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Abstract 

The installed capacity of the Maragra sugar factory was increased from 180 to 230 tons cane 
per hour (TCH) in the 2009/2010 off-crop. A new Long Tube Evaporator (LTE), referred to as 
a Kestner in this paper, was installed as the 1st effect, the existing 1st effect Kestner was 
converted into a 2nd effect, and the evaporator set was converted from a quad to a quin. The 
design crush rate increased by 28%, the 1st effect Heating Surface (HS) increased by 78% 
and the total evaporator set HS increased by 94%. 

The proposed cane supply expansion, to supply the expanded factory, did not take place. The 
factory performance deteriorated after the expansion. The factory did not reach the design 
crush rate, extraction decreased and the Undetermined Loss (UDL) increased. A statistical 
analysis of the pre-expansion and post-expansion data was carried out to find the reasons for 
the poor factory performance. Many correlations were found, but only the UDL will be 
discussed in this paper. 

This investigation showed a strong relationship (r² = 0.8909) between the 1st effect Kestner 
wetting rate and the UDL, using data that spanned 16 seasons and wetting rates that ranged 
from 0.66 to 1.19 kg/min/m². There was a strong relationship (r² = 0.8949) between the 1st 
effect Kestner juice residence time and the UDL.  

The UDL increased with the low wetting rates and high residence times.  

This investigation showed that 1st effect Kestners must be operated at a high feed rate to 
minimise both the juice residence time and the UDL. A high feed rate also improves the heat 
transfer and lowers tube fouling rates. The wetting rate of long-tube evaporators needs to be 
maintained above a critical minimum of around 1.2 kg/min/m². Post-expansion, the Maragra 
1st effect Kestner averaged 0.72 kg/min/m². 

Key words: Kestners, long-tube evaporators, tube wetting rates, tube fouling, undetermined 
loss, large 1st and 2nd effect heating surfaces, long residence time in Kestner. 

Introduction 

Before the 2009/2010 off-crop expansion, the factory performed well. Extraction was good for 
a milling tandem and UDL was below the raw sugar factory norm of 1.50%. The syrup colour 
was low, enabling the factory to produce a light-brown sugar colour. After the expansion, the 
performance parameters showed a steep deterioration. The pre-expansion and post-
expansion parameters are shown in Table 1 below. 
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Table1. Comparison of pre-expansion and post-expansion performance data 

Parameter Pre-expansion 7 
season average 

Post-expansion 9 
season average 

Tons cane/hour (TCH) 165 198 

Extraction % 97.1 96.3 

Corrected reduced extraction (CRE) 96.4 95.2 

Imbibition % fibre 296 250 

Mixed juice % cane 108 105 

UDL % 1.34 3.60 

OR % 88.3 83.6 

Syrup colour ICUMSA 12 842 15 077 

Syrup brix º 63.3 62.3 

 

Since the evaporator station underwent a major change during the expansion, it became the 
focus of the investigation. The pre-expansion and post-expansion evaporator data are shown 
in Table 2. Both the Kestners are fitted with a pipe that recycles part of the juice from the outlet 
back to the inlet of the vessel. 

Table 2. Pre-expansion and post-expansion evaporator data 

Evaporator  Pre-expansion Post-expansion 

 Type Number 
of tubes  

Tube 
length 
(mm)  

Tube 
ID  
(mm) 

HS 
(m²) 

Type Number 
of tubes  

Tube 
length 
(mm) 
  

Tube 
ID  
(mm) 

HS 
(m²) 

1st effect Kestner 4509 5880 35.0 2699 Kestner 4372 7280 50.8 4800 

2nd effect Roberts 5668 2200 38.1 1338 Kestner 4509 5880 35.0 2699 

Total 1st 
and 2nd 
effects 

    4037     7499 

3rd effect Roberts    960 Roberts     1338 

4th effect Roberts    1176 Roberts    1548 

5th effect      - Roberts    1588 

Total 
evaporator 
set 

    6173     11973 

 

Methodology 

The factory data were checked against the Sugar Milling Research Institute’s data for Maragra. 
After the data verification, a large number of factory performance parameters were statistically 
modelled, using Microsoft Excel. Only the season average parameters were included in the 
analysis. The 2015 season UDL was an outlier on a number of statistical models and was 
removed from the analysis. The high UDL of 6.30% in 2015 was partly due to a molasses 
reconciliation issue. The hourly clear juice flow was not available; therefore, mixed juice figures 
were used to work out the wetting rate. There is a close relationship between the mixed juice 
and clear juice flow rates at Maragra.                                                         
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Data Analysis 

The factory performance data relating to this investigation are shown in Table 3. The 2003 to 
2009 data are the pre-expansion data, and the 2010 to 2018 data are the post-expansion 
data.  

The wetting rate is generally expressed as kg/min/tube of juice. Due to the different internal 
tube diameters of the pre-expansion and post-expansion Kestners, the wetting rate is shown 
as kg/min/m². Only the 1st effect Kestner wetting rate will be discussed in this paper. 

Since the juice residence time in a Kestner depends on the juice level in the tubes, the volume 
of the bottom saucer and the volume of the juice space above the tubes, the true retention 
time can only be calculated by using a tracer. The volume of liquid in the tube bundle was 
calculated at different feed rates, and to avoid any confusion with the true residence time, the 
term ‘apparent residence time’ was introduced, which was calculated as follows: apparent 
residence time (min) = full volume of each tube ×number of tubes × 40% tube height ÷ 
volumetric feed rate. A standard density of 1.057 was used to convert the mass flow rate to 
the volumetric flow rate.                                                      

Table 3. Factory performance data 

Season TCH 
MJ % 
cane  

Tons 
MJ 

CRE 
(%) 

Syrup 
Colour 
(ICUMSA)  

UDL 
(%) 

Wetting 
rate 
(kg/min/m²)  

Apparent 
residence 
time 
(min) 

           

2003 160 103.1 164.96 94.9   1.45 1.0186  3.92 

2004 161 106.8 171.94 96.1   1.50 1.0618  3.76 

2005 160 106.8 170.88 96.4   1.24 1.0552  3.78 

2006 166 107.2 177.95 96.7 14045  1.13 1.0989  3.64 

2007 163 109.4 178.32 96.8 13130  1.72 1.1012  3.62 

2008 172 110.4 189.89 96.8 12557  1.34 1.1726  3.41 

           
2009 175 110.3 193.03 96.8 11638  1.12 1.1920  3.35 

           

2010 187 103.1 192.80 95.7 14789  4.85 0.6694  8.48 

2011 217 106.4 230.89 96.1 13700  3.21 0.8017  7.06 

2012 194 105.4 204.48 95.0 12360  3.79 0.7100  8.00 

2013 215 108.7 233.71 95.5 13489  1.86 0.8115  7.00 

2014 198 103.8 205.52 95.5 13763  3.17 0.7136  7.96 

2015 201 107.1 215.27 94.5 15978  6.30 0.7475  7.60 

           
2016 182 104.0 189.28 95.0 16908  5.55 0.6572  8.64 

           
2017 196 102.9 200.90 95.1 17136  3.86 0.6976  8.14 

           

2018 193 106.1 204.77 94.4 17570  4.82 0.7110  7.99 

 

The effect of the Kestner tube wetting rate and juice residence time on the UDL 
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The effect of tube wetting rate on UDL is shown graphically in Figure 1. As the wetting rate 

increases, the UDL decreases. 

 

Figure 1. Effect of the Kestner tube wetting rate on undetermined loss 

The effect of the Kestner juice residence time on the UDL is shown in Figure 2. As the 
residence time increases, so the UDL also increases. 

 

Figure 2. The effect of the Kestner juice residence time on UDL 

Discussion  

This investigation showed a strong relationship between the wetting rate and the UDL, as well 
as the juice residence time and UDL, using data that spanned 16 seasons and with wetting 
rates that ranged from 0.66 to 1.19 kg/min/m². The Maragra findings are in line with the findings 
of various investigations.  
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Purchase et al. (1987) compared data from all South African factories and found a correlation 
between the relative size of the first two evaporator effects and the undetermined loss. This 
led to a more detailed investigation in five different evaporators. They found that changes in 
the glucose:sucrose ratios correlated with the heating surface in the first two effects per unit 
of sucrose throughput. A residence time of 3.94 minutes is quoted in this investigation. If 
decomposition of inverted sugar occurs, then the acid end-products decrease the pH of 
juice/syrup and catalyse the additional inversion. 

Schäffler et al. (1985) showed that the measured sucrose loss across the Kestner and 
evaporator tail were functions of the retention time, rather than the steam temperature. The 
colour formation was noticeable and was attributed to fructose degradation. The residence 
time of three minutes is quoted in the study. 

Rein and Love (1995) measured the residence time of a Kestner and reported 2.4 minutes as 
the average residence time. 

Dairam et al. (2016) found that high inversion losses were incurred when low brix juices were 
concentrated at a low throughput. Their study reported a residence time ranging from 2.21 - 
3.33 minutes, for the 1st effect Kestner. 

Sucrose losses are a function of the juice residence time in the early effects of an evaporator 
set, due to the low brix, high temperatures and low pH. The pre-expansion apparent juice 
residence times (3.35 -3.92 minutes) were at the correct levels. The  post-expansion apparent 
residence times (7.00– 8.64 minutes) were on the high side, compared to other studies.  

In order to decrease the UDL, the feed rate needs to be increased and kept at an optimum 
level throughout the evaporator cleaning cycle. It is important to understand the dynamics of 
th Kestner performance.  

Rein and Love (1995) recommend a wetting rate of 80 kg/tube/h. If this is applied to the 
Maragra 1st effect Kestner, then the Kestner needs to operate at 350 tons juice/hour. At a 
design crush rate of 230 TCH, the feed rate will be around 250 tons juice/hour. 

Walthew and Whitelaw (1996) found that the Kestner performance, in terms of the Heat 
Transfer Coefficient (HTC), increased significantly with the increased feed rate. The authors 
showed that when using a pilot Kestner under controlled conditions, the HTC is significantly 
improved by increasing the feed rate to above 1.0 kg/min/tube. The HTC flattened out above 
1.0 kg/min/tube and continued up to 2 kg/min/tube, when the juice pump of the pilot plant 
became a limitation. This relationship is shown graphically in Figure 3.  
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Figure 3. The effect of flow rate on the HTC for clean tubes (redrawn from Walthew and 

Whitelaw, 1996) 

The same authors showed that the tube fouling rates dropped significantly with the increased 
feed rate. The effect of the feed rate on the asymptotic fouling resistance (m²ᵒC/kW) is shown 
in Figure 4. 

 

Figure 4. The magnitude of the change in asymptotic fouling resistance with feed rate 
(redrawn from Walthew and Whitelaw, 1996) 

The pilot plant results of the above authors were validated on an industrial scale by Rama and 
Munsamy (2008) at the Sezela factory. They found a linear correlation (r² = 0.72) between the 
increased feed rate (kg/min/tube) and the Kestner-specific evaporation rate (kg/m²/h). The 
maximum feed rate tested on an industrial scale was 1.80kg/min/tube at Sezela. If 
1.80kg/min/tube is applied to the Maragra 1st effect, then the Kestner is good for 472 tons 
juice/hour. The above authors also showed that the fouling rate decreased with the increased 
feed rate over a 14-day period. The same authors showed that the Kestner at the Umzimkulu 
Mill operated at a feed rate of 3.4 kg/min/tube and could operate for up to eight weeks without 
tube cleaning, which indicates that a high feed rate results in a low tube fouling rate. If a feed 
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rate of 3.4 kg/min/tube is applied to the Maragra 1st effect, then it is good for 892 tons 
juice/hour.  

The findings of the various investigations demonstrate the amazing elasticity of a Kestner at 
a high feed rate; however, unfortunately it is very unforgiving at a low feed rate. The feed rate 
needs to be maintained above 1.0 kg/min/tube. The HTC drops rapidly below 1.0 kg/min/tube 
and the tube fouling rate increases. The 1st effect Kestner carries out about 40% of the total 
evaporation and therefore needs to operate at an optimum level. Although the focus of this 
investigation has been the 1st effect, the Maragra 2nd effect is also subjected to low wetting 
rates and poor performance. Any plant modifications need to look at both effects. The 2nd 
effect needs about 180 -200 tons juice/hour to reach the optimum wetting rate. 

 

 

 

 

Recommendations 

For Maragra to get back to the pre-expansion UDL average of 1.34%, the 1st effect Kestner 
wetting rate needs to increase to around 1.2 kg/min/m², which is equivalent to about 345 tons 
juice or 1.3 kg/min/tube. This feed rate will decrease the apparent residence time to about 4.7 
minutes. At a lower feed rate, the tubes will foul rapidly, decreasing the crush rate as well as 
the imbibition levels. The inability to absorb the exhaust steam in the 1st effect will increase 
the exhaust steam pressure and decrease the amount of electricity generated for own use and 
for export to the national grid.  

Maragra should increase the crush rate to the design level of 230 TCH and apply the maximum 
imbibition, and change the three-week evaporator cleaning cycle to every two weeks. The 
long-term solution is to decrease the heating surface in the 1st and 2nd Kestners. A low-cost 
method of decreasing the heating surface is to plug the extra tubes with wooden plugs 
connected to a rod, which is the standard procedure for plugging leaking tubes. The tubes 
should be plugged from the centre outwards. A full risk analysis needs to be conducted in 
terms of juice distribution. Another possibility is to bypass the new Kestner and to go back to 
the pre-expansion evaporator set-up. A full Energy and Mass Balance (EMB) needs to be 
conducted before bypassing the new Kestner. The original Kestner has sufficient elasticity to 
handle a crush rate of 220-230 tons cane at a mixed juice % cane of 110%, which will be 
equivalent to a wetting rate of 1.5-1.6 kg/min/m².  

Equipment designers should design the heating surface of a Kestner so that the wetting rate 
is on the ‘elastic’ part of the performance curve. If a Kestner is designed for a wetting rate of, 
say, 1.0 kg/min/tube, then a drop in the flow rate will put the Kestner in the critically low part 
of the curve. If it was designed for a wetting rate of greater than 1 kg/min/tube, then it can drop 
to 1 kg/min/tube, without seriously affecting its performance.  

Equipment manufacturers should also design a Kestner with an adjustable heating surface 
that can be removed at a low flow rate. Another option is to install two small Kestners, instead 
of one big one. One Kestner can then be taken off-line during periods of low flow. Although 
the capital cost of installing two vessels is higher than installing one vessel, the improvement 
in factory performance will offset the costs. 
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