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SYNTHESE:

Cette note d&rit l'utilisation comple*mentaire de la ve*locime*trie laser LDV et la
mesure de vitesse par suivi de particules PIV sur la boucle TRAVERSIN du LNH
repr6sentant un adaptateur de couvercle de REP 900 MW. La LDV permet une mesure
precise du champ de vitesse alors que la PIV permet de capturer les structures
instantan£es de l'ecoulement. Ces deux techniques sont compl&nentaires.

La note precise la me*thodologie par laquelle les simulations par le code de
m^canique des fluides N3S permettent de dimensionner les zones a explorer et
d'estimer les consequences d'un e*coulement localement 3D sur la mesure PIV par
nature 2D. Les r6sultats expe*rimentaux permettent de valider les predictions du code et
d'identifier les actions comple*mentaires a mener. En particulier, Fecoulement
instationnaire conduit & envisager de mettre en place une PIV avec une grande capacity
d' acquisition et de traitement des donn^es pour atteindre des moyennes temporelles
significatives.
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EXECUTIVE SUMMARY:

Cracks detected in some nuclear vessels led to design a scale mockup in order
to understand the origin of this problem and where experimental results and
computation could be compared. Two methods, LDV (Laser Doppler Velocimetry) and
PIV (Particle Image Velocimetry), were used to measure the velocity field. It appeared
that the two methods were complementary : LDV was dedicated to measure precisely
the velocity and the turbulent energy fields, PIV was used to capture flow patterns as
the location of stagnation point. If LDV is a local pointwise measurement, classical
PIV is intrinsically a 2D image measurement. Consequently, a detailed analysis is done
of the 3D effects upon the 2D measurements.

The methodology of this analysis is presented. The results have demonstrated
the capability of the code to predict such a complex flow even though some
discrepancies were found. PIV needs some improvments especially in terms of an
higher capacity of processing large set of data and a methodology to compute the
actual measurement accuracy.
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USE OF COMPLEMENTARY PIV AND LDV TECHNIQUES TO STUDY
INDUSTRIAL COMPLEX FLOWS

C. Cahen, J. Benard, M. Barcouda*. F. Hofinann*

Direction des Etudes et Recherches - Electricite de France -
REME, 25 allee privee 93206 Saint Denis, France

•LNH, 6 quai Watier, 78400 Chatou, France

1. INTRODUCTION

Industrial complex flows usually feature a local 3D
behaviour due to a complex geometry that complicates
both modelling and experimental studies. When 3D
modelling or capability measurement techniques are
available, it is often necessary to use a step by step
approach: first, the use of a more accurate 2D examination
of the problem and, second, a full 3D computation.

Modelling the flow inside a nuclear reactor vessel
falls in this category.The flow is locally 3D because of the
presence of many obstacles. A careful experimental
validation is needed for the complex flow structure.

This paper describes the strategy used to get the
required validation of the computations. LDV is used to
measure the mean velocity field while PIV is used to
capture instantaneous flow patterns. If LDV is a local
pointwise measurement, classical PFV is intrinsically a 2D
image measurement Consequently, a detailed analysis is
done of the 3D effects upon the 2D measurements. The
results obtained are then discussed. In conclusion, there
are recommendations to simultaneously use LDV and PIV
in complex situations.
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Figure 1 : view of the upper head with one adapter.
The location of the mockup is shown.

2. EXPERIMENTAL MOCK-UP AND MODELLING

Cracks detected in a number of vessel closure heads
in nuclear power plants are related to the internal flow
structure. Locally, close to the adapter, the main flow has a
3D behaviour because of the interaction between the
incident wall jet and the inclined obstacle. Consequently, a
recirculation zone and a stagnation point are present. The
knowledge of the flow allows to estimate the temperature



inside the adapters that plays a predominant role in the
kinetics of the corrosion leading to cracks. The finite
element code, N3S CFD, was used to evaluate the flow in
the upper head plenum and around as well as inside the
adapters. This complex situation was rather challenging
for CFD predictions and gave an opportunity to validate
the N3S code for such a geometry. To validate the N3S
CFD modelling of the upper head of the reactor, a
transparent scale mock-up, named TRAVERSIN, was
constructed and described by Hofinann et a. (1995). This
allowed experimental investigations as shown in Fig. 1.
The channel had a parallepiped shape (900 mm length x
250 mm x 350 mm rectangular section). The adapter and
the thermal sleeve were taken as concentric cylinders
(resp. diameter 103 mm and 62 mm). It was difficult to
correctly predict the flow because of the presence of the
inclined obstacle and the impingement of the secondary
flow circulating inside the adapter.

An example of the predicted flow pattern in the
symmetry plane is shown in Fig. 2. There was a
recirculation zone inside a zone of 60 mm x 80 mm behind
the obstacle. Note also that the secondary flow created a
complex flow pattern at the exit of the adapter leading to
an unsteady solution of the computational code.
Consequently, the results presented here represent a quasi-
converged solution. The confidence in the CFD code relies
on its ability to predict correctly the size of the
recirculation zones and the location of the stagnation point.
At first to get a straightforward comparison, pressure
measurements were taken. They indicated that some
adjustments were still needed. Even though there are
small discrepancies, the computation seems reliable
enough to undergo a more sophisticated validation. To
check these predictions, two techniques for velocity field
measurement were used: LDV to accurately measure the
velocity field, PIV to capture the flow structure, especially
in low velocity regions.

Figure 2 : N3S code predictions of the flow around the
adapter. The superimposed rectangle shows the LDV

and PFV measurement zone (60 mm x 80 mm).
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3. LDV RESULTS AND DISCUSSION

First, LDV was used to measure the imput velocity
field that was used as input data for the computation. An
example of the measured profiles is shown in Fig. 3. The
mockup was designed to get a flat input velocity profile.
However, this was not exactly obtained and it emphasized
the necessity to use the actual measured velocity field as
the input data for the computation.

Second, the computations were used to prepare the
experimental validation. The LDV exploration zone was
sized according to the code predictions: 60 mm x 80 mm
with a step of 5 mm as shown in Fig. 2. Eventhough LDV
has a 3D capability, the 2D configuration was used for
convenience.

to
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Figure 3 : input velocity profile measured by LDV in the
plane of symmetry

Figure 4 : LDV measurements inside the recirculation
zone



The LDV system was controlled by an home-made
software, CAIMAN, to acquire and process the data. This
software made it possible to check the convergence of the
acquisition with a real-time weighted average of the
measurements as recommended by Oliver (1980). It also
offered a direct link with the CFD N3S post processor for
easy comparison. The acquisition for a given position
could be stopped when the desired accuracy was reached,
usually ± 1% uncertainty on the computed velocity.

The LDV velocity field is shown in Fig.4. The
results compared favorably to the code prediction. The size
and major axis of the recirculation zone were correctly
predicted eventhough the location of the vortex centre was
undereveluated. This was one of the difficulties in
computing such a complex flow. The transverse width of
the recirculation zone was measured * 2 cm. The velocity
of the unperturbed flow was 1.65 ms'1.

4. PIV RESULTS AND DISCUSSION

4.1. Preparation of PIV measurements

The consequences of the experiment on the
intrinsically 2D PIV measurements had to be examined.
We used the N3S CFD predictions to simulate PIV
images. An example of the transverse component field for
a given image is shown in Fig. 5.

Figure 5 : out-of-plane velocity component to simulate a
PIV image.

Using this simulation, we were able to determine an
acceptable trade-off. In a PFV experiment, the adjustable
parameters are the seed (shape and density), the light
sheet width, the size of the image and the time delay
between the two exposures. The size of the image was
controlled by the captured flow pattern (60 mm x 80 mm
in our case). The time delay between the double exposure
was a trade-off between the maximum expected velocity (2
ms'1) and the null velocity. This delay was set at 500 us.
The seed characteristics and the light sheet width should
be more carefully examined. On the one hand, the seed
density had to be at least 10 particles per elementary

subimages (32 x 32 pixels) to reach a 10% error (Fig.6).
Higher the density, higher the accuracy. The size of the
subimage for the intercorrelation procedure was imposed
by the PC computer capability. This size combined with
the size of the image defined the spatial resolution of the
measurements (7.5 mm). To increase spatial resolution,
the size of the interrogation zone in the intercorrelation
procedure would be decreased by at least a factor 2 that
would hit the time and memory consuming limits of our
system.

mean relative error

0 5 10 15 20 25
particle density (number of particle per subimage)

Figure 6 : particle density needed within an elementary
subimage to reach a given mean error

mean relative error (%)

1 2
width of the plane (mm)

Figure 7 : influence of the the lightsheet's width of on the
mean error ( a 10% mean error corresponds to a 1.5 mm

width)

On the other hand, the light sheet width must be as
large as 1.5 mm to reach an acceptable 10 percent error on
the ultimate velocity field (Fig.7). Obviously, the increase
of the light sheet width spatially averaged the out-of-plane
effects.

To meet these requirements the corresponding optics
were designed to take into account the desired size of the
PIV image similar to the LDV exploration zone and
constraints of optical access. PFV was a home-made system
using a double frequency, a two pulses Nd YAG laser, a
double CCD camera and the MATLAB environment to



process the images. The light routine was done with the
usual mirrors and lens. To meet the seeding requirements
of the flow rate (148 l.s"'), eriodine faceted particles were
used. This was done because the flow circulation was a
semi-open loop and it was impossible to recycle the usual
more expensive sphere particles. According to these
features, the images suffered from three main
disturbances: 1) measurement noise due to digitisation, 2)
various shapes and sizes of the seed (eriodine faceted
particles in our case) and 3) out-of-plane motion of some
particles due to the transverse velocity component. The
best trade-off in all the possible signal processing was the
necessary binarisation of the image after pre-processing in
order to enhance the amplitude and contrast as described
by Utami and Blackwelder (1991) or Keane and Adrian
(1993). This processing is barely available in commercial
FTV software where real-time processing using grey level
images is emphasized.

4.2. PIV results

Recirculation zone. The LDV exploration zone
matching the image size for a straightforward comparison
was not adapted to this PFV experiment The recirculation
zone featured a 2 cm width corresponding to only 2
computed velocity vectors in the PIV image. The
recirculation zone barely appeared due to this poor spatial
resolution.
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Figure 8 : position of the different planes of measurement
(the planes are separated by 1 cm)

PFV was then used to evaluate the spatial extent of
the obstacle's influence on the main flow. Figure 8 shows
the location of the different cross section measurements in
the flow channel. The expected influence of the obstacle
was computed by analysing the progressive 3 D behavior
of the velocity field.
Figure 9 shows a series of average measurements. The
labelling corresponds to the label of the stored files. The
co-ordinates correspond to the rows and columns of the
CCD processed images.
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Figure 9 : different cross sections of the flow. The labeling
corresponds to the figure 8



The extent of the obstacle's influence was directly
retrieved and features a length of a diameter and half. The
unaffected image (position # 9) made it possible to check
the measurement correctness. The almost constant velocity
field made it possible to average the velocities upon the
whole domain. This check led to a mean velocity of 1.74
ms'1 corresponding accurately to the controlled flow rate. It
gave confidence in our measurements. The flow field was
progressively distorted. For position # 0, a recirculation
zone was apparent but the spatial resolution was not high
enough to correctly size the zone. Even though on the same
image, locating the sleeve and the adapter (absence of
velocity vectors) made it possible to scale the image.

Stagnation point. PIV was also used to locate the
stagnation point, which was difficult to observe with LDV
(drawback for the null velocity). Figure 10 shows the PIV
image position in the channel.

Figure 10 : location of the PIV image

N \ m * f t f f f * *> ̂ *»*\ \

% \ ***<**/ t f f / s sst \

, I / ---.—• / / / / I / / / /

/ M t / ( I t t / / / > i i i

/ M \ f M i t / / / r « « «

rttitt\\\\\\\\\\
*. 1 X

%-60

mm

-40

•20

- 8 0 - 6 0 - 4 0 -20

stagnation point

Figure 11 : instantaneous PIV image showing evidence of
the presence of a stagnation point

Figures 11 and 12 show instantaneous records of the
velocity field, revealing chaotic behavior as expected. The
stagnation point could be seen and had a slow erratic
motion within a range 1.5 cm, extending the size of the

potential corrosion zone. Since the flow was predicted
unsteady, only conditional averaging could lead to a
correct prediction. As expected, the time average LDV
measurements led to a more precise interpretation. On the
other hand, the time to time varying PIV images could lead
to some confusing interpretations. The PIV led to an
instantaneous velocity field instead of local velocity as a
function of time as in the LDV method.

These two methods were naturally complementary.
PFV addresses the structure and low frequency features of
the flow while LDV addresses the turbulent energy
estimate. However, averaging the PIV images led to an
erroneous constant velocity field. This was because the
average was not done from a large set of images.
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Figure 12 : an other example of an instantaneous PIV
image revealing the chaotic behavior of the flow

5. CONCLUSION

The use of these two methods is indispensable.
Although the limitations of LDV are well known, LDV's
capability to give access to reliable measurements is not
still challenged by the PIV method. In PPV, improvements
are needed in software handling large data software and
time-resolved capability to compute true average
measurements. The commercially available systems
provide some improvements in this area but are not
necessarily designed to analyse accurately the influence of
the 3D local behavior of the flow upon the data processing.
A strategy is needed for comparing experimental results
and theoretical predictions: first, using the predictions to
prepare the measurements, second using at least two
experimental methods enabling conditional averaging of
the obtained data. Such a strategy would greatly improve
the validation of CFD for complex flows. This combined
information is necessary for validating the finite elements
N3S CFD code on the geometry of the scale mock-up.
These improvements will be accounted for and further
studies will be performed in the coming months.
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