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ABSTRACT

The FONESYS network of system code developers made a benchmark of eight system codes against Two-
Phase Critical Flow (TPCF) experiments, which updated the state of the art in TPCF modelling. 0-D and
1-D TPCF code models still have large prediction errors particularly for slightly sub-cooled inlet conditions.
Three main reasons explain these errors: (1) 3D effects in complex geometry, (2) nucleation delay, which
depends on non-well-controlled parameters such as purity of water or status of metallic surface, (3)
interfacial transfers in rapidly changing non-established flashing flow with unknown flow regimes. It seems
possible to progress at least on the third point using new measurements techniques. The SILENCE network
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of experimentalists in thermal-hydraulics conducted reflections on the type of measurements that should be
used in future experiments on TPCF to provide new local information on flow regime, bubble size, film
thickness and drop size.

This paper first recalls the characteristics of TPCF and summarizes the conclusions of the benchmark of
TPCF code models. Then, one presents the limitations of the current modelling, and the limitations of the
existing TPCF database. The needs of new measurements are listed. Advanced measurement techniques
are reviewed with an evaluation of their applicability to flashing flow in nozzles. Then, recommendations
for any new experiment on TPCF are given.
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1. INTRODUCTION

Two-Phase Critical Flow (TPCF) prediction by system codes still have large prediction errors particularly
for sub-cooled upstream conditions, as shown by a recent benchmark of codes [1] against a large database.
It seems possible to progress at least on modelling of the interfacial transfers in rapidly changing non-
established flashing flow using new measurements techniques. The SILENCE network of experimentalists
in thermal-hydraulics [2] conducted reflections on the type of measurements that should be used in future
experiments on TPCF to provide new local information on flow regime, bubble size, film thickness and
drop size.

This paper first recalls the characteristics of TPCF and summarizes the conclusions of the benchmark of
TPCF code models. Then, one presents the limitations of the current modelling, and the limitations of the
existing TPCF database. The needs of new measurements are listed. Advanced measurement techniques
are reviewed with an evaluation of their applicability to flashing flows in nozzles. Then, recommendations
for any new experiment on TPCF are given.

2. THE CHARACTERISTICS OF TWO-PHASE CRITICAL FLOW

The main characteristic of TPCF is the flow blockage or choked flow occurrence with a sonic section where
the speed of sound is reached. In such case, the flowrate depends only on upstream conditions. Such choked
flow occur in relief valves, in flow area restrictions within circuits and in some reactor transients,
particularly in case of a break on pressurized circuits.
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Figure 1: Critical flow test performed in the SUPER-MOBY-DICK facility with subcooled water
upstream conditions

Figure 1 illustrates the pressure axial evolution in the SUPER-MOBY-DICK (SMD) long nozzle facility
for a constant upstream pressure (Po = 6 MPa) and decreasing downstream pressure (Pd from 4.2 to 2.5
MPa). As soon as the sonic velocity is reached in the nozzle (usually at the end of the smallest section pipe)
the mass flow rate and the flow parameters up to the sonic section do not depend any more on the
downstream pressure. There may be a supersonic flow downstream the sonic section and possibly a return
to subsonic flow in the diverging part of the pipe.
In single-phase flow, the speed of sound is a fluid property related to the fluid isentropic compressibility,
which is known: ¢ = /(9P /dp)_. Itis much higher in pure liquid than in gas.
In two-phase steam-water flow, the speed of sound depends not only on fluid properties but also on flow
conditions and nozzle shape and only approximate models for the speed of sound exist which have many
limitations:
- The Homogeneous Equilibrium Model (HEM) gives a lower bound of the speed of sound. It may
be far from reality in many situations.
- The metastable thermal non-equilibrium (Tv < Tsat < Tl) and the mechanical non equilibrium (Vv
> VI) that occur in flashing flow increase the speed of sound compared to HEM.
- The homogeneous frozen model (mechanical equilibrium with Vv=VI but no interfacial heat
transfer) may underestimate (mist flow) or overestimate (bubbly flow) the speed of sound
- Other models exist which may also underestimate or overestimate the speed of sound

Predicting thermal and mechanical non-equilibrium requires the knowledge of the flow regime, of the
bubble size distribution and of the droplet size distributions. It requires the use of a 1-D modelling.
More details on the current TPCF modelling in system codes are given in [3].

3. LIMITATIONS OF THE CURRENT MODELLING OF TPCF AND THE EXISTING
DATABASE

System codes model TPCF either with 0-D or 1-D models. A 3-D modelling would spend too much CPU
time for a system code.
The FONESYS network [2] of system code developers made a benchmark [1] of eight system codes
(APROS, ATHLET, CATHAREZ2, COSINE, MARS, RELAP5/MOD3.3, SPACE, TRACE v5.0,) against
TPCF experiments, which updated the state of the art in TPCF modelling. The benchmark has shown that
0-D and 1-D models still have large prediction errors in some conditions as shown in Figure 2 although
significant progress was obtained compared to the previous state of the art in 1980 [4]. Relative critical
mass flux error predicted by the codes to selected Super Moby-Dick (SMD), Sozzi-Sutherland, and
Brookhaven National Laboratory (BNL) experiments is plotted as a function of stagnation inlet equilibrium
guality (in %). The highest errors are for slightly sub-cooled inlet conditions (low negative equilibrium
quality).
The analysis of these results concluded that three main reasons explain these errors:

1. 3D effects due to the complex geometry of a valve or a break are difficult to model in a general

way by 0-D or 1-D models

2. Nucleation in flashing flow depends on non-controlled parameters (purity of water, metallic
surfaces,...) and may play a significant role on the critical flowrate

3. Interfacial transfers play a dominant role in flashing flow but existing flow regime maps and
algebraic models for interfacial area density are not valid in such very high velocity non-established
flashing flows. This makes the modelling difficult.
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Figure 2. Relative critical mass flux error vs stagnation equilibrium quality —
SMD, Sozzi-Sutherland, BNL tests. Each type of symbol correspond to a code model

Convective heat transfer between superheated water and bubbles can be modeled as follows:

AiNu
qui = aihy(Ti—Tsae) = _15 (T;—Tsar) 1)
Rather good Nusselt number correlations exist but the main difficulty is to predict the bubble size:
1
_ i 1/ _ i pI1Cp AV S /2
Nucy = Pe 2_\/5[ PR | 2)

Some investigations by Berne [5] concluded that the break up mechanism is controlled by turbulence and
one may use the following relation:

@ _ 1af 6BU=;W83/5(1)3/5(KD) 3)
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This model predicts very small bubbles e.g. in the range 10 to 100 um and the slip AV remain small with
such bubbles. However this model performs rather well only when the void fraction does not exceed 0,4 or
0,5 in the domain from flashing inception up to sonic section where the flowrate is decided. Estimations by
Berne [5] (1983) suggested that at higher void fraction a transient heat conduction may replace the
convective heat flux. However expressing conduction requires a knowledge of the interface geometry,
conduction length scale...
A few recent analyses revisited the flashing process modelling. At low Péclet numbers, the conduction is
dominant with respect the convection heat flux. Both mechanisms may be taken into account by a smooth
transition between them (Oresta et al., 2009, [6]) or with a simple model as in M. Vernassiere et al, (2019),
[7] considering the maximum Nusselt number, implementing into CATHARE code:
Nu = max(Nucp ; Nucy )
where
12 Cp, (T, — T
NUCD — F ]a; ]a = PL pL(pVLL sat)
Several authors studied the initial bubble number density n in the flashing process. In case of heterogeneous
nucleation, the bubble number density depends on the nozzle geometry (diameter). Liao and Lucas [8]
(2017) performed CFD calculations through a converging-diverging nozzle in order to estimate the
distribution of bubble number density along the nozzle and in a cross section of the nozzle. They found a
variation from around 102 to 5x10%° bubbles/m? from the wall to the bulk but no measurement is available
to confirm this result. Thus, knowledge of the axial and radial distribution of bubbles may help at better
modelling the flashing process.




The current best predictions of the 1D standard modeling of TPCF obtained with the CATHARE code
(error within 5%) were obtained in smooth geometry without strong 3-D effects (e.g. in SMD facility) when
the flow regime up to sonic section is either bubbly (¢<0.5) or mist flow (X>0.9) or in pure vapor flow.
The largest errors (up to 15%) are obtained when the flow regime is unknown between bubbly and mist
flow. There is probably some froth flow with films between bubbles, which split at a certain unknown void
fraction. If more information on such flow regimes was available one may expect that more mechanistic
models could provide better predictions.

4. LIMITATIONS OF THE CURRENT TPCF DATABASE
4.1. Existing database on TPCF

A rather large database exists for steam water critical flow [4]. TPCF experiments provide at least the
critical mass flow rate as a function of upstream conditions, i.e. pressure, sub-cooling or steam quality.
Some TPCF experiments measured the axial evolution of pressure along the nozzle. One of the best
database is the SMD TPCF experiment (see [5]) performed at CEA (France).
Figure 1 shows a critical flowrate test performed in the SMD long nozzle facility. In this facility the
measured parameters are:

»  Pressure along the nozzle P(z)

* Void fraction along the nozzle (X-ray tomography)) with radial repartition a(z,r)

«  Total mass flowrate M,

In the test of Fig. 1, there is only subcooled liquid at inlet of the nozzle. Flow accelerates in the convergent
and pressure decreases. Then, pressure decreases in the small diameter pipe by wall friction. When the
saturation pressure Psat(To) is reached, the water becomes superheated and vaporization or flashing starts.
Bubbles are created first in wall cavities where there may be tiny bubbles, which grow and detach like in
wall boiling except that heat is provided by metastable overheated water. Bubbles then occupy all the flow
cross section and continue to grow up to a critical break up size where they will split into smaller bubbles.

5. TOWARDS MORE MECHANISTIC FLASHING FLOW MODELLING

One may write the 1-D 6 equations and simplify them to better understand the need of experimental
information
In steady flow, the total (liquid + vapor) flowrate is constant:

A(G, +G)=M (4)
Using the reasonable assumptions thatH,, is at saturation and |q;;| > |q;,|, the phase flowrate evolution
is given by:

62:”=—%=Ar zAﬁ (5)
The mixture momentum equation is simplified by keeping the dominant terms :
aAog—ZlVlz +A Z—IZD ~ —CiTy (6)
The liquid total enthalpy equation is simplified by keeping the dominant terms :
a(HﬁVzi)
AG————= Aqy ()

A force balance derived from eliminating pressure gradient from the two momentum equations and keeping
the dominant terms writes:

T, aG— —=aTy, (8)



Using eq. (4) to (8) and measured values of M and P(z) one can determine V,(z),V,(2), a(2), H,(2), q;;(2)
if we have reliable models for wall friction z,,; and ;. This is possible for bubbly flow where estimated g,
could be well correlated. Measured a(z) are usually not accurate enough to be used in this data treatment.
For froth flow up to mist flow, no reliable models for t; exist and this data reduction is not valid. However,
if the wall temperature is a good estimation of the mean liquid temperature, one can use it to determine both
qii and Ti.

6. THE NEEDS OF NEW MEASUREMENTS IN TPCF

Thus, in addition to mass flowrate, pressure evolution P(z) and void fraction evolution o (z) the following
experimental information is needed to improve the modelling:

* Liquid temperature along axis

*  When transition to froth flow occurs?

*  What bubble size in froth flow?

*  When transition to annular-mist or pure mist flow occurs ?

» Bubble size or at least bubble size at detachment

* Film thickness, droplet size, droplet velocity

7. APPLICABILITY OF ADVANCED MEASUREMENT TECHNIQUES TO TPCF
7.1. Main characteristics of the test section and experimental conditions

To avoid complex geometrical effects and to allow an easier analysis of data, a long straight tube is
recommended.
The need of flow regime identification suggests using transparent walls. This may induce working at
moderate pressure first.
A good control of the quality of the water is necessary. Other fluids such as refrigerants may also be
envisaged.
A good control of the status of the wall surface is needed.
Then the following measurement techniques may be considered:

o Film thickness sensors

e Micro-visualization techniques, including high speed cameras and micro-visualization cameras

e Particle Image Velocimetry (PIV) ,

e Laser Doppler Velocimetry (LDV)

e Infrared thermometry and other temperature measurements

TPCF tests can easily be steady state tests, which allow time averaged measurements over a long period
of time.

There is a number challenges associated with the measurement of the requested parameters:

e The two-phase mixture is opaque itself

e Typically, a thick metal housing prevents access by instruments.

e The flow is very fast, say up to 100 m/s in bubbly or froth flow and even higher in mist flow.
Thus, either very fast measurement techniques must be used or time- averaged measurements
over longer times.

e Inserting and moving a sensor is excluded since the mass flowrate would change when displacing
the sensor position.



7.2. Measurement of void fraction, bubble sizes and froth

High-speed cameras may be used. However, firstly transparent test sections or windows are needed and
secondly, their application will be limited to very low void faction (< 5 %) when interrogating the whole
cross-section or to measurements in the near-wall region. Thus, quantitative information will be limited to
bubble size measurement near the wall. However, qualitative information may be gained about the flow
regime (e.g. bubbly, froth and annular). Likewise, endoscopic techniques (Schulz,2021, [9]) may be
considered if the constriction of the cross-section by such an instrument can be accounted for in the
modelling.

Void fraction and bubble size measurement in two-phase flow is a typical domain of wire-mesh sensors
(WMS) and computed tomography. Both techniques can also in principle be used for film thickness
measurement (see below). It is noteworthy, that recently also the use of a wire-mesh sensor for froth flow
measurement has been reported (Ziauddin, 2023 [10]). However WMS is intrusive and would affect the
flow regime and the mass flowrate. They are probably excluded.

Computed tomography uses a rotating tube-detector-compound to produce cross-sectional images of the
two-phase flow. Such has been used for high-resolution 3D imaging with micro-focus X-ray tubes
(Porombka, 2021 [11]). Alternatively, ultrafast electron-beam tomography (Hampel, 2020 [12]) avoids any
rotary mechanics. Neutron tomography (Zboray, 2011 [13])may be attractive but it is prohibitively
expensive and requires a mobile two-phase flow test facility. One should be aware that choked flow can be
very fast with liquid velocities which exceeds the high-speed imaging capabilities of fast tomography.
Furthermore, boiling bubbles are typically smaller than 1 mm and cannot be resolved by those techniques
with their spatial resolution of typically > 1 mm. That is, bubble size measurement is likely not possible
with these techniques. However time averaged cross-sectional void fraction or at least radial void profiles
can be obtained.

7.3. Film thickness measurements in TPCF

Wire-mesh sensors (WMS) (Schleicher, 2015 [14]), X-ray tomography [11] and neutron tomography [13]
have already proven their capabilities to resolve liquid wall films in a time-averaged manner. However,
WMS are intrusive and may not resist very velocity, and the spatial resolution is not better than 1 mm. For
X-ray tomography it has been found that metal walls produce considerable artefacts due to their high
radiation attenuation, which may lead to lower resolution and hence more uncertainty in film thickness
guantification (Bieberle, 2020, [15]). An interesting alternative is the use of wall-embedded electrical
sensors (Da Silva 2008,[16] Prasser, 2020 [17]). The electrical current between two electrodes embedded
with a small displacement of a few millimetres into the pipe wall depends (in a non-linear way) on the
thickness of the liquid film above this structure. If a careful calibration is done, this enables not only
accurate film thickness measurement at high speed but also detection of droplet impingement and
measurement of waves on the film.

7.4. Applicability of LDV and PIV in TPCF

The near-field regions in TPCF pose several challenges in measurement due to non-equilibrium nature. The
laser based optical measurement techniques like Laser Doppler Anemometer (LDA), Partical Image
Velocity (PIV), and Phase Doppler Anemometry (PDA) offer benefits due to their non-instrusive nature.
Furthermore, simultaneous application of two measurement techniques may provide valuable database,
such as PDA method complements the PIV measurements of the instantaneous velocity field by providing
both the droplet velocity and droplet size at a point. Laser-based measurement techniques for two phase
flow measurements have been widely reported for velocity, temperature and droplet size measurements by
employing different working fluids, such as water-air, R134a (Di Nunno et al, 2018,[18] Yildiz et al, 2004,



[19]). Despite of numerous benefits, the past studies also highlighted the challenges associated with
application of optical measuring techniques in two-phase flow measurements under harsh conditions as
expected in TPCF conditions. The challenges are associated with measurements in presence of high amount
of ligaments and non-spherical droplets in the measurement-field provide difficult conditions for PDA
measurement. Similarly, the high density of droplets and sharp gradients in velocity and temperature may
bring several challenges for PIV measurements including high beam attenuation and potential laser beam
path distortion. Additionally, achieving an optical seeding needed for optical measurements like PIV and
LDV is challenging and error may be induced due to non-uniform seeding distribution in an interrogation
window of PIV measurement. To overcome the aforesaid challenges, several novel techniques for two
phase flow measurements are being developed and tested, e.g. Multi-Intensity Layer PIV (Yildiz et al,
2002[20] ) and Colour PIV system (Towers et al, 1999[21]). In Multi-layer technique, the original source
image is divided into different layers of images made of different ranges of intensities corresponding to
different ranges of droplet sized. The colour PIV measurement method utilizes colour recording and
fluorescently doped seed particles in one phase of the flow.

The use of PIV or LDV may be possible in the domain of very small or very high void fraction. However
in the domain of highest interest (0.5 < o < 0.95) it will probably not be useful in TPCF.

7.5. Applicability of visualization techniques

According to Pr Hassan (TAMU), coloring the liquid may be used to get some qualitative information on
the flow regime in the range 0.5 < a. < 0.9 and quantitative information on the void fraction and possibly on
drop velocity. If a transparent tube is used, high-speed imaging might provide useful additional information.

7.6. Temperature measurement

In principle, there is the choice of installing multiple small temperature sensors, such as thermocouples or
resistance temperature sensors. As an alternative distributed fibre sensors may be uses, e.g. to study the
temperature profile along the axis of the pipe. There is a choice between Fibre Bragg Grating sensors with
a lower number discrete measuring positions (Gao, 2022 [22]) or distributed fibre sensors based on
Rayleigh, Brillouin, or Raman scattering with a quasi-continuous spatial response (Ukil, 2011 [23]).

7.7. Applicability of Infrared thermometry in TPCF

Infrared thermometry, as a non-intrusive measurement technique, seems appropriate for TPCF although it
has never been used yet in such conditions.

Infrared thermometry and visualization techniques were employed together to measure wall temperature in
a convective boiling system [24]. Simultaneously, high-speed photography and infrared thermometry were
utilized to investigate the subcooled boiling flow in a vertical square upward flow channel (Yoo, 2015[25]).
The total reflection technique and infrared thermometry were used to explore the DNB phenomenon (Jeon
et al., 2022 [26]). Infrared thermometry is a non-contact method that utilizes infrared radiation to measure
the temperature of an object. In bubbly flow, it may provide some information on the bubble detachment
diameter. In froth flow, the flow may have a rather homogeneous structure of interfaces in the cross-section
and the liquid temperature close to the wall may be close to the mean liquid temperature.

7.8. Measurement of liquid velocity

Small hot film anemometer probes have a certain influence on the flow and their mechanical robustness is
relatively low in very high speed flow. So they are not suited for TPCF. As non-intrusive techniques one
may use PIV or Laser Doppler Anemometry (LDA). Measurement may be possible in near wall regions
and in a liquid wall film. It is recommended to use fluorescent seeding particles (LDA-LIF, PIV-LIF) to
discriminate reflection signals for bubbles and the seeding particles.



7.9. The TPCF experiment planned at Lappeenranta-Lahti University of Technology (LUT
University)

The LUT University is aimed to conduct experimental studies of critical flow to reduce modelling
uncertainties related to critical flow particularly in high L/D ratios. LUT University has guaranteed funding
to finalize the design and commissioning of a separate effect test (SET) facility which can be capable of
TPCF discharges within the Finnish technical and scientific research programme SAFER2028 (National
Nuclear Safety and Waste Management Research Programme 2023-2028). The preliminary sketch of the
SET facility is presented in Figure 3. The SET facility will include an upstream pressure vessel, a
measurement tube having a large diameter (indicated with red color), and a quick-acting valve for initiating
the pressure release from upstream. The large-diameter tube will be connected to the smaller discharge
tubes (indicated with green color) via a flange connection. Those smaller tubes will be interchangeable
allowing the variation of the L/D ratio.

At the beginning stages of tests, the maximum pressure will be 10 MPa and the maximum temperature will
be 270 °C (allowing subcooling of 41 °C at maximum pressure). The use of a straight discharge tube will
model a scenario of a steam generator guillotine break. The use of a straight tube has an additional
advantage which will reduce other challenges of complex geometries as discussed in Chapter 7.1. The
published literature on the TPCF indicates that there is a lack of experimental investigations with L/D ratios
above 200 which is representative of PWR steam generator tube sizes [27]. In the LUT's SET facility tests,
preliminarily, the L/D ratio over 350 would be used. The SET facility will be commissioned under the C-
FLOW project at LUT University aiming to conduct a series of experiments with a wide range of L/Ds and
generate high-fidelity measurement data of the critical flow phenomena that can be used in the model
development work. The work will start in early 2023. During 2023, the SET facility design will be finalized,
and the facility will be commissioned after approval from the technical advisory group. Following, the
initial proof-of-concept tests will be conducted in 2023 and this will assure the operability of the SET
facility for TPCF measurements. The funding of the C-FLOW project will be applied on yearly basis in the
SAFER2028 programme. In 2024, the C-FLOW project will be aimed to conduct a larger experiment
scheme with varying L/D ratio tubes if funding will be allocated. The maximum pressure of the upstream
pressure vessel is 10 MPa and the maximum temperature is 270 °C which will set the preliminary maximum
boundaries for the upstream stagnation condition.
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Figure 3. Preliminary sketch of the SET that will be used in C-FLOW

The C-FLOW project of LUT University will be performed in close cooperation with VTT's Computational
Modelling of Thermal-Hydraulic Phenomena (THEME) project. This project will provide an excellent
platform for experimental and computational research groups' collaboration in the SAFER2028 programme.
The cooperation between LUT and VTT will help in pre-test computer calculations, and this will assist in
the facility design and test planning. The post-test calculations will support the possible TPCF model
development, validation, and calibration of existing models by using the experimental data of the SET
facility.

The C-FLOW project of LUT University is aimed for international cooperation too within the SILENCE
and FONESYS network. The goal of C-FLOW project is to utilize transparent tubes for the TPCF
discharges. If visual observation of the interior of the test section would be attainable, then modern
measurement techniques like high-speed cameras can be viable alternatives for two-phase critical flow
measurements. Particularly, high-speed cameras can record the TPCFs more thoroughly if a transparent
tube is utilized in the tests. Following a careful data analysis of recorded images can evaluate various details
of TPCFs without disturbing the flow field. Due to recent advancements in high-speed photography, many
researchers have used a detailed video recording of tests e.g. [28-31]. However, the published works in
open literature on detailed high-speed video recording analysis methods are limited. One of the objectives
of C-FLOW project is to conduct a high-speed video recording of the test section and coupled that video



recording with a pattern-recognition (PR) algorithm. If it will succeed, then it can provide novel information
for TPCF model development.

The LUT University has been actively working on the development of PR algorithm to extract valuable
information from high-speed video recording of two-phase flow experiments of transparent test facilities.
The recently extended PR-algorithm can adequately estimate the growth and breaking-up velocities of a
rapidly condensing steam bubbles [31]. This PR algorithm could work for TPCF with appropriate recording
frame rate, video resolution and magnification. It is also possible to implement advanced measurement
instrumentation to the SET facility of the C-FLOW project within LUT’s Development and maintenance
of LUT thermal hydraulic infrastructure (DEMAIN) project, which is also funded by SAFER2028. Using
transparent tubes accompanied with advanced measurement systems is recommended by SILENCE and
FONESYS networks in these experiments. Successful application could bring novel information on flow
phenomena of high-speed flashing flows which can be beneficial for TPCF model development.

8. CONCLUSIONS AND RECOMMENDATIONS FOR NEW EXPERIMENTS ON TPCF

The need of flow regime identification suggests first to use transparent walls. One may consider optical
techniques such as high-speed and micro-visualization cameras, PIV, LDV and infrared thermometry.
However PIV or LDV interest may be limited to very small or very high void fraction.
Coloring the liquid may provide qualitative information on the flow regime in the range 0.5 < a < 0.9 and
guantitative information on the void fraction and possibly on drop velocity.
The film thickness sensors may bring a useful information in annular-mist flow.
The infrared thermometry already used for visualization of convective boiling may give information, e.g.
on the bubble detachment diameter. Froth flow may have a rather homogeneous structure of interfaces in
the cross section and the liquid temperature close to the wall may be close to the mean liquid temperature.
Then, infrared thermometry may be a useful information to determine the vaporization rate.
A constant diameter pipe is the best geometry to implement measurements and to derive the flashing
models.
A good quality demineralized water is requested to get a reference nucleation process.
In any case, it is recommended to implement the following measurements:

- Total mass flowrate

- Pressure along the nozzle

- Void fraction along the nozzle (X-ray tomography or other technique)

- Wall temperature by infrared thermometry or wall thermocouples

NOMENCLATURE

A Cross section of the duct (m?)
a; Interfacial area density (m?)

c Speed of sound (m/s)

Cp; Specific heat capacity (J/kg/K)
C; friction perimeter (m)

D Pipe or nozzle diameter (m)
G, Mass flux of vapor (kg/m2/s)
G; Mass flux of liquid (kg/m2/s)
h;;  Liquid to interface heat transfer (W/m?/K)
H,  Liquid specific enthalpy (J/kg)
H,, Vapor specific enthalpy (J/kg)



Bubble number density (m)
Mass flowrate (kg/s)

Nusselt number

Pressure (Pa)

Pgq¢ Saturation pressure (Pa)

Peclet number

Liquid to interface heat transfer per unit volume (W/m?/K)
Vapor to interface heat transfer per unit volume (W/m?/K)
Liquid temperature (K)

Inlet temperature (K)

Tsq+ Saturation temperature (K)

AV

Shear velocity (m/s)

Liquid velocity (m/s)

Vapor velocity (m/s)

Relative velocity between phases (m/s)
Curvilinear abscissa (m)

Greek symbols

) Bubble Sauter mean diameter (m)

gy Bubble break up diameter (m)

r Interfacial mass transfer per unit volume (kg/s/m?®)
o Surface tension (N/m)

K VVon Karman constant

A;  Liquid heat conductivity (W/m/K)

p Density (kg/m?®)

T; Interfacial friction force per unit volume (N/m?)
Ty Wall friction force (N/m?)
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