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Abstract--In the present paper the results of investigations in flashing flow behind a sudden constriction 
in vertical upflow are described. Flow visualization, laser-Doppler and phase-Doppler anemometry have 
been used to measure local bubble and fluid velocities, local bubble sizes and void fractions. The 
measurements were performed in the midplane of a two-dimensional channel with a 2:1 stepwise 
constriction. 

It was found that bubble nucleation takes place in the recirculation zone immediately behind the 
constriction, which is the location of the lowest static pressure. These bubbles are transported downstream 
by the mean flow field, while undergoing further growth. No additional nucleation was observed 
downstream of the recirculation zone. A periodic, cloudwise behaviour of the bubble formation was found 
which could be explained by the interaction between the bubble growth and the mean flow field. This 
interaction results in strong disturbances of the mean flow field, which show up as an increase of the 
fluctuating bubble velocity by a factor of 3 compared to single-phase measurements in a region of 10 step 
heights behind the constriction. However, these fluctuations appear more like a periodic change in the 
mean velocity rather than a higher turbulence level. The measured arithmetic mean bubble diameters rise 
from approx. 50 pm in the recirculation region to about 70-80/zm 50 step heights downstream. Maximum 
local bubble number density and void fraction were found to be 16000 l/cm 3 and 0.8%, respectively. 
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1. I N T R O D U C T I O N  

The  p red ic t i on  o f  b u b b l e  size, b u b b l e  n u m b e r  dens i ty  a n d  vo id  f rac t ion  in f lashing flows is a very 
i m p o r t a n t  fac tor  in n u c l e a r  safety cons ide ra t i ons ,  e.g. in  case o f  L O C A  ( loss -of -coo lan t -acc iden t ) ,  
where  f lashing flow occurs  due  to r ap id  dep re s su r i za t i on  o f  the l iquid.  Cr i t ica l  flow is reached in 
the smal les t  passage  o f  the leakage  or  d o w n s t r e a m  o f  it. The  cri t ical  mass  flux, which  depends  on  
the vo id  f r ac t ion  at  the loca t ion  o f  the b lockage ,  defines the r e m a i n i n g  emergency  coo l ing  time. 
The  d e v e l o p m e n t  o f  the vo id  f rac t ion  in  the s t reamwise  d i rec t ion  d e p e n d s  on  the loca t ion  a n d  the  
dens i ty  o f  the in i t ia l  b u b b l e  n u c l e a t i o n  a n d  fu r the r  b u b b l e  g rowth ,  which  is, in t u rn ,  in f luenced  
by  the pressure  g r ad i en t  a l o n g  the flow. Rizn ic  et al. (1988) have f o r m u l a t e d  a o n e - d i m e n s i o n a l  
e q u a t i o n  which  descr ibes  the  d e v e l o p m e n t  o f  the  b u b b l e  n u m b e r  dens i ty  Nb as a f u n c t i o n  o f  the 
axial  c o o r d i n a t e  z in the fo l lowing  way:  

~Nb 
63 ~ -  --t- (V'  N b U) = ~so "4- ~si [ 1 ] 

(V'  NbU) is the  d ivergence  o f  the vec tor  NbU a n d  u the local  b u b b l e  velocity.  ~so a n d  q~s~ are b u b b l e  
source  a n d  s ink te rms  due  to n u c l e a t i o n  a n d  col lapse  or  coalescence,  respectively.  Th i s  e q u a t i o n  
can  be fu r the r  s implif ied a s s u m i n g  s teady state  flow cond i t i ons .  Af te r  i n t e g r a t i o n  f rom zs, which  
is the axial  c o o r d i n a t e  where  the onse t  o f  n u c l e a t i o n  takes  place,  to a c o o r d i n a t e  zt ,  the f inal  
e q u a t i o n  

Nb(Zj ) -- -.4 (z , )uz(z ,  ) ~w A  (z)  dz  [2] 
s 

descr ibes  the  local  b u b b l e  n u m b e r  dens i ty  at  z j .  A is the c ross-sec t ional  area,  u. the veloci ty in axial  
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direction and q)w the bubble nucleation rate on the wall. In this equation, it is assumed that the 
major bubble growth is due to heterogeneous nucleation at the wall. As a first step towards the 
solution of this equation, the following parameters must be determined: 

(1) flow conditions at the onset of  nucleation 
(2) nucleation site densities at the wall 
(3) bubble departure frequency. 

However, since [2] also contains the local axial mean velocity u,_(z~), which, in turn, depends on 
the actual void fraction, this equation can only be solved iteratively. To determine the void fraction 
as a function of the axial coordinate, additional parameters like 

(4) bubble departure size 
(5) bubble growth as a function of z-coordinate 
(6) local bubble size distribution 
(7) velocity of  sound in the case of  non-equilibrium 

must be introduced into the computat ions and are either estimated from theoretical considerations 
or taken from measurements. Nevertheless, results of  the axial development of  the integral void 
fraction experimentally obtained by Reocreux (1974) and Abuaf  et al. (1981) in conver- 
gent-divergent nozzles have been reproduced with some success. 

Recently Bilicki et al. (1990) have published a new interpretation of the results from Reocreux. 
In addition to the one-dimensional equations for mass, momentum and energy conservation they 
formulated another equation for the quality. Introducing a process relaxation time the presence 
of local thermodynamic non-equilibrium is taken into account. From this equation, the void 
fraction can be derived considering the assumptions of  the homogeneous model. 

From these two exemplary theoretical descriptions of flashing flow it becomes evident that there 
is a need for local measurements. These measurements should deliver bubble size distributions, 
bubble velocities and bubble number densities with a high spatial resolution. With this information 
a large improvement in the description of the first stage of flashing flow, i.e. the bubble departure 
size, departure frequency and the evolution of bubble number density, would be possible. 
Furthermore,  it has been shown previously, that the correct simulation of these initial processes 
is a keypoint for the success of  the simulation of the whole flow. It was the intention of the present 
investigation to look into the initial bubble dynamics in flashing flow and to obtain the interaction 
between the developing second phase and the homogenous flow field. 

Several publications concerning investigations of  vertical two-phase channel flows are available, 
e.g. Sadatomi et al. (1982). However, most of  these publications deal with water-air  flow at void 
fractions, which are at least one order of  magnitude larger. Therefore, some of the obtained 
characteristics, e.g. bubble interaction or coalescence, are not relevant in the present investigation. 
Moreover, it cannot be expected to reach a fully developed two-phase channel flow herein. 

2. E X P E R I M E N T A L  TEST F A C I L I T Y  

2. 1. Two-phase f low loop 

To investigate a two-phase flashing flow, a closed flow loop was constructed which contained 
Freon 12 as test fluid. Freon 12 was chosen due to its low critical pressure and temperature 
(Per = 41.5 bar, T~r = 112C),  allowing experiments with evaporation under moderate pressure and 
temperature conditions. Furthermore,  for this fluid all necessary properties, including the tempera- 
ture dependency of the refractive index, are known to an accuracy sufficient for the present 
investigations. Figure 1 shows schematically the major  parts of  the flow loop with the test section 
(5) being the central part. The flow through the test loop was provided by means of a hermetically 
sealed centrifugal pump (1), mounted at the lowest point of  the loop. The water-cooled condenser 
(6), located at the top of the loop, was directly connected to the pump at the bot tom to ensure 
single-phase flow in the feed line to the pump. Since this pump always ran at full speed, a bypass 
line was installed parallel to the main line and the flow rate was controlled by two regulating valves 
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Figure 1. Two-phase flow test rig. 

(3). Each element of  the loop could be separated from the rest by means of  isolation valves (10) 
to allow an easy exchange of  individual parts without draining the whole test loop. 

Design pressure and temperature were chosen according to the critical point of  Freon 12. The 
maximum volume flow rate of  the vertically mounted loop was 360 1/min. The flow rates could be 
kept constant within +_0.5%. The whole flow loop was fabricated from stainless steel, since 
preliminary single-phase measurements of  the flow in the test section were performed with water. 
By means of  an 80 kW electrical preheater (4) the liquid could be heated up to a preset temperature 
at the entrance to the test section. A pneumatic pressurizer (7) to the flow loop allowed independent 
control of  pressure and temperature, so that the thermodynamic state of  the liquid could be 
adjusted easily. At several locations the loop was instrumented with pressure transducers and 
thermocouples and the readings of  these sensors were fed into a microcomputer  which performed 
an on-line control of  the thermal and hydraulic state of  the loop. 

2.2. Test section 

Since the presented experiments form the basis of  numerical flow simulations using a two-dimen- 
sional Euler/Lagrange particle tracking approach,  a two-dimensional geometry had to be chosen 
as test section. This test section had to withstand a 40 bar design pressure as well as permitting 
optical access to the whole flow field. A flat channel with a 2:1 constriction and an aspect ratio 
of  15 : 1 was constructed from stainless steel with borosilicate glass windows of 30 mm thickness 
arranged on both smaller sides over a length of approximately 300mm on both sides of  the 
constriction. As will be explained later, a third window was located on one side in the midplane 
of the larger side of  the channel to give optical access to the flow under 90 °. Figure 2 shows a 
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Figure 2. Test section. 

perspective view of the channel, indicating that the channel constriction was roughly located in the 
middle of  the windows. 

The cross section of the channel upstream of  the constriction was 15 x 1 cm. The height was 
reduced to 5 mm behind the constriction. The dimensions of  the channel were chosen as a 
compromise between the total size of  the flow loop, which scales with the test section size, and the 
spatial resolution of the optical measuring techniques used. The inner surface of the channel was 
ground and polished with a remaining surface roughness of  approximately 10 # m. During assembly 
special care was taken to keep the surface clean and undamaged. The channel was equipped with 
5 pressure taps, each 0.5 mm in diameter, to monitor  the pressure distribution along the channel. 
The first pressure tap located 100 mm upstream of the constriction provided a reference pressure 
and was equipped with a high precision pressure transducer with an accuracy of +0.01% of the 
actual reading. In this way the thermodynamic state of  the fluid was well known when it entered 
the region of investigation. 

3. A P P L I E D  M E A S U R I N G  T E C H N I Q U E S  

The parameters that were supposed to be measured in the initial range of flashing flow can be 
summarized as follows: 

(l) mean and rms velocity of  the homogeneous phase 
(2) mean and rms velocity of  the growing bubbles 
(3) local bubble size distribution, bubble number density, void fraction and interfacial area 

concentration 
(4) correlation between bubble size and velocity. 

Phase-Doppler anemometry can provide this information for spherical particles with a high 
accuracy (e.g. Durst  et  al. 1975; Bauckhage et  al. 1984; Bachalo et  al. 1984). Furthermore, it was 
already successfully applied to cavitating flows by Saffman et  al. (1984) and Tanger et al. (1989). 
However, as will be shown in the next chapter, fundamental investigations of  the scattered light 
field were necessary to adapt  the phase-Doppler technique to bubbly flows of Freon 12, taking into 
account the existing knowledge of the refractive index of the fluid. 
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Figure 3. Geometrical arrangement of the phase-Doppler system. 

3.1. Laser-Doppler and phase-Doppler anemometry 

A standard single-component forward scatter LDA was used in the initial measurements yielding 
velocity information of the single-phase flow. The optical system consisted of a 10 mW HeNe Laser, 
a beamsplitter providing a 25 mm laser beam separation, a double Bragg cell module to yield the 
appropriate  optical shift and a 300 mm transmitting lens focusing the laser beams in the probe 
volume. The resulting probe volume size was 200 # m  in diameter and 3 mm in length. A 300 mm 
receiving lens was used to focus the scattered light on to a photomultiplier tube. A D A N T E C  
counter was employed for signal processing. For all measurements in single-phase flow a shift 
frequency of 500 kHz was chosen, corresponding to a velocity offset of  5.1 m/s. 

A different transmitting system was set up for the PDA measurements. While using the same 
10mW HeNe laser, the beam splitting and Bragg cell sections were replaced by a rotating 
diffraction grating system, delivering two expanded 3 mm beams with a spacing of  14.8 mm at the 
310 mm focal length front lens. Therefore, the final probe volume diameter was only 80 pm.  The 
probe volume length, which in a sideward scatter arrangement is defined by the size of  the receiving 
slit image in the probe volume, was 800 #m.  A shift frequency of  0.41 MHz was used throughout 
all the PDA measurements. The receiving optics was a simple two detector system with a 310 mm 
receiving lens (diameter 80 mm) and two 80 mm focusing lenses (diameter 30 mm) at 40 mm 
spacing. Figure 3 shows a cross-sectional view of the PDA system arranged around the test section. 

Since phase-Doppler  measurements of  the particle size are only possible if one scattering 
mechanism is dominant,  an appropriate  scattering angle must be selected taking into account the 
effective geometry of the transmitter, the properties of  the receiving optics and the complex 
refractive index of  the particle phase, i.e. bubbles. This selection was done by means of a 
Mie-scattering program (Naqwi & Durst  1989). The real part  of  the refractive index was taken from 
Pfeiffenberger et al. (1978), who reported values for Freon 12 bubbles in liquid Freon of 0.78 at 
20"C and 0.80 at 40°C. The absorption coefficient was measured in the present study and was found 
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Figure 4. Phase-Doppler response curve for Freon 12. 

to be practically 0. Due  to geometrical limitations o f  the test section, only scattering angles between 
75 and 105 ° were possible. The final result o f  the Mie calculations is shown in figure 4. In this figure, 
a good  linearity o f  the phase-size relationship can be seen for light polarized parallel to the plane 
o f  the transmitt ing beams at a scattering angle o f  80 °. Phase oscillations, which are present in the 
whole size range, do not  exceed 4 ° . However,  these oscillations increase rapidly with increasing 
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Figure 5. Arrangement of the laser light sheet technique. 



BUBBLE SIZE, V E L O CIT Y  A N D  C O N C E N T R A T I O N  IN F L A S H I N G  FLOW 1053 

single phase flow ~ -  
/ 

/ 

~Y 

bubbly flow 

Figure 6. Axial development of the bubble zone. 

temperature, since the relative refractive index approaches unity. Calculations have shown that with 
the final arrangement PDA measurements in Freon 12 are limited to temperatures up to 50C.  

In the final measurements, it was found that reflections from the back surface of the channel 
led to a decrease in SNR. Therefore, the receiving optics was raised above the normal scattering 
plane by an angle of  approximately 5 ° . Nevertheless, the very robust and accurate cross-spectral 
density method (Domnick et al. 1988), best suited for signals with low SNR, had to be used to 
obtain reproducible results. 

3.2. Flow visualization 

Supplementary to the local LDA and PDA measurements, flow visualization studies were made 
to obtain the overall flow field structure in the region near the constriction. A laser light sheet with 
a thickness of  approximately 0.5 mm was placed in the midplane of the channel through the side 
window, while photographic pictures or video tapes were recorded under a 90 ° observation angle. 
For  some measurements,  a triggered Bragg cell was used to deflect the laser beam into a beam stop 
to achieve exposure times around 1 #s for highly time-resolved photographic records of  the flow. 
Figure 5 shows the arrangement of  the laser light sheet measurements, indicating in which direction 
the photographic studies were carried out. 

For some initial measurements the flow visualization technique was extended to particle sizing 
to obtain comparat ive bubble size measurements method. Transforming the locally resolved 
temporal mean values obtained by the phase-Doppler  into spatially averaged values a very good 
agreement was found between the two methods with differences less than 5% in the arithmetic mean 
diameter. 

4. E X P E R I M E N T A L  R E S U L T S  

Measurements in various flashing flows were made at temperatures between 15 and 35°C, 
corresponding to saturation pressures of  Freon 12 between 4.9 and 8.5 bar. The examined mass 
fluxes ranged between 3500 and 6000 kg/m2/s with Re numbers, based on the bulk velocity and 
the channel height, between 50,000 and 130,000. The general flow structure, obtained with the laser 
light sheet technique, is shown in figure 6. The observations can be summarized as follows: 

• Bubble nucleation and growth take place in the small recirculation zone immediately after 
the constriction. The length of this zone is approximately 4.5 ram. 

• In spite of  the static pressure increasing after the vena contracta, bubbles do not collapse. 
As was confirmed by the PDA measurements to be presented later, the bubble number 
density remains almost constant downstream of the constriction. 

• A periodic appearance of bubble clouds can be seen providing characteristic wavelengths. 
• Downstream of the constriction, the bubble zone expands due to the turbulent motion in 

the channel. Approximately 6 channel heights from the constriction the first bubbles reach 
the channel centerline. 

• At the investigated mass fluxes between 3500 and 6000 kg/m:/s, the first bubbles occur at 
static pressures of  200 mbar  higher than the saturation pressure, measured at a distance of 
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100 mm upstream of the constriction. It can be assumed that at this condition saturation 
pressure is reached in the recirculation zone. 

• Flashing occurs preferentially on the stainless steel channel wall, By further decreasing the 
static pressure in the channel a more symmetric bubble zone could be obtained. 

The frequency of  the "bubble clouds" was calculated from the measured wavelength and the bulk 
velocity. As shown in figure 7, these frequencies are almost independent of  the mass flux or the 
bulk velocity. Therefore, it can be concluded that this periodic behaviour is the result of  the bubble 
growth process, which has a time constant depending only on the evaporation process at the 
location of  bubble creation rather than on the flow field. The increasing volume in the recirculation 
zone, due to the bubble growth, leads to an increase of  the size of  this recirculation zone and 
subsequent "hydraulic non-equilibrium". After reaching a certain threshold size, the whole 
recirculation zone is transported away by the mean flow and the process starts again. As will be 
shown later, this periodic process creates an additional fluctuating velocity component in the 
channel flow, which is measurable even 40 channel heights downstream of the constriction. The 
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Since only a small increase of  the mean bubble diameters in the axial direction was measured, 
it can be concluded that the major bubble growth took place inside the small recirculation zone. 
According to the present results, the complete process of bubble nucleation and growth must be 
finished within approximately 2 ms. Kocamustafaogullari  (1983) formulated an equation for the 
size of  steam bubbles detaching from a heated wall. Using the parameters of Freon 12 an initial 
bubble size of 29 kLm can be estimated with this equation. According to Jones (1978), a further 
bubble growth rate of  more than 50/~m/ms is possible, indicating that some agreement between 
measurements and theory exists. However, it must be kept in mind that these theoretical models 
were developed specifically for water-s team flows. 
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Figure 12. Profiles of bubble number density 15 and 100 mm downstream of the constriction. 

4.2. Bubble number density and void fraction 

Domnick et al. (1994) have shown recently, that particle number density and concentration can 
be measured by phase-Doppler  anemometry,  but the absolute accuracy of the results is typically 
not better than _ 3 0 % .  On the other hand, these experiments have demonstrated that relative 
changes of  the concentration may be obtained very accurately. Moreover,  a maximum particle 
number  density exists, depending on the actual geometry of the phase-Doppler anemometer.  For 
the system used in the present investigations this limit was found to be approx. 20,000 l/cm 3, which 
corresponds to a void fraction of  0.8% at mean bubble sizes of  60 #m. The measured number 
densities and void fractions shown below are representative values for a PDA measuring volume 
size of  approximately 0.005 mm 3. 

In figures 12 and 13 the radial profiles of  the local bubble number density and the void fraction 
for distances of  15 and 100 mm downstream of the constriction are shown. As expected from the 
flow visualization results, the bubble number  density 15 mm from the constriction is small near the 
channel centerline, but increases significantly towards the wall. Here, values of  6000 1/cm 3 were 
obtained at a Re number  of  104,000. At 100 mm distance, the number density has already reached 
a certain equilibrium and is almost constant across the channel at a level of  3000 1/cm 3. The mean 
number  density decreases by about  12% from 15 mm to 100 mm downstream of the constriction. 

Again, the profiles of  the void fraction confirm the results of  the flow visualization studies. The 
measured void fraction increases from the channel centerline to the wall region, reaching maximum 
values of  0.3%. However, in contrast to the profiles of  the number density, the void fraction does 
not decrease near the wall, but increases in the whole channel. This can be discussed also in terms 
of the mean void fraction, which rises by 33% from 0.12% at 15 mm to 0.16% at 100 mm. This 
difference in the behaviour of  bubble number density and void fraction is due to the increase in 
the volume mean diameter of  the bubbles. Most likely, small bubbles disappear again, while larger 
bubbles still increase in size. This is further supported by figure 14, in which the development of  
mean bubble number  concentration and mean void fraction from 15 to 100 mm downstream of 
the constriction is shown. 

Three different regions can be distinguished. Between 15 and 25 mm, both number density and 
void fraction increase, between 25 and 75 mm the void fraction is almost constant at decreasing 
values of  the number  density and from 75 to 100mm the void fraction increases again, still 
accompanied by a decreasing bubble number density. It can be concluded that two different 
processes are responsible for this behaviour. Immediately behind the vena contracta, small bubbles 
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Figure  13. Profiles of  void  f ract ion 15 and  100 m m  downs t r eam of  the constr ic t ion.  

seem to condense when experiencing the slight increase in static pressure, further downstream, 
bubbles larger than a certain threshold diameter increase further in size due to the reduction of 
static pressure in vertical upflow. 

4.3. Influence on the turbulent flow field 

The influence of the nucleation and growth process of  the bubbles behind the constriction on 
the flow field will be discussed by means of a comparison between single-phase and two-phase flow 
results. Since it was not possible to add seeding particles to Freon due to the influence on the 
nucleation process, the velocity measurements shown for flashing flow are overall mean values for 
the complete bubble size ensemble. The obtained results indicated only a very weak correlation 
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Figure 15. Mean velocity profile in single- and two-phase flow at z = 25 mm. 

between bubble size and mean and rms velocity of  the bubbles. The single-phase measurements 
were performed with water at Re numbers between 10,000 and 25,000. This should be high enough 
to establish a fully developed turbulent flow field in the channel. In figures 15-18 profiles of  mean 
velocity and turbulence intensity 25 and 100 mm downstream of the constriction are shown. For  
single-phase flow, already 25 mm behind the constriction an almost fully developed turbulent 
profile is obtained with turbulence intensities varying between 5% on the centerline and 8% 
towards the wall. No significant differences between 25 and 100 mm can be seen, except a slight 
decrease of  the turbulence intensity near the wall. Furthermore,  the profiles for Re = 10,600 and 
26,600 are almost identical. 
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Figure 16. Profiles of  turbulence intensity at z = 25 mm. 
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Figure 17. Mean velocity profile in single- and two-phase flow. 

A completely different flow field is obtained when flashing of the flow occurs. At z = 25 mm, 
the mean velocity gradient is almost constant, leading to a sawtooth-like profile of  the mean 
velocity. The turbulence intensities are 2 to 3 times higher than in single-phase flow with a much 
smaller gradient. At z = 100 mm (40 step heights downstream of the constriction) the mean flow 
fields are very similar, except that the gradient near the wall is somewhat higher in two-phase flow. 
However, the turbulence intensities in two-phase flow are approximately 50% higher, and it 
becomes evident that an influence of the Re number still exists, since the turbulence intensities at 
Re = 98,000 are considerably larger than at 128,000. It can be concluded, that the disturbances 
introduced by the flashing process immediately behind the constriction have a strong influence on 
the development of  the turbulent flow field downstream. Here, a distinction must be drawn between 
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Figure 18. Profiles of  turbulence intensity at z = 100 mm. 
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real turbulence and a periodic excitation of the mean flow field. The periodic growth and collapse 
of  the recirculation zone with changes in the pressure distribution at the constriction will, most 
likely, tend to modulate the mean flow also. In future measurements, these effects will be further 
investigated by means of  the frequency power spectra, in which low frequency components due to 
the fluctuating mean flow can be easily distinguished from real turbulence contributions. 
Unfortunately,  the PDA system used herein was not able to store the necessary arrival times of 
the bubble events. 

5. S U M M A R Y  

The presented results have shown the possibility to use the laser light sheet technique and 
phase-Doppler  anemometry to investigate the initial phase of  flashing flow. Bubble sizes, number 
densities and void fractions behind a sudden constriction were measured and the influence of the 
bubble growth process on the flow field could been obtained. The results can be summarized as 
follows: 

• Bubble nucleation and initial growth take place in the recirculation zone immediately after 
the constriction. Further downstream, small bubbles collapse again, while larger bubbles 
increase in diameter. 

• The arithmetic mean bubble diameters 15 mm downstream of the constriction are in the 
range of 5 0 # m  with a tendency to increase in the downstream direction. The size 
distributions can be successfully represented by the log-hyperbolic distribution. 

• The mean bubble number density decreases again behind the vena contracta, while the void 
fraction increases due to an increase in the mean bubble size. 

• The periodic growth and collapse of  the recirculation zone influences the whole flow field 
behind the constriction and creates a fluctuating velocity component.  

The obtained results may serve as initial conditions for the simulation of  flashing flows. However, 
more detailed investigations are necessary to obtain a deeper insight into the processes. Future 
work will focus on two major  topics: 

• Measurements inside the recirculation zone to obtain the bubble detachment size and the 
nucleation site density. These will be made by phase-Doppler anemometry as well as flow 
visualization techniques. 

• Measurements of  frequency spectra in the flow field downstream of the constriction. This 
is necessary to be able to distinguish between turbulence and fluctuating mean velocities. 
However, these measurements will always suffer from the lack of seeding particles in the 
liquid phase. 
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