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There is a large body of full-scale test resultsudo segment of a complete ESP chanrfidie cylindrical
menting powdered sorbent injection upstream of-ele€l mm diameter, 0.5 m spacing) wire discharge
trostatic precipitators (ESPs). These data generaklectrodes are positioned along the channel cémgerl
provide overall mercury removal performance buklacbetween the collection electrodes.
the resolution and details needed to build undedstg The electric field is assumed to depend only on the
of the underlying mechanisms that drive simultaseowcontinuous phase fluid properties, and thereforebea
particle removal and trace pollutant adsorptiorackl solved independently of the fluid flow. For the
and co-workers [2, 3] have analyzed material ctdlc solution of the electric parameters the spatiakitis-
from ESP hoppers for carbon and mercury concentrien of electric potential within the computational
tion variations during powdered activated carboh@P domain can be obtained numerically and independent
injection tests. Concentrations of both generallpf the fluid dynamic solution, subject to the sfiedi
increased from the front to the rear of the EStean material properties and applied boundary conditions
particle size concurrently decreased, suggestimigttie For a specified voltage applied to the discharge
fractionation of particle size and the associatieé-s electrodes (-50 kV), a manual iteration schemeségiu
dependent effect on electrostatic drift velocitydanto obtain the space charge density distributioriwit
characteristic collection time influenced mercunthe domain which produces, along with the computed
adsorption. Following this trend, Clack [1] haselectric field, the target value of current density
numerically simulated the effect on total mercury0.11 mA/nf). Explicit simulation of the corona
adsorption (defined as the combined mercury addorbdischarge is beyond the scope of the present study.
by both PAC particles suspended in the flue gaglad The steady fluid flow field, including the effects
PAC content of the collected dustcake) of incregsinfluid-electric coupling, is governed by the Reyrmld
PAC concentration in the collected dustcake. Thaveraged Navier-Stokes equations, modified to
results revealed that the two adsorption mechargsms include an electric body force term. The native k-
not additive, but rather competitive. Rather thamurbulence model and its default turbulence
augmenting total mercury adsorption and mercurgarameters are used without modification. Flueigas
removal efficiency, the PAC contained in the cdllec approximated as air, incompressible, with property
dustcake can actuallghibit mercury adsorption by the data extracted from the native materials database.
PAC particles within the boundary layer. Only the PAC component of the suspended
The present study expands on this counter-intuitivearticles is considered for mercury adsorption,
result by numerically simulating a range of masseflecting its much higher adsorption characterssti
transfer boundary conditions representing differerthan most fly ashes. The initial PAC particle size
PAC concentrations in the collected dustcake cageri distribution is log-normal, 1.pm < d, < 150pm with
ESP collection electrodes. Details of this Solutiomnean diameter of an and geometric standard
approach have been previously presented [1], agfviation of 1.75, and the initial PAC particle cen-
therefore are summarized here for brevity. Solved atration is 0.1 g/y the equivalent of 6 Ibs/MMact
the steady conservation equations for the elefiéfid;  (pounds of PAC per million actual cubic feet ofeflu
the fluid flow field inClUding eleCtrO'hydrOdynamiC gas), a re|ative|y h|gh rate of PAC usage based on
forces; the charge-induced removal of polydispersgurrent standards. The particle size distributien i
suspended solid particles from the flue gas; gagvided into 11 size bins. Their spatial distrilouts of
particle mass transfer rates and reductions in gasarticle number density Nix,y,d;) and particle
phase mercury concentration as particles are removgs|yme fractiong(x,y,d,) are solved concurrently and
from the flue gas. The present analysis uses tij¢ parallel in order to accurately render theilective
operational conditions reported during full-sca®®  gffect on the spatial distribution of the gas-phase
injection testing at AmerenUE's Meramec site [4]no|lytant concentration &), assumed here to be
along with engineering drawings of the ESP involvednercyry. Once injected into the flue gas, PAC
The computational domains represent a 3-Wirgoncentrations are sufficiently dilute as to make
2x0.3m (LxW) segment and a 9-wire 5x0.3 Nharticle-particle interactions highly unlikely. Téu
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such interactions are not considered. Although thansport at the inlet and outlet of each chanegl s
analysis incorporates one-way coupling between thraent. COMSOL Multiphysics' (version 4.4) pro-
fluid and the particle, two-way particle-fluid cdimy  vided the computational platform as has been demon-
is not considered. Gravitational acceleration istrated previously in a similar applications [1].10
neglected. Computational times on a 64-bit HP Xeon workstation
The gas-particle mass transfer rate for particfes ¢2 2.93 GHz processors, 6 Gb RAM) are about 60
sized, depends on their relative velocity with respecminutes for solving only the in-flight mechanismdan
to the gas, or slip velocity. Thus, in considering about 225 minutes for solving the coupled in-flight
flight adsorption of mercury within ESPs, gas-pdeti and wall-bounded mechanisms for the 3-wire channel
mass transfer is driven by size-dependent slipcitgio segment.
which in turn depends on electrostatic forces as Previous numerical results [1] found that mercury
determined by the spatially distributed electrieldi adsorption by PAC in the collected dustcake produce
and space charge density. The inclusion in theeptes a persistent mercury-depleted concentration boyndar
analysis of spatially varying particle slip velgcis a layer along the collection electrodes. The redugzst
significant advance beyond the assumption of sizgghase concentrations in turn reduced the driving
dependent but spatially uniform slip velocitiespotential for mercury adsorption by suspended PAC
employed in, e.g., the well-known Deutsch-Andersoparticles traversing this region before impactihg t
equation, and our previous analyses [5-7]. collection electrode. Figure 1 [1] illustrates tkiect:
Particle charging in an ESP is dominated by thdar from being additive, the two mercury removal
occurring near the inlet, which in terms of timemechanisms are competitive when coupled together
constants is small compared to the hydrodynamic @fcoupled”), producing lower removal efficiencies
aerosol timescales typical of ESPs. A transientiglar than the suspended PAC particles alone (“in-flight”
charging analysis following the method presented iRigure 1 also presents the variation of the rafithe
Hinds [8] and applying the spatially averaged valuecoupled mechanism removal efficiency to the inktig
of space charge density and electric field withie t mechanism removal efficiency. This ratio is slightl
domain (1e-5 C/fhand 137,000 V/m, respectively) greater than unity nearest the inlet, decreasingds
shows that after 1 second particles acquire 76% tifan unity at the outlet, reflecting the growththé
their saturation charge in the 3-wire channel seagmeconcentration boundary layer and increasing inioibit
and 95% of their saturation charge in the 9-wiref adsorption by the suspended PAC particles.
channel segment. For full-scale ESPs operating at

similar, typical electrical conditions (=50 kV, 9% - : 1.02
0.11 mA/nf) and whose full-length channels contair 8% ‘\ = ::gif::ﬁ;f: S L0
dozens of discharge electrodes, the transient titarg i X cotpled/inight [— ] 101 2
period would constitute an even smaller fractiomhef 0 e N Ll Bl
hydraulic and aerosol timescales, reducing therémro I ﬂi Mo L# ' 125 <
assuming a constant particle charge throughout tl = 5, Py : 009 &
domain equal to the saturation charge. The prese 2 <::’,L,’ w 099 8
analysis assigns a size-dependent saturation charge 1% +—=" — 0.98
the particles based on the spatially averaged me L ] 3 : - ! 2
values of electric field and space charge densit bistancefromlnlet[mll

These super-micron particles are assumed to undet

SOli{y field_ charginhg. ical il the Frossli Figure 1. Simulation results from [1] of mercuryn@val
ssuming — spherical - particies, € Frossiing efficiency in a 3-wire ESP channel segment reguiltin
equation [3] provides a c_orrela_t|0n between the from adsorption by suspended PAC particles and
Sherwood number, a qon-dlmen5|onal mass tranSfestorption to an accumulated dustcake containiig 2.
parameter, and the particle Reynolds. humber based o PAC. Dashed lines: Percent mercury removed as a
slip velocity, as we have used previously [5-7]€Th function of distance from ESP channel inlet fou&)lin-

spatial distribution of mercury concentrationx@) flight only and (red) coupled in-flight and wall-toded
[mol/m?] in the domain is determined by the collective removal mechanisms. Solid line: Ratio of coupled

gas-particle mass transfer of PAC particles suspeind removal efficiency to in-flight removal efficiency.

in the flue gas (in-flight mechanism) and the mass ; - : ;
transfer to the accumulated dustcake layer of cte Experimental conditions are as described in [1]

particles on the collection electrodes (wall-bouhde At nominal PAC injection rates less than

mechanism).  For the wall-bounded mechanisnb Ibs/Mmacf, the result is a mixture of fly ash and

cqncentra’Fion boundary Iayerg are. calculate_d anquC in the flue gas in which PAC concentrations are
with velocity boundary layers (including electriody on the order of 2.5%. Disregarding differences

forces), along the collection electrodes basedamh e between fly ash and PAC in particle size distrius,

assumed concentraﬂonlo.f PAC.'” the dustcgke. . ulk densities, and dielectric constants, all oficlh
Mercury removal efficiency in all cases is define

th ; diff bet ot ould promote differences in their rates of colieact
as the percentage difference between mercury 6ales, iy storder approximation would be to assume that
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the collected dustcake over the collection eletsod ESP channel rather than an entire ESP channel that
the first field of the ESP also reflects this 2.5%4C would be much longer and contain dozens of wire
concentration. However, subsequent fields and thdischarge electrodes.
hoppers beneath them are likely to be charactetiged  As noted in the introduction, the virtual inabiltky
PAC enrichment due to PAC having smaller meaimterrogate the fluid-particle flows within a fudkale
particle diameter and lower electrical resistivibat, ESP leaves no options for obtaining experimenttd da
respectively, delay particle collection and promot¢hat would provide insight into the mechanisms
resuspension of collected particles. Collecteddfielunderlying simultaneous gaseous pollutant adsarptio
samples [2, 3] and laboratory testing [11] supploid and particle removal within ESPs. These results
conclusion. Thus, the present analysis expandfi®n tillustrate the significance of the in-flight meclem
previous results by examining coupled mercurand how the wall-bounded mechanism is not only
adsorption for conditions where the PAC concentrasecondary to, but also competitive with, the igHti
tions in the collected dustcake exceed 2.5%. mechanism in terms of total mercury removal
Following the same approach used previously [1Efficiency.
PAC concentrations of 2.5%, 25%, 50%, 75%, and
100% were considered in the accumulated dustcaleferences

covering the collection electrodes of a 3-wire (2 njl]
long) and a 9-wire (5 m long) ESP channel segment.
The resulting removal efficiencies for in-flightoale, [2]
wall-bounded alone, and coupled in-flight and wall-
bounded mercury removal mechanisms were deter-
mined from numerical simulation. For the 3-wiremn2
long ESP channel segment, Figure 2 compares the
computed wall-bounded, in-flight, and coupled
mercury removal efficiencies that were obtained.
From the figure it is apparent that regardlesshef t [3]
PAC concentration in the accumulated dustcake, the
coupled wall-bounded and in-flight mercury removal
efficiency always underperforms the sum of the tw4]
removal mechanisms considered separately.
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Figure 2. Computed values of mercury removal
efficiency in a 3-wire, 2 m long ESP channel segmen
considering in-flight and wall-bounded removal  [8]
mechanisms separately (blue, red) and coupledr(gree
for PAC concentrations in the dustcake layer o%2.5
25%, 50%, 75%, and 100%. Experimental conditiond®]
are as described in [1] [1

As the contribution of the wall-bounded mecha-
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