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Summary 
A large variety of rotating packed beds exist, all of them having their own benefits and drawbacks. A 
few examples are the single block rotating packed bed, split packing rotating packed bed, rotating 
zigzag bed, and a rotating packed bed equipped with blade packings. The main difficulties that all of 
these rotating packed beds have in common are maldistribution and cooling. The cross sectional area 
becomes larger in radial direction, which leads to a lower liquid flow per area. When the bed contains 
a blockage this leads to path formation and maldistribution occurs. This reduction of the used area 
leads to less mass transfer in the bed which is unfavorable. Besides the negative effect on the mass 
transfer, hotspots may arise in case of an exothermic reaction. Cooling is necessary to prevent large 
temperature increases in rotating packed beds, but this is difficult because of the rotating parts. 

To solve the abovementioned problems about liquid distribution and cooling, a new rotating packed 
bed is designed named the Cooled Rotating Packed Bed (CRPB). The CRPB is designed such that there 
is a good redistribution of the liquid in the bed. This is done using mesh rings, which ensure that the 
fluid will be spread over the height of the bed and also over the entire area of the bed. Placing multiple 
mesh rings has the advantage that when maldistribution in a section of the bed occurs, the fluid can 
be redistributed in the next section of the bed. For cooling, heat exchange channels are placed next 
to the mesh rings to allow heat exchange in the reactor. 

The liquid redistribution problem which is solved by the redistribution mesh rings in the CRPB still 
need experimental prove of its capabilities and performance. Therefore, the goal of this thesis is to 
understand the liquid behavior and its redistribution. To achieve this goal the liquid in the CRPB needs 
to be studied. This will be done in the VIREFOC which is a visual reactor for the CRPB. The visual reactor 
is used because in this way the exact behavior of the liquid can be observed. 

In this thesis, the correlation between the water layer thickness which is formed on the inside of the 
mesh rings, the liquid flow rate, and rotational speed is investigated. Also, the effect of induced 
maldistribution on the water layer thickness is studied. Next to this, the influence of packing on the 
water layer is examined. To investigate the mass transfer in the VIREFOC, experiments were done to 
monitor the behavior of the jets that flow out of the mesh rings. It is observed whether or not the jets 
interact with each other and if they have a different behavior on different heights. Also, the flightpath 
of the jets is looked at in order to find out whether or not it was possible to calculate the velocity of 
the jets and their area.       

It was found that the water layer thickness increases with an increased liquid flow rate, and decreases 
with an increased rotational speed. Besides this, a good fit was found for the experimental data up to 
a water layer thickness of 10 mm. The screws in the redistribution rings block the water redistribution, 
which makes it impossible to properly redistribute when one fourth of the inner ring taped from screw 
to screw with a low liquid flow and rotational speed. However, the redistribution rings can overcome 
an induced maldistribution up to one fourth of the inner ring when the tape is placed over one screw. 
Therefore, it can be concluded that the redistribution rings work. When packing is added to the system 
the water layer seems to be more stable and also thinner for water layers above 10 mm. The thinner 
water layer can be a result of the packing for blocking wave formation under which air can be 
entrapped. However, it may also be that there is still wave formation which is not visible as only the 
top of the water layer was looked at. 

It is observed that the jets show similar behavior independent of height and that the jets do not 
interact with each other. Only the top jets need to be observed to get a good view on the whole 
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reactor. Increasing the rotational speed of the reactor does not change the shape of the jets. However, 
when the flowrate is increased it is observed that the jets shape is straighter. It is observed that the 
droplets have a lower velocity than the jets. Nonetheless, due to break-up of the jets in droplets, the 
velocity profile is not constant and therefore the velocity cannot be calculated.    
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Nomenclature 
 

ac Centrifugal acceleration [m/s2] 

Ao Open area [m2] 

Cd Discharge coefficient  [-] 

g Gravitational acceleration [m/s2]  

h Height of the bed [m] 

p Pressure [Pa] 

r Radius  [m] 

RAo Ratio open area to total area [-] 

vr Velocity in radial direction [m/s] 

vθ Velocity in theta direction [m/s] 

α Angle of the water jets [°] 

εs Solid hold up of the foam [ms3/mf3] 

μw Mean water layer thickness [mm] 

μ Dynamic viscosity [m2/s] 

ρ Density [kg/m3] 

σw Standard deviation of the water layer thickness [mm] 

ϕL  Volumetric liquid flow rate [m3/s] 

ω Angular velocity [rad/s] 
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1 - Introduction 
Many industrial processes contain gas-liquid reactions. These reactions only occur when the gas and 
the liquid are in contact with each other. There are several reactors that can be used to create this 
effect. Examples are a falling-film column, a packed column, a bubble column, and a spray tower 
(Alexandre Dimian et al., 2014). A packed column is often used due to the advantage of counter-
current flow, low pressure drop and a wide range of available materials of construction ratios (Seader 
et al., 2011). Also, they can be designed for high or low gas/liquid ratios (Seader et al., 2011) and are  
easily adaptable to a situation by varying the packing. The specific purposes of the packed column 
include absorption, distillation and stripping.  

In conventional packed beds the liquid flows down due to gravity. Gravity will limit the speed in the 
packed bed and therefore, sometimes a larger volume is needed to get the work done. Next to this, 
flooding in the bed may occur when the acceleration of gravity is not big enough. To get rid of this 
limitation, rotating packed beds were firstly proposed by Pilo and Dahlbeck (Pilo and Dahlbeck, 1959). 
These beds can induce centrifugal forces 1000 times the gravitational force, and are therefore known 
as HIGEE (abbreviation for “high gravity”). The HIGEE became a success and nowadays it is used for 
absorption, stripping, adsorption, distillation, liquid–liquid extraction, crystallization, dedusting and 
heat transfer (Zhao et al., 2010).  

In comparison to packed beds, rotating packed beds have a better separation efficiency in absorbers, 
a significant decrease in the height of the transfer unit and the use of a smaller volume, while the 
energy consumption is almost the same (Chamchan et al., 2017). The liquid-side mass transfer 
coefficient is about 3-7 times higher in a rotating packed bed compared to a conventional packed bed 
(Rao et al., 2004). On the gas side the mass transfer is in the same range for rotating packed bed and 
conventional packed beds, because there is no intensification on the gas-side mass transfer other than 
higher interfacial area (Rao et al., 2004). 

Presently the throughputs in rotating packed beds are about 6 times higher than those in conventional 
packed columns. The flow area can thus be reduced with approximately a factor 2 (Rao et al., 2004). 
The throughput can also easily be changed by changing the rotational speed of the rotating packed 
bed and by this the centrifugal force.   

Another advantage of a rotating packed bed is that it has a much lower liquid holdup than a 
conventional packed bed, which leads to a shorter time until steady state is reached. Consequently, 
this leads to a shorter start-up time.  

Several rotating packed beds are developed, of which a short overview will be given. The simplest 
rotating packed bed is the single block rotating packed bed (Figure 1). Here the rotor is filled with a 
porous packing which is the rotating part. In this type of rotating packed bed, the gas and liquid can 
flow co-current, counter-current or cross-current. Hereby the liquid is always injected in the middle 
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and from there distributed in radial direction. The gas can be injected from the middle (co-current), 
side (counter-current) or bottom (cross-current).  

Improving the gas tangential slip velocity inside the packing leads to an increase of the gas-side mass 
transfer coefficient. This is what is done with the split packing rotating packed bed which was invented 
by Chandra et al.(Chandra et al., 2005). A schematic drawing can be seen in Figure 2. In comparison to 
the single block rotating packed bed, the packing is split into two annular rings with gaps between the 
rings, which are made of foam-metal and wound wire-mesh. These rings can rotate in co- or counter-
direction, by using two motors.  

 

Another variation is the rotating zigzag bed (Ji, J.B., 2004), which is shown in Figure 3. Hereby, the 
mass transfer performance is comparable with a single block rotating packed bed but the rotating 
zigzag bed has a better operability at a higher turndown ratio. The rotating zigzag bed can function 
without liquid distributors. The dynamic seal can be eliminated and an intermediate feed can be 
introduced. The rotating zigzag bed is a non-packing combinatorial rotor combining both rotating and 
stationary parts. The bottom part is a rotating disk and the top part a stationary disc, on which two 
series of concentric circular sheets are fixed respectively (Wang et al., 2011). The upper baffles are 
perforated to allow gas to traverse the rotor and prevent liquid back mixing. The gas is fed from the 
side and forced to flow to the rotor because of the pressure gradient. Meanwhile the liquid is injected 

 

Figure 1: Schematic drawing of a counter-current single block rotating packed bed (Cortes Garcia et al., 2017) 

 

 

Figure 2: Schematic drawing of a split packing rotating packed bed (Cortes Garcia et al., 2017) 
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from the top and sent in radial direction. Due to centrifugal force from the rotational baffles into the 
stationary baffles, the liquid will be spread out in very fine droplets. 

To achieve low gas pressure drops in comparison to the other rotating packed beds, the rotating 
packed bed equipped with blade packing is developed (Lin and Jian, 2007). In this reactor, the packing 
is made up of 12 blades which are 30 degrees from each other. The liquid flow is again injected from 
the top and send in radial direction. The gas flow is injected from the side and by the pressure gradient 
sent to the rotor, what leads to a counter-current system. The blades in Figure 4 are covered with a 
stainless steel wire mesh and have a configuration of interconnected filaments. Unfortunately, the 
bed is limited by the number of blades and therefore has a lower surface area than a normal rotating 
packed bed.  

Most other rotating packed beds which exist are a combination of these examples, with split-packing, 
baffles and blades. Some of these reactors can be made in multiple stages, for a better separation. 
However, these are not further discussed in this research.   

Despite all the positive effects of the rotating packed bed, there are also some difficulties with rotating 
packed beds. The two main difficulties are liquid maldistribution and cooling (Burns and Ramshaw, 
1996; Oko et al., 2018). In a conventional packed bed dry spots exist and the liquid needs to be 
redistributed (Szekely and Poveromo, 1975). The same issue occurs in rotating packed beds plus a 
change in cross sectional area. This was confirmed by the visual study of Burns and Ramshaw. Many 

 

Figure 3: Schematic drawing of a rotating zigzag bed (Cortes Garcia et al., 2017) 

 

 

Figure 4: Schematic drawing of an RPB equipped with blade packings ( Cortes Garcia et al., 2017) 
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models of mass transfer assume that the flow of the liquid in a rotating packed bed is uniform, whereas 
the actual flow is not. The area of the packing becomes bigger in radial direction, which leads to a 
lower liquid flow per area. When there is some kind of blockage or resistance in the bed, path 
formation occurs and dry spots arise. In Figure 5 those dry spots are shown, the left image is a 
schematic drawing in which the dry packing is colored dark grey. The right image shows a packing in 
which dry spots occur (the black areas). It was concluded that at low rotational speeds a severe 
maldistribution occurs. At higher rotational speeds there is more droplet formation which leads to less 
path formation, causing the maldistribution to be less severe (Burns and Ramshaw, 1996). Due to the 
maldistribution the area of the used packing becomes smaller, which will result in less contact area 
for mass transfer.  

The study of Groß et al. investigates the distribution of liquid in rotating packed beds with gamma-ray 
computed tomography. Figure 6 shows a more homogenous liquid distribution for higher rotational 
speed with the same liquid and gas flowrate, which is in line with the study of Burns et al. (Groß et al., 
2019). Another part of their research is the difference between single-point distribution or multi-point 
distribution, which clearly shows the better performance of the multi-point distributor. The liquid is 
better distributed over the whole bed, which leads to a larger contact area for mass transfer.       

 

Figure 5: Maldistribution in a rotating packed bed (Burns and Ramshaw, 1996) 

 

 

Figure 6: Effect of rotational speed on the liquid hold-up (Groß et al., 2019) 
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Besides the negative effect on the mass transfer, hotspots can occur in case of an exothermic reaction. 
Research is done to the need of intercooling in a rotating packed bed absorber by Oko et al. (both 
stationary and rotary intercoolers are investigated). The need of intercooling was demonstrated and 
also a model prediction for the stationary intercoolers is given. The results which are obtained are 
promising and very useful for the rotating packed beds, but the intercooling was only calculated in a 
model (Oko et al., 2018). 

1.1 - Cooled rotating packed bed 
To solve the abovementioned problems regarding liquid distribution and cooling, a new rotating 
packed bed was designed, named the Cooled Rotating Packed Bed (CRPB). The CRPB is designed such 
that there is a good redistribution of the liquid in the bed. This is done using mesh rings, which ensure 
that the fluid will be spread over the height of the bed and also over the entire area of the bed (see 
Figure 7). Placing multiple mesh rings has the advantage that when maldistribution in a section of the 
bed occurs, the fluid can be redistributed in the next section of the bed. The jets which will be formed 
by the mesh result into a large interfacial area between the gas and the liquid. This leads to a larger 
area for mass transfer and therefore for an increasing separation. For cooling, heat exchange channels 
are placed next to the mesh rings to allow heat exchange in the reactor. Just like the single block 
rotating packed bed, the liquid is fed from the top in the middle and is send in radial direction. The 
gas is injected from the side and send to the middle in a spiral due to pressure difference. The water 
layer that forms on the inside of the mesh rings ensures that the gas flow will not be send directly in 
radial direction to the middle of the bed. In this way the gas flow is forced to flow in a spiral which 
results in a larger interfacial area between the gas and liquid. 

1.2 - Research questions 
The liquid redistribution problem which is solved by the redistribution mesh rings in the CRPB still 
need experimental prove of its capabilities and performance. Therefore, the goal of this thesis is to 
understand the liquid behavior and its redistribution. To achieve this goal, the liquid in the CRPB needs 
to be studied. This will be done in the VIREFOC which is a visual reactor for the CRPB. The visual reactor 
is used because in this way the exact behavior of the liquid can be observed. The VIREFOC is a 
simplified version of the CRPB,  the exact will be stated in the next chapter. To reach the main goal, 
some sub questions need to be answered.  

  

 

Figure 7: Schematic drawing of the top view (left) and side view (right) of a CRPB 
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The first sub questions are about the hydrodynamics in the VIREFOC:  

• What is the correlation of the water layer which is formed on the inside of the mesh rings, the 
liquid flow rate and rotational speed?  

• What is the difference of the water layer with and without induced maldistribution?  
• What is the influence of packing on the water layer thickness?  

The second sub questions are about mass transfer:  

• Do the jets interact with each other?  
• Do the jets have a different behavior on different heights?  
• What is the flightpath of the jets?  
• What is the velocity of the jets?  
• What is the area of the jets?  
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2 - Experimental set-up & procedure 
As stated in the previous chapter, the VIREFOC is a simplified version of the CRPB and has some 
differences. The following differences between the CRPB and the VIREFOC are taken in account: 

• The VIREFOC has a maximal liquid flow of 1000 L/h whereas the CRPB has a maximal liquid 
flow of 10 m3/h. 

• The VIREFOC has a maximal rotational speed of 1600 RPM, the CRPB has a maximal rotational 
speed of 2000 RPM. 

• The VIREFOC has no gas flow in the system, the CRPB does. 
• The VIREFOC has three closed rings in comparison to the CRPB which has two transitions from 

one ring to the next one. (see Figure 8) 
• The CRPB has three stages, but to keep it easy and clear the VIREFOC has only one stage. 
• There are no cooling channels in the VIREFOC, but there are some screws in the same position. 

(see Figure 8) 
• To compensate for difference in flowrates between the CRPB and VIREFOC, the pitch size of 

the meshes is adapted, further information will follow. 
• The VIREFOC uses water with methylene blue for extra contrast in visibility, meanwhile the 

CRPB uses normal water. 
• In the VIREFOC the top plate is transparent for visibility reasons and the bottom plate is 

painted white, to have a better contrast in the images between the water and plate. The CPRB 
has a closed metal casing. 

 

 

 

 

 

Figure 8: Schematic top view of the CRPB and VIREFOC 
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In Figure 9, the schematic overview of the experimental set-up of the VIREFOC is provided. The liquid 
is looped through the reactor from the liquid reservoir to the actual reactor by using a pump 
(Powerplus POW67900) and regulation valves. Hereby, the flowrate is verified by the flow meter 
(Brooks MT3809). The liquid flows through small tubes and just before entering the reactor, the liquid 
flows through a broader PVC tube and is then distributed by a liquid distributor (Figure 10). The liquid 
distributor is used to get a better distribution in the bed as already stated in the work of Groß et al. 
(Groß et al., 2019). When the liquid enters in the middle of the packed bed, it will flow in radial and 
tangential direction resulting from the velocity of the liquid and the centrifugal force of the rotating 
bed. The rotational speed of the packed bed can be set by the motor control unit (Janke & Kunkel RE 
162). The motor is attached to the reactor with a flexible connector. Two bearings are used for extra 
stability. The water passes three mesh rings which are made from stainless steel before it leaves the 
packed bed. Then, it ends up in the collection tray which drains into the liquid reservoir. To observe 
the hydrodynamics in the VIREFOC, a high speed camera (Redlake MotionPro X4 or AOS L-PRI 1000) 
with a macro lens (Canon EFS 60 mm) and high power LED light (Veritas Constellation 120E15) is used. 
The position of the camera is usually position 1 with the AOS L-PRI 1000 high speed camera, if not this 
will be stated in the experimental procedure.         

 

 

 

Figure 9: Schematic overview of the experimental set-up of the VIREFOC 
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Due to the difference in liquid flowrate and rotational speed in the VIREFOC in comparison to the 
CRPB, the open area needs to be adapted. This can be done by changing the diameter of the hole or 
the pitch size (see Figure 11). It was chosen to adapt the pitch size, as in this way the volume and area 
of the jets which are created by the mesh are the same. The original pitch size of the CRPB is 1.09 mm. 
For the experiments a water layer is desired against the meshes, therefore is checked for different 
pitch sizes whether a clear water layer is formed. A pitch size of 7 mm was found. This was done by 
taping the original mesh rings with a pitch size 1.09 mm with aluminum insulation tape and poking 
holes with a certain pitch size. Only the middle ring is observed and therefore only the middle ring has 
holes with a pitch size of 7 mm. For the inner and outer ring, the holes are kept at a pitch size of 1.09 
mm. Further information about the bed can be found in Table 1.  

 

 

 

Figure 11: Schematic image of a cut-out of a mesh 

 

 

Figure 10: Cross section liquid distributor 
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To get a water layer which is clearly visible it is chosen to deviate the liquid flowrate between 300 and 
1000 L/h. The water layer is determined from top view images, therefore it is desired to have a water 
layer which is equally wide at each point. However, due to gravity this is not entirely possible as the 
bottom part of the water layer is a little bit thicker than the top part of the water layer. This effect is 
shown in Figure 12. The angle of the liquid layer, α, depends on gravitational acceleration, centrifugal 
acceleration, the liquid flow rate, and open area. To make an estimation of α, the following equation 
is used: 

𝛼𝛼 = 𝑡𝑡𝑡𝑡𝑡𝑡−1( 𝑔𝑔
𝑎𝑎𝑐𝑐

)           Equation 1 

This equation takes the ratio between the gravitational acceleration and the centrifugal acceleration. 
To get a maximal angle of 3.0 degrees for all experiments, a minimal rotational speed of 500 RPM is 
used. The angle probably will be smaller due to the liquid flow rate and open area.  

 

 Size [mm] 

Height of the bed 30 
Height of the rings 33 

Diameter inner ring 135 
Diameter middle ring 179 

Diameter outer ring 219 
Diameter holes pitch 1.09 0.57 

Diameter holes pitch 7 0.53 
Outer diameter screw channels 7.95 

Table 1: Dimensions of the bed 

 

 

 

 

 

 

 

 

 

 

 

Figure 12: Schematic drawing of the liquid layer angle α 
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2.1 - Standard experimental procedure 
The number of images taken for each experiment is between 200 and 300 to ensure that there are 
sufficient data points to analyze. Besides this, it was decided to keep the frequency on 1000 Hz during 
all the experiments. To have accurate information about the whole bed, a whole number of rounds is 
observed. In this way any kind of maldistribution is taken in account equally in respect to no 
maldistribution. The exact number of images which are used for each rotational speed are given in 
Table 2. Furthermore, the shutter speed is set on 25 µs.  

The bottom and top row holes in the middle ring are taped, because these holes were on the edges 
of the ring and therefore often (partly) blocked. In this way the open area is accurate.   

For a set of experiments which covered a constant liquid flow rate, but a changing rotational speed 
the rotational speed is first set on 1200 RPM. The rotational speed is decreased with 100 RPM until 
500 RPM is reached or flooding of the bed occurs. Each set of experiments has a flowrate between 
300-1000 L/h. Between each set of experiments the top plate of the VIREFOC is cleaned to obtain nice 
images without marks of previous water layers. All experiments were done in duplo to check for 
reproducibility. 

When there is deviation from this procedure this will be stated in the next paragraphs.     

 

Rotational speed [RPM] Number of images Number of rounds 

500 240 2 

600 200 2 

700 258 3 

800 225 3 

900 200 3 

1000 240 4 

1100 219 4 

1200 200 4 
Table 2: Number of Images and number of rounds taken at different rotational speeds 

 



18 
 

2.2 - Induced maldistribution 
It is possible that blockage occurs in a rotating packed bed, therefore it is desired to know what 
happens to the water layer. To reconstruct this blockage, induced maldistribution is introduced to the 
bed by taping a part of the inner ring. With induced maldistribution the redistribution rings are tested 
if they can overcome a certain range of blockage. Figure 13 shows the three different tested 
configurations. From left to right: one fourth taped from screw to screw, three times one eight taped 
(from the middle to a screw, with one screw in the middle and in the middle between two screws) and 
one fourth taped with one screw in the middle. The experiments were performed at three different 
liquid flows and at a range of rotational speeds. 

2.3 - Packing 
When performing experiments with packing, random packing was placed between the inner ring & 
middle ring and the middle ring & outer ring. Specifications of the packing can be found in Table 3. 
Experiments were performed at three different liquid flows and at a range of rotational speeds. The 
experiments were only done once, without duplo. 

 

Figure 13: Configurations of the taped inner ring, one fourth of the inner ring taped from screw to screw (left),                                                                                                                      
three times one eight taped (middle), one fourth of the inner ring with one screw in the middle (right) 

 

Material Aluminum foam  
Pore size 0.42 mm 

εs 0.06 ms
3/mf

3 
as 2830 mi

2/mf
3 

Particle dimensions 9.6 x 10.0 x 2.9 mm 
Table 3: Specifications of the packing 

 



19 
 

2.4 - Observation of the jets 
For the observation of the jets it is important to know if the flightpath deviates at different heights of 
the bed. When there is no deviation at different heights of the bed, it is only required to look at the 
top jets. To observe the jets at different heights, the middle ring is taped in a diagonal way as shown 
in Figure 14. By placing the camera as position 2 in Figure 9, multiple jets at different heights of the 
bed can be observed in one image. The camera is focused and zoomed on the outflowing jets of the 
middle ring. The rotational is varied on different rotational speeds. The camera that is used is the 
Redlake MotionPro X4. The second part of the results of the observation of the jets were done with 
the experimental procedure of ‘2.5 – Flightpath’.  

2.5 - Flight path 
To observe the flight path of the jets, the camera is placed above outflowing jets of the middle ring 
and zoomed on the top jets. The images are taken with the Redlake MotionPro X4 and a shutter speed 
of 20 µs is used.    

 

  

 

 

Figure 14: Taped ring for the observation of the jets on different heights 
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3 - Data Analysis 
Determination of the thickness of the liquid layer in the experiments was done with a MATLAB script 
that can be found in Appendix 1.  The script first finds the inner ring, which can easily be found due to 
the red colored groove. From the inner ring, the middle and outer ring are computed by the known 
ratio between them. It is chosen to analyze every image on five lines to get sufficient data. This is done 
between the two rings where the desired measured water layer is located (see left picture of Figure 
15). Each pixel on the lines has a certain red, green and blue intensity value from which intensity plots 
are made (see graphs on the right of Figure 15). The distance along the profile is from the inner ring 
to the middle ring. The right side of the plots show a drop for all colors, which means that the image 
is dark in this area. This is also visible in the picture and implies that this is the location of the water 
layer. Every pixel with a multiplied intensity value of each red, green and blue value lower than 23000 
is considered as water layer. This value is based on maximal red, green and blue values of the water 
layer. The pixels which are considered as water layer are added up and then converted to an actual 
distance in millimeters, which is the water layer thickness. The conversion of pixels to millimeters is 
done by calculating a size factor from the radius of the inner ring.  

    

 

 

 

 

 

 

 

 

Figure 15: Visual representation of the MATLAB script,                                                                                                                                                                                   
Image which was analyzed (left), Two intensity plots of the analyzed picture (right) 
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4 - Theory 
The dependency of the liquid layer thickness on variables such as liquid flow and rotational speed can 
be estimated with the Navier-Stokes equation. To clarify the situation Figure 16 shows a few points 
which are used. Point 1 is on the surface of the liquid layer with the air. Point 2 is at the start of the 
hole of the mesh ring. Point 3 is at the end of the mesh ring. To calculate the pressure difference 
between point 1 and 2, the radial part of the Navier-Stokes equation for cylindrical coordinates is used 
(Equation 2).   

𝜌𝜌 �𝜕𝜕𝑣𝑣𝑟𝑟
𝜕𝜕𝜕𝜕

+ 𝑣𝑣𝑟𝑟
𝜕𝜕𝑣𝑣𝑟𝑟
𝜕𝜕𝑟𝑟

+ 𝑣𝑣𝜃𝜃
𝑟𝑟
𝜕𝜕𝑣𝑣𝑟𝑟
𝜕𝜕𝜕𝜕

+ 𝑣𝑣𝑧𝑧
𝜕𝜕𝑣𝑣𝑟𝑟
𝜕𝜕𝑧𝑧

− 𝑣𝑣𝜃𝜃
2

𝑟𝑟
�                                                                           

                      = −𝜕𝜕𝜕𝜕
𝜕𝜕𝑟𝑟

+ 𝜇𝜇 � 𝜕𝜕
𝜕𝜕𝑟𝑟
�1
𝑟𝑟
𝜕𝜕
𝜕𝜕𝑟𝑟

(𝑟𝑟 𝑣𝑣𝑟𝑟)� + 1
𝑟𝑟2

𝜕𝜕2𝑣𝑣𝑟𝑟
𝜕𝜕𝜕𝜕2

+ 𝜕𝜕2𝑣𝑣𝑟𝑟
𝜕𝜕𝑧𝑧2

− 2
𝑟𝑟2

𝜕𝜕𝑣𝑣𝜃𝜃
𝜕𝜕𝜕𝜕
� + 𝜌𝜌𝑔𝑔𝑟𝑟     Equation 2 

 

Because the steady state liquid layer thickness is desired, all time-dependent parts disappear. There 
is no gravity in radial direction. Furthermore, it is assumed that there is no velocity in z-direction so 
this part disappears. The rotational speed which is set does not vary in this research. Therefore, the 
velocity in theta direction is constant in theta-direction which causes the term to disappear. These 
assumptions lead to Equation 3.     

𝑣𝑣𝑟𝑟
𝜕𝜕𝑣𝑣𝑟𝑟
𝜕𝜕𝑟𝑟

− 𝑣𝑣𝜃𝜃
2

𝑟𝑟
= − 1

𝜌𝜌
𝜕𝜕𝜕𝜕
𝜕𝜕𝑟𝑟

+ 𝜇𝜇
𝜌𝜌
� 𝜕𝜕
𝜕𝜕𝑟𝑟
�1
𝑟𝑟
𝜕𝜕
𝜕𝜕𝑟𝑟

(𝑟𝑟 𝑣𝑣𝑟𝑟)��       Equation 3 

The velocity in radial direction can be written as the liquid flow divided by the area which it flows 
through. In Equation 4, r is the radius from the middle to a certain point and h is the height of the 
bed. The velocity in theta direction can be written as the angular velocity multiplied with the radius 
that is given in Equation 4.  

𝑣𝑣𝑟𝑟 = 𝜙𝜙𝐿𝐿
2 𝜋𝜋 𝑟𝑟 ℎ

 & 𝜕𝜕𝑣𝑣𝑟𝑟
𝜕𝜕𝑟𝑟

= − 𝜙𝜙𝐿𝐿
2 𝜋𝜋 𝑟𝑟2 ℎ

 𝑡𝑡𝑡𝑡𝑎𝑎  𝑣𝑣𝜕𝜕 = 𝜔𝜔 𝑟𝑟  & 𝜕𝜕𝑣𝑣𝜃𝜃
𝜕𝜕𝑟𝑟

= 𝜔𝜔      Equation 4 

By writing the velocities of Equation 4 in Equation 3, it can be integrated from point 1 with pressure 
p1 and radius r1 to p2 and r2. This results in Equation 5. 

 

Figure 16: Schematic view of the liquid layer on the mesh ring 
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𝑝𝑝1 − 𝑝𝑝2 = 𝜌𝜌𝜙𝜙𝐿𝐿
2

8 𝜋𝜋2 ℎ2
� 1
𝑟𝑟22
− 1

𝑟𝑟12
� + 𝜌𝜌𝜔𝜔2(𝑟𝑟12−𝑟𝑟22)

2
       Equation 5 

For the pressure difference from point 2 to point 3, the Bernoulli equation is used (Equation 6).  

𝑝𝑝2 + 𝜌𝜌𝑣𝑣22

2
+ 𝜌𝜌𝑔𝑔ℎ2 = 𝑝𝑝3 + 𝜌𝜌𝑣𝑣32

2
+ 𝜌𝜌𝑔𝑔ℎ3        Equation 6 

Point 2 and 3 are on the same height which causes the term 𝜌𝜌𝑔𝑔ℎ  to cancel out. The velocity is taken 
as the flow rate divided by the area. The calculation of the areas is given in Equation 7, in which Cd is 
the discharge coefficient and RAo is the ratio of open area in comparison to the total area.  

𝐴𝐴2 = 2 𝜋𝜋 𝑟𝑟2 ℎ  𝑡𝑡𝑡𝑡𝑎𝑎  𝐴𝐴3 = 2 𝜋𝜋 𝑟𝑟3 ℎ 𝑅𝑅𝐴𝐴𝑜𝑜𝐶𝐶𝐷𝐷 𝑤𝑤𝑤𝑤𝑡𝑡ℎ 𝑅𝑅𝐴𝐴𝑜𝑜 = 𝐴𝐴𝑜𝑜
2𝜋𝜋 𝑟𝑟3ℎ

        Equation 7 

The pressure difference between point 2 and 3 can now be calculated using Equation 8.  

𝑝𝑝3 − 𝑝𝑝2 = 𝜌𝜌 𝜙𝜙𝐿𝐿
2

8 𝜋𝜋2 ℎ2
� 1
𝑟𝑟22
− 1

𝑟𝑟32 𝑅𝑅𝐴𝐴𝑜𝑜
2  𝐶𝐶𝐷𝐷

2�        Equation 8 

The pressure difference between point 1 & 2 and point 2 & 3 is the same, because there is assumed 
that there is atmospheric pressure in point 1 and 3. Therefore Equation 5 and Equation 8 can be 
combined which results in Equation 9.  

 

𝑟𝑟12 − 𝑟𝑟22 = 𝜙𝜙𝐿𝐿
2

4 𝜋𝜋2 ℎ2 𝜔𝜔2 �
1
𝑟𝑟12
− 1

𝑟𝑟32 𝑅𝑅𝐴𝐴𝑜𝑜
2  𝐶𝐶𝐷𝐷

2�       Equation 9 

Because 1
𝑟𝑟12

  is much smaller than 1
𝑟𝑟32 𝑅𝑅𝐴𝐴𝑜𝑜

2  𝐶𝐶𝐷𝐷
2   (due to the fact that RA0 is very small) this can be neglected. 

Equation 10 can be formed which predicts the distance from the middle of the cooled rotating packed 
bed to the beginning of the water layer (point 1). 

𝑟𝑟1 ≈ �𝑟𝑟22 − � 𝜙𝜙𝐿𝐿
2 𝜋𝜋 ℎ 𝜔𝜔 𝑟𝑟3 𝑅𝑅𝐴𝐴𝑜𝑜  𝐶𝐶𝐷𝐷

�
2

         Equation 10 

The flightpath of the jets, from one ring to another, depend on the liquid flow and rotational speed. A 
schematic drawing is given in Figure 17. The liquid flow can be divided by the open area and expressed 
as a velocity in radial direction (Equation 11). The velocity in theta direction is the angular velocity 
multiplied by the radius of the mesh ring (Equation 12). The total velocity of the flightpath of the jet 
can be calculated with Equation 13. The angle ß  in which the jet leaves the mesh can be calculated by 
taking the inverse tangents of the ratio of the velocity in radial direction divided by the velocity in 
theta direction Equation 14.  
 
𝑣𝑣𝑅𝑅 = 𝜙𝜙𝐿𝐿

𝐴𝐴𝑜𝑜
          Equation 11 

𝑣𝑣𝜕𝜕 = 𝜔𝜔 ∙ 𝑟𝑟          Equation 12 

𝑣𝑣𝜕𝜕𝑡𝑡𝜕𝜕 = �(𝑣𝑣𝑅𝑅2 + 𝑣𝑣𝜕𝜕2)          Equation 13 

𝛽𝛽 = 𝑡𝑡𝑡𝑡𝑡𝑡−1(𝑣𝑣𝑅𝑅
𝑣𝑣𝜃𝜃

)           Equation 14 
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Figure 17: Schematic drawing of the flightpath 
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5 - Results and discussion 
5.1 - Correlation between water layer, liquid flow rate and the rotational speed  
To determine the average water layer which is formed on the mesh ring, the data points are plotted 
in a graph. Through these points a normal distribution is fitted with a mean water layer thickness (µw) 
and a standard deviation (σw) (Figure 18). The fit is not optimal yet, but it is the best which could be 
found at the moment. A better fit would show a steeper decrease on the right side of the plot. 

 

The experimental data in Figure 19 shows an increase in the average water layer thickness with 
decrease of the rotational speed. When the liquid flow rate is increased there is also an increase in 
the average water layer thickness. The experimental data of the flowrates 300, 500 and 800 L/h are 
displayed along with the standard deviation. Comparing the experimental data with the theoretical, 
the fit seems to be good for the flowrates 300 and 500 L/h. However looking at 800 L/h, it starts to 
deviate for lower rotational speeds. In the parity plot of Figure 19 the same deviation is visible and 
gives the insight that the theoretical values start to deviate from a water layer thickness of 10 mm. In 
the parity plot a Cd value of 0.992 is used. The value is based on an optimal plot from the experimental 
values without the experimental data of water layers above 10 mm. The higher values were left out 
of the theoretical model, because there is wave formation visible in these experiments and therefore 
air can be trapped in the water layer, which can lead to an observation of a thicker water layer. 
However this needs more investigation.          

 

 

Figure 18: Calculating the average value of the water layer thickness 
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5.2 - Induced maldistribution 
In this part of the chapter, the data of induced maldistribution is shown. This is done with images of 
the bed and by showing plots of the data. If multiple peaks are observed in the data, normal Kernel 
distribution is used to fit the experimental data. This method is not optimal, but the best which was 
found at the moment. 

5.2.1 - One fourth taped from screw to screw 
As result of one fourth of the inner ring taped from one screw to the next screw, three different 
patterns were discovered. The patterns can be seen in Figure 20. For a thin water layer, there were 
three peaks observed (black line). These peaks were identified looking at Figure 21. In this figure it can 
be seen that there is almost no water layer behind the tape which would represent the first peak. 
Besides this, in the right side of Figure 21 there is accumulation on the inner ring against the screw 
resulting from centrifugal forces. This water flows beside the screw and ends up in the quarter on the 
right of the taped part, which represents the last peak in Figure 20. The other half of the ring 
represents the middle peak in the graph. 

When the water layer thickness of the screws is just reached, the water gets distributed well over the 
three quarters which aren’t behind the taped part and only two peaks are formed which can be seen 
in Figure 20 (red line). If the water layer thickness is above these screws the water layer is distributed 
nicely over the whole ring and one peak is visible again (blue line). 

 

 

 

 

 

Figure 19: Comparing experimental and theoretical values 
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Figure 21: One fourth maldistribution from screw to screw 700 RPM & 300 L/h,                                                                                                                                                   
the first screw from which tape was placed (left), the second screw to which tape was placed (right)   

 

 

 

 

 

Figure 20: Comparing one fourth maldistribution screw to screw 
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5.2.2 - One fourth taped over the screw 
To look more in detail in the effect of induced maldistribuion, also one fourth of the inner ring is taped 
with a screw in the middle. In Figure 22, the experimental data with one fourth maldistribution with 
the screw in the middle is compared with no maldistribution. The data points with induced 
maldistribution seem to be a little bit shifted to the right and the peak is a little bit broader. It was 
chosen to fit the data points with maldistribution with a normal distribution, because this seemed to 
be the best fit. From this observation it can be concluded that the redistribution works for this kind of 
maldistribution. In comparison to one fourth taped from screw to screw, the one fourth taped over 
the screw works great. From this can be concluded that the screws are very important in the 
redistribution. 

5.2.3 - Three times one eight taped 
To compare the effect of the screws on redistribution of the induced maldistribution, three times one 
eight is taped on the inner ring. One eight with a screw in the middle, one eight in the middle between 
two screws and one eight from the middle between two screws to one screw. The top left image of 
Figure 23 displays one eight maldistribution with a screw in the middle. On the left side of the screw 
water accumulation is visible against the screw due to centrifugal force. A lot water flows beside the 
left part of the tape. On the right side of the screw there is no water accumulation because the 
centrifugal force takes the water to the right side where no tape is placed. In the right image on the 
top of Figure 23, one eight of the inner ring is taped between two screws. There is no accumulation in 
the inner ring visible, because the water is spread out resulting from centrifugal force. The left image 
in the bottom row of Figure 23 shows one eight of the inner ring taped from the middle between two 
screws to one screw. In this image accumulation is visible against the screw resulting from centrifugal 
force. On both sides of the tape water is transferred to the middle ring. The graph in Figure 23 displays 
two peaks. The first peak results from the right quarter of one eight taped over the screw and from 
the quarter where one eight in the middle between two screws is taped. The second part is from the 
quarter where one eight from the middle to one screw is taped and the left quarter of one eight taped 

 

Figure 22: Comparation of one fourth maldistribution (open-screw-open) and no maldistribution 
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over the screw. From this can be concluded that the screws have influence on the redistribution of 
the water. The screws form a blockage and therefore the water cannot be spread out. The design of 
the VIREFOC and CRPB should be adapted by placing the screw and cooling channels in the middle 
between two mesh rings. This would avoid blockage and accumulation against the screws. 

 

5.2.4 - Packing 
When packing is added to the system, the water layer seems to be more stable and thinner as shown 
in Figure 24. When looking at Figure 25, the fit indeed shows a thinner water layer. However, there is 
a higher standard deviation which was not expected from the images. The fit of the experimental data 
is not optimal and therefore it can be improved. By only looking at the data points, the experimental 
values with packing show a steeper graph. Besides the fit of the graph, also the MATLAB script needs 
to be improved because it does not always distinguish between the packing and water layer. 

Nevertheless, the thinner water layer with packing can be explained by the waves without packing. 
When wave formation occurs, air can be entrapped by the water which leads to a visible larger water 
layer. It can be the case that the packing blocks these waves from occurring, which leads to a thinner 

 

 

 

Figure 23: Three times one eight maldistribution 500 RPM & 300 L/h,                                                                                                                                                                      
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water layer. It is also possible that there is still wave formation with packing, but it is not visible 
because the packing blocks the view. And only the top part is visible, which looks stable. 

  

     

 

 

 

 

  

 

Figure 24: No maldistribution 700 RPM & 700 L/h,                                                                                                                                                                                             
Without packing (left), With packing (right) 

 

 

Figure 25: Comparison with and without packing 
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5.2.5 - Observation on the jets 
In Figure 26 results of the observation of the jets are shown. It is clear that the jets follow the same 
path regardless of the height. It can be seen that the jets do not interact with each other with this 
pitch size for every tested liquid flowrate and rotational speed. The images show more splash back 
with higher rotational speed and/or higher flowrates.   

  

 

 

 

 

  

 

Figure 26: Observation of the jets in height 
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The jets in Figure 27 do not change in shape when increasing the rotational speed. However an 
increase in flowrate leads to a straighter shape of the jet. 

  

 

Figure 27: Observation of the jets top view 
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5.2.6 - Flight path 
To calculate the mass transfer area, the flight path and velocity of the jets is required because it is 
impossible to see on a picture where a jet leaves the middle ring and ends on the outer ring. Also the 
velocity of a jet is impossible to calculate from a picture. Therefore, drops were observed to estimate 
the velocity of the jets. The left picture of Figure 28 shows the path of a droplet. By only looking at the 
last droplets, the flightpath seem to be straight like the red line. However, looking more into detail, 
the green line is the real path of the droplet which is not straight. A droplet is made due to surface 
tension, for the droplet formation energy is needed to form a new surface around the droplet. This 
energy can only come from kinetic energy in this situation, because there are no other forces working 
on the droplet. This leads to a decrease in velocity of the droplet.  

Comparing the path of the green jet in the right picture of Figure 28 to the droplet path (red, orange, 
purple and blue) gives the insight that the droplet path has a more curved line. This is the result of a 
lower velocity. 

As result of the change in velocity of the droplets, it is difficult to calculate a reasonable velocity 
estimation for the jets. Therefore another solution has to be found. 

  

  

 

Figure 28: Observation of the flight path,                                                                                                                                                                                                            
Expected versus actual path of the droplet (left), Comparison of the path of droplets with a jet (right) 
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6 - Conclusion 
The water layer thickness increases with an increased liquid flow rate, and decreases with an increased 
rotational speed. Besides this, a good fit was found for the experimental data up to a water layer 
thickness of 10 mm. The screws in the redistribution rings block the water redistribution, which makes 
it impossible to properly redistribute when one fourth of the inner ring is taped from screw to screw 
with a low liquid flow and rotational speed. However, the redistribution rings can overcome an 
induced maldistribution up to one fourth of the inner ring when the tape is placed over one screw. 
Therefore, it can be concluded that the redistribution rings work. When packing is added to the system 
the water layer seems to be more stable and also thinner for water layers above 10 mm. The thinner 
water layer can be a result of the packing for blocking wave formation under which air can be 
entrapped. Nevertheless, it may be that there is still wave formation which is not visible as only  the 
top of the water layer was looked at. 

It is observed that the jets show similar behavior independent of height. Only the top jets need to be 
observed to get a good view of the whole reactor. Increasing the rotational speed of the reactor does 
not change the shape of the jets. However, when the flowrate is increased it is observed that the jets 
shape is straighter. It is observed that the droplets have a lower velocity than the jets. However, due 
to break-up of the jets in droplets, the velocity profile is not constant and therefore the velocity cannot 
be calculated.    
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7 - Recommendations 
The redistribution mesh rings show promising results, however the screws form an unnecessary 
blockage. Therefore, I would recommend to place the screws in between the mesh rings.  

It would be interesting to see the difference in water layers on the inner and outer mesh ring. 
Therefore I would recommend to place three rings with the same pitch size, to see the water layer on 
all of them. 

As a follow up on the previous recommendation, it would also be interesting to introduce induced 
maldistribution to multiple sections of the bed. For example, a part of the inner ring and a part of the 
middle ring. 

The understanding of the liquid flow behavior in the packing is still unknown. Therefore, it would be 
interesting to use gamma-ray computed tomography to study this behavior.  

It would also be interesting to investigate the effect of the pitch size on the behavior of the jets. 
Therefore, I would recommend to do experiments with different pitch sizes and also different 
configurations of the holes. 
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Appendix 1 
close all; 
clear; 
clc; 
Mainfolder ='\\ST-00426\External storage - J A Hacking\Experimental data' ; 
subdirs = dir(fullfile(Mainfolder, '\VIREFOC-2019-04-02*')); % search for folders in Mainfolder 
numberfolders = length(subdirs); % number of folders in the mainfolder 
animation = 1; %if 1 plot images in loop otherwise only barplot and overall plot 
for Experiment = 1:numberfolders 

%% Names for saving 
matrixname = [subdirs(Experiment).name, 'Waterlayer', '.mat']; % name of saved matrix file 
matrixname2 = [subdirs(Experiment).name, 'Waterlayer', '.csv']; % name of saved matrix file 
dataname =[subdirs(Experiment).name, 'Data', '.mat']; % name of saved matrix file 
dataname2 =[subdirs(Experiment).name, 'Data', '.csv']; % name of saved matrix file 
%% 
fullFolderName = fullfile(subdirs(Experiment).folder, subdirs(Experiment).name); % name of the 
folder 
filePattern = fullfile(fullFolderName, '\*.tif'); 
myFiles = dir(filePattern); % search for images in folder 
%% Empty Matrices 
Waterlayer = []; % empty Waterlayer 
Data = []; % empty Data 
Intensity = []; % empty I matrix 
Intensity_x = []; % empty Ix matrix 
Intensity_y = []; % empty Iy matrix 
%% 

for IMGnumber = 5 : length(myFiles) 
image_path = fullfile(myFiles(IMGnumber).folder, myFiles(IMGnumber).name); 
% name of the image 
image = imread(image_path); 
%% Empty matrices 
Intensity = []; 
Intensity_x = []; 
Intensity_y = []; 
%% 
[Radius, x_coordinate, y_coordinate] = Find_circle3 (image); 
Circlematrix(IMGnumber,:)=[Radius,x_coordinate,y_coordinate]; 

if animation == 1 
figure(1); 
imshow(image); 
hold all; 
viscircles([x_coordinate y_coordinate] , Radius, 'Color','g','LineStyle',':','LineWidth',1); 
viscircles([x_coordinate y_coordinate] , 
Radius*179/135,'Color','g','LineStyle',':','LineWidth',1); 
viscircles([x_coordinate y_coordinate] , 
Radius/135*219,'Color','g','LineStyle',':','LineWidth',1); 
end 

for Lines = 1:5 
theta = (Lines*0.05+1.35)*pi; % different angles of the lines 
xcircin = Radius*cos(theta)+x_coordinate; % x coordinate of the innercircle 
ycircin = Radius*sin(theta)+y_coordinate; % y coordinate of the innercircle 
xcircmi = Radius*179/135*cos(theta)+x_coordinate; % x coordinate of themiddle circle 
ycircmi = Radius*179/135*sin(theta)+y_coordinate; % y coordinate of themiddle circle 
xim = [xcircin xcircmi]; % x coordinates of the line 
yim = [ycircin ycircmi]; % y coordinates of the line 
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points = sqrt((xim(1,1)-xim(1,2))^2+(yim(1,1)-yim(1,2))^2); % number of points 
N(IMGnumber,:)= points; 

if animation == 1 
figure(1); 
hold on 
Clr = ['k','b','r','g','y']; % colors lines 
line(xim, yim,'Color', Clr(Lines)); % draw the line for the intensity 
plot 
figure (2); 
subplot(2,3,Lines),improfile(image, xim, yim, points ); 
improfile(image, xim, yim, points); % make a graph of the lineintensity 
end 

end 
[cx, cy, c] = improfile(image, xim, yim, points); % store the intensity values 
Intensity(:,Lines,:) = improfile(image, xim, yim, points); % store the intensity values 
Intensity_x(:, Lines)= cx; % Store the intensity value x-coordinates 
Intensity_y(:, Lines) = cy; % Store the intensity value x-coordinates 
Thickness=0; 

for m = 100:points 
if double(Intensity(m,Lines,1))*double(Intensity(m,Lines,2)) 
*double(Intensity(m,Lines,3))<23000; %23000 for without packing 7500 with 
packing 
Thickness=Thickness+1; 

if animation == 1 
image(round(Intensity_y(m,Lines)), round(Intensity_x(m, 
Lines)),1)=0; 
image(round(Intensity_y(m,Lines)), round(Intensity_x(m, 
Lines)),2)=255; 
image(round(Intensity_y(m,Lines)), round(Intensity_x(m, 
Lines)),3)=0; 
end 

end 
end 

z = Lines + (IMGnumber-1)*5; % put the waterlayer thickness of each line behind the previous 
Waterlayer(z,1) = Thickness; % store waterlayer thickness (in pixels) 
end 

if animation == 1 
figure(5); 
imshow(image) 
viscircles([x_coordinate y_coordinate] , Radius, 
'Color','g','LineStyle',':','LineWidth',1); 
viscircles([x_coordinate y_coordinate] , Radius*179/135, 
'Color','g','LineStyle',':','LineWidth',1); 
viscircles([x_coordinate y_coordinate] , Radius/135*219, 
'Color','g','LineStyle',':','LineWidth',1); 
end 

end 
Data = {'average waterlayer[mm]', 'sd waterlayer [mm]','average radius [mm]', 
'sd radius [mm]', 'xmin [mm]','xmax [mm]', 'ymin [mm]', 'ymax [mm]', 'size factor 
[mm/pixel]','average waterlayer [pixels]', 'sd waterlayer [pixels]','average radius 
[pixels]', 'sd radius [pixels]', 'xmin [pixels]','xmax [pixels]', 'ymin [pixels]', 
'ymax [pixels]'}; 
Data{2,1} = mean(Waterlayer(:,1))*135/mean(Circlematrix(:,1))/2; 
Data{2,2} = std(Waterlayer(:,1))*135/mean(Circlematrix(:,1))/2; 
Data{2,3} = mean(Circlematrix(:,1))*135/mean(Circlematrix(:,1))/2; 
Data{2,4} = std(Circlematrix(:,1))*135/mean(Circlematrix(:,1))/2; 
Data{2,5} = min(Circlematrix(:,2))*135/mean(Circlematrix(:,1))/2; 
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Data{2,6} = max(Circlematrix(:,2))*135/mean(Circlematrix(:,1))/2; 
Data{2,7} = min(Circlematrix(:,3))*135/mean(Circlematrix(:,1))/2; 
Data{2,8} = max(Circlematrix(:,3))*135/mean(Circlematrix(:,1))/2; 
Data{2,9} = 135/mean(Circlematrix(:,1))/2; 
Data{2,10} = mean(Waterlayer(:,1)); 
Data{2,11} = std(Waterlayer(:,1)); 
Data{2,12} = mean(Circlematrix(:,1))/2; 
Data{2,13} = std(Circlematrix(:,1))/2; 
Data{2,14} = min(Circlematrix(:,2)); 
Data{2,15} = max(Circlematrix(:,2)); 
Data{2,16} = min(Circlematrix(:,3)); 
Data{2,17} = max(Circlematrix(:,3)); 
Waterlayer(:, 2) = Waterlayer(:,1)*135/mean(Circlematrix(:,1))/2; 
save(fullfile('\\ST-00426\External storage - J A Hacking\Experimental analysis', dataname), 'Data') 
save(fullfile('\\ST-00426\External storage - J A Hacking\Experimental analysis', matrixname), 'Waterlayer') 
dlmwrite(fullfile('\\ST-00426\External storage - J A Hacking\Experimental analysis', matrixname2), Waterlayer) 
Data2 = cell2mat(Data(2,:)); 
dlmwrite(fullfile('\\ST-00426\External storage - J A Hacking\Experimental analysis', dataname2), Data2) 
end 
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