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X-RAY PROPAGATION-BASE PHASE-ENHANCED IMAGING OF THE MENISCUS OF A CAPILLARY FLOW IN A RECTANGULAR MICROCHANNEL

We present in this paper a three-dimensional technique for analysing the meniscus of a capillary flow in a rectangular microchannel. Due to strong experimental constraints, both on the high flow dynamics and on the small dimensions of the channel, we use a synchrotron beam provided by the Advanced Photon Source of Chicago, which presents numerous advantages. First, the beam has a high spatial coherence, and it is then possible to perform x-ray phase contrast imaging. This technique exploits refractive index variations and is 100 to 1000 times more sensitive than classical absorption techniques. Second, emission fluxes of x-ray photons are very important, and rapid dynamics measurements are possible. This unique imaging technique allows carrying out measurements on samples of very low dimensions (a few tens of micrometers), produces 3D images and can be implemented on substrates opaque to visible light. The tested microchannel section is 25 µm deep and 100 µm wide. The substrate is PDMS exposed to oxygen plasma beforehand to be hydrophilic and the fluid is pure water. Measurements are made at different projection angles comprised between -75° and +75°, in order to apply tomography techniques. A 3D image of the meniscus is then reconstructed.

INTRODUCTION

Developing experimental techniques for accurate analysis of two-phase flows in microchannels is a current challenge. Applications dealing with such microchannel flows are very large and concern biology or process engineering for which integration of microchannels in lab-on-chip or microreactors is a strong stake. Our work is focused on developing a measurement technique to characterize the threedimensional meniscus of a flow in a rectangular microchannel.

The accurate knowledge of local contact angles between the fluid and walls is fundamental, especially to implement a smart modelling approach of the imbibition phase. Experimental constraints are high: spatial scales are in the order of 10 µm, implying very low contrasts. Also, flow dynamics is relatively rapid (in the order of a few cm/s) and implies a high acquisition frequency, around 100 Hz. For these two reasons, we use a synchrotron beam provided by the Advanced Photon Source of Chicago, which presents numerous advantages. This unique imaging technique allows carrying out measurements on samples of very low dimensions (less than 100 µm) and produces 3D images. The tested microchannel is 100 µm wide, 25 µm deep and the substrate is PDMS. The fluid is pure water and is injected by the bottom of the channel, which is placed vertically.

In what follows, we present our preliminary efforts and results toward this objective using the phase-enhanced imaging technique.

The paper is indented in four main parts, as follows. First, the phase contrast method is presented in detail. Second, the experimental set-up is described and the acquired images of flows in the microchannel are presented. Third, the method for tomographic reconstructions is presented and meniscus 3-D profiles are built and analyzed. Finally, we conclude the paper with a discussion and a presentation of perspectives for this work.

PHASE CONTRAST METHOD

Away from the Bragg diffraction condition, the transmission of x-rays through a material can be described by the material's complex index of refraction, n, which is usually written as:

1 n i δ β = -+ (1) 
As in visible light optics, the x-ray wave vector in the material is modified by the index of refraction such that the x-ray wave vector inside the material k' = n k, where k = 2π /λ is the vacuum wave vector, and λ is the wavelength of the x-ray. The linear absorption coefficient µ is related to the imaginary part of the index of refraction:

4πβ µ λ = . ( 2 
)
For most applications, the dominant contribution to the absorption is the photoelectric effect. In this case, the linear absorption coefficient varies approximately [1] as
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where ρ is the density of the material and Z is the atomic number. In the x-ray regime, and away from absorption edges and Bragg conditions, it can be considered with a good approximation that 6 2

1.3 10

δ ρ λ - ≈ × . ( 4 
)
δ is thus a small positive number of the order of 10 -6 . The xray phase velocity, c/n, is therefore higher inside the material than in vacuum.

For an incident plane wave of unit amplitude travelling in the z-direction,
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(5) the transmitted wave immediately after the sample can be written as In conventional absorption x-ray imaging, the detector is usually placed close to the sample. The measured intensity is thus:
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where the integration is over the sample. The intensity at each point on the detected image (radiograph) depends on the integrated absorption suffered by the corresponding x-ray beam through the sample. Thus, a radiograph provides information regarding the sample absorption coefficient projected onto the x-y plane, µ(x,y). By using tomographic techniques, it is possible to obtain µ(x,y,z). The contrast mechanism can be fully described by a geometrical-ray approach. The intensity at each point on the detector only depends on how much energy the particular ray loses as it traverses the sample. Neighbouring rays have no effect (aside from blurring due to instrumental resolution and finite source size). The contrast mechanism has nothing to do with diffraction or interference.

In phase-enhanced x-ray imaging, the contrast mechanism is based on diffraction and/or interference that results from the differences in the real part of the index of refraction within the sample. Note that this is in addition to the normal absorption contrast mechanism. There are three techniques that can provide phase-enhanced images in the xray regime: (1) interferometry [2; 3], (2) angular deflectometry [4; 5] and (3) Fresnel diffraction via propagation [6; 7].

In the technique described in this paper, propagationbased Fresnel diffraction, the contrast mechanism comes from the interference between neighbouring points of the wavefront at a certain distance from the sample. The advantages of this technique are: (1) very high flux since minimal x-ray optics are required, (2) simplicity as a result of its in-line geometry, and (3) almost any sample size can be used.

Fresnel diffraction can be described by the Fresnel-Kirchoff integral [8]. The wave excitation at a point P on the detector at s 0 away from the sample can be written as:
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) where the integration is over the plane of the sample. This equation describes the propagation of the wave from the sample to some distance away, and it is this propagation that allows for the interference effect responsible for this imaging technique. From equation [START_REF] Hwu | Coherence-enhanced synchrotron radiology: Refraction versus diffraction mechanisms[END_REF], clearly the wave functions at each and every point on the sample plane contribute to the wave function at each and every point of the detector plane. However, since the exponential in the integral fluctuates rapidly for large (x -x') and (y -y'), most of the contributions to the wave function at (x i , y i ) come from a region near the corresponding point on the sample. The choice of the sample to detector distance, s 0 , depends on the sample characteristics, the x-ray wavelength, and the desired features to be detected. Generally, the smaller the x-ray wavelength, the larger is the required distance for the interference to occur. The distance also acts as a Fourier filter in that images taken at smaller distances will be more sensitive to higher sample spatial frequencies while images taken at larger distances will be more sensitive to lower sample spatial frequencies.

Several aspects of this technique should be pointed out. Since this technique involves interference between transversely nearby points of the wavefront, the incoming wave must be at least partially spatially coherent. The small source size and large source-to-sample distances at thirdgeneration synchrotrons like the Advanced Photon Source (APS) provide x-ray beams that easily satisfy the spatial coherence requirement. Another important consideration is the required beam monochromaticity. Although the index of refraction and the Fresnel-Kirchoff integral depend on the xray wavelength, it can be shown [9] that, for the edgeenhanced regime that is of interest here, the dependence is weak. That is to say, although the exact interference fringe structure is wavelength dependent, the largest peak/valley features near the phase jumps are not very sensitive to the wavelength. Thus, if, as in this case, one is only interested in seeing the edges of the sample, a broad energy bandpass incident beam can be used. In fact, this technique has been demonstrated using a synchrotron white beam [START_REF] Hwu | Coherence-enhanced synchrotron radiology: Refraction versus diffraction mechanisms[END_REF].

EXPERIMENTAL SET-UP AND ACQUIRED IMAGES

Experimental set-up

The experiments were performed at the SRI-CAT 1-ID-C station at the APS. A high-energy bent Laue silicon monochromator [START_REF] Shastri | Bent Double-Laue Crystal Monochromator for High-Energy X-Rays[END_REF] provided a monochromatic beam to the sample with an energy bandpass ∆E/E ~ 10 -3 . The employed energy during experiments was 25 keV. The x-ray beam size was approximately 1 mm 2 , and the total number of incident photons on the sample was about 10 11 ph/s. The source-tosample distance was about 60 m, and the sample-to-detector distance was about 50 cm. A 400 µm thick CdWO 4 crystal was used to convert x-rays to visible light. The image was magnified using a microscope lens (x5) and recorded with a cryogenically cooled CCD (1024x1280 pixels, 6.7 µm pixel size) detector. So pixel size in the sample is 1.34 µm and the field of view in the plate is 1.37x1.72 mm 2 .

The microchannel plate is disposed in a metallic frame in order to keep it flat. The plate is made of 13 microchannels. All the channels are 25 µm deep (along zaxis) and 45 mm long (along x-axis), only the width changes between 10 and 500 µm (along y-axis). The results presented in this paper are relative to a 100 µm wide microchannel. The chosen fluid is pure water. It is injected in the microchannel through a syringe and a tube from outside of the shielded room. Fluid is injected by the bottom reservoir and the flow is going up through capillary pumping. After an injection, air is blown into the microchannel to dry it and to be ready for another injection. 

Acquired images

A limitation here is that PDMS substrate containing the channels presents a high aspect ratio (width over thickness). The dimensions of the substrate are 45x50x4 mm 3 . Then 31 projections has been acquired for angles equally distributed in the range [-75°; +75°] around the x-axis (figure 3), covering a global angle of 150°. Acquisition of projections at higher angle was not possible due to the 1/cos(angle) relation of the material thickness seen by the x-ray beam. At higher angles, the absorption of material becomes too high and images are too much noisy or even inexistent to be processed.

For each projection that follows, an injection of water has been carried out. A hypothesis of repeatability of the flow conditions has been made; indeed, it was not possible to realize all the projections for the same injection due the quite high flow velocity and rotations of the sample take time. We performed an injection for each acquisition. So images had to be realigned to always get the meniscus in the same position in the image to make post-processing possible. Also, gains have been normalized in the images to take into account variations in time of the detector.

The flow velocity is in the magnitude of 5 cm/s, which is quite high as compared to the limited field of view. The exposure time had to be very short (5 ms), in order not to introduce blur in the image. Another possibility would be to trig optically acquisitions with another signal, optical for example.

In conventional x-ray computed tomography, 180° or 360° projection angles are required with specific conditions between the detector resolution and the number of projections. So 30° angle scan is missing to fulfil the latter requirement. This introduces a bias in the coming tomographic reconstructions.

Here follow three images of 2D images of meniscus (figure 3).

-75° angle -45° angle 0° angle The corresponding profiles are plotted in figure 4. Each profile is an integration of the image value in the area shown in figure 3.

These profiles are characteristic of phase contrast effect with oscillations at the location of edges and an almost constant value outside from edges. This is the information provided by phase contrast measurements: a peak at the location of edges. This data is then analysed as density gradient information in the image. The same level is observed in the PDMS substrate and in the channel filled or not with water. This is due to a very low contrast of absorption between the three media, and it implies that conventional absorption x-ray could not have been applied. 

∫∫

(11) describes the integration of function f(x, y) over the lines defined by the scalar s, in the detector coordinate system and the angle w which is the projection angle of the sample in the beam. As the set-up makes use of parallel x-ray beam, the three-dimensional distribution of the refractive index is reconstructed as a stack of two-dimensional distributions. Each of these distributions is reconstructed by applying the filtered back projection (FBP) algorithm, making the hypothesis that the contribution of the wave excitation at a point on the detector comes from a close region of it. It means that no deconvolution procedure of the interference effect is applied on the images. As a consequence, this approximation makes the spatial resolution weak and could be enhanced by applying proper algorithm [START_REF] Bronnikov | Theory of quantitative phase-contrast computed tomography[END_REF]. We also consider that the A(x, y) function is constant and the measurement is only a function of ϕ (x, y), which integrates for a given z the refractive index distribution δ (x, y, z) (cf. equations ( 6) and ( 7)).

The filtered back projection algorithm allows to recover the f (x, y) distribution by considering the projection data at angles in the range [0,π[:
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is the Fourier transform of p (s, w). W(ρ) is an apodization filter which limits the noise effect at high frequency enhanced by the ramp filter ρ . Many filters can be applied. Best results have been obtained with 9 th order Butterworth filter with a cut-off frequency equal to 0.3 of the Nyquist frequency. The FBP algorithm simply tells that the f (x, y) function is obtained by backprojecting the projections filtered with a ramp and an apodization filters.

The FBP algorithm was applied for the 256 sinograms generated along the vertical direction of the detector. Then 256 cross-sections images of the microchannel were obtained. It was possible to pile up and interpolate these images to constitute a 3D image. This image of the shape of the meniscus is shown in figure 6. The full time to reconstruct such an image is around 1 hour.

We can observe on the reconstructed images that the surface described by the meniscus is really 3D. A curvature appears in the transversal direction that provides a lot of information. This is the main gain of this measurement technique as compared to optical ones; we can plot the 3D surface that describes the meniscus. At this stage, due to the algorithm we applied, the information is qualitative.

PDMS is naturally a hydrophobic substrate, but the bonding process requires a surface treatment with oxygen plasma. After exposition to oxygen plasma, PDMS surface becomes hydrophilic [START_REF] Ginn | Polymer surface modification using microwave-oven-generated plasma[END_REF], and the shape of the first observed interfaces (figure 6) is in accordance with the expected profile.

The further objective will be to confront these experimental data to theoretical knowledge for a better understanding of capillary flows behaviour in rectangular microchannels. Basic understanding of the capillarity laws was gained almost a century ago [14; 15; 16; 17; 18]. Since then, the Lucas-Washburn equation has been serving for decades as the basis for describing the capillary phenomena [19; 20; 21].

However, there are critical hydraulic diameters and flow rates, above which dynamic inertia effects can no longer be neglected [22; 23; 24]. The Washburn equation has also been shown to be insufficient at very short times partly due to the lack of inertial terms [17].

projection angle pixel number

The x-ray technique described in this article will enable to review the mechanisms controlling the dynamics of capillary rise and determine the main forces acting on the liquid (balance of dynamic inertia, surface tension, gravity and viscosity of the liquid). Surface tension is dependant on contact angle and by studying meniscus shape, the x-ray technique will confirm or not the flow rate-dependent dynamic contact angle found by Hamraoui et al. [START_REF] Hamraoui | Can a dynamic contact angle be understood in terms of a friction coefficient?[END_REF] More widely, this technique will enable to study: • the initial stages of penetration (for which inertia effects are significant [22; 23]), • surfactants effects [START_REF] Hamraoui | Dynamic wetting and dewetting by aqueous solutions containing amphiphilic compounds[END_REF],

• the effects of preparation and cleaning of capillaries, which are essential for the liquid-substrate interaction.

DISCUSSION

The x-ray images shown in figure 3 were taken with an incoming beam of energy 25 keV, with a bandpass ∆E/E ~ 10 -3 , and a 5 ms exposure time. Furthermore, the undulator xray source was specifically detuned to about 1/30th of its maximum intensity at this energy to prevent saturation of the detector. The photon flux onto the sample over the beam area (~ 1 × 1 mm 2 ) was about 10 11 ph/s.

As described above, it is not necessary for the incoming beam to have a narrow bandpass. By using a multilayer monochromator or a multilayer mirror [START_REF] Christensen | Measured reflectance of graded multilayer mirrors designed for astronomical hard x-ray telescopes[END_REF] instead of single-crystal silicon, the energy bandwidth of the incoming beam can be increased to ∆E/E ~ 10 -2 -10 -1 . This would boost the incoming photon flux by a factor of about 10-100. Taken together with another generation of detector, photon counting detector to eliminate noise, images presented in figure 3 can be much noiseless.

It can be seen that phase-enhanced radiography at 5 ms time resolution can be achieved but even much better exposure time is possible on such facility. The fast time resolution afforded by this technique has allowed us to clearly visualize flows in microchannels. The unique ability of this xray imaging technique should prove to be useful in validating computational fluid dynamics results obtained from microchannels.

At a first step, the standard filtered back projection algorithm has been used with strong hypothesis which are not satisfied here. The effect of interference waves on the detector could be taken into account by a pre deconvolution algorithm or by considering it directly in the reconstruction procedure. Besides, the lack of projections in a certain angle range and the small number of projections could be taken into account by applying discrete methods for reconstruction rather than analytical one which requires 180° projections. The resolution should be deeply enhanced in that case and measurements could become quantitative. This gives perspective to that work.

CONCLUSION

The simplicity of the propagation-based phaseenhanced imaging technique described here, together with the availability of the very high flux and high x-ray energies opens up many exciting possibilities in the field of x-ray imaging. In the current experiments involving microchannels, radiography in the 5 ms range can be achieved.

This preliminary work has allowed representing the 3D shape of a meniscus in a capillary flow. The main difficulties of this work were the high dynamics of the flow. As a consequence, images had to be acquired during very short times. The results are very encouraging; it has been possible to perform acquisitions on a very powerful instrument such as a synchrotron. Another difficulty was tomographic reconstructions of the data. Indeed, we had a partial data set of 150° projections of the microchannel. Also, algorithms for that kind of reconstruction are quite different from the ones for absorption computed tomography. Despite these difficulties, very interesting images were obtained. It is clear on these images that the meniscus surface is purely 3D and presents a transversal curvature that can not be observed using optical techniques.

Perspectives of this work are to compare the experimental 3D image of the meniscus with a CFD z x y z x y z x y simulation result. This comparison will improve a lot the knowledge and hypothesis made on such capillary flows. Also, another perspective is to obtain other meniscus images for different types of substrate and surface treatments and to study more complex configurations such as those encountered in bifurcations. This will allow disposing of data base on capillary flows in microchannels.
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 5 Figure 5: example of sinogram The width of the region of interest is 106 pixels, which corresponds to the width of the channel. Despite the high flux of photons in the beam, the exposure time is very low (5 ms) and the images are quite noisy. The distributions have been reconstructed by integrating the filtered projections on 150° instead of 180°. Back projection has been realized on only 150°. In conventional x-ray tomography, it is assumed that the projection data are the Radon transform of the function to be estimated. Noting ' δ the Dirac function, the twodimensional Radon transform expressed as
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