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Abstract A 2MW prototypical target was built and tested at the Target Test Facility, a mercury process loop available at Oak Ridge National Laboratory. Acrylic viewports on the top of the target were used to determine the bubble size distribution BSD  generated by the swirl bub-blers. It was found that the bubblers were not only ca-pable of generating small bubbles i.e. less than 150 m diameters  but that the BSD was independent of gas in-jection rate.   
INTRODUCTION The accelerator at the Spallation Neutron Source SNS  is currently being upgraded to increase the pro-ton beam power from 1.4 MW to 2.8 MW. About 2 MW will go to the 1  first target station, while the rest will go to the future second target station. The first target station uses a stainless steel vessel in which mercury flows. When it is hit by the short proton beam pulse, strong pressure waves are developed inside the mer-cury and the vessel itself causing weld failures and cav-itation damages. The pressure wave can be significantly mitigated by injecting small helium bubbles into the mercury 1-3 . The SNS has been injecting helium bub-bles in the target since 2017 using small orifices but has met challenges with orifices clogging during fabrication and operation, which lowers the gas injection rate be-low design values. Since gas injection will be critical for operation at 2 MW, a new gas injection method was de-veloped. The Japan Proton Accelerator Research Com-plex J-PARC  mercury target uses swirl bubblers 4  to generate small bubbles in mercury. Instead of relying on small orifices to generate small bubbles, turbulence developed from high shear flows is used to break larger gas bubbles into the desired small size. This bubbler type will be implemented at SNS in the 2 MW target and should remediate the current clogging issues causing low gas injection rates. Due to the opacity of mercury, measuring the bubble size distribution BSD  in mercury is challenging. The present paper describes a prototypical target fabri-cated with acrylic viewports to measure the bubble size. A detailed description of the bubblers is provided, and the BSDs generated are illustrated and discussed. 

EXPERIMENTAL SETUP The design of the 2MW target is based on the jet-flow design 5  with several improvements see Fig. 1 . First, the center baffle was retracted towards the back of the 

target: since it was on the path of the beam, it was get-ting too hot, and high thermal stresses were observed.   

 
Figure 1: Horizontal cross-section view of the 2 MW target 
with its key features. The blue and red arrows represent the 
mercury flow. To compensate for the removal of the center baffle, the front target is tapered to make it structurally stiffer at the beam entrance. Additionally, some holes were added to the side baffle to avoid forming a recirculation zone at the end of the side baffle that leads to improper cooling and higher thermal stresses on the side baffles. Also, the bubbler’s location is closer to the nose to limit bubble coalescences when traveling from the bubbler to the nose. Finally, an additional gas injection site was added at the target nose, where the flow was lacking bubbles due to the flow pattern. Figure 1 shows the main flow pattern in the target: mercury flows from the main two bulk inlets towards the nose where it com-bines and flow toward the return. Unfortunately, this flow pattern leads to a stagnation region at the beam entrance where a lot of energy is deposited into the stainless-steel vessel and the mercury. To ensure  proper cooling of the nose, an additional quasi-2D channel flow is wrapped around the nose and is re-ferred to as the window flow Fig. 2 . The target wall facing the bulk mercury at the beam entrance has shown to be severally damaged by cavitation erosion during operation 3 . However, prior experiments sug-gested that the presence of flow mitigates cavitation damage 6 . Thus, an additional flow was implemented at the bottom of the target to disturb the stagnation re-gion and is referred in this paper as the “jet-flow” Fig. 2 . This jet flow does not contain bubblers, which combined with the bulk flow stagnation region, creates the non-helium bearing region in the mercury. The ad-ditional gas injection is located just at the end of the div-ing board of the jet flow and allows to inject bubbles just at the beam entrance in this region. The total flow rate in the target is 214 kg/s: 89 kg/s on each bulk inlet, 23 kg/s in the jet-flow channels, and 13 kg/s in the win-dow flow channels.   ___________________________________________  
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Figure 2: Vertical cross-section view of the 2 MW target at 
the symmetry plane.  The bubbler consists of four swirl-bubbler units that generate four vortex flows that alternatively swirl clockwise and counter-clockwise see Fig. 3, left . This flow pattern avoids the formation of a large swirl that would enhance bubble coalescence. At the center of the bubbler, an unobstructed hole is present to decrease the pressure drop and to delay the merging of the four swirls. Gas is injected downstream of the vanes at the center of the swirl units and forms a vortex gas line un-til it exits the venturi, shears into small bubbles, and bends towards the wall due to the Coanda effect. The key parameters are shown in Fig. 3. The order of the bubble diameter 𝐷  generated by the bubbler can be es-timated with 7  𝐷 1.26 𝜎 𝜌⁄ ⁄ 𝜖 ⁄  , where 𝜎 is the surface tension, 𝜌 the fluid density, and 𝜖 is the visco-dissipation ratio that can be estimated with:  𝜖 𝐷 𝑓 4𝑉 𝑡𝑎𝑛 𝜃 /𝐷  where 𝑓  is the swirl fre-quency at the bubbler exit and 𝑉  the averaged velocity in the venturi part of the bubbler 𝐷 . With the param-eters given in Fig. 3, it was found 𝐷   72 m. Simula-tions of a simple 1D geometry suggests that bubbles with a diameter less than 100 𝜇m are most efficient at mitigating the pressure wave 8 .   

 
Figure 3: (left) 3D view of the swirl bubblers and the vanes 
orientations. (right) 2D view of a single swirl bubbler and 
key parameters.  A prototypical target was built and installed at the Target Test Facility TTF  at ORNL. The TTF is a full-scale prototype of the SNS target station with a similar centrifugal pump and piping. However, the TTF does not have a large heat exchanger like SNS since the only energy that needs to be removed is generated by the friction of flowing mercury. The TTF target is similar to the 2 MW design, except there is no window flow. The window flow would prevent visualizing the bubbles, and it is not needed since there is no proton beam en-ergy source. All the experiments were performed with 

a flow rate of 105 GPM in each bulk inlet and 22.5  GPM for the jet-flow. For the bubblers, a total gas injection rate ranging from 2.5 to 10 SLPM was used and was evenly distributed between the two bubblers. To meas-ure the bubble sizes, the target is equipped with  4 acrylic ports on the top of the target return see Fig. 4, left . In addition. The target nose is made of acrylic with flat outside surfaces to limit the optical distortion.  

Figure 4: (left) Picture of the prototypical 2 MW target in-
stalled at TTF with the locations of the different ports. 
(right) Example of pictures capture at the viewport 1 (top) 
and 4 (bottom). The red rectangle shows the region of in-
terest chosen for the image analysis. The width of the pic-
ture is 26.3 mm. Note the large gas pockets in viewport 4 
due to bubble coalescence. A camera is suspended above the target, and motor-ized linear stages are used to adjust the height and the angle of the camera. Dampers are mounted on the cam-era holders to ensure the camera does not vibrate ex-cessively during measurements. A 20 MP FLIR BlackFly camera with a 0.5 x 120 mm telecentric lens with in-line illumination from Edmund optics was used to take pictures. The resolution achieved with the camera and lens combination is 4.8 µm/px. For each camera posi-tion, 300 pictures were taken. The post-processing was performed with Fiji 9 . Scratches on the acrylic ports were removed by subtracting the median picture of the stack from the images. Then the images were made bi-nary, and the particle analyzer tool was used to meas-ure the bubbles on the port. Bubbles that were not cir-cular enough or were touching the edge of the Region Of Interest ROI  were discarded. Since the small bub-bles observed on the viewports have the shape of a cap of a sphere, the actual bubble diameter 𝑑  is estimated with  𝑑 0.62 𝑑  where 𝑑  is the diameter ob-tained from the image analysis, and 0.62 is the correc-tion required assuming a contact angle of 130o on the viewport 10 .  

RESULTS AND DISCUSSION Very small bubbles are observed on the nose and on viewports 1 and 2. In Viewport 3, larger bubbles are ob-served resulting from coalescence as buoyant forces 
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have lifted most bubbles to the upper surface. In View-port 4, large gas pockets are observed Fig. 4, right . Since we are focusing on the bubble size measure-ments, the camera was positioned slightly away from the symmetry plane, at about one-third of the target width, and approximately at the center of the viewpor-ton the beam direction. For viewport 4, the Region of Interest ROI  was chosen to avoid the large gas pocket in the center of the target Fig. 4, right . Similarly, meas-urements at the nose were performed at one-third of its width and in the middle of its height.  BSDs measured at the viewports and on the nose are shown in Fig. 5. As expected by the theory presented earlier, the BSD was found to be independent of the gas injection rate: very similar BSDs are observed for each port for the four gas injection rates. From viewport 1 to 4, the most probable diameter range is 50 to 75 m and is close to what was predicted by the theory, 72 m. From viewport 1 to viewport 4, the tail of the BSD is getting fatter, indicating the coalescence of the bubbles that leads to larger bubbles. Regardless, the BSD on Viewport 1 to 4 is similar in shape, with most bubbles with a diameter less than 150 m 70% . The BSD at the nose is quite different from the other viewports and follows Gaussian probability profile. Although the most probable bubble is slightly bigger 75-100 m , all the bubbles are smaller than 275 m. This is very encour-aging as it suggests that the flow is populated with only small bubbles at the nose where the proton beam en-ters, before the bubbles rise and coalesce in the return channel.  

 
Figure 5: Bubble Size distribution observed at the different 
viewports. 

 
 

Some measurements were also performed with 10% lower mercury flow rate. Results are not shown here, but it was found that the BSD was not strongly affected by it: the critical diameter predicted by the theory in-creased from 72 m to 81 m, but this increase could not really be observed in the BSD due to the bin sizes.  There are several uncertainties in the bubble size de-termination, and they are discussed in detail now. Since the bubbles are sliding on the viewport, the contact an-gle is not constant. A contact angle of 120o and 140o leads to a correction factor of 0.66 and 0.57, respec-tively. Next, the spherical cap shape assumption of the the bubbles on the viewport is not correct for larger bubbles mm size  that are probably flatter, and thus their diameters are overestimated. Finally, the camera's resolution, 4.8 m/px leads to an error of  3 m on the true bubble diameter. Assuming the bubble shape error is negligible for small bubbles diameter less than 150 m , the compound error in diameter measure-ments are estimated to be  8.5%. Measurements could be improved by improving the polishing on some of the viewports or use glass viewports instead of acrylic  and using a deep learning algorithm to detect the bub-ble like in previous work 11 . 
CONCLUSION Measurements of helium bubbles generated by swirl bubblers in mercury were performed at the TTF on a prototypical 2 MW target using viewports on the top and nose of the target. At the front of the target where the proton beam enters, most bubbles have a diameter less than 150 m diameter and should be effective at mitigating the pressure wave generated by the SNS pro-ton beam. The first target with swirl bubblers is planned for operation in 2022 and will validate the ef-ficiency of the swirl bubblers in mitigating the pressure wave.  ACKNOWLEDGMENT This manuscript has been authored by UT-Battelle, LLC, under Contract No. DE-AC0500OR22725 with the U.S. Department of Energy. This research was sup-ported by the DOE Office of Science, Basic Energy Sci-ence, and Scientific User Facilities. The United States Government retains and the publisher, by accepting the article for publication, acknowledges that the United States Government retains a non-exclusive, paid-up, ir-revocable, world-wide license to publish or reproduce the published form of this manuscript, or allow others to do so, for the United States Government purposes. The Department of Energy will provide public access to these results of federally sponsored research in accord-ance with the DOE Public Access Plan http://en-ergy.gov/downloads/doe-public-access-plan . 
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