribution of droplet average size of
dp0 = 0.2mm in the target zone

(B) Droplet Velocity

According to Equation (3.3), the droplet Reynolds number used in the interfacial Nusselt
number correlation is directly proportional to the velocity difference between the droplet
and the surrounding vapor. A higher interfacial velocity leads to increased drag force
and enhanced interfacial heat transfer. With the aid of CFD simulation, both the droplet
velocity and the detailed velocity distribution can be quantitatively analyzed. Figure 3.12
presents the radial distribution of axial velocities within the selected analysis zone. The
vapor axial velocities of individual mesh cells are indicated by red dots. From the figure, the
radial profiles of droplet velocity, vapor velocity, and their difference are clearly illustrated.
It is observed that the vapor axial velocity decreases with increasing radial distance from

Figure 3.12: Plot of droplet and vapor axial velocity of case dp0 = 0.1mm
in the target zone

the centerline. Droplets exhibit a similar trend, as they are predominantly carried by the
vapor flow. However, the spatial variation in droplet velocity is significantly larger than
that of the vapor. In the central region, vapor typically travels faster than the majority
of droplets. Conversely, near the wall, an increasing number of droplets exceed the local
vapor velocity. Moreover, the dispersion in droplet axial velocity becomes more pronounced
near the wall. Notably, some droplets in the near-wall region retain high axial velocities
comparable to those found at the center, suggesting strong momentum and heat exchange
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in the wall vicinity.

To get a clear droplet velocity distribution and the relative interfacial velocity, the target
zone is divided into several sections along the radial direction and the average values are
calculated for each section.

uvz =

∑n
i=0 ρv,iuvz,iVmesh,i∑n

i=0 ρv,iVmesh,i
(3.14a)

udz =

∑m
j=0md,judz,j∑m

j=0md,j
(3.14b)

Here n and i in the Equation (3.14) refer to the total amount of mesh in this section and
the ith mesh. m and j refer to the total amount of droplets number exist in this section
and the jth droplet.

Figure 3.13 presents the calculated average axial velocities of droplets and vapor for two
different initial droplet sizes. Due to the drag force, the droplets generally follow the
vapor flow, exhibiting a similar velocity profile. However, in regions of high vapor veloc-
ity—particularly near the tube centerline—the droplet velocity slightly lags behind that
of the vapor. As high-velocity droplets migrate from the center toward the wall, they ex-
perience deceleration due to the reduced vapor velocity in the near-wall region. Notably,
the decrease in droplet velocity tends to lag behind the corresponding reduction in vapor
velocity. As a result, droplets can retain relatively high velocities even in the vicinity of the
wall, leading to an increased interfacial velocity. In the near-wall region, this interfacial
velocity can reach values up to 5 m/s. When comparing cases with different initial droplet

(a) dp0=0.1 mm (b) dp0=0.2 mm

Figure 3.13: Radial distribution of average axial vapor and droplet velocity

sizes, it is evident that the interfacial velocity is higher for larger droplets. This can be
attributed to the greater inertia of larger droplets, which makes them less responsive to
changes of surrounding vapor. This trend is consistent with the experimental observations
reported by Lee and Almenas (1982), as shown in Figure 3.14. In Lee’s study, the hori-
zontal axis denotes the normalized radial position from the centerline to the wall, while
the vertical axis represents the droplet velocity relative to the centerline vapor velocity.
Similar to the present simulation, Lee’s experimental results also demonstrate an increase
in interfacial velocity with increasing radial distance to the tube center. And the interfa-
cial velocity is also found larger in cases with larger droplet size. This agreement further
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proves the validation of current CFD simulation. The absolute magnitude of interfacial
velocity reported by Lee is significantly higher. This discrepancy is primarily due to the
use of glass particles and air in Lee’s experiments where the density ratio between phases
approximately 50 times greater than that of the droplet–vapor system.

(a) dp0=0.1 mm (b) dp0=0.2 mm

Figure 3.14: Radial distribution of average axial vapor and droplet velocity from Lee and
Almenas (1982)

(C) Droplet Mass Concentration

Considering the importance of droplet concentration in the interfacial heat transfer, the
radial distributions of droplet mass flux in the target zone with three initial droplet sizes are
plotted in Figure 3.15. Although the droplets are injected uniformly into the flow region,
they later distribute in a W-shaped pattern. In the central region, the droplets exhibit a
relatively high mass concentration, which decreases with increasing radial distance until
it reaches a near-wall position. At this point, a sharp increase in mass concentration is
observed, followed by a rapid decrease within the close wall region. Consequently, the
droplet mass concentration distribution curve exhibits two peaks and one valley across
the channel cross-section. This W-shaped distribution pattern is observed across all three
cases. In the case with the largest initial droplet size, the droplet mass concentration along
the radial distance remains consistently higher due to weak evaporation. Notably, the peak

Figure 3.15: Radial distribution of droplet mass concentration with different initial
droplet size in the target zone
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mass concentration near the wall for droplets with dp0=0.05 mm is smaller compared to
the peak value in the central region, whereas in the other two cases, the near-wall peak is
higher. This is caused by the intense evaporation happens in the near wall region.

3.4.3.2 Droplet Evaporation Behaviors

In superheated vapor flows, droplets absorb heat and gradually evaporate into the sur-
rounding vapor, thereby increasing the overall vapor mass flow rate while simultaneously
moderating the growth of vapor superheat. Droplet evaporation also alters the radial va-
por temperature distribution, which in turn affects the convective heat transfer coefficient
at the wall. In mechanistic modeling, one of the main challenges in predicting local steam
quality and vapor temperature lies in the uncertainties associated with droplet evaporation
behavior.

This section presents a detailed investigation of droplet evaporation characteristics in su-
perheated vapor, based on CFD simulation results. The local evaporation rate is extracted
at the mesh level. Since the mesh size varies between the near-wall and core regions, a
normalized parameter—evaporation rate density—is introduced, defined as the evapora-
tion rate per unit volume of each control volume. This enables a consistent comparison of
evaporation intensity across the channel cross-section.

Figure 3.16 illustrates the spatial distribution of evaporation rate density in the target
region for cases with initial droplet diameters of dp0 = 0.1 mm and dp0 = 0.2 mm. The
near-wall region clearly exhibits much stronger evaporation than the core, especially for
dp0 = 0.1 mm. A distinct high-evaporation layer forms adjacent to the heated surface,
with intensity increasing toward the wall. Although evaporation intensity is generally
lower in the dp0 = 0.2 mm case, a pronounced radial disparity remains, with evaporation
concentrated near the wall. These findings highlight the strong dependence of evaporation
dynamics on initial droplet size and radial location in superheated vapor flows.

To better illustrate the radial distribution of droplet evaporation, the mesh layer at a height
of 1.1 m is extracted and divided into 20 annular sections. Figure 3.17(a) presents the
evaporation rate density of each section, defined as the total mass source within the section
divided by its volume. As shown, the evaporation rate density rises sharply from the tube
center toward the wall, with the maximum difference exceeding an order of magnitude.
Within 1 mm of the wall, the average evaporation rate density is about twice that of the
entire cross-section and three times higher than that of the central region. This pronounced
near-wall evaporation explains the smaller droplet sizes observed in Figure 3.11, as well as
the sharp decrease in droplet mass concentration in the near-wall zone. When comparing
cases with different initial droplet sizes, the evaporation rate density remains similar in
the central region but diverges significantly near the wall, with local differences reaching
a factor of two.

The vapor temperature distribution at the same axial location is shown in Figure 3.17(b).
For larger initial droplet sizes, the vapor temperature at a given radial location is con-
sistently higher. Together with Figures 3.15 and 3.17(b), it is evident that the case with
dp0 = 0.05 mm yields the lowest droplet mass concentration and the lowest average vapor
temperature, yet exhibits the highest evaporation rate density. This indicates that the
initial droplet size at the dryout point plays a decisive role in determining interfacial heat
transfer efficiency and the resulting wall temperature distribution in the PDO region.

The total droplet evaporation rates over the entire heated section are summarized in
Table 3.4. As the initial droplet size decreases, the overall evaporation rate increases.
However, the difference among cases is smaller than that in initial droplet surface area,
which directly governs interfacial heat transfer. For instance, halving the droplet diameter
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(a) dp0=0.05 mm (b) dp0=0.1 mm

(c) dp0=0.2 mm

Figure 3.16: Contour of evaporation rate density in the target zone

(a) Evaporation rate density profile (b) Vapor temperature profile

Figure 3.17: Radial distribution of evaporation rate density and vapor temperature

doubles the total interfacial area at the inlet (for equal droplet mass flow rates), but
the overall evaporation rate does not increase by the same factor. According to interfacial
heat transfer models, larger droplets yield higher vapor temperatures because of their lower
evaporation rates. Overall, the difference in interfacial area due to droplet size exerts the
dominant influence on evaporation.
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Table 3.4 also lists the evaporation rate from wall-adjacent cells, showing that less than
2% of total droplet evaporation occurs directly on the wall in the PDO region. Moreover,
for larger droplets, the wall temperature is higher and the ratio of wall evaporation to
total evaporation is lower.

Table 3.4: Droplet evaporation rate on the wall

Overall evaporation rate Evaporation rate on wall Ratio

[kg/s] [kg/s] [%]

dp0 = 0.05mm 7.95× 10−3 9.30× 10−5 1.1698

dp0 = 0.1mm 5.19× 10−3 3.76× 10−5 0.7245

dp0 = 0.2mm 2.53× 10−3 1.56× 10−5 0.6166

This observation supports the hypothesis that the high evaporation rate in the near-wall
region in Figure 3.11(a) occurs within the vapor layer adjacent to the wall, where super-
heating is significant. To confirm this, the evaporation rates of all mesh cells within 1 mm
of the wall are summed and compared with the total evaporation rate. As shown in Table
3.5, approximately 50% of the droplet evaporation takes place within this 1 mm-thick
near-wall region, which accounts for only 25% of the cross-sectional area. This implies
that the evaporation efficiency in the near-wall region is approximately three times that
in the central region.

This analysis highlights a stark contrast between droplet evaporation behaviors in the
center and near-wall regions. However, most mechanistic models for PDO interfacial heat
transfer rely on cross-sectionally averaged quantities, such as mean vapor temperature
and uniform droplet concentration. The present CFD results suggest that interfacial heat
transfer in the PDO region should be modeled separately for the central and near-wall
zones, accounting for their distinct vapor temperature distributions and droplet evapora-
tion rates.

Table 3.5: Droplet evaporation rate in the near-wall region

Overall evaporation rate Near-wall evaporation rate Ratio

[kg/s] [kg/s] [%]

dp0 = 0.05mm 7.95× 10−3 3.73× 10−3 46.87

dp0 = 0.1mm 5.19× 10−3 3.01× 10−3 57.82

dp0 = 0.2mm 2.53× 10−3 1.39× 10−3 54.94

3.4.3.3 Droplet Deposition Behaviors

It is well established that particles suspended in gas flows tend to migrate toward and
deposit on the wall. Numerous correlations for particle deposition rates have been devel-
oped based on non-heated experiments (Lee and Almenas, 1982; Liu and Ilori, 1974). In
contrast, limited research has addressed droplet deposition on heated walls. The presence
of droplet evaporation near heated walls introduces additional complexity that can signif-
icantly affect deposition behavior. Furthermore, in previous mechanistic models, droplet
deposition was typically considered only in the context of wall–droplet heat transfer, where
the deposition rate was calculated to estimate the number of droplets undergoing direct
thermal contact with the wall. However, as indicated in Table 3.4 and Table 3.5, the actual
evaporation occurring on the wall surface is minimal compared with that in the adjacent
near-wall vapor layer.
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In the central region, where the vapor temperature is relatively low, the evaporation rate is
limited, as shown in Section 3.4.3.2. In contrast, the near-wall region exhibits significantly
higher vapor temperatures, resulting in elevated evaporation rates. As droplets near the
wall evaporate, their loss is continuously offset by transverse droplet transport from the
central region, thereby sustaining high evaporation rates. This dynamic highlights the
importance of transverse droplet motion in influencing interfacial heat transfer efficiency.

Therefore, this section focuses on a detailed analysis of droplet deposition behavior in the
PDO region. First, a statistical characterization of droplet transverse motion in super-
heated turbulent vapor flow is conducted. Subsequently, three deposition parameters are
defined and applied to quantitatively assess the radial migration of droplets from the cen-
tral to the near-wall region, as well as the influence of evaporation on the overall deposition
process.

(A) Droplet Trajectories

From Equation (3.1), the lateral movement of droplets in the vapor flow is governed by
the drag force, which depends on the velocity difference between the instantaneous va-
por velocity and the droplet velocity. According to the stochastic dispersion method, the
instantaneous vapor velocity is represented as the sum of the mean velocity and the fluc-
tuation velocity (Equation (3.5)). In the radial direction, the time-averaged velocity is
very small compared with the fluctuation velocity. Thus, droplet transverse motion in the
vapor flow is primarily controlled by the fluctuation velocity.

In Figure 3.18, the trajectories of 4 droplets with initial diameter dp0=0.2 mm are shown.
Their trajectories are tracked over 25 time steps, with a time step length of 0.001 s.

(a) droplet No.1 (b) droplet No.2

(c) droplet No.3 (d) droplet No.4

Figure 3.18: Examples of droplet trajectory in the near wall region with case of
dp0=0.2 mm (Xia and Cheng, 2025b)

The horizontal axis represents the droplet position in the z-direction, while the vertical
axis represents the radial position of the droplet relative to the center of the tube. The
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red arrow indicates the radial velocity of the droplet at that position. The arrow length
corresponds to the magnitude of the radial velocity, and its direction indicates the velocity
direction. When the arrow points toward decreasing radial position, the radial velocity is
negative, and the droplet moves toward the heated wall.

Figure 3.18(a) shows the trajectory of a droplet leaving the near-wall region. During the
lateral movement, the droplet also moves axially from a height of 0.65 m to 1.0 m. Initially,
the droplet fluctuates in the near-wall region, where its radial velocity is so small that the
arrow is nearly invisible. As it moves away from the wall, its radial velocity increases. The
rising velocity enhances the interfacial drag force, which subsequently reduces the droplet
velocity as it approaches a radial distance of 6.6 mm. Thereafter, the droplet accelerates
again due to the fluctuation velocity and moves toward the tube center at relatively high
speed.

The droplet trajectory in Figure 3.18(b) illustrates a droplet moving toward the wall along
a more tortuous path. Initially, the droplet attempts to approach the wall but experiences
deceleration and is temporarily redirected in the opposite direction. Subsequently, it passes
the control volumes with fluctuation velocity toward the wall, allowing it to resume move-
ment in that direction. After several time steps of gradual approach, the droplet is likely
to reach the wall in subsequent steps.

Figure 3.18(c) shows the trajectory of a droplet that reaches and impacts the wall. The
droplet initially fluctuates at the edge of the near-wall region, then accelerates toward the
wall and finally touches it at high velocity. The wall impaction rebounds the droplet back
into the flow, changing its velocity direction. After reflection, the droplet moves toward
the main flow with decreasing velocity.

In contrast, Figure 3.18(d) shows a droplet attempting to approach the wall but contin-
uously decelerating. Its velocity becomes nearly imperceptible as it nears the wall. The
droplet fluctuates in the near-wall region until the last three time steps. It acquires a small
negative radial velocity but remains in the near-wall region. Comparison between droplets
No. 3 and No. 4 reveals that droplets exhibit different behaviors when moving toward
the wall: some accelerate and reach the wall, bouncing back, while others decelerate and
fluctuate near the wall without reaching it.

These trajectories suggest that droplets experience random drag forces in both magnitude
and direction due to turbulence. Only those droplets that regain sufficient radial velocity
through turbulent interactions with the vapor phase can eventually reach the wall. More-
over, droplets passing through the buffer layer may be reflected back into the main flow,
become trapped within the buffer layer, or continue fluctuating in the near-wall region.

(B) Droplet Radial Velocity

To statistically analyze droplet lateral movement, the distribution and average droplet
radial velocity are selected as key parameters from the simulation results. The statistical
method used is depicted in Figure 3.19(a). To ensure statistical significance, an area with
height ∆z and thickness ∆r is chosen at a radial distance rc from the center of the tube.
∆r is defined as 0.1 times the distance to the wall. All droplets in this area are collected,
as shown in Figure 3.19(b).

To investigate lateral movement, the droplet radial velocity is presented as a histogram,
showing the radial velocity and the corresponding droplet count within a velocity range.
The radial distance rc is set to 7 mm, where vapor temperature and evaporation rate
density begin to increase (Figures 3.16 and 3.17). ∆z is set to 0.3 m, ensuring a sufficient
number of droplets for analysis. For instance, in the case with dp0 = 0.2 mm, although the
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(a) Front view (b) Top view

Figure 3.19: Droplets collection method for averaging the droplet radial velocity

droplet count is lower than in other cases, approximately 6,000 droplets are still collected
within this selected area.

In Figures 3.20 and Figure 3.21, the radial velocity of droplets in the case of dp0=0.2 mm
and dp0=0.05 mm are selected to illustrate the distribution of droplet radial velocity and
to examine the effect of droplet size. The width of each bin is .4.02 m/s.

(a) Droplet with positive radial velocity (b) Droplet with negative radial velocity

Figure 3.20: Droplets radial velocity of case dp0=0.2 mm (Xia and Cheng, 2025b)

As can be seen from Figure 3.20(a) and Figure 3.20(b), the distribution of droplets with
positive radial velocity roughly conforms to the normal distribution in positive x-axis.
However, Figure 3.20(b) reveals a high concentration of droplets with small negative radial
velocities, a trend that becomes even more pronounced in Figure 3.21(b). Approximately
2,000 out of 6,000 droplets (33%) in case of dp0=0.2 mm have very small negative radial
velocity. In the case of dp0=0.05 mm, 35,000 out of 40,000 droplets fall into this category,
accounting for as high as 87.5%. These figures indicate that smaller droplet sizes are
associated with a higher proportion of droplets exhibiting small negative radial velocities.
Additionally, droplets with smaller initial droplet sizes display a broader range of radial
velocities in both directions. Droplets with large radial velocities are relatively rare; for
instance, in the case with dp0=0.2 mm, only 42 droplets have radial velocities exceeding
0.4 m/s, comprising just 1.65% of all droplets with positive radial velocities. Similarly,
only 5 droplets exhibit radial velocities smaller than -0.4 m/s. Comparing the number of
droplets with absolute radial velocities greater than 0.1 m/s, there are 2,424 droplets in
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(a) Droplet with positive radial velocity (b) Droplet with negative radial velocity

Figure 3.21: Droplets radial velocity of case dp0=0.05 mm

the left-hand figure and only 487 droplets in the right-hand figure. The average droplet
radial velocity with a positive value is called average radial velocity in the following text.
In the case with dp0=0.2 mm the average radial velocity is 0.111 m/s while in the case
with dp0=0.05 mm it is 0.205 m/s.

From the droplet trajectory shown in Figure 3.18, the droplet radial velocity always changes
as it approaches the wall. Thus, by adjusting the value of rc, droplets are collected at
varying distances from the wall to construct the radial profiles of the average droplet radial
velocity toward the wall. In Figure 3.22, the x-axis is the distance from the collection region

Figure 3.22: Radial distribution of droplet average radial velocity toward the wall (Xia
and Cheng, 2025b)

to the tube center, rc, divided by the tube radius R. The y-axis represents the average
deposition velocity at this radial position. The error bars in the figure represent the
standard error (SE) of the droplet’s average deposition velocity. The deposition velocity
profile exhibits a decreasing trend as the distance to the wall decreases. A significant
difference in deposition velocity is observed between the central region and the near-wall
region. The deposition velocity for droplets with smaller initial sizes is consistently higher
than for those with larger initial sizes. Therefore, the droplet diameter has a pronounced
effect on the droplet deposition velocity.
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(C) Analysis with derived droplet deposition parameters

To more effectively capture the overall lateral movement of the droplets, three deposition
parameters, droplet deposition mass flux, deposition velocity and entrainment velocity are
derived based on the method illustrated in Figure 3.23. At time t, a region with a height

Figure 3.23: Post-processing method

of ∆z0 is selected, and the flow domain is divided into a central region and a near-wall
region based on a cutoff distance rc. For the subsequent analysis, rc is set to 7 mm as
in the previous evaporation analysis. Sensitivity analysis is also performed with different
values of rc and found that the selection of rc value does not affect the trends of deposition
parameters in the near wall region. After one time step ∆t, the height of the flow domain
is extended to ∆z1. The distance of ∆z1 is based on the criterion that the axial distance
traveled by droplets within one time step cannot exceed the length difference ∆z1 −∆z0.
At time t+∆t, droplets are identified again and compared with the droplets collected at
the previous time point. Droplets that were in the central region at time t and appear in
the near-wall region at time t+∆t are identified as deposition from the central region to
the near-wall region. Similarly, droplets that were in the near-wall region at time t but are
found in the central region at time t+∆t are classified as entrainment from the near-wall
region to the central region. The corresponding mass flux is calculated by:

ṁd,c−n =

∑i
0md,c−n

∆t ∗∆z0 ∗ 2rc ∗ π
(3.15)

The droplet mass flux from the near-wall region to the central region is identified as ṁd,n−c

and calculated by:

ṁd,n−c =

∑n
0 md,n−c

∆t ∗∆z0 ∗ 2rc ∗ π
(3.16)

The droplet net deposition mass flux is calculated by:

ṁd,net =

∑n
0 md,c−n −

∑j
0md,n−c

∆t ∗∆z0 ∗ 2rc ∗ π
(3.17)

The calculated mass fluxes of cases with different initial droplet sizes are shown in Table
3.6. It can be seen that, in contrast to the results presented in Figure 3.22—where smaller
droplets exhibit higher average deposition velocities—the droplet mass flux from the central
region to the near-wall region, as shown in Table 3.6 increases with droplet size. However,
as the droplet mass flux from the near-wall region to the central region also increases with
droplet size, the net deposition flux does not show a clear dependence on droplet size.

In cases with different initial droplet sizes, varying droplet mass concentrations are ob-
served at same heated length due to differences in evaporation rates. Larger droplets,
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Table 3.6: Droplet deposition mass flux

ṁd,c−n

[kg/(m²·s)]

ṁd,n−c

[kg/(m²·s)]

ṁd,net

[kg/(m²·s)]

dp0=0.05 mm 0.06498 0.02079 0.04419

dp0=0.1 mm 0.07937 0.03149 0.04788

dp0=0.2 mm 0.09328 0.04996 0.04332

with lower evaporation rates, retain higher mass concentrations, which in turn influences
droplet deposition. Therefore, to eliminate the influence of droplet concentration, the
derived droplet velocities for radial movement are calculated by:

kd,c-n =
ṁd,c-n

Cc
(3.18)

kd,n-c =
ṁd,n-c

Cn
(3.19)

Cc and Cn are the droplet mass concentration in the central and near-wall region of the
target zone. The derived droplet lateral velocities kd,c−n and kd,n−c refer to deposition ve-
locity and entrainment velocity in this study, representing the lateral exchange of droplets
between two regions. The calculated results are displayed in Table 3.7 and show that after
removing the influence of droplet concentration, the deposition velocity of droplets from
the central region to the near-wall region increases as droplet size decreases, which is con-
sistent with the observation from Figure 3.22. This comparison highlights the dependence
of droplet deposition velocity on droplet size.

Table 3.7: Calculated droplet deposition velocity and entrainment velocity

kd,c-n

m/s

kd,n-c

m/s

dp0 = 0.05mm 0.05182 0.01971

dp0 = 0.1mm 0.03937 0.00664

dp0 = 0.2mm 0.03146 0.00893

(D) Comparison with literature correlations

Previous deposition correlations typically estimate deposition velocities by calculating the
rate at which particles deposit from the turbulent core to the edge of the buffer layer,
corresponding to a y+value of approximately 30. For comparison with correlations in the
literature, the boundary between the central and near-wall regions is now set at y+= 30,
where the value of rc is 6 × 10−5, as derived from the CFD-calculated wall shear stress.
The deposition mass flux between the turbulent core and the buffer layer is calculated and
shown in Table 3.8. The calculated deposition and entrainment mass fluxes at y+= 30
are significantly smaller than those in Table 3.6, consistent with the trend in Figure 3.22,
where droplet deposition velocity decreases as particles approach the wall.

The correlations of Yang and Lee (1991), Friedlander and Johnstone (1957) and Kataoka
et al. (1983) are displayed in Table 3.9. The calculated deposition velocity obtained from
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Table 3.8: Droplet deposition mass flux from turbulent core to buffer layer of reference
case 1

ṁd,c-n ṁd,n-c ṁd,net

[kg/(m2· s)] [kg/(m2· s)] [kg/(m2· s)]

dp0 = 0.1 mm 0.05119 0.04457 0.00662

Table 3.9: Droplet deposition correlations from literature for comparison

Authors Correlations

Yang and Lee

kd = u∗
1.224ηb

1.33 + 2.44ηb ln

1+2

(
1− 30

Re

√
Cf
2

)2

1−
(
1− 30

Re

√
Cf
2

)2


Friedlander and Johnstone

kd =



u∗

 1

1√
Cf/2

+

(
1525

0.81τ2+
−50.6

)
 , τ+ < 5.6

u∗

 1
1√
Cf/2

−13.73+5 ln
(

5.04
τ+/5.56−0.959

)
 , 5.6 ≤ τ+ < 33.3

u∗
√

Cf

2 , τ+ ≥ 33.3

Kataoka et al.

kd =
µg

Dt
· 0.22Re0.75l

(
µg

µl

)0.26

the simulation and literature are compared Table 3.10. It shows that the deposition ve-
locity of correlations from literature are much larger than the CFD simulation results.
Considering the droplet entrainment, the net droplet deposition mass flux is less in the
CFD simulation. This comparison further proves the idea that the current droplet depo-
sition models are not suitable for the PDO heat transfer.

Table 3.10: Comparison of deposition velocities from turbulent core to buffer layer across
different models

Current
Simulation

Yang Corre-
lation

Friedlander
Correlation

Kataoka
Correlation

Deposition Velocity (m/s) 0.02198 0.14280 0.04313 0.53519

3.4.3.4 Evaporation Effect on Droplet Deposition

In the PDO region, droplet evaporation alters the profiles of vapor temperature and veloc-
ity, which in turn influence droplet behavior, as also noted by Meholic (2011). Given the
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more intense evaporation near the wall, it can be inferred that the impact of evaporation
on droplet trajectories is likely more pronounced in this region. However, the effects of
evaporation on droplet deposition have not been extensively investigated, and experimental
studies are particularly challenging. CFD simulations, by contrast, offer valuable insights
into droplet deposition behavior under evaporative conditions. This subsection will thor-
oughly examine and analyze the effect of droplet evaporation on the droplet movement
between the central region and near-wall region.

To study the effect of evaporation on droplet deposition, the models for interfacial heat
and mass transfer in the case without evaporation are modified as follows: droplets absorb
heat from the superheated vapor, but will not evaporate and no mass transfer between
phases takes place. Numerical simulations for both cases-with and without evaporation-are
conducted under the same constant wall temperature to ensure more comparable vapor
temperature profiles. Apart from the wall boundary condition, the initial conditions follow
those outlined in Table 3.2. A constant wall temperature of Tw=800 K is applied, as this
value closely matches the average measured wall temperature.

Figure 3.24 presents the histogram of droplet radial velocities for the case with evapo-
ration, which aligns with the trend observed in Figure 3.22: the droplets with positive
radial velocity in Figure 3.24(a) almost follow the normal distribution in positive half-axis,
while a considerable number of droplets have a smaller negative radial velocity in Figure
3.24(b). Figure 3.25 shows the histogram of droplet radial velocities in the case without
evaporation. The droplets with positive radial velocity in Figure 3.25(a) do not follow
a Gaussian distribution, with a greater number of droplets with smaller positive radial
velocity. Additionally, Figure 3.25(b) indicates a reduction in the number of droplets with
small negative radial velocities compared to the case with evaporation shown in Figure
3.24(a). This comparison suggests that, in the presence of evaporation, more droplets tend
to move away from the wall rather than towards it. Evaporation significantly impacts the
radial velocities of the droplets, particularly by altering the direction of droplets with
small positive radial velocities, thereby reducing the number of droplets moving towards
the wall.

(a) Droplet with positive radial velocity (b) Droplet with negative radial velocity

Figure 3.24: Droplets radial velocity of case Tw = 800K dp0=0.1 mm with evaporation
(Xia and Cheng, 2025b)

The substantial increase in the number of droplets with small positive radial velocities
renders the average velocity an inadequate metric for representing the statistical char-
acteristics of droplet radial velocity in cases without evaporation. To analyze the effect
of evaporation on droplet deposition behavior, the net deposition mass flux, deposition
velocity, and entrainment velocity-defined in Equations (3.18) and (3.19) are presented in
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(a) Droplet with positive radial velocity (b) Droplet with negative radial velocity

Figure 3.25: Droplets radial velocity of case Tw = 800K dp0=0.1 mm without evaporation

Table 3.11 and Table 3.12 for a constant wall temperature of Tw = 800 K with varying
initial droplet sizes, alongside comparison models shown in Table 3.10.

As shown in Table 3.11, under non-evaporating conditions, the net deposition mass flux
ṁd,net decreases significantly as the initial droplet diameter increases. This trend becomes
less pronounced in the evaporating cases shown in Table 3.12. The data reveal that smaller
droplets exhibit a higher net deposition mass flux. Specifically, ṁd,net increases by nearly
fivefold when the droplet size is reduced from 0.2 mm to 0.1 mm. However, when further
reduced from 0.1 mm to 0.05 mm, the increase in deposition flux is smaller, indicating a di-
minishing return with decreasing size. Deposition velocity kd,c-n and entrainment velocity

Table 3.11: Droplet deposition parameters for Tw = 800K without evaporation

ṁd,net kd,c-n kd,n-c

[kg/(m2· s)] [m/s] [m/s]

dp0 = 0.05 mm 0.09497 0.06865 0.00272

dp0 = 0.1 mm 0.07600 0.04680 0.00351

dp0 = 0.2 mm 0.01691 0.02441 0.00812

Table 3.12: Droplet deposition parameters for Tw = 800K with evaporation

ṁd,net kd,c-n kd,n-c

[kg/(m2· s)] [m/s] [m/s]

dp0 = 0.05 mm 0.03481 0.04524 0.00267

dp0 = 0.1 mm 0.04842 0.04030 0.00721

dp0 = 0.2 mm 0.02685 0.02604 0.00925

kd,n-c characterize the lateral motion of droplets independent of their mass concentration.
In the absence of evaporation, decreasing the droplet size approximately halves the deposi-
tion velocity. With evaporation, this size-dependent trend in deposition velocity becomes
less significant. Conversely, the entrainment is enhanced in the evaporation condition. For
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example, when increasing the size from 0.05 mm to 0.1 mm, the entrainment velocity under
non-evaporating conditions increases slightly, whereas it increases by nearly threefold in
the evaporating case. The comparisons in Table 3.11 and Table 3.12 suggest that smaller
droplets favor higher deposition velocities but lower entrainment velocities. Evaporation
reduces deposition velocity while enhancing entrainment velocity, highlighting the critical
role of droplet size and phase change in deposition dynamics.

To prove the above conclusion, further simulations are conducted with two different wall
temperatures (600 K, 1000 K) and dp0 = 0.1 mm. The three cases represent weak evapora-
tion (600 K), medium evaporation (800 K), and strong evaporation (1000 K), respectively.
Table 3.13 presents the total evaporation rate across the entire flow region for the three
different wall temperatures, illustrating varying evaporation intensities. As the wall tem-
perature increases, the total evaporation rate also rises. Specifically, increasing the wall
temperature from 600 K to 800 K results in a threefold increase in the evaporation rate.

Table 3.13: Evaporation rate in flow region

Tw = 600 K Tw = 800 K Tw = 1000 K

Total evaporation rate (kg/s) 0.001783 0.005371 0.006537

In Table 3.14, the deposition parameters under the three wall temperatures with evapo-
ration are displayed. With the increase of wall temperature, the net deposition mass flux
decreases. The deposition velocity also decreases while the entrainment velocity increases.
It can be observed that higher evaporation rates lead to a lower deposition rate and a
higher entrainment rate. At higher wall temperatures, droplets at the same position are
smaller. Previous analysis has shown that smaller droplets typically have higher deposition
velocity. However, despite high evaporation rates, these smaller droplets still demonstrate
lower deposition velocity. This indicates that evaporation has a more pronounced inhi-
bition effect on deposition. Table 3.15 gives the deposition parameters at three different

Table 3.14: Droplet deposition parameters for dp0 = 0.1 mm at different wall
temperatures: with evaporation

ṁd,net kd,c-n kd,n-c

[kg/(m2·s)] [m/s] [m/s]

Tw = 600 K 0.06083 0.04140 0.00356

Tw = 800 K 0.04842 0.04030 0.00721

Tw = 1000 K 0.03121 0.02664 0.01245

wall temperatures without evaporation. The results show that as the wall temperature
increases, neither the deposition flux nor the deposition velocity exhibits significant change
in cases without evaporation. Only the entrainment rate increases slightly with the rise
in wall temperature, much less pronounced compared to the case with evaporation. When
comparing the deposition velocities in both cases—with and without evaporation—it is
clear that evaporation reduces the droplet deposition velocity while increasing the entrain-
ment velocity. As the wall temperature rises, evaporation becomes more intense, leading
to a stronger suppression effect on deposition velocity. In contrast, evaporation has a more
significant effect on enhancing the entrainment velocity, even at lower wall superheating
where evaporation is less significant. As evaporation intensity increases, the entrainment
velocity of droplets rises by approximately 2 to 3 times compared to conditions without
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Table 3.15: Droplet deposition parameters for dp0 = 0.1 mm at different wall
temperatures: without evaporation

ṁd,net kd,c-n kd,n-c

[kg/(m2·s)] [m/s] [m/s]

Tw = 600 K 0.07045 0.04204 0.00296

Tw = 800 K 0.07600 0.04680 0.00351

Tw = 1000 K 0.05786 0.04014 0.00403

evaporation. This comparison clearly indicates that evaporation not only inhibits droplet
deposition but also significantly enhances droplet movement toward the tube center. The
more intense the evaporation, the more pronounced this effect on droplet deposition be-
havior.

Therefore, the droplet deposition model developed for unheated surfaces is not well suited
for predicting droplet deposition in the PDO region. Correlations for droplet deposition
that account for evaporation should be reconsidered.

3.5 Conclusion

In this chapter, the DPM in ANSYS Fluent is selected to simulate droplet behavior in the
PDO region. Following model validation, a series of cases based on the experimental test
section of Becker et al. (1983), with varying initial droplet sizes, are analyzed. The pre-
dicted wall temperature and interfacial velocity show good agreement with experimental
data, confirming the reliability of the adopted modeling approach and underlying assump-
tions. Vapor temperature and velocity profiles are presented for scenarios both with and
without droplets, revealing that the presence of droplets significantly influences the vapor
temperature distribution. Droplet behavior—including droplet concentration distribution,
evaporation, and deposition under various wall temperatures—is thoroughly investigated
and analyzed. The main findings and conclusions are summarized as follows:

• With uniform droplet injection at the inlet, a W-shaped distribution of droplet mass
concentration forms along the flow direction. Droplets are more densely distributed
in both the tube center and the near-wall region. Moreover, droplets in the near-wall
region are smaller and have a larger velocity difference relative to the local vapor
phase. The smaller droplet size near the wall results from the higher evaporation
rate. The radial distribution of velocity and interfacial velocity difference under
different initial droplet sizes agrees well with experimental observations (Lee and
Almenas, 1982).

• Comparison of droplet evaporation rates on the wall and in the mainstream indi-
cates that direct contact heat transfer between droplets and the wall is negligibly
small compared to droplet evaporation within the entire flow channel. However,
droplet evaporation in the near-wall region—which accounts for about 25% of the
cross-sectional area—contributes to more than half of the total droplet evaporation.
Smaller droplets lead to higher evaporation rates, lower vapor temperatures, and
lower wall temperatures. This emphasizes the importance of accurately capturing
interfacial heat transfer to predict PDO heat transfer.

• To analyze droplet deposition behavior from the CFD results, individual droplet
radial velocity distributions and overall lateral movement are examined in detail.
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The distribution of droplet radial velocities shows that droplets moving toward the
wall follow a normal distribution along the positive semi-axis. Comparison across
cases with different droplet sizes reveals that smaller droplets exhibit higher average
radial velocities toward the wall, indicating that droplet lateral movement is highly
sensitive to droplet size. The droplet deposition model in the PDO region should
account for droplet size effects.

• Examination of cases with and without evaporation indicates that the number of
droplets with low radial velocities toward the wall is significantly reduced when
evaporation is present, whereas the number of droplets with low radial velocities
toward the tube center increases. By halting droplets with small positive radial
velocities, evaporation reduces the overall droplet deposition mass flux from the
central region to the near-wall region.

• Evaporation in the near-wall region tends to inhibit droplet movement toward the
wall while promoting their return to the main flow. The higher the wall temperature
or the greater the evaporation intensity, the more pronounced the effect of inhibiting
deposition and promoting entrainment. This indicates that droplet lateral movement
is significantly influenced by evaporation, especially under high evaporation intensity.
Consequently, deposition correlations derived from unheated walls are inapplicable to
PDO regions, highlighting the need for a new deposition model tailored to conditions
with droplet evaporation.
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4. Experimental Investigation on Droplet
Behaviors in PDO Region

The numerical simulation results indicate that droplet size plays a crucial role in heat
transfer efficiency, directly influencing the wall temperature distribution in the PDO re-
gion. However, existing experimental data on droplet behavior in the PDO region remain
limited, which constrains the accuracy of droplet-related models. To bridge this gap, this
study conducts a visualized experimental investigation to analyze droplet dynamics in the
PDO region. In this chapter, the experimental setup, methodology, and measurement
techniques are introduced in detail. Followed by a presentation and analysis of the results,
the statistical analysis of droplet parameters, including size distribution, velocity distribu-
tion and spatial position, provides profound insights into droplet movement and dynamics
in PDO region. The experimentally obtained droplet parameters are further used to eval-
uate and refine existing empirical correlations for average droplet size and velocity. These
findings contribute to improving droplet size model and thus enhancing the prediction of
heat transfer in the PDO region.

4.1 Experimental Setup

4.1.1 Experimental Loop

The experimental apparatus KIMOF was designed and constructed to study thermal hy-
draulics of two phase flow (Köckert et al., 2018; Rensch et al., 2024). The system is a
closed-loop facility, as shown in Figure 4.1, ensuring controlled experimental conditions.
R-134a is selected as the working fluid due to its relatively low operating temperature and
latent heat. The major components of the experimental setup include pressurizer, main
pump, preheater, electric flow heater, secondary cooling system, process valve, and test
section. The pressurizer maintains the system pressure at the desired level, ensuring stable
operating conditions. The main pump circulates the R-134a within the closed loop, where
the fluid is initially heated by either the preheater or the electric flow heater to achieve the
desired inlet temperature before entering the test section. The process valve allows fine
control of the mass flow rate, measured by the Coriolis flowmeter before entering the test
section, ensuring precise adjustment of experimental parameters. Within the test section,
the fluid is further heated by the heating tube to reach dryout and PDO conditions.
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Figure 4.1: Schematic set-up of the KIMOF (Köckert et al., 2018)

4.1.2 Test Section

As shown in Figure 4.2, the test section is more than 3 m long in total. It consists 3 square
flow channels and one heating tube in the center. Each square channel is around 1 m long.
One piece of square channel contains 16 optical windows on parallel sides, enabling direct
observation of the flow conditions inside the channel. The three square flow channels are
connected with flanges, ensuring both a secure connection and precise alignment. The
heating tube is positioned inside the square channel using 10 spacers to ensure proper
alignment and to avoid contact between the heating tube and the inside channel wall. The
Figure 4.3 displays the cross-sectional view of the test section. The heating tube in the
middle has an outer diameter of 10 mm, while the square channel has an inner width of 14
mm. The blue region in Figure 4.3 is the flow area of the working fluid. To monitor the
thermal conditions within the test section, in total 20 thermocouples are installed along
the inner side of the heating tube at 12 levels, as shown with the orange circles in Figure
4.3. The glass windows allow the high-speed camera to capture detailed droplet dynamics
under PDO conditions.

The test section is heated with a direct current (DC) supplied by a transformer. The
temperature and pressure of the fluid at both the inlet and outlet of the test section
are measured using a mineral-insulated type-T thermocouple and a pressure transmitter,
respectively. The system pressure is controlled by the pressurizer to maintain the average
pressure of the inlet and outlet pressure of the test section to a desired value. To ensure
a fully developed flow at the beginning of the heated section, the distance between the
inlet and the bottom current connector is set to approximately 430 mm. To minimize heat
loss, the test section is insulated with two protective layers, maintaining stable thermal
conditions within the test section.
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Figure 4.2: Schematic of test section

Figure 4.3: Cross-sectional view of the test section
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4.1.3 Optical Instruments

A high-speed imaging system is utilized to capture droplet behavior with high temporal
and spatial resolution. As shown in Figure 4.4, the measurement setup comprises an LED
backlight that provides uniform illumination through the transparent glass windows. The
high-speed camera, positioned directly opposite the light source, recorded the droplets
flowing inside the channel. Optronis high-speed video camera plus sigma macro lens are
installed together to record the droplet behaviors. The sensor operates at a resolution of
1920 × 1080 pixels. A framerate of 2487 fps is used during the experiment. It is configured
to capture one image around every 0.4 micro seconds. The lighting system includes one
white LED light with 12000 lumens. A glass plate is attached to the outer surface of the
window on the light side. The pane of glass is Plexiglas GS white WH010 with a thickness
of 3 mm, which minimizes the effect of the individual LED light sources per panel through
appropriate light refraction and have more uniform light going inside the channel and
camera.

Figure 4.4: Schematic of the arrangement of optical instruments

4.2 Experimental Matrix

To investigate the effects of key thermal-hydraulic parameters on droplet behavior in the
PDO region, a series of experiments are conducted under varying conditions of pressure,
heat flux, and mass flux. The experimental matrix is shown in Table 4.1. The selection of
these test conditions allows for the evaluation of multiple influencing factors:

• Pressure: The system pressure ranges from 16.2 bar to 32.5 bar, corresponding to a
reduced pressure from 0.4 to 0.8. This range covers and slightly exceeds the typical
operating pressures of BWRs and PWRs, as well as the pressure range encountered
in some industrial heat exchangers. This broad pressure range allows for a compre-
hensive investigation of pressure effects on droplet behaviour.

• Heat Flux: The applied heat flux ranges from 20 kW/m² to 40 kW/m², enabling
the investigation of thermal effects on droplet size and velocity. Within this range,
a dispersed flow regime is established in the region of interest. If the heat flux is
too low, excessive liquid presence can obstruct the optical window, while an overly
high heat flux can lead to very high steam quality, causing droplets to become barely
visible or completely evaporated.

• Mass Flux: Two mass flux levels, 100 kg/(m²·s) and 150 kg/(m²·s), are selected to
investigate the influence of mass flow rate on droplet behavior. Higher mass fluxes
are avoided due to limitations of the test facility: excessive liquid volume fraction
at higher flow rates tends to cover the observation window, making it difficult to
visualize and track droplet motion within the channel.
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Table 4.1: Experiment Parameters

Case No. Pressure (bar) Heat Flux (kW/m2) Tin (°C) Mass Flux (kg/(m²·s))

1 16.2 25.0 25.18 100

2 20.3 24.0 43.14 100

3 20.3 27.0 37.74 100

4 20.3 30.0 55.37 100

5 20.3 35.0 55.02 150

6 20.3 37.5 54.91 150

7 20.3 40.0 49.39 150

8 28.4 22.5 64.67 100

9 32.5 20.0 68.60 100

4.3 Experimental Operation

4.3.1 Measurement Procedure

Each single PDO experiment is carried out at constant inlet temperature, mass flux,
and pressure as steady-state experiments. This systematic approach ensures that droplet
behaviors are captured under well-defined thermal-hydraulic conditions, providing high-
quality experimental data for model validation and refinement. The procedures of visual-
ized PDO experiments are shown below:

• Pressure increase: Increase the system pressure to the desired value.

• Preheating and system stabilization: The flow before the inlet is preheated to the
desired inlet temperature as the system parameters are stabilized to the desired mass
flux.

• Incremental heat power: The heat power of the heating tube is gradually increased
until the topmost thermocouple in the test section detects a sudden temperature
jump, indicating the occurrence of dryout.

• Observation of droplet behaviors: Heat flux continues to be increased until the
droplets in the topmost optical window become clearly visible.

• High-speed imaging: The droplets inside the flow channel are recorded by the high-
speed camera across the transparent window, capturing key characteristics such as
droplet size, position, and velocity.

4.3.2 Droplet Measurements

The high speed camera records the flow conditions and droplet behaviors in the PDO
region. By analyzing the image sequences, the motion of droplets can be well tracked
and analyzed, providing valuable insights into droplet parameters and behaviors in PDO
conditions. Figure 4.5 presents a sample of image acquired during the experiment. In
the image, the central black region corresponds to the heating tube, while the grey areas
on both sides are the illuminated region inside the flow channel. The droplets appear as
scattered dark spots within the illuminated region, where their movement are recorded
into a sequence of images as Figure 4.5.
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As observed in Figure 4.5, the left half of the flow channel provides a clear view of the
droplet distribution. Therefore, the left side under different heat fluxes are displayed
together in Figure 4.6 to show the change of droplet size and number as the heat flux
increases. With the same mass flux and pressure conditions, an increase in heating flux
results in fewer remaining droplets within the flow channel. Additionally, the size of the
droplets decreases as the heating flux increases.

Figure 4.5: Original image captured by high-speed camera

Figure 4.6: Original image of the left side of the flow channel under increasing heat fluxes

Once the image sequences of the flow channel at consecutive moments are obtained, as
shown in Figure 4.7, key droplet characteristics, including droplet size, velocity, and po-
sition, can be extracted through image post-processing. These parameters are crucial for
understanding droplet dynamics in the PDO region.

4.3.3 Uncertainties

In this paper, the target parameters from the experimental work are droplet size and
droplet velocity. For the further analysis of droplet size and velocity, the related parameters
of operation conditions are mass flux, heat flux and pressure. The mass flux, heat flux
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Figure 4.7: Original images of the left side of the flow channel at adjacent time instants

and pressure are measured from measurement facilities, which has certain measurement
uncertainties. The droplet size is directly extract from images post-processing, which has
certain uncertainties during the post processing. The droplet velocity is derived by the
position difference between two time steps. Therefore, the parameters uncertainties are
summarized in the Table 4.2. Among them, the uncertainties occurred during the images
post-processing are only be approximately estimated. The uncertainties in droplet size
and position measurements are approximately ±0.01 mm, primarily due to pixel resolution
limits and image binarization thresholds. It is also noted that droplets smaller than 0.04
mm cannot be reliably captured with the current optical setup. The resolution limit of
droplet detection introduces a bias in the statistical analysis of cases with smaller droplets.

Table 4.2: Measurement Uncertainties of Key Parameters

Parameter Mean Error (ME)

Pressure 0.14%

Mass Flux 2.62%

Heat Flux 2.41%

Equilibrium Steam Quality 4.41%

Droplet Size 6.47%

Droplet Velocity 2.72%

The experiments were repeated after approximately two months to check the reproducibil-
ity of the obtained data. In total, 31 PDO experiments were randomly selected and
repeated. Overall, the test runs showed that the experiments can be reproduced well. The
droplet size and velocity ranges from the repeating experiments are almost the same.

4.4 Experimental Results

The case number 5 in Table 4.1, with a pressure of 20.3 bar, mass flux of 150 kg/(m²·s), and
heat flux of 35 kW/m2, is taken as an example to analyze the obtained droplet parameters
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in detail.

Figure 4.8 presents the histogram of droplet size distribution, illustrating the number of
droplets corresponding to different size ranges. From the statistical analysis, it is observed
that most droplets fall within the size range of 0.15 mm to 0.2 mm. The number of droplets
with larger or smaller sizes decreases. The minimum droplet size in this case is 0.06 mm,
and the maximum recorded droplet size is 0.5 mm. Additionally, 90% of the droplets fall
within the range of 0.1 mm to 0.3 mm, among which 70% are between 0.15 mm and 0.25
mm.

Figure 4.9 shows the fitting of the droplet size distribution, indicating that the distribution
follows both a gamma distribution and a lognormal distribution, which aligns well with
previous experimental findings of Tatterson et al. (1977),Ueda and Kim (1982), and Cumo
et al. (1974). This consistency validates the effectiveness of the experimental methodology
and confirms the reliability of the measurement techniques used in this study.

Figure 4.8: Histogram of droplet size
distribution

Figure 4.9: Droplet size distribution with
Lognormal and Gamma Fits

Through the further analysis on the droplet size, the arithmetic mean diameter d10, sur-
face mean diameter d20, volume mean diameter d30, and sauter mean diameter d32 are
calculated according to Equation (4.1)-(4.4) and displayed in Table 4.3. The surface mean
diameter is crucial for determining the interfacial heat transfer area, while the d30 is im-
portant for estimating the droplet volume fraction. The d32 is particularly relevant when
considering the active surface area, as it is typically larger than the arithmetic mean di-
ameter. This difference in d32 and d10 is dependent on the droplet size distribution. In the
work of Ueda and Kim (1982), the measured d32 is 1.57 times the measured d10. In the
present study, the difference between measured d32 and measured d10 is smaller. In the
work of Cumo et al. Cumo et al. (1974), the d10 is expected to be 2 times the d∗, the most
probable diameter from the droplet distribution, but it is only 1.07 times in the present
work as shown in Table 4.3. This smaller difference between the characteristic sizes may
be attributed to the limitation of the minimum droplet size observed in this experiment.
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Table 4.3: Droplet mean diameter for Case 5

d32 d30 d20 d10 d∗

[mm] [mm] [mm] [mm] [mm]

0.259 0.236 0.225 0.215 0.201

Besides droplet size, droplet velocity also plays a crucial role in the interfacial heat transfer.
The distribution of the axial and radial droplet velocities are presented in Figure 4.10(a)
and Figure 4.10(b), respectively. As shown in Figure 4.10(a), the axial velocity distribution
exhibits a shifted normal profile, with data symmetrically distributed around the central
value. A distinct peak appears in the range of 1.5–1.6 m/s, corresponding to the highest
probability, while the distribution gradually tapers off on both sides. In Figure 4.10(b),
the radial velocity exhibits a close standard normal distribution, but with a higher peak
and shorter tail, suggesting that extreme radial velocities are less probable. The negative
radial velocity indicates droplets moving away from the heated wall, whereas the positive
radial velocity represents droplets moving toward the heated wall. The results show that
nearly half of the droplets fall within two adjacent bins centered around zero velocity,
showing that most droplets have a very small radial velocity.

(a) Droplet axial velocity (b) Droplet radial velocity

Figure 4.10: Histograms of droplet axial and radial velocities

From the CFD simulations in Chapter 3, it has been observed that the radial position
of droplets significantly influences the droplet evaporation rate. Figure 4.11 presents the
radial distance of droplets from the wall, illustrating the number of droplets within each
distance interval. It shows that the fewest droplets are found at the farthest distance
from the wall. As the distance decreases, the droplet count gradually increases, reaching
a peak. However, within 0.2 mm from the wall, the number of droplets drops sharply.
This distribution closely resembles the droplet concentration profile obtained from CFD
simulations in Chapter 3: due to lateral droplet transport, the droplet concentration in-
creases progressively as droplets move closer to the wall. However, near the wall, intense
evaporation caused by high vapor temperature leads to a decrease in droplet concentra-
tion. Furthermore, droplet tracking reveals that droplet-wall collisions and rebounds are
observed only in rare cases. The majority of droplets primarily move axially within the
vapor flow, with only minor radial displacement.
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Figure 4.11: Distribution of droplets’ distance from the heating tube

4.4.1 Analysis on Droplet Size

4.4.1.1 Statistical Analysis

Figure 4.12 presents the droplet size distribution under different heat flux conditions. It can
be observed that as heating power increases, the overall distribution follows the same trend,
shifting toward smaller sizes, indicating that more droplets become smaller while fewer
droplets remain large. It can also be seen that as the heating power increases, the number
of droplets that can be collected becomes less, which is consistent with the trend observed
in Figure 4.6. The significant reduction in the number of droplets is primarily attributed
to the increase in local steam quality caused by higher heating power. Under the same
pressure and mass flux conditions, a higher heat flux results in a larger amount of liquid
being converted into vapor before reaching the observation window. Specifically, as the
heat flux increases from 35 to 40 kW/m², the equilibrium steam quality at the observation
location rises from 1.23 to 1.43. Consequently, a greater portion of the droplets evaporates
all their mass upstream, leading to a marked decrease in the number of droplets present
in the observed region. Moreover, for relatively large droplets, the intensified heating over
the same axial length promotes more evaporation, resulting in significantly smaller droplet
sizes at the observation point.

Figure 4.12: Droplet size distribution under different heat fluxes

Figure 4.13 presents droplet size distributions at three different pressures, with reduced
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pressures PR of 0.4, 0.5, and 0.8, respectively. The results indicate that as pressure in-
creases, the droplet size distribution shifts to smaller values, and the most probable droplet
size gradually decreases. This trend suggests that higher pressures lead to smaller droplet
sizes, which could be attributed to the smaller surface tension of liquid at higher pressure.
Additionally, at a low pressure of 0.4, the droplet size distribution follows well a gamma
distribution. As the pressure increases, the peak and the curve gradually shift to the left,
the left tail of the distribution curve gradually becomes invisible. At a higher pressure of
0.8, the most probable droplet size even falls within the minimum observable size range
(0.04-0.09 mm). This is because this experiment cannot capture droplets smaller than 0.04
mm. Given that the droplet size follows a gamma distribution, it is likely that droplets
smaller than 0.04 mm exist but are not accounted for in the measurements at higher pres-
sures. As a result, the proportion of uncounted droplets increases with pressure, indicating
that actual droplet sizes at higher pressures are smaller than the measured values. This
highlights the significant influence of pressure on droplet size in the PDO region.

Figure 4.13: Droplet size distribution under different pressures

Figure 4.14 shows the histograms of droplet size distributions under different mass flux con-
ditions. The cases with flow rates of 100 kg/(m²·s) and 150 kg/(m²·s) have relatively close
equilibrium steam qualities: 1.33 and 1.26, respectively. It is evident that at higher mass

Figure 4.14: Droplet size distribution under different mass fluxes

flux, significantly more droplets are collected. While the overall size distribution and range
remain similar for both mass flux conditions, the distribution at higher mass flux is notice-
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ably steeper, with a sharper peak. This indicates that the proportion of small droplets is
lower, and the droplet sizes are more concentrated around the most probable value. It can
be attributed to the smaller wall temperature under higher mass flux—approximately 30
K lower. This leads to smaller vapor superheating and thus lower evaporation efficiency,
allowing droplets to retain slightly larger sizes. However, the increased vapor velocity at
higher flow rates enhances aerodynamic shear, which limits droplet maximum size. As a
result, the maximum droplet size under higher mass flux does not increase significantly,
despite the reduced evaporation.

4.4.1.2 Average Size Analysis

After statistical analysis of the droplet size, the measured average droplet size d10 is
obtained for further quantitative analysis. First, the d10 is plotted against the thermal
equilibrium steam quality xe to observe the relation between d10 and xe. As shown in
Figure 4.15(a), a total of 9 cases from Table 4.1 are shown, covering different pressures
and mass fluxes, indicated with different colors. Cases with the same pressure and mass
flux share the same color and are fitted with rough trend curves. As shown in the figure,
the red and green lines depict the variation of droplet size with xe at reduced pressure of
0.5, with mass fluxes of 100 kg/(m²·s) and 150 kg/(m²·s), respectively. The curves indicate
a negative slope between d10 and xe. As xe increases, the average droplet size decreases
due to the droplets evaporation in superheated vapor. This trend can be approximated
using either a linear or an exponential fit.

On the other hand, it can be seen that under different mass fluxes, the decrease rate in
droplet size as xe increases is also different. At higher flow rates, the droplet size decreases
more rapidly with increasing xe. In region with smaller steam quality, the average droplet
size is larger at higher flow rates, whereas in higher steam quality regions, the average
droplet size is larger at lower flow rates. Similar trends can also be found in Cumo et al.
(1974).

Since Cumo only operated experiments under constant mass flux, Figure 4.15(b) plots
Cumo’s measured average droplet size and the corresponding equilibrium quality under
different pressures. It can be seen that the average droplet size decreases as xe increases,
indicating a similar trend to that captured in the current experimental work.

(a) With KIMOF experimental data (b) With Cumo experimental data

Figure 4.15: Droplet mean size vs. Equilibrium steam quality

Figure 4.16(a) illustrates the variation in average droplet size for four cases with similar
xe and mass flux but different reduced pressures PR. The black points represent experi-
mentally measured average droplet size, while the blue line provides a rough fitting curve
to highlight the trend of the droplet size variation with pressure. The results indicate
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a clear trend: as pressure increases, droplet size decreases, with the reduction becoming
more pronounced in the high-pressure region. A similar trend is also observed in Cumo
et al. (1972). As shown in Figure 4.16(b), the measured d10 from Cumo exhibits a rela-

(a) With KIMOF experimental data (b) With Cumo experimental data

Figure 4.16: Droplet mean size vs. reduced pressure

tively gradual decrease with increasing PR in the low-pressure range. As PR exceeds 0.7,
the droplet size decreases at a significantly faster rate. The variation in droplet size with
pressure can be analyzed based on the droplet formation mechanism in dispersed flow. As
pressure increases, substantial changes occur in fluid properties, including reduced surface
tension, a smaller density difference between phases, and lower latent heat of vaporization.
The reduction in surface tension tends to produce smaller droplets, whereas the decreased
density difference between phases favors larger droplets. Additionally, lower latent heat
enhances droplet evaporation, further reducing droplet size. The combined effect of these
factors ultimately leads to a decreasing trend in droplet size with increasing pressure. The
sharp decline in droplet size at very high pressures can be attributed to the drastic changes
in both surface tension and latent heat.

4.4.2 Analysis on Droplet Velocity

4.4.2.1 Statistical Analysis

By comparing the droplet velocity distributions under the same mass flux and pressure,
the effect of heat flux on droplet velocity is clearly observed in Figure 4.17. In Figure
4.17(a), as the heat flux increases, the range of droplet axial velocity expands slightly,
and the overall distribution shifts rightwards, indicating a general increase in velocities of
droplets. Additionally, the peak position of the distribution moves to the right, suggesting
a higher most probable velocity of the droplets. This increase in droplet velocity can be
attributed to the increase in steam quality with higher heat flux. When the heat flux rises
from 35 to 40 kW/m2, the equilibrium steam quality xe increases from 1.23 to 1.43. As
more droplets evaporate and transit into vapor, the mass flow rate of the vapor phase
increases. Furthermore, higher vapor superheating reduces vapor density, leading to an
increase in vapor velocity. The enhanced vapor velocity, in turn, increases the droplet
velocity due to the effect of drag force.

Figure 4.17(b) presents the droplet radial velocities under different heat fluxes. Despite
variations in droplet count, the velocity distributions exhibit similar patterns across cases,
with peaks concentrated around zero and symmetrically decreasing toward both sides,
closely resembling a normal distribution. Most droplets have velocities smaller than 0.1
m/s. At the lowest heat flux, 7 droplets exhibit significantly higher radial velocities,

73



4. Experimental Investigation on Droplet Behaviors in PDO Region

(a) Droplet axial velocity (b) Droplet radial velocity

Figure 4.17: Distribution of droplet axial and radial velocities under different heat fluxes

accounting for 1.2% of the total. Additionally, 10% of the droplets have velocities ranging
from 0.1 m/s to 0.2 m/s. These results indicate that in the PDO region, most droplets
maintain low radial velocities, with only a small fraction exceeding 10% of corresponding
axial velocity. This trend aligns well with the CFD results presented in Chapter 3.

Figure 4.18 present comparisons of droplet axial and radial velocity distributions under
different pressures. A significant shift in the axial velocity distribution is observed in
Figure 4.18(a) as pressure changes. When the reduced pressure PR increases from 0.4
to 0.8, the entire velocity profile shifts from the range of (0.8, 1.8) m/s to (0.2, 1.2)
m/s. Additionally, the peak of the droplet axial velocity distribution profile decreases
from about 1.2 m/s to 0.7 m/s. This trend indicates that higher pressure results in lower
droplet axial velocity. Compared to the effect of heat flux in Figure 4.17, pressure has
a more pronounced influence on droplet velocity. This is attributed to the substantial
changes in vapor properties with increasing pressure, which lead to significant variations
in vapor velocity, e.g. increase in vapor density. Since droplet velocity is primarily driven
by the drag force exerted by the interfacial velocity difference, the reduction in vapor
velocity at higher pressure directly contributes to the observed decrease in droplet velocity.
Figure 4.18(b) presents the histograms of droplet radial velocities under different pressure
conditions. The distributions exhibit a centrally symmetric normal distribution, with
most droplets having relatively velocities close to zero. Additionally, the maximum radial
velocity that droplets can attain remains similar across different pressure conditions.

Besides pressure, mass flux also has a significant impact on droplet velocity distribution.
To examine this effect, two working conditions with similar xe and the same pressure are
selected for comparison. The results in Figure 4.19(a) show that as the mass flux increases
from 100 kg/(m²·s) to 150 kg/(m²·s) at the reduced pressure of 0.5, the droplet velocity
distribution shifts noticeably in the positive direction along the x-axis. The velocity range
expands from 0.6-1.3 m/s to 1.2-2.2 m/s. However, it can also be seen that the peak
velocity of the distribution curve rises approximately from 0.95 m/s to 1.5 m/s, showing
a proportional increase as the mass flux increases. An analysis of the average droplet
velocity also reveals that the average droplet velocity increases from 0.98 m/s to 1.58 m/s.
This proportional increase suggests that the rise in droplet velocity is primarily driven by
the higher vapor velocity under elevated mass flux conditions.

Figure 4.19(b) shows the histograms of droplet radial velocities under these two mass flux
conditions. Both distributions exhibit a normal distribution shape, with most droplets
concentrated close to zero velocities. Compared to the effects of pressure and heat flux,
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(a) Droplet axial velocity (b) Droplet radial velocity

Figure 4.18: Distribution of droplet axial and radial velocities under different pressure

(a) Droplet axial velocity (b) Droplet radial velocity

Figure 4.19: Distribution of droplet axial and radial velocities under different mass fluxes

the influence of mass flux on droplet radial velocity is more pronounced. At higher mass
flux, the peak of the velocity distribution shifts toward the position direction of x-axis. Ad-
ditionally, the velocity distribution becomes broader, with a few droplets reaching higher
velocities. This suggests that increasing mass flux significantly enhances the radial momen-
tum of droplets, leading to an increases in droplet radial velocity. Despite these differences,
the overall trend remains consistent: most droplets have small radial velocities, and only
a small fraction exceeds around 10% of their corresponding axial velocities. This indicates
that while mass flux strongly influences the maximum radial velocity, the fundamental
shape of the distribution remains unchanged

4.4.2.2 Average Droplet Axial Velocity

By averaging the axial velocities of droplets, the variation of average droplet axial velocity
with pressure at constant mass flux and similar steam quality is displayed in Figure 4.20(a).
The variation of average droplet axial velocity with equilibrium steam quality xe under
constant mass flux and pressure is displayed in Figure 4.20(b). It is found that the change
trend of droplet velocity with pressure and heat flux aligns well with the statistical analysis.
Droplet velocity generally decreases as pressure increases, while a higher mass flux leads
to greater vapor and droplet velocities. Additionally, an increase in xe enhances vapor
velocity, which in turn raises droplet velocity. But this effect is less significant compared
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to the influence of pressure and mass flux.

(a) Average droplet axial velocity vs. PR (b) Average droplet axial velocity vs. xe

Figure 4.20: Average droplet axial velocity with KIMOF experimental data

4.5 Assessment and Improvement of Droplet Size and Velocity Cor-
relations

Numerous empirical correlations have been proposed for predicting droplet size and ve-
locity in PDO conditions, derived either from theoretical analyses or experimental data
fitting. In this subsection, the obtained average droplet size and velocity data from current
work are utilized to assess the reliability of these existing correlations. Where discrepancies
are identified, necessary modifications and improvements are proposed to enhance their
predictive capability.

Several correlations have been developed to predict droplet size in the PDO region in
previous investigations. From Equation (4.5)-(4.8) in Table 4.4, the average droplet size
correlations of Cumo et al. (1974), Ueda and Kim (1982), Kataoka et al. (1983), and Yoder
and Rohsenow (1983),are displayed (hereinafter referred to as Cumo, Ueda, Kataoka and
Yoder).

Among them, the Kataoka correlation is developed based on the mechanism of shearing
off of the roll-wave crests in annular flow. Kataoka’s correlation is usually used for the
prediction of droplet size at the dryout point. Yoder derived a mechanistic correlation to
predict droplet size by considering the formation of droplets from the liquid film and their
subsequent development until the dryout point. The xb is the steam quality at the point
of droplet originating from the liquid film. The xdo is the steam quality at the dryout
point. Ueda conducted experiments with a heated test section and derived an empirical
correlation for droplet size at dryout point by fitting the experimental data. Cumo, on the
other hand, performed experiments in dispersed flow and developed a correlation based on
the equilibrium steam quality xe and data fitting.

4.5.1 Assessment of Existing Droplet Size Correlations

(A) Assessment with KIMOF Experimental Data

These correlations are evaluated against the experimental data obtained in the present
study, hereafter referred to as KIMOF. Since the droplet size is obtained from the PDO
region, the equilibrium steam quality xe is used to calculate the vapor velocity in these
applied correlations. The prediction results with the correlations from Cumo, Ueda, and
Kataoka are shown in Figure 4.21(a), while Yoder’s correlation, which significantly de-
viates from the others, is displayed separately in Figure 4.21(b). Among the evaluated
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Table 4.4: Summary of droplet size correlations

Author Derived from Droplet size correlation

Cumo Post-dryout
Gxed

2µd
= 123.1(1− PR)

0.31 (4.5)

Ueda Dryout

d

Dt
= 6.1× 10−3

(
σ

µgUg

(
ρg
ρl

)1.25
)0.5

(4.6)

Kataoka Pre-dryout
d

Dt
= 0.01

σ

ρgU2
g

Re2/3g

(
ρg
ρl

)−1/3(µg

µl

)2/3

(4.7)

Yoder Dryout
d

Dt
=

(xb − 0.1)

(xdo − 0.1)

ddo
Dt

+

∫ xdo

xb

d

Dt

dx

(xdo − 0.1)
(4.8)

models, Kataoka’s correlation predicts the smallest droplet sizes, while Yoder’s correlation
significantly overestimates the average droplet size. The assessment results indicate that
the Cumo and Ueda correlations demonstrate the best overall agreement with experimen-
tal data. However, discrepancies remain: Cumo’s correlation underestimates droplet size
at higher pressures, while Ueda’s correlation, despite capturing the trend well, also tends
to underestimate droplet size, necessitating further refinement.

(a) Correlations of Cumo, Ueda and Kataoka (b) Yoder correlation

Figure 4.21: Assessment of droplet size correlations with the KIMOF data

(B) Assessment with Cumo experimental data

Additional evaluation is conducted using Cumo’s experimental data and displayed in Fig-
ure 4.22. In the work of Cumo et al. (1974), through a visualized test section the droplets
diameter was recorded under various steam qualities and pressures at an almost constant
mass flux of 900 kg/(m²·s). The Cumo correlation was developed with the most probable
droplet size as the characteristic parameter to fit the experimental data. As a result, when
extracting the average droplet size from Cumo’s experiments, the predictions of Equation
(4.5) show relatively larger deviations from the measured droplet size, particularly at in-
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Figure 4.22: Assessment of droplet size correlations with Cumo’s experiment data

termediate and high pressures. This discrepancy likely arises from the inherent difference
between the most probable droplet size used in Cumo’s correlation and the actual aver-
age droplet size observed in the experiments. Additionally, the Ueda correlation tends to
overestimate droplet size at higher pressures and underestimate it at lower pressures, sug-
gesting that the pressure effect may not be fully captured in its formulation. Furthermore,
due to the absence of the heat flux data in Cumo’s experiments, Yoder’s correlation could
not be evaluated under these conditions, as it explicitly relies on heat flux as an input
parameter.

(C) Assessment with Ueda Experimental Data

To further evaluate the predictive accuracy of these correlations, additional assessments
are conducted using Ueda’s dataset. In Ueda’s experiments, dryout was controlled to occur
at the outlet, ensuring that the collected droplets accurately represent the droplet size at
the dryout point. This dataset covers a wider mass flux range from 218 to 887 kg/(m²·s),
addressing the limited mass flux variations in the previous datasets and providing a broader
basis for assessing the correlations across different mass flux conditions. As shown in
Figure 4.23(a), Yoder’s correlation significantly overpredicts the droplet size across all
mass flux conditions. Cumo’s correlation also exhibits a strong overestimation trend in
Figure 4.23(b). Among the evaluated models, only Ueda’s correlation demonstrates good
agreement with its own dataset, indicating that it captures the mass flux dependency more
accurately than the others.

(a) Yoder correlation (b) Correlations of Cumo, Ueda and Kataoka

Figure 4.23: Assessment of correlations with Ueda’s experimental data
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The assessments above reveal that Ueda’s correlation shows the best performance., par-
ticularly when compared with Cumo’s and Ueda’s experimental data. However, it fails
to capture the droplet size variation with pressure observed in the current experimental
work. While Cumo’s correlation provides good predictions for the present experiments, it
significantly overpredicts droplet size when applied to Ueda’s data. Yoder’s correlation, on
the other hand, consistently overpredicts all experimental data by a large margin. These
findings highlight a key limitation: no existing correlation accurately predicts droplet size
under all the three datasets. Therefore, a new correlation is needed to be developed by
integrating the literature experimental data with the present dataset to improve overall
predictive capability.

4.5.2 Improved Droplet Size Correlation

The assessments of correlations indicate that Ueda’s and Cumo’s correlations give reason-
able prediction. From Equation (4.5) and (4.6), Cumo’s correlation is developed based
on the droplet Reynold number (Re) while Ueda developed their correlation based on the
ratio of droplet Weber number (We) and Re. Therefore, this section applies these two
dimensionless numbers and develops an improved empirical correlation for droplet size
under PDO conditions.

Re =
Gxed10

µl
(4.9)

We =
ρvu

2
vd10
σ

(4.10)

For droplets in the vapor flow, the density ratio affects the interfacial drag effect by affecting
the slip ratio, while the surface tension limited the maximum droplet size. Therefore, to
analyze the pressure effect on droplet size, the trends of surface tension and the density
ratio between vapor and droplets with pressure are displayed in Figure 4.24 and Figure
4.25, the data points represent the trend of fluid property changing with reduced pressure
PR. As the pressure decreases, it can be seen that the density difference between the
phases increases, which indicates greater relative velocity between phases compared to
conditions at higher pressure. Then the increasing weber number tends to reduce the
maximum droplet size due to droplets break-up. However, simultaneously, the surface
tension increases as pressure decreases, which tends to increase the droplet size. Therefore,
the pressure effect on droplet size must account for both the surface tension and drag
effects.

Figure 4.24: Density Ratio vs. (1-PR) Figure 4.25: Surface Tension vs. (1-PR)

According to Cumo et al. (1974), the droplet Reynolds number calculated with d∗ exhibits
a logarithmic and linear proportionality to the reduced pressure. However, as shown
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in the Figure 4.26, the calculated droplet Reynolds number from Equation (4.9) with
experimental data of Cumo and KIMOF, the relationship between the droplet Reynolds
number and (1 − PR) significantly deviates from linearity, especially for the data from
Cumo. In Ueda’s correlation, the term σ/(µgUg) represents the ratio of the droplet Weber

Figure 4.26: Relationship of Re vs. (1-PR) Figure 4.27: Relationship of We vs. (1-PR)

number to the droplet Reynolds number. The tube diameter is used for the purpose
of obtaining a dimensionless droplet size, implying a linear proportionality between the
droplet size and the tube diameter. This assumption, however, lacks physical support. As
the Weber number is plotted against varying pressure, as shown in Figure 4.27, a well-fitted
curve is observed. Therefore, the Weber number defined in Equation (4.10) is selected as
the characteristic dimensionless number for analyzing the droplet size in the current study.

To develop a correlation with the droplet Weber number, the relationships between var-
ious influencing parameters and the Weber number are systematically investigated. As
discussed earlier, the effect of pressure on droplet size arises from the combined influence
of surface tension and the phases density ratio. While the surface tension component is in-
herently accounted for within the definition of the Weber number, the effect of the density
ratio must be explicitly considered. The relationship between the Weber number and the
density ratio is therefore analyzed and presented in Figure 4.28. It is observed that the We-
ber number exhibits a clear positive and approximately linear correlation with the density
ratio. Therefore, by fitting the experimental data from KIMOF and Cumo, a correlation

Figure 4.28: Relationship of We vs. Density Ratio

based on the droplet Weber number is developed, as shown in Equation (4.11), relating
the vapor Reynolds number Rev and the density ratio ρv/ρd. As shown in Figure 4.29,
the points are the experimental data and the dashed line is the predicted Weber number
against the pressure (1 − PR). By comparing with the Weber number calculated from
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the experimental droplet size, the correlation in Equation (4.11) accurately predicts the
relationship between the Weber number and pressure across different mass flux conditions.

ρvu
2
vd10
σ

= 3× 10−4Re1.2v

(
ρv
ρd

)
(4.11)

where the vapor velocity uv and vapor Reynolds number Rev are calculated as:

uv =
Gxe
ρv

(4.12)

Rev =
GDt

µv
(4.13)

Figure 4.29: Comparison of predicted and experimental We as the variation of (1-PR)

Besides, based on Equation (4.11), the average droplet sizes predicted by the newly de-
veloped correlation are presented in Figure 4.30, together with the results from Ueda’s
and Cumo’s empirical correlations. Figure 4.30(a) shows the comparison between the pre-

(a) Correlations of Cumo, Ueda and Kataoka (b) Yoder correlation

Figure 4.30: Comparison of the predicted d10 with experiment data from KIMOF and
Cumo

dicted droplet sizes and the KIMOF experimental data, as a function of reduced pressure.
It can be observed that the new correlation exhibits the best agreement with the experi-
mental results and accurately captures the variation of droplet size with pressure, which
is not well predicted by the Ueda and Cumo correlations. A similar trend is found in
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Figure 4.30(b), where Cumo’s experimental dataset is used for assessment. The newly de-
veloped correlation consistently outperforms the other two empirical models, particularly
under high-pressure conditions, where it provides significantly more accurate predictions
of droplet size.

Additionally, to further evaluate the generalizability of the new correlation, droplet size
data from Ueda’s experiments—which were not involved in the model development—are
employed for validation. Figure 4.31 presents the predicted droplet sizes as a function of
mass flux, along with Ueda’s measurements. It is evident that the new correlation main-
tains high predictive accuracy for these independent data, further confirming its robustness
and applicability beyond the specific conditions used during its formulation.

Figure 4.31: Assessment of predicted d10 with experiment data from Ueda

4.5.3 Droplet Velocity Correlation

The slip ratio correlation developed in Yoder and Rohsenow (1983) is selected and assessed
with the present data points. As shown in Equation (4.14), the slip ratio is predicted to
be proportionally to droplet size and boiling number. The inverse relationship between
the density ratio and the slip ratio indicates that as pressure increases and the density
difference decreases, the density ratio increases, leading to a smaller slip ratio. This trend is
consistent with the behavior shown in Figure 4.18(a). On the other hand, as steam quality
increases, the slip ratio decreases accordingly. At the same time, the droplet velocity
increases with the rise in steam quality, aligning with the trend observed in Figure 4.17(a).
During the assessment, the actual steam quality is assumed to be 1.0, as these cases have
thermal equilibrium steam quality significantly larger than 1.0. Vapor properties, such as
ρv,e are estimated based on the equilibrium vapor temperature.

The predicted droplet velocity is plotted against the experimental average droplet velocity
in Figure 4.32. It can be seen that Yoder’s slip ratio correlation predicts the droplet velocity
with good accuracy. Overall, Yoder’s correlation is shown to provide reliable predictions
and is well aligned with the experimental data.

Scal =
Uv

Ud
= 1 + 2.31

[
ρd
ρv,e

1

xa

q′′w
GhlgCD

d

Dt

]0.5
(4.14)

The vapor velocity Uv is given by:

Uv =
Gxa
ρv,e

(4.15)
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Figure 4.32: Comparison of the predicted droplet velocity with Yoder’s slip ratio
correlation and the experimental data

4.6 Chapter Summary

This chapter presents an experimental investigation on the droplet behaviors in the PDO
region. The droplet dynamics inside the flow channel are captured and recorded into
image sequences. By post-processing the continuous images, droplet size, position, and
velocity information are obtained under various conditions, including different pressures,
mass fluxes, and heat fluxes. Correlations of droplet size and velocity are assessed and
improved using the experimental data from the present study and existing literature. Key
findings include:

• As heat flux increases, steam quality at the observation window also increases, re-
sulting in a decrease in droplet size. A clear inverse relationship between steam
quality and droplet size is observed by comparing the average droplet size with the
equilibrium steam quality.

• An increase in pressure leads to a reduction in droplet size. The decrease rate of
droplet size becomes more pronounced at high pressure ranges.

• Correlations from the literature are evaluated using the experimental data from
the current study, as well as from the works of Cumo and Ueda. Among these,
Yoder’s equation consistently overpredicts the droplet size, while Kataoka’s equation
consistently underpredicts it. In contrast, Ueda’s and Cumo’s correlations provide
more reasonable predictions. However, Cumo’s correlation performs poorly when
compared with Ueda’s data, while Ueda’s correlation fails to accurately predict the
droplet size measured in the present study.

• A new correlation for the average droplet size under PDO conditions is developed.
The inclusion of the droplet Weber number accounts for surface tension effects, while
the interfacial drag effect, which varies with pressure, is incorporated using the den-
sity ratio. Additionally, the vapor Reynolds number is introduced to better capture
turbulence effects on droplet size. Assessment with droplet datasets of Cumo, Ueda
and KIMOF demonstrates the high prediction accuracy of the new correlation.

• Droplet axial velocity is significantly affected by variations in both pressure and mass
flux. The pronounced impact from pressure is mainly attributed to the variation in
fluid density. In comparison, the effect of heat flux is relatively minor, leading to a
slight increase in droplet velocity as a result of higher steam quality.

• Droplet radial velocity follows a close standard normal distribution, with most droplets
concentrated around radial velocities close to zero. The effect of mass flux on the
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radial velocity distribution is more significant compared to the influence of pressure
and heat flux variations.

• Based on the average droplet velocity obtained from experiments, Yoder’s slip ratio
correlation accurately predicts droplet velocity.

Overall, the experimental results presented in this chapter provide valuable insights into
droplet dynamics in the PDO region. The effects of pressure, heat flux, and mass flux
on droplet size and velocity are thoroughly investigated. The validated slip ratio corre-
lation from Yoder will be recommended for the droplet velocity prediction in the PDO
models. The newly developed correlation offers a more accurate prediction of droplet size,
enhancing the overall understanding of droplet behavior in the PDO region.
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5. Development and Assessment of PDO Heat
Transfer Model

This chapter presents an improved mechanistic model for PDO heat transfer that in-
corporates key physical phenomena influencing heat and mass transfer. Building on a
one-dimensional framework, the prediction of interfacial heat transfer in the PDO region
is enhanced by integrating insights from CFD simulations and experimental results. The
proposed model distinguishes between droplet evaporation in the central and the near-
wall regions, accounting for lateral droplet motion and non-uniform vapor temperature to
better represent vapor-droplet interactions. Additionally, the droplet deposition model is
updated to reflect the influence of evaporation within the vapor flow. Furthermore, the
new droplet size correlation developed from the experimental work in Chapter 4 is imple-
mented. The proposed model is validated against experimental data from literature under
a wide range of thermal-hydraulic conditions. Comparisons with existing PDO heat trans-
fer models and published droplet size correlations demonstrate the improved accuracy and
robustness of the present PDO model.

5.1 Model Description

In the PDO region, the heated wall is no longer covered by a continuous liquid film. The
vapor is continuously heated by convective heat transfer from the wall and becomes super-
heated. The presence of droplets in the PDO region slows the speed of vapor superheating
and limits the increase in wall temperature. Given the high wall temperature, droplets
rarely contact with the wall, preventing efficient heat transfer (Kendall and Rohsenow,
1978). To prioritize improvements in the interfacial heat transfer model while minimizing
potential errors, the present PDO heat transfer model neglects direct wall-droplet heat
transfer and radiation heat transfer. A 1-D approach is employed to account for the
development of vapor flow and droplet iteratively along the heated length. The main im-
provement lies in the calculation of interfacial heat transfer, which is enhanced by dividing
the flow region into a central region and a near-wall region. Additionally, the deposition
model between these regions is refined for PDO conditions.

5.1.1 1-D Approach with Mass and Energy Balance

The 1-D approach employed in the model development is illustrated in Figure 5.1. The pro-
posed model takes the dryout point as the starting location for calculations, discretizes the
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flow domain into coarse nodes along the mainstream direction, and solves for key param-
eters such as wall temperature and vapor temperature at each node under the boundary
condition of pressure P , mass flux G, wall heat flux q′′w and tube diameter Dt.

At the beginning of the calculation, the steam quality xdo, droplet size ddo and vapor void
fraction αdo at the dryout point must be initialized. It is assumed that at this point, the
vapor and droplets are in thermal equilibrium, both at the saturation temperature, and the
actual steam quality equals the equilibrium steam quality. The initial droplet size at the
dryout point evaluated through correlations developed in Chapter 4. In addition, the vapor
void fraction at dryout point, αdo, is required for interfacial heat transfer calculations and
is determined using Equation (2.77), which depends on the slip ratio S. According to the
assessment in Chapter 4, Equation (4.14) from Yoder and Rohsenow (1983) is employed
to calculate the slip ratio in PDO region.

Figure 5.1: Schematic of 1-D approach

After initialization, the interfacial heat transfer within each cell Qvd is calculated. Then
the droplet evaporation rate is determined. The steam quality, droplet size and vapor void
fraction in the next node, xd,i+1, di+1, αi+1, are then computed based on the droplet evap-
oration rate. The thermal energy change in the vapor phase is determined as the difference
between the heat obtained from the wall and the heat transferred to the droplets. This
allows for the calculation of the vapor temperature at the next node Tva,i+1. Subsequently,
using the vapor temperature and convective heat transfer coefficient, the wall temperature
Tw,i+1 is also obtained.

Compared to two-dimensional or three-dimensional models, one-dimensional models have a
lower computational cost and better convergence, making them well-suited for rapid anal-
ysis and parameter optimization in engineering applications. However, the assumption of
uniformity in radial direction used in previous instigation may introduce certain uncer-
tainties. To address this limitation, the proposed model divides each cell into two regions
when calculating interfacial heat transfer, allowing for a more accurate representation of
the heat transfer mechanism.

5.1.2 Two-Region Model

From the CFD simulation in Chapter 3, over 50% of droplet evaporation occurs in the near-
wall region, which occupies only 25% of the total flow area. This indicates that the droplet
evaporation rate in the near-wall region is nearly three times higher than that in the central
region. Given this substantial variation in droplet evaporation across radial positions, the
interfacial heat transfer in the mechanistic model needs to be treated differently than
with the averaging methods commonly used in the literature. In this study, as shown in
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Figure 5.2, a two-region model is developed by dividing the entire flow region radially into
a central region and a near-wall region at radial position of rcr to account for the difference
in evaporation density. Simulation analysis shows that the intense evaporation near the
wall is primarily due to the elevated vapor temperature. Consequently, the boundary
between the central region and the near-wall region is defined by the vapor temperature
profile Tv.

As the droplets absorb heat from superheated vapor and evaporate into vapor with satu-
rated temperature, the new generated vapor absorbs heat from the superheated vapor and
also increases the mass flow rate of vapor flow. The evaporation effect on vapor temper-
ature and vapor velocity profile is included in the newly developed two-region model. A
vapor temperature profile for the PDO region is fitted according to CFD results in Chapter
3, providing the vapor temperature for calculating interfacial heat transfer in the near-wall
region. Additionally, the droplet lateral movement from the central region to the near wall
region is included in the two-region model. Through qualitative and quantitative analysis
of the CFD simulation results, the vapor temperature profiles and droplet deposition are
modeled and implemented into the mechanistic model for a more reliable prediction of
interfacial heat transfer. The wall temperature then can be obtained by employing the
wall-vapor convective heat transfer model developed by Yu (2019).

In the current two-region model, the following assumptions are made:

• All droplets are assumed to be spherical, with uniform size and axial velocity in two
regions at the same axial elevation.

• At the dryout point, droplets are assumed to be evenly distributed along the radial
direction and at saturated temperature.

Figure 5.2: Schematic of two-region model and vapor temperature profile (Xia and
Cheng, 2025a)

A detailed description of the two-regions model for interfacial heat transfer calculations is
provided in the following sections.

5.1.3 Development of Interfacial Heat Transfer Model

5.1.3.1 Two Regions Separation

In Figure 5.3, a typical profile of vapor superheating Tv,sup along the radial direction in
the PDO region is represented by the red dotted line. The black dashed line represents
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the superheat degree of bulk vapor temperature Tb,sup. A high temperature gradient is
observed across the radial direction. The vapor superheating decreases sharply from the
wall to the position of y+ = 300, marked by the green dashed line. In this region, the vapor
temperature significantly exceeds the bulk temperature. Using the bulk temperature to
calculate interfacial heat transfer fails to capture the near-wall effects and is likely introduce
a substantial prediction error. Therefore, the flow region is divided into near-wall region
and a central region at y+ = 300. The interfacial heat transfer is calculated separately
within these two regions. Sensitivity analysis indicates that the predicted wall superheating
is not that sensitive to the selection of y+ value of the separation line.

Figure 5.3: Profile of vapor temperature in radial direction from CFD simulation in
Chapter 3 (Xia and Cheng, 2025a)

5.1.3.2 Droplet Evaporation in Two Regions

Figure 5.4 illustrates the separation of regions from the top view and the calculation process
of droplet evaporation over a distance increment ∆z from the front view. In the front view,
the green rectangle marks the central region, while the two red rectangles denote the near-
wall regions. Droplets initially enter the central region and the near-wall region with mass
flow rates of md,c0 and md,n0, respectively. During their travel over the axial distance of
∆z, droplets evaporate and decrease in size according to the amount of heat they gain
from the surrounding vapor. The interfacial heat flow rates in the near-wall region Qvd,n

and in the central region Qvd,c are calculated separately, each contributing to the reduction
of md,n0 and md,c0. The total interfacial heat transfer between droplets and superheated
vapor in this step is represented by the sum of Qvd,c and Qvd,n, contributes to an increase
in the actual steam quality xa and vapor void fraction α. In addition to evaporation,
droplets are transported from the central region toward the near-wall region, as indicated
by the blue arrow and quantified by mdep, representing the net droplet deposition rate.

Given the steep gradient in vapor temperature near the wall, this model, unlike Yu’s PDO
model (Yu, 2019) which employs an average temperature of wall temperature and bulk
temperature, fits a correlation for the vapor temperature profile in the PDO region. From
CFD results in Chapter 3, a profile of dimensionless vapor temperature T+ is correlated
and shown below:

T+ = Prvw · y+, if y+ < y+tr (5.1a)

T+ = 0.6 · Prvwb

kΘ
· ln(y+) + b0, if y+ ≥ y+tr (5.1b)

where y+tr is the crossing point of the Equations (5.1). Prvw is the Prandtl number of vapor
at the wall temperature Tw, and Prvwb is the Prandtl number of vapor at the average
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(a) Top view (b) front view

Figure 5.4: Evaporation and deposition of droplets in the new two-region model (Xia and
Cheng, 2025a)

temperature of wall temperature and vapor bulk temperature Tvb. kΘ is the Karman
constant, and the value of b0 is determined by the energy balance. With this correlation,
the vapor temperature in the radial direction can be calculated as:

Tv,y = Tw − T+q′′w
ρvcp,vu∗

(5.2)

With the vapor temperature known at various radial positions, the near-wall region is
discretized laterally into N small slices using logarithmic spacing. In each slice, the vapor
temperature is determined, and the corresponding heat transfer in the near-wall region
Qvd,n is then calculated. Qvd,c is calculated with the average vapor temperature in the
central region, as the temperature gradient in this region is small. The expressions for
Qvd,n and Qvd,c are given as follows:

Qvd,n =

∑N
i=0(Tv,i − Ts)An,ihvd,n(1− αn)∆z

d
(5.3)

Qvd,c =
(Tvc − Ts)Achvd,c(1− αc)∆z

d
(5.4)

The average vapor temperature in the central region Tvc is given by:

Tvc =
TvbAt −

∑N
i=0 Tv,iAn,i

Ac
(5.5)

The selection of interfacial heat transfer coefficient correlation is based on the range of the
relative Reynolds number Red:

For Red ≤ 250 (Lee and Ryley, 1968):

hvd =
(2 + 0.74Re0.5d Pr

1/3
v )kv

d
(5.6)

For 250 < Red ≤ 450 (Ranz et al., 1952):

hvd =
(2 + 0.6Re0.5d Pr

1/3
v )kv

d
(5.7)
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For Red > 450 citepHughmark1967:

hvd =
(2 + 0.27Re0.62d Pr

1/3
v )kv

d
(5.8)

where

Red =
ρv|ud − uv|d

µv
(5.9)

The vapor properties are calculated according to the average vapor temperature of each
region.

According to the definition of void fraction, the ratio of the liquid fraction can be expressed
as shown in Equation (5.10). The liquid volume fractions in the two regions are then
obtained by combining Equations (5.10) and (5.11). S is the slip ratio and calculated by
Equation (4.14).

1− αc

1− αn
=

md,c

md,n
·
ud,n
ud,c

· An

Ac
(5.10)

(1− αn)An + (1− αc)Ac = (1− α)At (5.11)

According to Lee’s experimental data (Lee and Durst, 1982) shown in Figure 3.14, the
droplet axial velocity changes slightly by approaching to the near-wall region. Therefore,
the difference of droplet axial velocity in two regions is ignored. The liquid fractions in
both regions are determined based on the ratio of droplet mass flux in two regions. After
obtaining the values of Qvd,n and Qvd,c, the change in droplet mass flow is iterated across
the two regions over the distance of ∆z. This allows the calculation of the mass flow rate
at the outlet of the current step, which also serves as the inlet for the next step:

md,c1 = md,c0 −mdep −
Qvd,c

hlg
(5.12)

md,n1 = md,n0 +mdep −
Qvd,n

hlg
(5.13)

The amount of droplet deposition between the two regions, mdep. The steam quality at
this elevation is calculated with:

xa = 1−
md,c1 +md,n1

min
(5.14)

5.1.3.3 Droplet Deposition Between Two Regions

Previous research on droplet deposition has shown that droplets in the gas phase tend
to move toward the wall. This droplet deposition phenomenon is caused by the radial
fluctuation velocity of the gas phase. Figure 5.5 presents a schematic of the dimensionless
vapor fluctuation velocity profile v′+, depicted by a purple line based on the work of Laufer
(1954). The radial velocity fluctuation of the vapor increases from the wall over a short
distance and then decreases as it approaches the tube center. The near-wall region extends
from the wall to y+cr = 300, where a high gradient of vapor velocity fluctuation occurs. To
address droplet lateral movement within this region, the near-wall region is divided into
the wall boundary region and the transition region, with y+cw = 30 as the separation line.
The wall boundary region and transition region have droplet concentrations Cnw and Cnt,
respectively. The droplet concentration in the central region is denoted as Cc. Simulation
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Figure 5.5: Profiles of vapor fluctuation velocity and droplet concentration (Xia and
Cheng, 2025a)

results from the CFD investigation in Chapter 3 show that the droplet concentration pro-
file has a V-shaped distribution under the turbulent dispersion, as represented by a green
line in Figure 5.5. In combination with the vapor velocity fluctuation profile, droplets
gain momentum and exhibit random motion within the flow due to the stochastic fluctua-
tions of the vapor phase. Droplets are distributed radially according to the vapor velocity
fluctuation profile. As a result, a concentration valley forms in the transition region fol-
lowing the profile of vapor fluctuation velocity. The droplet lateral movement from the
central region to the near-wall region can thus be approximated as being driven by the
concentration difference between the central region and the transition region.

The deposition rate from the central region to the near-wall region is calculated with the
particle diffusion equation:

mdep = (D + εd)
dC

dy
Acr (5.15)

where Acr is the deposition area, representing the surface area of the boundary between
the central region and the near-wall region. εd is the droplet turbulent diffusivity, while
D is the droplet molecular diffusivity. Compared to turbulent dispersion (Yang and Lee,
1991; Lee and Wiesler, 1987), the molecular diffusion is too small to be considered. dC is
the concentration difference from the central region to the transition region, which can be
estimated by the difference of Cc and Cnt. Thus, Equation (5.15) can be rewritten as a
difference equation:

mdep = εd
Cc − Cnt

∆y
Acr (5.16)

The droplet concentrations in the central and near-wall regions are calculated using the
liquid void fraction:

Cc = (1− αc)ρd (5.17)

Cn = (1− αn)ρd (5.18)

To calculate the net deposition rate, the droplet concentration within the transition region,
Cnt, is required.
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From Hinze (1959), and Lee and Wiesler (1987), for short diffusion times, the droplet
turbulent diffusivity εd can be expressed as:

εd = η2eεv (5.19)

where εv is the vapor eddy viscosity, and η2e is the fluctuation amplitude of the droplet
relative to that of the vapor in the turbulent core. By obtaining εv and η2e , the droplet
turbulent viscosity can be calculated. These two parameters need to be modified to fit the
PDO conditions.

The following sections describe the calculations of the three unknown parameters Cnt, εv,
and η2e in the current deposition model.

Calculation of Cnt:

Based on the mechanism of lateral droplet movement near the wall, the droplet within the
wall boundary region is governed by the possibilities of droplets entering versus exiting
this region, which is influenced by the disparity in vapor fluctuation velocities between the
transition and wall boundary regions. Thus, the droplet concentration ratio cow between
the wall boundary region and the transition region is quantitatively represented by the
ratio of their respective average vapor fluctuation velocities:

Cnw

Cnt
=

v′v,nt
v′v,nw

= cow (5.20)

Experimental data from Laufer (1954) is displayed in Figure 5.6. Beal (1970) fitted the

Figure 5.6: Profile of dimensionless fluctuation velocity of gas in radial direction

experimental data and obtained the following correlations:

v′v
u∗

= 0.05y+, 0 ≤ y+ ≤ 10 (5.21)

v′v
u∗

= 0.5 + 0.0125(y+ − 10), 10 ≤ y+ ≤ 30 (5.22)

The average fluctuation velocity in the wall boundary region and transition region can be
estimated as:

v′v,nw = 0.48u∗ (5.23)
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v′v,nt ≈ 0.93u∗ (5.24)

cow = 1.9375 (5.25)

With this ratio, the droplet concentration in the transition region can be calculated as:

Cnt =
CnAn

Ant + cowAnw
(5.26)

Calculation of εv:

The eddy viscosity of vapor εv is considered to not be constant across the turbulent core.
Kays (1966) and Reichardt (1951) fitted the radial profile of vapor eddy viscosity as:

εv =
kΘr0u

∗

6

[
1−

(
r

r0

)2
][

1 + 2

(
r

r0

)2
]

(5.27)

which is referenced from single-phase experiments. To implement it for the dispersed flow,
Equation (5.27) needs to be modified considering the droplet evaporation effect.

From the work of Reichardt (1951), the Equation (5.27) is used to generate a profile of
dimensionless axial velocity u+. A relationship between u+ and εv can be found as:

εv =
µy+r d

(
r
r0

)2
d(u+)

(5.28)

A u+ correlation for single-phase flow is then obtained in Reichardt (1951) by combining
Equation (5.27) and (5.28):

u+ = 2.5 ln

y+
1.5
(
1 + r

r0

)
1 + 2

(
r
r0

)2
+ 5.5 (5.29)

In the PDO region, droplets absorb heat from the vapor and evaporate into vapor, which
modifies the vapor velocity profile. Therefore, when the u+ profile in Equation (5.29) is
applied to describe the velocity profile in the PDO region, it slightly differs from the CFD
simulated u+ profile. Thus, the u+ correlation is modified according to the CFD simulated
vapor velocity profile as:

u+ = 2.5 · cofu ln

y+
1.5
(
1 + r

r0

)
1 + 2

(
r
r0

)2
+ b1 (5.30)

cofu = 0.88 · (Prvwb)
0.3 (Prs)

0.1 (5.31)

The cofu accounts for the effect of droplet evaporation on the vapor velocity profile. There-
fore, from Equation (5.28) and (5.30), the εv in the PDO region accounting for the droplet
evaporation effect can be rewritten as:

εv =
kΘr0u

∗

6 · cofu

[
1−

(
r

r0

)2
][

1 + 2

(
r

r0

)2
]

(5.32)
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Calculation of η2e :

The parameter η2e represents the lag effect of droplet motion relative to the vapor fluctu-
ation. For smaller particles, which are light enough to be carried by the continuous flow,
η2e ≈ 1. However, for larger droplets, they cannot follow the turbulence components of
vapor. Therefore, to accurately describe droplet motion in the PDO region, η2e needs to be
modified, considering the relative displacement between the droplets and the vapor phase.

The calculation of η2e is based on the turbulence analysis in Hinze (1959):

η2e = [1 + f1(ωe)]
2 + f2

2 (ωe) (5.33)

where

f1(ωe) =
ωe

(
ωe + c

√
πωe
2

)
(b− 1)(

a+ c
√

πωe
2

)2
+
(
ωe + c

√
πωe
2

)2 (5.34)

f2(ωe) =
ωe

(
a+ c

√
πωe
2

)
(b− 1)(

a+ c
√

πωe
2

)2
+
(
ωe + c

√
πωe
2

)2 (5.35)

The ωe is the most energetic frequency of fluid oscillation Lee and Wiesler (1987):

ωe = 67.6Re0.43 (5.36)

a represents the interfacial drag effect. In the previous model of Hinze (1959), a is calcu-
lated according to Stokes’ law:

a =
36µ

(2ρd + ρv)d2
(5.37)

But the droplets have larger size compared to solid particles. Here, a drag force considering
spherical drag law is included. Equation (5.37) can be rewritten as:

a =
36µ

(2ρd + ρv)d2τ
(5.38)

Where

τ =
24

CD Red
(5.39)

CD is the drag coefficient. Previously, CD = 24
Red

, which implies τ = 1. In the current
model, CD is calculated using the correlation developed by Morsi and Alexander (1972):

CD = a1 +
a2
Red

+
a3

Re2d
(5.40)

The values of a1, a2, and a3 vary depending on the range of Red (Morsi and Alexander,
1972).

With the obtained Cnt, η
2
e , and εv, Equation 5.16 for calculating droplet deposition mass

flow rate in the PDO region is rewritten as:

mdep =
η2e kΘr0u

∗

6 · cofu

[
1−

(
r

r0

)2
][

1 + 2

(
r

r0

)2
]
dC

dy
Acr (5.41)

Where

r = rcr, dC = 2(Cc − Cnt), dy =
rcr + r0

2
, Acr = 2πrcr∆z
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5.1.4 Wall-Vapor Convective Heat Transfer

Many correlations exist for predicting convective heat transfer between the wall and vapor.
The model developed by Yu (2019) is employed. Yu divided the flow region along the
heated length into a developing PDO region and a fully developed PDO region. In the
developing PDO region, the convective heat transfer coefficient between the wall and vapor
is described as a combination of the boiling heat transfer hwv,NB and the single-phase
convective heat transfer hwv,f :

hwv = (1−Kwv)hwv,f +Kwvhwv,NB (5.42)

Where hwv,NB is the nucleate boiling heat transfer coefficient (Chen, 1966), and hwv,f is
the single vapor convective heat transfer coefficient. Yu (2019) modified the correlation
with the viscosity ratio:

hwv,fdev = 0.03675
kvb
Dt

Re0.743vb Pr0.4vb

(
µvb

µvw

)0.1

(5.43)

where

Revb =
GDtxa
µvα

(5.44)

Prvb =
Cp,vµv

kv
(5.45)

A correlation of Kwv was fitted by Yu (2019) with experimental data:

Kwv =
1

1 +
(

104

Re
1/6.0
v

)(
Lpoi

Ldev

)2.5 (5.46)

Lpoi is the heated length from the dryout point to the current calculation point, estimated
by equilibrium quality difference. Ldev is predicted as:

Ldev = 900Re−0.008
v

(
Bo+ 10−4

)( µd

µvs

)−0.55

(5.47)

Where the boiling number Bo is:

Bo =
q′′w
Ghlg

(5.48)

and the Reynolds number is given by:

Rev =
GDt

µvs
(5.49)

5.2 Assessment of the Proposed PDO Model

In this part, the proposed model is assessed with KIT R-134a PDO experimental data (Köck-
ert et al., 2021; Rensch et al., 2024) and KTH water PDO experimental data (Becker et al.,
1983). The experimental data with void fraction at dryout point over 80% are selected
from the database and used for the model assessment. The new developed droplet size
correlation and validated Yoder droplet velocity correlation are implement. The newly
developed droplet size model from Equation (4.11) in Chapter 4 is utilized to calculate the
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droplet initial size at the dryout point. In the PDO heat transfer prediction, the interfacial
heat transfer power is calculated by:

Qvd = q′′vd ·Ad = hvd(Tv − Td) · πd220 ·
(
1− α
π
6d

3
30

)
·Af∆z (5.50)

or equivalently:

Qvd = hvd(Tv − Td) ·
6(1− α)Af∆z

d32
(5.51)

Where Af denotes the flow cross-sectional area, and Ad represents the interfacial heat
transfer area. From Equation (5.50), the interfacial heat transfer area is the product of the
droplet number and single droplet surface area. The droplet sizes d20 and d30 in Equation
(5.50) correspond to the volume-mean diameter and surface-mean diameter, respectively.
Consequently, the droplet size relevant for calculating interfacial heat transfer power is the
sauter mean diameter d32, which accounts for the effect of the droplet size distribution.
According to Ueda’s work (Ueda and Kim, 1982), a correction factor of 1.5 is applied to
the arithmetic mean diameter d10 to obtain d32. Therefore, based on Equation (4.11), the
droplet size at dryout point is predicted by:

ρvu
2
vd32
σ

= 1.5 · 3× 10−4Re1.2v

(
ρv
ρd

)
(5.52)

The wall superheating predicted by the proposed model is validated against experimental
data. The profile of the predicted wall superheating and heat transfer in PDO region are
further analyzed using intermediate parameters obtained during the simulation, such as
vapor superheating and interfacial heat transfer power. In addition, the performance of
the proposed model and the literature models is evaluated by comparing their predicted
heat transfer coefficients htc with experimental values and analyzing the corresponding
prediction errors. Droplet size correlations from the literature are also implemented into
the proposed PDO model for comparison.

5.2.1 Assessment with KIT R-134a Experimental Data

The database used for the assessment comes from Karlsruhe Institute of Technology (KIT)
Model Fluid Facility (KIMOF). The refrigerant R-134a flows upward through a vertical
round tube. This tube is uniformly heated and has an internal diameter of 10 mm and a
heated length of 3000 mm. Detailed information about the experimental investigation can
be found in the work of Rensch et al. (2024) and Köckert et al. (2021). A total of 4685
data points are selected with a selection criterion of a dryout void fraction over 80%. The
parameter ranges of the selected KIT R-134a experimental data are:

Working Fluid: R-134a

Heated Length: 3000 mm

Tube Inner Diameter: 10 mm

Pressure: 1.10 – 3.25 MPa

Mass Flux: 300 – 1500 kg/(m2·s)

Heat Flux: 20 – 140 kW/m2
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5.2.1.1 Wall Temperature

In Figure 5.7, the scatter plot compares the wall superheating predicted by the proposed
model with the experimentally measured values, based on the 4760 data points from KIT
R-134a. Significant deviations between predicted and measured wall superheating pre-
dominantly occur in the regions close to the dryout point. A detailed error analysis of
all data points reveals that the majority of points with larger deviations fall within 0.2 m
downstream of the dryout location. This corresponds to the period of wall temperature
jumping, where the flow has not yet stabilized into a dispersed flow, referred to as the
developing PDO region.

Figure 5.7: Comparison of predicted wall superheating and KIT R-134a measured wall
superheating

Since the proposed model is developed for fully developed PDO heat transfer, all points
within 0.2 m downstream of the dryout location are marked with black dots. It can
be observed that the majority of predictions with errors exceeding the ±10% margin
correspond to these points in black dots. The red dots in Figure 5.7 refer to the points
that fall within the developed PDO region. Approximately 92% of the 3752 red data points
in the developed PDO region fall within the ±10% error range. This indicates the high
reliability of the model in predicting heat transfer in the developed PDO region.

5.2.1.2 Parameter Analysis

In the PDO region, the wall temperature profile exhibits two possible trends: increasing or
decreasing with steam quality increase. Figure 5.8 illustrates the wall superheating profile
at mass flux 300 kg/m2·s and pressure 2.8 MPa, which displays an increase in the wall
superheating as heat flux increases. Although the proposed model slightly underestimates
the wall temperature, it accurately captures the temperature profile at low mass flux and
also the effect of heat flux: higher heat flux results in larger wall temperature jumps and
an increased maximum wall temperature in the PDO region.

The predicted superheating of vapor, ∆Tvb, at different heat flux is plotted against the
distance from the dryout point, which is represented by the difference of equilibrium quality
xe and steam quality at the dryout point xdo in Figure 5.9(a). Since the proposed model
assumes thermal equilibrium condition at dryout, the vapor superheating starts from 0
at the dryout point and increases with the distance from the dryout point. Figure 5.9(a)
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shows that cases under different heat fluxes have close profiles of vapor superheating. At
the end of the heated length, the vapor superheating has its maximum value of 30 K.

The predicted heat transfer coefficients by the proposed model are calculated according
to Equation (5.53) to illustrate the variation of convective heat transfer under different
conditions:

htcvb =
q′′w

Tw,cal − Tvb
(5.53)

In Figure 5.9(b), it can be seen that the three cases under different heat fluxes have close
profiles of htcvb. The htcvb has an increasing trend in the developed PDO region since the
droplet evaporation increases the vapor mass flux, enhancing the wall vapor convective
heat transfer. However, since the degree of vapor superheating continuously increases at a
relatively large rate, the effect of vapor superheating is stronger than the enhancement on
convective heat transfer. Consequently, the wall superheating steadily rises in the PDO
region.

Figure 5.8: Wall superheating comparison between the proposed model and experimental
data at low mass flux of pressure 2.8 MPa

(a) ∆Tvb (b) htcvb

Figure 5.9: Predicted superheating degree of bulk vapor ∆Tvb and predicted heat transfer
coefficient htcvb under low mass flux of pressure 2.8 MPa
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Figure 5.10 presents the wall superheating profiles at high mass flux 1500 kg/m2·s and
pressure 1.1 MPa, where a decrease in wall temperature occurs in the developed PDO
region. The proposed model reproduces this behavior in very high accuracy.

The predicted vapor superheating is displayed in Figure 5.11(a). At high mass flux, the
profiles of vapor superheating at different heat fluxes are similar to each other. The increase
rate of vapor superheating is slow and relatively small compared to that at low mass fluxes.
The heat transfer coefficients htcvb under high mass fluxes for three different heat fluxes
are also displayed in Figure 5.11(b). The profile of htcvb demonstrates an initial decline,
followed by a significant increase in the developed PDO region. Due to the enhancement in
the heat transfer coefficient outweighing the effect of the slowly rising vapor superheating,
the wall temperature exhibits a decreasing trend under this condition.

Figure 5.10: Wall superheating comparison between the proposed model and
experimental data at high mass flux of pressure 1.1 MPa

(a) ∆Tvb (b) htcvb

Figure 5.11: Predicted superheating degree of bulk vapor ∆Tvb and predicted heat
transfer coefficient htcvb under high mass flux of pressure 1.1 MPa

The analysis of the results at different mass fluxes and heat fluxes reveals that variations
in heat flux do not significantly affect the heat transfer pattern in the proposed model.
Instead, mass flux is the primary factor influencing the wall temperature trend in the PDO
region. To minimize the impact of other parameter variations, results obtained with three

99



5. Development and Assessment of PDO Heat Transfer Model

mass fluxes at the same pressure and heat flux are selected for further analysis.

Figure 5.12 presents the profiles of wall superheating at constant pressure of 1.6 MPa
(reduced pressure of 0.4) and heat flux of 94 kW/m2 for 3 mass fluxes. The proposed
model captures the developing trend of the PDO wall superheating well in different mass
fluxes.

To understand the difference in wall superheating profiles predicted by the proposed model,
the vapor temperature and interfacial heat transfer are displayed in Figure 5.13(a) and
Figure 5.13(b), respectively. Figure 5.13(a) indicates that the increase rates of vapor

Figure 5.12: Wall superheating comparison between proposed model and experimental
data under various mass fluxes

(a) ∆Tvb (b) htcvb

Figure 5.13: Predicted superheating degree of bulk vapor ∆Tvb and predicted heat
transfer coefficient htcvb under various mass fluxes

superheating under different mass fluxes vary significantly. At low mass flux, the maximum
superheat of bulk vapor reaches up to 35 K while at high mass flux it is only 10 K. This
difference in vapor superheating can be explained in Figure 5.13(b), which displays the
ratio of the heat power transferred from vapor to droplet Qvd divided by the total heat
power from the heated wall Qw. It shows that the proportion of interfacial heat transfer
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under different mass fluxes also differs greatly. At low mass flux, the interfacial heat
transfer proportion reaches only about 60%, while at high mass flux, it approaches nearly
95%.

Analysis of intermediate parameters revealed that the disparity in interfacial heat transfer
is primarily attributed to the larger portion of liquid left in the PDO region and the smaller
droplet size caused by increased vapor velocity at high mass flux, which leads to a higher
droplet interfacial area. Consequently, interfacial heat transfer efficiency is significantly
enhanced under high mass flux conditions. Additionally, the convective heat transfer under
high mass flux is highly efficient due to higher Reynolds number. As a result, the predicted
wall temperature shows a decreasing trend in the developed PDO region.

5.2.2 Assessment with KTH Water Experimental Data

The KTH experimental data in water (Becker et al., 1983) is selected to further evaluate
the proposed model. The KTH experiment is conducted in a vertically oriented tube,
which is electrically and uniformly heated, with water flowing upwards. A total of 3968
data points, meeting the criterion of a void fraction greater than 80%, are selected for
assessment. Here are the parameter ranges of the selected data points:

Working Fluid: Water

Heated Length: 7000 mm

Tube Inner Diameter: 14.9 mm, 10 mm

Pressure: 3 – 16 MPa

Mass Flux: 500 – 3000 kg/(m2·s)

Heat Flux: 147 – 1295 kW/m2

5.2.2.1 Wall Temperature

Figure 5.14 presents a comparison of the predicted with the measured wall superheating
based on KTH water data. To ensure the data in the fully developed PDO region, 3003

Figure 5.14: Comparison of the predicted wall superheating with the measured wall
superheating

points located at least 0.5 m away from the dryout points are included. The scatter plot
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reveals a slightly larger deviation with respect to the comparison with the KIT R-134a data
in Figure 5.7. Despite this, approximately 67% fall within the ±20% margin, and 89% of
the data points fall within the ±30% error margin, indicating that the model demonstrates
reasonable predictive accuracy for the water data.

5.2.2.2 Parameter Analysis

Figures 5.15(a) and 5.15(b) present the profiles of the wall superheating for water at
different heat fluxes under low and high mass fluxes, respectively. Consistent with the
trends observed for the R-134a dataset in Figures 5.8 and 5.10, the wall superheating in
water exhibits a gradual increase at low mass fluxes and a reduced slope under high mass
fluxes in the developed PDO region. Differently, wall superheating in the PDO region for
water is significantly higher than that observed for R-134a.

(a) Low mass flux of pressure 16 MPa (b) High mass flux of pressure 5 MPa

Figure 5.15: Wall superheating comparison between proposed model and experimental
data

Figure 5.15(a) shows that the predicted profile of the wall superheating aligns closely with
the experimental results at different heat fluxes under low mass fluxes. Despite localized
deviations as heat flux increases, the overall trend of the wall superheating profile is well
captured. Figure 5.15(b) shows the wall superheating profile at high mass fluxes under
different heat fluxes. Although the model overpredicts the wall superheating, it successfully
captures the decreasing trend of the wall superheating at high mass fluxes. These results
demonstrate that the model effectively predicts the wall superheating trends of water under
both low and high mass flux conditions.

The actual vapor superheating and the interfacial heat transfer for water cases are also
analyzed. As shown in Figure 5.16(a), the vapor superheating increases linearly with
equilibrium steam quality at low mass fluxes, reaching up to 60 K. However, in Figure
5.16(b), the vapor superheating at high mass fluxes initially rises more steeply due to
the sharp jump in wall temperature. Compared to the R-134a cases, the difference in
vapor superheating between low and high mass fluxes is less pronounced, which may be
attributed to the higher wall superheat predicted for water.

Analysis of the interfacial heat transfer in Figures 5.17(a) and 5.17(b) reveals that, at
high mass fluxes, the contribution of interfacial heat transfer rapidly increases from zero
to a dominant level, eventually stabilizing at approximately 90%. However, considering
the overpredicted wall and vapor temperatures, this proportion may actually be under-
estimated under water conditions. This discrepancy could be mitigated by employing
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(a) Low mass flux of pressure 16 MPa (b) High mass flux of pressure 5 MPa

Figure 5.16: The predicted vapor superheating ∆Tvb

(a) Low mass flux of pressure 16 MPa (b) High mass flux of pressure 5 MPa

Figure 5.17: The predicted ratio of interfacial heat transfer power and total heat power
from the wall

an improved droplet size model calibrated with water-specific data. Conversely, at low
mass fluxes, the proportion of the interfacial heat transfer rises more gradually, peak-
ing at around 60%. Along the heated length, droplet consumption reduces the droplet
concentration, leading to a slight decrease in the proportion of interfacial heat transfer.

5.3 Comparison with literature models and correlations

5.3.1 Comparison with Existing PDO Models

Four models from the literature, i.e., Groeneveld equilibrium correlation (Groeneveld and
Delorme, 1976), Chen non-equilibrium correlation (Chen et al., 1979), Rohsenow non-
equilibrium differential model (Rohsenow, 1988), and Yu non-equilibrium mechanistic
model (Yu, 2019), are selected for comparison with the proposed model. To quantita-
tively evaluate the predictive performance of these models, the heat transfer coefficient
htc is defined as:
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htc =
q′′w

Tw − Tvs
(5.54)

For each data point, the error parameter is defined by:

error(i) =
htccal(i)− htcexp(i)

htcexp(i)
(5.55)

where htccal(i) is the predicted heat transfer coefficient of the i-th point, calculated using
the predicted wall temperature, and htcexp(i) is the measured heat transfer coefficient,
calculated from the measured wall temperature. Moreover, the mean error (ME) and
root-mean-square (RMS) of the error parameter are defined as:

ME =
1

n

n∑
i=1

error(i) (5.56)

RMS =

√√√√ 1

n

n∑
i=1

error(i)2 (5.57)

Accordingly, Table 5.1 exhibits the prediction errors of the proposed model and the four
selected models from literature against the KIT R-134a experimental database. As can be
seen, the Yu’s (Yu, 2019) mechanistic model as well as the proposed mechanistic model
perform better compared with other models. The proposed model, with a mean error of
0.32% and RMS of 18.42%, achieves the best prediction accuracy among the five models.
The comparison with four selected models from the literature shows an obvious improve-
ment by the proposed model.

Table 5.1: Assessment of various models based on the KIT R-134a experimental data

Model ME (%) RMS (%)

Proposed model 0.32 18.42

Yu model 4.39 24.35

Groeneveld model 17.22 44.13

Chen model -25.00 48.39

Rohsenow model 41.20 52.91

As the assessment with R-134a data, the prediction errors of the heat transfer coefficient
of the water dataset are calculated according to Equation (5.54)-(5.57) and compared with
the four selected models, as summarized in Table 5.2. Among these models, Varone and
Rohsenow (1986) demonstrated the smallest mean error of -3.91% and relatively small RMS
error of 29.07%. However, considering its poor performance with the R-134a experimental
data, the better performance with the water dataset might be attributed to Rohsenow’s
Nusselt correlation developed partially based on test data from water. In contrast, the
proposed model still performs well for the water dataset by giving the smallest RMS
error. This suggests that, while the proposed model generally underpredicts the htc in
water PDO experimental data, it exhibits minimal error scattering. This is also illustrated
in Figure 5.14, where the data points lie slightly above the diagonal line, indicating a
slight underestimation of the heat transfer coefficient. This shows the proposed model can
generally well predict the PDO heat transfer in both R-134a and water conditions.
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Table 5.2: Comparison of the predicted heat transfer coefficient with the KTH
experimental

Model ME (%) RMS (%)

Proposed model -12.26 28.65

Rohsenow model -3.91 29.07

Yu model -13.36 29.68

Chen model -23.13 51.39

Groeneveld model 58.31 100.16

5.3.2 Comparison with Existing Droplet Size Correlations

Several correlations for predicting the initial droplet size are implemented; among them,
Yoder’s correlation(Yoder and Rohsenow, 1983) and Ueda’s droplet size correlation (Ueda
and Kim, 1982) are selected to give a comparison in this section to facilitate a comparative
analysis of droplet initial size. Implement Yoder’s and Ueda’s droplet size correlations
instead of the new developed droplet size correlation into the current proposed PDO model,
the results of predicted wall temperature and htc are showed below.

5.3.2.1 Wall Superheating

The predicted wall superheating related to the KIT R-134a database with Ueda’s and the
Yoder’s correlations are shown in Figures 5.18. It is evident that Ueda’s correlation worsens

(a) With Ueda’s droplet size correlation (b) With Yoder’s droplet size correlation

Figure 5.18: Predicted vs. measured wall superheating with the implement of varying
droplet size correlations to proposed model (KIT database)

the wall superheating prediction, leading to a significant underestimation for a larger
number of points. In contrast, the Yoder droplet size correlation provides much better
prediction accuracy. Compared to the prediction results with new developed correlation
shown in Figure 5.7, the predicted wall superheating using the Yoder correlation show only
minor discrepancies, as seen in Figure 5.18(b).

Implementing the new droplet size correlation into the KTH Water database yields com-
parable overall performance. Figure 5.19 compare the predicted wall superheating with
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the measured data using the Yoder’s and the Ueda’s droplet size correlation. As shown in
Figure 5.19(a), Ueda’s correlation substantially underestimates wall superheating for a sig-
nificant portion of the cases. In contrast, Figure 5.19(b) shows that more predicted points
using the Yoder size correlation fall within the +20% margin, indicating a slight tendency
of better prediction results of wall superheating. However, the new size correlation helps
the proposed PDO model improve accuracy in the high wall superheating region: data
points that previously lay beyond the +20% margin now fall within it. This improvement

(a) With Ueda’s droplet size correlation (b) With Yoder’s droplet size correlation

Figure 5.19: Predicted vs. measured wall superheating with the implement of varying
droplet size correlations to proposed model (KTH database)

is consistent with observations from the KIT R-134a database, where the new correlation
also effectively reduces overprediction under high wall superheating conditions.

5.3.2.2 Heat Tranfer Coefficient

The prediction errors of heat transfer coefficients with different droplet size correlations
are displayed in Table 5.3. By analyzing the ME and RMS of the predicted heat transfer
coefficient with Yoder’s, Ueda’s, and the new correlations, the proposed model with new
droplet size correlation has smallest ME and RMS error, showing that the implement of new
correlation in the proposed model improves the model prediction accuracy further. On the
other hand, the implement of Ueda’s correlation in proposed model performs very poorly
for the KIT R-134a database. The prediction errors of heat transfer coefficients using

Table 5.3: Prediction errors of htc with various droplet size correlations based on the
KIT R-134a experimental data

Model ME (%) RMS (%)

Proposed model with New correlation 0.32 18.42

Proposed model with Yoder correlation -0.6 18.87

Proposed model with Ueda correlation 7.98 23.69

different droplet size correlations for the KTH water database are summarized in Table 5.4.
Ueda’s correlation yields the lowest mean error when implemented in the proposed model
for the KTH water database. However, as illustrated in Figure 5.19(a), Ueda’s correlation
tends to significantly underpredict wall superheating, which is undesirable from a safety
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analysis perspective. The implementation of the new droplet size correlation achieves
the best performance for the KIT R-134a database but it provides slightly less accurate
predictions than Yoder’s correlation in the KTH water database. Nevertheless, the overall
differences are minor. In both cases, the new correlation demonstrates superior overall
performance compared to the existing models from the literature.

Table 5.4: Prediction errors of htc with various droplet size correlations based on the
KTH Water experimental data

Model ME (%) RMS (%)

Proposed model with Yoder correlation -11.68 27.69

Proposed model with New correlation -12.26 28.65

Proposed model with Ueda correlation 1.93 32.99

5.3.2.3 Analysis on Predicted Droplet Size

To understand the variation in prediction results under different droplet size correlations,
the droplet sizes at dryout points are calculated and presented in the Figure 5.20 and 5.21.
For comparison, droplet sizes predicted by correlations of Equation (5.52), Yoder (1980)
and Ueda and Kim (1982) are also presented.

Figure 5.20 displays the predicted droplet size with R-134a database. Figure 5.20(a) illus-
trates the variation of the predicted droplet size with inlet mass flux. Generally, all the
predicted droplet sizes decrease with increasing mass flux. However, the droplet size pre-
dicted by the new correlation decreases more sharply as mass flux increases. At very high
mass flux ranges, the predicted droplet size by the new correlation remains nearly con-
stant as mass flux increases. The Ueda’s correlation always provides the smallest droplet
size predictions, which well explains the underprediction of wall superheating observed in
Figure 5.18(a).

A mass flux of 300 kg/(m²·s) is selected to investigate the effect of pressure on the pre-
dicted droplet size, as results at low mass flux are available over a wider pressure range.
In Figure 5.20(b), the predicted droplet size initially increases with pressure and then de-
creases at higher pressures. The new correlation captures this turning trend similarly to
Ueda’s correlation, with a noticeable decrease in droplet size when the reduced pressure
exceeds 0.7. In contrast, Yoder’s correlation predicts a decrease beginning at a reduced
pressure of 0.4. The droplet sizes predicted by the new correlation are significantly smaller
than those predicted by Yoder’s model at low pressures. Therefore, the smaller predicted
wall superheating observed in the prediction results of new droplet size correlation can
be explained by the smaller droplet sizes at low pressures, as lower pressure conditions
typically result in higher wall temperatures in the PDO region.

The predicted droplet size with the water database are displayed in Figure 5.21. In the
calculations, the model constrains droplet sizes exceeding 1 mm to a maximum of 1 mm.
As shown in Figure 5.21(a), the predicted droplet size decreases with increasing mass flux,
showing a similar trend as it does in the R-134a database.

In Figure 5.21(b), a mass flux of 500 kg/(m²·s) is selected for examining the effect of
pressure on the predicted droplet size. At low pressures, the predicted droplet size of the
new correlation is close to that of Ueda’s correlation and is significantly smaller than the
Yoder’s prediction. Similarly, this smaller droplet size at low pressure explains the smaller
wall superheating predicted in Figure 5.14.
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(a) Predicted droplet size vs. mass flux (b) Predicted droplet size vs. PR

Figure 5.20: Predicted droplet size at dryout point with KIT database

(a) Predicted droplet size vs. mass flux (b) Predicted droplet size vs. PR

Figure 5.21: Predicted droplet size at dryout point with KTH database

The newly developed droplet size correlation demonstrates comparable accuracy to Yoder’s
correlation in predicting heat transfer coefficients, as both yield similar droplet size predic-
tions. Moreover, the improved accuracy of the new correlation, particularly in high wall
superheating cases, highlights its potential to enhance model reliability and performance
in regions where existing correlations struggle. By capturing key physical mechanisms
more effectively, the new droplet size model provides a more comprehensive representa-
tion of heat transfer behavior at extreme conditions. However, the current development
and assessment of the new correlation are based on a limited set of experimental data
on droplet size. Further experimental validation is required to refine and validate the
proposed droplet size correlation over a broader parameter range.

5.4 Chapter Summary

This chapter introduces a two-region model for describing the process of interfacial heat
transfer in the PDO region. The following results are obtained from the analyses of
the PDO heat transfer in upward flow within a uniformly heated vertical tube, and its
assessment with experimental data obtained in water and R-134a:

• A two-region model that considers the droplet evaporation in the central region and
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near-wall region separately is developed for improving the prediction of interfacial
heat transfer. A radial vapor temperature profile is fitted for interfacial heat transfer
calculations. A new approach for counting the droplet lateral movement between the
central and near-wall regions is also incorporated.

• Based on the single-phase correlation from literature and vapor parameters from CFD
simulations, an improved correlation for the radial vapor temperature profile is fitted,
which can account for the effect of droplet evaporation on the vapor temperature
distribution.

• Since existing deposition correlations are inadequate for predicting droplet movement
from the central region to the near-wall region, a new deposition correlation tailored
to the two-region framework is derived. For applicability to PDO heat transfer, this
correlation is further refined by incorporating vapor velocity profiles fitted from CFD
simulations and accounting for the drag force on large droplets.

• A total of more than 8000 data points from both the KIT R-134a database and the
KTH water database are selected to assess the proposed model. For the KIT R-134a
database, 92% of the data points fall within a ±10% error margin related to the
wall superheating, while for the KTH water database, 89% of the data points fall
within a ±30% error margin. The model effectively predicts wall superheating in
the developed PDO region across a wide range of operating conditions and working
fluids.

• With the present mechanistic model, two different behaviors of wall superheating
at different mass fluxes can be well explained. When the effect of the increased
wall vapor convection outweighs the rise in vapor superheating, the wall superheat-
ing exhibits a decreasing trend. Conversely, when the vapor superheating increase
dominates, the wall superheating continues to rise.

• When comparing the heat transfer coefficient with four existing prediction models
from the literature, the proposed model demonstrates significantly improved accu-
racy for the KIT R-134a database and slightly better performance for the KTH water
database. These results indicate that the present model provides reliable predictions
on PDO heat transfer, offering a substantial improvement over existing models.

• During the assessment of droplet size correlations, Ueda’s correlation, despite achiev-
ing reasonable accuracy with experimental data, performs poorly in PDO heat trans-
fer, particularly when applying to the KIT R-134a database. Yoder’s correlation
performs well in PDO heat transfer prediction but exhibits large deviations when
compared with the experimental droplet size data. In contrast, the new correla-
tion demonstrates a satisfying performance in both the PDO heat transfer model
and comparison with the experimental data of droplet size, indicating its superior
reliability and overall accuracy.
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Summary

The current study investigates the droplet behaviors and heat transfer mechanisms in the
PDO region through numerical simulations, experimental studies, and model development.
The primary objectives are to enhance the understanding of droplet dynamics, improve
droplet size and velocity correlations, and refine interfacial heat transfer models for more
accurate analysis of PDO heat transfer and droplet behaviors. The most important original
works and conclusions are summarized as follows:

Original Works

• CFD simulation on droplet behaviors and radial distribution of vapor parameters in
PDO conditions.

• Experimental investigation of droplet behaviors in PDO conditions, leading to the
development of a new droplet size correlation based on experimental data.

• Development and improvement of interfacial heat transfer model by incorporating
CFD-derived findings.

• Mechanistic model development and refinement, integrating insights from CFD sim-
ulations and experimental results.

Conclusions

• Numerical simulation of droplet dynamics in the PDO region is conducted using a
discrete particle model in ANSYS Fluent. The results show strong agreement with
experimental data, validating the applied numerical methods and assumptions. The
droplet mass flux exhibits a W-shaped radial distribution, with smaller droplets in
the near-wall region due to higher evaporation rates. The contribution of near-wall
evaporation to overall droplet evaporation is significant, emphasizing the importance
of accurate initial droplet size estimation. Analysis of droplet deposition and entrain-
ment reveals that evaporation inhibits deposition and enhances entrainment, with
smaller droplets exhibiting higher deposition velocities. Higher wall temperatures
further intensify evaporation, influencing droplet deposition behavior.
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• The experimental investigation employs a high-speed camera to capture droplet pa-
rameters in the PDO region. By analyzing the image sequences, droplet size, veloc-
ity, and spatial distribution under various operating conditions are obtained. Results
indicate that the radial droplet velocity distribution follows a standard normal dis-
tribution, while the axial velocity follows a shifted normal distribution, both strongly
influenced by pressure and mass flux. Droplet size decreases with increasing heat
flux and pressure. The observed trends in droplet size with respect to steam quality
and pressure are consistent with findings reported in the literature. Existing litera-
ture correlations are evaluated and exhibit varying levels of predictive accuracy. To
improve prediction, a new droplet size correlation is developed based on the Weber
number, density ratio, and vapor Reynolds number, which significantly enhances
predictive performance.

• Building on these findings, an improved mechanistic model for PDO heat transfer
is developed. The model accounts for radial variation in droplet evaporation and
lateral movement, leading to more accurate interfacial heat transfer representation.
A new deposition correlation is proposed, considering vapor velocity profiles and
drag forces on large droplets. The model is validated using experimental data from
KIT (R-134a) and KTH (water), showing superior predictive accuracy over existing
models. It also successfully captures trends in wall superheat under various inlet
conditions and incorporates the newly developed droplet size correlation. Sensitivity
analysis confirms that this correlation performs well in PDO model predictions.

Outlook

Despite the improvements achieved in this study, several aspects require further investiga-
tion:

• CFD simulation limitations: Current simulations focus on highly dry conditions due
to the DPM applicability limit (droplet volume fraction < 10%). However, typical
PDO void fractions may reach 80%, requiring improved models for liquid volume
fractions in the 10–20% range. Droplet collisions under such conditions should also
be considered.

• Additional experimental studies: Further experiments on droplet behavior in PDO
conditions are needed to further validate the proposed correlations.

• Deposition modeling: While deposition modeling has been improved, additional re-
search should focus on incorporating droplet-induced turbulence modification in the
near-wall region.

• Heat transfer in the developing PDO region: Significant discrepancies between pre-
dicted and measured data in the developing PDO region indicate a need for further
study. Effects of wall-droplet heat transfer must be included for better accuracy.

• Radiative heat transfer: Although radiative transfer is negligible under typical con-
ditions, it can become significant at high wall temperatures and should be included
to extend the model’s applicability.

• Overestimation in water conditions: The overestimation of heat transfer observed
for water requires further analysis to identify and resolve the underlying causes.

112



Bibliography

Ahmad, S. (1970), “Axial distribution of bulk temperature and void fraction in a heated
channel with inlet subcooling.” Journal of Heat Transfer, 92, 595–609.

Akao, F., Araki, K., Mori, S., und Moriyama, A. (1980), “Deformation behaviors of a liquid
droplet impinging onto hot metal surface.” Transactions of the Iron and Steel Institute
of Japan, 20, 737–743.

Andreani, M. und Yadigaroglu, G. (1989), “Dispersed flow film boiling: an investigation
of the possibility to improve the models implemented in the nrc computer codes for the
reflooding phase of the loca.” Technical Report NUREG/IA-0042, PSI.

Andreani, M. und Yadigaroglu, G. (1997), “A 3-d eulerian-lagrangian model of dispersed
flow film boiling including a mechanistic description of the droplet spectrum evolution-
i. the thermal-hydraulic model.” International journal of heat and mass transfer, 40,
1753–1772.

Anglart, H., Li, H., und Niewinski, G. (2018), “Mechanistic modelling of dryout and post-
dryout heat transfer.” Energy, 161, 352–360.

Annunziato, A., Cumo, M., und Pallazzi, G. (1983), “Post dry-out heat transfer in un-
covered core accidents.” In Thermal hydraulics of nuclear reactors, international topical
meeting on nuclear reactor thermal hydraulics (ANS); Santa Barbara, CA (USA).

ANSYS Fluent (2021 R1), ANSYS Fluent Theory Guide, ANSYS, Inc., Canonsburg.

Bajorek, S. M. und Young, M. Y. (2000), “Direct-contact heat transfer model for dispersed-
flow film boiling.”Nuclear Technology, 132, 375–388.

Baumeister, K., Hamill, T., Schoessow, G., und Schwartz, F. (1965), “Film boiling heat
transfer to water drops on a flat plate.” Technical Report NASA TMX-52103, National
Aeronautics and Space Administration · Washington, D.C.

Beal, S. K. (1970), “Deposition of particles in turbulent flow on channel or pipe walls.”
Nuclear Science and Engineering, 40, 1–11.

Beard, K. V. und Pruppacher, H. R. (1971), “A wind tunnel investigation of the rate of
evaporation of small water drops falling at terminal velocity in air.” Journal of Atmo-
spheric Sciences, 28, 1455–1464.

Beattie, D. (1973), “A note on the calculation of two-phase pressure losses.” Nuclear En-
gineering and Design, 25, 395–402.

Becker, K., Ling, C., Hedberg, S., und Strand, G. (1983), “An experimental investigation
of post dryout heat transfer.” Technical Report KTH-NEL-33, Royal Inst. of Tech.

113



BIBLIOGRAPHY

Bennett, A., Hewitt, G., Kearsey, H., und Keeys, R. (1968), “Heat transfer to steam-water
mixtures flowing in uniformly heated tubes in which the critical heat flux has been
exceeded.” Technical Report REP/AERE-R-5373, Atomic Energy Research Establish-
ment, Harwell, Eng.

Birkhold, F. (2007), Selektive katalytische Reduktion von Stickoxiden in Kraftfahrzeugen:
Untersuchung der Einspritzung von Harnstoffwasserlösung. Dissertation, University of
Karlsruhe.

Bishop, A. A., Sandberg, R. O., und Tong, L. (1965), Forced Convection Heat Transfer at
High Pressure after the Critical Heat Flux. New York, N.Y.: ASME.

Cebeci, T. und Bradshaw, P. (1984), Physical and Computational Aspects of”Convective
Heat Transfer. Springer, New York.

Chan, S. und Grolmes, M. (1975), “Hydrodynamically-controlled rewetting.”Nuclear En-
gineering and Design, 34, 307–316.

Chen, J. (1966), “Correlation for boiling heat transfer to saturated fluids in convective
flow.” Industrial and engineering chemistry process design and development, 5, 322–329.

Chen, J., Ozkaynak, F., und Sundaram, R. (1979), “Vapor heat transfer in post-chf re-
gion including the effect of thermodynamic non-equilibrium.” Nuclear Engineering and
Design, 51, 143–155.

Cheng, X., Feuerstein, F., Klingel, D., und Yu, D. (2018), “Mechanistic prediction of post
dryout heat transfer and rewetting.”Kerntechnik, 83, 203–207.

Cumo, M., Farello, G., Ferrari, G., und Palazzi, G. (1974), “On two-phase highly dispersed
flows.” Journal of Heat Transfer, 96, 496–503.

Cumo, M., Farello, G. E., und Ferrari, G. (1972), “The influence of curvature in post dry-
out heat transfer.” International Journal of Heat and Mass Transfer, 15, 2045–2062.

Dittus, F. und Boelter, L. (1930), “Heat transfer in automobile radiators of the tubular
type.”University of California Publications in Engineering, 2, 443–461.

Dougall, R. (1963), Film boiling on the inside of vertical tubes with upward flow of the
fluid at low qualities. Ph.D. thesis, Massachusetts Institute of Technology.

Downingm, C. G. (1966), “The evaporation of drops of pure liquids at elevated tempera-
tures: Rates of evaporation and wet-bulb temperatures.”AIChE Journal, 12, 760–766.

Era, A., Gaspari, G., Hassid, A., Milani, A., und Zavattarelli, R. (1966), “Heat transfer
data in the liquid deficient region for steam-water mixtures at 70 kg/cm2 flowing in
tubular and annular conduits.” Technical Report No. 11, Centro Informazioni Studi
Esperienze, Italy.

Evans, D., Webb, S., und Chen, J. (1983), “Measurements of axially varying non-
equilibrium in post critical-heat-flux boiling in a vertical tube.” Technical Report
NUREG/CR-3363, Lehigh Univ., USA. Inst. of Thermo-Fluid Engineering and Science.

Forslund, R. und Rohsenow, W. (1966), “Thermal non-equilibrium in dispersed flow film
boiling in a vertical tube.” Technical Report 75312-44, Cambridge, Mass.: MIT Dept.
of Mechanical Engineering.

Forslund, R. und Rohsenow, W. (1968), “Dispersed flow film boiling.” Journal of Heat
Transfer, 90, 399–407.

114



BIBLIOGRAPHY

Friedlander, S. K. und Johnstone, H. F. (1957), “Deposition of suspended particles from
turbulent gas streams.” Industrial And Engineering Chemistry, 49, 1151–1156.

Friend, W. L. und Metzner, A. B. (1958), “Turbulent heat transfer inside tubes and the
analogy among heat, mass, and momentum transfer.”AIChE Journal, 4, 393–402.

Frossling, N. (1938), “Uber die verdungtung fallenden tropfen.” Gerlands Beitrage Zur
Geophysik, 52, 170–216.

Ganic, E. N. (1976), Post critical heat flux heat transfer. Ph.D. thesis, Massachusetts
Institute of Technology.
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