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Abstract In addition to huge installations of electrostatic precipitators (ESP), as those employed for dust
filtration in blast furnaces and cement factories, there are also small devices as the ones used for fume
filtration in welding shops. The aim of this paper is to optimize the geometric characteristics and the
electric operating conditions of a ‘‘one-stage’’ precipitator intended for the filtration of welding fumes.
The experimental bench is composed of 2 units, each consisting in an horizontal wire (tungsten, diameter
0.1mm), energized from a high-voltage supply (+15 kV, 5mA), and equally distant from two vertical plate
electrodes (aluminium, length 200 mm × variable width) connected to the ground. Two ‘‘one-factor-at-
a-time’’ experiments paved the way for a composite experimental design that enabled the optimization
of ESP geometry, i.e. the inter-electrode interval and width of the collecting electrodes.

© 2012 Sharif University of Technology. Production and hosting by Elsevier B.V.
Open access under CC BY-NC-ND license.
1. Introduction

Electrostatic precipitators are used to eliminate the solid
particles (such as dust and ashes) or liquids (oil mist for exam-
ple) contained in gases exiting from industries and injected into
our environment [1,2]. In addition to the huge electrostatic pre-
cipitators that filter the flue gases of foundries, cement plants
or thermal power stations, many other smaller-size units are
developed and used for the treatment of ambient air in offices,
workshops, hospitals, at very low electric energy consumption
and high filtration efficiency (up to 99.9%) [3–6]. The objective
of this work is to achieve the optimal design of an electrostatic
filter for welding fumes, determining the optimal values of the
gap between electrodes and the size of the collecting electrodes.
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Furthermore, we aim to achieve an optimal design using a small
unobtrusive HV supply of a dozen kilovolts.

2. Design of electrostatic precipitation experiments

The Response Surface Methodology (RSM) can be defined as a
statistical method that uses quantitative data from appropriate
experiments to determine and simultaneously solve multivari-
able equations. RSM is a collection ofmathematical and statisti-
cal techniques useful for themodeling and analysis of problems
inwhich a response of interest is influenced by several variables
and the objective is to optimize this response [7].

The RSM techniques employed for the present work assume
that the target function (the output variable) is related to the
contributing factors (the input variables ui, i = 1 · · · e) by a
quadratic dependency [8,9]:

y = f (ui) = c0 +


ciui +


cijuiuj +


ciiu2

i (1)

ci, cij and cjj are the coefficients affected respectively to input
variables ‘‘ui’’, interactions between variables ‘‘uiuj’’ and square
of input variables ‘‘u2

i ’’. They measure the expected change in
response y per unit increases in ui when the other independent
variables are held constant.
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Figure 1: Schematic representation of the laboratory ESP.

Experimental designs methodology was successfully used for
optimization of electrostatic processes as electrostatic separa-
tor of granular material [10]. In this paper, we aim to apply this
method in order to find optimal values of geometric sizes giv-
ing maximal filtration outcome; two geometric variables were
considered:

• Inter-electrodes gap (in cm);
• Width of the collecting electrode (in cm).

The screening experiments should be designed to determine
the domain of variation of the two geometric factors that can
be defined during the conception stage, i.e. inter-electrodes gap
and the width of the collecting electrode.
The response surface modelling (RSM) techniques used in this
paper assume that the response of the process is related to the
different input factors.
If we assume that +∆ui represents the variation of the input
variables and the central value is ui0 (ui0 = uimin + ∆ui), nor-
malized centred values for the input factors can be defined as

xi = (ui − ui0)/∆ui, (2)

where ui0 = (uimax + uimin)/2;
∆ui = (uimax − uimin)/2.

(3)

Considering these new variables, the response function be-
comes:

y = f (xi) = a0 +


aixi +


aijxixj +


aiix2i . (4)

3. Material and method

The tests were performed on a laboratory electrostatic pre-
cipitator, configured as in Figure 1. The experimental bench is
composed of 2 units, each consisting of a horizontal wire (tung-
sten, diameter 0.1 mm), energized from a high-voltage supply
(+15kV, 5mA), and equally distant from twovertical plate elec-
trodes (aluminium, length 200 mm × variable width a) con-
nected to the ground.
The high voltage is delivered by a reversible custom-build high
voltage Direct Current supply (Umax = 15 kV, Imax = 5 mA),
using a HV transformer (Siemens 14 kV, 20 mA) energized with
a Greinacher voltage doubler as shown in Figure 2. Since the
Figure 2: HV power supply circuit using Greinacher voltage doubler.

Figure 3: Experimental bench of electrostatic filtration. 1: variac; 2: HV
transformer; 3 and 4: multimeters; 5: HV multiplier; 6: ESP.

objective of this work is to achieve an optimal design with a
small HV power supply, we opted for all experiments for an
applied voltage of 10 kV. A multimeter (FLUKE 867B, Umax =

1000 V) and a resistive divider built in the power supply, are
used to measure the applied high voltage. Figure 3 represents
photography of the global experimental bench.

Welding fumewas simulated by the smoke of incense sticks.
In each test, five identical sticks were burnt for a period of
5 min. The fume collected on each of the three electrodes
was measured; the mass of these collecting electrodes was
measured before and after each filtration experiment, using
a digital balance (resolution: 0.1 mg). Each experiment was
performed twice, and themean value of the totalmass collected
by the electrodes was considered to be the representative for
the outcome of the process.

4. Preliminary experiments

The choice of the central values and the variation intervals
of the input variables was guided by preliminary experiments,
called ‘‘one-experiment-at-a-time’’. Preliminary experiments
were carried out by fixing the inter-electrodes distance to a de-
termined value d (d = 2, 3, 5 and 4 cm) and by varying the
width of the collecting electrode e (e = 2, 4, 6, 8 cm or 10 cm).
The number of experiments is thus equal to 4 × 5 = 20. The
results obtained are shown in Table 1 and illustrated using his-
tograms in Figures 4 and 5. The totalmass/d represents the sum
of mass recovered in the collecting electrodes, corresponding
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Table 1:Masses [g] of the collected fume for several ‘‘one-factor-at-a-time’’
experiments.

Width a (cm) Inter-electrodes gap d (cm) Total mass/a
2 3 4 5

2 35.2 29.6 31.2 36.3 132.3
4 37.3 38.5 31.2 32.2 139.2
6 36.7 53.0 42.8 42.6 175.1
8 36.9 47.0 43.7 30.1 157.7
10 44.5 56.2 42.9 35.5 179.1
Total mass/d 190.6 224.3 191.8 176.7

Figure 4: Total mass recovered according to inter-electrodes gap (d = 2, 3, 4
and 5 cm).

Figure 5: Total mass recovered according towidth a (a = 2, 4, 6, 8 and 10 cm).

to a determined value of the inter-electrodes distance d and
a = 2, 4, 6, 8 and 10 cm. The total mass/a represents the sum
ofmass recovered in the collecting electrodes, corresponding to
a determined value of width a and d = 2, 3, 4 and 5 cm.
At d = 2 cm, the corona is intense and electric wind is such
that it severely disrupts the collection of smoke. Based on this
observation and the experimental data represented in Figure 4,
the limits of variation of the inter-electrode gap dwere fixed as
dmin = 3 cm and dmax = 5 cm. Electrodes with larger width a
collect larger masses of smoke, as shown in Figure 5. Therefore,
the domain of variation of a was established as follows: amin =

6 cm and amax = 10 cm.

5. Composite designs

It is important to choose the most influent factors that are
relevant to the process under study, and to define their variation
interval and the appropriate central value.
Table 2: Double CCF experimental design.

Exp.
N◦

d
[cm]

a
[cm]

Mass
[mg]

Exp.
N◦

d
[cm]

a
[cm]

Mass
[mg]

1 3 6 47.1 12 3 6 42.1
2 5 6 38.0 13 5 6 40.0
3 3 10 53.2 14 3 10 59.3
4 5 10 38.4 15 5 10 40.5
5 3 80 45.0 16 3 8 50.0
6 5 8 35.0 17 5 8 36.0
7 4 6 46.0 18 4 6 41.4
8 4 10 47.0 19 4 10 49.0
9 4 8 41.9 20 4 8 42.0

10 4 8 43.7 21 4 8 40.4
11 4 8 41.8 22 4 8 42.0

The conclusions of the preliminary experiments served
for establishing the conditions of a double central composite
experimental design. This latter comprises 2×11 experiments.
The results obtained for this experiment are given in Table 2.
We used software MODDE 5.0 (Umetrics AB, Umea, Sweden),
which is a Windows program for the creation and evaluation
of experimental designs [11]. The program assists the user on
the interpretation of the results and prediction of the responses.
It calculates the coefficients of the mathematical model, draws
surfaces of response (RSM) and identifies the best adjustments
of the parameters for optimizing the process.
Moreover, the program calculates two significant statistical cri-
teriawhichmake it possible to validate or not themathematical
model:

(1) The predictive power is given by R2. This is a measure of
how well the model will predict the responses for new experi-
mental condition. It varies between 0 and 1, where 1 indicates
a perfect model and 0 no model at all.

(2) The goodness of fit parameter given by Q 2.
A good mathematical model must have criteria R2 and Q 2

with the numerical value closes to the unit. Like R2,Q 2 has the
upper bound 1, but its lower limit is minus infinity. For a model
to pass the diagnostic test, both parameters should be high, and
preferably not separated by more than 0.2–0.3.

5.1. Modeling and optimization of the filtration process

The mathematical model of massm (R2
= 0.89; Q 2

= 0.77)
was obtained with the data in Table 2:

m = 42.1 − 5.73d∗
+ 2.73a∗

− 0.76d∗2

+ 3.59a∗2
− 2.8a∗d∗. (5)

Coefficients of the mathematical model could also be plotted as
in Figure 6.

The two statistical criteria computed by MODDE 5.0 were
quite satisfactory (i.e., close to unity) for both models: the
goodness of fit R2

= 0.89; the goodness of prediction Q 2
=

0.77. The predicted mass of smoke is represented in Figure 7.
The coefficients of the proposedmathematical model represent
the degree of influence of all factors and interactions between
them. Therefore, a high value of the coefficient means that the
factor which affects the coefficient is significant, and vice versa.
The inter-electrode gap d has the most important effect on the
mass collected, the corresponding coefficient in the regression
model being −5.73. The increase of d, which is accompanied
by a diminution of the corona current, causes a decrease of the
massm. Larger quantities ofm are collected at higher electrode
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Figure 6: Plotted coefficients of the model.

Figure 7: Contour plots of the response function computed with MODDE.

width a. A strong interaction exists between a and d: the effect
of a change in a is stronger at larger d.

According to this model, the operation set point, i.e. the
optimum of the process corresponding to the maximum air
filtration efficiency, should be obtained for d = 3 cm and
a = 10 cm.

6. Conclusion

An experimental study of electrostatic precipitation of
welding fume was presented in this paper with the aim of
achieving an optimal design of the geometric dimensions
and factors such as electrode spacing and width of collection
electrode which are of great importance. We build up an
experimental bench of electrostatic filtration and a HV power
supply. Using the method of experimental designs has resulted
in the optimum sizes of the filter. Finally, we have to continue
this work for examining the optimization of the electrical
factors for more effective filtration; the factors to be considered
are the voltage and current of the corona discharge; the final
objective is to build up an ESP for industrial air filtration of
welding fumes.
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