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Abstract 

 
The extraction of sucrose in a sugar cane diffuser depends on the percolation rate of juice 
through the cane bed. High percolation rates promote mass transfer and increase the 
wetness of the cane bed (i.e. liquid hold-up within the bed) thereby improving sucrose 
extraction. However, increasing the rate of juice applied to the surface of the cane bed above 
the maximum percolation rate results in flooding, causing uncontrolled mixing of juice, 
destruction of the brix profile and reduced extraction. Flooding in the diffuser can be avoided 
by installing feedback control of adjustable sprays that alter the application area of juice onto 
the bed surface and automatically keeping the percolation rate optimised. Electrical 
conductivity of the cane bed, measured between the bed surface and the bottom screen of 
the diffuser, has been investigated as a possible online indicator of juice hold-up within the 
cane bed to provide the necessary measurement for implementing feedback control that can 
optimise percolation rates. 
 
Full scale tests were conducted on the Tongaat Hulett design of cane diffuser at the 
Maidstone factory. The experimental data show the relationship between conductance and 
flow rate with liquid hold-up. Reproducibility tests were done to confirm the results shown in 
this research. 
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Introduction 

 
To avoid flooding, diffusers operate with percolation rates below a maximum value, with 
several detrimental effects on extraction and reducing the residence time of the liquid in the 
cane bed. Therefore, it is of great importance to modify and control operation conditions. 
 
Currently, in order to prevent flooding, the operator can control and adjust the liquid spray 
position based on visual inspection of liquid hold-up at the sight glass. However, this type of 
measurement can be highly inaccurate because the sight glasses are not installed in all 
stages of the diffuser and the liquid interface level might not be clearly visible to the operator 
due to the amount of foam in it. In addition, the viewable area of sight glass only permits 
observation of the level of the liquid hold-up near the side walls of the diffuser (it is a small 
area of the entire stage of the diffuser). Moreover, if for any operational reason the sight 
glass is damaged the visibility at the sight glass is compromised and the measurement 
cannot be done. 
 
The liquid hold-up doesn’t have a stable level as it changes throughout the cane bed and 
along one stage of the diffuser. The fast fluctuation of the juice hold-up level is a critical 
problem because the operators record data manually. These variations occur due to the 
physical nature of cane, operation conditions and cane preparation. As mentioned above, the 
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liquid hold-up should be assessed online in order to estimate the optimal percolation rate 
enabling sucrose extraction maximisation. 

 
Other experiments have been developed to measure the liquid hold-up in the cane bed 
through different instruments and methodologies. However, some of these tests did not 
present satisfactory results or were evaluated in the laboratory, and the experimental test 
requires assessment on a full scale. Tracer tests, for example, are useful to work out the flow 
and percolation parameters required to configure juice distribution trays. These are 
periodically performed but the tracer test disregards the effects of operation conditions. 
 
Rein and Ingham (1992) describe efforts to measure the liquid hold-up within the cane bed 
based on pressure sensors on the side wall of the diffuser. However, the results of this 
research have been called into question and there has not been any long-term adoption of 
this technology. Loubser and Jensen (2015) also tried to predict the flow distribution 
throughout the cane bed, but it was not possible to measure or detect how the flow in the 
experimental diffuser developed over time since the pump was started. 
 
On the other hand, Love1 (2017) and Loubser (2016) studied the electrical conductivity 
through the cane bed as a measure of juice hold-up. Loubser established a mathematical 
model to describe the juice percolation through the bed and to understand the interaction of 
stage pump operations and variations of permeability on the juice distribution. The model 
predicts how the saturation of the bed changes as a function of time and space (location), 
using mass balance combined with Darcy and Richard’s equations. The experimental trials 
were done in the laboratory on a glass tank diffuser using an industrial conductivity meter, a 
data logger for recording and a display for the on-line data. The conductance was measured 
in different directions and the percolation rate was measured manually. The analysis of the 
results conducted confirmed that the juice content of the bed could be detected using a 
conductivity meter. In order to validate or reformulate the mathematical model proposed by 
these authors, the trial tests must be done on a full-scale and the effect of many factors such 
as operational conditions, cane throughput, varieties and preparation of the cane have to be 
considered.  
 
Description of a continuous measurement method for conductivity of the cane bed on 
a full-scale diffuser 
 
The experimental tests were developed at the Maidstone factory in a Tongaat Hulett design 
of cane diffuser (the “Maidstone diffuser”) using the same conductivity measuring equipment 
previously described in the work of Loubser (2016). The magnetic flow meter was installed 
next to the recirculation pump as shown on Figure 1. 
 
The diffuser has 11 stages, each stage is 9 m wide, and 4.1 m in length. The Industrial 
conductivity meter was installed in the fourth stage to get measurements once the bed had 
stabilised. 
 
The industrial conductivity meter has three different inputs, corresponding to the first 
channel, second channel and the third channel. Initially, two steel cables and one round link 
chain were installed to contact the surface of the cane bed. These were hung from insulated 
mountings on the ceiling of the diffuser to measure the conductance of the cane bed from the 
chain or cable to the perforated screen at the bottom of the bed. The chain doesn't transmit 
current due to poor contact between the joints, but due to its weight it is stable enough on the 
surface of the cane bed to provide good contact and reduce the noise in the conductance 
measurements. Therefore, a combination of chain and cables (i.e. a bare copper cable 

1Unpublished data. Love D.J. Monitoring juice hold-up in a cane diffuser bed using electrical conductivity – 

evaluation on a laboratory scale 
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threaded through the links of a standard chain) was used for every channel as shown in 
Figure 2. 
 
The chain-cable devices are in contact with the top of the cane bed. These are located in line 
across the width of the diffuser. The second channel is located in the middle of the diffuser 
whilst the first and third channels are located three meters away on either side (ie each three 
meters away from the adjacent side wall). The conductivity is measured between each chain-
cable device and the body of the diffuser. The measured conductive path is thus 
predominantly from the chain-cable device through the cane bed to the perforated screen 
below the cane bed. The industrial conductivity meter was configured in the range of 0.2 
Siemens during the performance of all trials. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

Figure 1. Diffuser’s configuration and localisation of the instrumentation 

 
 
 
 

  
 

Figure 2. Installation of the chain-wire at the ceiling of the diffuser 

 
 
To test the accuracy of the conductance measurements of the three channels, the industrial 
conductivity meter measured known conductance and the variations of response of every 

 

Flow Meter 

Stage 1 Stage 2 Stage 4 Stage 3 Stage 5 Stage 6 

Pump 1 Pump 3 Pump 4 Pump 2 
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channel was analysed. The calibration curve of the channels showed that the response of 
the three channels, mainly the first, slightly varied. 
 
The effect of pump operation on the conductance of the cane bed   
 
The main objective of this experiment is to detect large fluctuations on the conductance of 
the cane bed during the pump operation. The number of pumps and stages are shown in 
Figure 1. 
 
The results presented in Figure 3 show a strong dependency between fluctuations of the flow 
rate and variations of conductance with the operation of the fourth pump. The conductance in 
Figure 3 varies from 0.005 to 0.21 Siemens and the flow rate from 38 to 90 l/s.  
 
 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

 
Figure 3. Effect of the operation of the fourth pump on the flow rate and on the conductance of 

the cane bed 

 
The black dashed line indicates when the fourth pump was turned off. The data were filtered 
using the method of exponential smoothing with filter coefficients of 0.7, 0.8, 0.7 and 0.75 for 
the first channel, the second channel, the third channel and the flow rate, respectively. The 
flaps of stages 2, 3, 4 and 5 were in recycle position. It is important to consider that the flaps 
of the diffuser were not working properly because a piece of metal has blocked its free 
movement and as a result they were not able to clearly show the difference between the 
configurations of recycle and bypass position. 
 
The conductance of the third channel (C3) was considered in Figure 4 because the measures 
of the liquid hold-up (L) and cane bed height (Z) were recorded based on observation at the 
sight glass that is located next to the third channel. The data of cane bed height and the 
liquid hold-up have an inaccuracy as data were taken manually and across long intervals; 
between one to nine minutes. 
 
The interaction coefficients of the data were calculated using the program Statistica 10. The 
interaction coefficients (defined in the Appendix A) between C3 and Z is 0.0654 and between 
C3 and L is 0. In the case of flow rate (F) the interaction coefficients between F and Z is 
0.0001 and between F and L is 0.0333. The interaction coefficients have dimensionless units 
and are important for testing the effects of multiple factors on the mean variable. The 
interaction coefficients are quantified for P-value, so, for example, P-values less than 0.005 
indicate a strong relationship between the set of variables. The statistical analysis of the data 
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indicates that conductance has a stronger relation to the liquid hold-up than to the flow rate. 
In the case of the cane bed height the opposite happened.  
 

 
Figure 4. Variations of flow rate, conductance, liquid hold-up and cane bed height with the 

operation of the fourth pump 

 
 
 
The Figure 5A shows that the liquid hold-up height was approximately 138 cm at 11:18. 
Moreover, Figure 5B shows that cane frequently accumulated at the centre of the diffuser 
which may be due to the profile of cane. The chain-wire of the second channel is visible in 
the same Figure. 
 
 
 
 
 
 
 
 
    
 
 
 
 
 
 
 
 

Figure 5. A. Liquid hold-up      B. Accumulation of cane in the middle of bed 

 
 
 
To test if the results of this trial were reproducibility and reliable more trials were done. The 
results of these tests are shown in the Appendix B. 
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Correlations between the variables 
 
The conductance was plotted as a function of liquid hold-up, it is shown in Figure 6. These 
data were recorded during one hour. 
 

 
 

Figure 6. Relationship between the conductance and the liquid hold-up 

 
 
The response time of the variables should be considered since the conductance response 
time is instantaneous while the flow rate response time is not. The response time is defined 
as the time needed by the flow meter or the conductivity meter for detecting the fluctuations 
of flow rate or the conductance in the cane bed. 
 
Figure 7 shows a linear relationship between the liquid hold-up and the flow rate with a root 
mean square (RMS) of 0.359. 
 
 
 

 
 

Figure 7. Relationship between the flow rate and the liquid hold-up 

 
 
It is also important to consider that the amount of liquid in the bed of cane of every stage 
depends on many factors such as the spray flap position, the percolation rate of the liquid 
through the cane bed, and the horizontal velocity of the cane bed. If the cane bed velocity 
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was too low the liquid could be deposited in the previous stage or if it was too high the liquid 
could be deposited in the subsequent stage. Other factors such as characteristics of the 
cane and the preparation index of the cane modified the permeability of the bed therefore the 
percolation rate through the cane bed was modified. 
 
The data in Figure 8 was not filtered to evidence the direct relation between the conductance 
and the flow rate. 
 
 

       
 

Figure 8.  Relationship between the flow rate and the liquid hold-up 

 
 
The data were plotted using the program Matlab in Figure 8, where the black line is the 
tendency curve corresponding to first order polynomial. The robust method used to find this 
polynomial was the Bisquare weights. This method minimises a weighted sum of squares, 
where the weight given to each data point depends on how far the point is from the fitted line. 
Points near the line get full weight. Points farther from the line get reduced weight. Points 
that are farther from the line than would be expected by random chance get zero weight. This 
method seeks to find a curve that fits the bulk of the data using the usual least-squares 
approach, and it simultaneously minimises the effect of outliers. Therefore, the RMS is high 
because the outliers have a low weight in the linear regression curve.  
 
On other hand, conductance, flow rate and liquid hold-up have a direct relationship and these 
variables are interrelated. However, in some cases, the flow rate could not have a direct 
relationship with the conductance in the experiments performed on the diffuser because the 
flow meter measures the flow of the amount of liquid deposited in the tray of the fourth stage 
and sometimes the liquid in the cane bed could go back and forth from preceding or 
subsequent stages without being deposited in the tray of the fourth stage, where the flow rate 
is measured, i.e. considering that the flow rate is measured in the fourth stage, if the fourth 
stage is in flooding, but the fifth stage or the third stage are in normal conditions, the liquid of 
the fourth stage could be deposited in the tray of the third stage or in the tray of the fifth 
stage. Therefore, the conductivity meter recorded data of high conductance and then a 
decrease of conductance while the flow meter could not measure the high flow rate because 
the liquid flowed to the tray in another stage. 

 
 

y = 0.000227x + 0.007284 
R2=0.8738 
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Conclusion and Recommendations 
 
The results of these trials demonstrate a strong relationship between the liquid hold-up with 
the conductance and the liquid hold-up with the flow rate. So, conductance and flow rate 
have a direct relationship with the operation of the fourth pump. If the fourth pump is turned 
off the flow rate and conductance decrease, and if the fourth pump is turned on these 
variables increase. Reproducibility tests confirm this affirmation.  
 
This also happens when the diffuser is being fed with sugarcane. However, both these 
variables do not always have the same behaviour but in general terms, the conductivity 
meter is capable of detecting the fluctuations of the liquid hold-up in the bed cane, and the 
relationship between the conductance and liquid hold-up is stronger than the relationship 
between the liquid hold-up and the flow rate as shown by the interaction coefficients. As 
mentioned above, continuing further research is important to automate the adjustment of the 
diffuser sprays in an attempt to maximise sucrose extraction. 
 
On the other hand, conductance measurements have problems related to noise 
corresponding to the movement of the chain-cable device, and the flooding on one side of 
the cane bed could distort the mean conductance of the bed if the conductance difference 
between the channels is larger than 0.14 Siemens but it could be corrected in mathematical 
program. 
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Nomenclature 
 
C1 Conductance of the first channel 
C2 Conductance of the second channel  
C3 Conductance of the second channel  
CA Conductance average of the three channels  
F Flow rate. 
L Liquid hold-up in the cane bed 
Z Cane bed height 
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APPENDIX A 
 

P-values 
 

Output vector p contains p-values for the null hypotheses on the N main effects and any 
interaction terms specified. Element p(1) contains the p-value for the null hypotheses that 
samples at all levels of factor A are drawn from the same population; element p(2) contains 
the p-value for the null hypotheses that samples at all levels of factor B are drawn from the 
same population, and so on. 
P-values range from 0 to 1, where values close to 0 correspond to a significant interaction 
between the mean variable and a low probability of observing the null hypothesis. For 
example, if there are three factors A, B, and C, and 'model', [0 1 0;0 0 1;0 1 1], then the 
output vector p contains the p-values for the null hypotheses on the main effects B and C 
and the interaction effect BC, respectively. 
A sufficiently small p-value corresponding to a factor suggests that at least one group mean 
is significantly different from the other group means, that is, there is a main effect due to that 
factor. It is common to declare a result significant if the p-value is less than 0.05 or 0.01. 

 
Calculation 

 
The p-values is the probability that the F-statistic can take a value larger than a computed 
test-statistic value. Anovan derives these probabilities from the cdf (cumulative distribution 
function) of F-distribution. A general interpretation of the meaning of the P-values is 
presented below. 
 
P > 0.1   It indicates no evidence of observing the null hypothesis. 
P < 0.1   It indicates low probability of observing the null hypothesis. 
P < 0.05 It evidences significant probability of observing the null hypothesis. 
P < 0.01 It evidences high probability of observing the null hypothesis. 

 
 

APPENDIX B 
 

Repeatable Test 
 

To test if the results of this trial were repeatable and reliable more trials were done, as shown 
in Figure 9. The fourth pump was turned off in different time intervals, varying between two to 
16 minutes. The conductance in Figure 9 varies between 0 to 0.19 Siemens and the flow rate 
varies between 14 to 92 l/s. 

 
Figure 9. Relation between flow rate and the conductance with the operation of the fourth pump 
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The data of Figure 9 were filtered using the method of exponential smoothing with filter 
coefficients of 0.5, 0.5, 0.55 and 0.77 for the first channel, the second channel, and the third 
channel and flow rate respectively. The flaps of stages 2, 3, 4, 5 and 6 were in recycle, 
except during the time interval from 09:53 to 10:48, where the flaps of stages 5, 6 and 7 were 
in recycle position and the flap of stages 2, 3 and 4 were in bypass position.  

 

In all cases the flow rate and the conductance of the three channels decrease when the 
fourth pump is turned off, except during the time interval from 12:34 to 12:37 when the 
conductance of the third channel increases. It could be due to the formation of a pool (Figure 
10 is used just to illustrate what a “pool” looks like) just on one side of the cane bed where 
the third channel is located, or because the fifth stage or third stage could be flooding at the 
same place, preventing drainage of the liquid. The chain-wire device of the second and the 
first channel is visible in the Figure 10. 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 10. Formation of a pool on the cane bed 
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