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Abstract that this technique could be used to generate experimental
quantitative velocity data of a turbulent fluid as it flowed

One of the major concerns with power plant steam generators across a solid cylinder. If this could be done successfully,
is tube vibration caused by turbulent flow buffeting. The then the experiment would be extended to include flow
vibration can cause wear of the tubes at the tube supports and between two cylinders and eventually to a quad cylinder
at tube joints that eventually leads to leaks and rupture. When arrangement that would simulate a quad of four tubes in a
the cumulative leaks affect the steam generator performance, steam generator or heat exchanger. This paper presents the
the plant is shut down and the leaking tubes are either repaired results obtained when a single cylinder and two cylinders were
or plugged. Not only is the repair procedure very costly in exposed to water, seeded with neutral density particles, flowing
terms of the repair costs themselves and loss of income due to across the tubes at a channel average velocity of 0.05 in/s and
the plant outage, but it is also costly in the sense that the steam a Reynolds number equal to 7300. The mass flow was
generator design has been altered or has been totally replaced. measured to be gallons per minute, or 505 cm3/s. The
This normally leads to more repairs in the future. To better
understand this behavior of turbulent flow buffeting (the steam output

cause of many tube problems), it was felt that quantitative
experimental data is needed to test the empirical correlations
that predict the behavior of turbulent flow around cylinders.
Perhaps this quantitative data could lead to a better sLure separators
understanding of this particular fluid behavior and motion manway
and this understanding would hopefully then lead to design
solutions that can be implemented to avoid the problem.

1. Introduction )3-4-feedwater inlet

The long term objective of this experiment is the study
of a single phase cross flow that can be found at the bottom of
a typical U-tube steam generator (Figure 1). These steam two phase cross flo
generators are located in Pressurized Water Reactor (PWR)
power plants and must satisfy extremely high safety
requirements. The problem of fatigue is crucial and each year
a certain amount of tubes are inspected. If defects are found,
the tubes must be plugged. After a sufficient number of tubes
are made inoperable, the power generation station has to either
reduce power (and therefore earnings) or replace the steam tube suppor

generator. The latter is an extremely expensive option that
utility companies try to avoid. Therefore the prediction of
circumstances leading to flow instabilities will be precious
information.

Experimental studies of fluid flow around cylindrical
tubes are not new. Flow visualization experiments on such single phase cross flow

tubes have been conducted before with the major results being
qualitative rather than quantitative. Moreover those with
quantitative results used intrusive instrumentation that tends to
perturb the fluid flow patterns and thus add uncertainty to the primary coolant inlet primary coolant outlet
observed fluid behavior since this behavior is responsive to the
geometry of the conduit. With the appearance of the Particle Figure 1. Typical U-tube Steam Generator
Image Velocimetry PIV), ([I], 21 6 it became apparent
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channel within the channel. Hole patterns identical to the

Figure 2 Test Facility cylinder number and arrangement on each Plexiglas sheet

cylinders were mm in diameter, with a transverse pitch of 1.5 serve to orient and hold the cylinder (or cylinders) in place.
and a transverse clearance of I diameter for the two cylinder The hole patterns are located 76.2 cm downstream from the
experiment. upstream edge of the internal channel. Hole pattern fidelity

and alignment on each sheet were assured by firmly securing

2. Test Facility and Experiment Configuration both sheets together and then drilling the hole pattern through
both simultaneously. A pair of sheets was fabricated for each

The experiment was conducted using a Pulsed Laser cylinder arrangement. Flow was aways across the cylinder
Velocimetry measurement technique. The test facility used in and cylinder bank. As stated above, the cylinders, mm in
the laboratory consists of a flow bench, a Nd-YAG pulsed diameter, had a transverse pitch of 1.5 and a transverse
laser and data acquisition equipment consisting of a CCD diameter of I diameter for the 2 cylinder arrangement. This
camera with a resolution of 640 (H) and 480 (V) square orientation simulates a potential quad tube geometry.

pixels. A personnel computer containing an imaging board is Full field visualization of the particles around the
used to control the laser and camera and acquire and store the cylinders was obtained by directing two laser light sheets at
digitized data. The data can then be retrieved for analysis. angles less than 90 degrees from the vertical and aligning and
This will be described in the next section. superimposing them on each other at the same spot or flow

The flow bench is the same flow bench designed and axis of the of the test specimen. This proved to be a difficult
and tedious part of the experiment, since the alignment of the

built to study two-phase stratified flow 3] except that the two sheets is quite critical to obtaining the full field view. The
constant head tank and the Air Seed Injection System were not calculated angle from the vertical for the left light sheet was
connected for this experiment. See Figures 2 and 3 The 60.4 degrees and 55 degrees for the right light sheet. The two
controlled pump discharge was connected directly to the light sheets were obtained by splitting the original laser beam
channel's inlet nozzle, Figure 3 and the seeded water into two beams that are the subsequently converted into light
recirculated through the water return tank. A dam, that sheets by use of cylindrical lenses. See Figure 4 This
controlled the water height for the two phase flow experiment arrangement produces light sheets approximately 0. mm
which was located at the inlet to the outlet diffuser, was thick. The original light source is a Nd-YAG high energy,
removed to permit unimpeded water flow at all evels of the pulsed laser. It has a peak throughput energy of over 1.0
channel. No other changes were made to the flow facility to Joules per pulse for the primary wave length of 1064 nin
convert it to a single phase liquid) facility. The flow channel (infrared). The pulse width is approximately ns, with a 7
is 305 in long, is cm high and 15 cm wide. It is constructed mm circular, Gaussian distributed, beam of light. The near
from 12.7 mm thick Plexiglas, so any section along the infrared laser light produced by the laser has an extremely
channel can be observed. A section of the channel 2 m high absorption cross-section in water, so a frequency
downstream from the inlet was selected as the site for this doubling crystal is used to convert the 1064 nm (inftared)
experiment. It was felt that this location would have minimum light to 532 nm (green) light. This results in a drop in the
perturbations from the inlet nozzle and outlet nozzle effects. maximum energy output to 400 mJ. However, the extremely

The test specimen consisted of mm diameter dowel low absorption cross section at this wavelength makes up for
rods cut to the width dimension of the channel 15.24 mm). the loss in energy. The resultant green light can be moved

into position with high energy mirrors as illustrated in Figure
Each cylinder was painted flat black. The finish and color 4. The light is shaped from a circular beam into a planar
were selected to minimize the laser light reflection off the sheet as previously described. The lenses also expand the
cylinder surface and thus suppress the corona effect resulting length of the light sheet to about cm. This dimension along
from such reflections. A bright and relatively large corona with the camera lens rate results in a possible capture of a
would "hide" the particles as they went by and might also particle flowing past the field of view at a velocity up to 092
affect the gray level relationships of the visualized field. The m/s. The average fluid flow rate for this experiment was 473
cylinders are held in place by two 5.5 mm thick Plexiglas CM/S.
sheets 134.62 cm long with the same intemal height 7.62 cm)
as the channel walls. When located against the internal The next step, albeit an important one, is to position
channel walls, the two sheets then forra an internal continuous the camera that will capture the flow behavior as depicted by
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the reflective seeds in the liquid. Alignment of the camera the, computer.
proved to be crucial in all three axes with reference to the 5. The sequence is repeated 13 times.
cylinder position. Since the camera has to be focused to the
plane of the intersecting light sheets, any misalignment of the The calibration of the camera was performed by using
cylinder, or cylinders, with respect to any axis of the camera data from the image of a grid of known dimensions and
would result in elliptical images of the cylinder, thus creating a captured by the camera. Then the grid picture is used to
false dark area, and thus consequently errors in the selection establish the scale of the images. To capture the grid picture,
of spot gray levels and number of spots in the field of view. a square two-dimensional grid was positioned in the center of
Again, this alignment process proved to be difficult and the target plane of laser light. The data for the experiment
tedious, but was solved by putting a slight round edge at one was acquired by first establishing a steady flow through the
end of each tube, thus permitting a rotational movement on all channel. Then the data acquisition sequence was triggered
three axes and shimming the channel bottom to rotate it so from the computer. The images were then inspected for
that the plane facing the camera would be perpendicular to the quality and fidelity, then the data set was stored to the hard
focal axis of the camera. The cylinders remained rigidly in drive of the computer. Then the next set of data was captured
place by virtue of some expansion of the wood. This for a total count of 10 sets. The data sets are processed
expansion was due to the action of the water on the wood. automatically to yield velocities and trajectories.

The camera was operated in the asynchronous reset 3. Data Analysis
mode (a mode in which an electronic signal is used to reset the
camera to acquire an image when desired). The maximum 3.1 Cross-correlation Tracking Algorithm
framing rate of the camera in this mode is limited to 54 ms or
approximately 20 Hz. A dynamic, particle tracking method can be quickly

The data from the CCD camera was stored on a frame performed between two sequential, medium resolution 640 x
grabber board, before being transferred to the hard disk. The 480 x 8 bits) images, if the particle tracer information is first

converted to binary data. The binary data conversion is a
frame grabber board was also used to both trigger the laser method where a the 8-bit 0-255 gray level) pixels defining a
and reset the camera. The reliability of this tracking particle have been converted to 2-bit (value or 1) pixels
technique was tested by using a photodiode to measure the through image processing techniques, e.g., thresholding and
time between laser pulses on an oscilloscope. The timing of connectivity algorithms. The particle velocity is found by
the laser pulses was also compared to the timing of the vertical determining the correspondence between particles in two
resets of the cameras. consecutive video frames. Every particle belongs to a

characteristic group that has a specific local distribution
The sequence of events to acquire data consists of- pattern. This correspondence is obtained through the

1. The computer sends a signal to the laser to calculation of a correlation coefficient between a referenced
fire it. The laser will take approximately 3 ins to fire after pattern in the first binary image and a possible candidate
receiving this signal. pattern in the second binary image, where the latter is shifted

2. After a delay controlled by the computer so that the centroids of the possible particle pair coincide 2,
(approximately 3 ms), the computer sends a signal to the 8]. One particle in the first image will correspond to the
CCD camera to reset it asynchronously. particle in the second image that keeps the most similar

3. The laser fires and the image is captured by pattern, providing the local pattern of the distributed particles
the CCD camera. does not vary much between sequential video frames. The

4. The data is transferred from the camera to local pattern should be similar between the two frames if the
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frames were acquired with a very small time separation or he
flow is slow. N aj + X� X2 + yC y2

ui(xiyi) I (3)
An algorithm identifies the seed pattern j=1

(characteristics groups) and identifies grouping
correspondence in each frame in terms of a characteristic
coefficient which has a value between and 1. The fidelity of
the correspondence will increase as the coefficient approaches
1. The correlation coefficient will be associated to each N
vector and will be used to "clean" the vector field obtained by (X,
the tracking algorithm. )2 + y, y,)2 (4)

j=1

To find the correlation coefficient between a spot in
the first frame and candidate spot in the second frame, a where V is the velocity vector at coordinates xi, and yi; ui is
dynamic region centered on each particle is defined in both the x component of Vi, vi is the y component of Vi, N is the
frames. Te value of the pixel in each frame is equal to zero number of vectors used in interpolation, �j is the x coordinate
if the pixel is not part of a spot and is equal to one if the pixel of Vj, yj is the y coordinate of Vj, aj is the x component
is part of a spot. The analysis is performed on the binary constants, ad bj is the y component constants.
images. The cross-correlation coefficient on binary images,
Clj, between dynamic regions in frame and 2 is calculated For each vector component there are N unknowns (Elie
from constants a, and b So there are N simultaneous equations

to be solve� They'can be solved by using one of a variety of
H L matrix operation techniques. The Gaussian-elimination
I L Fl,,y n F2,y method was used through a programmed Gaussian-

Cij = Y=1 =1 elimination solver.

JB 1 Bi Once the values for aj and bj are found, the equations
Where can be used with the associated xj and yi position coordinates
Flxy= binary pixel value at position (xy) in frame 1, (for a, and b-) to find the velocity at a7ny given point in the
F2xy= binary pixel value at position (xy) in frame 2 flow held. �te x and y coordinates for the point of interest
Blztotal number of pixels of value in frame 1, are substituted for xi and yi. Vorticity and flow streamlines
B2:=total number of pixels of value in frame 2 can then be derived using the full-field equation for the
L--length of dynamic region in pixels, interpolated vector field. More details on this technique can
H=height of the dynamic region in pixels. be obtained from Blanchat 3] and Hassan 2 7.

The numerator gives the sum of the logical products of the 4. Results
binary data between the dynamic regions in the two images.
The logical product is a test wich is only true if the As stated earlier the purpose of this investigation is to
corresponding pixels in the dynamic regions are both 1. Note map qualitatively and quantitatively the flow field of the
that I and B2 determine the total number of pixels for all the cylinders that simulates e cross flow around the bundles as
particles in their respective dynamic regions. As stated before, shown in the region of single-phase flow of the U-tube steam
a pixel with a value of I denotes that it is part of a particle generator in Figure 1. The initial results obtained with the
and a pixel with a value implies no particle at that location. PIV technique demonstrate that it has a high potential for

providing useful quantitative and qualitative fluid velocity data
Since the algorithm matches similar patterns around on tubular flow across a tube or a bank of tubes.

two spots, the reliability
of the results depends on the conservation of a particular seed The tracking of the data was performed with a cross-
pattern during the time frame. During this short time interval correlation algorithm on two sets of data, each set contains 13
between frames the seed pattern does not change too much images, one set involving one rod and the second set with two
and the cross-correlation algorithm is fairly reliable. The rods placed in the flow. The Velocity Vctors were obtained by
vectors that have the highest correlation coefficient are tracking consecutive frames in the same set of data. The
considered the best estimate of the velocity at this location and images are separated with a time duration of 54 ms. Since the
are used in the interpolation algorithm, to obtain a "clean" number of vectors that remain after the cleaning process is
vector field. limited, an overlay of all the "cleaned" vectors belonging to

the same set was performed in both experiments. The result
3.2 Interpolation and Cleaning of Sparse Vector Data of this operation consists of a picture depicting the velocity

field of the flow. It is presented for the one rod experiment
An automated method was used which eliminated and the two rod arrangement in Figure and 6 respectively.

tedious, undesirable, manual, operator assistance in removing On both pictures, the incoming flow is extremely well defined
erroneous vectors 3 This method was an iterative process and the velocities are deten-nined without any difficulty. The
involving an interpolated field produced from the most recirculation part of the flow is more complicated to analyze
reliable vectors, which allowed fast analysis and presentation and, as a consequence, the velocity vectors are not as
of sets of PIV image data. The interpolation method that was numerous as in the upstream flow. An overlay of all the 12
developed is based on the Hardy multiquadratic equations 4 fields was required in order to obtain more precision on the
as discussed by Narcowich and Ward [5]. velocity field and on the magnitude of the vectors in the

recirculation area.

The basic equations used are: Downstream of the cylinders the pictorial velocities are

Vi = ui vi (2) extremely small compared to the velocity of the incoming
flow. Figure 6 shows the increase of the flow velocity between
the two rods. A recirculation area is observed in the
downstream flow, as expected. Due to the three-dimensional
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Figure 5. Velocity Track for the Rod Experiment

characteristics of the downstream flow, the analysis of allowed the direct digitization and analysis of particle images
turbulent flows remains difficult because of the wide velocity within these fluid flows. The technique's present stage of
ranges involved over a limited volume of flow. Furthermore, development may make it the preferable method for obtaining

reliable quantitative fluid velocity characteristics in
the flow is never in a steady state and the velocity field can experimental fluid flow problems.
vary from the beginning to the end of the data acquisition
sequence. A three dimensional particle tracking scheme is The demonstrated velocity measurement technique, as
needed to capture the behavior of these fluid velocity fields. previously stated, is a first sp. Many improvements are

5. Conclusion possible in this field. An immediate possible improvement for
this technique would include a three dimensional acquisition
setup and the necessary algorithms to obtain the three

A first step has been taken towards the development of dimensional velocity information of the fow under study.
a method which permits the study of turbulent flow in a non
invasive manner across one cylinder and across two cylinders References
placed one above the other. PIV has proven to be an accurate
quantitative fluid velocity profiling technique applicable to a [1] Adrian, R.J., "Particle-Imaging Techniques for
wide range of fluid flow patterns. The advent of increased Experimental Fluid Mechanics", Ann. Rev. Fluid Mech., Vol.
speed and resolution of computer based imaging systems has 23 1991).
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Figure 6 elocity Track for the 2 Rods Experiment
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