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ARTICLE INFO ABSTRACT

Keywords: In the present study, liquid film thickness measurements are performed during vertical downflow condensation
Liquid film thickness inside a 3.38 mm inner diameter channel at 40 °C saturation temperature. Condensation tests are carried out
Waves

with HFE-7000 in two different test apparatuses, the first being composed of two counter-flow tube-in-tube heat

gﬂsﬁzg ;’: exchangers separated by an adiabatic borosilicate glass tube for flow visualizations and liquid film thickness
Minichannel measurement, while the second consisting of a diabatic sapphire tube coupled with an infrared camera for

simultaneous local heat flux and film thickness measurements at low mass flux (5-30 kg m 2 s_l). Chromatic
confocal imaging and shadowgraphy are applied to the adiabatic borosilicate glass tube for evaluating the liquid
film thickness with high temporal and spatial resolution, while punctual optical sensors (chromatic confocal and
interferometer) are used in the diabatic sapphire test section. The liquid film thickness results obtained in the two
independent laboratories are compared at the same operating conditions, showing an excellent agreement. The
effect of mass flux (from 50 to 150 kg m~2 s1) and vapor quality on the liquid film thickness and interfacial
waviness of HFE-7000 is discussed by means of both statistical and spectral analyses. The liquid film thickness
data of HFE-7000 are compared with those of R245fa and R134a taken during previous experimental campaigns.
HFE-7000 generally displays lower film thickness values compared to R245fa and R134a due to the smaller vapor
density. At low mass flux (50 kg m~2 s%), such comparison shows the effect of the small liquid viscosity on the
thinning of the liquid film in the case of R134a. The accuracy of well-known models for the prediction of the
mean film thickness is assessed with comparison to the experimental data of HFE-7000.

identified: (i) “ripple” waves, which display short lifetime and small
amplitude, and (ii) “disturbance” waves, which carry a significant
portion of the condensate and show amplitudes which are many times
higher than the mean film thickness (typically with a factor of 5) [9].
Compared to ripples, disturbance waves travel at much higher veloc-
ities, display much longer lifetime and dominate the interfacial mass,
momentum and energy transfer [10,11]. Indeed, the development of
disturbance waves during annular flow promotes the onset of turbulent
eddies beneath the wave crests, hence increasing the heat and mass
transfer [12].

A parameter of great importance in two-phase annular flows is the
liquid film thickness. The main thermal resistance to heat transfer dur-
ing annular two-phase flow is related to thermal conduction through the
condensate film, which strictly depends on the thickness of the film itself
[13]. The film thickness also affects the characteristics of the distur-
bance waves, the entrainment ratio of liquid droplets and the overall

1. Introduction

Annular two-phase flow is one of the most frequently encountered
flow regimes in practical applications, such as refrigeration and air
conditioning systems, steam generators, nuclear and chemical reactors
[2]. In annular flows, the liquid phase flows as a continuous film close to
the channel wall, while the vapor/gas phase occupies the central core of
the channel cross-section. In addition, gas/vapor bubbles can be
entrained in the liquid film, as well as liquid droplets in the gas/vapor
core [3]. In the case of downward annular flow, a thin “falling film” of
liquid is formed in the inner surface of the tube wall even at zero gas/
vapor velocity.

Over the years, downward annular flows have been analysed based
on the geometrical or topological characterization of the features at the
liquid-vapor interface [4-8]. Two main classes of waves are typically
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Nomenclature Greek letters
e Entrained liquid fraction [-]
c Specific heat [J kg’1 K] S Liquid film thickness [pm]
d Diameter [m] s Dimensionless liquid film thickness [-]
e Percent deviation [%], = [(W.ac — Wimeas)/Wmeas ): 100 Ap Pressure difference [kPa]
eaB Mean absolute deviation [%], = AT Temperature difference [K]
(1/Np) S (Weate — Woneas|/Wimeas )-100 2 Thermal conductivity [W m™! K™1]
er Average deviation [%], = 2 Dynamic viscosity [kg m ' 5]
(1/NP) 2ol Weate = Wineas)/Wimeas ]-100 Twall Wall shear stress [Pa]
fw Wave frequency [Hz] P Density [kg m™]
f Friction factor [-] o Surface tension [N m™']
g Gravity acceleration [m s~*] on Standard deviation [%], = { [Z (e — er)? 1 / (N, - 1) }1/2
G Mass flux [kg m™2s~'] D0 Two-phase frictional pressure drop multiplier [-]
h Specific enthalpy [J kg™']
hic Latent heat [kJ kg’l] Subscripts
HTC Heat transfer coefficient [W m™2 K] air Air
je Vapor superficial velocity [m s~'1, = G-x/py base Base film thickness
jL Liquid superficial velocity [m s~ 1, = G-(1 — x)/p;, calc Calculated
k Coverage factor [-] e External
m Mass flow rate [kg s™!] F Liquid film
N, Number of experimental data points [-] G Vapor
p Pressure [bar] i Internal
q Heat flow rate [W] in Inlet
q’ Heat flux [W m 2] L Liquid
Ra Internal surface roughness, defined by ISO 4287:2009 [1] LO Liquid-only
[pm] mean Mean
Rer Reynolds number of the liquid film [-], = meas Measured
G-(1-x)-(1—e)d/y out Outlet
Reg Reynolds number of the vapor phase [-],= G-x-d/ug red Reduced
Rep Reynolds number of the liquid phase [-],= G-(1 — x)-d/u; ref Refrigerant
Rero Liquid-only Reynolds number [-],= G-d/y; sat Saturation
T Temperature [°C] wall Wall
u Standard uncertainty. water Water
x Thermodynamic vapor quality [-]
z Axial position [m]

pressure drop [14]. Therefore, the fundamental understanding of liquid
film and disturbance waves characteristics is necessary for the accurate
prediction of the system behaviour in annular flow.

Due to the complexity of the annular flow mechanisms, various
experimental techniques have been used to characterize the flow prop-
erties during annular two-phase flow. For large diameter tubes (inner
diameter higher than 10 mm), the instrumentation methods for film
thickness measurement typically include conductance probes [15,16],
ultrasound [17], fluorescence techniques [18-20] and high-speed video
imaging [21].

When moving to mini-/micro-channels, the characterization of the
film thickness and interfacial features becomes even more complex since
the measurement technique must be extremely precise as the liquid film
is generally thin (about 10-100 pm). Moreover, non-intrusive measuring
techniques are required to avoid disturbance of the flow. Thanks to the
development of visual/optical techniques and digital image processing
technology, optical methods have shown great advantages in studying
liquid—vapor flows at micro-scale since they are easy to be implemented
and non-intrusive, leading to reasonable measuring accuracy [22-24].
Han et al. [25,26] experimentally evaluated the liquid film thickness of
ethanol inside parallel channels with height of 0.1, 0.3 and 0.5 mm by
means of an interferometer and a laser focus displacement meter
(LFDM). Donniacuo et al. [27] developed an optical method based on
the detection of the liquid-vapor interface from high-speed camera
images for measuring the top and bottom liquid film thickness of R245fa
during annular flow in a 2.95 mm horizontal circular channel. Recently,

Zhang et al. [28] measured the liquid film thicknesses of R245fa and
zeotropic mixtures of R134a/R245fa during flow condensation inside a
circular micro-channel with 1 mm inner diameter using a CCD camera
and a laser focus displacement meter (LFDM). Berto et al. [29,30] per-
formed film thickness measurements with R245fa and R134a during
vertical downflow condensation inside a 3.38 mm inner diameter pipe
by means of combined shadowgraph technique (applied to a sequence of
flow pattern images recorded by a high-speed camera) and chromatic
confocal imaging. Beaumale et al. [31] experimentally obtained the
axial profiles of liquid film thickness during vertical downflow
condensation of HFE-7000 at mass fluxes below 30 kg m~2 s~ inside a
3.38 mm inner diameter sapphire tube by using a white light interfer-
ometer and a chromatic confocal sensor.

From the literature review, it emerges that limited quantitative data
of local and instantaneous film thickness inside minichannels are
available. Extended databases covering a wide range of operating con-
ditions are needed for the development/assessment of correlations and
for the validation of computational fluid dynamics simulations [32].

In the present study, liquid film thickness measurements are per-
formed with HFE-7000 during vertical downflow condensation inside a
3.38 mm inner diameter channel at 40 °C saturation temperature. Two
different test rigs, respectively located in Padova (Italy) and in Toulouse
(France), have been used: the first consists of two counter-flow tube-in-
tube heat exchangers separated by an adiabatic borosilicate glass tube
for film thickness measurement; the second is made of a diabatic sap-
phire tube. Chromatic confocal imaging and shadowgraphy are applied
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to the adiabatic borosilicate glass tube, while punctual optical sensors
(chromatic confocal and interferometer) are used in the diabatic sap-
phire test section.

The present paper is aimed at:

showing that the liquid film thickness during vertical downflow
condensation can be measured either using a short adiabatic visu-
alization window or performing measurements directly in a diabatic
test section;

providing more experimental film thickness data with HFE-7000
inside minichannels;

studying the effect of fluid properties on film thickness and waves
characteristics;

assessing available correlations for film thickness prediction.

2. Experimental apparatuses and data reduction

In the present paper, liquid film thickness data of HFE-7000 obtained
in two independent setups are compared at the same working conditions
with the aim of checking the agreement between the experimental
datasets taken using two different techniques. The two experimental
setups are respectively located at the Laboratory of Two-Phase Heat
Transfer of the Department of Industrial Engineering of the University of
Padova (Italy) and at Laboratory on Plasma and Conversion of Energy
(LAPLACE) of Université Paul Sabatier in Toulouse (France). In both
cases, the condensation heat transfer test section displays an inner
diameter of 3.38 mm and is designed to allow the simultaneous mea-
surement of liquid film thickness and heat transfer coefficients. In the
experimental device located in Padova (Italy), the film thickness mea-
surements, together with flow pattern visualizations, are performed in
an adiabatic glass window, where the working fluid flows at the desired
thermodynamic conditions (set in a previous heat exchanger in which
the condensation heat flow rate is removed by using cooled water).
Instead, the film thickness measurements performed in Toulouse
(France) are conducted in a diabatic test section in sapphire, where the
refrigerant condenses inside the tube and the heat flow rate is removed
by cold air flowing on the external side. Due to the different thermo-
dynamic and transport properties of the secondary fluids (water and
air), the achieved heat fluxes in the two experimental test sections are
different. Indeed, if considering HFE-7000 as working fluid, at mass
velocities equal to 20 and 30 kg m~2 s~! the heat fluxes are in the range
2.9-3.6 kW m ™ for the experimental setup in Toulouse, while varying
between 4.4 and 6.9 kW m ™2 for the test section employed in Padova. A
maximum mass flux of HFE-7000 equal to G = 30 kg m 2 s~ can be
realized in the experimental apparatus in Toulouse (France) to condense
all the vapor, while a wider range of mass fluxes (from 20 to about 250
kg m~2 s71) can be tested in Padova (Italy). More details about the
employed test sections and the optical setup are presented in the next
sections.

It is important to stress that, in the present work, the liquid film
thickness measurements are performed along the tube length and not
crosswise at different circumferential positions, since a 3D experiment
would clearly increase the complexity of the apparatus. Therefore,
waves are assumed to present similar characteristics regardless the
chosen circumferential position, in accordance with the experimental
findings of Fershtman et al. [33] during annular two-phase flow inside a
24 mm inner diameter vertical tube.

2.1. Experimental setup at the Laboratory of Two-Phase Heat Transfer in
Padova (Italy)

The experimental setup used for condensation tests in Padova (Italy)
allows to measure the liquid film thickness in a dedicated glass window
with high spatial and temporal resolution, together with quasi-local heat
transfer coefficient measurements. It is composed of a primary refrig-
erant loop and three auxiliary water circuits. Before entering the
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condensation test section, the subcooled refrigerant is vaporized and
superheated in a tube-in-tube heat exchanger.

The test section for film thickness measurements and flow visuali-
zations, which was already presented in previous works [29,34,35],
consists of a 40 mm long borosilicate glass tube interposed between two
counter-flow tube-in-tube heat exchangers, being respectively 540 mm
and 480 mm long. Each heat exchanger is divided in three and two sub-
sectors: the refrigerant flows in the internal channel transferring heat to
distilled water, which is employed as secondary fluid. A finned geometry
is machined on the water side to augment the heat transfer area and to
allow the insertion of wall thermocouples (six thermocouples for each
sub-sector). Lexan tubes are used as containment to create the water
path.

On the water side, two T-type thermocouples (accuracy + 0.05 °C)
and a triple-junction thermopile (accuracy + 0.03 °C) are used to check
the temperature difference of the water between inlet and outlet of each
sub-sector. Since the inlet and outlet water temperatures are necessary
for the determination of the heat flow rate, helicoidal mixers are placed
on the water side before the inlet and after the outlet to get the adiabatic
mixing cup temperature. The refrigerant and water mass flow rates are
measured by Coriolis mass flow meters (accuracy of + 0.14% at 10 kg
h~! and + 0.2% at 2 kg h™! on the water and refrigerant side, respec-
tively). The refrigerant temperatures at the inlet and outlet of the test
section are measured by T-type thermocouples (accuracy + 0.05 °C).
The inlet pressure is determined by relative pressure transducers (ac-
curacy + 5 kPa), while the pressure drop along the test section is eval-
uated by two differential pressure transducers with different measuring
ranges (accuracy + 0.12 kPa at Ap > 1 kPa, accuracy + 0.1% at Ap < 1
kPa).

For each test run, the heat flow rate exchanged on the water side in
each j-th sector is calculated from a heat balance on the water side:

Gwaterj = Mhvater,j 'Cwurer'ATwuter,j (1)

where 1yqrer j is the water mass flow rate, cyqeer is the water specific heat
and ATyqer,j is the temperature difference between inlet and outlet on
the water side (measured by the j-th thermopile).

The heat flow rate quqerj is employed to determine the specific
enthalpy at the outlet of the j-th sector hyyj from the measured refrig-
erant mass flow rate 11, and the inlet enthalpy (for the first sector the
inlet enthalpy is evaluated from the measured inlet pressure and
temperature):

water.j
houtj = hin.j - # (2)
mref
The outlet vapour quality in each sub-sector xjis determined using
the following equation:

Xourj = % 3)
where h;, and hg are respectively the liquid and vapor specific enthalpy
at saturation pressure. The outlet enthalpy of the j-th sector, as well as
the outlet vapor quality, corresponds to the inlet enthalpy and vapor
quality of the following (j + 1)-th sector. The mean vapor quality x in
each j-th sector is calculated as the average between the inlet and outlet
values. The saturation temperature Tsq is computed from the measured
saturation pressure at inlet/outlet of the test section and using REFPROP
10.0 [36].

The uncertainty analysis has been performed following the JCGM
[37] guidelines. Considering the present experimental database, the
maximum expanded uncertainty on vapor quality (coverage factor k =
2) is equal to + 0.017 at G = 20 kg m~2 s~ 1. Additional information on
the experimental setup and the procedure for data reduction and un-
certainty analysis is reported in Azzolin et al. [34].

Before starting the experimental test runs, HFE-7000, which is a low
pressure fluid, undergoes a degassing procedure in order to remove non-
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condensable gases that may be dissolved in the liquid phase. The fluid is
heated up and vaporized by means of electric resistors and the resulting
mixture of vapor and non-condensable gases migrates to a vacuum
cylinder which is cooled down by ice. The non-condensable gases are
then sucked and dispersed by a vacuum pump.

2.2. Experimental setup at LAPLACE in Toulouse (France)

The experimental setup located in Toulouse (France) allows the
simultaneous measurement of local liquid film thickness and heat
transfer coefficient during downward flow condensation at low mass
fluxes [38,39].

The test section is placed between two tanks in which the fluid is in
liquid-vapor equilibrium state. The pressure inside each tank is set by
circulating water at imposed temperature on the external wall. Thus, a
constant pressure difference is created between the ends of the test
section (Fig. 1). Inside the inlet tank the temperature is set at 60 °C (the
corresponding saturation pressure is equal to 2.36 bar), while in the
outlet one 40 °C temperature is imposed (the corresponding saturation
pressure is equal to 1.25 bar). The vapor flow rate is adjusted using a
micrometric valve located between the inlet tank and the entrance of the
condenser. It must be stressed that the significant pressure drop inside
this micrometric valve (around 1 bar) allows to produce a very stable
vapor flow rate as the pressure fluctuations inside the condensation flow
are several orders of magnitude smaller compared to this pressure drop.
The vapor line between the inlet tank and the test section is heated up by
an electrical resistance wrapped around the tube to maintain the vapor
in a slightly superheated state until it enters the condenser. The
condenser is composed of a vertical sapphire tube of 1 m length with
internal and external diameters equal to 3.4 mm and 6 mm, respectively.
The transparency of the sapphire in the visible light allows the
employment of optical punctual sensors to measure the local liquid film
thickness. A white light interferometer and a confocal sensor are used,
which can be moved along the axial direction of the tube by a translation
stage to determine the local temporal evolution of the liquid film
thickness all along the tube.

The external wall of the sapphire tube is cooled down by air whose
temperature is controlled by an air-conditioning system. An IR camera
(FLIR® SC6000HS) and a reference black surface are fixed on the same
translation stage than the optical sensors in order to determine the
external wall temperature profile along the tube simultaneously with the

overheated zone

T.p -
m— micro-valve
—{ [ =k,
lig —
—_— o _ -
T 60°C = optical sensor
bath IR camera l HFE 7000
forced air convection
(Dpump T.p flowmeter condenser
| |var|
ou I AT
s q
bath 407C
legend:

[[I]:I]]] post-condenser

@ instrurment

s valve

T,p temperature and pression sensors
—& primary fluid
—» secondary fluid

Fig. 1. Schematic of experimental setup employed at LAPLACE, Université Paul
Sabatier in Toulouse (France).
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film thickness one. Between the exit of the sapphire tube and the outlet
tank, a post-condenser is employed to ensure the complete condensation
of the vapor before entering a Coriolis mass flowmeter (+0.2% accu-
racy). Depending on the duration of each experiment, a mechanical
pump is used to transfer part of the liquid contained in the outlet tank
towards the inlet one which may be empty after several test runs.

K-type thermocouples are used with EC-kind compensation (0.2 °C
accuracy) for air temperature measurements close to the condenser and
HA-kind (£0.05 °C accuracy) for tanks and condenser measurements.
Each tank is instrumented with a pressure sensor (accuracy of + 2.8
mbar and + 20 mbar for the inlet and outlet tanks, respectively).
Another pressure sensor is positioned upstream from the condenser inlet
(£1.6 mbar accuracy) and its readings are used to determine the satu-
ration temperature within the condenser. The correspondence between
saturation temperature and pressure readings has been previously cali-
brated in-situ leading to an uncertainty of £ 0.058 °C. Pressure and
temperature data are monitored at a frequency of 1 Hz using Keysight
and Agilent 34970A acquisition devices.

The condensation heat flux is deduced from the knowledge of the
external wall temperature given by the infrared camera [31]. Since the
external heat transfer coefficient induced by the air cooling (around 80
W m~2 K1) is small as compared to the one obtained during conden-
sation process (several hundreds of W m—2 K’l), alow saturation-to-wall
temperature difference would adversely affect the determination of the
condensation heat transfer coefficient. Therefore, a specific differential
IR technique was developed with the aim to increase the accuracy of the
wall temperature measurement. First, as the sapphire is not completely
opaque in the detection wavelengths range of the IR camera (3 to 5 um),
a thin layer line of black paint was deposited along the external wall of
the condenser. Even if the reflectivity of the paint is very low (<5%),
small variations of the IR ambient reflections and errors induced by the
auto-correction of the offset of the camera with ambient temperature in
the Non Uniformity Corrections (NUC) procedure (of the pixels) can lead
to biases of around 0.4 °C. To correct these biases, a reference surface,
whose temperature is precisely known, is provided with the same black
paint used for the sapphire tube. This reference surface and the tube
black paint are then visualized simultaneously thanks to a set of mirrors.
The difference between the infrared signals coming from the tube paint
and the reference surface was then calibrated with the corresponding
temperature difference. With this procedure, measurement of the wall
temperature with the IR camera becomes independent of the ambient
fluctuations. The precision using this kind of calibration allows to reach
0.04 °C of repeatability (instead of 0.4 °C without using the reference
surface).

To obtain the heat transfer coefficient between the external wall of
the sapphire tube and the air flow, a dedicated calibration is first real-
ized considering a water flow inside the test section. The water flow was
adjusted to obtain a temperature difference between inlet and outlet
within 10-20 °C with a water inlet temperature varying from 42 to 50 °C
during the experiments. The first three experiments were conducted
with Ty = 22 °C, while the others with Ty = 11 °C. The wall temper-
ature profiles along the tube axis were recorded for each experiment
using the IR calibration curve. The external heat transfer coefficient was
deduced by:

! d;

q-a,
HTC, = ——— 4
Tyatre — Tair “

where ¢’ is the local heat flux deduced from Eq. (5), d; and d, are
respectively the internal and external diameters of the sapphire tube,
Twall,e is temperature of the black paint on the outer wall and Tg; is the
air temperature.

dT i
— HTC; o walli 5)
dz

df . (dHTC, | xdeHIG
@ 9\Ta BIC T e

In Eq. (5), HTG; is the internal heat transfer coefficient, evaluated
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using the Shah and London [40] correlation in laminar regime, m is the
water mass flow rate, c; is the water specific heat and Tq; is the in-
ternal wall temperature, deduced from the outer one and from the paint
and sapphire thermal resistances.

The external heat transfer coefficients obtained for the six experi-
ments (each being at a different water inlet temperature) were found to
be within 70-90 W m~2 K.

The local vapor quality x can be then obtained from an enthalpy
balance:

4,

—1—_de |
*() -Gl

/Z HTCe (f) [Twull,e(f) - Tuir] d§ (6)
0

where G is the mass flux, h; is the latent heat of vaporization and the
origin of the abscissa (z = 0) corresponds to the beginning of the
condensation.

When considering the whole length of the condensation zone, Eq. (6)
leads to a maximum error on the vapor quality value of<2% whatever
the mass flux considered.

3. Optical setups for film thickness measurements

3.1. Optical setup at the Laboratory of Two-Phase Heat Transfer in
Padova (Italy)

The optical setup employed in Padova (Italy) allows the measure-
ment of the liquid film thickness with two complementary techniques
and the acquisition of flow pattern visualizations. As shown in Fig. 2, it
consists of a high-speed camera, a LED light source, a borosilicate glass
tube (located between the two tube-in-tube heat exchangers) and a
chromatic confocal sensor. Such optical setup was used in previous
experimental investigations [30,41].

Flow visualizations are acquired by means of a high-speed camera
(Photron® FASTCAM Mini UX100), together with a Navitar® Zoom
7000 18-108 mm macro lens and a LED light source. The camera and the
LED source are located facing each other with the glass tube placed in
the middle. The LED source can be considered as a parallel light emitter
from the camera point of view, due to the great distance between the
light source and the glass window (around 70 cm). The image size is set
to 1024 pixels (height) by 896 pixels (length) and the resolution of the
camera is equal to 10.9 pm/pixel.

The borosilicate glass tube, having an inner diameter equal to 3.38
mm, is designed with two symmetric curved parts and two parallel flat
sides. The special curvature of the glass tube allows to magnify the liquid
film thickness observed by the high-speed camera, whereas the two flat

OPTICAL SENSORS

GLASS TUBE

Fig. 2. Optical setup at University of Padova consisting of a glass tube, a high-
speed camera, a LED light source and optical sensors (a chromatic confocal
sensor and an interferometer).
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parts (2.85 x 15 mm in the axial direction) are designed to avoid defocus
of incident light and enable the employment of punctual optical sensors,
such as the chromatic confocal sensor.

The liquid film thickness inside the channel is determined by
combining the shadowgraph technique, applied to the fluid flow images
acquired by the high-speed camera, and the local measurements per-
formed by the chromatic confocal sensor. With the shadowgraph tech-
nique, the recorded RGB images are first binarized by choosing
manually the proper threshold value to allow an accurate interface
detection [30]. A ray-tracing method (extended version of the one pre-
sented by Médéric et al. [42] to non-cylindrical surfaces) is then applied
to correct the liquid film thickness determined from the images ac-
counting for the optical distortions induced by the specific shape of the
glass tube.

The chromatic confocal sensor employed in the present setup is the
same used in LAPLACE Laboratory, with a maximum measurable film
thickness value of 300 pm. During the experiments, the chromatic
confocal sensor is synchronized with the high-speed camera at 1000 Hz
frequency to allow simultaneous liquid film thickness measurements
and flow visualizations. Thanks to the synchronization of the chromatic
confocal sensor with the high-speed camera, it is possible to obtain an in-
situ calibration curve in the measuring range of the punctual sensor that
links the apparent liquid film thickness (in pixels) resulting from the
shadowgraph technique to the real liquid film thickness (in microns)
measured by the confocal sensor. The calibration curve effectively
considered in the present work for the evaluation of the actual liquid
film thickness results from the combination of the aforementioned in-
situ calibration curve (up to 300 pm) and the theoretical calibration
curve calculated from the ray-tracing model. Liquid film thickness
values below 20 pm cannot be directly determined with the shadow-
graph technique due to the spatial resolution of the camera. Such
measuring shortcoming can be compensated by the simultaneous chro-
matic confocal measurements at the sensor position, with minimum
measured liquid film thickness values of 2-3 pm. More details regarding
the optical system and the employed techniques are reported in Berto
et al. [29].

The uncertainty values on the liquid film thickness measured by the
confocal sensor and with the shadowgraph technique are evaluated
following the procedure reported in Berto et al. [29].

The expanded (coverage factor k = 2) standard uncertainty of the
film thickness is + 2 um in the case of the confocal sensor, while it varies
between + 10 pm and + 15 ym when using the shadowgraph technique.

3.2. Optical setup at LAPLACE Laboratory in Toulouse (France)

The measurement of the liquid film thickness is realized using two
different sensors: a confocal chromatic sensor and an interferometric
sensor. Both of them allow the determination of the liquid film thickness
from the analysis of backscattered light in the visible spectrum reflected
by both the inner wall and liquid-vapor interface. In order to avoid the
defocus of light induced by the cylindrical surface of the external wall, a
flat surface of 3 mm width, having the same optical index of sapphire,
was realized over the entire length of the tube. The spectrometer of the
STIL-DUO (STIL®) apparatus is used to characterize the optical signal
coming from the two sensors and then to deduce the liquid film thick-
ness. At the entrance of the sapphire tube the liquid film is thin (from 0
um to 50 um) and the amplitude of the wave is low compared to the
mean liquid film thickness. In such situation the interferometer is well
suited and allows to determine the temporal evolution of the film
thickness at 2000 Hz with a precision of 10 nm. At higher axial distance
from the tube entrance, the amplitude of the waves is increased, the
local slope of the interface is higher and the maximum liquid film
thickness at one axial position is often greater than 50 um. In that case
the chromatic confocal sensor can be suitably used to detect the tem-
poral evolution of the liquid film thickness. The STIL® CL2MG70
confocal sensor pen is able to measure liquid film thickness values up to
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300 um with slope of the liquid-vapor interface up to 28°. The temporal
evolution of the liquid film is determined at 400 Hz by the chromatic
confocal sensor, with an uncertainty on each measurement point around
1 ym mainly due to the broadening of the intensity of the peak corre-
sponding to the position of the liquid-vapor interface in the spectrum,
created by the rapid change in the thickness of the liquid film during the
exposure time (1/400 s).

4. Experimental results

In the present section, the film thickness values of HFE-7000
measured during condensation under vertical downflow are reported
at 40 °C saturation temperature inside the 3.38 mm inner diameter
channel. Experimental tests were conducted at the Laboratory of Two-
Phase Heat Transfer in Padova (Italy) at mass flux ranging from 20 to
150 kg m~2 s~ ! and at different vapor quality. The film thickness results
atmass flux G=20kgm 2s ' and G = 30 kgm 2 s~! are compared with
those obtained in the experimental setup located in Toulouse (France).
In Table 1 the working conditions during the condensation tests of HFE-
7000 in the two independent experimental setups are summarized.

With regard to the experimental tests performed in Padova (Italy),
the superheating of the vapor at the inlet of the test section is kept equal
to 15-17 K. The first sub-sector of the condensation test section is
employed to cool down the superheated vapor and set the desired
thermodynamic state at the inlet of the second sub-sector. Hence, the
corresponding mean vapor quality is discarded. In order to simulta-
neously perform flow visualizations and film thickness measurements at
different operating conditions, the vapor quality at the inlet of the glass
tube is varied by changing the condensation rate in the first heat
exchanger. The change of vapor quality between the outlet of the first
heat exchanger and the inlet of the second one can be neglected due to
the low heat transfer coefficient on the external side of the glass tube and
its small length [29].

Instead, in the experimental setup located in Toulouse (France), local
vapor qualities and local film thickness values are measured. During the
tests, the superheating of the vapor at the inlet of the test section is kept
in the range 7-7.5 K.

4.1. Comparison between the two experimental datasets

Fig. 3 reports the comparison between the mean liquid film thickness
obtained in the two independent experimental setups at G = 20 kg m ™2
s~1and G = 30 kg m~2 s~ as function of the vapor quality. Such values
are intended as the average of all the instantaneous film thickness values
measured during the acquisition time (equal to 3.1 s for the experi-
mental tests in Padova and to 10 s for those performed in Toulouse). The
acquisition frequency is set to 1000 Hz and 400 Hz for the tests in
Padova and in Toulouse, respectively. The interpolation curve obtained
from the measurements performed in Toulouse (France) is also plotted
to better follow the evolution of the average thickness as a function of

Table 1

Working conditions during the condensation tests with HFE-7000 (the values
between brackets correspond to the maximum variation with respect to the set
value).

Experimental setup Dsac [bar] G[kgm 2s7!] x [-]

Padova 1.25 (-0.05, +0.07) 20 (-2.5%, +1.8%) 0.1-0.31
30 (-1.2%, +1.2%) 0.16-0.55
40 (-2.1%, +2%) 0.21-0.71
50 (-1.3%, +2.2%) 0.19-0.78
60 (-1.6%, +1.5%) 0.19-0.75
70 (-1.9%, +0.3%) 0.21-0.76
80 (-0.3%, +1.4%) 0.22-0.77
100 (-0.4%, +0.7%) 0.23-0.78
150 (-1.4%, +2.7%) 0.21-0.61

Toulouse 1.25 (-0.01, +0.02) 20 (-1.2%) 0.03-1
30 (-1.6%) 0.15-1
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vapor quality. As shown in Fig. 3, in the experimental setup used in
Padova the film thickness values at G = 20-30 kg m 2 s~! are measured
only at small vapor quality since in the first heat exchanger, before the
glass tube, the superheated vapor was almost fully condensed to allow
heat flow rate and vapor quality measurements with low uncertainty.

Fig. 3 shows that very similar film thickness values are obtained in
the two experimental test benches. Moreover, it is interesting to note
that the film thickness measurements conducted in Padova (Italy)
involve an adiabatic glass section placed between two diabatic parts,
while in Toulouse (France) liquid film thickness measurements are
directly performed in a diabatic tube where the phase change is present.
Notwithstanding the smaller heat flow rates obtained with Toulouse
setup and the different experimental procedures, no deviations between
the two experimental databases can be observed.

In order to carry out a fair comparison between the two experimental
datasets, a statistical and spectral analysis of the instantaneous liquid
film thickness data is also performed. Indeed, even if the mean liquid
film thickness is the same for both cases, the amplitude and frequency of
the interfacial waves could be different. In Fig. 4 the probability density
function (PDF) of liquid film thickness values of HFE-7000, measured in
the two different experimental setups, at mass flux equal to 20 kg m 2
s~ and vapor quality x = 0.08-0.10 and x = 0.31 are reported. The
same comparison is reported in Fig. 5 at mass flux equal to 30 kg m 25~
and vapor quality x = 0.27 and x = 0.55. The PDFs are calculated
considering about 3100 and 4000 instantaneous film thickness values
for Padova and Toulouse datasets, respectively, recorded during the
acquisition time. An interval for each class equal to 10 pm is chosen for
the calculation of the PDF.

At G = 20 kg m 2 57! (Fig. 4) no significant difference between the
PDFs obtained in Padova and in Toulouse can be observed. The range of
detected film thickness values is comparable in the two cases, as well as
the most probable film thickness value (between 60 and 70 pm for x =
0.08-0.1, between 50 and 60 pm for x = 0.31). As expected, the peak
film thickness is observed at smaller values with the increasing vapor
quality. As already shown in Fig. 3, the deviation between mean film
thickness values in the two experimental setups is small (+2% at x =
0.08-0.1, —2% at x = 0.31 comparing data taken in Toulouse to those of
Padova).

The same can be argued also for G = 30 kg m~2 s™!, as shown in
Fig. 5. The PDFs of liquid film thickness data taken in Toulouse and in
Padova display similar shapes for both the considered vapor quality
values (x = 0.27 and x = 0.55). The deviation between the mean film
thickness values measured in Toulouse and in Padova never exceeds 3%
for the considered working conditions. The calculated &,eqn, value does
not represent the most probable film thickness in the PDFs at G = 20 kg
m2s'land G=30kgm 2s7 L

It can be observed that, as the liquid film thickness increases, the PDF
obtained in Toulouse decreases more smoothly compared to the other
PDF. Indeed, there are some small differences in the film thickness
trends measured in the two experimental setups which, however, do not
influence the mean characteristics of the liquid film. This PDF difference
can be due to several reasons, such as the different acquisition frequency
(1000 Hz in Padova, 400 Hz in Toulouse) or the effect of the heat flux on
the film thickness evolution. In the experimental setup located in Tou-
louse the condensation process occurs continuously inside the sapphire
channel under almost uniform heat flux (in the range 2.9-3.6 kW m’z),
leading to less abrupt changes in the liquid film thickness evolution; in
Padova test rig the liquid film forms in the diabatic copper part of the
test section and is measured in the following adiabatic glass window,
after the first heat exchanger (displaying 4.4-6.9 kW m~2 at G = 20-30
kg m~2 s71). This latter configuration may be responsible for the
observed differences in the PDFs.

In order to complete the present comparative analysis, the power
spectral density (PSD) in the frequency domain of the liquid film
thickness records obtained in the two independent setups is calculated.
The PSDs are obtained averaging the results of the Welch algorithm,

-1
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Fig. 3. Experimental mean liquid film thickness ,,.qn of HFE-7000 at 40 °C saturation temperature versus vapor quality, measured in the two experimental setups in
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Fig. 4. Comparison between the probability density functions (PDFs) of liquid
film thickness of HFE-7000 measured with the experimental setups located in
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vapor quality x = 0.08-0.1; b) vapor quality x = 0.31. The mean film thickness
values are also reported in the histograms. The dark blue region corresponds to
the superposition of the two PDFs. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of
this article.)

using a Hamming window of length equal to 1024 samples and with
50% overlap. Each liquid film thickness time series acquired in Padova
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(the corresponding acquisition frequency is equal to 1000 Hz and 400
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Fig. 5. Comparison between the probability density functions (PDFs) of liquid
film thickness of HFE-7000 measured with the experimental setups located in
Toulouse (France) and in Padova (Italy) at mass flux G = 30 kg m2sla)
vapor quality x = 0.27; b) vapor quality x = 0.55. The mean film thickness
values are also reported in the histograms. The dark blue region corresponds to
the superposition of the two PDFs. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of
this article.)

Hz). Figs. 6 and 7 respectively show the PSDs of wave frequency of HFE-
7000 at mass flux equal to 20 and 30 kg m~2 s~! and at different vapor
quality values. For both mass fluxes, the PSDs obtained considering the
two independent experimental databases display similar shape, with the
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PSD peak encountered at almost identical frequency (at 15-20 Hz).
Comparing Figs. 6a) and 6b), as well as Figs. 7a) and 7b), the PSD peak
amplitude reduces with the increasing vapor quality due to the smaller
waves height, while the main frequency slightly increases.

To conclude, the coherence between the two independent databases
in terms of statistical and spectral characteristics confirms the compat-
ibility of the results: both the techniques (one using an adiabatic sector
placed between two diabatic sectors in which the condensation is pro-
moted by water, the other using a sapphire tube cooled by external air)
can be used for the measurement of the liquid film thickness during in-
tube annular condensation. Moreover, from the comparison it emerges
that the measured liquid film thickness values at the same vapor quality
and mass flux during condensation in vertical downflow basically do not
depend on the heat transfer process, but only on hydrodynamics, at least
for the present operating conditions (for example, heat flux range).

4.2. Flow pattern visualizations

Fig. 8 shows flow visualizations of HFE-7000 during condensation in
vertical downflow at varying mass flux (from 30 to 150 kg m 2 s™!) and
vapor quality. Such flow visualizations are acquired during

condensation tests at the Laboratory of Two-Phase Heat Transfer of the
University of Padova (Italy). The liquid phase at the tube wall can be
distinguished as the clearer zones at the top and at the bottom of the
images, while the vapor flow correspond to the darker region around the
tube axis. The white central region is related to light rays reaching the
glass tube surface with an incident angle close to the normal.

Annular flow is detected for all the operating conditions. At G = 30
kg m~2s7! and G = 50 kg m 2 5! no significant differences in terms of
interfacial waviness can be observed. The liquid-vapor interface is
weakly rippled at low vapor quality, while interfacial waves display
higher frequency and smaller height with the increasing vapor quality.
At G = 70 kg m 2 s7! high-amplitude interfacial instabilities are first
detected at x = 0.21, displaying long wavelength, and even at higher
vapor quality values (x = 0.56) but with smaller wavelength. Such
waves supposedly act for thinning the liquid film, which indeed appears
smaller at G = 70 kg m~2 s~! compared to lower mass fluxes. At G = 80
kg m~2 s~ ! interfacial disturbance waves are observed at x = 0.22, with
larger amplitude than those detected at G = 70 kg m 2 s~ and at almost
the same vapor quality. Such waves can be also detected at higher vapor
quality (x = 0.57) but with smaller amplitude and a much more wrin-
kled interface with respect to lower x values, due to the increased vapor
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Fig. 8. Flow visualizations of HFE-7000 at mass velocity G equal to 30, 50, 70, 80, 100 and 150 kg m 2 s~! and different vapor qualities x during condensation in

vertical downflow in the 3.38 mm inner diameter channel.

velocity. Moreover, at x = 0.56-0.57 the high-amplitude interfacial
waves observed at G = 80 kg m~2 s~! are more frequent and display a
much more irregular shape compared to G = 70 kg m~2 s™. Such
behaviour can be noticed also at G = 100 kg m~2 s™!: high-amplitude
waves are still detected in a wide range of vapor qualities (from x =
0.23 to x = 0.6), showing wispy contours with the increasing x values
due to the higher vapor shear stress acting on the liquid-vapor interface.
In particular, at x = 0.6 some liquid parts are found to protrude towards
the gas phase and few vapor bubbles are entrained in the liquid flow,
while mixing effects in the vapor phase appears to be enhanced
compared to smaller vapor quality values. The fluid flow is even more
chaotic at G = 150 kg m~2 s~! where the liquid phase is stretched to be
incorporated in the vapor flow at x = 0.21 and is then rippled by waves
of different frequency and height at x = 0.38. At higher vapor quality, a
small liquid film is formed at the tube wall with an almost flattened
interface and is visibly thinner compared to G < 150 kg m~2 s~ .

The considerations reported in the present Section are based on a
qualitative analysis of the two-phase flow visualizations. A more quan-
titative approach will be adopted in the following Sections from the
analysis of the experimental liquid film thickness data.

4.3. Effect of mass flux and vapor quality on the liquid film thickness of
HFE-7000

The experimental data of HFE-7000 can be analysed at various mass
fluxes and vapor quality values by calculating the mean and the base
liquid film thickness [7,30]. The mean liquid film thickness &mean is
intended as the arithmetic mean of all the instantaneous values &;
recorded during the acquisition time (3.1 s, for a total of 3110 points):

1
Omean =~ ) 6 7
N2 )
The base liquid film thickness Spq5, Which is related to the liquid
substrate between subsequent high-amplitude waves, is obtained by
selecting the M points whose values are smaller than yeqn:

1
M <
J

M=

8 5 <bmean (®

Opase =
1

The calculated mean and base film thickness values of HFE-7000 are
respectively reported in Figs. 9a) and 9b) at mass velocity equal to 50,
70, 80, 100 and 150 kg m 2 s~ ! and at different vapor quality. The mean
film thickness is found to decrease with the increasing mass flux at x >
0.4 due to the enhanced vapor shear stress effect. At low vapor quality

(x < 0.4), the mean film thickness at G = 50 kg m2s1is nearly 20%
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Fig. 9. Experimental mean and base liquid film thickness values of HFE-7000 measured during condensation in vertical downflow inside the 3.38 mm inner diameter

channel at mass velocity G from 50 to 150 kgm ™2 s

-1
smaller with respect to higher mass fluxes. The mean film thickness
values at mass flux equal to 70, 80, 100 and 150 kg m~2 s~ are almost
comparable at low vapor quality (x = 0.2), while their trends diverge for
higher vapor quality.

It is interesting to note that the mean film thickness at G = 30 kg m ™2
s_l, shown in Fig. 3, is about 7-21% smaller compared to G = 50 kg m~2
s~! in the vapor quality range x = 0.2-0.55. Such trend, which was
already observed in a previous publication by present authors [30], can
be explained considering the transition from shear-driven to gravity-
driven condensation in a vertical channel. Indeed, according to Nus-
selt theory [43], during gravity-driven condensation the liquid film
thickness increases with mass flux (at constant vapor quality) due to the
higher condensate flow rate. The reduction of the liquid film thickness
with the decreasing mass flux was observed also by Beaumale et al. [31],
as reported in a recent publication dealing with condensation experi-
ments under vertical downflow at low mass flux (from 5 to 30 kg m~2
s71). Instead, for shear-driven annular flow condensation, the film
thickness is reduced with the increasing mass flux (at constant vapor
quality) [14].

The base film thickness trend with mass flux and vapor quality is
similar to the one observed with Speqn values. At x ~ 0.2 the base film
thickness at G = 50 kg m 2 s~ ! is still slightly smaller (-10%) compared
to the one at higher mass flux, which display almost the same value of
Spase- At x > 0.3, the base film thickness reduces with increasing G and x
values, with higher deviations between &pqs trends observed at

intermediate vapor quality (x = 0.5-0.6). In particular, the highest de-
viation (-11%) between &pqse Values at G = 80 kg m2s'and G="70 kg
m~2 s7! is detected at x = 0.56-0.57, due to condensate thinning
induced by the irregularly shaped and abrupt waves observed at G = 80
kg m 25! (see Fig. 8).

The mean and base liquid film thickness values of HFE-7000 are
reported in Fig. 10 as function of the liquid and vapor superficial ve-
locity j;, and jg. At constant jg, both Spmean and Spase Values increase with
liquid superficial velocity due to the progressively higher liquid loading.
Instead, at constant j;, the film thickness values decrease with the
increasing vapor superficial velocity owing to the higher interfacial
shear stress. Such behaviour is coherent to what expected for a two-
phase annular flow under different liquid/vapor flow rates.

The probability density functions (PDFs) of liquid film thickness of
HFE-7000 are reported at four mass fluxes (G = 50, 80, 100 and 150 kg
m 2 s71) and comparable vapor quality (x = 0.21-0.23 and x =
0.57-0.61) in Fig. 11. The mean and base film thickness values are also
reported in the histograms. At G = 50 kg m~2 s~! the range of detected
film thickness values is quite narrow for both the considered vapor
quality, with maximum film thickness of about 300 pm. At G = 80 kg
m~2 s a much broader PDF is obtained at x = 0.22 compared to G =
50 kg m~2s~! due to the occurrence of few disturbance waves displaying
400-600 pm height. However, looking at the PDF the occurrence of high
film thickness values is rare and the most probable film thickness is
below 100 pm. Instead, at x = 0.57 the range of detected film thickness

180 180
a) F O j,<0.01ms"’ b) 5 O j,<0.01ms"’
160 f A 0.015j,<002ms" 160 | A 0.015j,<0.02ms"
; B 002<j<003ms" F B 0025/ <0.03ms"
140 ¢ 0035j,<004ms" 140 | ¢ 0.03<j,<0.04ms"
F o © 004<j,<005ms" r © 004<j<0.05ms"
— 120 | O A R A 0055j,<006ms" — 120 F A 0.05%j,<0.06ms"
g 100 F ; 2 oo B 0.06<j, <0.07ms" g 100 F m 006<j<007ms"
g Y00 " 4 A, © b 5 °
g 80 [ iy R g 80 [ o ,
10 t o AL * - lo :/AAQM A é‘
60 oa A W, sozwm@aaﬁg .
[ A F OL\QL\* #& o n
40 [ 40 f oA % m Qg A
20 || HFE-7000 20 [| HFE-7000
f| d=3.38mm F| d=3.38mm
(L E————— - | —— :
0 2 4 6 8 0 2 4 6 8
jeIms] JoIms]

Fig. 10. Experimental mean a) and base b) liquid film thickness values of HFE-7000 measured during condensation in vertical downflow inside the 3.38 mm inner
diameter channel, reported as function of the liquid and vapor superficial velocity (j, and jg).
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values is similar to that at G = 50 kg m ™2 s 1, with a shift of the PDF peak
towards a smaller value. High-amplitude interfacial instabilities are still
present evenat G =100kgm 2s ! and G = 150 kg m 2 s~ at low vapor
quality, hence contributing to the thinning of the mean and base liquid
film. Instead, at x = 0.6-0.61 and G = 100-150 kg m~2 s™! the PDF
curve does not exceed 300 pm and the most probable film thickness
values are almost all concentrated below 100 pm.

It is clear from Fig. 11 that the mean film thickness is not represen-
tative of the most probable film thickness in the PDF. Instead, the base
film thickness is much closer to the PDF peak for the considered oper-
ating conditions and such result is in agreement with the recent findings
by Wang et al. [16]. From previous studies during condensation in
vertical downflow [29], it emerges that the base film thickness is more
linked to heat transfer, especially at low and intermediate vapor quality,
since the main thermal resistance is concentrated in the liquid substrate
after the passage of high-amplitude waves.

To complete the characterization of the interfacial features, the
power spectral density (PSD) in the frequency domain of the liquid film
thickness records of HFE-7000 is calculated. The PSDs are obtained
averaging the results of the Welch algorithm, using a Hamming window
of length equal to 1024 samples and with 50% overlap. The considered
liquid film thickness time traces account for about 3110 points, corre-
sponding to 1000 Hz acquisition frequency over a time interval of 3.1 s.
Large PSD values are obtained in correspondence of disturbance waves,
i.e. high-amplitude waves. Fig. 12 shows the PSDs of wave frequency of
HFE-7000 at mass flux equal to 50, 80, 100 and 150 kg m2s ! andat
two different vapor quality (x = 0.21-0.23 and x = 0.57-0.61). At G =
50 kg m~2s~! the PSDs are comparable at x = 0.23 and x = 0.57, with a
frequency peak at about 22 Hz and 24 Hz, respectively. At G = 80 kg m 2
s 1and x = 0.22 the PSD curve displays a peak at 16 Hz, thus at a lower
frequency with respect to G = 50 kg m ™2 s~1, while the range of detected
frequencies becomes larger. Indeed, at this operating condition there is
the coexistence of high-amplitude waves, having frequencies of about
15-20 Hz, and smaller ripples with higher frequency (around 50 Hz). At
x =0.57, the PSD curve is much more flattened with respect to x = 0.23
due to the reduction of the liquid film thickness with increasing vapor
quality. The PSD shape at G = 100 kg m ™2 s~ ! and x = 0.23 is similar to
the one observed at G = 80 kg m 2 s ™! and at the same vapor quality.
The PSD covers frequencies up to 200 Hz and displays a peak around 18
Hz. The same can be argued for G = 150 kg m 2 s! at x = 0.21,
although the frequency peak is shifted towards higher values (f,, = 31
Hz) and the amplitude of the PSD is reduced due to the smaller height of
the disturbance waves. At x = 0.6-0.61, the PSD curves at both G =
100-150 kg m~2 s~ are flattened, highlighting the occurrence of small-
amplitude interfacial ripples with various frequency (mainly within
0-100 Hz).

When high-amplitude disturbance waves are present (G = 80 kg m >
s™! and G = 100 kg m~2 s71), the entrainment of vapor bubbles in the
condensate film can be observed [44,45]. Indeed, Figs. 13 and 14 show
the entrapment of vapor in the liquid film in the form of bubbles of
various sizes at both G = 80 kg m 2 s ! and G = 100 kg m 2 s™L. The
presence of vapor bubbles in the liquid film is reported in many exper-
imental papers in which visualisations of gas-sheared liquid film were
performed by means of various optical methods [18,46,47]. The gas
bubbles inside the liquid film are expected to play an important role in
the flow dynamics. The presence of bubbles may change the overall
effective flow dynamic parameters of liquid film, such as density and
viscosity. Moreover, vapor bubbles can contribute to an increase in the
interfacial area. Between an entrapped vapor bubble and the tube wall
an area of locally much thinner film exists and, consequently, a much
higher heat transfer rate is obtained [48]. As concluded by Zadrazil et al.
[3], which experimentally measured the frequency and the size distri-
bution of the entrained vapor bubbles during annular flow, the vapor
entrainment is strictly related to the appearance of large-amplitude
waves.
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Fig. 12. Power spectral density (PSD) of wave frequency for HFE-7000 obtained using the Welch method, at mass flux equal to 50, 80, 100 and 150 kg m ™ “s

vapor quality values x = 0.21-0.23 and x = 0.57-0.61.

4.4. Comparison in terms of film thickness values among fluids

The experimental liquid film thickness data of HFE-7000 are here
compared against those of R245fa and R134a, which were tested during
previous condensation campaigns using the same setup located in
Padova (Italy) [29,30]. As indicated in Table 2, R134a was tested at
30 °C saturation temperature (corresponding to pse = 7.7 bar) to avoid
exceeding the maximum allowable pressure for the borosilicate glass
tube, equal to 9 bar, and prevent any breakage. The thermodynamic and
transport properties of R245fa, R134a and HFE-7000, reported in
Table 2, are computed at the test conditions using REFPROP 10.0 [36].
Fluid HFE-7000 displays the lowest vapor density and the highest liquid
viscosity compared to the R245fa and R134a.

The mean and base film thickness data of R245fa and R134a are
already reported in the works of Berto et al. [29,30]. In order to high-
light the differences in terms of interfacial characteristics among
R245fa, R134a and HFE-7000, the corresponding film thickness stan-
dard deviation is reported in Fig. 15 at mass flux equal to 50, 75-80 and
100 kg m~2 s~} at different vapor quality values. As shown in Fig. 15, at
G =50 kg m~2 s~ the standard deviations for R245fa and HFE-7000 are
comparable, therefore the height of the interfacial instabilities is almost
similar between the two fluids. With regard to R134a, the standard
deviation of liquid film thickness is about 16-33% smaller compared to
R245fa and HFE-7000 in the whole vapor quality range. This can be due
to the higher vapor density of R134a which causes lower vapor velocity
at the same mass flux and vapor quality, hence leading to more
restrained interfacial waviness. Such behaviour is observed also at G =
75-80 kg m~2 s~ !: the standard deviations for R134a are much smaller
than those of R245fa and HFE-7000 especially at x = 0.2-0.5, while
reaching the same value at x > 0.75. The film thickness standard de-
viations of R245fa varies from 118 pm at x = 0.19 down to about 30 pm
atx = 0.79 and are slightly higher than those obtained with HFE-7000,
although displaying the same general trend with vapor quality. The high
standard deviations obtained at small vapor quality with these fluids can
be explained considering the appearance of disturbance waves induced
by the vapor shear stress acting on the liquid-vapor interface, as docu-
mented by flow visualizations and statistical analyses [29]. At G = 100
kg m~2 s7! the film thickness standard deviation trends of R245fa and
HFE-7000 are still comparable, especially at x > 0.4. Instead, the film
thickness standard deviations of R134a are higher than those of R245fa
and HFE-7000 in the whole range of considered vapor quality values (x
= 0.48-0.84). Indeed, as reported in [30], at such mass flux high-
amplitude interfacial instabilities are also detected with R134a. As
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pointed out in previous studies [29,30], the appearance of high-
amplitude and fast disturbance waves in the case of both R245fa and
R134a is responsible for a heat transfer enhancement as compared to
smaller mass fluxes.

In order to better understand the results shown in Fig. 15, the time
traces of liquid film thickness for the three considered fluids are reported
at almost the same vapor quality (x = 0.55-0.6) and at mass flux equal to
50, 75-80 and 100 kg m~2 s~ ! in Figs. 16-18. The mean and base film
thickness values are also depicted in the figures. As already observed in
Fig. 15, at G = 50 kg m~2 s~ the interfacial waviness is weak for R134a,
while disturbance waves with maximum height of 580 pm and 300-350
pm are respectively detected in the case of R245fa and HFE-7000 even at
this low mass flux. At such conditions, the smallest mean and base film
thickness values are obtained with R134a. This finding can be explained
considering the reduced contribution of the vapor velocity at such mass
flux and the small liquid viscosity of R134a (u; = 183.13 pPa s, see
Table 2), which promotes the thinning of the liquid film in agreement
with Nusselt [43] theory. Slightly higher &mean and &pgse values are
observed with HFE-7000, which may result from the competition be-
tween the high vapor velocity (pg = 10.26 kg m~>) and the high liquid
viscosity, which nearly doubles that of R134a at saturation temperature.
Instead, the mean and base film thickness of R245fa are respectively
18% and 20% higher than those of HFE-7000. Although HFE-7000
displays a slightly higher liquid viscosity (4+7%), its small vapor den-
sity (being 27% lower as compared to R245fa) is expected to play the
major role in the thinning of the liquid film.

At G = 75-80 kg m~2 57!, the lowest mean and base film thickness
values are detected with HFE-7000. However, at comparable working
conditions, the interfacial waviness is much more pronounced for
R245fa despite the smaller vapor velocity and the similar liquid viscosity
compared to HFE-7000. Such result can be explained comparing the
temporal film thickness evolution of R245fa at G = 80 kg m ™2 s~ with
that of HFE-7000 at smaller mass flux (G = 60 kg m 2 s and at the
same vapor quality, which is reported in Fig. 19. At such condition, the
temporal film thickness profile of HFE-7000 is characterized by high-
amplitude waves, which are almost comparable to those of R245fa in
terms of height although being less frequent. Moreover, the mean and
base film thickness values are similar between R245fa and HFE-7000 at
the two different operating conditions. Such comparison suggests that
the inception of high-amplitude waves, which promotes the thinning of
the liquid film, can be observed at smaller mass flux for HFE-7000 due to
the lower vapor density and, hence, increased vapor shear stress (at
fixed G and x values). Therefore, since the liquid viscosities of R245fa
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Fig. 13. Entrainment of vapor bubbles in the liquid film of HFE-7000 at mass
flux G = 80 kg m 2 5! and vapor quality x = 0.39 during condensation in
vertical downflow inside the 3.38 mm inner diameter channel.

and HFE-7000 are very similar but the vapor density is higher for R245fa
(pG,r245f2/ PG, HFE-7000 = 1.4), similar interfacial waves characteristics can
be found when comparing R245fa results at G = 80 kg m ™2 s~} with
HFE-7000 results at G = 60 kg m~2 s~ ! (with a ratio of vapor superficial
velocities nearly equal to one). At G = 75-80 kg m 2 s! the highest
mean and base film thickness values are detected with R134a, whose
liquid-vapor interface is indeed affected by a limited waviness due to
the high density of the vapor phase. It can be noted that for R134a Syeqn
and Jpgse values at G = 75 kg m2s!are respectively 34% and 16%
higher than those at G = 50 kg m~2 s~ 1. This can be explained consid-
ering gravity-controlled condensation. Instead, for R245fa and HFE-
7000, the condensation is clearly affected by vapor shear stress also at
such low values of mass velocity with a reduction of the liquid film
thickness when moving from 50 to 80 kg m~2 s~ L.

The onset of disturbance waves can be detected at higher mass fluxes
for R134a, as shown in Fig. 17. Indeed, at G = 100 kg m~2 s~! various
interfacial disturbances with maximum height equal to 700-800 pm
appear, leading to 20% smaller base film thickness with respect to G =
75 kg m~2 s~1. However, such disturbance waves are not sufficient for
reaching the small film thickness values of R245fa and HFE-7000, which
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Fig. 14. Entrainment of vapor bubbles in the liquid film of HFE-7000 at mass
flux G = 100 kg m~2 s7! and vapor quality x = 0.4 during condensation in
vertical downflow inside the 3.38 mm inner diameter channel.

Table 2
Thermodynamic and transport properties of R245fa, R134a and HFE-7000 at the
studied test conditions [36].

Fluid R245fa R134a HFE-7000
PDsae [bar] 2.51 7.70 1.25

Pred [-] 0.07 0.19 0.05

Tea [°C] 40 30 40

o [kg m™3] 1296.7 1187.5 1362.5

pe [kg m™3] 14.12 37.54 10.26

g, [uPa s] 328.6 183.13 350.98

Ay [mWm K1 83.36 78.99 62.16

hye [kJ kg™'] 182.31 173.10 131.17

o [mNm™!] 11.73 7.38 10.7

are indeed favoured by the greater vapor shear stress (at the same mass
flux and vapor quality). The lowest Speqn and Spqse Values are obtained
with HFE-7000, which are 33-35% and 7-8% smaller compared to
R134a and R245fa, respectively.

With the aim to clearly identify the range of wave frequencies for the
three considered fluids, the power spectral density (PSD) in the fre-
quency domain of the liquid film thickness data is calculated using the



A. Berto et al.

a) 180
—_ G=50kgmZs!
€ 160 f d=3.38 mm
=
nz 140 F O0R134a
m o 1 AR245fa
5 2 0 f EHFE-7000
o a 100 |
EO o f
=
< 60 f A
[Th = A A
Z 40 mEpfl AmE Bgy
= © o 9 o o o " @ °
[} 20 F
b) 0 1 1 1 1 il 1 1 1 1
180
— G =75-80 kg m2s
c 160 | d=3.38mm
=
140 F oR134a
83 AR245fa
W 120 F ¥
E ';1 LN BHFE-7000
S 1ot =
Eg 8o [ A
= 7] A
d< 60¢f
o A
Z 40 F m A
= o) o
o 20 f o ® o
0 1 1 1 1 1 1 1 1 1
c) 180
—_ a G =100 kg m2 s
€ 160 f d=3.38mm
= E A
w=z 140 F A OR134a
m o s N A R245fa
g E 120 f i ®HFE-7000
X < b
Sg 100 ¢ =,
E2 e | “ ©
[a) F o
=X s 4
< 60 F = o
o g s ] o
E m
< 40 £ ‘m - o
(7] E - o)
20
0 E 1 1 1 1 1 1 1 1 1
0O 01 02 03 04 05 06 07 08 09 1

VAPOR QUALITY x []

Fig. 15. Standard deviation of the instantaneous film thickness values for
R245fa, R134a and HFE-7000 vs. vapor quality (and mass flux) during vertical
downflow condensation inside the 3.38 mm inner diameter channel: a) G = 50
kgm 25, b)G=7580kgm 25!, ¢)G=100kgm 251

Welch algorithm. Fig. 20 depicts the PSDs of wave frequency of R245fa,
R134a and HFE-7000 at G = 50 kg m 2 s~ ! and at x = 0.56-0.59. The
PSDs of R245fa and HFE-7000 display a similar shape, with the fre-
quency peak at 14 Hz and at 25 Hz respectively. At such condition, both
sporadic high-amplitude waves (displaying low frequency) and ripples,
having smaller height and larger frequency (of about 60 Hz for R245fa
and 90 Hz for HFE-7000) can be detected for both R245fa and HFE-
7000. The PSD of these two fluids cover frequencies up to about 100
Hz. With regard to R134a, the detected wave frequencies are mainly in
the range 0-50 Hz.

With the increasing mass flux (G = 75-80 kg m 2 s’l), as shown in
Fig. 21, the PSD of R245fa is still sharp with slightly higher PSD peak
amplitude compared to G = 50 kg m~2 s~ due to the appearance of
disturbance waves. With regard to HFE-7000, the most important fre-
quencies are concentrated in the 20-120 Hz range, whereas for R134a
the PSD is flattened.
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Fig. 16. Temporal evolution of the liquid film thickness at G = 50 kg m 25!

and comparable vapor quality during condensation in vertical downflow: a)
R245fa at x = 0.59, b) R134a at x = 0.56, ¢) HFE-7000 at x = 0.57. The mean
and base film thickness values are also indicated.

Fig. 22 shows the PSDs of wave frequency of R245fa, R134a and
HFE-7000 at G = 100 kg m 25! and at x = 0.56-0.6. At G = 100 kg
m~2s7! the PSD of R134a shows a peak at 16 Hz, corresponding to the
dominant frequency of the disturbance waves which are first observed at
this mass flux. Instead, the smaller amplitude waves display frequencies
in the 30-70 Hz range.

From this analysis it can be concluded that HFE-7000 displays
smaller film thickness values compared to R245fa and R134a at G > 80
kg m~2 571, At lower mass fluxes, the small liquid viscosity of R134a is
responsible for the thinning of the liquid film with respect to the other
fluids. Moreover, HFE-7000 seems to lead to the earlier inception of
high-amplitude waves due to its smaller vapor density compared to the
other fluids.

5. Assessment of models for the prediction of the mean film
thickness

Due to the limited quantitative data of local and instantaneous film
thickness, the main characteristics of micro-scale condensing flows are
not fully understood, and thus the accurate design of microchannel
condensers still remains a difficult task. It is reported that the thickness
of the liquid film is one of the most important parameters for predicting
two phase heat transfer in micro tubes, especially inside vertical chan-
nels [14,49-51]. Lots of analytical expressions and empirical correla-
tions for predicting the mean liquid film thickness and the disturbance
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Fig. 17. Temporal evolution of the liquid film thickness at G = 75-80 kg m 2

s~ and comparable vapor quality during condensation in vertical downflow: a)
R245fa at x = 0.56, b) R134a at x = 0.55, ¢) HFE-7000 at x = 0.57. The mean
and base film thickness values are also indicated.

wave characteristics have been proposed [12,22,52-57].

In order to check the reliability of the existing predicting methods,
the experimental mean film thickness data of HFE-7000 are here
compared against the predictions from the models by Nusselt [43],
Cavallini et al. [58] with Del Col et al. [59] correlation for the wall shear
stress 7,,qq and Cioncolini et al. [60] with Wallis [61] correlation.

The correlation by Nusselt et al. [43] for predicting the mean liquid
film thickness is given by Eq. (9):

ERIER RV 2 1/3
5=009 [;M} =009 L}#} Rel/?
L (PL = P6) 8 (L= P6) 8

where pg and p;, are the vapor and liquid density, 4 is the liquid dynamic
viscosity, g is the gravity acceleration and Rep is the Reynolds number of
the liquid film, calculated with Eq. (10):

9

G-(1-x)(1—¢)d
i

In Eq. (10) ¢ is the entrained liquid fraction. At the tested mass fluxes
the entrained liquid fraction is always below 0.08 according to Cion-
colini et al. [60].

The dimensionless liquid film thickness 8" by Cavallini et al. [58]
and Cioncolini et al. [60] are respectively calculated using Eqs. (11)—
(12):

Rep = (10)
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Fig. 20. Power spectral density (PSD) of wave frequency at mass flux equal to 50 kg m~2 s~ and vapor quality x = 0.56-0.59 for R245fa (left), R134a (center) and

HFE-7000 (right).
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5t = (12)

Such values are then used to calculated the mean liquid film thick-
ness according to Eq. (13):

Hi

_ 13)
(PL'Twall)o'S

5=25t
where py is the liquid density and 7,4y is the wall shear stress, defined as
in Eq. (14):

_ ()4

“\dz) 4

In Eq. (14) fyau is the friction factor at the tube wall, j; is the

2
PriL
Tywall = f wall*

14
2.(1—¢)? a4

16

superficial velocity of the liquid phase and (dp/dz) is the frictional
pressure gradient along the channel. According to Wallis [61] correla-

tion, fyqy is calculated with Eq. (15):
fuan = 16Re;! 15)

and the entrained liquid fraction is obtained by the following
equations:

52
3 =R (16)
(1 —€)"-[1 +150-(1 — &°9)]
Ro_ 10Ree pg (l1-x ’ a7
0.046-Re;'? p, X

In Egs. (15)-(17) Rer, and Reg are respectively the liquid and vapor
Reynolds numbers.
The wall shear stress can be also calculated following the Cavallini
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Fig. 22. Power spectral density (PSD) of wave frequency at mass flux equal to 100 kg m2s 'and vapor quality x = 0.56-0.60 for R245fa (left), R134a (center) and
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et al. [58] approach, based on the calculation of the two-phase frictional
multiplier ®;:

dp 2:f10-G?
(&) o3

where fo is the friction factor of the liquid phase flowing alone in the
tube and ®¢ is evaluated as reported in Cavallini et al. [58]. In the
present work, fio is calculated according to Del Col et al. [59]
correlation:

(18)

fio = 0.046-Re; 52 +0.7-RR-X 19)

where Rej is the Reynolds number of the liquid phase flowing alone in
the channel, RR and X are evaluated using Egs. (20)-(21):

_ 2-Ra

RR 20

g (20)
0 for Re;o<Re},,

x — ) 1 for Re;p>3500 21

8.9938-10 — 0.046-Re; >

1
* 0.7-RR

for Ref, < Rep < 3500

In Eq. (20), Ra is the internal surface roughness of the channel (equal
to 0.18 pm in the present case), while in Eq. (21) Re;, is defined as
follows:

(22)

" 8.9938-107% 4 0.7-RR
Rel =—mM8MMM
Lo 0.046

Fig. 23 shows the comparison between experimental and predicted
mean liquid film thicknesses of HFE-7000. Table 3 reports the mean
relative deviation eg, mean absolute deviation esp and standard devia-
tion oy between experimental and calculated Speqn values of HFE-7000.
The model by Nusselt [43] provides accurate predictions of the mean
liquid film thickness of HFE-7000 at G < 30 kg m 2 s}, as the mean
absolute deviation between experimental and calculated values is
smaller than 8.2% and 19.7% at G = 20 kg m2s! (on = 0.51%) and G
=30kg m 25! (6 = 2.25%), respectively. Such good agreement be-
tween experimental Speqn values and calculated ones confirms the
limited shear stress effect at the liquid—vapor interface at these small
mass fluxes and the more significant contribution of gravity accelera-
tion. With the increasing mass flux, the experimental film thickness

values are largely overestimated by Nusselt [43] model, especially at
high vapor quality, due to the enhanced vapor shear stress effect on the
liquid-vapor interface.

The model of Cavallini et al. [58] with Del Col et al. [59] correlation
for wall shear stress 7,,q; leads to more accurate predictions at G > 60 kg
m2s! (eap = 10.92% and ony = 10.52%). However, the prediction
accuracy at lower mass velocities is much smaller as compared to Nus-
selt [43] model (e4p = 78.25%). The same can be argued for Cioncolini
et al. [60] model with Wallis [61] correlation for 7,4 The predictive
accuracy is satisfactory at G = 150 kg m~2 s~! (relative errors lower than
11% for all points), while much higher deviations are observed at
smaller mass fluxes. At G = 20-30 kg m 2 s~ ! the experimental data are
severely overpredicted (eqp = 58.45%). Instead, in the mass flux range
from 40 to 70 kg m~2 51 Speqn values at high vapor quality are generally
underpredicted, while the opposite occurs at small vapor quality. A
similar behaviour has been partly observed also for the predictions from
Cavallini et al. [58] model. Therefore, it can be speculated that these two
models do not accurately predict the effect of interfacial waves on the

film thickness for mass fluxes lower than 100 kg m~2 s 1.

6. Conclusions

In the present study, liquid film thickness measurements are per-
formed during vertical downflow condensation inside a 3.38 mm inner
diameter channel at 40 °C saturation temperature. Condensation tests
are carried out with HFE-7000 in two separate experimental appara-
tuses: the first is composed of two counter-flow tube-in-tube heat ex-
changers separated by an adiabatic borosilicate glass tube for flow
visualizations and film thickness measurement, whereas the second
consists of a diabatic sapphire tube coupled with an infrared camera for
simultaneous local heat flux and film thickness measurements at low
mass flux (5-30 kg m—2 s’l). Various optical techniques (chromatic
confocal imaging, interferometry, shadowgraphy) are employed in the
two independent labs for measuring the liquid film thickness.

The main conclusions are here summarized:

e Comparable film thickness values, wave heights and wave fre-
quencies are obtained in the two experimental test sections at the
same working conditions (G = 20-30 kg m~2s1). Such result is even
more significant considering the differences between the two
experimental setups (adiabatic glass tube in one case, diabatic sap-
phire test section in the other) and the different optical methods
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Fig. 23. Comparison between experimental mean liquid film thicknesses of
HFE-7000 during condensation at 40 °C saturation temperature in the 3.38 mm
inner diameter channel and predicted values from the models by a) Nusselt
[43], b) Cavallini et al. [58] with Del Col et al. [59] correlation and c¢) Cion-
colini et al. [60] with Wallis [61] correlation for the calculation of 7,4 G is the
mass velocity [kg m2s 1.
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Table 3

Mean relative deviation eg, mean absolute deviation e,z and standard deviation
on between the experimental mean liquid film thicknesses and predicted values
during condensation of HFE-7000.

HFE-7000 All G G <60 kg G > 60 kg
values m2s7! m2s7!
Nusselt [43] er 44.45 18.48 83.40
[%]
eaB 44.45 18.48 83.40
[%]
oN 45.9 9.39 51.30
[%]
Cavallini et al. [58] with Del er 50.06 77.85 8.38
Col et al. [59] correlation for [%]
Twall ean 51.31 78.25 10.92
[%]
oN 74.65 85.64 10.52
[%]
Cioncolini et al. [60] with er 4.96 17.35 —13.63
Wallis [61] correlation for [%]
Twall eap 28.10 37.43 14.11
[%]
oN 40.88 48.56 9.84

[%]

employed during the tests (chromatic confocal imaging and shad-
owgraph in one case, chromatic confocal imaging and interferometry
in the other). Therefore, the measured liquid film thickness at the
same vapor quality and mass flux basically does not depend on the
condensation heat transfer process, but only on hydrodynamics, at
least for the working conditions (for example, heat flux) of the pre-
sent experiments.

In the mass flux range from 70 to 150 kg m 2 s~ the liquid film
thickness of HFE-7000 is found to decrease with increasing mass flux
and vapor quality. An increase of the liquid film thickness is observed
when the mass flux increases from 30 kg m 2 s~ to 50 kg m 2 s7},
which can be due to the transition from shear stress driven to gravity
driven downward flow condensation.

High-amplitude waves with small frequency (15-18 Hz) are detected
at both G = 80 kg m 2 s~ ! and G = 100 kg m~2 s~ with HFE-7000.
Some vapor bubbles are found to be entrained in the liquid film by
these high-amplitude waves, as evinced from flow visualizations.
The experimental liquid film thickness results of HFE-7000 are
compared by means of statistical and spectral analyses with those of
R245fa and R134a, tested during previous experimental campaigns.
HFE-7000 generally displays lower film thickness values compared
to R245fa and R134a due to the smaller vapor density. At low mass
flux (50 kg m~2 s71), the small liquid viscosity of R134a is respon-
sible for the thinning of the liquid film with respect to the other
fluids.

The accuracy of available models for the prediction of the mean film
thickness is assessed with comparison to the experimental data of
HFE-7000. The model by Nusselt [43] provides the most accurate
predictions of the mean liquid film thickness at the smallest mass
flux, with mean absolute deviation between experimental and
calculated values lower than 8.2% and 19.7% at G = 20 kg m 2 s~
and G = 30 kg m~2 s}, respectively. This result confirms the very
limited effect of the shear stress at the liquid-vapor interface at such
low mass fluxes. Instead, the models of Cavallini et al. [58] and
Cioncolini et al. [60] provide the best predictions of the mean film
thickness at mass flux higher than 60 kg m™2 s! (mean absolute
error equal to 10.9% and 14.1%, respectively).
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