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µ-PIV characterization of the flow in a milli-labyrinth-channel used in micro-irrigation

The baffle-fitted labyrinth-channel is largely u sed in m icro-irrigation system s. The existing baffles, w hich p lay an im p ortant role for generating p ressu re losses and ensu re the flow regu lation on the irrigation netw ork, p rod u ce vorticities w here the velocity is low or zero. These vorticities favor the d ep osition of p articles or other biochem ical d evelop m ent cau sing em itter clogging. Flow top ology characterization in this labyrinth-channel m u st be d escribed to analyze em itter clogging sensibility w hich d rastically red u ces its p erform ance. This characterization can be p erform ed exp erim entally u sing the m icro-p article im age velocim etry (µ-PIV) techniqu e. In this stu d y, µ-PIV exp erim ents are p erform ed to visu alize the flow in tenp attern rep eating baffles u sed in m icro irrigation em itter. Cross section is 1m m 2 . Reynold s nu m ber varies from 400 to 800. This investigation allow s analyzing the flow regim e. It help s to fix the baffle nu m ber from w here the flow is d evelop ed . Finally, the µ-PIV and m od eling resu lts com p arisons are p resented . The global objective of this stu d y is to id entify and analyze the sensitive areas in ord er to red u ce them thanks to geom etry op tim ization. ρ p Particle d ensity (kg/ m 3 ) μ Dynam ic viscosity (Pa.s)

List of symbols

Introduction

Micro-irrigation is a technique characterized by low -velocity w ater flow s. The w ater d rops near the plants through em itters. This type of irrigation im proves efficiency by red ucing evaporation, d rift, runoff and d eep percolation losses w hen com pared w ith the other techniques such as sprinkler irrigation. In this technique, em itters are the m ost im portant and critical com ponents [START_REF] Karm Eli | Classification and flow regim e analysis of d rippers[END_REF].

They generate low flow rate betw een 0.5 and 8 l/ h for pressure betw een 0.5 and 4 bars. Em itter flow rate increases w ith static pressure in a lateral pipe accord ing to a pow er-law (Karm eli 1977) [START_REF] Karm Eli | Classification and flow regim e analysis of d rippers[END_REF]:

(

w here q is the emitter flow rate , K the proportionality coefficient that characterizes each em itter, P the pressure head and x the em itter d ischarge exponent. The value of this exponent d epend s on em itter conception. Ind eed , m anufacturers try to d esign em itters w hose flow rate is not d irectly d epend ent on the pressure head (x < 0.5). To reach this goal, they introd uce som e elem ents in the em itter such as a labyrinth -channel w hich generates local pressure head losses. The m ain d raw back of this technique is clogging. There are a few stud ies w here labyrinth-channel w as investigated experim entally. Som e researchers em ploy num erical m od eling to stud y the flow in the labyrinth-channel. The num erical stud ies emphasize that em itter perform ances are related to hyd raulic conditions; [START_REF] Berkow | H yd raulic perform ance of subsurface w astew ater d rip system s. In on-site w astew ater treatm ent. Proceed ings of the N inth N ational Sym posium on Individ ual and Sm all Com m unity Sew age System s[END_REF], [START_REF] Li | CFD and d igital particle tracking to assess flow characteristics in the labyrinth flow path of a d rip irrigation em itter[END_REF], [START_REF] Paulau | H yd raulic flow behavior through an in-line em itter labyrinth using CFD techniques[END_REF]. Clogging occurs in low -velocity regions and vortex as it is experim entally found [START_REF] Jun | N um erical investigation of the clogging m echanism in labyrinth channel of the em itter[END_REF], [START_REF] Zhengying | Flow behaviour analysis and experim ental investigation for emitter m icro-channels[END_REF]. When d esigning em itters, clogging can be prevented or at least significantly red uced by d ecreasing, as m uch as possible, vortices size. Thus, anti-clogging properties and consequently m icro-irrigation efficiency are strongly related to hyd raulic perform ance. Previous num erical stud ies [START_REF] Jun | N um erical investigation of the clogging m echanism in labyrinth channel of the em itter[END_REF] and [START_REF] Li | CFD and d igital particle tracking to assess flow characteristics in the labyrinth flow path of a d rip irrigation em itter[END_REF] analyze flow in several geom etries in ord er to choose the best d esign or to optim ize an existing geom etry [START_REF] Yan | N um erical stud y on flow property in d entate path of d rip emitters[END_REF] and [START_REF] Wei | Stud y on hyd raulic perform ance of d rip em itters by com putational fluid d ynam ics[END_REF]. Depend ing on the m od el used [START_REF] Al-Muham M Ad | Mod eling a w eak turbulent flow in a narrow and w avy channel: case of m icro irrigation[END_REF], flow is strongly d ifferent. It is thus necessary to valid ate these results. In this w ork, we propose to overcom e w ith this challenge in perform ing m icro particle im age velocimetry (µ-PIV) experim ent to analyze the flow w ithin such a labyrinth-channel. This analysis is focused on the vortices. The velocity field s and profiles are presented along the labyrinth-channel in the directions x, z. The results obtained by µ-PIV are com pared to those calculated , num erically, by [START_REF] Al-Muham M Ad | Mod eling a w eak turbulent flow in a narrow and w avy channel: case of m icro irrigation[END_REF] in ord er to valid ate the num erical hypothesis and choose the best turbulence m od el ad apted to the labyrinth-channel flow .

Materials and method

Hydraulic pilot

The labyrinth-channel

Ten-pattern labyrinth-channel has been fabricated by m achining and a second plan plate is used to seal the prototype. The m aterial is transparent PMMA. Sealing is assured in pressing the tw o PMMA plates betw een tw o 5m m thick steel plates. This geom etry is the m ost w id espread in m icro-irrigation. That is w hy this first stud y has been perform ed on it. The labyrinth-channel geom etry is show n in Fig. 7. The labyrinth-channel unit length, maxim um w idth and d epth are 3 mm, 2.7 mm and 1m m respectively. The cross-section is equal to 1m m 2 . 

Optic components

Optical schem e or µ-PIV equipm ent is com posed by a laser source w hich is a Litron Nd-YAG Laser of 135 MJ, d oubled in frequency (532 nm). A HiSence 4M cam era w ith the resolution of 2048 × 2048 pixels equipped w ith a Canon MP-E 65mm f/ 2.8 lens w as m ounted inside of the labyrinthchannel.

Experimental setting

µ-PIV a. Time betw een pulses and frequencies

There are several parameters to adjust before starting the µ-PIV experim ents. Firstly, tim e betw een tw o laser pulses. This tim e is d efined by flow velocity. The flow in labyrinth-channel is com plex. Accord ing to [START_REF] Al-Muham M Ad | Mod eling a w eak turbulent flow in a narrow and w avy channel: case of m icro irrigation[END_REF], it consists in tw o d ifferent regions: one is the m ain flow and the other is the vortices zones. The m odeling is carried out by k-ε m od els and RSM. The flow is supposed to be turbulent. The velocity profile is plotted in Fig. 3. This profile corresponds to the m od eling results by the standard k-ε m odel for a flow rate of 48m l/ m in. We chose tw o velocities corresponding to the peaks for estim ating . is calculated in ord er that a particle m oves a quarter of interrogation w ind ow , w hich is equal to 64 pixels (0.93 m m ). This step is repeated to calculate the tim e betw een tw o laser pulses for the three flow rates im posed d uring the experim ent (Tab 1). Tests are carried out to d eterm ine w hich tim e w ill be better for µ-PIV experim ents. The tests began from the largest tim e of each flow rate, Tab.1 (w hich correspond s to vortex velocity) to the sm allest tim e (w hich correspond s to the m ain flow velocity). It has been observed that the velocity profiles m easured do not evolve anym ore w hen the time is low er than that of the m ain flow (for exam ple 17µs for flow rate of 48m l/ m in). Therefore, the sm allest tim e has been taken. Secondly, frequency betw een tw o im age couples is calculated by taking into account that images have to be non-correlated , i.e. the particle w hich has a low velocity leaves the im age. We thus choose to fix . Third ly, im age num ber is chosen to ensure convergence criteria tow ard m ean velocity and tw o fluctuating velocity second -ord er mom ents com ponents. In these experim ents, we analyze 250 image series. The resid ue values obtained (Fig. 4) are 10 -2 and 10 -5 , for respectively m ean and fluctuating velocities. 

b. Seeding particles

During the experim ent, the particles concentration is ad ded to the w ater until there are four particles by 64 × 64 pixels interrogation w ind ow . This concentration w as 10 ml solution charged w ith fluorescent particles ad d ed to 150 ml pure w ater. The particles ad d ed are polystyrene covered w ith red fluorescence. Particle d ensity is nearly equal to the w ater d ensity (1.05 kg/ m 3 ). Typical d ye w ave lengths used in red fluorescent particles are λ abs =530 nm and λ em =607 nm. These particles have a d iam eter of 5.2 µm . The choice of particle d iam eter is m ad e to ensure that it is inferior to the Kolm ogorov length scale. The Kolm ogorov length scale is calculated (Eq. 2), accord ing to the results of [START_REF] Al-Muham M Ad | Mod eling a w eak turbulent flow in a narrow and w avy channel: case of m icro irrigation[END_REF], w here the d issipation rates ε for the flow rates 24 m l/ m in (Re=400) and 48 m l/ min (Re=800) w ere 8 and 100 m 2 /s 3 respectively.

(

) 2 
The Kolm ogorov length scale varies from 9 µm to 13 µm for these flow rates based on the num erical results. Stokes num ber (Eq. 3) is also a param eter d eterm ining the particles choice. This num ber is d efined as the ratio of the characteristic tim e of a particle (Eq. 4) to a characteristic tim e of the flow or the Kolm ogorov tim e scale (Eq. 5).

(3) Stokes num ber for the sam e flow rates tend s tow ard zero. This m eans that the particle behaves like a tracer. The particle seed ing image is show n in Fig. 5. 

Experiment post-treatment

The µ-PIV system analysis softw are used is comm ercial softw are provided by Dantec (Dynamics Stud io). During the treatm ent, a m ask is used to elim inate the area outsid e of the labyrinth-channel flow . Then, the m ean im age is calculated for 250 im ages. An arithm etic im age is then d ed uced . Finally, an adaptive correlation is applied to the arithm etic im ages w ith final interrogation area size of 64 × 64 pixels and overlap of 50%. As an option, high accuracy subpixel refinem ent is chosen. The adaptive correlation d ata are exported to Matlab in ord er to continue and illustrate the treatm ent results (velocity field s and profiles, fluctuating velocity second -ord er m om ents, turbulence intensity). 

Results and discussion

The µ-PIV has been perform ed on the ten patterns labyrinth-channel of em itter. Three flow rates have been im posed , namely, 48 m l/ m in, 36 m l/ in and 24 m l/ m in. Based on the m ean velocity and inlet cross-section, the Reynold s num bers are 400, 600 and 800 respectively. 

Inlet flow

The labyrinth-channel prototype is d esigned taking into account that the flow has to be established before the entrance in the baffle curve. Velocity profiles, before the baffle curve, are plotted to d eterm ine w hether the flow w as d eveloped or not. These profiles are show n Fig. 8 for Re=800 and Re=400. The velocity profiles do not evolve. Therefore, the flow is consid ered to be established. The parabolic shape of velocity profile for Re= 400 ensures this fact. Then, d im ensionless velocities in line a (Fig. 7) for the tw o Reynold s num bers are plotted in Fig. 9. The d im ensionless velocities have the sam e tendency near the w all. The d ifference is im portant in the flow core. At Re=400, the parabolic behavior confirm s that the flow is laminar w hereas at Re=800, the curve is m ore hom ogenized w hich can be attributed to a transitional regim e or an influence of the d ow nstream turn. The Reynold s stresses are calculated. The fluctuating velocity second -ord er m om ents show that the turbulence is w eak; about 10 -4 for and . 10 -2 for (for Re=800 and Re=400) w hich is im portant com paring w ith the other term s ( and ) Fig. 10 and Fig. 11 The turbulence intensity, at the inlet, is calculated from the follow ing formula:

w here:

As only tw o com ponents of the fluctuating velocity are m easured by 2C µ-PIV, the third com ponent has to be estim ated from the first tw o. Com paring the tw o components m easured by µ-PIV, the fluctuating velocity is greater than . The ratios are 20 (30) for Re=800 (Re=400). Therefore, the fluctuating velocity perpend icular to the m ain flow axis is 20-30 tim es low er than in the m ain flow d irection. Therefore, it w as d ecid ed to calculate the turbulent intensity by assuming axisym m etric flow [START_REF] Richard | PIV stud y of flow through porous structure using refractive ind ex m atching[END_REF], i.e. the tw o com ponents perpend icular to the m ain flow direction are consid ered equal. For Re=800 (Re=400), the turbulence intensity is large near the w all about 15-35 % (20-60%). N evertheless, it is very sm all, 3-3.5% in the channel m id dle (1.5-2.5%).

Flow characterizations in the labyrinth-channel

The flow stream lines and velocity fields obtained for the fifth baffle are show n in Fig. 12 and Fig. 13 for respectively Re=800 and 400. The flow in the labyrinth-channel is com posed of a main flow w here the velocity is high (reaching 2.8 and 1.2 m / s) and vortex zones at very low velocity. The velocity in the vortex zone varies from 0.3 to 0.6 m / s for Re=800 (respectively 0.1 to 0.3 m / s for Re=400). The vortex form is not changed w hen increasing the flow rate. The vortex center m oves a little tow ard s the w all for Re=400. Fluctuating velocity second -ord er m om ent fields , and are also calculated and plotted for the fifth baffle for Re=800 and Re=400 (Fig. 14 and Fig. 15). It can be observed that the Reynold s stresses are three tim es higher for Re=800 in com parison w ith Re=400. For both, and are m axim um in the m ain flow near the separation zone. Reynolds stresses is close to zero at the vortex zones, thereby facilitating the particle deposition and em itter clogging. 

Axial development of the flow

The vortex zone, as m entioned above, has the sam e form for all baffles, for both cases Re=800 and Re=400. H ow ever, the question is how the flow d evelops along the ten baffles. In ord er to answ er to this question, the velocity profiles are plotted at the beginning (third baffle), the m id d le (fifth baffle) and the end of labyrinth-channel (ninth baffle) (Fig 16). At Re=800, in the m ain flow , velocity m agnitud e is the same for all positions but in the sw irl zone, som e d ifferences are observed (34% in the vortex zone). For Re=400, a greater d ispersion is observed (40% in the vortex zone). One of the m easurem ent errors is related to the flow m eter. In fact, tests are perform ed to calculate this error. The volum e of w ater is collected for a period of tim e im posed , and then the flow rate is calculated. Com paring w ith the flow m eter values, the errors w ere 4% (8%) for Re=800 (respectively Re=400). This partially explains the d ispersion. No conclusion about establishm ent can be thus em phasized . Therefore, we focus on the velocity evolution on the first three baffles plotting the velocity com ponents profiles v x , v y and v m od ule on the first three baffles in ord er to und erstand how the flow changes from one baffle to another (Fig. 17 and Fig. 18). v x is negative in the vortex zone and positive in the m ain flow w hen v y is positive in the vortex zone and negative in the m ain flow . The flow velocity reaches the m axim um value at y=1.95m m from the low w all. In the first baffle, the m ain flow and vortex zone are not w ell clear. It is d ifficult to d istinguish them . Flow structure is m ore or less established from the third baffle but sm all evolution is observed until the tenth baffle. Regard ing dim ensionless velocity for Re=800 and Re=600 (Fig. 19), it appears that the flow is d eveloped in the third baffle. velocity second -ord er mom ents profiles confirm that third baffle is the baffle w here the flow is d eveloped . It can be conclud ed that the flow properties do not change after the third baffle, for the d ifferent flow rates.

Vertical evolution of the flow

As m entioned above, the labyrinth-channel is fabricated by m achining and thus this surface is not sm ooth. The surface roughness has not yet been characterized . The velocity profiles are plotted in Fig. 22, for the third baffle at z=[0.25; 0.5; 0.75] mm above the rough w all.. Velocity profiles for 0.25m m and 0.75m m are superim posed ; the flow is sym m etric about the z axis for this range. At this distance from the w all, the roughness has no effect on velocity. 

Comparison of µ-PIV results w ith CFD modeling

The flow m od eling has been perform ed by com m ercial softw are (AN SYS/ Fluent) [START_REF] Yan | N um erical stud y on flow property in d entate path of d rip emitters[END_REF], several m od els w ere tested such as k-ε and RSM m od els. It m ust be noted that k-ε model assumes that the flow is isotropic.

is calculated within the third baffle to know w hether the flow is isotropic or not; show n in Fig. 23. In ord er to better distinguish contour values, the high scale is fixed to be 2.5. H ow ever, the m axim um value of reaches 1000 near the w all. It is d ue to the low value of . The red zones highlight the zone w here is greater than 2.5. It confirms that the flow is not isotropic. Therefore, the PIV results w ill be com pared w ith those of RSM m od el only.

Fig. 23

ratio in the third baffle, Re=800. Stream lines obtained w ith µ-PIV are com pared w ith the m od eling by RSM m od el in Fig. 24 for Re=800. This m od el d oes not pred ict the vortex zone form as µ-PIV: vortex center is not at the sam e position and velocity m agnitud e is greater in the µ-PIV results (1.6 tim es greater) Fig. 25. Regard ing the Reynold s stresses (Fig. 26) is also und er-pred icted in the m ain flow by RSM m od el. N evertheless, is the sam e ord er and is negative in the m ain flow for both cases (µ-PIV experim ents and RSM m od el results). The RSM m od el d oes not pred ict the flow in the labyrinth-channel. Therefore, the choice of another m od el or an option mod ification of this m od el is ad vised for the follow ing m od eling. 

Conclusion

The m ain objective of this w ork w as to better und erstand and characterize the flow inside labyrinth. This und erstand ing helps to d esign the labyrinth-channel in ord er to avoid the em itter clogging. The flow w ithin the labyrinth-channel experim entally is investigated by µ-PIV on tenpattern repeating of em itter. The velocity field s and profiles show that the flow , w hich is com posed of a m ain flow and vortex zones, is d eveloped from the third baffle and that the flow is sym m etric about the z axis. The flow is not isotropic. Experim ental and num erical results pred icted m ore or less the sam e structure but intensities are greater from µ-PIV d ata. Further investigations are needed in ord er to predict this flow structure. Experim ents using sm aller particles in ord er to d escribe m ore precisely the flow are in construction. Afterw ard , particle tracking velocim etry (PTV) m ethod w ill be d eveloped to analyze the particle path and agglom eration processes, in interaction w ith such a com plex flow . Such a stud y is im portant in ord er to optim ize em itter conception to limit particle d eposit insid e sw irling zones.
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 7 Fig. 7 Labyrinth-channel

  images record ed are treated by Dantec softw are (Dynam ics Stud io). The m ean and fluctuating velocities are calculated and traced by Matlab softw are.
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 8 Velocity p rofiles for variou s y p ositions at the inlet.
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 9 Fig. 9 Dim ensionless velocity p rofiles in line a.
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 10 Fig. 10 Flu ctu ating velocity second -ord er field s in line a, Re=800.
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 11 Fig. 11 Flu ctu ating velocity second -ord er field s in line a, Re=400.
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 12 Fig. 12 Stream lines and velocity field s in the fifth baffle, Re=800.
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 13 Fig. 13 Stream lines and velocity field s in the fifth baffle, Re=400.
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 14 Fig. 14 Flu ctu ating velocity second -ord er m om ents field s in the fifth baffle, Re=800.
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 15 Fig. 15 Flu ctu ating velocity second -ord er m om ents field s in the fifth baffle, Re=400.
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 16 Fig. 16 Velocity p rofiles in 3rd , 5 th and 9 th baffles for Re=800 and Re=400.
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 17 Fig. 17Velocity p rofiles for the first three baffles Re=800, at the lines 1,2 and 3 in Fig.7
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 18 Fig. 18Velocity p rofiles for the first three baffles Re=600, at the lines 1,2 and 3 in Fig.7
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 19 Fig. 19 Dim ensionless velocity p rofiles Re=600, Re=800.
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 20 Fig. 20Flu ctu ating velocity second -ord er m om ents p rofiles, Re=800.
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 21 Fig. 21 Flu ctu ating velocity second -ord er m om ents p rofiles, Re=400.

Fig. 22

 22 Fig. 22 Velocity p rofiles, Re=800.
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 24 Fig. 24 Velocity stream lines in the second baffle, Re=800.
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 25 Fig. 25 µ-PIV velocity p rofiles com p aring to RSM m od el at the line 3, Re=800.
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 26 Fig. 26 µ-PIV Reynold s stresses p rofiles com p aring to RSM m od el at the line 3, Re=800.

  Experimental and numerical velocity, 48 ml/min z=0.5 mm, PIV z=0.5 mm, RSM model z=0.75 mm, PIV z=0.75 mm, RSM model
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