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ABSTRACT 

For the 2018 season Bundaberg Sugar installed a 4000 m2 falling film tube evaporator (FFTE) of the 
BMA design at No 1 evaporator position at Bingera Mill.  This was the first installation of a FFTE into 
the Australian industry.  An evaluation program was undertaken during the 2019 season to assess the 
performance with respect to heat transfer efficiency, effect of scaling rates on heat transfer, 
deentrainment efficiency of the juice droplets from the vapour outflow stream and the general 
operational performance.  As well tracer studies were undertaken to determine the distribution of 
residence times for juice in the evaporator.  Measurements were also undertaken to determine the 
extent of sucrose degradation occurring within the evaporator. Overall the evaporator has performed 
well with respect to the above list of test parameters.  However, the effect of scaling on heat transfer 
efficiency was only able to be evaluated for typically 120 hours of operation as the mill was restricted 
to 5 day crushing operations each week due to the small drought affected crop.  A chemical clean of 
the evaporator was undertaken on shutdown each week.   

During the two seasons of operation the FFTE at Bingera Mill has performed very well. The evaluation 
trials have shown the heat transfer performance is comparable to the better performing Robert No 1 
evaporators in the industry, and also the test program has not shown any major disadvantages of the 
FFTE compared with a Robert evaporator. 
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EXECUTIVE SUMMARY 

Falling film tube evaporators (FFTE) have been widely adopted by the beet sugar industry for several 
decades and many beet factories have installed complete FFTE stations, including stations comprising 
six and seven effects. Currently, it is estimated that there are more than 350 FFTEs in the cane sugar 
industry and good reports are being provided.  

During the 2019 season evaluation trials were undertaken on the BMA design FFTE at Bingera Mill 
installed at No 1 evaporator position which is the first installation of an FFTE into an Australian factory.  

The 4000 m2 calandria of the FFTE at Bingera Mill comprises stainless steel tubes 8 m long , 44.5 mm 
outside diameter, wall thickness 1.5 mm. The unit stands 24.2 m tall and has a diameter of 3.8 m at 
the base and 4.1 m at the steam inlet and above the calandria. The calandria has a single steam entry, 
multiple noxious gas offtakes (at the top and bottom), and three condensate outlets. The juice 
circulation pump is fitted with a 110 kW 415-volt motor (variable speed).  The trials determined the 
heat-transfer performance for different cleaning cycles. The residence-time distribution for juice flow 
and the sucrose losses through the evaporator were also measured.  Because of the small drought 
affected crop Bingera Mill crushed for 5 days each week with a stop at weekends.  The evaporator was 
given a chemical clean each weekend. The investigations were primarily undertaken by QUT staff with 
assistance and complementary testing undertaken by Bingera staff.  The main conclusions from the 
test program were:- 

• HTC values at the start of the week following the clean were typically in the range 3000 to 
3250 W/m2/K and after 5 days operation were typically ~2750 W/m2/K or slightly higher.  
These HTC values are comparable to the better performing Robert evaporators at No 1 
position in the industry.  On average, the rate of HTC deterioration is 65 W/m2/K per day. 
Reports show that typical values for Robert evaporators (averaged over two weeks of 
operation) at No 1 position is between 2000 and 3000 W/m2/K. Also, based on the average 
HTC values following each cleaning procedure, it appears that for the first half of the season 
neither caustic soda nor sulphamic acid (used alternate weekends) provided a more effective 
clean. However, for the latter half of the season the caustic soda clean resulted in a higher 
average HTC for the week. 

• The de-entrainment system worked effectively with negligible sucrose being detected in the 
condensed vapour. Examination of the weekly averaged pressure differential across the 
louvres over 14 weeks showed an increase from 1 kPa at the start of the season to 1.3 kPa at 
the end of the season. This increase is attributed to a gradual build-up of scale or sugar 
deposits within the louvres. The chemical used for cleaning the heating tubes did not appear 
to affect the extent of cleaning of the louvres as judged by any change in pressure differential 
after each chemical clean. 

• Lithium tracer studies have shown the residence time distribution for juice in the FFTE 
approximates a delay time of 70 to 155 s followed by an exponential decay with about 95% of 
the entering juice having passed through the evaporator within 12 to 15 minutes. The mean 
residence time was measured at ~4 minutes. The holding time for juice in the FFTE is shorter 
than for a Robert evaporator which would be beneficial for reducing sucrose degradation at 
conditions of high juice boiling temperature, 

• Sucrose losses (based on three tests) of ~0.13% were measured across the FFTE. These values 
are higher than expected with the value being about twice that predicted. Further testing of 
sucrose losses is warranted. 

Compared with the Robert evaporators the FFTE provides several advantages including: 
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• Mean residence time for juice of 4 minutes for the FFTE compared with a mean residence time 
between 5.5 and 8.6 minutes in a Robert evaporator, of the same heating surface area. The 
range of residence times for the Robert evaporator depends on the selected dimensions for 
the heating tubes. The shorter residence time will reduce the extent of sucrose degradation 
which is of greater importance when the boiling temperature in a No 1 evaporator is high e.g. 
for cogeneration factories, 

• Smaller footprint for the FFTE.  The diameter of the FFTE was 3.8/4.1 m whereas a 4000 m2 

Robert evaporator would have internal diameters of 8 m when using conventional tubes 
(44.45 mm outside diameter, 2 m long) and 6.1 m for tubes of 38 mm outside diameter, 3 m 
long. The footprint for the FFTE also requires space for the juice circulation pump, 

• Cheaper installation for the FFTE. Indications are there would be a slight cost saving by 
installing a FFTE compared to a Robert evaporator.  

Bingera production staff were careful to consistently undertake the chemical cleaning procedures to 
defined best practice, as it is essential that scale is effectively removed from the distributor and tube 
surfaces and that minimal loose scale remains in the vessel after each chemical clean. 

The FFTE, the ancillary equipment and the controls performed well and provided a robust operation. 
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1. BACKGROUND 
1.1. Status of falling film tube evaporators in the industry 

Falling film tube evaporators (FFTEs) have been widely adopted by the beet sugar industry for several 
decades and many beet factories have installed complete FFTE stations, including stations comprising 
six and seven effects. Currently, it is estimated that there are more than 350 FFTEs in the cane sugar 
industry and good reports are being provided. The FFTE at Bingera Mill is the first installation into an 
Australian factory.  As demonstrated in the recently completed Blueprint project (SRA 2015/043) 
FFTEs provide very short residence times and so the extent of sucrose loss due to hydrolysis is much 
less than experienced in Robert evaporators.  For this reason, where Australian Mills need to install 
new evaporators at No 1 or No2 position in situations with high boiling temperatures (as usual for 
factories seeking high levels of steam efficiency e.g. for cogeneration) FFTEs are likely to be favoured.   

Strong interest in evaluating the performance of a FFTE under Australian operating conditions has 
been shown by production staff at several factories. 

1.2 Description of the FFTE at Bingera Mill 

The FFTE installed at Bingera Mill is a BMA design. The calandria comprises stainless steel tubes 8 m 
long1, 44.5 mm outside diameter, wall thickness 1.5 mm. The unit stands 24.2 m tall and has a 
diameter of 3.8 m at the base and 4.1 m at the steam inlet and above the calandria. A photograph of 
the evaporator is shown in Fig. 1.  

 

 

Figure 1.  View of the FFTE at Bingera Mill 

 

 
1 FFTEs in the cane industry more commonly contain 10 m long tubes. The FFTE at Bingera Mill is a shortened 
version of the BMA 5000 m2 evaporator which has 10 m long tubes. 
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In general terms the evaporator is a typical design of FFTE with the ESJ entering an inner reservoir in 
the base of the vessel. The juice in this reservoir is pumped to the juice distributor in the top of the 
vessel above the top tube plate. Juice and vapour from the juice pass down the tubes to the bottom 
tube plate from where the vapour passes through a deentrainment system to the subsequent 
evaporator and the juice flows to an outer chamber in the base of the vessel. A juice circulation pump 
and transfer line deliver the juice from the inner reservoir to the distributor. No filter is installed in 
this transfer line. FFTEs require a minimum juice rate to the distributor in order that the entire surfaces 
of the heating tubes are wetted and consequently the juice circulation rate exceeds the ESJ supply 
rate. Juice overflows from the outer reservoir to the inner reservoir to supply sufficient juice for 
pumping to the distributor. The required juice circulation rate is defined by the wetting number (litres 
of juice per metre of circumference of the heating tubes; units L/h/m). Juice in the outer reservoir 
passes to the next evaporation stage. Even though the vapour removed from the juice is located in 
the base of the FFTE the convention is used to designate this as head space vapour (as per the 
terminology in rising film evaporators). 

The BMA design of FFTE has a cylindrical body of constant diameter apart from the top section which 
incorporates a slightly larger diameter section near the top of the calandria to accommodate the single 
steam entry and steam distribution system. A chevron louvre type deentrainment system is housed 
within the base of the vessel. Some FFTE designs expand to a larger diameter at the base in order to 
accommodate the deentrainment system while others utilise a separate liquid/vapour disengagement 
vessel. The deentrainment louvres in the Bingera FFTE are washed with a water spray on an automated 
basis e.g. for 5 minutes every 8 h. 

The calandria has a single steam entry, multiple noxious gas offtakes (at the top and bottom), and 
three condensate outlets. The juice circulation pump is fitted with a 110 kW 415-volt motor (variable 
speed). 

As is recommended for FFTEs the Bingera evaporator has an emergency hot water supply to the 
distributor which is used to rinse the juice off the tubes in the event of an unexpected or emergency 
shutdown. An emergency shutdown can be initiated when the circulating juice flow falls below a 
nominated value or the level in the inner reservoir is low. A diesel motor drives the emergency water 
pump in order to accommodate blackouts. 

The control system for the FFTE at Bingera Mill includes: 

• Level control of the inner reservoir is by regulating the inflow of ESJ. Low level in the inner 
reservoir is one of the alarm signals for emergency shutdown to close the steam valve and 
activate the emergency water addition. 

• The steam rate to the calandria is regulated according to the level in the ESJ tank. 
• Vapour is vented to atmosphere if the head space pressure exceeds a preset value (typically 

68 kPag). 
• Juice circulation rate is by regulating the speed of the motor on the juice circulation pump. 

The juice rate is measured by a magnetic flowmeter. 
• Emergency water addition is actuated in the event of an unexpected or emergency shutdown. 

Other instrumentation on the FFTE includes magnetic flow meter on the condensate from the FFTE, 
level transmitter on the outer reservoir, temperature measurements of juice and vapour and the 
differential pressure across the deentrainment louvres. The DCS system includes a calculated value of 
the heat transfer coefficient for the FFTE. 

1.3 Typical operating conditions for the FFTE at Bingera Mill 

Table 1 provides details of the typical operating conditions for the FFTE at Bingera Mill. 
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Because of the drought affected crop Bingera Mill operated for the entire 2019 season for five crushing 
days each week and shutdown at weekends. The FFTE was given a chemical clean each weekend using 
either caustic soda or sulphamic acid (generally on alternate weekends). The cleaning procedure for 
the FFTE is to circulate the chemical for approximately 2.5 h with a reduced steam flow rate (e.g. 
45 t/h) followed by flushing with water for ~0.5 h. The FFTE is isolated from effects 2 to 5 for chemical 
cleaning so that scale from these later effects is not transferred to the FFTE. The concern is that heavy 
loadings of loose scale could accumulate on the juice distributor. Inspections of the distributor on 
different occasions through the season showed that only very small amounts of loosened scale were 
retained in the distributor and these were at the outer edges. 

As there is no separate ESJ heater the FFTE undertakes the preheating step. The sensible heat load to 
bring the ESJ to the boiling temperature in the FFTE is 7.8 MW which equates to 12 % of the total heat 
flux provided by the steam flow rate to the calandria. 

 

Table 1.  Typical operating conditions for the FFTE at Bingera Mill 

Parameter Value 

Steam rate, t/h 110 

Vapour condensation coefficient, kg/h/m2 27.5 

Exhaust steam pressure, kPa a 210 

Calandria pressure, kPa a 201 

Head space pressure, kPa a 164 

Pressure difference on the vapour side, kPa 37 

Operating temperature difference on the vapour side, ℃ 6.3 

ESJ rate, m3/h 400 

ESJ temperature, ℃ 97.5 

Juice circulation rate, m3/h 800 

Wetting number, L/h/m 1600 

Load on the juice circulation pump, amps 155 

Difference in pressure across the deentrainment mesh, kPa 1.0 

Steam rate during chemical cleaning, t/h 45 

 

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

• comprehensively evaluate the performance of the FFTE at Bingera Mill,  
• investigate the performance characteristics and key operational issues associated with 

installing, operating and maintaining FFTEs, 
• distribute this information to the Australian industry so that factory staff are better 

informed when making decisions for investment in the evaporator stations. 
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3. OUTPUTS, OUTCOMES AND IMPLICATIONS 
3.1. Outputs 

The outputs from the project are:- 

• Knowledge of the heat transfer performance, sucrose loss and juice residence time 
distribution of the FFTE operating at the No 1 position, 

• Knowledge of the deentrainment efficiency of the FFTE based on different cleaning/washing 
cycles, 

• List of advantages and disadvantages of FFTEs compared with the Robert evaporators, 
• Sufficient knowledge concerning the performance, operation and control of the FFTE to 

assist mill staff to install new FFTE.   

3.2. Outcomes and Implications 

The main outcome is to provide the mill production staff and project engineers the information to 
assess the suitability of the FFTE for their factory’s circumstances when they need to install a new 
evaporator. These abovementioned information includes but is not limited to knowledge of the 
performance of the FFTE with respect to HTC, scaling rates, ease and efficiency of cleaning, sucrose 
loss and comparison to expected sucrose losses in Robert evaporators at the same processing 
conditions, residence time distribution and deentrainment efficiency. The main reasons that would 
encourage a mill to install a FFTE rather than a Robert evaporator could be the requirement for a 
smaller footprint, a cheaper installation and also shorter mean residence time for juice to reduce the 
extent of sucrose degradation. 

In addition, during the two years of operation since the FFTE was installed Bingera staff have 
experienced a few issues which had to be addressed. These are briefly described. 

• The magnetic flowmeter on the juice circulation line was at times unreliable (giving a low 
signal) which could result in the emergency water being activated. The use of the motor amps 
of the recirculation pump as the trigger for the emergency water proved more reliable. 

• The head space vapour pressure was regulated to vent vapour to atmosphere when the 
pressure exceeded 68 kPag. This control was necessary as otherwise the capacity of the 
remainder of the set was greater than required for the prevailing crushing rate. 

• The effectiveness of the chemical clean of the Robert evaporators is apparent in the operation 
of the FFTE. A poor clean of the Robert vessels requires a higher pressure in the head space 
of the FFTE in order to maintain the juice processing capacity of the set. 

• Start-up of the FFTE with cold water or ESJ (not preheated) causes substantial thermal stress 
in the vessel (noise attributed to water hammer). Preheating the water in an ESJ heater would 
reduce the problem. Another start up issue is the rate of bringing the FFTE on line is restricted 
by the slow boiling rate of Robert evaporators when they have been pre-filled with cold water 
for the start-up. This problem was compounded by the use of a shared condensate/flashing 
system from evaporators 3-5 which was addressed by the automation of the drains on the 
condensate “U” legs between the evaporators.  

• Any disturbances in the back end of the evaporator set that substantially vary the juice level 
in evaporator No 2 have a strong influence on the ESJ rate to the FFTE. The small juice hold-
up volumes in the inner and outer reservoirs of the FFTE mean there is less buffering capacity 
than present with Robert evaporators. Close attention to tuning the control loops in the back 
end of the evaporator set was required to help stabilise the operation of the FFTE. The vapour 
1 bleed set point was adjusted when dropping the large pans in order to minimise the increase 
in the exhaust-steam pressure and the subsequent increase in the vapour 1 flow rate that 
would occur. 
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4. INDUSTRY COMMUNICATION AND ENGAGEMENT 
4.1. Industry engagement during course of project 

As stated in section 3.2 the main outcome is to provide the mill production staff and project engineers 
with the information to assess the suitability of a FFTE for their factory’s circumstances when they 
need to install a new evaporator.  

To date there has been no communication with any of the SRA Adoption Officers.   

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 to provide the mill production staff and project 
engineers with the information to assess the suitability of a FFTE for their factory’s circumstances 
when they need to install a new evaporator. 

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

• Investigate heat-transfer performance. The logged data (from the factory’s DCS) were 
interrogated to calculate the heat transfer coefficient using the steam flow rate, calandria 
temperature (based on the vapour pressure) and juice temperature (based on the vapour 
pressure on the juice side plus the boiling point elevation). The data were examined to 
determine if a correlation existed between the heat transfer coefficient (and the calculated 
scale factor) and the chemical (caustic soda or sulphamic acid) used at alternate weekends. 
The effectiveness of the chemical cleaning procedures was assessed in terms of the increase 
in HTC following a clean, the variation in ‘clean’ HTC through the season and the rate of scaling 
as described by a calculated scale factor. These results were compared with a Robert 
evaporator operating at similar process condition. 
 

• Measure the residence-time distribution of the juice flow through the evaporator - Three 
series of lithium tracer tests were undertaken to determine the residence-time distribution of 
the juice flow through the FFTE (Test A on 21 August 2019, Test B on 22 August 2019 and Test 
C on 2 October 2019).  The test procedure followed that described by Wright and Broadfoot 
(1977).  The concentration of lithium in the juice 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 for almost the same working 
conditions.  The ESJ rate was 420t/h, and the steam rate was 110t/h.  The juice inlet and outlet 
brix were also in the same range for all three cases. The juice inlet brix was 15 and the juice 
outlet brix was 20.3. 
 

• Sucrose loss measurements - Three series of trials were undertaken to measure the sucrose 
degradation in the FFTE by analysing the composition of ESJ and juice samples ex No 1 
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evaporator. At similar times to the tests at Bingera, measurements also were undertaken to 
determine the extent of sucrose degradation in Millaquin No 1 effect (Robert evaporator) on 
the basis that the cane supplies to the two factories are reasonably similar at similar times 
through the crushing season. The juice samples were analysed by HPLC at QUT CTCB 
laboratories. 
 

• Performance of the deentrainment louvres.  Composite samples of condensate were collected 
from the No 2 evaporator during the three sucrose loss trials and analysed using the phenol 
sulphuric acid method (BSES 2001; Method 50). These data provide an indication of the 
effectiveness of the louvres in removing droplets of juice from the vapour stream. As well the 
pressure differential across the deentrainment louvres was logged on the factory’s DCS and 
the data examined to determine the extent of scale build up on the louvres between the 
cleans provided by the automated water sprays and through the season.  On all occasions the 
measured sucrose concentration was negligible (1 to 2 ppm). 

6. RESULTS AND DISCUSSION 
6.1. Heat transfer efficiency 

Figure 2 and Figure 3 show the calculated heat transfer coefficient (HTC) values for weeks 3 to 8 and 
weeks 9 to 14 respectively. The HTC values were calculated from the steam rate, latent heat of the 
vapour in the calandria, the temperature difference between the vapour in the calandria and the 
estimated boiling temperature of the juice and the heating surface area2. The calandria pressure and 
head space pressure were used to estimate the respective latent heat and saturation temperatures. 
The boiling point elevation was estimated from the correlation provided by Saska (2002) using an 
estimate of the outlet brix of the juice. As expected, the HTC values for each week show high values 
immediately after a clean, followed by a gradual decline over subsequent days of boiling. The plots 
also show the chemical that was used at each weekend viz., CS for caustic soda and SA for sulphamic 
acid. 

 

 
2 The heating surface area of 4,000 m2 is based only on the internal surface of the tubes.  This differs 
from the standard method used for defining the area of Robert evaporators which is based on the 
outside surface of the tubes and includes the wetted areas of the tube plates and any downtakes.  
For a Robert evaporator the heating-surface area based only on the internal surface of the tubes is 
~6% less than by the standard method. 
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Figure 2.  HTC data for weeks 3 to 8 

 

 

Figure 3.  HTC data for weeks 9 to 14 

 

The data in Fig. 2 and Fig. 3 show that, at the start of the week following the clean the HTC values 
were typically in the range 3000 to 3250 W/m2/K and after 5 days operation were typically ~2750 
W/m2/K or slightly higher. On average, the rate of HTC deterioration is 65 W/m2/K per day.  

The HTC values for the FFTE are comparable to the better performing Robert evaporators at No 1 
position in the industry. Broadfoot et al. (2018) reported typical values for Robert evaporators 
(averaged over two weeks of operation) at No 1 position of between 2000 and 3000 W/m2/K. 

Fig. 4 presents the weekly averaged HTC values over 14 weeks. This plot is shown for the season 
divided into two halves. For the early period the average HTC increases steadily but these data are 
affected by low HTC values on restart each week. For the second half of the season the restart 
procedure had improved and the average HTC values for successive weeks are reasonably consistent. 
Noticeably the weekly averaged HTC values did not decline which is sometimes observed with Robert 

2000

2250

2500

2750

3000

3250

3500

3750

4000

43660 43665 43670 43675 43680 43685 43690 43695 43700

HT
C 

(W
/m

2/
K)

Date, Time
Week 3            Week 4            Week 5            Week 6             Week 7       Week 8    

2000

2250

2500

2750

3000

3250

3500

3750

4000

25/8, 00:0030/8, 00:004/9, 00:00 9/9, 00:0014/9, 00:0019/9, 00:0024/9, 00:0029/9, 00:004/10, 00:009/10, 00:00

HT
C 

(W
/m

2/
K)

Date, Time
Week 9            Week 10      Week 11     Week 12       Week 13       Week 14    



Sugar Research Australia  Final Report 2019/201 

13 
 

evaporators owing to retained scale. However, the result for the FFTE may be a consequence of 
cleaning after every 5 days of operation rather than the industry typical 14 days or slightly longer. 

 

 

Figure 4.  Weekly averaged HTC values over 14 weeks  

 

Fig. 5 shows the daily averaged HTC values for weeks 9 to 14. These data show a slight increase in HTC 
from day 1 to day 2 and then a decline owing to scaling. For some weeks there is a slight increase in 
the daily average HTC which most likely occurs because the Robert vessels have scaled and as 
consequence the head space pressure in the FFTE is increased (thus increasing the juice boiling 
temperature in the FFTE). 

 

 
Figure 5.  Daily averaged HTC values for weeks 9 to 14 

 

2000

2200

2400

2600

2800

3000

3200

3400

Week 3 Week 4 Week 5 Week 6 Week 7 Week 8 Week 9 Week 10 Week 11 Week 12 Week 13 Week 14

HT
C 

(W
/m

2/
K)

SA CS SA CS SA CS SA CS SA CS SA

CS

2000

2200

2400

2600

2800

3000

3200

3400

Day 1 Day 2 Day 3 Day 4 Day 5 Day 6

HT
C 

(W
/m

2/
K)

Week 9 Week 10 Week 11 Week 12 Week 13 Week 14



Sugar Research Australia  Final Report 2019/201 

14 
 

The rate of HTC decline due to scaling was estimated based on the scaling factor in the following 
expression (Broadfoot and Dunn 2007)  

 

  

 
where   a is the coefficient defining the % reduction in HTC per hour of operation (1/h), and  
 t is the time in hours since the last clean.   

The values of a were determined for the FFTE to lie between 0.01 and 0.17, with an average value of 
0.10 and standard deviation of 0.05. For Robert evaporators at No 1 position Broadfoot and Dunn 
(2007) reported average values for a of 0.08 and noted large variability in the scaling coefficient among 
mills, and from operating cycle to operating cycle, with values ranging from 0.04 to 0.2. Based on the 
limited time of 5 day’s operations for the FFTE it appears that the scaling rate is comparable to that 
for Robert evaporators at the No 1 position. Unfortunately, there was no opportunity during the 2019 
season for the factory to crush continuously for a two-week period which would allow scaling over a 
longer period to be experienced. 

Assuming the average value for the scaling factor of 0.10 is a reasonable representation of the scaling 
expected for the FFTE over two weeks of operation the HTC is predicted to decline from 3150 W/m2/K 
after a clean to ~2300 W/m2/K after 14 days operation. 

Based on the average HTC values following each cleaning procedure (see Figure 4) it appears that for 
the first half of the season neither chemical provided a more effective clean. For the latter half of the 
season the caustic soda clean resulted in a higher average HTC for the week. 

6.2. Juice residence time distribution 

Three residence time distribution measurements (labelled Tests A, B, and C) were undertaken for the 
juice flow in the FFTE using the lithium tracer method (Wright and Broadfoot 1977). The lithium 
chloride was mixed with one litre of ESJ, loaded into a reservoir which was pressurised to allow 
injection quickly into the ESJ stream entering the FFTE. The lithium concentrations in the juice samples 
collected from the outlet were measured at QUT using the ICP-AES3 method. The sampling of the 
outlet juice for Tests B and C was considered more reliable than for Test A. 

Fig. 6 shows the residence time density distribution function for the three tests. While the conditions 
of the tests were reasonably similar (refer Table 2) the three distributions appear more different than 
expected. For example, the emergence of the first tracer material was within 70 seconds for test C but 
155 and 140 s for tests A and B. Nevertheless, for all three distributions, the shape is similar viz., a 
delay with no tracer followed by a very sharp jump in tracer concentration to a peak value, and then 
a decay in concentration which approximates that of a well-mixed tank.   

The general shape of the residence time distributions is logical when considering the component 
arrangements of the FFTE:- 

• The first pass of the juice through the inner reservoir, in the circulation transfer pipe, in the 
distribution system above the calandria, down the heating tubes, into the outlet reservoir and 
to the transfer pipe to the next evaporator is expected to be uniform and is undertaken within 
70 to 155 s   

• The juice in the outflow reservoir is well mixed with a large proportion overflowing to the 
inner reservoir from where it is pumped to the top of the vessel for another pass of 

 
3 Inductively coupled plasma atomic emission spectroscopy 

100/)( at
clean expHTCtHTC −=
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evaporation. The mixing in the outer reservoir and repeated circulation is characterised by the 
exponential decay. 

• The tail typically extends to between 12 and 15 minutes before more than 95% of the juice 
has passed through the vessel.  The large rate of juice circulation would be the main factor 
producing this long tail. 

Careful inspection of the tail section shows that for all three tests there are two (very) slight increases 
in the concentration of lithium in the period 200 to 300 s.  An aberration like this in the tail is normally 
attributed to the presence of a stagnant region within the vessel but this is unexplained for the FFTE. 
Realistically this feature in the tail of the residence time distribution for the FFTE is negligible. 

 

 
Figure 6.  Residence time distributions for the juice from three tracer trials on the FFTE 

 

Table 2.  Results of tracer testing for residence tome distribution 

Test/Date Steam 
flow 
rate, 
t/h 

ESJ 
rate, 
m3/h 

Head 
space 
pressure, 
kPa g 

Calandria 
pressure, 
kPa g 

Juice 
inlet 
Brix 

Juice 
outlet 
Brix 

Circ. 
rate/ESJ 
rate 

Delay 
to 
first 
tracer, 
s 

Mean 
res. 
time, s 

CV 

A: 21/08/2019 111.4 420 63.1 101.3 15.0 20.3 2.2 155 330 0.71 
B: 22/08/2019 113.7 445 62.3 98.8 15.5 21.3 1.7 140 240 0.87 
C: 2/10/2019 113.7 420 63.1 101.4 14.7 20.3 2.1 70 235 0.89 

 

A residence time distribution for the SRI Robert evaporator at Broadwater Mill (Moller et al. 2003) is 
compared with the residence time data for the FFTE evaporator in Fig. 7. The data are normalised with 
the x axis being number of mean residence times and the area under the frequency density curve 
being 1.0. The shape of the normalised distribution for the SRI Robert evaporator is similar to those 
for the FFTE, with the main feature being a rapid increase after a delay followed by a decay 
approximating a well-mixed cell. This result for the SRI evaporator is not unexpected as the majority 
of the outflow juice must pass from the inlet distribution ring in the base of the evaporator, up the 
heating tubes and across to the central downtake which is connected to the outlet.  Also, the contents 
of the evaporator are known to be largely well mixed as brix measurements within the vessel are close 
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to the outlet brix (Broadfoot and Tan 2005). The mean residence time for the SRI Robert evaporator 
at Broadwater was 8.3 minutes, the CV 0.89 and 95% of the juice flow had passed through the vessel 
within 27 minutes. The initial emergence of juice from the Robert evaporator is obviously not as tightly 
defined as for the FFTE as greater mixing of juice would occur in the Robert evaporator. Interestingly 
the tail of the Robert distribution also shows two periods when a larger concentration of tracer 
emerged. 

 

 
Figure 7.  Normalised residence time distribution for the three tests on the FFTE at Bingera Mill and the SRI 
Robert evaporator at Broadwater Mill 

 

Based on more reliable sampling of the outlet juice in Tests B and C than for Test A the mean residence 
time for juice in the FFTE is considered to be ~4 minutes. It should be noted that the residence time 
would be slightly shorter if the evaporator incorporated the more usual 10 m long tubes.  Thaval and 
Broadfoot (2014) determined that the juice hold up volume, and hence juice residence time, in Robert 
evaporators is influenced strongly by the dimensions of the tubes in the calandria. For example, a SRI 
Robert evaporator4 with conventional tubes of 44.45 mm outside diameter and 2 m long would have 
a juice volume of ~11 L per m2 of heating surface area and this would reduce to ~7 L/m2 for a calandria 
with tubes of 38 mm outside diameter and 3 m long. For a 4000 m2 Robert evaporator in the same 
duty as the FFTE at Bingera Mill the mean residence time for juice would be 8.6 and 5.5 minutes 
depending on which of the above calandria configurations was used. 

6.3. Sucrose loss measurements 

Composite samples of juice entering and exiting the FFTE were collected on three separate occasions 
and analysed by HPLC for sucrose, glucose and fructose and for brix by refractometer. The composites 
for each test were produced from snap samples collected at 15-minute intervals over a 2 h period. As 
well, on the day following each test on the FFTE, samples were collected at Millaquin Mill on their set 
of Robert evaporators.  Millaquin Mill operates two Robert evaporators in series juice flow at effect 1. 
The composites for the tests at Millaquin were produced from snap samples collected at 15-minute 
intervals, staggered to reflect the residence times in the different vessels, also over a period of 2 h. 

 
4 Reference is made in these comparisons to SRI Robert evaporators as this design has a smaller juice 
hold-up volume in the base compared with the conventional design, and hence provides shorter 
juice residence times. 
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The tests at Millaquin Mill were undertaken for comparison to those for the FFTE on the assumption 
that the cane supply and harvesting conditions should be reasonably similar, being adjacent mill areas.  

Table 3 shows the results of the analyses of the samples of the ESJ and the juice flows at the exit of 
the No 1 evaporators at the two mills. The main test conditions for the FFTE at the time of sampling 
are similar to those shown in Table 2. 

 

Table 3.  Results of investigations for sucrose degradation in the No 1 effects at Bingera and Millaquin Mills 

Mill Date pH of juice at 20 ℃ Glucose/fructose Measured 
sucrose 
loss*, % 

Predicted 
sucrose 
loss**, % ESJ From effect 1 ESJ From effect 1 

Bingera 21/8/2019 7.51 7.47 0.90 0.88 0.12 0.08 

Bingera 22/8/2019 7.08 6.98 0.86 0.86 0.13 0.08 

Bingera 2/10/2019 7.65 7.47 0.97 0.98 0.15 0.08 

Millaquin+ 22/8/2019 7.54 7.39 0.87 0.91 0.15 0.26 

Millaquin 23/8/2019 7.54 7.53 0.93 0.93 ~0.0 0.26 

Millaquin 3/10/2019 7.32 6.96 1.02 1.06 0.16 0.29 

* Sucrose loss in effect 1 as % of sucrose in ESJ. Sucrose losses determined using the ratios of glucose to 
sucrose (Rackemann and Broadfoot 2016) 
** According to the correlations of Vukov (1965).  See Rackemann and Broadfoot (2017). 
+ Total mean residence time in effect 1 at Millaquin is ~11 minutes and the juice boiling temperature is ~116 ℃  

 

Apart from one test at Millaquin where the calculated sucrose loss was minimal (and the change in 
juice pH and the change in the ratio of glucose/fructose were also negligible) the measured sucrose 
degradations in effect 1 at both Bingera and Millaquin Mills were similar (range 0.12 to 0.16%). Among 
the scatter of data, the ESJ pH was similar at both factories. The reduction in pH of the juice may be 
slightly greater at Millaquin Mill but more trials would be needed to confirm this. Likewise, the 
reduction in the glucose/fructose ratio from ESJ to the juice leaving effect 1 may be slightly greater 
for the evaporators at Millaquin Mill. However, the differences are slight and unproven based on only 
three tests at each site. Overall the extent of sucrose degradation appears small. 

The magnitude of the sucrose loss in the FFTE was expected to be lower than for the Robert 
evaporators at Millaquin Mill owing to the shorter average residence time for the juice and the slightly 
lower boiling temperature (lower by 2 ℃). The sucrose losses predicted using the Vukov (1965) 
correlation (refer Table 3) show the relative difference that had been expected for the No 1 
evaporators at the two mills. Further sucrose loss measurements on the FFTE are warranted. 

6.4. Deentrainment efficiency 

The deentrainment louvres are given a water wash on an automated basis every 8 h. The pressure 
differential across the louvres is shown in Fig. 8 for a 24 h period. The data are dominated by peak 
values in pressure differential which occur approximately every 2.5 to 3 h. Most likely these 
correspond to a sharp increase in exhaust steam pressure that occurs when the two main vacuum 
pans come off line. There would be a short period of increased steam flow and increased evaporation 
at these times. The data do not show any distinct drop in pressure differential resulting from a water 
wash. The pressure difference for this period ranged between 1.0 and 1.15 kPa (excluding the effect 
of changes in exhaust steam pressure).   
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Figure 8.  Pressure differential across the deentrainment louvres for a 24 h period (11.07.19) 

 

Examination of the weekly averaged pressure differential across the louvres over 14 weeks (data not 
presented) showed an increase from 1 kPa at the start of the season to 1.3 kPa at the end of the 
season. This increase is attributed to a gradual build-up of scale or sugar deposits within the louvres. 
The chemical used for cleaning the heating tubes did not appear to affect the extent of cleaning of the 
louvres as judged by any change in pressure differential.  

The vapour from the FFTE passes to the No 2 evaporator. Composite samples of condensate were 
collected from the No 2 evaporator during the three sucrose loss trials and analysed using the phenol 
sulphuric acid method (BSES Laboratory Manual Method 50). On all occasions the measured sucrose 
concentration was negligible (1 to 2 ppm). 

7. RECOMMENDATIONS FROM OPERATIONAL EXPERIENCE 
The FFTE, the ancillary equipment and the controls have provided a robust operation.   

Naturally, Bingera staff are careful to consistently undertake the chemical cleaning procedures to 
defined best practice as it is essential that scale is effectively removed from the distributor and tube 
surfaces and that minimal loose scale remains in the vessel. Loose scale could accumulate in the 
distributor which may cause some sections of the heating tubes to be not adequately wetted. 

During the two years of operation in the 2018 and 2019 seasons Bingera staff experienced a few issues 
which had to be addressed. These are briefly described. 

• The magnetic flowmeter on the juice circulation line was at times unreliable (giving a low 
signal) which could result in the emergency water being activated. The use of the motor amps 
of the recirculation pump as the trigger for the emergency water proved more reliable. 

• The head space vapour pressure was regulated to vent vapour to atmosphere when the 
pressure exceeded 68 kPag. This control was necessary as otherwise the capacity of the 
remainder of the set was greater than required for the prevailing crushing rate. 

• The effectiveness of the chemical clean of the Robert evaporators is apparent in the operation 
of the FFTE. A poor clean of the Robert vessels requires a higher pressure in the head space 
of the FFTE in order to maintain the juice processing capacity of the set. 

• Start-up of the FFTE with cold water or ESJ (not preheated) causes substantial thermal stress 
in the vessel (noise attributed to water hammer). Preheating the water in an ESJ heater would 
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reduce the problem. Another start up issue is the rate of bringing the FFTE on line is restricted 
by the slow boiling rate of Robert evaporators when they have been pre-filled with cold water 
for the start-up. This problem was compounded by the use of a shared condensate/flashing 
system from evaporators 3-5 which was addressed by the automation of the drains on the 
condensate “U” legs between the evaporators.  

• Any disturbances in the back end of the evaporator set that substantially vary the juice level 
in evaporator No 2 have a strong influence on the ESJ rate to the FFTE. The small juice hold-
up volume in the inner and outer reservoirs of the FFTE means there is less buffering capacity 
than present with Robert evaporators. Close attention to tuning the control loops in the back 
end of the evaporator set was required to help stabilise the operation of the FFTE. The vapour 
1 bleed set point was adjusted when dropping the large pans in order to minimise the increase 
in the exhaust-steam pressure and the subsequent increase in the vapour 1 flow rate that 
would occur. 

8. CONCLUSIONS 
During the two seasons of operation the FFTE at Bingera Mill has performed very well. The evaluation 
trials have shown the heat transfer performance is comparable to the better performing Robert No 1 
evaporators in the industry. Scaling rates (measured only across five days of operation) appear 
comparable to those for Robert No 1 evaporators. Chemical cleaning with either caustic soda or 
sulphamic acid has been effective in maintaining the heat transfer performance through the whole 
season.  

The deentrainment system worked effectively with negligible sucrose being detected in the 
condensed vapour. 

Sucrose losses (based on three tests) of ~0.13% were measured across the FFTE. These values are 
higher than expected with the value being about twice that predicted.  

Lithium tracer studies have shown the residence time distribution for juice in the FFTE approximates 
a delay time of 70 to 155 s followed by an exponential decay with about 95% of the entering juice 
having passed through the evaporator within 12 to 15 minutes. The mean residence time was 
measured at ~4 minutes. The holding time for juice in the FFTE is shorter than for a Robert evaporator 
which would be beneficial for reducing sucrose degradation at conditions of high juice boiling 
temperature. 

9. RECOMMENDATIONS FOR FURTHER RD&A 
No additional research is required to advise mills of the expected performance and operational 
characteristics for the use of a FFTE at No 1 evaporator position.  For present circumstances in 
Australian mills the No 1 and No 2 evaporator positions are the most likely positions to favour the 
installation of an FFTE, for the reason of reduced juice residence time and reduced sucrose loss when 
boiling at a high juice temperature. There are also benefits of using FFTEs at the tail end of the set 
(viz., operation with lower temperature differences and lower specific evaporation rates) but 
potentially rapid scaling of the heating surfaces is an important consideration for Australian mills.  

10. PUBLICATIONS 
A paper titled “Performance of the falling film tube evaporator at Bingera 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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A SRA sponsored webinar to present the findings of the project is planned for 18 March 2020. 
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13. APPENDIX 
13.1. Appendix 1 METADATA DISCLOSURE 

Table 4 Metadata disclosure 1 

Data  All files located in single folder  4387 

Stored Location  QUT server for CAB (Centre for agriculture and the Bioeconomy).  
SRI/Projects/4387 

Access  

 

Access restricted to SRI staff in CAB 
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