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Report: 
The mechanical properties of granulates change dramatically if some liquid is added. Typically a stiffening 
of the granulate is observed. The main reason is the internal cohesion due to capillary forces arising from 
liquid bridges between the grains [1-11]. The aim of our current experiments was to get an insight into the 
three dimensional distribution of the liquid. On the long run we hope to correlate the liquid distribution with 
the mechanical properties of the granulate. Hence, we imaged wet granulates in 3D whereas the clear 
distinction of the air, the liquid and the granules by the x-ray absorption contrast was crucial. For simplicity, 
we used model granulates consisting of glass spheres with diameter ranging from about 180 to 550 µm, that 
show the same qualitative behavior than "real" granulates like sand. As a wetting liquid we used a mixture of 
water and NaI to increase the x-ray absorption. Using the fast x-ray tomography setup at ID 15A imaging of 
wet granulates was possible with sufficient lateral resolution and a clear distinction of the air, the liquid and 
the glass, which  allows for a detailed and quantitative analysis of the data. Even slow dynamic processes 
could be recorded by capturing fast series of x-ray tomograms or 2D projections, as we will demonstrate in 
the following on the basis of preliminary data analysis.     
 
In a first set of experiments we measured the static distribution of liquid bridges and clusters as a function of 
liquid content, packing density, and sphere size. Figure 1a shows an example of densely packed glass spheres 
of about 275 µm diameter for various liquid contents. The number of liquid bridges per sphere as a function 
of liquid content obtained from x-ray tomograms nicely continue the data obtained by an optical index 
matching technique towards larger liquid contents [9, 11], as shown in fig. 1b. If a small amount of liquid is 
added to a granulate liquid bridges are formed leading to a remarkable stiffening of the granulate. For 
increasing liquid content the bridges per sphere stay about constant for more than one order of magnitude. 
When the liquid content exceeds 1 %, the number of liquid bridges is reduced and the liquid forms liquid 
clusters that finally span the full granulate (percolation threshold). Hence, for liquid contents larger than 1 % 
counting bridges is not sufficient any more and a more powerful tool is required to analyze the liquid 



 

distribution within a granulate. We do this by means of Minkowski Measures [12, 13] as a function of liquid 
content [14]. To characterize the liquid distribution within the granulate in three dimensions we have to 
extract four measures out of the tomograms. The liquid volume, the surface area and the curvature of the 
liquid interface and the Euler characteristic, which is a measure of the connectivity of the liquid 
morphologies, cf. fig. 1c-e. The liquid volume is not shown in fig. 1 because it is well known from the 
sample preparation and was used to find the right parameters for the data analysis. Analogous, the same 
routine is used to analyze the packing geometry of the glass spheres by simply replacing liquid by glass. In a 
second step we would like to link the morphological data of wet granulates to their mechanical properties.  
 

  
Figure 1: a) 2D slices of densely packed granulates. The liquid content in volume percent is given in the left upper 
corner. b) bridges per sphere as a function of liquid content. Data for low liquid content were obtained by an optical 
index matching technique (black squares), whereas data for larger liquid contents were obtained by x-ray tomography 
(red dots) c - e) Minkowski Measures as function of liquid content as obtained from x-ray tomograms [14]. c) area of 
the liquid interface, d) curvature of the liquid interface, e) Euler characteristic of the liquid distribution. 
 
When a granulate is fluidized, e.g. by vertical agitation, liquid bridges and clusters break and the liquid is 
distributed along the surface of the spheres. When the agitation is stopped, the liquid morphologies will 
equilibrate while the stiffness of the wet granulate increases until an equlibrium distribution is restored. We 
used the good time resolution of the fast x-ray tomography setup to measure how the liquid bridges and 
clusters are restored after heavily fluidization the granulate. To reduce the delay between stopping the 
agitation and capturing the first tomogram, we mounted the sample on a loudspeaker, which was used to 
fluidize the granulate and which was mounted on the rotational stage of the tomography setup. In figure 2a 
the change in volume of individual bridges is shown after stopping the vertical agitation. Large bridges 
shrink in size whereas small bridges grow, resulting in fairly well defined mean bridge volume that is given 
by the liquid content, the sphere size, and the packing geometry. The exponential growth or shrinkage rates 
fit perfectly to values obtained by optical techniques for smaller liquid contents and larger viscosities [9]. 
 
To visualize the movement of individual spheres within a fluidized granulate we mounted the sample on a 
loudspeaker as described before but continued the agitation when capturing images. Using tracer particles 
with large x-ray absorption comntrast, like gold or BaTi spheres, we can clearly identify their positions on a 
2D projection, see fig. 3a. If we capture two 2D projections from different observation angles, without 
significant change in the position of the sphere within the sample, we can easily derive the 3D position of a 
tracer sphere, as depicted in the sketch of fig. 3b. Repeating this process continuously we can record 3D 
flight passes of tracer particles within a fluidized granulate. Moving speeds of up to 250 µm/s can be 
recorded easily with good lateral resolution, provided the amplitude of the agitation is not too large. 
 



 

                    
Figure 2: Equilibration of liquid bridges after fluidizing the granulate [15]. Sphere size: 710 - 850 µm, liquid content 1 
% a) volume change of individual liquid bridges. b) sum of liquid bridge volumes as function of bridge volume taken at 
three different resting times. The liquid bridge distribution narrows and shifts to larger values after some resting time. 

 
Analogous, large size differences of individual spheres can be used to trace them e.g. in case of the Brazil nut 
effect [16]. The Brazil nut effect could be visualized for wet and dry granulates where a different fluidization 
behavior of wet granulates compared to dry granulates could be found. For a dry granulate on a larger scale 
we typically found that the spheres follow the collective movement of a convection roll. For wet granulates a 
convection roll could be found for very large agitation amplitudes, only. In case of wet granulates, we rather 
found indications for a Leidenfrost-phenomena, where a "liquid" plug coexists with a "gaseous" layer 
between the bottom of the sample vial and the liquid plug. To decide whether there is an additional diffusive 
movement or catching of the individual spheres on a smaller length scale, a more detailed analysis of the data 
is reqired. As preliminary result a short flight pass is shown in fig. 3c. The periodic fluctuations are due to an 
incomplete correction of the rotational movement of the sample cell. 
  

 
 
Figure 3: a) typical 2D projection in binning mode using BaTi tracer spheres b) sketch how to obtain a 3D position of 
a tracer sphere from two 2D projections, taken at different view points c) preliminary reconstructed flight pass of a 
tracer sphere with an average speed of 89 µm/s.  
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