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Abstract 

Effective extraction of sucrose in a cane diffuser requires good contact between the juice and 

the cane fibres. A finite element model to assist with understanding the complex interactions 

of stage pump operations and variation of permeability on juice distribution within the cane 

bed, is being built. The model consists of a set of sub-models for the elements that make up 

the diffuser such as the sprays, trays, pumps and cane bed.  

The mathematical description of juice percolation through a bed of cane is a key step in 

model development and one that cannot be easily validated on a full-scale diffuser. This 

paper describes the development of the sub-model of the cane bed to predict how saturation 

of the cane bed changes as a function of time and location using mass conservation combined 

with Darcy’s and Richards’ equations. 

Experimental data from a glass tank, representing a small section of a diffuser, were used to 

validate the model which was configured for the geometry of the experimental tank. The bed 

was divided into elements to match the model by marking off the element boundaries on the 

glass front of the tank. The pump supplying juice to the spray at the top of the tank was 

started and stopped at intervals to give increasing and decreasing amounts of juice in the bed. 

The degree of saturation in several elements was measured using conductance and logged as 

a function of time. This was compared to the outputs from the model.  

Validation of the techniques used in the discrete dynamic model of the experimental tank 

diffuser will allow the methods to be applied when the model is reconfigured to represent a 

full-scale diffuser. 
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Introduction 

Understanding the accumulation and dissipation of juice in areas of a sugar cane diffuser is 

not a trivial task. The distribution of juice depends on the physical nature of the cane and its 

preparation, operator actions and even where the juice had accumulated some time earlier. A 

computer-based model is being constructed to help demonstrate how these factors interact. 

This model will be able to show how changes in the operation of a diffuser will affect 

diffuser performance or even highlight actions to mitigate factors that may result in flooding 

or dry operation of diffusers. 

The mathematics and discretisation in any computer model needs to be tested or validated 

against actual results. Previous work (Loubser and Jensen, 2015) described the development 

of mathematics to model the flow. The validation was based on the small experimental 

diffuser shown in Figure 1. The model was run until steady state was achieved. The exit flow 
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and juice distribution were compared to the steady state flow and distribution in the test 

diffuser and they showed the same trends.  

 

 

Figure 1. Experimental Diffuser 

In the Loubser and Jensen (2015) study, it was not possible to measure or detect how the flow 

in the experimental diffuser developed over time since the pump was started. The original 

approach to detect the interface between areas in the bed where flow was occurring and no-

flow areas was to try to see the interface. Attempts to do this had proven difficult because 

there is no distinct interface but rather a phased increase from no juice outside the flow zone 

to a level of juice within the flow area. Limiting the validation to a steady state flow left a gap 

in the validation process. 

This paper describes further work to develop a method to validate non-steady state flow 

behaviour in the tank diffuser. Conductance through an element of the cane bed was proposed 

as a method to detect the degree of saturation (juice hold-up) within the element. Thereafter, 

conductance could be used to monitor how the saturation of the cane bed varied as a function 

of time under unsteady flow conditions. 

Steps for developing and validating model 

The numerical model that was constructed to predict juice distribution in a cane bed was 

updated to reflect information that was derived from the previous work. Once updated, the 

model was validated using an experimental tank diffuser. A measure of the time-varying 

distribution of juice within the experimental tank diffuser was required. Measurement of 

conductance through the cane bed was identified as a possible method for measuring the local 

holdup distribution in the cane bed. Once it was confirmed that the method was valid, 

experimental data were collected to validate the model. 

The steps followed were: 

 Update the numerical model; 

 Use the model to predict the time varying juice distribution in the experimental 

diffuser; 

 Confirm conductance is an adequate measure of hold-up; 
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 Obtain measurements of conductance under non-steady state conditions in the 

experimental tank diffuser; and 

 Compare these measurements to model simulation of non-steady state flow in the 

experimental tank diffuser. 

Numerical model 

Principles of the model 

The model was configured to match the physical layout of the tank diffuser. The model 

calculates the flow across the boundaries of each element. This gave a set of equations which 

could then be solved. There are two types of flow in the elements: 

1) If the element is full of juice and cannot accumulate any more, pressure will build in the 

element to prevent more juice accumulating in the element; and 

2) In the other elements, the amount of juice in the element changes according to the nett 

flow into the element. 

The model considers two-dimensional flow. Flow rate is expressed as m2/s. If this value is 

multiplied by the width of the diffuser, this gives the traditional unit m3/s. 

Saturated elements 

The solution of the equations that describe flow in fully saturated elements amounts to the 

solution of a form of Laplace’s equation:  

∇ ∙ 𝐾∇∅ = 0 Equation 1 

Where  

 means [
𝜕

𝜕𝑥
;

𝜕

𝜕𝑦
] or more simply, differentiation (gradient) in horizontal and vertical 

directions 

K is the hydraulic conductance (m/s)  

 

 is the potential consisting of a static head component and an altitude component (m) 

Only a limited zone in the diffuser is fully saturated. The numerical solution for the saturated 

elements was described by Loubser and Jensen (2015). 

If the cane bed is homogeneous, i.e. K is a constant; it can be shown that K is the superficial 

percolation velocity. 

Unsaturated elements 

The accumulation of juice in an element is the same as the nett flow into that element. The 

nett volumetric flow into the element is the sum of the flows across each of the faces, which 

are determined by the flow velocity normal to the face, the degree of saturation and the area 

of the face.  

The modelling of flow velocity in unsaturated elements was based on Darcy’s equation. 

Equation 2 gives the velocity vector, v, in terms of the hydraulic conductance and the 

gradient (slope) of the potential field. 

𝑣 = −𝐾∇∅  Equation 2 
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The potential field is the sum of two components, namely, the head from the static pressure 

and the head from liquid above point. 

∅ =
P

𝜌𝑔
+ ℎ 

Equation 3 

Where  

P is the static pressure (Pa) 

 is the density of the fluid (kg/m3) 

g is gravitational acceleration (9.81 m/s2) 

h is the altitude (m) 

The static pressure, P, will only change when the element becomes saturated and cannot 

accumulate more juice. A pressure gradient, or difference in pressure, would be required to 

drive the fluid velocity. Consequently, the constant pressure has no influence on the 

calculation and therefore can be omitted from the expression for . 

Since the influence of the static head component of the potential was assumed to be zero for 

unsaturated elements, the potential depends only on altitude and degree of saturation, and not 

on pressure in the element. 

In the vertical direction, this means that potential varies directly with the height. In other 

words, the vertical velocity through the cane bed is equal to the hydraulic conductance. The 

vertical flow rate between elements, as shown in Figure 2, will be given by Equation 4. 

𝑞𝑦 = 𝐾θ ∆x Equation 4 

x is the width of the face of the element through which flow occurs. 

𝐾 is the hydraulic conductance at the boundary between the two elements. The simplest 

expression is the arithmetic average of the Ks for the elements involved. 

 is the fraction of available space in the element that is filled with juice, that is, the degree of 

saturation. 

 

Figure 2. Vertical flow through element 
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Horizontal flows are driven by differences in saturation. This can be converted to differences 

in potential that drives the flow shown in Figure 3. 

 

Figure 3. Horizontal flow through element 

The gravitational head in the element depends on the saturation of the element. The relative 

potential in the element will increase in proportion to the degree of saturation of the element. 

The potential difference between the elements is given by Equation 5. 

∆∅ = (θ𝑖,𝑗 − θ𝑖,𝑗+1)∆y Equation 5 

The flow between elements is proportional (𝐾) to the saturation (𝜃), which was taken as the 

average between elements, and the flow area (∆𝑦). This gives Equation 6. 

𝑞𝑥 = 𝐾 ∙ 𝜃 ∙ ∆𝜃
∆𝑦2

∆𝑥
=

K𝑖,𝑗 + K𝑖,𝑗+1

2
∙

θ𝑖,𝑗 + θ𝑖,𝑗+1

2
∙ (θ𝑖,𝑗 − θ𝑖,𝑗+1)

∆𝑦2

∆𝑥
 

Equation 6 

The hydraulic conductivity, K, represents the manner in which the cane transfers liquid. In 

the real diffuser, it is determined by the size and shape of the shredded cane fibre. Variations 

in the cane preparation will be represented by changes in the hydraulic conductivity. 

The tank diffuser 

Validation modelling and experiments were done using an experimental tank diffuser. The 

tank was 1 500 mm long  300 mm wide  1 000 mm high. It had a glass front and stainless 

steel rear panel. 100 mm  100 mm elements were marked on the front of the diffuser to 

match the elements that would be used in the numerical model. 

The elements and electrodes were numbered according to the layout indicated in Figure 4. The 

first number represents the row of the element and the second the column of the element in 

the experimental diffuser. The diffuser was 10 elements high by 15 elements long. In this 

configuration, element (i,8) is located on the vertical centreline and elements (5,j) and (6,j) 

are elements immediately above and below the horizontal centre line respectively. 

The measurement equipment available allowed measurement of three elements at one time. 

Four combinations of three elements were chosen for the study. Each combination is shown 

as a line on Figure 4. 

a. Propagation Vertically (PV) in the centre of the diffuser represented by elements 

(2,8), (5,8) and (9,8) 

b. Horizontal Plume Expansion (PE) with elements (8,8), (8,6) and (8,4) 

c. Diagonal Propagation (DP) with elements (4,8), (6,6) and (8,4) 

d. Offset Vertical (OV) with elements (4,6), (6,6) and (8,6) 
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Figure 4. Element numbering scheme and elements chosen for measurements. 

Model Prediction 

The model was run and the predictions for the same elements as those that were monitored 

during the experiment (Figure 8) are shown in Figure 5. The hydraulic conductivity was 

chosen to be uniform and equal to 0.008 m/s from the result previously reported (Loubser and 

Jensen, 2015). An increase in hydraulic conductivity (K) will reduce the time taken for juice 

to reach a point in the cane bed. 

 

Figure 5. Relative times predicted by the model for elements monitored in the experiment 

Conductance as a measure of hold-up 

An experiment was conducted to confirm that the juice content of the cane bed could be 

detected using conductivity. Since it was not possible to measure holdup directly in the 

experimental tank diffuser, a small pallet drum diffuser representing a horizontal row of three 

1,1 1,2 1,3 1,4 1,5 1,6 1,7 1,8 1,9 1,10 1,11 1,12 1,13 1,14 1,15

2,1 2,2 2,3 2,4 2,5 2,6 2,7 2,8 2,9 2,10 2,11 2,12 2,13 2,14 2,15

3,1 3,2 3,3 3,4 3,5 3,6 3,7 3,8 3,9 3,10 3,11 3,12 3,13 3,14 3,15

4,1 4,2 4,3 4,4 4,5 4,6 4,7 4,8 4,9 4,10 4,11 4,12 4,13 4,14 4,15

5,1 5,2 5,3 5,4 5,5 5,6 5,7 5,8 5,9 5,10 5,11 5,12 5,13 5,14 5,15

6,1 6,2 6,3 6,4 6,5 6,6 6,7 6,8 6,9 6,10 6,11 6,12 6,13 6,14 6,15
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adjacent elements in the experimental tank diffuser was used to evaluate the conductance – 

hold-up relationship and inter channel interference. 

A 25 L square pallet drum was modified to form a small version of the tank diffuser. Holes 

were drilled on one side to form the diffuser screen. A large hole was made on the opposite 

face to allow installation of the shredded cane and electrodes. The electrodes consisted of a 

large metal rectangle for the common electrode and three smaller squares (30 mm  30 mm) 

were used for the active electrodes for each of three channels. The active electrodes were 

horizontally distributed at 100 mm spacings as they would be in the experimental diffuser. 

The cane was rinsed to remove as much sugar and natural salts as possible before the 

experiment was started. 

The drum, complete with cane and electrodes, was supported on a luggage scale by means of 

light chains. A trough below the drum was used to collect the water which ran out of the 

drum. This water was pumped to the top of the cane through a magnetic flow meter and a 

throttle valve. Salt (4 g/L) was added to the water to increase the size of the conductance 

signal. 

The total mass, including the drum, the cane and the held-up water, and the flow rate and 

conductance were measured. A distributor consisting of a disk with many holes drilled 

through it was used to distribute the juice as evenly as possible across the top of the cane in 

the drum diffuser to ensure an even holdup through the cane bed. Figure 6 shows that despite 

some scatter an essentially linear relationship exists between the hold-up and the conductance 

(r2=0.783). In addition to this, a linear relationship (data not shown) exists between hold-up 

and flow rate (r2=0.978).  

 

Figure 6. Relationship between conductance and holdup in the drum diffuser 

The gradients of the regression lines are similar. The differences in the intercepts can be 

attributed to variations in the distribution of the juice on the top of the cane in the drum, and 

hence saturation levels, as well as local variations in the distribution of the cane, and hence 

permeability of the cane. It can be expected that these uncertainties may also occur in the 

measurements taken in the experimental diffuser for similar reasons. 
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Tracking the plume in the tank diffuser 

Stainless steel electrodes (40 mm diameter) were fixed at the centre of 50 of the elements that 

were marked on the glass face of the diffuser. The electrodes were wired to a patch panel 

(Figure 1). This allowed three electrodes (one for each of the available channels) to be 

selected. The electrodes were selected so that progress of the juice along vertical, horizontal 

or diagonal paths could be observed. 

The diffuser was filled with cane shredded in a Waddell shredder. Water was pumped onto 

the top of the cane so that the surface was flooded. Shredded cane was added to take up the 

space made by the cane settling under the influence of the water that was percolating through 

the bed until the top elements were at least partially filled with cane. The water was 

circulated until no further compaction of the cane was observed. The pump was then stopped 

and the bed allowed to drain. The water was discarded.  

The same salt concentration as used in the drum diffuser (4 g/L) was used in the tank diffuser. 

A single pipe was used at the centre of the top of the bed to act as a point source of liquid. A 

ball valve was used to throttle the output of the pump so that the observable edge of the water 

plume, when it reached steady state as it percolated through the cane bed, was just past 

column 3, that is, close to, but not touching, the end walls of the diffuser. The pump was then 

stopped and the water was allowed to drain into the trough below the diffuser. 

The three-channel conductance meter was connected to the electrodes for the first of the 

selected combinations, namely: Propagation Vertical (PV). The pump was started while 

recording the conductance on each of the channels. The pump was stopped and the bed 

allowed to drain while still recording the conductance. Plotting the output from the three 

channels shows how the boundary of the semi-saturated area moves past the three electrodes. 

The process was repeated to check whether the process was repeatable (Figure 7). Since the 

flow characteristics of pump were not consistent each time it was started, it was not 

meaningful to measure the time from when the pump was started when comparing flow 

behaviour between runs. An offset in the time was added to the results from the second run so 

that the curves appeared synchronised. 

 

Figure 7. Example of start-stop traces 

The offset time between the curves in Figure 7 could be adjusted so that the time between 

features (increasing or decreasing conductances) on corresponding curves between runs 

Run 1 

Run 2 

Loubser RC Proc S Afr Sug Technol Ass (2016) 89: 424-434

431



differed by less than four seconds. This degree of repeatability was deemed adequate for the 

purpose of validating the model. The variability may be attributed to factors such as the 

amount of air trapped in the bed leading to differing percolation areas and electrical 

conductance in those regions. 

A characteristic time for each curve was taken as the time to reach half of its final value. The 

curves are relatively steep in this area making the point easy to identify. The average 

characteristic time difference between the first and second electrodes to be encountered and 

the second and third electrodes was estimated from the data shown in Figure 7 is shown in 

Table 1.  

Table 1. Average time between signals on starting and stopping pump 

Element Pump started (s) Pump stopped (s) 

 Run 1 Run 2 Run 1 Run 2 

(2,8) to (5,9) 22 12 5 6 

(5,9) to (9,8) 40 32 26 28 

 

The experiment was repeated for all four of the electrode configurations. The results were 

combined onto a single graph. Where different electrode configurations shared common 

elements, e.g. element (8,6) in PE, and OV, traces were synchronised by adjusting the time 

axis offset so that the characteristic time at the common elements were superimposed 

(Figure 8). The matching curves that were used for synchronisation are shown in the same 

colour with one dashed and the other solid. Examination of the plots shows that the timing of 

the arrival of the juice is consistent but the magnitudes of the conductance measurements do 

differ in places. Of particular note is the element at the top centre of the diffuser (2,8). The 

magnitude is smaller than expected. This may be attributed to the juice not spreading evenly 

between the front and back of the diffuser by the time it passes this electrode. The resultant 

dryness of the outer parts of the bed may have caused lower than expected conductance in 

this area. The characteristic time for changes in conductance is nonetheless consistent in these 

elements and this supports the choice of the characteristic time as a measure that may be used 

for calibrating a model of the flow. Some variation in the magnitude of the signal between 

runs was also experienced. This was attributed to local variations of air void distributions 

between runs. 
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Figure 8. Relative times for saturation levels in terms of conductance after starting pump 

Validation of 2D model 

The validation of a numerical model involves comparing representative features that occur 

both in the model output and in the experimental results. Model results were extracted from 

Figure 5 and the experimental results were extracted from Figure 8. The time at which the 

signal on each element reached half of its final value was used for this comparison. 

The magnitude shown in Figure 8 is given in terms of measured conductance and the 

magnitude in Figure 5 is in terms of calculated saturation. Since conductance has been shown 

to have a linear relationship to saturation and it is not possible to calibrate the relationship for 

the cane in the tank diffuser, the relative magnitudes must be compared.  

It has already been pointed out that local inconsistencies in the cane bed may lead to 

variations in the electrical conductance characteristics measured in certain elements. It was 

anticipated that the characteristic time of conductance at various points in the bed would not 

be affected by local areas of high electrical resistance (low conductance). This theory is 

explored in Table 2. The element closest to the spray, namely (2,8), was used as a reference.  

Table 2. Difference in characteristic time (s) for conductance at first electrode to measurement 

electrode 

Electrode Experiment Model Difference 

(2,8) to (5,8) 20 24 4 

(2,8) to (9,8) 35 62 27 

(2,8) to (8,8) 29 53 34 

(2,8) to (8,6) 70 64 -6 

(2,8) to (8,4) - - - 

(2,8) to (4,8) 14 15 1 

(2,8) to (6,6) 40 57 17 
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Comparison of the experimental and model results shows that the differences between the 

experimental and predicted times for flow in the bulk of the cane bed were generally small. 

Large differences were found in elements near the centre of the screen at the bottom of the 

tank, ((9,8) and (8,8)). This can be attributed to the model not making allowance for a 

pressure drop across the screen. Reduced flow across the screen would cause juice to back-up 

at the screen causing a more rapid increase in saturation, or conductance, at the affected 

elements. Further work will be required to characterise the pressure behaviour of the screen.  

The level of saturation in element (8,4), which is halfway to the wall, near the screen, did not 

reach a steady value in time for the model or the experiment so a time could not be 

determined. This element is close to the edge of the flow which means that there are only 

slight saturation differences to drive the juice into the element, resulting in very long 

response times. 

Conclusion 

The proposal to use conductance to indicate hold-up in a cane bed was tested. A small 

apparatus was used to show that the relationship between hold-up and conductance is 

essentially linear. 

The method was transferred to a larger experimental tank diffuser. This provided dynamic 

results to supplement static results that had been collected in previous work. 

The dynamic results were compared to the results extracted from a finite element model of 

the diffuser. The time taken for juice to propagate through the cane bed showed correlation 

with the results predicted by the finite element model. 

Differences were found in the relative magnitude of conductance measured in the 

experimental tank and the degree of saturation predicted by the model. This was attributed to 

local areas of high resistance in the experimental diffuser. 

This work has shown that the approach used to formulate a finite element model for flow 

through a cane bed closely represents the results determined experimentally for an 

experimental diffuser with the same geometry as the model. This demonstration adds support 

to the use of the technique as part of a model to predict the behaviour of a full scale diffuser. 

This will help improve understanding of how various interventions in diffuser operation and 

configuration will affect the performance of the diffuser. 
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