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Due to the limited availability of experimental data on droplet size in dispersed flow under post-dryout (PDO)
conditions, and its critical role in accurately predicting PDO heat transfer, this study designs and conducts a
visualization experiment to investigate droplet behavior in PDO regime. A square flow channel with a centrally
positioned electrically heated tube is constructed, installing multiple observation windows on both side walls to
provide optical access to the droplets. Experiments are conducted under heat fluxes exceeding the critical heat
flux (CHF), ensuring the observation area within the PDO regime. Droplet motion in the vapor flow is recorded
by the high-speed camera through transparent windows. The droplet size and their distributions are extracted
and analyzed under various operating conditions. The obtained data are combined with literature datasets to
evaluate existing droplet size correlations. The results show that current droplet size correlations do not accu-
rately predict the data. Therefore, a new droplet size correlation based on the droplet Weber number is devel-
oped, demonstrating good predictive performance over a range of operating conditions.

interfacial heat transfer in the PDO region, offering stronger physical
meanings and broader applicability. However, 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 the advancement of computational sci-
ence, CFD has been increasingly employed to simulate PDO heat trans-
fer. By solving sets of two-dimensional or three-dimensional governing
equations numerically, the trajectories of droplets and their interactions
with the wall and vapor flow can be simulated in detail, enabling 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 empirical correlations like those used
in mechanistic models.

From the investigation on the heat transfer of droplets in superheated
vapor [9,10], the basic format for describing the droplets evaporation in
superheated vapor is:

1. Introduction

In heat exchange systems, dryout can lead to a sharp increase in the
wall temperature of heated surfaces. The heat transfer performance in
the post-dryout (PDO) region is critical in determining the maximum
surface temperature, which is of key importance for the thermal design
and safety analysis of heat exchange systems. In the PDO region, the
flow regime is figured out as dispersed flow. The heated wall is no longer
wetted by liquid and transfers heat directly to the vapor phase. The
vapor is thus superheated and transfer heat to droplet driven by the
thermal non-equilibrium. However, the complex dynamics of droplets in
the dispersed flow make it difficult to quantify the degree of thermal
non-equilibrium and actual vapor temperature, which in turn limits the
prediction accuracy of the maximum wall temperature of heated sur-
face. Therefore, improved modeling of PDO heat transfer are essential to
determine whether the structural integrity of heated surfaces can be

maintained under various operating and accident conditions. Nuyk, . 6(1—«a

Several methods are commonly employed to predict the PDO heat Qu = hyaATrgnd” = a AT ( d )Af Az @
transfer, including empirical correlations [1,2], mechanistic models [3,
4], and computational fluid dynamics (CFD) simulations [5-8]. Empir- Nty = hyed — 20+ CPrRE, @)
ical correlations are typically developed by fitting experimental data but ky v

often have limited applicability beyond the database which they were
derived. In contrast, mechanistic models aim to describe the individual
processes-such as wall-vapor convection heat transfer and vapor-droplet
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In Equations (1), the interfacial heat transfer power is calculated by
the multiplication of interfacial heat transfer coefficient h,4, thermal

Received 23 July 2025; Received in revised form 12 September 2025; Accepted 23 September 2025

Available online 27 September 2025

0017-9310/© 2025 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-

nc/4.0/).


https://orcid.org/0009-0001-8620-7779
https://orcid.org/0009-0001-8620-7779
https://orcid.org/0009-0003-3037-0037
https://orcid.org/0009-0003-3037-0037
mailto:zihan.xia@kit.edu
www.sciencedirect.com/science/journal/00179310
https://www.elsevier.com/locate/ijhmt
https://doi.org/10.1016/j.ijheatmasstransfer.2025.127880
https://doi.org/10.1016/j.ijheatmasstransfer.2025.127880
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/

Z. Xia et al.

International Journal of Heat and Mass Transfer 255 (2026) 127880

Nomenclature

a exponent

Ag Flow area (m?)

b exponent

Cy constant

Cp Drag coefficient

d Droplet diameter (m)

dio arithmetic mean droplet diameter (m)

dgo droplet diameter at dryout point (m)

D, Tube diameter (m)

Au Interfacial velocity difference (m/s)

AT Temperature difference between vapor and droplet (K)
Az Length of control volume (m)

G Mass flux, (kg/ m?-s)

hyq Interfacial heat transfer coefficient (w/ m2K)
hy Latent heat (J/kg)

k Thermal conductivity (W/m-K)

ng Droplet number

Nu Nusselt number

p Pressure, bar

Pr Prandtl number

Pg Reduced pressure

Q Heat power (W)

q Heat flux (W/m?)

Req Droplet Reynolds number

Re, Vapor Reynolds number

T; Inlet fluid temperature (°C)

U Average gas phase velocity in axial direction (m/s)
u, Average vapor velocity in axial direction (m/s)
We., Critical Weber number

Wey Droplet Weber number

Xe Equilibrium steam quality

Xq Actual steam quality

Greek symbols

o Void fraction

u Dynamic viscosity (Pa-s)

p Density (kg/m3)

c Surface tension (N/m)

non-equilibrium degree AT and droplet surface area ngzd?. The droplet
size is key importance for the interfacial heat transfer. The impact of
droplet size on interfacial heat transfer can be summarized in two as-
pects: 1) heat transfer area: a reduction of droplet diameter by a factor of
two leads to approximately a fourfold increase in the total interfacial
area at the same steam quality, thereby enhancing heat transfer; 2)
interfacial heat transfer coefficient: Droplet size also affects the inter-
facial Nusselt number Nu,q by modifying the relative Reynolds number
Rey. Larger droplets generally induce higher relative velocities, resulting
in larger Reynolds numbers and hence higher Nusselt numbers, which
enhances interfacial heat transfer efficiency. From our previous CFD
simulation [7], smaller droplets tend to strengthen interfacial heat
transfer, thereby lowering the wall temperature.

Besides, within the short distance after dryout, the wall temperature
could still be low and droplets can wet the heated surface to have effi-
cient heat removal. In this case, the droplet size is also important for
predicting the amount of droplets reaching the wall and wall-droplet
contact heat transfer [3,11].

During the prediction of PDO heat transfer in mechanistic models
and CFD simulations, the droplet size at the dryout point should be
known as part of the initial calculation procedure [12-14] and is
considered important for the prediction accuracy of the PDO wall tem-
perature [15,16]. For simplifying calculations, the average droplet size
was often employed [17,18]. For example, Matsuura et al. [19] assumed
a simplified average droplet size of 100 um at the dryout point in their
PDO model. In the actual conditions, the droplets are not in one uniform
size but follows certain distributions in PDO region. Therefore, the study
of droplet size is usually conducted together with the study of droplet
distribution.

The droplet size correlations used in previous PDO heat transfer
predictions can be categorized into two types: correlations from annular
flow regime and correlations from dispersed flow regime. For correla-
tions from annular flow, the research work posits that droplets are
generated in the period of annular flow, suggesting that droplet size at
dryout point should be derived from annular flow. For example, many
research efforts are to analyze the droplet size based on the mechanism
of droplet formulation and development history during the annular flow.
Tatterson et al. [20] took the Kelvin-Helmhotlz instability mechanism as
the primary mechanism during the droplet sizing process. When the
vapor with high velocity flows through the agitated surface of liquid film
with quite low velocity, the pressure at the wave crest is smaller than in
the trough. The pressure difference acts as the suction force on the crest

and torn the crest. The surface tension force of the torned crest resists the
suction force until the pressure difference is larger enough to remove the
part of liquids from the crest. The removed liquids are entrained into the
main flow in the form of droplets. Based on this mechanism, they per-
formed force balance analysis on the wave crest and derived the droplet
size model for annular flow. The upper limit log-normal distribution is
selected by Tatterson et al. [20] as the droplet distribution according to
the work of Lopes and Dukler [21] and Evans et al. [22].

Yoder and Rohsenow [4] considered both the droplet formation
mechanism and sizing during the development history. Several sizing
sequences before the dryout point were analyzed. The Tatterson’s cor-
relation was selected for representing the sizing process due to Helm-
holtz instability. The maximum droplet size was determined according
to the film slip Weber number, which was set as 6.5. By combining the
three droplet sizing mechanisms, the droplet size correlation at the
dryout point can be obtained by the cumulative mass distribution from
the droplet generation position to the dryout point. Yoder’s model was
implemented in the PDO model of Yu [17] and Varone and Rohsenow
[18].

In the work of Kataoka et al. [23], 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 sur-
face tension force was established. Factors then were correlated with
experimental data. This correlation is used in the model of Guo and
Mishima [3].

Another method focusing on experimental investigation on droplet
size on dryout and PDO region. For example, Ueda and Kim [24] con-
ducted dryout experiments with R113 as working fluid. The mass flux
ranged from approximately 200 to 900 kg/m?s at a constant pressure of
3.24 bar. The droplet size and distribution at the dryout point were
obtained. From the experiment data it was found that the droplet size is
smaller in higher vapor velocity. And the droplet size follows gamma
distribution. After combined with data obtained by air-water system
[25], a correlation for average droplet size was developed. The Ueda’s
data points were also used by Schnittger [26]. Schnittger included 30
experimental data points from literature and obtained a correlation for
droplet mean diameter.

Besides, Cumo et al. [27] conducted a photographic experiment with
Freon 12 as the working fluid. The reduced pressure ranged from 0.3 to
0.96, and the mass flux was maintained at approximately 900 kg/m?s.
The experimental data of droplet size and distribution were obtained
from the visual test section. The experimental data extracting from the
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images showed that the average droplet size is smaller at high pressure
conditions. The value of equilibrium steam quality is larger than 1 in
most cases in Cumo’s work, which means that the observing points
mostly fallen in very dry PDO region. But the distance between the
observing point and the dryout point is unknown from experimental
data. A correlation for most probable droplet size in PDO region was
developed based on droplet Reynold number and reduced pressure.
Since a gamma distribution is concluded in Cumo’s work, the average
droplet size is considered 2 times of the most probable droplet size.

The existing correlations for droplet size are either derived from
theoretical analysis without experimental validation or fitted from
limited datasets, require obviously further assessment with additional
experimental data.

Existing droplet measurement methods can be broadly divided into
non-optical and optical techniques. Non-optical methods, such as drop
collection [24,25] and conductance probes, are relatively simple to
implement and applicable. However, they are intrusive in nature and
typically provide only localized information, which limits their accuracy
in representing the actual flow field. Optical techniques, by contrast,
enable non-intrusive characterization of droplet size and velocity. Laser
diffraction was widely adopted in earlier studies of droplet size in
annular flow [28] due to its capability to provide rapid size distribution
measurements. Nevertheless, it requires prior assumptions about the
particle size distribution and becomes unreliable at high droplet con-
centrations because of multiple scattering effects. Phase Doppler
anemometry (PDA) enables accurate, pointwise measurements of
droplet size and velocity with high temporal resolution [29]. The tech-
nique requires careful scattering angle selection to ensure dominant
light scattering modes, provides single-point rather than whole-field
measurements, necessitates clear optical access for both transmitting
and receiving optics, and exhibits inherent trade-offs between mea-
surement range and resolution. Optical fiber probe (OFP) methods use
micro-scale sensing tips to detect droplets based on refractive index
differences, enabling simultaneous measurement of multiple droplet
parameters [30]. Like PDA, OFP requires pointwise measurements with
traversing mechanisms to map flow fields and requiring extensive
installation work. High-speed imaging, on the other hand, allows direct
visualization of droplet formation and dynamics over a wide field of
view and is also a widely used droplets measurement technique [27,31].
Its limitations include finite spatial resolution and difficulty in detecting
very small droplets. Given that high-speed imaging offers a straight-
forward experimental setup, does not disturb the flow or droplet dy-
namics, and provides direct visualization of droplet behavior in the PDO
region, it is particularly suitable for the objectives of this work.

Consequently, this study performs droplet visualization experiments
in the PDO region with high speed camera. The droplets are recorded
through transparent window to investigate droplet dynamics under
different operating conditions. Furthermore, the experimentally ob-
tained droplet data are utilized to evaluate and improve existing droplet
size correlations.

2. Experimental facility and measurement

The droplet visualization experiments are conducted in a square
channel using R-134a as the working fluid. R-134a is selected as the
working fluid due to its thermophysical similarity to water and rela-
tively low critical pressure and latent heat. Transparent windows on the
channel provide optical access for visualizing droplet behavior within
the flow, aiming to capture and analyze droplet dynamics under PDO
conditions, where direct observation is often challenging.

2.1. Experimental setup
2.1.1. Experimental loop

The experimental apparatus KIMOF was designed and constructed to
study heat transfer behaviors in the PDO region [1]. The system is a
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closed-loop facility, as shown in Fig. 1, ensuring controlled experimental
conditions. The major components of the experimental setup include
pressurizer, main pump, preheater, electric flow heater, process valve,
Coriolis flowmeter and test section. The pressurizer maintains the sys-
tem 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 and 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.

2.1.2. Test section

As shown in Fig. 2, the test section is >3 m long and consists of 3
square flow channels with 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 be-
tween the heating tube and the inside channel wall. Fig. 3 displays the
cross-sectional view of 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 Fig. 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 Fig. 3. The glass windows
allow the high-speed camera to capture detailed droplet dynamics under
PDO conditions.

The test section is heated using a direct current (DC) supplied by a
transformer. The temperature and pressure of the fluid at both the inlet
and outlet are measured using a mineral-insulated type-T thermocouple
and a pressure transmitter, respectively. To ensure a fully developed
flow at the beginning of the heated section, the distance between the
tube entrance 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.

A high-speed imaging system is utilized to capture droplet behavior
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Fig. 1. Schematic set-up of the KIMOF [1].
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Fig. 3. Cross-sectional view of the test section.

with high temporal and spatial resolution. As shown in Fig. 4, the
measurement setup comprises an LED backlight that provides uniform
illumination through the transparent test section. The high-speed cam-
era, 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.
A glass plate is attached on the outer surface of 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. The camera is focused on the center of
the flow region. The diameter of the heating tube is used as a reference
scale to measure the droplet size.

2.2. Experimental matrix

To investigate the effects of key thermal-hydraulic parameters on
droplet behavior in the PDO region, a series of experiments are con-
ducted under varying conditions of pressure, heat flux, inlet tempera-
ture, and mass flux. The experimental matrix is shown in Table 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
the typical operating pressure range encountered in several industrial
heat exchangers. This broad pressure range allows for a comprehensive
investigation of pressure effects on droplet behavior.

Heat Flux: The applied heat flux ranges from 20 kW/m? to 40 kW/
m?, enabling the investigation of effects of heat flux on droplet size.
Within this range, a stable 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/(m?s) and 150 kg/(m?s),

Glass Glass
Window plate

'\

C N s

[ S

>~

High-speed LED
camera

Fig. 4. Schematic of the arrangement of optical instruments.
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Table 1
Experiment parameters.

Case Pressure Heat flux (kW/ Tin Mass Flux (kg/
number (bar) m?) Q) (m2s))
1 16.2 25 25.18 100

2 20.3 24 43.14 100

3 20.3 27 37.74 100

4 20.3 30 55.37 100

5 20.3 35 55.02 150

6 20.3 37.5 54.91 150

7 20.3 40 49.39 150

8 28.4 22.5 64.67 100

9 32.5 20 68.6 100

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.

2.3. Experimental operation

Each single PDO experiment is carried out at constant inlet temper-
ature, mass flux and pressure as steady-state experiments. As the system
parameters are stabilized to the desired mass flux, 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. Heat flux continues to be increased until the
droplets in the topmost optical windows become clearly visible. Then
the droplets inside the flow channel are recorded. This systematic
approach ensures that droplet behaviors are captured under well-
defined thermal-hydraulic conditions, providing high-quality experi-
mental data for model validation and refinement.

Fig. 5 presents a sample of image acquired during the experiment. In
this image, the central black region corresponds to the heating tube,
while the grey areas on both sides represent the transparent windows
through which the droplet behaviors inside the flow channel is visual-
ized. The droplets appear as scattered dark spots within the illuminated
region, where their size and motion are recorded into a sequence of
images.

As observed in Fig. 5, the left part of the flow channel provides a clear
view of the droplet distribution. Therefore, the left side under different
heat flux are displayed together in Fig. 6 to show the trend of droplet size
and number as the heat power increases. With same mass flux and
pressure conditions, an increase in heating power results in fewer
remaining droplets within the flow channel. Additionally, the size of the
droplets decreases as the heating power increases.

Fig. 5. Original image captured by high-speed camera.
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qiy = 35 kw/m? q|, = 37.5 kw/m?

qly = 40 kw/m?

Fig. 6. Original image of the left side of the flow channel under increasing
heat flux.

2.4. Uncertainties

In this paper, the target parameters from the experimental work is
droplet size. For the further analysis of droplet size, the related pa-
rameters of operation conditions are mass flux, heat flux and pressure.
The mass flux, heat flux and pressure are measured from measurement
devices, which has certain measurement uncertainties. The droplet size
is directly extract from images post-processing, which has certain un-
certainties during the post processing. The parameters uncertainties are
summarized in the Table 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 thresh-
olds. 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. To evaluate the uncertainty introduced by the
0.04 mm measurement threshold, a truncated gamma distribution
fitting was applied to reconstruct the complete droplet size distribution,
including the sub-threshold fraction. A gamma distribution was fitted to
the measured data via maximum likelihood estimation and extrapolated
below the cutoff to estimate the undetected droplets.

Fig. 7 and Fig. 8 illustrate the histogram of droplet size distribution
and the fitted profiles of case 1 and case 9 in Table 1. The measured
histograms (blue bars) represent the portion of measured droplets, while
the fitted gamma distribution (red solid line) extends below the cutoff
(orange dotted line), with the shaded red area indicating the estimated
sub-threshold population. The difference between the experimental
mean diameter (dyoexp, blue dashed line) and the corrected mean of the
fitted distribution (dio g, red dashed line) quantifies the bias introduced
by the threshold.

Table 2

Uncertainties.
Parameter Mean Error
Pressure 0.14 %
Mass Flux 2.62 %
Heat Flux 2.41 %
Equilibrium steam quality 4.41 %
Droplet size 6.47 %
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Fig. 8. Droplet size distribution and wuncertainty analysis for high-
pressure condition.

Fig. 7 displays the results at low pressure, the sub-threshold fraction
is negligible, and the means are nearly identical (d;oexp = 0.2056 mm vs.
dio i = 0.2052 mm). At high pressure, as shown Fig. 8, a relative higher
portion of small droplets is undetected, resulting in a more noticeable
discrepancy (digexp= 0.1112 mm vs. djo5 = 0.1043 mm). Quantita-
tively, the low-pressure case shows only 0.2 % of droplets below the
cutoff, corresponding to a relative uncertainty of 0.18 % on average size,
while the high-pressure case yields 8.5 % below the cutoff and a relative
uncertainty of 6.68 %.

This analysis confirms that higher operating pressures promote
smaller droplet formation and thus greater measurement uncertainty
due to the limitation of current measurement methodology. Neverthe-
less, even under high reduced-pressure conditions, the maximum un-
certainty remained below 7 %, demonstrating that the methodology
ensures acceptable accuracy.

The experiments were repeated after approximately two months to
check the reproducibility of the obtained data. In total, from the 31 PDO
camera experiments, 10 cases of them were randomly selected and
repeated. To assess the repeatability of the present experiments, both
wall temperature and droplet size distributions were compared between
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original and repeated runs. Fig. 9 shows the wall temperature profile of
Case 7 versus equilibrium quality for both measurements. The results
exhibit very good repeatability, with deviations observed only near the
dryout point, where the surface experiences periodic wetting and dry-
ing. In the stable PDO region, the profiles are nearly identical. For ten
repeated cases, the wall temperature measurements yielded a mean
error of 3.5 %, with maximum and minimum errors of 5.87 % and 0.83
%, respectively.

In addition, the droplet size distributions obtained from the original
and repeated experiments of case 7 are showed in Fig. 10 and Fig. 11.
From the distribution, they perform quite similar ranges and shapes. The
average droplet size differed by only ~0.02 mm, which can be attributed
to measurement uncertainty and minor variations in boundary condi-
tions (e.g., heat flux and mass flux differences of <0.2 % and 1 kg/m?s,
respectively). These results confirm that the current experimental setup
provides good repeatability for both wall temperature and droplet
measurement.

3. Experimental results and analysis
3.1. Extracted droplet size from images

The case number 5 in Table 1, with pressure of 20.3 bar, mass flux of
150 kg/(m?s), heat flux of 35 kW/m?, is taken as an example to analysis
the obtained droplet data in detail. Fig. 12 presents the histogram of
droplet size distribution, illustrating the number of droplets corre-
sponding to different size ranges. From the statistical analysis, it is
observed that most droplets fall within the size range of 0.15 to 0.2 mm.
The amount 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. In Fig. 12, it also 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 pre-
vious experimental findings of Tatterson et al. [20], Ueda and Kim [24],
and Cumo et al. [27] on droplet size distribution. This consistency
confirms the reliability of data obtained in this study.

From the CFD simulations [7], it has been observed that the radial
position of droplets significantly influences the droplet evaporation rate.
Fig. 13 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
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140
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100 +
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80
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Fig. 9. Predicted wall temperature from original and repeated experiments.
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Fig. 13. Distribution of droplets’ distance from the heating tube.

concentration profile obtained from CFD simulations [7,8]: due to
lateral droplet transport, the droplet concentration increases progres-
sively as droplets move closer to the wall. However, near the wall,
intense evaporation caused by high vapor temperature leads to a
decrease in droplet concentration.

3.2. Analysis on droplet size

3.2.1. Statistical analysis

Fig. 14 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 in the figure that as the heating power
increases, the number of droplets that can be collected becomes less,
which is consistent with the trend observed in Fig. 6. The significant
reduction in the number of droplets is primarily attributed to the in-
crease 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/m?, 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
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Fig. 14. Droplet size distribution under different heat fluxes.
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number of droplets present in the observed region. Moreover, for rela-
tively large droplets, the intensified heating over the same axial length
promotes more evaporation, resulting in significantly smaller droplet
sizes at the observation point.

Fig. 15 presents droplet size distributions at three different pressures,
with reduced pressures Pg of 0.4, 0.5, and 0.8, respectively. The results
indicate that as pressure increases, 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 in-
creases, 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. The gamma distribution
observed in other cases suggests possible presence of droplets smaller
than 0.04 mm at higher pressures, which may have been missed due to
measurement limitations. 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.

Fig. 16 shows the histograms of droplet size distributions under
different mass flux conditions. Cases with flow rates of 150 kg/(m?s)
and 100 kg/(m?s) and relatively close equilibrium steam qualities of
1.33 and 1.26 are selected. It is evident that at higher mass flux,
significantly more droplets are collected. While the overall size distri-
bution and range remain similar for both mass flux conditions, the dis-
tribution at higher mass flux is noticeably 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, which is approximately 30 °C 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.

3.2.2. Average size analysis

After statistical analysis of the droplet size, the measured average
droplet size dip, which is also known as arithmetic mean droplet
diameter, is obtained for further quantitative analysis.

Fig. 17 illustrates the variation in average droplet size for four cases
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Fig. 15. Droplet size distribution under different pressures.
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with similar x, and mass flux but different reduced pressures Pg. The
black points represent experimental 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 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’s work. As shown in Fig. 18, the measured d;o
from Cumo exhibits a relatively gradual decrease with increasing Py in
low pressure range. As Pg 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 and evaporation 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. A rough quantitative analysis of the combined
effect of these properties revealed that the parameter governing the
maximum droplet size, as determined by the critical Weber number,
exhibits an approximately linear dependence on pressure, whereas the
droplet size reduction due to evaporation, as described by Eq. (1), in-
creases nonlinearly with pressure.

Thermal equilibrium steam quality x, is a dimensionless parameter:
under the same pressure, mass flux, and inlet temperature, a higher heat
flux leads to a larger x.. Therefore, the average droplet size is also
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Fig. 17. Droplet mean size vs. reduced pressure in KIMOF experiment.
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Fig. 18. Droplet mean size vs. reduced pressure in Cumo experiment.

plotted against the thermal equilibrium steam quality, providing a
dimensionless representation of the influence of heating on droplet size
variation. As shown in Fig. 19, cases with different heat fluxes at a
reduced pressure of 0.5 are presented. The blue and red lines depict the
variation of djo with x, for mass fluxes of 100 kg/(m?s) and 150 kg/
(m?-s), respectively. The curves indicate a negative slop between droplet
size and steam quality. As x, increases, the average droplet size de-
creases due to the droplet evaporation in superheated vapor. This trend
can be approximated by 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 the increase of x, is also different. At
higher flow rates, the droplet size decreases more rapidly with
increasing x,. In region with smaller steam quality, the average droplet
size is larger at higher flow rates, whereas in higher steam quality re-
gions, the average droplet size is larger at lower flow rates.

Since Cumo et al. [27] operates experiments under constant mass
flux, Fig. 20 plots their measured average droplet size and the corre-
sponding x, under different pressures and constant mass flux. It can be
seen that the average droplet size decreases as the x, increases, indi-
cating a similar trend to that captured in current experiment work.
These results also demonstrate the robustness and reliability of the
current experimental approach.

4. Prediction of droplet size

Numerous empirical correlations have been proposed for predicting
droplet size in PDO conditions, derived either from theoretical analyzes
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Fig. 19. Droplet mean size vs. Equilibrium steam quality at different pressures
in KIMOF experiment.
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Fig. 20. Droplet mean size vs. Equilibrium steam quality at different pressures
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or experimental data fitting. In this subsection, the obtained droplet size
data from current work are utilized to assess the reliability of these
existing correlations. When discrepancies are identified, improvements
are proposed to enhance the correlation’s predictive capability.

4.1. Assessment of existing droplet size correlations

The average droplet size correlations of Kataoka et al. [23], Yoder
and Rohsenow [4], Ueda and Kim [24], and Cumo et al. [27] are sum-
marized in Table Al in the Appendix and assessed in this section.
(hereinafter referred to as Kataoka, Yoder, Ueda, Cumo).

4.1.1. Assessment with KIMOF experimental data

The correlations are firstly assessed with experiment data obtained
from the present study, referred to as KIMOF below. Since the droplet
size is obtained from the PDO region, the equilibrium steam quality x, 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 Fig. 21(a), while Yoder’s correlation which significantly
deviates from the others, is displayed separately in Fig. 21(b). Among
the evaluated 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 experi-
mental data. However, discrepancies remain: Cumo’s correlation un-
derestimates droplet size at higher pressures, while Ueda’s correlation,
despite capturing the trend well, also tends to underestimate droplet
size, necessitating further refinement.

4.1.2. Assessment with literature experimental datasets

Additional assessment is conducted using Cumo’s experimental data.
Cumo [27] conducted experiments using a visualized test section to
measure droplet diameters under varying steam qualities and pressures,
while maintaining a nearly constant mass flux of 900 kg/m?. The
resulting correlation was developed using the most probable droplet size
as the characteristic parameter to fit the experimental data. Conse-
quently, when the average droplet size is extracted from Cumo’s mea-
surements, the predictions of Equation (A4) exhibits relatively larger
deviations from the experimental values as shown in Appendix Fig. A1,
particularly at intermediate and high pressures. This discrepancy is
likely due to the inherent difference between the most probable droplet
size employed in the correlation and the actual average droplet size
observed in the experiments.

Additionally, the Ueda correlation tends to overestimate droplet size
at higher pressures and underestimate it at lower pressures, suggesting
that the pressure effect may not be fully captured in this correlation.
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Fig. 21. Assessment of literature droplet size correlations with the KIMOF data.

Furthermore, due to the absence of the heat flux data in Cumo’s ex-
periments, Yoder’s correlation could not be evaluated under these
conditions, as it explicitly relies on heat flux as an input parameter.

To further evaluate the predictive accuracy of these correlations,
assessment is conducted using Ueda’s dataset [24]. This dataset covers a
wider mass flux range from 218 to 887 kg/m?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 the Appendix Fig. A2, Yoder’s correlation significantly
overpredicts the droplet size across all mass flux conditions. Cumo’s
correlation also exhibits a strong overestimation trend. Kataoka’s cor-
relation still underpredicts the droplet size. 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.

The assessments above reveal that Ueda’s correlation shows the best
performance., particularly when compared with Cumo’s and Ueda’s
experimental data. However, it fails to capture the droplet size variation
with pressure observed in the KIMOF 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 single correlation accurately predicts droplet size under
all conditions. Therefore, a new correlation need to be developed to
improve overall predictive capability of droplet size.

4.2. Development of a new droplet size correlation

From Equation (A3) and (A4), Cumo’s correlation is developed based
on the droplet Reynold number (Re) while Ueda developed their cor-
relation based on the ratio of droplet Weber number (We4) and Re.
(GXe>d1()

H

Re 3

Wey 4)

_pdio
==

For droplets dispersed in the vapor flow, the density ratio influences
the interfacial drag by affecting the slip ratio, while surface tension
constrains the maximum droplet size. Therefore, to analyze the pressure
effect on droplet size, the variations of surface tension and the vapor to
droplet density ratio with pressure are examined in Fig. 22 and Fig. 23.
The data points represent the trend of fluid property changing with
reduced pressure Pg. As the pressure decreases, it can be seen that the
density ratio between the phases increases, which indicates greater

10

0.8 —— Exp-KIMOF
—e— Yoder
0.7
0.6
E 0.5
=
504
0.3
0.1
040 045 050 0.55 Fg‘eo 0.65 070 075 0.80
R
(b). Yoder correlation
0s5] ° o KIMOF Dataset
(J
Trend fit
e Cumo Dataset
0.4 Trend fit
303
>
Q
0.2
0.1
0.1 0.2 0.3 0.4 0.5 0.6 0.7
1'PR
Fig. 22. Density Ratio vs. (1 — Pg).
o KIMOF Dataset
0.0051 —— Trend fit
e Cumo Dataset
0.004 Trend fit
0.003
S
0.002
0.001
0.000
0.1 0.2 0.3 0.4 0.5 0.6 0.7
1-Pr

Fig. 23. Surface Tension vs. (1 — Pg).

relative velocity between phases compared to conditions at higher
pressure. Then the increased Weber number tends to reduce the
maximum droplet size. However, simultaneously, the surface tension
increases as pressure decreases, which would tend to increase the
droplet size. Therefore, both surface tension and interfacial drag effects
should be included to fully capture the pressure influence on droplet
size.

According to Cumo’s work [27], the droplet Reynolds number ex-
hibits a logarithmic and linear proportionality to the reduced pressure.
However, as shown in the plot for the calculated droplet Reynolds
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number from experiment data of Cumo and KIMOF, displayed in Fig. 24,
the relationship between droplet Reynolds number and (1 —Pg) signifi-
cantly deviates from linearity, especially the data from Cumo.

In Ueda’s correlation as displayed in Equation (A 3), /ﬁ is the ratio of

the droplet Weber number to the droplet Reynolds number. The tube
diameter D, on the left-hand side serves to non-dimensionalize the
droplet size, implying a linear relationship between droplet size and
tube diameter—an assumption that lacks clear physical justification.
Given that surface tension is explicitly included (see Eq. (4)), the droplet
Weber number is selected for analysis. In Fig. 25, the droplet Weber
number are plotted against varying pressure and a well-fitted curve is
observed. Therefore, the Weber number is adopted as the characteristic
dimensionless parameter for developing an improved droplet size cor-
relation in the present study.

To develop a correlation for the droplet Weber number, the re-
lationships between various 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 gas-liquid density ratio. The surface tension component
is inherently accounted for within the definition of the Weber number.
The relationship between the Weber number and the density ratio is
therefore analyzed and presented in Fig. 26. It is observed that the
Weber number exhibits a clear positive and approximately linear cor-
relation with the density ratio.
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Besides, as shown in Fig. 27, the Weber number is log-linearly pro-
portional to the vapor Reynold number Re,, is calculated by %. The

vapor Reynolds number determines the flow regime and turbulence
intensity within the tube, which in turn affects the shear environment
and relative velocity between phases. Higher Re, might lead to easier
droplet breakup, reducing the droplet diameter, or, promoting droplet
collisions. Therefore, the Re, is also included to account for the effect
from the vapor turbulence.

Therefore, using the experimental data from KIMOF and Cumo,
nonlinear least-squares regression was performed with the default cur-
ve_fit function from the Python library scipy.optimize, which minimizes
the sum of squared residuals. As a result, a correlation based on the
droplet Weber number is correlated as the Eq. (5), relating the vapor
Reynold number Re, and density ratio p,/p;. As shown in Fig. 28, the
predicted Weber number is plotted against the pressure (1 —Pg) in
dashed line and hollow points. By comparing with the Weber number
calculated by experiment droplet size, the correlation in Eq. (5) accu-
rately predicts the relationship between the Weber number and pressure
across different mass flux conditions.
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Besides, based on Eq. (5), the average droplet sizes predicted by the
newly developed correlation are presented in Fig. 29, together with the
results from Ueda’s and Cumo’s empirical correlations. Fig. 29(a) shows
the comparison between the predicted droplet sizes and the KIMOF
experimental data, as a function of reduced pressure. It can be observed
that the new developed correlation exhibits a better agreement with the
experimental 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 Fig. 29(b), where Cumo’s
experimental dataset is used for assessment. The newly developed cor-
relation consistently outperforms the other two empirical models,
particularly under high-pressure conditions, where it provides signifi-
cantly 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 correlation development—are employed for validation.
Fig. 30, presents the predicted droplet sizes as a function of mass flux,
along with Ueda’s measurements. It is evident that the new correlation
maintains high predictive accuracy for these independent data, further
confirming its robustness and applicability beyond the specific condi-
tions used during its formulation.

The developed droplet size correlation demonstrates clear improve-
ments in predictive accuracy compared with existing models. As sum-
marized in Table 3, the mean error for the present datasets (KIMOF) is
reduced to -11.84 % with an RMS error of 17.41 %, whereas the
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Table 3

Correlation error analysis.

Dataset Correlation Mean Error % RMS Error %

KIMOF Eq. (5) —11.84 17.41
Cumo_correlation —23.56 28.66
Ueda_correlation —40.05 42.89

Cumo Eq. (5) —13.54 29.11
Cumo_correlation —56.93 60.46
Ueda_correlation 27.04 44.67

Ueda Eq. (5) 29.50 39.31
Cumo_correlation 581.19 597.99
Ueda_correlation 0.93 15.27

correlations of Cumo and Ueda yield substantially larger errors. Simi-
larly, for Cumo’s dataset, Eq. (5) decreases the mean error from -56.93
% (Cumo’s correlation) to —-13.54 %, and for Ueda’s dataset, although
the correlation of Ueda performs reasonably well, Eq. (5) still maintains
acceptable predictive accuracy with a mean error of 29.50 % compared
to extremely large deviations observed when using Cumo’s correlation.

The good agreement of the new correlation with above three datasets
demonstrates that the new droplet size correlation predicts the droplet
size well under varying pressures and mass fluxes in PDO conditions.

The applicability of Eq. (5) has been established for Reynolds
numbers between 30,000 and 720,000, reduced pressures of 0.3-0.97,
and droplet Weber numbers from 10 to 1000. Within this range, the new
correlation provides reliable predictions across three different fluids and
a wide range of experimental conditions
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Fig. 29. Assessment of Eq. (5) and correlations from Cumo and Ueda.
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Summary

This paper presents an experimental investigation on the droplet size
in the PDO region. By post-processing the images, droplet size can be
obtained under various conditions, including different pressures, mass
fluxes and heat fluxes. Correlations of droplet size are assessed and
improved using the experimental data from the present study and
existing literatures. Key findings include:

e The droplet size distribution follows lognormal distribution and
gamma distribution as the literature reported. Droplet size varies
under different pressure, mass flux and heat flux. As heat flux in-
creases, steam quality at the observation window also increases,
resulting in a decrease in droplet size. A clear inverse relationship
between steam quality and droplet size is observed by the compari-
son of the average droplet size with the equilibrium steam quality.
Besides, 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 model consistently overpredicts the
droplet size, while Kataoka’s model 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 accu-
rately predict the droplet size measured in the present study.

A new correlation for the average droplet size under PDO conditions
is developed.

Pty _ 3 x 107"Re,? C—")
o
q

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 density ratio. Additionally, the vapor
Reynolds number is introduced to better capture turbulence effects on
droplet size. Assessment with experimental droplet datasets demon-
strates the high prediction accuracy of the new correlation.

Overall, the experimental results presented in this paper provide
valuable insights into droplet dynamics in the PDO region. The effects of
pressure, heat flux, and mass flux on droplet size are thoroughly

Appendix

Table Al
Droplet size correlations from literature.
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investigated. The new developed correlation offers a more accurate
prediction on droplet size, enhancing the overall understanding of
droplet behavior in the PDO region.

Although the correlation has been developed and validated using
three different fluids under a wide range of pressures (0.3-0.97) and
mass fluxes (100-900 kg/m?s), additional experimental data are still
required to further validate and improve its robustness. In particular,
tests at higher mass fluxes (above 1000 kg/m?s) and with other fluids
such as water would be valuable to extend the applicability of the
correlation.
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Droplet size correlation

Author Derived from
Kataoka [23] Pre-dryout
Yoder [4] Dryout

Ueda [24] Dryout
Cumo [27] Post-dryout
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