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ABSTRACT 

The fixed-element design of a horizontal cooling crystalliser is relatively new to the Australian 
industry and the installation at Broadwater Mill for the 2017 season proved to be an economical 
solution to refurbish the mill’s first unit in a continuous-flow station of three crystallisers.  The 
crystalliser consists of 12 fixed cooling elements and 14 rotating paddles.  A variable-speed drive was 
installed to allow a rotational speed of the paddles up to 1.45 r/min, depending on the massecuite 
viscosity and imposed torque.  Apart from fabrication of the fixed elements, the mill’s staff 
undertook the complete installation.  During the 2019 season, trials were undertaken which 
demonstrated good overall performance with respect to heat transfer, residence time distribution 
and molasses exhaustion.  The good performance is attributed to the paddles providing strong flow 
of massecuite transversely and also longitudinally to generate flow across the cooling surface.  
Torque control of the variable speed drive is recommended as this allows rotation of the paddles at 
maximum speed for the prevailing viscosity of the massecuite, while limiting the stresses on the 
drive components. 

The fixed-element design proved to be an economical solution for Broadwater Mill to refurbish their 
No 1 crystalliser.  The design is well suited for new crystallisers and to replace the internals of 
horizontal crystallisers at all positions within the crystalliser station. 
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EXECUTIVE SUMMARY 
Several Australian sugar factories have defunct crystallisers (water leaks from coils, damaged 
drives/shafts) as refurbishments have not been undertaken because the cost of replacing 
conventional coils is typically ~$0.5 m per crystallizer.  Reduced sugar production due to defunct 
crystallisers in the industry is valued at more than $4 million per year. 

Four fixed element crystallisers have been installed at Victoria Mill (commencing 2012 season), and 
one at Broadwater Mill for the 2017 season.  SRI made a change to the method of construction for 
the Broadwater unit which has substantially reduced construction costs.  

The exhaustion performance needed to be thoroughly investigated and cost/benefit analyses 
conducted to give mills sufficient data to make investment decisions to refurbish their crystalliser 
stations.   

During the 2019 season, trials were undertaken on the Broadwater No 1 crystalliser which consists 
of 12 fixed cooling elements and 14 rotating paddles.  A variable-speed drive was installed to allow a 
rotational speed of the paddles up to 1.45 r/min, depending on the massecuite viscosity and 
imposed torque.  Apart from fabrication of the fixed elements, the mill’s staff undertook the 
complete installation.  The trials determined the heat-transfer performance and massecuite-
exhaustion performance for different conditions of inlet massecuite composition, rotational speed of 
the paddles and cooling rate.  The residence-time distribution for massecuite flow through the 
crystalliser was also measured.  The investigations were primarily undertaken by QUT staff with 
assistance and complementary testing undertaken by Broadwater staff.   

The main conclusions from the test program were:- 

• The calculated HTC values for No 1 crystalliser ranged between 25 W/m2/K at 0.5 r/min and 
32 to 36 W/m2/K at 1.45 r/min.  These HTC values are superior to those obtained by the coil 
designs.  In addition, the cooling surface/volume ratio is similar to the conventional coil 
design, thus ensuring that the achievable massecuite cooling rates in the fixed-element 
design are comparable to or faster than the rotating-coil design.  The fixed element 
crystalliser has the ability to cool massecuite by more than 3°C/h (if required). 

• The viscous power number (based on the power consumed by the drive) was determined to 
be between 1000 and 2000 and appeared to be largely independent of the rotational speed 
of the paddles.  The viscous power number allows the power to be specified when a fixed-
element design of crystalliser of different dimensions and/or processing different conditions, 
e.g. for a crystalliser located at a different position, is to be used.   

• The residence time distributions for massecuite flow through the crystalliser (as determined 
by lithium tracer tests) were narrower and hence superior to those measured previously for 
conventional continuous flow coil crystallisers in the industry.  A slightly narrower spread of 
residence times was obtained for operation at the higher rotational speed. 

• The purity drop in the mother molasses in the fixed element crystalliser averaged 4.7 units.  
This level of exhaustion is substantially greater than is usual for the available residence time 
of ~4 h, especially as the C massecuite purity was relatively low (64 to 65 true purity).  The 
purity drop in the No 1 crystalliser accounted for two-thirds of the purity drop across the 
whole set of crystallisers. 

• Torque control of the variable speed drive is recommended as this allows rotation of the 
paddles at maximum speed for the prevailing viscosity of the massecuite, while limiting the 
stresses on the drive components. 



Sugar Research Australia  Final Report - Project 2019/202 

3 
 

Compared with the rotating coil design the fixed element design provides several advantages 
including: 

• No rotary seals for supplying cooling water, so leaks from the system should be minimal, 
thus enhancing the efficiency of a closed cooling-water system.   

• The components of the design that are subjected to high stress loadings are not carrying 
cooling water, as is the case in a rotating-coil crystalliser.   

• Ability to isolate a section of fixed elements if a leak develops and to maintain cooling 
through the majority of the elements.  The isolation of one or two cooling elements, if 
necessary, would have minimal impact on the cooling of the massecuite and exhaustion. 

It is estimated that the cost of refurbishing a defunct crystalliser with the fixed element design is 
~70% that of refurbishing with the conventional coil design and, as shown from these investigations, 
the performance of the fixed element design is superior.   

Further savings are expected when refurbishing crystallisers located at or near the end of a 
continuous flow station as the fixed element design would incorporate fewer elements per unit 
length of crystalliser as a smaller cooling surface area/volume ratio is required.   

The fixed-element design proved to be an economical solution for Broadwater Mill to refurbish their 
No 1 crystalliser.  The design is well suited for new crystallisers and to replace the internals of 
horizontal crystallisers at all positions within the crystalliser station.  All Australian factories use 
horizontal crystallisers and the design is suitable whether the station is operated in continuous flow 
mode (most factories) or in batch mode (a couple of factories). 
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1. BACKGROUND 
1.1. Status of cooling crystallisers in the industry 

Several Australian sugar factories have defunct crystallisers (water leaks from coils, damaged 
drives/shafts) as refurbishments have not been undertaken because the cost of replacing 
conventional coils is typically ~$0.5 m per crystallizer.  As a consequence the final exhaustion of C 
massecuites is reduced and increased sucrose losses in final molasses result.  Reduced sugar 
production due to defunct crystallisers in the industry is valued at more than $4 million per year. 

1.2. Initial trials using the fixed element design of crystallisers 

Four fixed element crystallisers were installed at Victoria Mill (first installation for the 2012 season), 
and one at Broadwater Mill for the 2017 season.  Investigation of the Victoria Mill crystallisers were 
undertaken by QUT and Victoria Mill staff and reported by Wallace and Stobie (2014).  These trials 
reported favourable results with respect to heat transfer and exhaustion although it was recognised 
further investigations were warranted. 

SRI made a change to the method of construction for the Broadwater unit which substantially 
reduced the construction costs. One of the attractions of the fixed element crystalliser is that mills 
can buy custom-made elements and undertake the retrofit operations themselves, thus substantially 
reducing refurbishment costs.  Initial studies in the 2018 season at Broadwater Mill indicated that 
the new design works well and exhaustion performance is perhaps better than the coil design.  A 
comprehensive investigation program was planned in order to fully assess the performance and 
provide the industry with sufficient data to make informed decisions regarding refurbishment of 
defunct crystallisers. 

1.3 Description of the fixed element crystalliser and the crystalliser station at Broadwater 
Mill 

The continuous crystalliser station at Broadwater Mill consists of three horizontal crystallisers, each 
of 45 t massecuite capacity, operated in series flow.  The C massecuite is produced in a SRI 
horizontal continuous pan of 65 m3 capacity with a designed C-massecuite production rate of 20 t/h.  
For typical operation, the massecuite is cooled to ~50°C at the exit of the final crystalliser before 
being heated in a SRI-designed massecuite reheater to 60 to 62°C.  Typically, no molasses lubrication 
is used on the crystallisers.  Prior to refurbishment, the No 1 crystalliser contained Herrison-type 
cooling elements.  The No 2 and No 3 crystallisers contain the Burnett-type rotating coils, with all 
three having fixed speed drives.  The rotational speeds of the coils in No 2 and No 3 crystallisers are 
0.28 and 0.32 r/min, respectively.   

The refurbished crystalliser consists of 12 fixed cooling elements and 14 rotating paddles.  A 
variable-speed drive was installed to allow a rotational speed of the paddles up to 1.45 r/min, 
depending on the massecuite viscosity and imposed torque.  The main improvement provided in the 
cooling elements in the Broadwater unit compared with the cooling elements installed at Victoria 
Mill (Wallace and Stobie 2014) is that the 180° returns were produced by bending the pipe rather 
than modifying and welding commercial 90° pipe bends.  This change has provided substantial cost 
savings and reduced the number of welds to about one-third.   

Fig. 1 shows a plan view of the layout for the No 1 crystalliser at Broadwater Mill.  Importantly, 
paddles are provided adjacent to the end walls of the crystalliser and on either side of the baffle 
located mid-way along the crystalliser.  This arrangement reduces the likelihood of stagnant 
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massecuite existing in these regions.  Fig. 1 shows the arrangement of the massecuite entry and the 
massecuite outflow from the crystalliser.  The inlet is a chute 380 mm wide with the edge nearest 
the end wall 680 mm away from the end wall.  Ideally, the entry chute would be close to the end of 
the crystalliser in order to avoid potential stagnant regions.  The outlet is 1000 mm wide and is close 
to the end wall of the crystalliser.   

 

 
Figure 1.  Plan view of the cooling elements, paddles and interconnections between the elements. 

Fig. 2 shows the internals of the crystalliser before commissioning.  Adjacent cooling elements are 
connected by flanged pipe sections to provide cooling water flow which is countercurrent to the 
direction of massecuite flow. 

 

 
Figure 2  Fixed elements and paddles on the entry end of the baffle at the middle of the crystalliser. 

Table 1 provides the main parameters for the refurbished No 1 crystalliser. 
  



Sugar Research Australia  Final Report - Project 2019/202 

8 
 

Table 1  Main parameters for the design of the fixed element No 1 crystalliser at Broadwater Mill. 

Parameter Value 
Massecuite volume in the 
crystalliser, m3 

30.4 m3 at an operating level of 990 mm above the centre of the shaft which corresponds to the 
top of the cooling elements 

Total cooling surface area, 
m2 63.9 

Total length of pipe in 
crystalliser, m 279 (approximately) 

Cooling surface 
area/volume ratio, m-1 2.1 

Pipes in the cooling 
elements 

65 NB seamless carbon steel pipes Schedule 40 (73 mm outside diameter).  Bends in pipes are 
183 mm centre to centre.   

Features of each fixed 
cooling element 

Total length of straight pipe: 19.6 m 
13 bends per element 
Total length of pipe within the element ~23.2 m  

Number of fixed cooling 
elements 12 (6 on each side of the middle baffle) 

Longitudinal spacing of 
fixed elements 460 mm centre to centre of the pipes in adjacent elements on each side of the middle baffle. 

Bracing to secure the fixed 
cooling elements For each cooling element two braces are provided across the width of the crystalliser.   

Paddles between fixed 
cooling elements and at 
the ends of the crystalliser 

Four paddles, each constructed of angle steel are arranged on the end of a frame located 
between adjacent cooling elements, at the ends of the crystalliser and on either side of the 
middle baffle.  The edges of the paddles are parallel to the shell of the crystalliser and provide 
a clearance of 75 mm to the shell of the crystalliser.  The supporting frame for each paddle is 
also designed to provide shear to the massecuite. 

The two main considerations for selecting the size of the pipe to be used for the cooling elements 
were the width of the crystalliser and the required cooling-surface area/volume ratio.   

Under six of the elements a baffle is installed below the shaft to reduce the likelihood of short-
circuiting of massecuite.  The locations of these baffles are shown in Fig. 1. 

The cooling-water supply to the crystallisers at Broadwater Mill is a closed-circuit system with heat 
removal via a heat exchanger.  River water is used to cool the circulating crystalliser water.  The 
temperature of the cooling water for the crystallisers was consistently ~30°C throughout the season.  
The circulating cooling water is of good quality (with little sediment) as the water is chemically 
treated and make-up water is final condensate. 

The drive on the shaft utilises the previously installed worm drive and wheel and a new geared 
9.2 kW 415-V motor.  This motor is fan cooled to accommodate the variable speed that rotates the 
paddles in the massecuite between 0.5 and 1.45 r/min.  The rotational speed is calculated from the 
frequency signal.  Motor amps are measured and torque is calculated and used as a process variable 
for control.   

Thermocouples located inside thermowells were provided in the massecuite at the entry, just 
upstream of the 5th cooling element and just downstream of the 9th cooling element (counting 
from the massecuite entry end) and at the massecuite outlet.  The temperature of the water was 
measured at the entry, exit and in the 5th cooling element from the massecuite entry end.  The C-
massecuite production rate was determined from the seed rate and molasses rate to the continuous 
pan (a routine output of the control functions of the continuous pan).  The locations of the 
temperature measurements are marked on Fig. 1.  The water flow rate to the cooling elements was 
measured with a magnetic flow meter and was typically between 5 and 8 t/h. 

The control system for the crystalliser comprises the following loops: 
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• Regulate the rotational speed of the paddles to either a set point value (fixed speed 
operation, variable torque) or regulate the speed to achieve a selected torque (torque 
control operation, variable speed); 

• Adjust the cooling water rate to achieve a nominated massecuite exit temperature.  The 
maximum water flow rate was also set by the operator in order to avoid rapid changes in 
water rate in response to the (slowly responding) massecuite temperature. 

Control of the cooling rate of massecuite is confounded by the slow response of measured 
massecuite temperatures to changes in process variables.  Unfortunately for the control system used 
in the 2019 season, the cooling water rate tended to be often at either the nominated maximum 
rate or zero rate.  The on/off operation of the cooling water flow control did not adversely affect the 
exhaustion, but it made it difficult to find extended periods of steady processing conditions for 
calculation of HTC data.  Improvements to the control of cooling rate are discussed in section 7.   
 

2. PROJECT OBJECTIVES 
The objectives of the project were to: 

• evaluate the performance of the fixed element crystalliser at Broadwater Mill,  
• determine the optimal operating parameters for this design, 
• undertake a cost/benefit analysis, and 
• distribute this information to the Australian industry so that factory staff are better 

informed when making investment decisions for upgrading their crystalliser stations. 
 

3. OUTPUTS, OUTCOMES AND IMPLICATIONS 
3.1. Outputs 

The outputs from the project are:- 

• Knowledge of the heat transfer performance, achievable cooling rate, exhaustion and 
residence time distribution of the fixed element crystalliser operating at the No 1 position 

• Effect of rotational speed of the paddles on the heat transfer coefficient (HTC), exhaustion 
and the residence time distribution 

• The preference to control the speed of the paddles to a pre-set torque value 
• The viscous power number (a dimensionless number) for the crystalliser which assists in the 

selection of the drive for the crystalliser in other installations e.g. for different size 
crystallisers, or at different locations in a crystalliser set 

• Practical knowledge for control to better accommodate the slow response of massecuite 
temperature to changes in processing conditions e.g. change in cooling rate 

• Knowledge of the need to vent entrained air from the cooling water circuit to ensure 
adequate water flow rate through the cooling elements is achieved  

• Assessment of the cost/benefit of the fixed element crystalliser relative to the conventional 
coil design 

• List of advantages and disadvantages of the fixed element crystalliser compared with the coil 
design 

• Sufficient knowledge concerning the performance, design, operation and control of the fixed 
element crystalliser to assist mill staff to install new fixed element crystallisers or to 
refurbish existing crystallisers.  The fixed element design is suitable for use in crystallisers 
operating in continuous flow or batch mode.  
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The information provided by this project will be used by Production Managers and Project Engineers 
in deciding on the use of the fixed element design of crystalliser and implementing the design into 
factory operations. 

No further research work is required before other mills can adopt this technology. 

3.2. Outcomes and Implications 

The main outcome is the provision of a design of internals for horizontal cooling crystallisers which, 
relative to the conventional coil design, provides superior performance (with respect to heat 
transfer, exhaustion and flow profile through the crystalliser), is cheaper to install and provides 
several practical advantages.  The design is suitable for new crystallisers or refurbishing defunct 
crystallisers.  The application of the design provides increased sugar production and less cost in 
manufacture, resulting in increased profitability. 

There are no direct environmental benefits or costs. 

Increased profitability of sugar factories provides social benefits.  Another social benefit is the 
elimination of tedious maintenance that is required with coil crystallisers when a leak develops.  
Because the fixed element design comprises several cooling elements for which individual pairs of 
elements are able to be bypassed, the need to liquidate a crystalliser and make the repair during the 
season is avoided.  Only a slight reduction in performance would occur through bypassing a pair of 
elements. The repairs can be delayed till the off season. 

 

4. INDUSTRY COMMUNICATION AND ENGAGEMENT 
4.1. Industry engagement during course of project 

As stated in section 3.2 the main outcome is the provision of a design of internals for horizontal 
cooling crystallisers which, relative to the conventional coil design, provides superior performance 
(with respect to heat transfer, exhaustion and flow profile through the crystalliser), is cheaper to 
install and provides several practical advantages.  The design is suitable for new crystallisers or 
refurbishing defunct crystallisers.  The application of the design provides increased sugar production 
and less cost in manufacture, resulting in increased profitability.  The fixed element design is suitable 
for continuous flow or batch crystallisers.   

To date there has been no communication with any of the SRA Adoption Officers.  Discussions have 
been held with one mill which needs to refurbish several crystallisers. 

The information available for adoption by the Australian sugar industry is listed in the Outputs. 

A paper has been prepared for presentation at the 2020 ASSCT Conference.  As well QUT will present 
a seminar on the results at the Research Seminars to be held in the five main cane growing regions 
in March/April. 

4.2. Industry communication messages 

The communication message from the project is summarised in the first paragraph of section 4.1.  It 
is repeated here for completeness. 

As stated in section 3.2 the main outcome is the provision of a design of internals for horizontal 
cooling crystallisers which, relative to the conventional coil design, provides superior performance 
(with respect to heat transfer, exhaustion and flow profile through the crystalliser), is cheaper to 
install and provides several practical advantages.  The design is suitable for new crystallisers or 
refurbishing defunct crystallisers.  The application of the design provides increased sugar production 
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and less cost in manufacture, resulting in increased profitability.  The fixed element design is suitable 
for continuous flow or batch crystallisers.   

 

5. METHODOLOGY 
The methodology for the project was to:- 

• Investigate heat-transfer performance.  Measurements were undertaken for a range of 
rotational speed of the paddles, inlet massecuite composition and cooling water flow rate 
(affecting the outlet massecuite temperature).  The investigations allowed calculation of the 
heat transfer coefficient at the cooling elements and also the loss of heat from the 
massecuite to the atmosphere.  The logged performance data (from the factory’s DCS) were 
interrogated to select periods of longer than 5 h when the water flow rate and other 
processing conditions such as torque were reasonably steady.  This approach was necessary 
because of the slow response of massecuite temperature in the crystalliser to changes in 
processing conditions. 
 

• Measure massecuite exhaustion tests.  At various times through the season massecuite 
samples were taken at the entry to No 1 crystalliser and at the exit of No 1 crystalliser and 
pressure-filtered mother-molasses samples were obtained using a Nutsch apparatus.  The 
massecuite and mother-molasses samples were analysed for sucrose by double polarisation 
and dry substance (by vacuum oven drying) using Methods 18 and 19, respectively, of the 
BSES Laboratory Manual.  The massecuite samples were taken at the exit of No 1 crystalliser 
at a time corresponding to the estimated mean residence time for massecuite in the 
crystalliser after the entry sample was taken. 

The pan-drop C massecuites were ‘as produced’ with no particular effort made to process 
massecuites with high or low levels of exhaustion (e.g. at a particular impurity/water (I/W) 
ratio).  Some exhaustion tests were undertaken with the paddles at high speed (1.2 to 1.45 
r/min) or low speed (0.5 r/min) and the extent of massecuite cooling in No 1 crystalliser 
ranging between 6 and 10°C.  Production interruptions prevented a paired test program with 
changed processing conditions being conducted on successive days of trials. 
On occasions, massecuite and mother molasses samples were also obtained at the exit of 
No 3 crystalliser and at the exit of the massecuite reheater, again after making allowance for 
the residence times in the total crystalliser set and reheater.  A final molasses sample was 
also obtained on a few occasions.   

 
• Measure the residence-time distribution of the massecuite flow through the crystalliser. The 

residence time was measured at two different rotational speeds of the paddles.  Two series 
of lithium tracer tests were undertaken to determine the residence-time distribution of the 
massecuite flow through No 1 crystalliser (Test A on 15 October 2019 and Test B on 17 
October 2019).  The test procedure followed that described by Wright and Broadfoot (1977).  
The concentration of lithium in the massecuite samples collected at the outlet were 
analysed at QUT using the ICP-AES (Inductively coupled plasma atomic emission 
spectroscopy) technique.  The residence-time studies were undertaken with different paddle 
rotational speeds viz., 1.25 r/min (Test A) and 0.5 r/min (Test B).  The massecuite rate was 
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12 t/h for Test A and 10 t/h for Test B.  The intention was to undertake both tests at the 
same massecuite rate (just different speeds), but reduced crushing rate for Test B restricted 
the production rate at the time.  The rotational speeds were consistent through each test 
period and the massecuite cooled from inlet to outlet by 8.6°C and 7.0°C for Test A and Test 
B, respectively.  The I/W of the massecuites were reasonably similar for the two tracer tests 
at 4.7 and 4.4, respectively. 

The surface of the massecuite was maintained level with the top of the cooling elements for the 
entire season.  The massecuite level is set by the position of the weir at the massecuite outlet of the 
crystalliser.  At this operating level, the paddles emerge by ~200 mm above the massecuite surface 
and the tops of the cooling elements are just submerged1.  There is minimal head difference (~10 
mm) in the massecuite for the full length of the crystalliser.   

Unfortunately, the factory experienced front-end processing difficulties, and this required the 
crushing rate to be reduced for several weeks.  Therefore, the C massecuite production rates were 
reduced to as low as 8 t/h compared with periods earlier in the season of up to 16 t/h.  Table 2 
shows the estimates of mean residence times in No 1, No 2 and No 3 crystallisers for different C 
massecuite production rates, including for the design rate for the CVP of 20 t/h.  One consequence 
of the low C massecuite rate and the slow response of measuring massecuite temperatures in 
thermowells was that the cooling-water flow would be stopped for extended periods when the 
massecuite at the exit of No 1 crystalliser reached set point. 

 
Table 2  Estimates of mean residence times in the crystallisers at different C massecuite processing rates. 

C massecuite 
rate, t/h 

Residence times in the crystallisers, h 
No 1 No 2 No 3* Total 

8 5.6 5.6 3.4 14.6 
10 4.5 4.5 2.7 11.7 
12 3.7 3.7 2.3 9.7 
14 3.2 3.2 1.9 8.3 
16 2.8 2.8 1.7 7.3 
18 2.5 2.5 1.5 6.5 
20 2.3 2.3 1.3 5.9 

*Based on the massecuite level being 60% of full level. 
 

6. RESULTS AND DISCUSSION 
6.1. Heat transfer performance 

Fig. 3 shows examples of the massecuite temperature profiles linking the inlet and outlet 
temperatures through the two intermediate temperatures at different processing conditions.  These 
profiles were selected to show extremes of rotational speed and reduction in massecuite 
temperature (as determined by the operator selected set point for massecuite outlet temperature).  
The inlet temperature of the massecuite was generally 70±2°C.  For all test conditions. the profile of 
the massecuite temperature was close to linear with distance along the crystalliser, with a slightly 
faster rate of decline in massecuite temperature in the entry end of the crystalliser (as expected). 

 

 
1 Steindl (1987) demonstrated the benefit to heat transfer and increased shear generated within the massecuite 
for coil type crystallisers when the rotating coils protrude above the surface of the massecuite.   
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Figure 3  Examples of massecuite temperature profiles.  

Selected logged data collected under steady operating conditions were analysed to provide heat flux 
values to the cooling-water stream and from the massecuite, for a range of processing conditions, 
with the difference being attributed to the heat loss from the massecuite to the atmosphere.  On 
average, the heat loss to atmosphere was 3 to 4% of the total heat loss from the massecuite.  No 
clear difference was found between the heat loss in winter versus summer or night versus day. 

Fig. 4 provides the calculated HTC at the surfaces of the cooling elements based on the heat flux 
transferred to the water.  For the usual conditions, the log mean temperature difference was ~30°C 
and the temperature difference at both the inlet and outlet ends ranged between 28 and 32°C.  The 
limited amount of data in Fig. 4 was a consequence of the lack of steady conditions available for the 
required periods of several hours in the logged DCS data.  For most of the season the crystalliser was 
operated at a fast rotational speed and it was only during the test period that a low speed was used. 

 

 
Figure 4  HTC data for the No 1 crystalliser as a function of speed of the paddles.  

The HTC data in Fig. 4 are shown as a linear function of the rotational speed of the paddles, with 
higher HTC values obtained when the paddles are rotating at higher speeds.  HTC values increased 
by 20% when the rotational speed doubled.  This dependency on rotational speed is similar to that 
reported by Steindl (1987) for a coil type crystalliser (at No 1 position) where the HTC varied almost 
linearly with the rotational speed, with a 20% increase in HTC for a doubling of the rotational speed. 

The calculated HTC values for No 1 crystalliser ranged between 25 W/m2/K at 0.5 r/min and 32 to 
36 W/m2/K at 1.45 r/min.  These latter values are similar to those reported by Wallace and Stobie 
(2014) for the fixed-element crystallisers at Victoria Mill for which the speed range was 0.8 to 
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1.2 r/min.  Wallace and Stobie (2014) also provided a summary of HTC values in several coil type 
crystallisers which ranged between 20 and 30 W/m2/K, with the majority having values between 20 
and 25 W/m2/K.   

The data for the fixed-element crystallisers at both Victoria and Broadwater Mills show that the HTC 
is superior to that of the coil designs.  In addition, the cooling surface/volume ratio is similar to the 
conventional coil design, thus ensuring that the achievable massecuite cooling rates in the fixed-
element design are comparable to or faster than the rotating-coil design.   

The value of torque divided by speed is proportional to the viscosity of the massecuite for a specific 
crystalliser.  This parameter was used to investigate if the HTC values were affected by massecuite 
viscosity (Fig. 5).  A weak correlation exists indicating that slightly lower values of HTC were 
calculated when the massecuite viscosity was higher. 

 

 
Figure 5  The effect of massecuite viscosity (as related to torque/speed) on HTC.  

6.2. Power consumed in the crystalliser drive 

During the test periods the motor current for the crystalliser drive varied between 9 and 16 A, 
corresponding to a power draw (assuming a power factor of 1.0) of 3.7 to 6.6 kW.   

The fluid power demand of a crystalliser can be characterised by the Viscous Power Number as 
defined in the dimensionless group: 

𝑉𝑉𝑉𝑉 = 𝑃𝑃/(𝜇𝜇 𝑁𝑁2 𝐿𝐿3) 

where: P = power consumed, W; µ = massecuite viscosity, Pa.s.  The consistency value for a shear 
rate of 1 s-1 is used; N = rotational speed, r/s; L = crystalliser width, m. 

For a specific crystalliser the values of Vp based on fluid power are expected to be largely 
independent of rotational speed.  Webster et al. (1979), using laboratory-scale crystallisers, 
determined the value of Vp for several different types of rotating-coil crystalliser designs and found 
that, in addition to the design of the coils, the clearances between the outer edges of the coils and 
the shell of the crystalliser, the number of baffles within the vessel and the clearances of the coils to 
those baffles influence the value of Vp.  The values ranged between 1800 for a double-helix coil 
crystalliser with three baffles and small clearances to 500 for a concentric coil design having one 
baffle and large clearances.  These values are for the fluid power only and do not include the effect 
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of mechanical losses which may double or perhaps increase by 2.5 times the value of Vp for 
consumed motor power.   

For the No 1 crystalliser at Broadwater Mill, data were not available for the consumed fluid power, 
so the value calculated for Vp is for the consumed power for the drive.  Only a small amount of 
reliable data could be obtained for Vp based on the periods when massecuite and mother molasses 
samples were obtained (refer section on massecuite exhaustion) and at the same time the logged 
processing conditions were steady for extended periods.  The results for Vp are shown in Table 3.  
The consistency of the massecuite used in the calculation is the average of the consistency 
estimated at the inlet and at the outlet of the crystalliser (refer section on massecuite exhaustion).  
The values (based on consumed power) range between 1000 and 2000 and appear to be largely 
independent of speed (across the limited range of data). 

 
Table 3  Values of Vp based on consumed motor power for the No 1 crystalliser. 

Speed, r/min Value of Vp 
1.16 1112 
1.39 1621 
1.39 1919 
1.42 1332 
1.44 1679 
1.44 1683 
1.44 1076 
1.16 1112 
1.39 1621 

Assuming the consumed power of the drive is twice the consumed fluid power, the estimate of Vp 
based on fluid power for the fixed element crystalliser at Broadwater Mill is 750 on average (range 
500 to 1000), which is in the range of the values obtained by Webster et al. (1979). 

The value of Vp determined for the fixed element crystalliser allows the power to be specified when 
a fixed-element design of crystalliser of different dimensions and/or processing different conditions, 
e.g. for a crystalliser located at a different position, is to be used.  An adjustment would be required 
to the Vp value if the clearances between the ends of the blades and the cooling elements or shell of 
the crystalliser differ from those in the No 1 crystalliser at Broadwater Mill.  For example, if larger 
clearances are provided for a fixed element design in a final crystalliser to suit the processing of the 
high viscosity massecuite a slightly lower value for Vp would be appropriate to calculate the required 
motor power. 

6.3. Massecuite exhaustion 

Table 4 presents the results of the exhaustion tests for No 1 crystalliser.  The RS/ash values at the time 
of the exhaustion trials ranged between 1.35 and 1.54. 
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Table 4  Results of exhaustion tests on No 1 crystalliser.  

Date 
C 

massecuite 
rate, t/h 

Speed of 
paddles, 

r/min 

Temperature 
drop in 

massecuite, 
°C 

Massecuite entering No 1 crystalliser Purity of 
mother 

molasses 
entering No 1 

crystalliser 

Purity of 
mother 

molasses 
exiting No 1 
crystalliser 

Purity drop 
in mother 

molasses in 
No 1 

crystalliser 

Dry 
substance 

True 
purity I/W 

24/9* 12 1.39 5.9 92.0 64.2 4.1 48.9 43.5 5.4 
25/9* 10 1.39 8.8 92.1 64.8 4.1 46.9 43.2 3.7 
26/9 10 0.49 6.2 92.3 65.5 4.1 46.9 42.6 4.3 
8/10 12 1.44 8.6 91.4 64.3 3.8 47.4 43.5 3.9 
14/10 12 0.48 6.2 92.6 64.5 4.4 45.6 41.4 4.2 
15/10* 12 1.25 8.6 92.8 63.8 4.7 46.2 41.4 4.8 
16/10 8 0.74 6.0 93.4 63.8 5.1 43.8 39.6 4.2 
17/10* 10 0.48 7.0 92.5 64.0 4.4 44.7 40.7 4.0 
18/10 12 1.44 10.4 92.2 62.4 4.4 45.1 40.2 4.9 

*For these tests, massecuite and mother molasses samples were also obtained for the exit of crystalliser No 3, the massecuite reheater and C 
molasses. 

The consistency of the massecuite at the entry and exit of the No 1 crystalliser was estimated using 
the expression given by Broadfoot et al. (1998) (equation 6 with factor 1.43 replacing 1.14 for C 
massecuites).  Table 5 provides the average consistency value and the range of values. 

Table 5  Estimated consistency values for the massecuite at the entry and exit of No 1 crystalliser. 

Location Consistency, Pa.sn 
Range of values Average 

Entry to No 1 crystalliser 155 to 475 265 
Exit of No 1 crystalliser 340 to 1430 690 

Data for the whole crystalliser station, the massecuite reheater and C molasses are provided in 
Table 6 for the selected runs.  The processing conditions for these tests are provided in Table 4. 

Table 6  Exhaustion data for the whole crystalliser station.  

Date 
C 

massecuite 
rate, t/h 

Purity drop in 
No 1 

crystalliser 

Purity drop exit No 
1 crystalliser to 

exit No 3 
crystalliser 

Purity drop across 
the reheater relative 

to exit of No 3 
crystalliser 

Purity drop exit 
No 1 crystalliser 
to exit reheater 

Purity rise in the 
C fugals relative 

to exit of 
reheater 

24/9 12 5.4 2.7 0.5 3.2 2.4 
25/9 10 3.7 3.3 0.6 3.9 1.9 
15/10 12 4.8 - - 3.0 2.9 
17/10 10 4.0 - - 2.6 - 

The results in Table 4, Table 5 and Table 6 show: 
• The massecuites from the continuous pan were of ideal purity for good exhaustion 

performance, being typically 64 to 65 true purity.  The massecuite I/W values were also at 
appropriately high levels and two runs were at very high I/W (i.e. > 4.5).  The purity drop in 
the C massecuite in the pan-discharge massecuite averaged 17.9, indicating a high level of 
exhaustion.  The average consistency of pan-discharge massecuite of 265 Pa.sn is high by 
industry standards. 

• The purity drop in the mother molasses in No 1 crystalliser averaged 4.7 units.  This level of 
exhaustion is substantially greater than is usual for a residence time of ~4 h, especially for a 
C massecuite of 64 to 65 true purity.  The purity drop in No 1 crystalliser accounted for two-
thirds of the purity drop across the whole set of crystallisers. 

• For massecuites of higher I/W (e.g. 4.4 and higher) the purity of the mother molasses exiting 
No 1 crystalliser was lower.  This result was achieved through a combination of greater 
exhaustion achieved in the continuous pan and strong exhaustion in No 1 crystalliser.  The 
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lowest purity of mother molasses at the exit of No 1 crystalliser was achieved with the 
highest I/W in the massecuite (I/W 5.1). 

• Based on two trials only, the reheater is not dissolving crystals but providing a small amount 
of additional crystallisation. 

• The purity rise in the molasses during fugalling was between 2 and 3 units (based on three 
tests only).  A purity rise of less than 2 units would have been in line with industry best 
practice. 

Calculation of the supersaturation of the mother molasses at the exit of No 1 crystalliser showed, in 
order to maintain sufficiently high supersaturation driving force for continued crystallisation in 
subsequent crystallisers, the cooling rates shown in Table 7 were appropriate.  These recommended 
cooling rates generally agree with the industry guidelines for maximisation of exhaustion.   

Table 7  Appropriate cooling rates in No 1 crystalliser for massecuites of different I/W.  

Massecuite I/W Appropriate cooling rate, °C/h 
3.8 In excess of 3 
4.0 to 4.4 In excess of 2.5 
5.1 1.5 to 2.0 

 
6.4. Residence time distribution of massecuite flow 

The results for the residence-time distributions for the two tests are shown in Fig. 6.  As mentioned 
in section 5 the residence-time studies were undertaken with different paddle rotational speeds viz., 
1.25 r/min (Test A) and 0.5 r/min (Test B).  Also shown on Fig. 6 are the mean residence times from 
the distributions.  The nominal residence times at a massecuite flow rate of 12 t/h is 3.75 h and at 10 
t/h is 4.5 h. 

 

 
Figure 6  Residence time distributions for massecuite flow in the fixed-element crystalliser.  

The residence time distributions show that: 
• Of the two distributions, a narrower spread of residence times is achieved for the higher 

rotational speed.  For Test B some massecuite travelled to the outlet slightly faster than for 
Test A, even though the massecuite inflow rate was slower.  The slower rotational speed for 
Test B may have allowed some massecuite to travel longitudinally faster than for Test A 
where the faster rotational speed most likely produced a stronger transverse flow. 
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• For Test A the first tracer did not appear at the outlet until 95 minutes had elapsed.  For Test 
B, the elapsed time was 65 minutes. 

• There is no evidence of shortcircuiting flow of massecuite along the crystalliser at either 
rotational speed. 

• There is evidence of some massecuite being held aside from the main flow stream as shown 
by the ‘bulge’ in the tail section of the distribution.  Most likely this material travelled into 
the section upstream of the massecuite entry (see section 1.3 for the description of the 
crystalliser arrangement) and then gradually moved out from this region over time into the 
main flow stream of massecuite. 

Both residence-time distributions compare favourably with those reported by Broadfoot (1973) for 
Werkspoor and coil-type crystallisers as shown by the coefficient of variation data in Table 8.   

 
Table 8  Data for residence-time distributions for various types of cooling-crystalliser arrangements in the 
industry.  

Crystalliser layout Coefficient of variation 
Six-coil-type crystallisers in series at Mossman Mill*  0.43 
Single 14-compartment Werkspoor crystalliser at Pleystowe Mill* 0.55 
Two Werkspoor crystallisers in parallel followed in series by two 
Blanchard crystallisers in parallel at Marian Mill* 0.81 

Single fixed-element crystalliser at Broadwater Mill  0.40 (Test A) and 0.58 (Test B) 
*See Broadfoot (1973). 

The residence-time distributions for both tests on the No 1 crystalliser at Broadwater Mill, and 
particularly for Test A, are considered to be excellent results. 
 

6.5. Water flow considerations 

The water flow through the cooling elements is countercurrent to the massecuite flow with the 
water passing across the width of one cooling element before passing to the next.  For a water flow 
rate of 5 t/h, the pressure drop is estimated at 25 kPa and for 8 t/h at 62 kPa.  It is important that air 
is vented from the water circuit in order to prevent a higher pressure drop being generated.  For the 
Broadwater No 1 crystalliser, air vents are provided on two of the interconnecting pipes. 
 

6.6. Modelling of the performance of the fixed element crystalliser 

The actual exhaustion performance of the fixed-element crystalliser was compared with the 
expected performance as predicted by the SRI model of cooling crystallisation.  The predictions from 
the model were derived using typical input parameters that have been shown in previous 
applications of the model to provide a reasonable match to the exhaustion achieved in crystalliser 
stations at other Australian factories.   

For the model a key parameter that needs to be determined is the effective shear rate (s-1) applied 
to the massecuite, which is a function of the rotational speed of the paddles, clearance of the 
paddles to the cooling elements and the wall and generally the manner in which the massecuite 
flows and intersects with other sections of massecuite.  For coil crystallisers, the shear rate is usually 
specified as equal to 0.04 s-1 at a coil rotational speed of 0.5 r/min, with shear rate being linearly 
proportional to speed.  The same shear rate relationship was used to model the performance of the 
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fixed element crystalliser.  The model was run for each set of process conditions in Table 4.  In all 
cases, the actual purity drop in No 1 crystalliser exceeded the predicted purity drop, with the 
average additional purity drop being 1.7 units i.e. 35% greater. 

The scope of the project did not allow further investigation of the reasons for the substantially 
greater exhaustion being achieved by the crystalliser.  Possible reasons are: 

• The molasses at the time of the trials exhibited abnormally fast crystallisation properties.  
However, subsequent exhaustion in the No 2 and No 3 crystallisers was not unusually strong. 

• The effective shear rate within the fixed-element crystalliser is substantially greater than 
generated in a coil crystalliser at the same rotational speed.  Visually, the crystalliser 
provides a strong shearing action on the massecuite (as can be seen in Fig. 7).  As well, the 
shear-rate dependency within the growth rate expression of the SRI model may not be 
sufficiently strong to account for the additional exhaustion.  This may indicate a deficiency in 
the model for higher shear-rate conditions.   

 

 
Figure 7  View at the exit end of No 1 crystalliser at a rotational speed of 1.2 r/min.  

7. APPLICATION OF FIXED ELEMENT CRYSTALLISERS 
7.1 Cost/benefit considerations 

The refurbishment of the No 1 crystalliser with the fixed element design at Broadwater Mill cost 
$174,000 (in 2017)2.  The cost to refurbish a crystalliser of 70 m3 which is a common size in the industry 

 
2 The costs of refurbishing No 1 crystalliser at Broadwater Mill included the steps described below.  All steps were 
undertaken by Broadwater staff unless indicated otherwise:- 

• Removal of the defunct coils 
• Retention of the shaft, worm drive and internal baffle midway along the crystalliser 
• Supply from an external contractor of the 12 fully completed fixed cooling elements with flanged 

connections 
• Construction of the paddle system  
• Installation of the fixed cooling elements and paddle system  
• Purchase and installation of a 9.2 kW geared motor and VF drive 
• Purchase and installation of the instrumentation and control loops on the factory’s DCS. 
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is estimated at $350,0003 (in 2020).  Discussions with industry personnel suggest that refurbishment 
of a 70 m3 coil crystalliser would be ~$500,000 (and possibly higher).  Hence the cost of refurbishing a 
crystalliser using the fixed element design is estimated at ~70% of the conventional coil design.  The 
costs are influenced by the access to the site for which the fixed element design would generally 
provide additional savings. 

Based on the refurbishment costs for the fixed element crystalliser likely being lower than for the coil 
crystalliser and the strong performance results demonstrated for the No 1 crystalliser at Broadwater 
Mill, the use of the fixed element design appears to be a financially attractive solution for refurbishing 
the horizontal crystallisers in several Australian factories. 

7.2 Use of the fixed element design at other locations in the crystalliser set 

For crystallisers located at or near the end of a continuous flow station the design could incorporate 
fewer fixed elements per unit length of crystalliser as a smaller cooling surface area/volume ratio is 
required.  The paddles between the fixed elements would be longer and the rotational speed slower.  
A slightly larger gap would be provided between the paddles and the fixed elements.  A fixed speed 
drive would be adequate for the final crystalliser.  

One of the requirements for crystallisers located near the outflow end of a continuous set or at the 
end of the curing time for batch crystallisers is to be able to effectively reduce the massecuite 
viscosity by adding molasses or a fine spray of water to the surface.  It is important that the 
movement of the massecuite effectively and quickly mixes this lubricating material into the 
massecuite.  This aspect was not investigated in this project but previous studies at Victoria Mill 
showed effective mixing was achieved by the fixed element design.  

7.3 Use of the fixed element design in batch crystallisers 

Where the fixed element design is to be used in a batch crystalliser the massecuite consistency will 
vary from ~250 Pa.sn when filled with pan discharge massecuite to ~1600 Pa.sn at the end of cooling.  
Thus the design parameters (such as gaps between the paddles and the cooling elements and shell) 
will be determined largely by the ‘end of cooling’ conditions.  A variable speed drive operating to 
torque control is recommended so that the benefits of faster cooling and increased crystallisation 
are achieved when processing the lower viscosity massecuite near the start of the batch cycle.  The 
fixed element design would be equally suitable for batch crystallisers as for continuous flow 
crystallisers.  

8. RECOMMENDATIONS FROM OPERATIONAL EXPERIENCE 
Operating experience with the fixed-element crystalliser at Broadwater Mill has provided the 
following list of recommendations: 

• Torque control of the variable-speed drive is favoured, as this ensures the paddles are 
rotated at the maximum speed for the prevailing viscosity of the massecuite, while still 
providing protection to the crystalliser drive equipment.  Operation at higher rotational 
speed is favoured in the No 1 crystalliser position, as this provides benefits in terms of 
increased heat transfer and a narrower residence-time distribution.  Increased crystallisation 
rate is also expected, but this benefit was not evaluated in the test program. 

 
3 Estimated by applying the 0.7 exponential function based on the volume of massecuite in the larger crystalliser; 
inflation applied at 3% per annum. 
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• A closed, recirculating water system is favoured for all cooling-crystalliser systems.  There is 
a need to ensure that the circulating cooling-water system avoids excessive entrapment of 
air, e.g. the water return to the tank should be submerged.  In addition, air vents should be 
installed on the pipework to vent air when the cooling-water system is being started or after 
repair.  It is advisable to install an air-release transducer on the top of one or two elements. 

• For all designs of cooling crystallisers, the control of the temperature of the massecuite by 
regulating the cooling-water flow rate is made difficult by the slow response of the 
measured massecuite temperatures.  Ideally, the massecuite temperature at the exit of a 
crystalliser would be controlled to a set point, as this would ensure that the massecuite 
viscosity is consistent (assuming the massecuite is at consistent I/W).  Control that provides 
a smaller change in water rate when the massecuite temperature is close to set point and a 
larger change in water-flow rate when the massecuite temperature is further from set point 
may be suitable.  The setting of a maximum allowable water rate should still be used.   

9. CONCLUSIONS 

The No 1 crystalliser at Broadwater Mill was refurbished by replacing the Herrison-type internals 
(fixed-speed drive) with an SRI-designed fixed element, rotating paddle (variable-speed) design.  The 
cooling elements were manufactured by an external supplier and the installation completed by the 
mill’s engineering staff. 

Evaluation of the crystalliser has shown good heat-transfer performance, ability to cool massecuite 
by more than 3°C/h (if required), a very narrow residence-time distribution with no short-circuiting 
flow, and excellent exhaustion.  The purity drop in the mother molasses in the No 1 crystalliser was 
about two-thirds of the total purity drop for the entire set of three crystallisers. 

The good overall performance with respect to heat transfer, residence-time distribution and 
exhaustion is attributed to the paddles providing strong flow of massecuite transversely and also 
longitudinally to generate flow across the cooling surface. 

Torque control of the variable speed drive is recommended as this allows rotation of the paddles at 
maximum speed for the prevailing viscosity of the massecuite, while limiting the stresses on the 
drive components. 

The fixed-element design proved to be an economical solution for Broadwater Mill to refurbish their 
No 1 crystalliser.  The design is well suited for new crystallisers and to replace the internals of 
horizontal crystallisers at all positions within the crystalliser station.  The design with variable speed 
drive is also suitable for batch crystallisers. 

 

10. RECOMMENDATIONS FOR FURTHER RD&A 
No additional research is required before other factories can use the fixed element design for the 
installation of new horizontal crystallisers or to refurbish existing crystallisers.  If required, SRI can 
assist mills in specifying the appropriate dimensions for the elements, specifying the drive for the 
paddles and assist in locating a supplier capable of bending pipe to the required dimensions.  
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11. PUBLICATIONS 
A paper titled “Performance of the SRI fixed element cooling crystalliser at Broadwater Mill” has been 
prepared for presentation at the 2020 ASSCT Conference. 

Seminars to report the results and application into the industry will also be presented to mill staff in 
all the cane growing regions in the Research Seminar series to be conducted in March/April 2020. 
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14. APPENDIX 
14.1. Appendix 1 METADATA DISCLOSURE 

Table 9 Metadata disclosure 1 

Data  All files located in single folder  4388 

Stored Location  QUT server for CAB (Centre for agriculture and the Bioeconomy).  
SRI/Projects/4388 

Access  

 

Access restricted to SRI staff in CAB 

Contact  

 

Ross Broadfoot/Iman Ashtiani Abdi 
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