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INTRODUCTION 

The liquid target of ESS has a configuration of horizontal channel flow. The target container is 
partitioned into two channels, the lower one is for inflow and the upper one for outflow. The 
liquid turns at the end where the proton beam is impinging. Detail is given elsewhere [ 11. 

For this configuration, the behaviour of flow in these channels and turning pocket is very 
important for a secured heat transport out of the reaction zone. Since the flow is bent in the most 
critical region, occurrence of any recirculation in this region may lead to a boiling of mercury. 

The hydrodynamic study is under way to investigate experimentally general behavior of the flow 
in the configuration of ESS liquid target. The study was performed by two-dimensional model 
and three dimensional mock up test is under progress. The liquid used is water at this stage. The 
mercury experiment is under preparation. 

We always start the investigation of this kind by using a two-dimensional (2D) model with water. 
This is because of easiness of preparation and handling the liquid, for enabling flow visualization 
technique to be used, and good for understanding the flow phenomena. 

In this paper the results of 3D experiment is mainly given, while the results of 2D experiment is 
briefly presented, since all the work and detail of the results can be found elsewhere [2 1. 

Two-dimensional Model 

Exnerimental set-uu 

Flow measurement for flow mapping was made using ultrasound Doppler method [3,4]. This 
technique has been developed at PSI for the target R & D program, and we established the method 
to obtain two-dimensional-two-components (2D2C) velocity vector filed. [S]. 

The test section, as illustrated in Fig. 1, is made of Plexiglas, 55 cm long, 20 cm wide and 10 cm 
height, which follows an entry region of ca. 100 cm. At the position of 3 cm high fiorn the bottom 
plate a separation plate (2 mm thickness) is placed. An inflow liquid flows in a lower channel (30 
mm x 200 mm channel cross sectional area) toward the hemicylindrical top (radius 50 mm) and 
after bending 180° there, it flows out in an upper channel (70 mm x 200 mm area). This test 
section is set in a water loop which has a maximum flow rate of ca. 2 Us. The one measurement 
was focused on the recirculation zone in the upper channel, while the other on the returning flow 
in the hemicylindrical top. ultrasound transducers are assembled in special mounting devices, 
which are attached to the outer wall of the test section. For the measurement of the upper channel, 
eight transducers are mounted in a block with a regular separation distance of 15 mm having a 
constant inclination angle of 15’ to the normal line. Together with the measurements where the 
inclination angle is changed to -Ho, we have 96 velocity profiles, from which we can form a two 
dimensional vector field. For the measurement of hemicylindrical region, 14 transducers are set 
with 12O separation angle and with constant inclination of 1590 the normal line on and at the 
outer wall. This configuration generates 28 velocity profiles. (on the method for the flow 
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mapping, ref [S] .) More detail of the experimental setup and experimental method can be found in 
151. 

Flow lTUD 

The vector field obtained (36 1 vectors) is given in Fig. 2 for the upper channel. It is clearly seen 
that a flow is recirculating in the lower part of the channel (on the separation plate). On the two 
lowest lines, directions of vector are letlward for Xc2 10 and rightward beyond this poin& 
although vectors are quite small. On the third lowest line, it is more clearly seen that it flows 
leftward with significant velocity levels, ca. 10 cm/s. The thickness (height) of the recirculaticm 
zone is ca. 30 mm at x=50 mm and it extends to the point x=ca.200 mm (250 mm Corn the top of 
the cylinder). Beyond this point, the flow is more or less parallel and directed to the exit and no 
structure was seen. 

Fig. 3 shows a result of the measurement for the hemicyhndrical region, where 705 vectors are 
plotted. This shows clearly a returning flow along the end wall as generally anticipated. Since we 
plotted only time average velocity field, the flow is smooth and no significant small structure is 
displayed. 

From the LIVE measurements as well as from visual observation, we found that a spanwise 
motion is not negligibly small. The velocity profiles of the spanwise direction were measured at 
the top p.osition of the hemicylindtical part along the wall. The Fig. 4 is a time averaged profile. 
It shows clearly a large spanwise circulation; a pair of large vortices which is observed from the 
result that the flow direction is opposite from the center of the channel toward outside. By using 
the orthogonal decomposition of the space-time velocity profile, we found that there are four rolls 
to the spanwise direction. There is a large scale motion forming one pair of large vortices and 
secondary two pairs of vortices, which are superposed to the larger one. It is yet to be studied 
whether this roll structure is intrinsic in this flow configuration or due to an inflow condition of 
this experimental setup. 

Three-dimensional Model 

Exnerimental &-UP 

Fig.5 shows the water loop used in this experiment. Water is supplied to the test section through 
three inlet channels. Flow meters are installed at each inlet pipes and the flow rates are regulated 
by the valves below the flow meters. The maximum achievable total flow rate is 2.5 L/s with the 
present system. Electrodes for electrolysis are also installed just above the flow meters to 
generate tiny gas bubbles that makes seeding better for UW. 

Fig.6 shows a cut-out view of ESS model showing the interior geometry. The manifold is made 
of stainless steal to be used in mercury experiments in future. Three lower pipes are the inlets of 
water and the upper one the outlet. The rectangular flange seen in the middle allows insertion of 
the gas injector system to simulate the gas injection into mercury for the pressure wave 
attenuation, which was not used in this study. Several projections fixed on the outlet pipe are 
reinforcements to sustain the weight of the manifold. 

The model was made with plexiglass which also enables UVP measurement as well as flow 
visualization experiments. To minimize the reflection effect of ultrasound within the wall, the 
wall thickness was made thin to be 3mm. The outer width of the model is 306mm. The height is 
156mm at the rear edge and 106mm at the front. The window has a round shape with the radius 
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of 53mm at the center. The side walls are also rounded. Fig.7 shows the flow direction of water in 
the model. Water flows into three channels of the model through three inlet pipes of the manifold. 
Two of the channels are placed at the side of the model, and one is at the bottom. The 
experimental results obtained with the two dimensional model showed the tendency that the 
recirculation region becomes larger and stronger as the inlet flow rate from the bottom channel is 
increased. The two additional side channels were installed with intention of making the 
recirculation region small while keeping the enough cooling of the target window. They are also 
expected to shift the recirculation region out of the reaction zone. The water passing through the 
side channels flow into the main channel of the target at the front edge. Three water flows collide 
each other inside the target window so that the flow structure must be very complicated there. 
Thereat& the water flows backward to the outlet. 

Flow Vector hki~~ing 

The vector maps we can obtain is a time averaged flow field in the model. The flow vector 
compon&s are calculated with average velocity profiles of 1024 profiles on each measuring 
lines. It takes about 90 seconds to collect the data of 1024 velocity profiles for one measuring line. 
Designing an arrangement of measuring lines is important for flow mapping. The angle of the 
measuring lines to the line normal to the surEace of the model must be less than the critical angle 
of 32.9 degrees, while the distribution of the crossing points should cover whole the flow field of 
interest. Fig.8 shows a typical arrangement of the measuring lines used in this experiment. True 
velocity vectors are obtained at 193 crossing points on one plane. These measuring lines are 
inclined 10 degrees right and left to the perpendicular line, which makes the crossing angle 
between two measuring lines as 20 degrees. Four perpendicular measuring lines placed on both 
sides cross with slanted measuring lines at the angle of 10 degrees. These angles were determined 
to minimisethe reflection e&t. The maximum depth ofthe vector field fromthe top ofthetarget 
window is 3Ocm. 

Exneriment Conditions 

Table 1 shows the experiment conditions. One data set corresponds to one vector map. There are 
22 data sets with different combinations of flow rate and the height of measuring plane. The MP 
height in the second colt means the heigbt of measuring plane. The base level is at the center 
of the model, as is shown in Fig.9, and the MP height is expressed by the height from the base 
level. The MP angle in the third cohunn is the inclination of the measuring plane to horizon, that 
means, the MP angle of 0 degree corresponds to a horizontal measuring plane. The data sets from 
Nr. 1 to Nr.6 are trial cases to decide the best measuring line arrangement. After the measuring 
line arrangement was decided as Nr.7, the measurement of the flow field was started 
systematically. The flow velocity fields in the horizontal plane were measured at three di%cnt 
heights. The items, A, B, C in the flow rate column correspond to the inlet channels as is shown 
inFig.7. Tberatioofflowratesofthreeinletchannelswerechangedas 1:0:1,2:1:2,1:1:1,1:2:1, 
0:l:O with keeping the total flow rate constant at 0.88L/s. Flow velocity at the front edge means 
the average water velocity at the exit of each channels. The last data set, Nr.22, is of the 
measuring plane inclined 10 degrees upward. 

It should be noted that the f-low velocity vectors shown here are the projection of real vectors to 
the measuring plane. Since the flow structure is highly three dimensional, the water flow in the 
model cannot be expressed perfectly on a two dimensional plane, but the general behavior of the 
total flow can be understood with two dimensional vector maps. 
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Comparison of vector mars of diflbrent flow rate ratios at the base level 

The vector fields obtained with the data set Nr.9,11 and 7 are shown in Fig. 10, 11, and 12. These 
data sets can be compared to know the change of a flow field with a relative increase of the lower 
channel (channel B). The recirculation region can be clearly seen on both sides of the center line 
in all of these cases. The flow direction at the center line is slightly &i&d and inclined to the 
right, which makes the recirculation region cm the left side larger. The reason of the asymmetry 
flow is not clear; it depends on the accuracy of the flow meter of inlet channels, the symmetry of 
the target window, or the inlet flow condition. When the flow rate of channel B is small (Fig. lo), 
the recirculation region is small and the flow velocity is also small, which means the flow in these 
region is almost stagnant. The left side recirculation region begins from the depth of ca. 90mm 
and continues to ca. 200mm. As the flow rate of channel B increases (Fig. 11 and 12), the 
recirculation region becomes larger and stronger. The starting depth of the region is almost the 
same with the case of Fig. 10, but the end depth extends to ca. 300mm in Fig. 11 and further 
(undetectable) in Fig. 12. Fig. 13 shows the profile of x component of flow velocity along the x- 
axis (v,(x)). This shows the peculiar pattern of one dimensional velocity profile across the 
channel. The plot indicates that there are two counter-rotating vortices along the x-axis, and it 
also indicates that the border between the two vortices is shifted to the right of the center line. III 
the case of equal inlet flow rate, the peak of V, is small compared to the case of large flow rate of 
B channel, which shows the vortex became weak. In the case of small B channel flow rate, the 
sign of V, is opposite to other two cases on the right side, which shows the contraction of vortex, 
that is, the center ofthe vortex shifted crossing the x-axis and the flow direction on the x-axis was 
reversed. 

Comnariscn of vector mars at different levels with euual flow rates 

lhevectorfieldsobtainedwiththedatasetNr.15and18areshowninFig.l4and15. Together 
with the Fig. 11, the vector maps at equal flow rates can be observed at different level. The flow 
going to the center from side channels just inside the target window become strong as the 
measuring plane goes up. This shows the flow from side channels is directed upward bythe flow 
from channel B. The flow at the center line is inclined to the right also in these cases. The 
recirculation region on the left side begins from the depth of ca. 5Omm in Fig. 15 and it shifbr 
backward in Fig. 11 and 14, which indicates that the recirculation region is three dimensional and 
the interf&e between the recirculation region and the stream going back in the main channel is 
inclined. A small vortex seems to be generated behind the edge of the side channels. 

Comparison of vector mans of di&rent levels with the inlet flow from bottom channel 

Fig. 16, 17 and 18 show the flow field in which water was supplied only through the bottom 
channel. This is the same case with the experiment of two dimensional model. The large vectors 
inside the target window in Fig. 18 correspond to the direct stream from the bottom channel. The 
vectors near the center line of the model show there is a backward stream in the upper measuring 
plane. As the measuring plane goes down, the backward stream disappears in Fig. 16 and 17 and 
only the frontward and sideward stream becomes dominant. This shows there is a large vertical 
recirculation ranging from the bottom to the top of the main channel, just the same with the flow 
observed in two dimensional model. But in this case, the side wall is rounded and it generates 
spanwise flow making the total flow field more complicated 
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CONCLUSIONS 

Using water as the model fluid, average flow behavior in the ESS target model was studied 
experimentahy by UVP method for 2D and 3D structures. 

In 2D experiments, it was timid that a large recirculation zone is generated in the upper flow 
channel where most ofthe beam energy is deposited. It consists of two counterrotating vorticies, 
but the spanwise motion is relatively small compared to the axial motion. The shape and size of 
the vortices are supposed to be dependent on flow geometry and flow conditions of the targ& 
liquid. 

The ESS target geometry has three inlet channels generating cross-flow on the surthce of the 

target window, which was expected to prevent the creation of the recirculation region in the main 
channel or at least to reduce the effect. But, the results of the 3D mockup water experimtwts 
showed that the recirculation region is still generated on the reaction zone with a more 
complicated flow pattern, at least, under the low flow rate conditions applied here. A pair of 
recirculation are observed on both sides of the center line of the model. Since the shape of two 
unmterrotating vortices is clearer and spanwise motion is stronger than in 2D model, they are 
considered to be generated by the side channel flows. As the flow rate ratio ofthree inkt channels 
changed, the size and intensity ofthe recirculation region also changed, but it never disappears. It 
would be expected that &rent pattern of flow fields may appear with higher flow rates, but 
generally the large vortex structure seen with the low flow rate does not change even with higher 
flow rate. In order to decide the optimum target geometry and flow conditions, further studies 
haveto be done experimentally and numerically. 
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Table 1 Experimental Conditions for the Water Experiments of the ESS Target Model 

MP : Measuring Plane 
ML : Measuring Line 
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- flow 

Figure 1 Test section for ESS 2D flow measurement 
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Fig.2 Time-averaged vector field (experimental) 

for the upper channel near the top. 
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Figure 3 Time-averaged vector field for the 
hemicylindrical region. 
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Figure 4 Spanwise velocity distribution (time averaged profile) 
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Fig. 5 Water Loop for ESS Experiment 

Fig. 6 Cut-out View of the ESS Model 
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Fig.7 Flow Direction in the ESS Model 
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Fig.8 Arrangement of Measuring Lines for Vector Mapping 
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Fig.9 Position of Measuring Planes 
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Fig.11 Vector Flow Field ( 1 : 1 : 1) 
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Fig.10 Vector Flow Field ( 2 : 1,: 2 ) 
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Fig. 12 Vector Flow Field ( 1 : 2 : 1) 
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Fig. 13 Vx Profile along X Axis 
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Fig.15 Vector Flow Field ( 1 : 1 : 1 ) 
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Fig.14 Vector Flow Field ( 1 : 1 : 1 ) 
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Fig.16 Vector Flow Field ( 0 : 1 : 0 ) 
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Fig. 17 Vector Flow Field ( 0 : 1 : 0 ) 
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Fig. 18 Vector Flow Field ( 0 : ‘1 : 0 ) 
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