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Abstract 
 
This paper presents an experimental investigation of a SMART scrubbing system in sugar processing plant. The objectives are to address 

the problem and develop new technique to increase the efficiency and eliminate sugar sludge production downstream of process line. The 
SMART scrubbing effect of water with the principal of dynamic precipitation was conducted on-site with calculated flow rate, which 
simulates the SMART scrubbing system. The on-site and scaled-down model experiments measure the upstream and downstream dust 
concentration and processes the flow rate of water required to counter the dust concentration based on the feedback flow. The investiga-
tion was conducted with a steady airflow of 6 m3/s with variation of water flow rates. The result of the on-site studies shows an excellent 
increase in average and maximum efficiencies of 98.77% and 99.3% respectively. 
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1. Introduction 

Food processing of flour and sugar-based plants can create a large 
amount of dust. This dust, if left untreated can cause health issue 
to operators and cause safety concern to anyone onsite. In addi-
tion, the accumulation of uncontrolled dust can also create opera-

tional problem such as the formation of sludge when surrounding 
humidity increases. Notwithstanding the source, dust from food 
processing is a challenge that cannot be disregarded. There are 
approximately 30,000 food-processing facilities that deals with 
dust-related compound just in the United States. 
The manufacturing of sugar involves a process known as sugar 
drying which is classified in the curing segment of sugar manufac-
turing [1]. This process dries the sugar to its final product stan-

dard, which in return produces a significant amount of sugar dust, 
which size is about 10 microns. The environment in which the 
whole process takes place is an enclosed area, which means there 
is poor ventilation within the vicinity of the factory as there is no 
human intervention in the process. Thus, currently a simple scrub-
ber system is used with dynamic precipitation. However, after 
many years in operation, the system is no longer efficient as the 
precipitation levels are inconsistent with the amount of dust pro-
duced. Thus, several important factors need to be taken into ac-

count in designing a system in which the dynamic precipitation is 
directly proportional to the level of dust produced. 
A comprehensive review of dust management showed that very 
limited studies were conducted to reduce dust from its primary 
source other than the mixers, dry sugar conveyors, coal spalling, 
etc [2-10]. During the site investigations, it was evident that dryers 
are the major source of dust produced. In the sugar refining proc-
ess, the raw sugar is initially washed by mixing it with raw liquor 

and fine liquor. These processes separate the impurities from the 

raw sugar, which is then passed through the Ion Exchange Resin 
(IER) towers where further impurities are removed. After going 
through a few processes, the moisture content in the sugar will still 
be high, thus a dryer is used to dry the sugar. This process re-

moves the moisture in the sugar up to 99.9%, thus producing high 
amount of sugar dust. Therefore, a dynamic precipitation scrubber 
was installed on site to separate the dust. However, the efficiency 
of the system is compromised with the production of sludge in the 
system. 
Based on this problem, there is a need to address the issue and 
develop a new technique to eliminate sludge production in the 
downstream outlet ducting and increase the efficiency of the sys-

tem. In the open literature a number of techniques were investi-
gated but these techniques were found to be suitable to specifically 
defined problems based on plants [11-15]. With this objective in 
mind, the development of the smart scrubbing effect of water with 
the principle of dynamic precipitation was proposed. The aim of 
the SMART system is to reduce the over-precipitation of dust 
within the scrubber to avoid the production of sludge in the sys-
tem. The SMART scrubber uses a number of optical dust sensor, 

which then transmits live data onto a microprocessor, which then 
determines the flow rate for the dynamic precipitation. The design 
requirement of the SMART scrubber system was to add an effi-
cient, simple and a feasible unit addition to the existing scrubber 
system to reduce the cost of the system. 

2. SMART Scrubber System 

The basic scrubber system consists of an air-powered upstream 
venturi, a water jet spray and a downstream ducting. During the 
experiments, which was conducted on site, a steady volumetric 
airflow of 6 m3/s was maintained. With the addition of the feed-
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back loops, the current dust absorption system is able to be made 
automatic with respect to the level of dynamic precipitation pro-
duced as shown in the experimental rig. The proposed scrubber 
system can be used for any application of scrubbing of fine parti-
cles such as sugar dust, coal dust, etc. With the SMART scrubber, 
the system needs very low maintenance and is safe for use in thor-
ough conditions as there is no dynamic parts involved. The dust 
measurement technique by using a dust sensor which works on the 

principle of the dust lamp [4], also further optimizes the cost in 
dust concentration measurement 
The initial cause of the over precipitation of dust in the system 
was due to the lack of innovation within the system to measure the 
dust variation that enters the system. Thus, a single flow rate of jet 
spray was used to precipitate a high and a low concentration of 
dust in the upstream part of the system. 

3. Methodology 

 
Fig 1: Flow Diagram of the Scrubber system 

 

The study is conducted in stages and the flow of activity is shown 
in Fig. 1. At the inlet duct, air flow was measured with an ane-
mometer. Then the dust concentration is also measured using a 
filter paper. Further downstream of the flow channel, water jet was 
sprayed onto the incoming mixture stream with a flow control 
valve and rotameter. The amount of water jet sprayed into the 

steam is very critical to ensure that most of the dust is captured 
and at the same time, formation of sludge can be minimized, if not 
eliminated. In general, the objective is accomplished in the follow-
ing strategies: 

3.1. On Site Experimental Set Up 

Figs. 2 and 3 show the on-site configuration and schematic dia-
gram of the system under investigation respectively. The system 

was fed by a number of high dust producing equipment such as the 
dryers, dry sugar conveyors and several other conveyors at the 
inlet of the scrubber ducting in stages to increase the dust concen-
tration based on the water flow rate. The concentration of dust 
from these systems range between 102.50 (g/m3) to 208.64 (g/m3). 
The concentration of dust was measured with the conventional 
method of using a filter paper and weighing scale. Due to the po-
tential inaccuracy of the method used, 5 samples were tested for 

each flow rate to obtain the appropriate efficiency of the scrubber 
system. The system has a constant airflow of 6.0 m3/s. The water 
flow rate ranges from 2 to 5 m3/hr. 
Based on on-site operation feedback, the objective of this study is 
not only to eliminate the dusts within the system, but also not to 
produce any moisture content at the outlet duct. The presence of 
moisture at the outlet duct of the system was also noted in order 
meet the objective of the smart dynamic precipitation system. 

 
 
 

3.2. On-Site Experiment of Dust Concentration 

There are many ways to measure the concentration of dust in air. 
Most commonly used, an optical test is usually done to measure 
the scattered light beam in dust. The method employed in the de-

velopment of the SMART scrubber is the filter test method for 
rapid weight distribution, the analysis of this method is gravimet-
ric. It is not only inexpensive but it is the procedure most gener-
ally accepted at present and such analytical techniques are rela-
tively simple. A filter paper type of Composite Filter PG-60 spe-
cially developed for the measurement of dust concentration in air 
was used. The filter papers are also PTFE coated, thus being natu-
rally hydrophobic and unaffected by humidity. The following 

steps are taken for the measurement: 
(i). Each filter paper was weighed on an analytical balance before 

use, and noted as, w0 
(ii). A filter paper holder was used to hold the filter paper in place 

in the inlet and outlet duct. 
(iii). The filter paper was left in the duct for 60 seconds. 
(iv). The filter paper was again weighed on an analytical balance 

and noted as, w1 
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Fig 2: On-site configuration of scrubber system 
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Fig 3: Schematic diagram of the on-site scrubber system 

 
From the measurement, the concentration of sugar dust can be 
determined using Eq. 1. 
 

V

sm
C




                             (1) 
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Where C, sm  and V  are the concentration, mass flow rate of 

sugar and volume flow rate respectively. 

3.3 Scrubber Efficiency 

In the scrubber system, the ratio of dust concentration at the inlet 
and outlet duct are used to measure the efficiency of the scrubber. 

For the purpose of this work, the scrubbing efficiency, 
S

  is dif-

ferentiated from the dust elimination efficiency, D  due to the 

presence of sludge. The presence of sludge is known to reduce the 
efficiency of the scrubber by 50%. 
 

D

DU
D

C

CC 
             (2) 

 

5.0 DS              (3) 

3.4 Water Flow 

One of the aims of this work is to regulate the flow rate of water 
based on the inlet dust density. Thus, it is valid and practical to 
say that the flow rate of water equals to the dust concentration. 

The flow rate of water (m3/hr), wm  takes the form: 

 

Uw CVm              (4) 

 
Fig. 4 shows the scaled-down model of the system. The test rig 

consists of an inlet and outlet ducts, is powered by a fan, which 
produces suction. The location of the photo sensors is also shown 
and they are located close to the water spray point. This is to en-
sure accurate measurement of captured dust. The photo sensors are 
connected to microcontrollers in order coordinate the whole opera-
tion of the smart scrubbing effect. 
Two arrangements of photo sensors are implemented in the smart 
scrubbing effect with water precipitation as shown in Fig. 5. There 
are: 

(i). Equidistant arrangement: 1 light source, 2 photo sensors 
(ii). Perpendicular arrangement: 2 light source, 2 photo sensors 

 

 
Fig 4: Design of on-site experimental rig 

 

 
Fig 5: (a) Equidistant arrangement, (b) Perpendicular arrangement of light 

source and photo sensor 

3.5 Scaled-Down Experimental Analysis 

The scaled-down experimental rig is fabricated to test the pro-
posed dust controlled mechanism and proof of concept for the 
SMART scrubber system. This is shown in Fig. 6. The open sys-

tem model was constructed with a feedback loop from a dust sen-
sor, which works on the same principle as a dust lamp. External 
dust is fed into the system through a vertical funnel at the input 
duct. The dust sensor is then used to measure the concentration of 
dust, which is then transmit the live data onto an Arduino micro-
controller, which outputs a regulated flow rate. A dust sensor at 
the output ducting is used to justify the output dust concentration. 
Arduino UNO was programmed to receive voltage signals from a 

photo transducer. These voltage signals are then converted into 
dust density which is reflected by (g/sec) in the serial monitor of 
the Arduino. The dust density is then mapped on to a set of Pulse 
Width Module signals which range from 0 – 255 Hz. The Pulse 
Width Module is used to control the pump, which in turn regulates 
the flow rate of water entering into the system. 

 
Fig 6: Experimental Rig Set-Up 

4. Result, Analysis and Discussion 

4.1 On-Site Test Analysis of Dust Concentration 

During the on-site testing, the volumetric air flow rate is fixed at 6 
m3/s while the water flow rate varies. Then the result for scrubbing 
efficiency is recorded. Prior to the test, an error analysis is carried 
out to ensure accurate measurement of water and air flow rates. 
This is due to the fact that the control devices used in the existing 
manufacturing plants were very old and there might be discrepan-

cies from wear and tear from valves etc. Also, the digital flow-
meter placement at the outlet duct needs to be evaluated for accu-
racy. To ascertain this, theoretical flow calculation is carried out 
and compared with the actual measurement for different water 
flow rates. The comparison shows minimal errors and this is illus-
trated in Fig. 7. 
Fig. 8 shows the average scrubbing efficiency and dust eliminated 
at different water flow rates. It shows that the efficiency of the 

scrubber is highly dependent on the water/dust concentration ratio. 
The quantity of water is directly proportional to the concentration 
of dust. A high amount of water to a low amount of dust concen-
tration would result in production of sludge at the outlet duct of 
the scrubber. The efficiency of the scrubber was further reduced 
by 50% with the production of sludge. Based on the comparison 
of flow rate (l/min), the average scrubbing efficiency and percent-
age of dust eliminated, it can be seen that the higher the flow rate 

of water, the lower the scrubbing efficiency. This is evident al-
though the percentage of dust eliminated in the system increases 
with the flowrate due to the production of sludge. 
Measurement of dust concentration at both upstream and down-
stream channel is shown in Fig. 9. It can be seen that the dust 
elimination efficiency is high for all water flow rates. Although 
dust elimination efficiency is high, production of sludge at outlet 
duct reduces the scrubbing efficiency by almost 50%. This shows 
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that an increase in water flowrate would increase the efficiency of 
dust elimination at downstream, but careful attention needs to be 
taken as this practice also promotes an increase production of 
sludge. 
Test are also carried out for cases with different flow rate of water, 
i.e. 2m3/hr., 3m3/hr., 4m3/hr., and 5m3/hr. (with a fixed air flow). 
The results are illustrated in Figs. 10-13 respectively. At water 
flow 

 

 
Fig 7: Theoretical water flow rate against actual water flow rate (m

3
/hr.) 

 

 
Fig 8: Comparison of water flow rate (l/min) and average scrubbing effi-

ciency (%) 

 
Fig 9: Dust concentration at upstream and downstream of duct. 

 

 
Fig 10: Dust concentration against the water flowrate of 2 m

3
/hr. 

 
Fig 11: Dust concentration against the water flowrate of 3 m

3
/hr. 

 
rate of 2 m3/hr., the percentage of dust eliminated in the down-
stream scrubber is approximately 68%. Although the percentage 
of dust eliminated in the system is the lowest compared to other 
cases with higher flow rates, the efficiency of the scrubber re-
mains the highest. The low dust elimination at this flowrate is due 

to inadequate amount of water that is supplied to the system caus-
ing incomplete precipitation of dust. The efficiency of the scrub-
ber however depends on the production of sludge at the outlet duct 
of the system, at low flowrate and incomplete precipitation of dust 
in the system; it is obvious that sludge production is the lowest. 
At increased water flow rates of 3 m3/hr. and 4 m3/hr., a steady 
increase of percentage of dust eliminated is noted, although the 
opposite is noted in the scrubber efficiency. The scrubber effi-
ciency has steadily declined from 68% to 66% at these flowrates 

respectively. This is due to over precipitation of dust, which 
causes moisture to be present at the outlet duct of the scrubber 
system. Over precipitation of dust drastically reduces the effi-
ciency of the scrubber by almost 50%. 
At flowrate of 5 m3/hr., it can be seen that over precipitation of the 
dust increases the percentage of dust eliminated to 98%. Almost 
all the dust in the duct is successfully trapped by the filter. How-
ever, large amount of injected water has caused large sums of 

sludge to be accumulated in the downstream system. 
Based on the results presented, it can be seen that with adequate 
and precise amount of water, the production of sludge in the outlet 
duct of the scrubber can be avoided. The average achievable effi-
ciency from the scrubber system is 98%. This is also coherent with 
the proposed theory varying the flow rate based on the dust con-
centration. 

4.2 Scaled-Down Experiment 

In the scaled down experiment, powdered particle is used to emu-
late sugar dust, which is injected at inlet duct. The dust concentra-
tion (termed density for scaled-down experiment) was slowly 
increased from 0.25 g/m3 until a terminal capacity of 0.66 g/m3. 
Photo transducers are placed upstream and downstream of the duct 
to capture the density. These sensors were initially calibrated 
based on known dust densities prior to the experiment. The motor 

bandwidth was also directly mapped to the upstream dust density 
from a range of 0 – 255 on the Pulse Width Module (PWM) scale. 
The variation of inlet dust density against water flow rate is linear 
as shown in Fig. 14. 
 

 
Fig 12: Dust concentration against the water flowrate of 4 m

3
/hr. 
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Fig 13: Dust concentration against the water flowrate of 5 m

3
/hr. 

 
Assessment of dust density at duct inlet and outlet is illustrated in 
Fig. 15. Similar behaviour is shown with the on-site measurement. 
The amount of dust measured at the outlet is significantly reduced 
for all water flow rates. Despite showing linear increase of dust 

concentration at the inlet, the outlet measurement of dust density 
does not show a linear trend. This can be attributed to the influ-
ence of water which reacts with the dust forming sludge at the exit. 
During this process, no clear trend is indicated as the process is 
unpredictable. Thus, for the scaled-down test, no clear trend can 
be concluded in terms of dust removal efficiency as illustrated in 
Fig. 16. Scaled-down experimental rig also shows a clear proof of 
concept, in terms of dust elimination using filtered paper. The 

efficiency of the system is also clearly seen to be peaked at over 
99%. Thus it can be said that the SMART scrubber is very effi-
cient to be applied under controlled industrial conditions. 

5. Conclusion  

On-site experiment and scaled-down model testing of SMART 
scrubber system to reduced sugar dust concentration has been 

investigated. The objective is to develop a SMART scrubber sys-
tem capable of removing sugar dust in a sugar manufacturing plant 
and at the same time, minimize the production of sludge at duct 
outlet. On site investigation shows that the average efficiency of 
the SMART scrubber is 98% with a maximum achievable effi-
ciency of 99.4%. This corresponds to an upstream dust concentra-
tion of 198.54g/m3 and downstream dust concentration 1.26 g/m3 
with no presence of moisture or sludge. This is a vast improve-

ment of efficiency from the existing system (which has an average 
efficiency of 60%.). The result has demonstrated the capability of 
SMART scrubbing system to remove sugar dust with maximum 
efficiency and at the same time minimize sludge formation. 
 

 
Fig 14: Upstream Dust Density against the flow rate of water 

 
Fig 15: Inlet and outlet dust density against water flow rate 

 

 
Fig 16: Dust removal efficiency against water flow rate 
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