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The object of this work is to outline a methodology that can im-
prove the current procedures used to size cost-optimized, efficient
electrostatic precipitators (ESP). Focusing on a model wire-plate
ESP initially, we develop a two-dimensional Eulerian, advection-
diffusion type model for particle transport with distributed pa-
rameters. The Eulerian model is assessed against the accurate
Lagrangian particle tracking database obtained for a model ESP
using the parameter-free, highly accurate direct numerical simula-
tion database obtained in previous work (Soldati 2000; Soldati and
Banerjee 1998). Results show that the simplified Eulerian model
can have good performances, provided that the functional form of
the required transport parameters (i.e., turbulent dispersion coeffi-
cient, electromigration velocity, and convection velocity) are prop-
erly defined. Next, the cost function for a model ESP is defined and
the influence of several design parameters on cost and collection ef-
ficiency is examined to identify guidelines to increase the collection
efficiency at the lowest cost. Considering the cost associated with
variation of precipitator length and width, wire-to-plate distance,
and voltage applied to the wires, results show that the most cost-
effective way to increase the collection efficiency of a wire-plate
ESP is to decrease the wire-to-wire distance. Furthermore, the rea-
sons for cost effectiveness of wider-spacing ESPs are demonstrated
from a theoretical viewpoint, thus confirming the experimental ob-
servations of Navarrete et al. (1997).

INTRODUCTION
Electrostatic precipitators (ESPs) are widely used to separate

dust particles or aerosols from process or waste gas. Dust parti-
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cles are charged and driven by an electrostatic field toward the
collecting electrodes. Figure 1 shows a schematic representation
of the widely used wire-plate configuration.

The collection efficiency of an ESP is influenced by a number
of effects such as particle transport, bypass flows, back corona,
and particle reentrainment among others (Self et al. 1987). Wire-
plate ESPs are characterized by high values of particle collection
efficiency for a large range of particle sizes and can be operated
with a relatively low pressure drop. The economical downside
is represented by the construction or upgrade costs that may be
necessary to comply with the new, more stringent regulations
on pollution emission. A careful examination of the criteria em-
ployed for their design is necessary for effective upgrade or
revamping.

The working principle of ESPs is rather simple and yet very
difficult to model in detail. Focusing on the most common indus-
trial configuration sketched in Figure 1, the dust-laden gas flows
through a rectangular channel bounded by grounded vertical col-
lecting plates; thin vertical wires are placed in the middle of the
channel and are maintained at a potential larger than the local
electrical breakdown in order to emit ions by corona discharge.
The ions charge the initially neutral dust particles entrained by
the carrier fluid and interact with the fluid molecules, which
acquire momentum and move coherently, generating secondary
flows driven by the applied electrostatic field (electrohydrody-
namic (EHD) flows). These flows couple the fluid mechanics
problem with the electric-field space-charge problem. A further
coupling is introduced by the presence of particles that, being
charged, are coupled with the electrostatic field and are also cou-
pled with the fluid via the aerodynamic drag (Kallio and Stock
1992; Soldati and Banerjee 1998). To model the effect of all of
these phenomena, one should solve the reduced Maxwell equa-
tions for the electrostatic field and space charge coupled with
both particle dynamics and Navier–Stokes equations. The design
and optimization of ESPs depends on the solution of this prob-
lem, which can be obtained with a varying degree of accuracy
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Figure 1. Schematics of wire-plate ESP with the reference coordinate system.

using different models characterized by different degree of com-
plexity and computational cost. We can find different approaches
to model particle transport in the fluid, as, for instance, the one-
dimensional Deutsch approach (Deutsch 1922), the lumped pa-
rameter two-dimensional continuum approach for the fluid and
the particulate phase (Eulerian–Eulerian) (Larsen and Sørensen
1984), or the three-dimensional, time-dependent continuum ap-
proach for the fluid phase and the Lagrangian approach for the
particles (Eulerian–Lagrangian) (Choi and Fletcher 1997, 1998;
Soldati et al. 1993, 1997). Current design tools (for instance
ESPVI) for particle transport in ESPs are based on the most
simplified approaches, which stem from the theory of Deutsch
(1922), based on the one-dimensional filter model (Soldati et al.
1997).

In our previous work (Soldati et al. 1993, 1997; Soldati and
Banerjee 1998; Soldati 2000) we performed direct numerical
simulations (DNS) of the turbulent flow field in plate-plate and
wire-plate ESPs and we simulated particle dispersion numeri-
cally, including the EHD flows-turbulence coupling using
a Eulerian–Lagrangian approach. DNS is a parameter-free
method and allows one to calculate the time-dependent, three-
dimensional structure of turbulent flows without any modeling
of turbulence (Moin and Mahesh 1998). We developed a rather
broad database of particle dispersion fields. The database is lim-
ited to low Reynolds numbers (about 6,000, based on mean ve-
locity and plate-to-plate spacing) due to the heavy computational
requirements. These computational studies have contributed to
clarifying the mechanisms of convective transport in ESPs. We
observed the influence of the electrostatic field on particle col-
lection efficiency (Soldati et al. 1993, 1997). We observed also
that the large-scale structures generated by electrostatic forces
modify the turbulence behavior, in particular near the wall, and
for certain configurations this might lead to a significant drag
reduction (Soldati and Banerjee 1998). Other authors analyzed
the performances of industrial precipitators using the Reynolds
averaged Navier–Stokes equations (RANS) approach, evaluat-
ing the effect of the particle space charge (Choi and Fletcher

1997, 1998) and other electrical processes (Gallimberti 1998)
on particle transport. Egli et al. (1997) examined the accuracy
of Lagrangian particle tracking into EHD coupled flow fields
obtained through a numerical solution of the Euler equation for
the gas momentum balance. Other very simple models based
on the advection diffusion equation (ADE) have been used to
investigate how the precipitator efficiency is influenced by the
simultaneous effects of electrical drift, turbulent dispersion, and
secondary flows (Larsen and Sørensen 1984) and by the nonuni-
form electric field (Kihm et al. 1985). ADE has also been used to
evaluate the importance of space charge, turbulent dispersion,
and particle size distribution on collection efficiency (Ko and
Ihm 1997).

If the object is to examine in detail turbulence transport ef-
fect, one should use accurate numerics. However, if an opti-
mal configuration is sought, the task of analyzing accurately the
influence of a number of different parameters (geometrical di-
mensions and operative conditions) for a large number of cases
can be performed only using models that are sufficiently simple
to allow time effective computations. As far as possible, these
simple models should account for all of the aspects identified as
relevant by more complex investigations.

This article proposes to exploit careful experiments and ac-
curate full-numerical simulations to derive and tune a simpler
model that can be used in turn to explore larger ranges of the
variables. The final object of our research is to identify possible
cost-optimized, high-efficiency configurations for ESPs (Soldati
and Marchioli 2001) and to devise a global numerical strategy
for ESP optimization and/or control (Beux et al. 2001). Specif-
ically, a distributed-parameter, two-dimensional Eulerian trans-
port model is derived and fitted on DNS data for the calculation
of collection efficiency in ESPs. Previous ADE approaches ex-
ploit the lumped parameters ADE (Larsen and Sørensen 1984;
Kihm et al. 1985; Ko and Ihm 1997; Kim and Lee 1999; Zhuang
et al. 2000) fitted on experimental data. In this work, the dis-
tributed transport parameters are calculated a posteriori from
the DNS data rather than, as usual, from experiments (Williams
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and Jackson 1962). The model proposed is accurate and suffi-
ciently simple to be coupled to a cost analysis to examine the
influence of design parameters on the final ESP cost.

In this article, we will first present the procedure used to de-
velop the simple two-dimensional Eulerian ADE model, demon-
strating its capability to reproduce results obtained with inde-
pendent experiments (Kihm 1987) and with the time-dependent,
three-dimensional DNS (Soldati 2000). Second, we will perform
a simple cost analysis of a model wire-plate ESP. The model de-
veloped will be used to evaluate particle collection efficiency for
changes in the design or operating parameters—wire spacing,
plate spacing, wire voltage, and precipitator length—evaluating
corresponding costs of the wire-plate ESP.

MODEL FOR PARTICLE TRANSPORT
AND ESP EFFICIENCY

DNS Database
DNS is a powerful computational tool to calculate complex

turbulent flow fields. DNS is limited by the current computa-
tional capabilities to low Reynolds numbers (order of 10,000),
yet DNS has the great advantage to be parameter free since it
allows one to solve for the three-dimensional, time-dependent
turbulence velocity field down to the Kolmogorov scales. In
previous work, we analyzed different flow fields for laboratory-
scale plate-plate ESP (Soldati et al. 1993) and for wire-plate ESP
with different voltages applied to the wires (Soldati and Banerjee
1998). The dispersion of swarms of particles from 4 to 32µm in
these flow fields was then evaluated using a Lagrangian method
to track swarms of several thousands of particles. We refer to
previous work for detailed accounts (Soldati et al. 1993, 1995,
1997; Soldati and Banerjee 1998; Soldati 2000). Table 1 summa-
rizes the parameters characterizing the available DNS database.
The database is used in this work to tune the empirical parame-
ters of a simple transport model and to test its performance. The
DNS database comprises simulations made for particles with
diameters of 4, 8, 16, and 32µm subject to one low and one
high electrostatic field corresponding to potentials applied to
the wireV = 32 kV andV = 42 kV, respectively. Our objective
was to evaluate the effect of particle size and electrical potential
on collection efficiency independently of other effects that could

Table 1
Summary of DNS database for flow field

Duct width 2h= 0.04 m
Duct height L y = 0.1256 m
Wire-to-wire half spacing δ = 0.0314 m
Wire length l = 0.125 m
Fluid density ρ = 1.29 Kg/m2

Fluid kinematic viscosity ν = 1.57· 10−5 m2/s
Reynolds number Re= (Um 2ha)/ν ≈ 6000
Wire potential V = 32 kV

V = 42 kV

complicate analysis and conclusions. Particles were therefore as-
sumed to enter the precipitator precharged. It was also assumed
that their charge remains the same along their trajectory, not be-
ing a function of the local electrostatic field. This is a realistic
assumption since we have chosen a precharge value higher than
the maximum charge a particle could acquire when exposed to
the ionic space charge of our model ESP. As discussed in Soldati
(2000), this approach is the numerical equivalent of the experi-
mental approach adopted in previous work by Kihm (1987) and
Self et al. (1987). Our simulation uses a precharge value slightly
larger than the maximum charge. Under these assumptions, the
charge of a particle is a function of the electrostatic field applied
in the precharging section of the ESP via the following equation:

qp = 3π
ε

ε + 2
ε0Ēcd

2
p, [1]

whereε0 is the permittivity of the vacuum,̄Ec is the value of the
electrostatic field used for precharging the aerosol particles, and
ε is the dielectric constant of the particle, which for the present
work was equal to 2 (Kihm 1987). In the high intensity case, a
uniform precharge field of̄Ec = 224.7 kV/m was considered,
whereas in the low intensity case it was̄Ec = 164.8 kV/m.

Our database is in good agreement with previous experimen-
tal work (Kihm 1987; Kallio and Stock 1992) as discussed in
our previous paper. As an example, we will report here a com-
parison of the overall collection efficiency. An earlier work by
Kihm (1987) reported results relative to the collection efficiency
of a laboratory scale wire-plate precipitator 5 cm wide. The ef-
ficiency of the precipitator,η, is given by the ratio between the
number of particles deposited at a given distance from the in-
let and the total number of particles at the inlet. Precipitator
efficiency for the deposition of 5µm aerosol droplets with a
mean flow velocity of 2 m/s was presented as a function of the
Deutsch number, De, that is, the dimensionless streamwise coor-
dinate (Soldati et al. 1995), defined as De= (wex)/(Ud), where
x is the streamwise coordinate,d is the duct semiwidth—i.e. the
characteristic lateral dimension in a wire-plate precipitator—we

is the electric migration velocity, andU is the streamwise veloc-
ity. Results obtained by Kihm (1987) and those computed from
our database for the 4µm particles in the high potential case
are shown in Figure 2. The agreement between computed and
experimental data is good.

Two-Dimensional ADE
Predicting the collection efficiency of a precipitator for a

large set of values of design parameters using the DNS approach
and simulation of particle transport is impossible for current
supercomputers. A possible choice for the designer is to rely
on the Deutsch equation (1922), which is simple but, reflecting
on an over-simplified scenario, leads to large, inaccurate par-
ticle deposition rates. A more accurate approach is the use of
the particle ADE. Referring to the coordinate system shown in
Figure 3, the two-dimensional ADE model may be derived by
applying a material balance over the dispersed particles. The
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Figure 2. Comparison of results of present DNS to experimental results obtained by Kihm (1987) in similar conditions. Collection
efficiency is presented as a function of Deutsch numberDe.

resulting equation is

∂c

∂t
+ ui

∂c

∂xi
= ∂

∂xi

[
Dt
∂c

∂xi

]
, [2]

where repeated indices imply summation. In Equation (2),ui

are the components of the advection velocity field,Dt is the
turbulent dispersion coefficient, andc is particle concentration.
In general, all transport parameters—i.e., the advection field
and the turbulent dispersion coefficient—are local. However, it
may be safely assumed that turbulent dispersion nonuniformi-
ties are relevant only in the wall-normal direction. In addition,
we observe that turbulent dispersion effects in the streamwise
direction are largely overcome by the mean flow advection. As-
suming further that the system is in steady state, we may neglect
time dependence and obtain the following equation:

u(x, z)
∂c(x, z)

∂x
+ w(x, z)

∂c(x, z)

∂z

= ∂Dt (z)

∂z

∂c(x, z)

∂z
+ Dt (z)

[
∂2c(x, z)

∂x2
+ ∂

2c(x, z)

∂z2

]
, [3]

Figure 3. Computational domain for ADE.

whereu(x, z) andw(x, z) are streamwise and wall-normal par-
ticle advection velocities andDt (z) is the transverse turbulent
dispersion coefficient.

To integrate Equation (3), we need to assume a functional
form for the flow field parametersu(x, z), w(x, z), andDt (z). In
this work, the detailed knowledge available from our DNS-based
Lagrangian tracking database is exploited to derive these func-
tional forms a posteriori. This approach is different from pre-
vious work, most of which (Williams and Jackson 1962; Leonard
et al. 1980; Larsen and Sørensen 1984) employed lumped-
parameter ADE fitted a posteriori on experimental data. In the
work by Kihm (1987) there was an attempt to use a “two-region”
parameter model for the turbulent dispersion coefficient. Con-
sidering that turbulent dispersion must go to zero approaching
the wall, Kihm (1987) employed a uniform dispersion value
for the central region of the channel and a linear profile for
the wall region. However, in our recent works on plate-plate
(Soldati et al. 1997) and wire-plate ESPs (Sisti 1997; Monticelli
1999), we found that the use of a uniform or distributed turbu-
lent dispersion coefficient does not reflect on the overall collec-
tion efficiency. However, we also found that the model for the
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advection field has an influence on the particle deposition cal-
culation (Monticelli 1999). We therefore decided to retain the
distributed form only for the advection field and to use a uniform
value for the turbulent dispersion coefficient. The final form of
the ADE we employed is the following:

u(x, z)
∂c(x, z)

∂x
+ w(x, z)

∂c(x, z)

∂z

= Dt

[
∂2c(x, z)

∂x2
+ ∂

2c(x, z)

∂z2

]
. [4]

To solve Equation (4) forc(x, z), it is necessary to assign a
functional form for the streamwise advection velocity,u(x, z),
and the wall-normal advection velocity,w(x, z), and to give a
value for the turbulent dispersion coefficient,Dt . The choice
of these transport parameters is described in detail in the next
section. Once the transport parameters are fixed, Equation (4)
can be integrated with the usual boundary conditions (Larsen
and Sørensen 1984; Ko and Ihm 1997). Since the channel cen-
terline is a symmetry line, the resolved computational domain
is half the precipitator width (Figure 3). Boundary conditions
are fixed as follows: (i) assigned concentration at the inlet sec-
tion (x = 0, z = 0÷ h), (ii) zero flux at the symmetry plane
(x = 0÷ L , z = 0), (iii) zero gradient in the wall normal di-
rection at the collecting plate (z= h, x = 0÷ L), and (iv) zero
gradient at the outlet section of the ESP (x = L , z = 0÷ h).
We used a pseudo-transient approach to find the steady-state so-
lution, starting our calculation from a zero concentration value
all over the computational domain. At each time step, the solu-
tion is calculated using a line-Gauss Seidel method. The solu-
tion converges over time toward the steady-state solution. The
steady-state concentration field depends on the dimensions of the
domain of integration,L andh, and on the operating conditions
for the ESP, which influence the values of the fluid parameters,
u(x, z), w(x, z), and Dt . This dependence permits the evalua-
tion of the influence these different parameters have on particle
collection efficiency, which is calculated as

η =
∫ h

o c(0, z)dz− ∫ h
0 c(L , z)dz∫ h

0 c(0, z)dz
, [5]

wherex = 0 andx = L are inlet and outlet sections of the ESP,
respectively.

Transport Parameters
To solve Equation (4), it is necessary to model advection

velocities and turbulent dispersion. The time-averaged advec-
tion velocity field may be represented as the superposition of
3 terms: thestreamwise advection field, strongly related to the
mean flow profile, thewall-normal electrostatic advection field,
directly dependent on the local strength of the electric field,
and theelectrohydrodynamic (EHD) advection field, which ac-
counts for large-scale vortices due to the interaction between
fluid molecules and ions generated by corona wind. In our

recent work (Soldati 2000), we examined the influence of EHD
flows on the local and overall behavior of particles. We found
that even though EHD flows have an influence on local particle
behavior, in practice this effect averages out when examining
the overall particle fluxes. In this analysis, the influence of EHD
flows is ignored.

Streamwise Advection Field,u(x, z). Particle streamwise
velocity is influenced by the turbulent velocity profile of the fluid
and by the electrostatic field. As discussed in Soldati (2000), the
effect of the electrostatic field is to modify particle streamwise
velocity that is different from fluid streamwise velocity, which in
turn is different from that of a duct flow because of the presence
of EHD flows. Despite these complex effects, after several tests
we considered that a standard logarithmic profile for the mean
streamwise particle advection velocity would be sufficiently de-
scriptive foru(x, z) to be used in an ADE equation (Tennekes
and Lumley 1976). In contrast, a plug-flow profile, as for in-
stance that applied by Leonard et al. (1980) or by Kihm (1987),
leads to a larger inaccuracy.

Wall-Normal Electrostatic Advection Field,w(x, z). If we
neglect the EHD flows, the advection velocity field toward the
wall is given by the electrostatic migration velocity only. Since
we use precharged particles, this parameter accounts for all
Coulomb force related effects. In steady state, it is possible to
balance electrostatic and drag forces acting on particles, ob-
taining an expression which, for Stokes drag (Rep≤ 1), is called
Stokes reference velocity,ust. Here,ust is the velocity of particles
relative to the fluid. The streamwise component ofust accounts
for the velocity difference between charged particles and the
fluid due to the electrostatic field. The wall normal component
of ust accounts for the electromigration velocity of particles to-
ward the collecting plate. It is known that in wire-plate ESPs,
particles are subject to drag forces larger than Stokes drag, so
that their actual velocityuel is lower thanust. Since full a priori
evaluation of the wall-normal migration velocity is impossible,
in this paper we propose the following expression fitted based
on the results of the Lagrangian tracking in DNS flow field:

uel(x, z) = kust(x, z) = k
qpE(x, z)

3πµ f dp
, [6]

or by components,

uel(x, z) = kust(x, z) = k
qpEx(x, z)

3πµ f dp
,

wel(x, z) = kwst(x, z) = k
qpEz(x, z)

3πµ f dp
.

Since the mean fluid velocity is zero in the wall normal direction,
wel(x, z) is the term corresponding tow(x, z) in Equation (4).
The parameterk ≤ 1 is a correction coefficient that we derived
from DNS data as follows:

k =
∫ L

0

∫ h
0 wel(x, z) dxdz∫ L

0

∫ h
0 wst(x, z) dxdz

= wel

wst
, [7]
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Table 2
Reference Stokes velocity, actual migration velocity,

and coefficientk for different particles in different flow fields
and under different applied voltages

dp V [kV] wel [cm/s] wst [cm/s] k

4µm 42 6.25 7.54 0.829
32 3.29 4.18 0.787

8µm 42 13.62 15.15 0.899
32 7.02 8.35 0.841

16µm 42 25.25 30.28 0.837
32 14.56 16.64 0.875

32µm 42 40.61 60.57 0.670
32 25.92 33.41 0.776

whereL andh are precipitator length and half-width,wel and
wst are the average wall-normal components ofuel(x, z), which
may be obtained directly from DNS data, and ofust(x, z), which
may be obtained from the electrostatic field. The local value
of the electrostatic field,E(x, z), may be calculated solving the
reduced set of the Maxwell equations, as is currently done. Pro-
cedures may be found in previous work (Leutert and Bohlen
1972; Yamamoto and Velkoff 1981). A summary of the refer-
ence Stokes velocity, of the actual migration velocity, and of the
k coefficient calculated from our DNS database is presented in
Table 2.

Turbulent Dispersion Coefficient.In wire-plate ESPs the
turbulent flow field is strongly nonhomogeneous and anisotropic.
However, in this work we consider only the effects related to
transverse turbulent dispersion, since effects in the streamwise
and spanwise directions do not appear as relevant to particle-
collection efficiency as those in the transverse direction (Leonard
et al. 1980). Transverse turbulent dispersion is related to the in-
tensity of turbulent fluctuations in thez direction, which is al-
most uniform in the central region of the duct and goes to zero
at the wall (Kihm 1987). Similar behavior may be expected from
the turbulent dispersion coefficient, which should go to zero in
the wall layer. For simplicity, and with the practical application
of the results in mind, the theory of diffusion in homogeneous
turbulence (Taylor 1921) was used to evaluate the dispersion
coefficient in the central, nearly homogeneous region and a uni-
form value of this coefficient was assumed for the entire width
of the duct. Clearly this leads to overestimation of the effects
of transverse dispersion on particle transport in the wall layer.
Further discussion on this topic may be found in Kontomaris
and Hanratty (1994) and in Soldati et al. (1997).

Following Taylor (1921), we calculated the turbulent disper-
sion coefficient,Dt , from the DNS-based Lagrangian tracking
database as the time rate of growth of variance (RGV) for the
calculated swarm of particles as follows:

Dt = lim
t→∞

1

2

d〈z2〉
dt

, [8]

Table 3
Turbulent dispersion coefficient for different particles

in different flow fields and under different applied voltages

dp V [kV] Dt [ m2

s ]

4µm 42 7.85· 10−5

32 9.42· 10−5

8µm 42 5.66· 10−5

32 8.06· 10−5

16µm 42 4.17· 10−5

32 6.12· 10−5

32µm 42 2.83· 10−5

32 3.84· 10−5

where〈z2〉 is the variance (mean square displacement, MSD) of
the displacement distribution, defined as

〈z(t)2〉= 1

N(t)

N(t)∑
n=1

[
(zn(t)− zn(0))− 1

N(t)

N(t)∑
n=1

(zn(t)− zn(0))

]2

,

[9]

where N(t) is the number of particles in the swarm. Taylor
showed also that in the early stages of cloud dispersion, variance
increases at a rate proportional tot2 , whereas after a character-
istic time,Tz, usually termed asintegral Lagrangian time-scale,
it relaxes to a linear slope. CalculatedDt for all particle sizes
are reported in Table 3.

Testing of Assumptions
To verify the adequacy of the assumptions on transport pa-

rameters, we performed a set of numerical tests. The results
obtained by the ADE were compared to previous experimental
data obtained at Stanford University by Kihm (1987) and to our
database (Sisti 1997).

Figure 4 shows the behavior of 4, 8, 16, and 32µm parti-
cles (from top to bottom) in both the high (V = 42 kV) and low
(V = 32 kV) potential case (on the left and on the right part in the
figure, respectively). The same figure illustrates the collection
efficiency predicted by (i) the lumped parameter—i.e., uniform
velocity and uniform turbulent dispersion—ADE method (i.e.,
of the type used in Williams and Jackson (1962) and Ko and Ihm
(1997)), (ii) the present distributed parameter ADE method, and
(iii) DNS. From the comparison among collection efficiencies,
we observe that the present distributed model is more accurate
than the lumped parameter model in comparison to the DNS
database, in particular at high values of the collection efficiency.
There are deviations between the present ADE and DNS re-
sults for 4µm particles, low potential case (Figure 4b), and
for 32 µm particles, high potential case (Figure 4g). In these
cases, the present ADE overestimates and underestimates in-
termediate values of collection efficiencies, respectively. In the
high efficiency region, the difference between present ADE- and
DNS-based results is smaller, and present ADE gives a more
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Figure 4. Comparison of prediction of present ADE model to ADE lumped and DNS data for (a) 4µm particles, high voltage,
(b) 4µm particles, low voltage, (c) 8µm particles, high voltage, (d) 8µm particles, low voltage, (e) 16µm particles, high voltage,
(f ) 16µm particles, low voltage, (g) 32µm particles, high voltage, and (h) 32µm particles, low voltage.
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accurate prediction of the collection efficiency than the ADE
with lumped parameters.

COST ANALYSIS OF A WIRE-PLATE ESP

Main Costs Associated with a Wire-Plate ESP
Following Aa (1991), the cost evaluation problem was simpli-

fied analyzing the main costs in building and operating an ESP.
The total cost is the combination of fixed construction costs and
operation costs. The first are usually given by all internal parts,
which are as follows:

1. cost of collecting plates,Cp [$/m2], including insulation
and bottom guides;

2. cost of wire electrodes,C f [$/m2], including insulation
from external casing;

3. cost of casing,Cc [$/m2];
4. cost of high voltage power supply,Ct [$], usually rectifier

transformers;
5. cost of rapping mechanism,Cr [$], including tumbling

hammers;
6. cost of manpower needed to build the filter,Cm[$].

Operational costs are mostly due to electric energy required
(Cw[$/kWh]) in a reference time periodt . However, ESPs in
service need maintenance to avoid wire breaking or internal
corrosion, which could lead to a decrease in performance.

The total cost,C, to build and operate an ESP during the time
periodt may be expressed as follows:

C = Cw · P · t + C f · n f + 2Cp · L · L y

+ 2Cc · L · (L y + h)+ Ct + Cr + Cm, [10]

whereP is the electric power to be supplied,n f is the number
of wires, andL, L y, andh are length, height, and half-width
of the precipitator, respectively. Detailed values ofCw, C f , Cp,
Cc, Ct , Cr , andCm depend on local markets and are not easy
to predict; however, in this article we assume the cost specimen
proposed in Table 4.

Table 4
Cost specimen of a wire-plate ESP (ABB Fläkt)

Externalcasing $ 17/m2 Cc = $ 20/m2

Gas distribution screens $ 3/m2

Plate suspension system $ 5/m2 Cp = $ 28/m2

Collecting plates $ 15/m2

Insulation system $ 8/m2

Wire suspension system $ 15/wire Cf = $ 34/wire
Emitting electrodes $ 9/wire
Wire insulation system $ 10/wire
Collectorrapping Cr = $ 6,300
Electric equipment (rectifiers) Ct = $ 13,500 each
Manpower Cm = $ 71/h
Electric supply Cw = $ 0.25/kWh

Since in their basic configuration ESPs are energized by direct
current, specific electric power ([kW/m2]) may be derived by
multiplying the potential applied to wires,V , by the current
density,J, flowing to plates. This could be evaluated using the
1V − J characteristic given by Cooperman (1981).

ESP Design Parameters
In the present model, according to Equation (10) and to the

1V− J characteristic (Cooperman 1981), the parameters influ-
encing the overall cost are as follows:

1. length of the precipitator,L;
2. electric potential applied to the wires,V ;
3. wire-to-plate distance,h;
4. wire-to-wire distance,δ.

The cost of the rapping mechanism,Cr , of the transformer,
Ct , and of the building manpower are almost fixed costs, having
a slight dependence on the above-listed parameters. We may
neglect their influence in the current analysis.

Since the specification to produce an ESP is the desired ef-
ficiency,ηd, given the process flow rateQ, optimizing an elec-
trostatic precipitator consists of finding the optimal minimum to
Equation (10). Thus we obtain the following equation:

∇C(V, L , h, δ) = 0, [11]

where∇ indicates the gradient operator, bound by the design
efficiency,ηd:

η = η(V, L , h, δ) = ηd. [12]

Since an exact relationship betweenC and the design parameters
given the constraint on efficiency (12) is not straightforward, the
analytical resolution of Equation (11) is not possible. It is, how-
ever, possible to evaluate the dependence of both efficiency and
total cost of the precipitator on each of the design parameters we
listed. The dependence of efficiency on design parameters will
be evaluated using the ADE model fitted on DNS data presented
previously.

RESULTS: INFLUENCE OF DESIGN PARAMETERS
ON ESP COST

The potential use of the accurate two-dimensional, distributed
parameters ADE model is demonstrated in the 2 case studies
presented. The first considers a simple cost-analysis suitable for
choosing from different possible alternatives for ESP revamping,
which may be required to meet more stringent regulations. In
the second, we consider a cost-effective design optimization
problem focused on the identification of best design guidelines
for ESP production.

Cost Sensitivity Analysis
To focus, consider a model ESP with the characteristics shown

in Table 5. As observed before in Figure 4, according to our
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Table 5
Base configuration of the wire-plate ESP considered

Precipitator length L = 0.4 m
Wire-plate distance h = 0.02 m
Distance between wires δ = 0.0628 m
Applied voltage 42 kV
Flow rate 21.63 m3/h

model, the ESP model, which is 0.4 m long, has an efficiency
of 87%. The objective of this section is to examine how any
increase in efficiency depends on every single design parameter
and how this required variation of each design parameter reflects
on the overall cost of the ESP.

The present ADE model was used to calculate collection ef-
ficiency for different values of the electric potential, the wire-
to-plate distance, the wire-to-wire distance, and the length of
the ESP. We examined the influence of the variation of each
single parameter, exploring a range of alternative values around
the original configuration values, which are shown in Table 5.
The wire-to-plate distance was changed in the range 0.002÷
0.075 m, the wire-to-wire distance in the range 0.03÷ 0.1 m,
the electric potential in the range 28÷ 57 V, and the length of
the ESP in the range 0.÷ 0.8 m.

Results show that the 4µm particle collection efficiency in-
creases when the electric potential and ESP length increase.
Collection efficiency decreases when the wire-to-plate distance
and the wire-to-wire distance increase.

For each configuration examined, the costs were also calcu-
lated to plot the cost-efficiency dependence shown in Figure 5.
In this figure, each line corresponds to the set of simulations per-
formed changing one single parameter (reported on the curve).
The arrows indicate the direction in which the value of the single
parameter increases. The point in common for all the curves is
the pair efficiency cost corresponding to the reference configu-
ration examined in Table 5.

If we consider the slope of the curves at their intersection, we
will have information about the rate of cost increase necessary

Figure 5. Sensitivity analysis of cost/efficiency function,C=C(η), for the design parameters.

to improve the collection efficiency by varying each parameter.
One remarkable result is that reducing the distance between
wire electrodes,δ, improves ESP collection efficiency at the
lowest cost: raising efficiency from 0.87 to 0.95 does not imply
a significant increase of the total cost (<3%). To obtain the same
efficiency increase by increasing the length of the ESP,L, or by
increasing the electric potential,V, an increase in the total cost
up to 23% and to 93% is entailed, respectively. Finally, Figure 5
shows that it would be extremely costly to improve even slightly
the collection efficiency by increasing the wire-to-plate distance.

These considerations agree with the experimental results of
Miller et al. (1998), obtained performing investigations on a
laboratory scale wire-plate ESP. Pushed by these results, some
suppliers are now considering the possibility of building pre-
cipitators with adjustable distance between wire electrodes
(Grübbström 1999).

Economics of Wider Spacing ESP: Varying Both V and h
Since 1971, when the Japanese company Nippon Kay Heavy

Co. first introduced wider spacing ESP, this design choice was
endorsed by most ESP suppliers. The rationale is to reach the de-
sired performances keeping as high as possible both duct width,
2h, and applied voltage,V . The validity of the wide spacing
approach was shown, among others, by Navarrete et al. (1997),
who found experimentally that given the same specific corona
currents, the collecting efficiencies of ESPs with wide spacing
were higher than those with narrow spacing.

Starting from the reference configuration reported in
Table 5, we allow bothV andh to vary so that we can obtain the
η = η(V, h) and theC = C(V, h) surfaces, which are shown in
Figure 6. We considered values ofV in the range 15÷ 85 kV
and values ofh in the range 0.005÷ 0.105 m. For each value
of V andh, we calculated the electrostatic field,E(x, z), to de-
termine the wall normal advection velocity (Equation (6)). The
correct profile was calculated for the mean streamwise velocity,
u(x, z), considering that the flow rate does not change even with
changes in the geometry of the ESP. Integrating Equation (4)
gives c(L , z) and then the value ofη (Equation (5)) for the
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Figure 6. (a) Cost isosurfaceC= C(V, h), and (b) efficiency isosurfaceη = η(V, h).

chosen values ofV andh. The same values of the parameters
were used in Equation (10) to calculate the corresponding cost.
This procedure was repeated for a sufficient number of (V, h)
pairs and allowed to define the iso-efficiency and iso-cost sur-
faces shown in Figure 6.

As shown in the lower part of Figure 6, larger values of effi-
ciency are associated with high voltage and reduced wire-plate
distance. From the upper part of Figure 6, we observe that the
surface representing the total cost is steeper in this region of the
parameter space.

In real applications, collection efficiency is the constraint and
the optimal solution is the one that allows us to achieve the de-
sired efficiency minimizing the costs. A value for the collection
efficiency (η = 99%) was therefore fixed, i.e., we chose a fixed

isocontour on theη(h,V) surface, and we evaluated the cost of
possible alternatives. Figure 7 shows the 99% isocontour of the
collection efficiency surface in the plane corresponding to the
parameter space. In this plane, each point that lies on the fixed
efficiency isocontour is a possible alternative. These points cor-
respond to different cost isocontours. In Figure 7, we show for
reference 4 different cost isocontours. Values of (V, h) along
the same cost isocontours identify specific ESP configurations
having the same total cost. For each cost isocontour, only the
pair (V, h) that also lies on the efficiency isocontour is a possible
solution.

It is clear that the desired performance could be achieved with
different values of applied voltage and duct width and that differ-
ent costs are associated with each solution. As can be observed
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Figure 7. Intersection between efficiency isosurfaceη = 0.99 and different cost isosurfaces for wider space case analysis.

by the cost isocontour values, lower costs correspond to higher
values of duct width. The global optimum, which is identified by
the cost isocountour tangent to the fixed efficiency isocontour,
is in the high potential and high wire-plate distance region of
the parameter space. This proves that applying the wide spac-
ing design leads to obtaining higher collection efficiencies with
lower cost, as indicated by industrial practice.

CONCLUSIONS
New design methods of ESPs should be optimized in order

to ensure meeting both the new environmental guidelines and
the economics of the whole process. In other words, the highest
efficiency at the lowest cost. We are carrying out a systematic re-
search program on particle transport in ESPs in order to identify
guidelines for optimal design (see also Cerbelli et al. 2001; Beux
et al. 2002; Marchioli and Soldati 2002). Our investigation tool is
the DNS of the flow field with Lagrangian tracking of particles.
We were able to generate a database on which simpler design-
oriented models, such as ADE models, can be tuned in order
to perform complete investigations for a broader range of ESP
design parameters. The objective of this paper was to devise
an approach to perform the cost/efficiency analysis in a wire-
plate ESP. Specifically, our aim was to examine the influence
of ESP design parameters on particle transport and collection
efficiency.

Through a simplified though rigorous cost analysis, we listed
4 design parameters that affect total costs: duct length and width
and applied voltage and distance between the emitting elec-
trodes. Since the cost/efficiency relationship,C(η), may not be
solved for directly, an ADE-based model was used with dis-
tributed parameters fitted on our DNS database and averaged
quantities in order to calculate the efficiency for each given set
of design parameters. Then the cost associated with the same set
of design parameters was calculated, obtaining the relationship

between the efficiency and the cost that allows us to find the
optimal design set.

A first result indicates that reducing the distance between
wires allows for improved efficiency at the lowest cost. This
is due to an increase in the mean electric field and to a signif-
icant reduction in the current per wire flowing to plates. This
result confirms on a theoretical basis the previous observations
by Miller et al. (1998) based on experimental investigations.

Our results also show that the wider spacing design is cost
effective. Wider spacing achieves the performance desired at
lower costs, because first, increasing the duct width leads to a
reduction in the flowing current, and therefore in the electric
power consumption, and second, the higher voltage ensures a
mean electric field high enough to collect particles.
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