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ABSTRACT
For the rod-bundle geometry of the BWR core, the annular flow consists of wavy liquid films flowing on
the fuel rod surfaces and liquid droplets flying in the vapor core between the rods. Although the rod
bundle experiments considering liquid droplets have been performed to determine the total their volume,
a more detail characteristic such as droplet size has been determined with droplet flow only. In this study,
the high speed camera with a back light source has been used to investigate the generation of liquid
droplets in annular two-phase flow on a 3x3 simulating BWR fuel rod-bundle with spacers. The
experimental arrangement allows the clear visualization of not only the surface of the liquid film flowing
on the rod surface but also the liquid droplet flying in the gas core between the rods. The obtained image
data show that the droplets are generated through the liquid entrainment phenomena occurring at the
liquid film surface, and due to the interaction between the two-phase flow and the spacer. The spacer is
seen to introduce a large number of liquid droplets into the gas core and the diameter of some of them can
exceed the maximum droplet diameter at upstream, especially at low gas superficial velocities.
Furthermore, the quantitative data of droplet diameters are obtained by processing the images. The droplet
size distributions at up- and down-streams of the spacer agree well with the qualitative observation. All of
the information helps to understand the influences of the spacer on the annular flow.
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1. INTRODUCTION
The annular two-phase flow exists near the top of the BWR fuel core and keeps an important role in the
efficiency as well as the safety of the system. For the rod-bundle geometry of the core, the annular flow
consists of wavy liquid films flowing on the fuel rod surfaces and liquid droplets flying in the vapor core
between the rods. Despite of this importance, the concerning knowledge is very limited. The main reason
is that the distribution of liquid in these two components and the complexities of the rod-bundle geometry
including the existence of the spacer have caused many difficulties for the applied experimental
techniques.
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$PRQJWKHIXQGDPHQWDOSKHQRPHQDRIWKLVIORZUHJLPHZKLFKKDYHQRWEHHQFODULILHGWKHJHQHUDWLRQRI
OLTXLGGURSOHWVVWURQJO\DIIHFWVWKHPRPHQWXPPDVVDQGKHDWWUDQVIHUVLQWKHV\VWHP+RZHYHUWKHURGEXQGOHH[SHULPHQWVFRQVLGHULQJOLTXLGGURSOHWVKDYHEHHQSHUIRUPHGWRGHWHUPLQHWKHWRWDOWKHLUYROXPH
>@ZKLOHDPRUHGHWDLOFKDUDFWHULVWLFVXFKDVGURSOHWVL]HKDVEHHQGHWHUPLQHGZLWKGURSOHW-IORZRQO\>@
,Q RWKHU ZRUGV KRZ WKH OLTXLG GURSOHWV DUH IRUPHG LQ WKH DQQXODU IORZ RQ URG-EXQGOH JHRPHWU\ ZLWK
VSDFHUKDVEHHQQRWFODULILHG
%DVHG RQ WKLV SRLQW RI YLHZ WKH FXUUHQW VWXG\ LV DLPHG DW SURYLGLQJ WKH YLVXDOL]DWLRQ GDWD ZKLFK FDQ
GHVFULEH WKH PHFKDQLVPV EHKLQG WKH GURSOHW JHQHUDWLRQ )LUVWO\ WKH JHQHUDWLRQ RFFXUULQJ DW WKH OLTXLG
ILOP¶VVXUIDFHWKURXJKWKHOLTXLGHQWUDLQPHQWSKHQRPHQDLQFOXGHGLQSUHYLRXVZRUN>@ZLOOEHUHFDOOHG
$IWHUWKDWWKHFORVH-XSLPDJHVWDNHQQHDUDVSDFHUDUHSURYLGHGWRVKRZKRZWKHGURSOHWVDUHJHQHUDWHGDW
WKLVVWUXFWXUH7KHTXDQWLWDWLYHGDWDRIGURSOHW¶VVL]HGLVWULEXWLRQREWDLQHGDWXS-DQGGRZQVWUHDPVRIWKH
VSDFHUDUHDOVRLQWURGXFHGWRFODULI\WKHLQIOXHQFHVRIWKLVVWUXFWXUHVWDUWVKHUHZLWKWZREODQNOLQHVEHIRUH
ILUVWVHFWLRQWLWOH
2. EXPERIMENTAL METHODOLOGY
7KHGHWDLOGHVFULSWLRQRIWKHDQQXODUWZR-SKDVHIORZORRSZDVSUHVHQWHGLQSUHYLRXVSDSHU>@7KHWHVWVHFWLRQVLPXODWLQJ[%:5IXHOURG-EXQGOHFRQVLVWVRIDVTXDUHGXFWPDGHRIWUDQVSDUHQWDFU\OLFUHVLQ
DQGQLQHVWHHOURGRI2'PPZKLFKDUHIL[HGE\WKUHHFLUFXODUIHUUXOH-W\SHVSDFHUVDVVKRZQLQ)LJ


)LJXUH[URG-EXQGOHWHVW-VHFWLRQ

NURETH-16, Chicago,
NURETH-16,
Chicago, IL,
IL, August
August 30-September
30-September 4,
4, 2015
2015

6272
6272

The image data are recorded by the system of the high speed camera (Phantom V7.1 - Vision Research
Inc.) and the tele-microscope (Cassegrain - Seika Corporation). In the investigation performed at the
liquid film surface and the quantitative measurement of droplet diameter, the image focus plane is located
at the gap between a corner rod and a side rod as indicated in Fig. 2a. Image distortions caused by the
liquid existing on the duct wall is minimized by using an oval-shape obstacle setup on this surface to
guide the liquid around the image window. This structure exists locally at the measuring point so its
influence on the two-phase flow from the inlet to measuring point and the obtained data is expected to be
negligible. The dimension calibration shows that each image pixel represents a physical length of ~7 µm
on the image focus plane.

)LJXUH2SWLFDODUUDQJHPHQWV D REVHUYDWLRQDWOLTXLGILOPLQWHUIDFH
(b) close-up observation near spacer

To obtain the size distribution of liquid droplets, the captured image data are processed automatically by
using programs developed with Matlab R2012a and its tool boxes. The droplets’ boundaries are
determined by using the integrated Canny’s edge-detection operator [4] which can detect the edges where
the sharp changes of intensity occur in the original image. The checking for the measurement of droplet
size is performed by using a one-mm transparent spherical particle placed at the image focus plane to
simulate the liquid droplet. The diameters obtained by processing the image data agree with the real value
within 5%.
Because the spacer itself provides a pathway for the liquid to flow from the rods’ surfaces onto the acrylic
duct wall, the attempt to avoid the image distortions mentioned above cannot be accomplished for the
close-up observation at the spacer. Therefore, six waterlines are turned off and the image focus plane is
located at the gap between a side rod and the center rod as indicated in Fig. 2b.
The flow condition used in the investigation of the liquid entrainment phenomena happening at the liquid
film surface (previous work) is determined by the gas superficial velocity jG=62.2 m/s and liquid
superficial velocity jL=0.032 m/s. Meanwhile the quantitative measurement of droplet diameter are
performed for the same jL and two values of jG=31.8 and 62.2 m/s. The close-up observation near the
spacer uses the same water flow rate at each of the three working lines, while the six others are turned off
as mentioned above. Therefore, the water superficial velocity in this task is denoted as j (L ×3) to hold the
same values as before. The gas gage pressure measured near the inlet is about 15.8 and 45.2 kPa for the
values of jG, respectively. The temperatures of the liquid and the gas flows at this region are maintained
about 15 oC and 16 oC, respectively.
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It can be seen that the flow conditions with high gas superficial velocity should not be representative to a
BWR flow condition. This high gas velocity, however, is necessary to support the clear side-view of the
gas-liquid interfaces in current test-section.
3. RESULTS AND DISCUSSION
The obtained image data show that the droplets can be generated through the liquid entrainment processes
happening at the liquid film surfaces as well as in the interaction between the two-phase flow and the
spacer. This section firstly provides the qualitative images of these phenomena. After that, the quantitative
data of droplet size distribution obtained at up- and downstreams of the spacer is given to consider the
influences of this structure.
3.1. Generation of droplets at liquid film’s surface
This part is mainly based on the previous work [3]. As mentioned in the paper, the generation of the liquid
droplets could happen at the liquid film through the ligament and bag break-up mechanisms proposed by
Azzopardi [5] as illustrated in Fig. 3.

(b)

Time step

(a)

Gas

Gas

Disturbance wave crests
Figure 3 Liquid entrainment mechanisms: (a) Ligament break-up; (b) Bag break-up
Figure 4a shows an example of the ligament break-up process in which the wave crest is elongated by the
gas flow to form the liquid ligament before it is broken due to the instability to form several droplets.
From the obtained image data the ligament is seen to have high possibility to return to the liquid film
without the droplet formation. Therefore, the number of droplet generated by the ligament break-up
mechanism is quite small but their sizes are as large as the ligament cross-section diameter. The initial
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velocities of these droplets are a little bit higher than the wave crest’ velocity because the liquid
confronted in the ligament already received the momentum from the gas flow during its formation.

Figure 4 (a) Ligament and (b) bag breakup processes
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Figure 5 (a) Droplet impingement; (b) Disturbance waves

A bag break-up event is described in Fig. 4b. The gas flow causes an accumulation of the pressure inside
the crest to open a bag shape. When the pressure is high enough, the thin layer of this bag is broken into
tiny droplets before the breaking of the rim forms some larger droplets. It can be seen that the tiny ones
generated at the front part of the bag shape disappear at the next time step because their velocities are
high enough to travel away from the image window. These high values of velocity could be reached by
the acceleration coming from three sources: (1) the acting force caused by the pressure difference
between inside and outside of the bag at the moment of breaking; (2) the surface tension effect occurring
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when the instability generated at the thin liquid layer at the front part of the bag at the moment right
before the breaking; and (3) the drag force caused by the gas flow. In the other hand, the velocity of the
bigger droplets created at the thick rim do not change much after the breaking due to their larger weight
and because the breaking of front part of the bag due to the pressure different occurs earlier than the
breaking of the rim. Hence, the high pressure inside the bag is already released before the breaking of the
rim. However, similar to the ligament break-up case, during the formation of the bag shape, the
corresponding amount of liquid already receives some momentum from the gas flow and moves a little bit
faster than the main disturbance wave structure.
Besides the liquid entrainment processes caused by the interaction between the gas flow and the liquid
film, the impinging of a droplet flying in the gas core on the wave surface can also generate the secondary
droplets as shown in Fig. 5a. This mechanism was named as liquid impingement by Ishii and Grolmes
[6]. Because these processes can occur at any kind of wave structures, the frequency of occurrence
strongly depends on the droplet population and it can be seen from the figure that the amount of entrained
liquid caused by this event can be significant.
The authors [3] took the view of Zhao et al. [7] to point out that the disturbance waves consist of the
batches of many disturbance crests and they develop on the way from the inlet to regions at further
downstream. Therefore, the frequency of ligament and bag break-up processes happening at these
disturbance crests is also increased at further downstream. An example of the disturbance waves passing
by the image window are given in Fig. 5b.
3.2. Generation of droplets caused by spacer
To investigate the generation of droplet at the spacer, the camera system is located at right up- and
downstreams of the second spacer, respectively. The vertical angle of the optical system is slightly
adjusted to include the spacer cells in the image data. The images captured when all the waterlines are
stopped are showed in Fig. 6.

Figure 6 Images taken (a) right up- and (b) downstreams of the second spacer when all waterlines
are turned off
The situations in which the large-amplitude waves approach the spacer are described by Fig. 7. It can be
seen that the wavy films can smoothly enter the spacer region even when there are some wave crests
excess the rod-spacer clearance in both case of the gas superficial velocities. Therefore, the interruption of
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the spacer hardly causes any separation which can immediately detach an amount of liquid existing in the
film put it into the gas core.
Instead, some parts of the liquid will be redistributed on the surface of the spacer cells. When they reach
the top of the spacer structure, the generation of droplet occurs as shown in Fig. 8. At lower jG (Fig. 8a),
the formation of thick ligaments subsequently broken into several large-size droplets are frequently
observed.

)LJXUH/DUJH-DPSOLWXGHZDYHVHQWHULQJVSDFHU
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)LJXUH*HQHUDWLRQRIOLTXLGGURSOHWVDWWRSRIVSDFHU

,QWKHRWKHUKDQG)LJXUHEFRUUHVSRQGLQJWRWKHKLJKM*VKRZVWKDWWKHJHQHUDWLRQVRIGURSOHWVPRVWO\
KDSSHQWKURXJKWKHEDJEUHDN-XSPHFKDQLVP6LPLODUWRWKHJHQHUDWLRQDWWKHOLTXLG-ILOPVXUIDFHWKHUHLV
DODUJHDPRXQWRIVPDOO-VL]HGURSOHWVIRUPHGDVWKHEDJ-VKDSHVDUHEURNHQ5LJKWDIWHUWKDWWKHEUHDNLQJ
RIWKHULPVRFFXUVWRIRUPVHYHUDOODUJHUGURSOHWV%HFDXVHWKHULPVDUHPXFKWKLQQHUWKDQWKHOLJDPHQW
IRUPHG LQWKHORZ M*FDVHWKHGURSOHWVRIWKHODWWHUJURXSDUHVPDOOFRPSDUHGWRWKHGURSOHWVJHQHUDWHG
ZLWKORZM*
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)LJXUH'URSOHW-VSDFHULQWHUDFWLRQ
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7KH LPDJH GDWD REWDLQHG QHDU WKH VSDFHU DOVR VKRZ WKH W\SLFDO EHKDYLRUV RI OLTXLG GURSOHWV LQ WKHVH
UHJLRQV)LJXUHGHVFULEHVDQLPSLQJHPHQWRIWKHGURSOHWIO\LQJLQWKHJDVFRUHRQWKHVSDFHUFHOO$VWKH
VSODVKLQJRFFXUVWKHSULPDU\GURSOHWLVEURNHQLQWRPDQ\WLQ\VHFRQGDU\RQHV7KHVHVPDOO-VL]HGURSOHWV
HYHQ ERXQFH EDFN EHIRUH PRYLQJ XSZDUG ZLWK WKH JDV IORZ DQG FDQ NHHS D UROH LQ WKH GURSOHW VL]H
GLVWULEXWLRQREWDLQHGDWGRZQVWUHDPRIWKHVSDFHU

Figure 10 Droplet behaviors at right downstream of spacer
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At right downstream of the spacer, a situation commonly observed is when a droplet keeps rotating at the
same elevation or falling down despite of the existence of the high gas superficial velocity in the testsection (Fig. 10a and b). The reason for this can be that some flow areas in the spacer region are
temporarily blocked due to the formation of liquid bridge. After that, these flow areas are opened again
and the exposing of a very low velocity droplet to a local high-velocity gas flow can easily lead to a
droplet break-up process. The tiny droplets generated with the bag break-up should also affect the droplet
population and size distribution at further downstream of the spacer.
3.3. Droplet size distribution
Beside the qualitative visualization, the obtained image data also allow for measurement of the liquid
droplets at high time and space resolutions. It should be noticed that the generation of droplet caused by
the first spacer is small compared to the second spacer because the first one is located near the inlet where
the waves on the liquid film surfaces are in the early stages of development [3, 7].

Figure 11 Droplet size distribution

The droplet size distributions captured at 6 cm up- and 10 cm down-streams of the second spacer for both
low and high values of jG are presented in Fig. 11. These distances are selected to assure that the flowspacer interaction processes (as seen in Section 3.2) do not appear in the image data and cause difficulties
to the image processing. The spacer is seen to introduce a huge number of small droplets into the gas
core, especially in the case of high jG. Quantitatively the peak height of the droplet size distribution for jG
=62.2 m/s is increased about ten times through the spacer.
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In the case of low jG, the data show that the spacer also generates several droplets whose diameters exceed
the maximum diameter at upstream. The appearance of these large size droplets can be linked directly to
the formation of the thick ligament at the top of the spacer as shown in the Fig. 8a. Meanwhile the
generation of small droplets can be considered as the result of the droplet impingement on the spacer cell
and/or the breaking of droplets at right downstream of the spacer mentioned above. On the other hand,
there is no increase of maximum droplet diameter through the spacer in the case of high jG. This point can
be approved by the Fig. 8b in which the most liquid distributed on the spacer cells quickly leave this
structure in the means of bag break-up processes.

4. CONCLUSIONS
The obtained image data have clarified the mechanisms behind the liquid droplet generation in the
annular two-phase flow on rod bundle geometry as follows:
•

The liquid entrainment phenomena including bag and ligament break-up processes, and droplet
impingement are responsible for the generation of droplets at the liquid film surfaces.

•

The flow-spacer interaction introduces a large number of liquid droplets into the gas core. The
generation of droplets at the lower jG is mostly preceded by a formation of a thick ligament, while the
bag break-up processes dominate the droplet generation at higher jG.

•

These observed differences are reflected in the quantitative data of droplet size distribution. In the
lower jG case, the spacer generates several large droplets whose diameters exceed the maximum
diameters of droplet at upstream of the spacer.

These points would contribute in the development of the physical mechanism-based models for the liquid
entrainment phenomena happening in the annular two-phase flow on the rod-bundle with spacers.
However, the current experimental arrangement can visualize and measure the liquid droplets at the gap
between the corner rod and side rod only. In other words, the data of droplets existing at further inside the
test-section or an average variable for whole flow area is not available at the present stage.
In the next steps of this study, the image data will be used to determine the spatial and velocity
distribution of the droplets, as well as the thickness and wavy characteristics of the liquid films. These
detail information would help to achieve a detail under-standing of the influences caused by the spacer on
the annular two-phase flow.
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