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Low air velocities are not fully explored yet iretfield of electrostatic precipitation due to the
size limitations of the industrial devices, butytthed provided high collection efficiencies for
nanoparticles in studies in laboratory scale. Inder to contribute to the science of
electrostatic precipitation, a full 32 factorial dign of experiments was performed to evaluate
the effect of operating conditions (applied volta§em -8.0 to -8.2 kV and air velocities from
1.67 to 19.9 cm™Y on the overall mass efficiency of electrostatiecipitation of KCI
nanoparticles (5.94-224.7 nm). Response Surfackddetogy was used to assess the range
of operating conditions that provide the highefitafncies. The highest percentual efficiency
(99.870 +£0.008) was obtained for -8.2 kV and &6¥s’. A polynomial model fitted well the
experimental data (R2 = 0.99217).

RESUMOQO

Baixas velocidades de ar ndo séo totalmente exgiawano campo de precipitacdo
eletrostatica devido as limitagcdes de escala empaqguentos industriais, embora tenham
fornecido altas eficiéncias de coleta de nanopattis em estudos realizados em escala
laboratorial. Visando contribuir com a ciéncia deepipitacéo eletrostatica, um planejamento
fatorial 32 completo foi realizado para avaliar feéo de condi¢cdes operacionais (voltagens
de -8.0 a -8.2 kV e velocidades do ar de 1.67 & @8\ s') sobre a eficiéncia massica global
de precipitacdo eletrostatica de nanoparticulaskigl (5.94-224.7 nm). Metodologia de
Superficie de Resposta foi usada para obter a fdexeondicdes operacionais que forneciam
as maiores eficiéncias. A maior eficiéncia percah{@9.870 +0.008) foi obtida para -8.2 kV
e 6.67 cm'$. Um modelo polinomial ajustou bem os dados exariais (R2 = 0.99217).




1. INTRODUCTION

Different numerical, theoretical, and fitting mosliélave
been purposed to predict the collection efficienog the gas
flow patterns of dry and wet electrostatic precifots (ESPS).
Guo et al. (2017) used Computational Fluid Dynar{@sD) to
model the efficiency of a wire-plate electrostatiecipitator
capturing dry and wet ash particles (0.02-2.5 pompfflue gas
at 1 m s and considering the presence of;Sthe gas flow was

walk approach was used to simulate particle disperdt was

plates were made of copper and the discharge edtestr
(arranged in the longitudinal axis of the ESP) wanmposed of
stainless steel. The system also includes a gapressor, pre-
filters (Model 3047B, TSI), an atomizer aerosol getor

(Model 3076, TSI), a diffusion-dryer (Model 306251}, Kr-85

and Am-241 radioactive sources used as aerosolatieats, a
power supply (for negative corona), a flowmeterd aam

electrical mobility particle analysis system (SMR®hsisting

of an electrostatic classifier (Model 3080, TSIdam particle
counter (Model 3776, TSI).

modelled using the k- SST turbulence model while a randon A)
Pre- —| >K |—’
— | e Kr-85 Sway)| YNNGV
Airinlet | Ters ====*! valve [™

possible to evaluate the effect of the temperai@@e 120, and
150 °C), the particle concentration (1 and 10 g3yrand the
dielectric constant for dry and wet particulat©(%.6, and 80)
on the collection efficiency. Lin and Tsai (201Q)rposed a
numerical model to predict the collection efficigrin laminar
flow of dry and wet wire-plate ESPs capturing naartiples
with sizes from 6 to 100 nm at 100 L rdiand with sizes from

10 to 50 nm at 5 L mify respectively. The model was validater Air

with the experimental data, providing deviationsaier than
20% for the dry ESP simulation compared to the ffaia the
literature. Numerical studies also include the wook
Kherbouche et al. (2017) modelling the efficiencl an
asymmetrical wire-plate ESP collecting cement pkasi (0.8-5

um) at 0.1 m$ of air and the study of Zhang et al. (2011 &

modelling the performance of a wire-plate ESP umdagnetic
field collecting ash particles (~ 3-50 um) at atocities from

0.5 to 1.0 m 3. Other studies have extended the classic

Deutsch’s model (2003) to develop theoretical omise
empirical models based on the mass balance of dnicle
passing through the ESP (Zhibin and Guoquan, 1B8Het al.,
1995; Nébrega et al., 2004; Lin et al., 2012; Céeal., 2014).

Therefore, the aim of the present work is to ctwitie to
the field of electrostatic precipitation by fittingn efficiency
model to experimental data provided by a wire-plE®P
removing KCI nanoparticles (5.94-224.7 nm) in ageaof low
air velocities, which are not fully explored yeted@o size
limitations of the industrial devices, but that yided high
collection efficiencies for nanoparticles in stuglia laboratory
scale (Oliveira and Guerra, 2018, 2019 a, b). SEE€s are
already used in the retention of ultrafine parsctd valuable
materials in laboratory-scale syntheses (Nandal.et2@11;
Harra et al., 2012; Lahde et al., 2014), the omatidon of the
operating conditions to collect nanometric partitelcould be
useful to guarantee the efficiency of these systmigrocesses
in order to be further performed in large scale.
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Figure 1 - Schematics of the experimental system)(and
the ESP (b)

Air (25 °C and 0.92 atm; viscosity: 1.79%%®a s;
density: 1.08 kg ra (Riehle, 1997), humidity below 20% R.H.)
was fed by the compressor and passed through ¢aiilters to
remove impurities with the flow rate controlled bglves. The
atomizer aerosol generator injected compressethaiugh a
nozzle where it atomized a KCI solution (Bulk projes:
density: 1,988 kg m dielectric constant: 4.81 (Robinson and
Hollis-Hallet, 1966; Dean, 1999)), in order to deeaa
polydisperse aerosol of which coarser particlesewetained by

ANOVA and R2 were used to assess respectively the impactor within the device, resulting in the ssion of

statistical validation of the effects of the opérgtconditions
(electric field and air velocity) on the collectiefficiency and
the polynomial fitting equation on the experimentasults.
Response Surface Methodology (RSM) was used teaske
ranges of the operating conditions that provide inogit
efficiencies. The experiments were performed foitmya full
32 design of experiments, which were performed litrate.

2. MATERIALS AND METHODS

particles smaller thandm, at a controlled volumetric gas flow
rate of 100 NL H. The aerosol passed through the diffusion-
dryer and was then mixed with the main air stre@he power
supply was connected to the ESP to produce thé&rielearrent
used to ionize the air molecules. Kr-85 and Am-gioactive
sources were installed respectively after the diffo-dryer and
the ESP, in order to neutralize the charges op#hrécles hence
avoiding disturbances in the SMPS analysis. Aersaahples
were continuously withdrawn from the inlet or thetlet of the
ESP at 1.5 L min using a three-way valve and entered the
SMPS after passing through the Am-241 neutraliZére
articles were separated according to their etsdtmobility in
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electrostatic classifier was passed to the particleter for the
measurement of the particle concentration durirgs3for each
replicate. The experimental overall collection @éincy Ex)
was calculated from the relation between the fartinass
concentrations in the inlet;[ug nT3]) and the outletd [ug nT

experimental data, to plot the statistical grapms] to perform
the ANOVA and R2 analyses to validate the testissially

and the curve fitting, respectively. A 95% confiderinterval
was considered for the analyses. The fitting magglied in the
experimental data considered the two-way interastlmetween

%)) of the ESP as Equation 1: the linear ) and the quadratidQ) effects of the independent
variables, since the collection efficiency of etestatic
Eq =100><(C, -G )/ G (1) precipitation depends inversely on the gas velcaity directly
on the squared electric field, as can be expressedhe
Since ¢ and ¢, were measured in triplicate, it wasdimensionless number called Deutsch number of thetd2h
possible to calculate the mean values of efficieaod the model: this parameter depends on the migrationcitglof the
respective deviations for each test. particle, the length of the collection plate, ahe wire-plate
spacing, being the migration velocity dependentlictitfy on

. . : : . the squared electric field (given as the ratio leemVolt and
velocity (V), this latter given as the ratio between the vatrin . , R
flow rate of the air and the cross-sectional afeaeESP (0.004 the plate spacing) (Riehle, 1997; Oliveira and Gez019 a).

m2), were evaluated as the independent variabtéEfiwas the 3 RESULTS AND DISCUSSION
response. KCI solutions with different concentnasiowere

prepared according for eavhevaluated in order to maintain a
constant aerosol concentration, following a methaoglp
presented in the literature (Oliveira and Guerfd & 2019 a).

In this study, the applied voltag€dlt) and the face air

Table 2 presents the experimental results of thts te

Three values ololt andV were used for the fitting modelwhile Figure 3 presents the mean efficiencies latian to the

(Table 1) and an additional set of experimentabiéins using applied main effects with the respective standasdations.
the three levels o¥/olt at the air velocity of 3.33 cmigKCl

concentration of 1.0 g ) were performed to validate thelable 2 —Experimental results.
polynomial equation.

Volt/kV  V/cm¢<?t Ex/ %

-1 -1 99.8(

Table 1 —Nomenclature of the tests. 1 0 99.8¢

Coldefj VI(()\I;/ / v .1 KClconcentration /gt -1 +1 27.02

e e O - 0 1 91.3;

-1 -8.2 1.6_/ 0.t 0 0 99.8:

0 -8.1 6.67 2. 5 1 14,

+1 -8.C 19.¢ 6.C +1 1 36.6°

+1 0 99.01

The electrical characterization of the system adiogr +1 +1 20.8¢

to the air velocities evaluated is presented iufE@. -1 =il 99.5¢

-1 0 99.8¢

5 -1 +1 24.2¢

A1.67 cm/s o 0 -1 98.6(

< 4 ]|0332cmis 0 0 99.6¢

> 06.67 cm/s s 0 +1 12.41

* | |o19.9cmis R +1 -1 40.1¢

= 37 o) +1 0 94.5]

5 a® +1 +1 20.3¢

3 -1 -1 99.4¢
> | A (o4

c 2 1 0 99.87

© & =

S 3 -1 +1 19.07

g 17 =N 0 -1 98.1¢

(]

m g 2o 0 0 99.7:

o paB0°% 0 +1 25.7¢

0 4 8 12 16 20 +1 -1 37.4¢

+1 0 98.3¢

- Volt / kV +1 +1 P

Figure 2 - Current-voltage curves for the air veloties

evaluated It is verified that the increase of the air velgditom

1.67 to 6.67 cm-5senhanced the efficiency while the further

Response surface methodoloav was used to evaluincrease ofV decreased the response for the size range of
5P - ay . \ ﬁages evaluated. This first increase of efficiewas reported
the operating conditions to collect the nanopasiclby

electrostatic precipitation, performing the fulf 8esign of in the literature and was mainly related to theagement of

: X . the Brownian motion for the nanoparticles in a eélorange in
experiments (Table 1) and proposing a second-ditdfer the . e : PP
response (Montgomery and Runger, 2014). SoftwaatisBta which diffusion is prominent between those partig®liveira

: and Guerra, 2019 a). Further increase of the alocitg
(2011) was used to perform the regression calouiatirom the corresponded to the decrease of the residencedinterge and



collect the particles (Zhuang et al., 2000; Huang &hen,
2002; Morawska et al., 2002; Kim et al., 2010).the other
hand, the increase of the applied voltage incretimedfficiency

for the range o¥ evaluated, which is associated to the increase

of the electric field that produces the electrichérges by the
corona effect and also to the increase of the fglehgth needed
to attract the charged particles to the collectitates (Parker,
2003; Oliveira and Guerra, 2018, 2019 a). The syloset
increase of the electrical current caused by theease of the
charges inside the ESP provides the formation of Karman
vortexes and increases the turbulent mixing in de®ice,
enhancing the efficiency (Fujishima et al., 200&dlikski et al.,
2006; Oliveira and Guerra, 2019 b).

Experimental
according to Table 3.

100 { @ 0-82V
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80 A 0-8.0Vv
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0 5 10 15 20 25
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data was analyzed by ANOVA,

Figure 3 - Overall mass efficiencies according t¥ at
different Volt

Table 3 —ANOVA for overall mass efficiency.

Factor Sum of Squares Degrees of Freedom Mean Square  F-test P-value
Volt (kV) - L 1,682.c 1 1,682.c 100.¢ 8.5 x 1(°
Volt (kV) - Q 239.1 1 239.1 14.: 1.4 x 1(3
V (cm/s)- L 15,580.¢ 1 15,580.¢ 931.¢ 5.9 x 1(Y
V (cm/s)- Q 7,777.€ 1 7,777.€ 465.2 2.6 x 1(*
VoltL by VL 2,216.¢ 1 2,216.¢ 1326 9.8 x 1(0
VoltL by VQ 1,816.¢ 1 1,816.¢ 108.7 4.7 x 1(°
VoltQ by VL 875. 1 875. 52.¢ 9.9 x 1(7
VoltQ by VQ 400.¢€ 1 400.¢€ 24.C 1.2 x 1¢4

Error 300.¢ 18 16.7
Total S¢ 38,433. 26
Volt L+Q 1,921.¢ 2 960.7 57.k 1.5 %108
V L+Q 30,875.¢ 2 15,437.¢ 923.2 7.3 x1(1°
Volt*V 4,270.2 4 1,067.k 63.¢ 2.2 x 1(10

The statistical evaluation of the effects on thepomse
can be visualized in the pareto chart of Figurs ¥ell.

VL -30.527
vQ

VoltL by VL
VoltL by VQ
VoltL -10.0309

VoltQ by VL -7.23584
VoltQ by VQ -4.89474

VoltQ

p =0.05
Standardized Effect Estimate (Absolute Value)

Figure 4 - Pareto chart for the overall mass effi@ncy of
electrostatic precipitation

3,88%%/0lt’ +

E, =—-258,670.4 63,448xX\Volt-

+12,177.6<VoltxV — 442.8Voltx V* + 746x4Volf x V-

It is noted in Table 3 and Figure 4 that all linead
guadratic terms and their interactions are sta#ifli significant
for the response according to the analysis of nagaespecially
analyzing the p-values based on the F-test (Tablargl
considering a level of significance of 0.05. Theelr and
guadratic terms ofV provided the strongest effects on the
efficiency, which can also be noticed by FiguréoB,the range
of values evaluated in this study.

Since  ANOVA provided statistically significant
relationships between the evaluated operating tiondi and
the collection efficiency, the RSM was applied fiois case in
order to fit a model that can be applied with stifenbasis in
further experiments regarding these three operatargbles.
Table 4 presents the results of the regression.ndael was
well fitted in the experimental data according lte statistical
parameters obtained (R2 = 0.99217; Adj. = 0.988&sidual
Mean Square = 16.71913) and the p-values exhibitédble 4
that also shows the regression coefficients ofrthdel and their
+95% confidence limits. Therefore, the fitting moaan be
expressed as:

49,6748—  1,8638+

)
2%1Voltx
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Table 4 — Regression coefficients for overall masdficiency.

Regression  Standard

Volt

Volt (kV) - Quadratic (C

Mean./Interc
(kV) - Linear (L

V (cm/s)- Linear (L)

V (cm/s)- Quadratic (G

VoltL by VL
VoltL by VQ
VoltQ by VL

VoltQ by VQ

Coefficient Error
-25,8670.¢ 29,232.7
-63,448.¢ 7,218.F
-3,889.2 445.¢
49,674.¢ 8,322.;
-1,803.¢ 362.¢
12,177.¢ 2,055.(
-442 ( 89.¢
746.< 126.¢
-27.1 55

-95% +95%
t(18) P-value Confidence Confidence
Limit Limit
-8.6 57x1? -32(,086.( -197,254.¢
-8.6  63x1° -78,614.( -48,282.¢
-8.7 6.9x18 -4,825.¢ -2,953.1
6.C 1.2 x 1(° 32,190.2 67,158.¢
5.0 9.9x 15 -2,566.¢ -1,041.¢
5.6 1.3 x1(° 7,860.2 16,495.1
4.6 1.1x 14 -630.: -253.7
5.6 1.4 x 1(° 479.¢ 1,012.¢
4.6 12x1¢4 -38.7 -15.5

The good fitting of the model to the experimentaiad model of Equation 3 at different angles (A, B) dhd contour
can also be visualized by the plot of predictedugal vs. plot based on the fitted surface (C). It can béfieer that there

observed values of Figure 5.

110
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P
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Observed Values

Figure 5 - Predicted values from the fitting modews.
observed values for overall mass efficiency

is a curvature of the response in relation to tinevalocity,
which was expected based on the experimental Aitaough
there is no critical point in the region evaluatsidce the
dependence of the efficiency on the applied voltage
monotonic, it is possible to highlight some regidimst provide
the highest collection efficiencies, such as theges of ~ 2-8
cm st at 8.22-8.00 kV (negative corona). The highest
experimental efficiency (99.870 + 0.008) was obddirfior -8.2
kV at 6.67 cm 3. It must be highlighted that although the fitted
model provided values of efficiency higher than %00
obviously the real efficiencies cover values betweero and
100%.

Table 5 presents the experimental and simulatedsal
of overall mass efficiency for the operating coiwfis evaluated
in this work, including the set of applied voltagasthe air
velocity of 3.3 cm 3, with the respective errors. It is verified
that the highest errors of the simulated resultevirethe order
of 103 for the set of operating conditions evaluated. Righest
error was -26% for -8.0 kV at air velocity of 3.8th s. The
other efficiencies obtained at this air velocityyided small

Figure 6 shows the fitted surfaces calculated usieg errors, being 0.56 and 1.7% respectively for -®id 8.2 kV.

Table 5 — Experimental and simulated efficienciesral respective errors.
Volt/kV  V/cm <t Ei /| %

-8.C
-8.1
-8.2
-8.C
-8.1
-8.2
-8.C
-8.1
-8.2
-8.C
-8.1
-8.2

1.67 38.0¢
1.67 96.0:
1.67 99.61
6.67 97.3(
6.67 99.7¢
6.67 99.81
19.€ 16.2¢
19.€ 17.4¢
19.€ 23.4¢
3.32 85.71
3.32 98.81
3.3¢2 99.81

Emode|/ % EI’I’OI’ Eff - Emode / Eff /%

38.0¢ 4.5 %103
96.0% 6.2 x 1¢*
99.61 —7.2x 104
97.3( 8.6 x 1(°
99.7¢ 9.0 x 1*
99.8i 6.0 x 1¢*
16.2¢ 9.3 x 1(3
17.4¢ 5.4 x 13
23.4¢ -8.1x1(3
63.0: —26

99.3¢ 0.5¢

1015 1.7
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Figure 6 - Fitted surfaces (A, B) and contour plofor the overall mass efficiency (C)

In the scientific literature, RSM has been a ustdal al., 2011; Harra et al., 2012; Lahde et al., 20b4}, at better
to study the electrostatic precipitation and taprethe optimal cost-benefit ratios.
operating conditions of this process, since it dejgseon several
variables. Remaoun et al. (2012) evaluated theopaence of
a one stage, wire-plate ESP collecting welding fsymvarying CONCLUSION
the width of the collecting plate (2, 4, 6, 8, d@fiicm) and the
model with R of 0,69, The highest performance wamined Analysis of variance showed that the effects evatiia
at the plate width of 10 cm with the electrode spgof 3 cm. were statls_tlcally _S|_gn|_f|cant for the oyerall masfficiency of
Manuzon et al. (2014) used RSM to evaluate thecetiéthe electrostatic precipitation of nanoparticles. Tinstfincrease of

applied voltage (9.4 to 13.6 kV) and the gas véjo@.8 to 2.2 2ir Velocity was responsible for the enhancementttuf
mpgl) on awi%e-(plate ESP effic)iency, ob?ainin?gmgimodel diffusional phenomena acting on the particles dredftirther

with R2 of 0.8125 and a maximum collection efficigrat 13.6 increase provided the decrease of the resideneedfrthe gas
KV and 1.7 m %. The authors also evaluated the type ar‘?cpd particles in the electrostatic precipitatore Ticrease of the

; . » applied voltage resulted in the increase of thetete force
Zor;%%nst)r?rt:g nn%c.ﬁﬂt:erlM zM;ﬁg n7d”F]’§l]\/1 r%d;r?(tj (K(r)i;grr]);dduussti.% responsible to influence the electrical chargestharged that
a;1d 14 mg n%,) and- tr;e ,time of the operation on the 'ESBarticles and was also related to the electricalefohat moved

performance, obtaining up to 89% of efficiency @bdratory the part_lculate to f[he collection plates, in "%“??"‘“.'to be
scale. In turn, the present work covered the efficy of respon5|ble for the increase of the turbulent ngxmgde _the
nanoparticulate collection in the range of low gafocities, dev_lce. Response_ surface _methodolpgy was usetistmlize
which benefits the collection of nanoparticles hffudion as regions that prpylde the hlghes'F efﬁqenmes ﬁuxe range of
discussed elsewhere (Hinds, 1998; Oliveira and U018, operating cond|t|0ns_evaluated in this W(_)rk, sittice fitting
2019 a, b). The achievement of optimal operatingdd@mns g"gggll;’\’as well adjusted to the experimental data ¢R
with a statistically reliable method could faciteéathe further ~- )-

design of high-performance indoor air cleaners &fain

nanoparticles, for example, since they could be@ated with

human diseases as brain damage and Alzheimer'sasdise

(Maher et al., 2016). Alternatively, optimal conalits could be

used to retain ultrafine particles of valuable mate Nanda et
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