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Abstract The impact of the gas velocity profile on the cdiien efficiency for electrostatic precipitatorscsn-

sidered from a theoretical point of view. If nored effects such as rapping, re-entrainment andsgeakage
are neglected, the maximum collection efficiencplsained with a perfectly uniform velocity profiterough-

out the precipitator. Employing a linearizationtbé exponential function in the equation for cdilee efficien-

cy, a closed form analytical expression for theaotmf non-uniform gas flow is derived. In the exgsion, the
square of the coefficient of variation of the glms\fprofile enters as a correction factor to thgmiion veloci-
ty. The analytical expression corresponds rathdirtavexact calculations on actual gas velocitytriisitions, up
to coefficient of variations around 30%. Moreovieirs demonstrated that the same type of approantbe used
to derive similar correction factors also when oteriables deviate from uniformity.
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1. Introduction the somewhat more general Matts-Ohnfeldt equation
The gas flow distribution is one of the parametheg  (modified Deutsch equation) will be used. This adds
affect the efficiency of an electrostatic precifpta little to the complexity and includes the ordinary
(ESP). In fact, the global flow pattern and velpdis- Deutsch equation as a special case.
tribution of the gas inside the ESP casing is dithe
factors that must be considered from the desigsgha2. Analysis of non-uniform gas velocity profile
all the way through commissioning, tuning and per- Although it is established that the velocity plefi
formance testing, as well as in various upgradeaee inside an ESP must be tuned in order to reach the
ios [1-11]. In addition to the global flow patterthere highest possible performance, there is no conseasus
is also the corona-generated electro hydrodynamibe exact shape of flow profile that minimizes the
flow (EHD flow) in the inter-electrode region, whic emission. For example, significant efforts haverbee
may affect for example the selection of electrode g made to investigate so-called skewed gas flow, kwhic
ometry [12-15]. is a deliberate skew of the gas velocity profileier
This article will focus on the global flow profile  to optimize the ESP performance [16-19]. Even i ap
the ESP and its direct impact on the dust collectib  plication of various types of non-uniform and skewe
ficiency. With “direct impact” on performance we flow profiles has a potential for emission reduatia
here mean the impact when neglecting all non-ideatany cases, the exact details of the optimum flow
effects in the ESP that may be affected by thevgas may vary depending on process conditions and tfpe o
locity. This includes for example gas sneakaget dudust. Nevertheless, it is generally accepted tleat g
re-entrainment, rapping losses, gravimetric seftlin sneakage below and above the fields must be avoided
and corona suppression. A more stringent way of say any scenario, and that local high velocitiesdas
ing that no non-ideal effect will be consideredtas the ESP fields may reduce the overall performance
state that only the Deutsch equation will be ugeithé substantially. Also, it is clear that from theoceti
analysis. In this way the gas velocity only enegsghe point of view and under ideal conditions the besdre
inverse of the treatment time of the flue gas ia thall dust collection efficiency is achieved with ant-
electric field, and no non-ideal effects are addee@x- pletely uniform gas distribution. Any deviation fno
tra terms or correction factors. Of course, thaitkedf the perfect uniform velocity profile will then ledd a
the EHD flow in the inter-electrode gaps are nat-co reduced efficiency and a corresponding increase in
sidered by the Deutsch equation, except that teitu outlet dust concentration.

lence is implicitly assumed to accomplish ideal imgx Even if model testing or CFD has been performed
of the dust along the width of each gas passageein in the planning and design phase, it is common to
ESP. measure and adjust the gas velocity inside the ESP

In the analysis below, a non-uniform gas velocitguring commissioning. Typically, the gas velocity i
distribution will be assumed throughout the entireneasured with an anemometer at several elevations
length of the ESP, and the effect on outlet emisgo (e.g. one point per meter) in each gas passageeof t
compared to the case with a completely even flawv pr ESP (or every second gas passage), such that the en
file. As remarked above, this will be conductedain tire cross section is mapped. This can, if neeted,
completely idealized “Deutschian” analysis, althbugdone in several planes along the length of the B8P,
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ing and convenience. As stated above, the analysis
will be based on the Matts-Ohnfeldt equation, whgch

a generalized form of the ordinary Deutsch equation
[21]. The relation between inlet and outlet dush-co
centration is obtained via the migration velocity,

the ESP collecting ared, and the flue gas flow rate,

Q:

L4
.

Figure 1. Measured velocity profile after the first
field in an ESP at a pelletizing plant. Red colorre-

sponds to the highest velocity, followed LNk

by yellow, green, blue and purple Cout = CineXp [— (Wk ) ] ' (4)

TV

Cour = Cinexp[_(WkA/Q)k] . (3

The parametek allows an ad hoc adjustment of
the equation, mainly to compensate for differentipa
cle size distributions of the incoming dust. Ofthe
rather broad fly ash size distribution from e.galeo
fired boilers corresponds tevalues around 0.5, while
k=1 corresponds to a uniform particle size and
is identical to the original Deutsch equation. Afiz-
tively, Eq. (3) can be expressed in terms of gascie
ty, v, rather than the gas flow raig, viz.,

for practical reasons a gas distribution measur¢isen ) i

often limited to only one plane. The result of  ga- whereL is t.he length of the ESP ands the_dlstance
locity distribution measurement after the firstdien ~Detween discharge electrode and collecting plate fo
an ESP may look as in Fig. 1. the case of a_duct—type precipitator. In the norcaake,

A suitable and frequently used measure of the urff?® 9as velocity would simply be the average gas ve-
formity of the cross sectional gas flow profile am IOC|ty,_ 7. In t_he_analy5|s of t_h_e mfluer_me of an uneven
ESP is the Coefficient of Variation (CV) [2-7,10Jhe velocity profile in the ESP, it is practical to vikowith
CV is defined as the ratio of the standard deviatip the mass flow of dust rather than the dust conaentr
the mean, i.e. tion. Thus we multiply both sides of Eq. (4) withet

gas flow Q. Noting thatQ = Bv, whereB is the cross

zl\/m W section area of the ESP, we get:
v N !

. L\
Moy = QCout = BUCoyr = BvCinexp [_ (Wk E) ] (5)

CV=

QBWlQ

with 7 being the average gas velocity in the ESP:

. We now divide the cross section of the ESP into
§ = In=atn (2) several smaller areaB,, each with its own gas veloci-
N ty, Vi, and sum over all paths to obtain the total mass
The set of measured gas velocities in all points diow for a non-uniform flow profile:
the cross-section,, v,, ... v,,... vy can of course be .
analysed in several ways to obtain a criteria f@ t Toue = Em=1Moutn = Ln=1 BnVnCin €Xp [— (Wki) ] (6)
quality of the gas flow profile. For example, thebpi-
cation EP-7 by ICAC (Institute of Clean Air Compa- |t js important to understand that the lower overal
nies) specifies that 85% of the measured velodities ESP collection efficiency at a non-uniform gas flow
cross-section shall be less than 1.15 times theag&e depends on two independent factors: The non-linear
velocity and 99% below 1.40 [20]. The ICAC criteTio character of the exponential function and the wieigh
iS, hOWeVer, often interpreted as a limitation bé t averaging procedure_ For re|ative|y small Ve'ow_
maximum allowed CV-value to 15% (which results ifiations and if the collection efficiency is not ethely
a Gaussian distribution of velocities around theame high, the later factor dominates, such that a rezisie
is assumed). approximation may be obtained via a linearizatién o
Now the impact of a non-uniform gas flow profilethe exponential. Therefore, the next step is toearek

on the dust emission from an ESP will be evaluateirst order Taylor expansion of the exponentialiar
The most straightforward approach is of courseate ¢ the average velocity:

culate the emission from each sub-area of the cross

section with its measured velocity and to sum up o we\F] [ way wil\K =)

all contributions. This is easily accomplishedneu- EXP[ ( )]NeXp[ (%) ](Hk( 5) ) )

ically, but an approximate closed form expression o ) .

would anyhow be desirable for increased understand- Combining Eq. (7) with Eq. (6), and assuming that
all sub-areas,, are equalK, = B/N) we obtain:

TV v
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e = Con 2 Zhes v (14 1 (42) ) exp [ (w 2)']- (8)

(%

Lifting the constant exponential factor outside the

summation and splitting the sum into two partsdsel

Moye = .
B L
Cin Nexp [_ (Wk E) ] Zgzl Uyt

B L\k wikL\X (v, -7)
Cinﬁexp[—(wk;)] heak () P,

(9)

Mgy = M eXp [k (M;—':)k (CV)Z] =
Cin BV exp [— (%)k] exp [k (%)k (CV)Z] =
CinBU exp [— (M;—':)k (1-k(Cv)2)] =

CinB7 exp I— <(wk(1-k(CV)2)1/ k):—vﬂ , (14)

so that the change in emission is expressed via-a ¢
rection factor multiplyingv,. As an alternative, it is of
course also possible to convert the final form of

The first term on the right side of Eq. (9) repreEq_ (14) back to the more usual type based on dust

sents the total outlet mass flow of dust at uniféace
velocity, 7, i.e. what we may call our
case emissionin = QCq = B7 Ci,exp[-mL/rv)]. The
second term on the right side of Eq. (9) is thenek-

“base

concentrations and specific collecting area, viz.,

Cout = Cinexp[—([wic(1 — k(CV)?)/*]4/Q)"]. (15)

tra emission of dust due to having a non-uniform ve

locity profile. Using the substitutiom, =(v,—7) + v,
we can convert the second term into a quadratio
plus an extra term that becomes zero, viz.,

)k] Inaik (W—",L)k @n=)

B
—exp

The correction factor for non-uniform gas flow in

tefthe ESP, (ICV))™, which reduces the apparent

migration velocity, can be simplified one step fient
via the approximation (&e)*® = (1-€). This relation is
valid for any value of the parametay if € is small

L —
Cin'y [ (W" o O ZU” B enough, which is basically always the case forapir
Cin 2 exp [— (we) ] Nk (M) Ry plication where (CV)would rarely be higher than 0.1
Cn Zexp [_ (wk :_v)k] Nk (W_,(L)k (0o (10) or thereabout. The final expression is then:
. . . . Cou ~ Cinexp[_([w (1 - (CV)Z)]A/Q)k] (16)
With the last sum being identical to zero on ac- ‘ ‘

count of being “the average deviation from the aver

age”, we insert Eqg. (10) into Eq. (9) and arrivehet
final expression after some reshuffling:

Mout =
CinBvexp [— (w,c
_ k wil\¥ 1 oy @n-9)?
CinBvexp[—(wk )]k( ) Eznﬂﬁ—z.
Denoting again the base emission at uniform g
velocity, 7, asm (equalto B Ci,exp[—(mL/r7)]) and
with the definition of CV from Eq. (1), we may weit

e = 77 (14 k E5) (). (12)

i
In other words, Eq. (12) says that the emissi
with a non-uniform gas flow is (approximately) efu
to the base emission at uniform velocity, plus rante
that is proportional to the square of the variatioef-
ficient of the flow profile.

While the expression for the increase in emissio

according to Eq. (12) is basically the relationgiutuat
the outset of the analysis, it may be of more vatue
obtain a direct correlation between CV amd This is
possible via the approximation of interpreting fiee
renthesis in Eq. (12) as a Maclaurin expansionrof
exponential function, i.e.

(1 +k (W—"L)k (CV)Z) ~ exp [k (W—"L)k (CV)Z] . (13)

Using Eq. (16), the effect of non-uniform gas ve-
locity in an ESP can now be evaluated for varicas c
es. For example, the ICAC criteria from Ref. [204t
limits the velocity CV to max 15%, gives at most a
correction factor of 0.9775 (i.e~D.15). Another ex-
ample is the optimum velocity profile specified for
ESPs supplied by GE, where the test points in tap a
bottom of the precipitator should ideally have 8686
the average velocity, while all other points “ineth

3iddle” should have a uniform distribution. With a

15m tall ESP we may then have one point in the top
and one point in the bottom of each gas duct with v
locity 0.85m/s, and 13 points in the middle with
1.023m/s. This corresponds to a CV of 5.9%, giving
an almost negligible correction factor of 0.9966\g.

Oﬁuch an offset is certainly very small compareth®
apossible gain by reduced gas sneakage above and be-

low the ESP fields. As a final example we may take
two parallel ESP casings after a boiler, each wéh
fectly uniform gas velocity profile, but where ocas-
iﬁlg handles 55% of the total gas flow and the other
casing 45%. This gives an overall CV of 10%, and
consequently a correction factor of 0.99 for thpaap
ent migration velocity.

The examples above are rather illustrative and

6provide an intuitive feeling of the approximateatale

Impact of a non-ideal velocity profile. However, it
must still be remembered that the analysis rests on
somesignificantsimplifications.In additionto theideal
treatment,one major simplification is the assumption
that the gas flow profile does not change along the

Combining Eq. (13) with Eqg. (12), and introducinglength of the ESP, which is not true in reality.efih

the explicit expression fot, yields:

there is also the question about the size of ther er
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committed in the derivation of the correction fadio i

Eq. (16) due to the linearization employed. Th&ies \
will be investigated below, by comparing the approx
imate correction factor with its numerically calatdd e
counterpart for some actual cases. 2

To investigate the accuracy of the approximate §

correction factor (1-(C\f) from Eq. (16), we shall use
some actual measured gas velocity profiles in a-nun 3
ber of ESPs for various processes, operating rdif

o
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ent collection efficiencies. For the analysis wé wiii- Ml

lize measured velocity profiles in six different &S P semteraeany

before- and after adjustment/optimization of thanfl o = : s T pe s s p e
For each ESP the value of CV is calculated from th o

set of measured velocities in the cross-secticar &fie Figure 2. Approximate correction factor for non-
first field. The same set of velocities is alsodise uniform gas flow versus numerical calculations for
numerica”y calculate the emission f0r each sulaare several actual examp|es of ESP gas Ve|0city distrib
with its own velocity, using the Matts-Ohnfeldt equ tions

tion, according to Eg. (6). The so obtained emisito collection efficiencies. The case of the soda recpv

converted to a corresponding overall migration gelo boiler shows a particularly poor agreement. demon-
ty, w, for the entire ESP. This “global” apparent mi- b y P 9 '

. L . .. strating that a higk-value leads to an increasing error
gration velocity is then compared with the origina g o . s
N . ; in the linearization of the exponential functiorhiah
migration velocity, which was used for all sub-anea

to obtain the correction factor. In the calculatidhe Is the basis of the derivation of the analyticaireo-

. tign factor. Nevertheless, the general behaviothef
actual parameters of each ESP has been used,-inclu . )
. o o . exact calculations corresponds rather well with the
ing the assumed base migration velocities thattrasu

o . L . urve from the analytical treatment, and in redtity
emissions and collection efficiencies agreeing we hat th distributi icall .
with reality. act that the gas distribution typically gets prexggive-

The six precipitators are: ESP for sinter band faIY better along the length of the ESP will likelgver

_ . . ) part of the deviation, if the exact results falldve the
ga;iievt\;:irrlwgog?;r?tor\]/viet}:rl]meggm816g 96.9%; ESP at o Furthermore, it is not inconceivable thatmning
= 99.86%;

_ : e ESP after oil e general parabolic curve shape while introduaing
shale fired CFB boiler witm = 99.94%; ESP after qniricq] fitting parameter (that dependsmrk, and

Ig(?iler firing Iignite. withn = 99.87%; ESP after boiler hossibly on CV) may lead to a more accurate expres-
firing hard coal withn =99.56%; ESP downstream asjon, which still has a relatively simple form.

soda recovery boiler with=99.82%. The calculations
for the five first ESPs were made with a valuetaf t 3. Application to electrode misalignment
k-parameter in the Matts-Ohnfeldt equation equal tp is worthwhile to investigate whether the anadysi
the classical value of 0.5, while the soda recoveryeveloped in the previous section can be usedtfer o
boilerapplicationusedthevalueof 1. Takingak-value er imperfections of an ESP than the non-uniforroity
close to unity is representative for a uniform ery the gas velocity profile. The approach to arrivehat
narrow size distribution, which may here be takema correction factor fow in Eq. (16) was rather general,
reasonable approximation for the dust from a seda rand based on the principle that in the averagioger
covery boiler. In Fig. 2 the numerical results &ch  dure the paths in the ESP having lower efficierisp a
of the six ESPs are shown obtained by using the carry a higher weight (i.e. amount of dust). Wellsha
Matts-Ohnfeldt formula for each sub-area of the ESRy to generalize the approach as much as posisible
cross-section with its own velocity. the next section, but in this section we will begiith
Each ESP is represented by two identical symboés virtually identical analysis as for the non-unifo
in Fig. 2, where the one with higher value of C\-co gas flow, for the case of misalignment of the ESP
responds to the original velocity profile, beforeya electrodes.
adjustment of the gas distribution. Then the symbol The start of our analysis will be Eq. (6), whicr<
with lower CV is the calculation using the improvedies over completely unchanged from the derivation
velocity profile after modifications to the ESPeens concerning non-uniform gas velocity. For Eq. (6) we
and/or inlet duct. The approximate correction factonow apply an opposite approach, namely that ihés t
(1-(CV)), from the analytical derivation, is plotted assub-areas3,, that are all different, while all velocities,
a solid black line in the figure. It is readily sethat v, are identical\,=V,=...=V,=...=%). The definition
the agreement between an exact numerical treatmefitthe sub-areas in the ESP cross-section is exqalai
and the approximate analytical correction factogxs by Fig. 3. Due to displacement and misalignment
cellent for the case of the sinter band ESP, whiabf various discharge- and collecting electrodesige
works at the lowest collection efficiency (986). For gerated in the figure for clarity), not all sub-aseare
the other cases, the agreement declines with isitiga equal. Ideally, in a perfectly built ESP, all suttsens
CV, especially for the precipitators having thelt@gt would have an area equal to half the spacing multi-
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ation for the electrode alignment in exactly thensa
fashion as for velocity profile, i.e.

LY on fy Mot | _o_1 fzﬁzl(rn—ﬂz
il CVa—T_—T_ ~ , (29)

i where we have added the subscript “a” to sepahnate t
alignment-CV from the velocity-CV. We immediately

| recognize that the last factor in the second term
of Eq. (18) is equal to (GY, and continue the deri-
vation. Just as in Sec. 2, we reach expressionghéor
increased emission and decreased migration velocity
| as

h/2

-
@
ES
len

| e = (14K (2) @) (20)

TV

and

| Cout = Cinexp[—([w, (1 - (Cva)z)]A/Q)k]- (21)

Tl Focusing on the correction factor for the mignatio

i%l velocity, (1-(C\4)?%), which may be considered as the

i main result, an actual example may be useful. Sagpo

! that the tolerances for electrode alignment haenbe

Figure 3. Definition of distances and areas in&@RE measured in each gas passage at several elevations.
field with misalignment in the electrode system The outcome may be a protocol that could look some-

; ; ; thing like Fig. 3, but larger and with actual numse
plied by the height of the measurement grid, e filled in. In an ESP with 400 mm spacing the vatie

B,=...=B,=...=By=rh. Now instead, due to the vary- ; Id be f le. 180 o
ing distances between discharge and collecting—ele{' r3’trr]5’ r7t'] (ch.ficr)]u e, gr etxtimpd('a’t mrr;e tn
trodes, we haveB; = r;h, B, = roh, ..., By=rph, € ofher hatl of the same duct the distances

gorrespondingly longer at 220 mm. In another larati
one of the collecting plates may not be perfec#stiv
cal (as the fourth plate from left in Fig. 3), gigi a
distance are also where the gas cleaning is Idfst ehnew set of measured distances. Many oth_er electrode
cient, due to lower electric field and current (an(f(.)wS may be found to be nearly perfect, giving many
longer average distance for the particles to thawés- d|s§ances of _200 mm. By way of example, say that
ing the principles outlined above, we now re-stade ggg’mol;thewﬁi'lsganlcg(; Vl’elrgtyfoucvir;o bziéhrﬁn?org'nn;l
. . . y 0 0

(6), but with varying areas and constant gas viloci 100 mm. respectively, and finally 6%+ 6% at

‘ ‘ LAk 220 mm /180 mm and 4% + 4% at 230 mm / 170 mm.

Mour = Zn=1 Moutn = Lzt TnhVCin €XP [‘ (wer5) ] (17)  Such a result corresponds to a.@¥6.1%, according

to Eqg. (19). The corresponding correction factor fo

where we have used the notatiorrather thanz for the migration velocity, (1-(CY?), becomes 0.9963.
the constant gas velocity. It is clear that Eq) (7 This result would indicate that an electrode migali
completely analogue to Eq. (6), so that the deibvat ment of up to+30 mm in some gas passages of a
will proceed in exactly the same way as in Sec. 200 mm spacing ESP would have almost negligible
Thus, we arrive to the following expression, whish impact on its performance. Even more so since the

Bh+1=rn+1h, ..., which means that larger amount of ga
passes in the sub-areas where the distance betheen
electrodes is largest. The portions with large tebele

the analogue of Eq. (11): same misalignment would not extend all the way
through the precipitator casing in a multi-field FEES
Moyr = However, the analysis in this section has only ibns

1+ ered the ordinary L/dependence of the exponential in

k] wil\K 1 ()’ the Matts-Ohnfeldt modified Deutsch equation. Tikis
]k(_) winam e (18) rain imati [ iscust
v 7 y an underestimation, as will be discussed
the next section, where a more realistic approach i
Here the valué, around which we have performedimplemented.
the Taylor expansion, is the average distance featwe
discharge electrodes and collecting plates (whith o
course is half the nominal plate-to-plate spacifg).
continue the analysis we define the coefficientani-

CinBvexp [— (wk

CinBvexp [— (wk —

L
=)
L
fv)
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4. Generalization of the linearized non-uniformity  ponentq, giving a more significant correction for large
correction values ofg, and vice versa.
The goal of this section is to make a generalinatib We will now utilize this new result to develop the
the analysis in the previous two sections, andpfya analysis in Sec. 3 to obtain a somewhat more t&alis
the result on a more realistic model for the effeict approach for the effect of non-perfect electrodgnal
electrode misalignment. Still, the approach is amly ment. Again we divide the precipitator cross-seattio
approximate nature, but will be more qualitativety- many sub-areas, as per Fig. 3. Due to misalignmoient
rect and may help with increased understanding atide electrodes the areas are different, and hdfer-di
simple order of magnitude estimates. ent distance between discharge electrode and tollec
Considering the analysis in Sec.2 and Sec.Big plate. This also means that the electric field
where the dependence of the non-uniform variable istrength will be different in each sub-area. If pre-
side the exponential was in both cases of the folkn cipitator operating voltage 14, then the average elec-
it seems plausible to investigate if the form®1éads tric field in a given half-duct subsection with @isce
to similar results. Our starting point will theredobe a r between discharge- and collecting electrode may be

relation of the type: defined asJ/r. We now draw our attention to the clas-
sical theoretical formula for the Deutsch migratie
k i 21
mout = Zg=1mout,n = Zﬁ:l pxn exp [_ (X%L) ]! (22) |OC|ty [1 3]
w=w{k=1}= Zér_ cobolpa (27)

wherep, g andq are constants. For example in Sec. 2, &+2  u
where X" was the velocityv, we had the constamt ) _ _ _ _
equal toC,B/N and g was wL/r, while q was of Wher_e_EO is th_e charging electrical _fleld arg), is the
course equal to unity. The Taylor expansion tot fir?recipitation field strength. We define a new canst

order of the exponential in Eq. (22) results inean ¥ containing the particle radius and the dynamic

pression very similar to Eq. (7) above: viscosity 4, as well as the vacuum permittivity and di-
electric constant of the particles:
9\ g \F 9 \* -
€xp [_ ((xn)q) ] ~ exp [_ (W) ](1 +kq (W) @ )’ (23) w = JEoE,. (28)

where the expansion is again made around the averag
value of the parameter (i.& =3XN_,x,/N). Using
Eq. (23) in Eq. (22), and continuing as in Secnd a
Sec. 3, it is easy to see that the same type akexp
sions will be obtained in every step. This since d¢h-

Then we assume that both the charging- and pre-
cipitating electrical field strengths are propontd to
the average field strengfh= U/r, such that

2

ly difference between Eq. (23) and Eq. (7) is tha-c w = yE E, = SEE = é:lr]—z- (29)
stant factors. Thus we obtain the equivalent of
Eq. (11) as We next assume that the same type of approximate

‘ expression is valid also for the modified migratie

Mout & . locity, w, i.e.

pNXxexp [— (#) ] + ,

pvze [~ () [ra (&) Tona . (24) Wi m & (30)

With notations as before, and recognizing thevhere the constark may depend on the value of the
squared coefficient of variation for the parametén  k-parameter in the Matts-Ohnfeldt equation.
the last term, formulas for the emission are olethias Before combining the results from this section
with Eq. (17) from Sec. 3, we must first make clear
that the misalignment of the electrodes in an EBP a
fects the performance via two mechanisms. Theifirst
the one that was in principle covered in Sec. 3 (an
and that will be refined in this section), namely thhe
largest sub-areas has the longest distance betiiveen
Cout = Cinexp [_([g(l_q(cv)z)]/(f)Q)k]_ (26) electrodes, and therefore lower collection efficien
The second factor is that the maximum voltage which

These final expressions show that the generaliz§2" Pe reached in an ESP section (before sparking)

tion of the analysis in Sec. 2 and Sec. 3 to a mgpe IS depending on the minimum distance between dis-

ence where the non-uniform parameter in the denonfib@rge electrode and collecting plate at any looait
nator is raised to an arbitrary power, results e t that section. These two effects may be taken chre o

same type of correction factors. The only diffexeixc  independently in the analysis. To cover for theeff
the multiplication of the squared CV-value by the e of premature sparking due to some minimum electrode

tgue ~ 7 (14 ka (25)" (@7?) (25)
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distance, we assume that the maximum voltagie, rection for reduced maximum voltage due to sparking
that can be achieved in the section is at the shortest electrode distance becomgs/
7 =1707/200° = 0.7225, which is a much stronger off-
(31) set indeed. Thus, it is demonstrated that the main
problem of electrode misalignment is related to the

wherer,, is the minimum electrode distance at an)Zlfg::;%f os;pf,flg'r;%guistoa t?gnsrg'nlg]#g; ?:eic:!;trgﬁse
location in the section. The ideal maximum voltage lear that the erforménce impact Oqf misali’ Ament |
Unom IS the voltage at sparking if the entire systerﬁ. P P 9

was perfectly aligned with the electrode distanpead 5|gn|f|_cant_ly _Iess for an ESP operating below the
- . . . sparking limit (e.g. to manage a power consumption
to 7 (half nominal plate spacing) at all locations.

Now we insert the expression for the migration Veguarantee). However, even if the CV-based corractio

: . . . : factor is rather limited in the example providednay
locity obtained in Eq. (30) into Eq. (17) to get: in reality be larger than indicated by the simplifian-

.k alytic expression. Partly this is because the lizaa
Ty = Yim=1 TnhVCin €Xp [— (fklf—%,ﬁ) ] (32)  tion underestimates the true impact rather sigifity
for high values of] and at high collection efficiencies.
The form of Eq. (32) is that of Eq. (22) witf=3, It is also due to the displacement of current dgnsi
so that we will be able to use the results derivethe that follows from the misalignment, which has not
beginning of this section. Identifying coefficientee been considered in our analysis. But even if tliase
getp=hvG, , g =&U%L/v andq=3. Following the tors are considered, the effect of sparking at towe
analysis above (i.e. from Eq. (22) to Eq. (26)),abe  Vvoltage will dominate in most cases. This is esgBgi
tain: true for multi-field ESPs, where the same misalign-
ment pattern is very unlikely to extend through éme
tire length of the ESP.

_ T"min
U - 7 Unom 1

Coue = Conewp [~ (222 (1-3cv)?)] /(F)3)k]. (33)

) ) 5. Conclusions
Recalling Eq. (31), compensating for lowern hag heen shown that a non-uniform gas veloaity p
achievable voltage due to some minimum distance b in the cross-section of an ESP results in areese
tween discharge electrode and collecting plate, Wg the apparent migration velocity, with correspond

have the final result: ingly higher emission of dust. More precisely, @stfi
. . order Taylor expansion of the exponential in the
Cout = CineXp [— ([W(M(cva)z)] /()?) ] (34) Matts-Ohnfeldt equation is utilized to obtain an ap
proximate analytical expression for the reductidn o
, , , , the migration velocityw,. The correction factor mul-
We may alt_ernat|vely hide the_ details by using th'ﬁplying w is of the form (1 (CV)?), where CV is the
relation forw in Eq. (30) at an ideal geometry, i.e.coefficient of variation for the velocity profilen ithe
Wi = & Uriom/(7)?, and express in terms &V rather  ggp cross-section. Comparison with an exact summa-
thanL/rv: tion of all individual emissions for the paths dffer-
] . ent velocities, shows that the agreement is vendgo
Cyue = Con€XP [_ ([we e (1-3ccv)?)] 4/0) ] (35) for moderate collection efficiencies and at le@snis
quantitative for high efficiencies. The appearante
dhe CV-value in a simple and relatively accurate- co
¢ rection factor is an incentive for its use as dafe
asure for gas flow quality. Furthermore, sinoe th
correction factor is always less than unity, it\@E®e
mialignment (due to larger gas flow passing inoegi that @ completely uniform gas flow gives the highes
with the weakest electric field). perfor_mance in an ESP u_nder_ldeal cor_1d|t|0_ns. This
n{ér_oof is mathematically strict, since the lineatiaas

Taking the same example as in Sec. 3 of a so he derivation b d d
what misaligned electrode system, we can compalfé the derivation become exact as CV tends towards

the outcome of Eq. (35) with the simpler treatmenf®'o-
leading up to Eq. (21). The situation was an etetetr It was also demonstrated that the method use.d for
system with nominal 400 mm plate-to-plate distancéN@lysis of non-uniform gas flow may be generalized
where 50% of the electrode distances were perfec d applle_d to e.g. the case Of_ m|.sal|gned elegtr_od
aligned, while 30% deviatel10mm, 12% deviated eometry in an ESP. For the misalignment, a §|m|lar
+20mm and 8% deviate#30mm. This gave a coeffi- type of CV-based correction factor results, anédn
Eient of variation for electrod'e alignment, OV dition a much stronger correction factor for the re
6.12%, and correspondingly a vall?e for (;ngof duced maximum voltage enters the expression. From

0.00375. In Eq. (35) this leads to a correctiondaof this it can be concluded that the_t_olerances fec-el
x SO trode alignment are much more critical for an EBP o

(1-3(CV,)9)=0.98875, which is still a rather moderate_ . d k-limited diti h

reduction of performance. On the other hand, the Coeratlng under spark-limited conditions, where some

This is the approximate equation for the impact
misaligned electrodes. The two correction factans
wy are clearly separated — One for premature sparki
and the other for the coefficient of variation five
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minimum electrode distance can reduce the operatif@] Lee G.M.,etal, in Proc. 7" Int. Conf. on Elec-

voltage of the whole field. trostatic Precipitation Kyongju, Korea, Sep. 20-
As a final comment, it should again be stressed 25 (1998), pp. 457-464.

that the results in this paper are derived underath [10] Andersson C., Lind L., ifProc. 8" Int. Conf. on

sumption of ideal conditions and relies on sevasl Electrostatic Precipitation Birmingham AL,

proximations and simplifications. The omitting df a USA, May 14-17 (2001), paper A5-1.

non-ideal effects when analysing a non-uniform gelo [11] Jedrusik M., Swierczok A., Nowaczewski E.,

ity profile has to be acknowledged and, if needed; Sarna M., Grys E., irProc. 8" Int. Conf. on
tified in more advanced models. Also the use of the Electrostatic Precipitation Birmingham AL,

same velocity profile throughout the entire ESPreep USA, May 14-17 (2001), paper A5-2.

sents a significant simplification, which should bg12] Yamamoto T., Velkoff H.R.Journal of Fluid

scrutinized in a refined analysis. For the studglet- Mechanicsl08, (1981), pp. 1-18.

trode misalignment, similar simplifications occas [13] Shaughnessy E.J., Davidson J.H., Hay J€r;

well as the use of the rather inaccurate expredsion osol Science and Technology (1985), pp. 471-
migration velocity in terms of electric field stigths, 476.

gas viscosity and particle size. Finally, the coliom [14] Halldin C., Hakansson R., Johansson L-E., Porle
for premature sparking at the minimum electrode dis K., in Proc. 8" Int. Conf. on Electrostatic Pre-
tance assumes that sparks never occur betweensframe cipitation, Budapest, Hungary, June 18-21

and support structures in the ESP, which is noagdwv (1996), pp. 406-416.
the case. [15] Chang J.S., Urashima Kinternational Journal
of Plasma Environmental Science and Technolo-
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