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ABSTRACT
A mathematical model based on simple cake filtration
theory was coupled to a previously developed two-stage
mathematical model for mercury (Hg) removal using
powdered activated carbon injection upstream of a bag-
house filter. Values of the average permeability of the
filter cake and the filter resistance extracted from the
model were 4.4 � 10�13 m2 and 2.5 � 10�4 m�1, respec-
tively. The flow is redistributed during partial cleaning of
the filter, with flows higher across the newly cleaned filter
section. The calculated average Hg removal efficiency
from the baghouse is lower because of the high mass flux
of Hg exiting the filter in the newly cleaned section. The
model shows that calculated average Hg removal is af-
fected by permeability, filter resistance, fraction of the
baghouse cleaned, and cleaning interval.

INTRODUCTION
The scrutiny of mercury (Hg) emissions from coal-fired
utilities that began with the Clean Air Act Amendments of
1990 has resulted in a determination by U.S. Environmen-
tal Protection Agency (EPA) that such emissions should be
regulated. In the past decade, a number of techniques for
the control of Hg emissions from power plants have been
evaluated at various scales. One promising technique that

has received significant attention by EPA, utilities, and
technology developers is dry sorbent injection upstream
of an existing particulate control device.

Models of Hg removal during activated carbon injec-
tion upstream of a baghouse were developed to help in
understanding the fundamental process parameters that
impact removal efficiency.1–4 In these models, a constant
velocity through the sorbent bed growing on the bag-
house filter is assumed. However, in pulse-jet fabric filters,
a fraction of the filter is periodically cleaned to relieve the
pressure drop across the baghouse. The cleaned section of
the filter would have less hydraulic resistance, resulting in
a larger fraction of the flow diverted to this section. There
would be a dynamic redistribution of the flow as the cake
grows on the filter bed.

The purpose of this paper is to evaluate the effect of
the dynamic redistribution of flow on the removal of Hg
using activated carbon injection in a baghouse filter sys-
tem. Researchers have previously studied filter cake
growth and focused on the dynamics of the bed growth
and pressure drop across a filter bed.5–11 Because the pri-
mary parameter governing the operation and cleaning of
filters used for particulate removal bed is the pressure
drop, equations describing fluid and solid mass balances,
force balances (shear, pressure, and adhesion), and parti-
cle sizes were accounted for in the various models. How-
ever, because of uncertainties associated with the param-
eterization of the more complex pressure drop models, a
simpler approach was taken in this study using Darcy’s
law to describe the pressure drop and flow across a bag-
house filter. The change in flow is coupled to a previously
developed model describing Hg removal in a growing bed.
The filter cake is assumed to be incompressible with a uni-
form porosity distribution across the depth of the filter cake.

PILOT-SCALE COMBUSTION UNIT
Details of the operation of the pilot-scale combustion unit
were described previously.1,12,13 Briefly, the 500-lb/hr pul-
verized coal-fired combustion system consists of a pulver-
ized coal, wall-fired furnace equipped with a water-cooled
convection section, a recuperative air heater, spray dryer,

IMPLICATIONS
Slightly lower estimates of Hg removal from a baghouse are
obtained when a simple model describing the dynamics of
the pressure drop in the baghouse and the resulting flow
redistribution across the filter section is coupled to a model
describing in-flight Hg removal using sorbent injection in a
duct with subsequent sorbent capture in a baghouse. The
additional complexity associated with the parameterization
of a more detailed dynamic pressure drop model is not
warranted considering the sensitivity of the two-stage bag-
house model to other estimated parameters. It is reason-
able to assume that the effects of flow redistribution on the
average Hg removal in a baghouse are negligible.
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baghouse, and associated ancillary equipment (eg, fin-fan
coolers, surge tanks, coal hoppers, blowers, pumps). The
flue gas from the combustor flows to a convective section,
secondary air preheater, through a spray dryer, a sorbent
injection duct test section, and a baghouse. Evergreen
coal was used in this study, with Norit Darco FGD pow-
dered activated carbon (Norit Americas, Inc., Atlanta, GA)
injected for Hg control. The fly ash and the injected
sorbent are collected in a 6-ft inside diameter (i.d.) cylin-
drical pulse-jet baghouse that contains 57 bags arranged
in nine rows. The Goretex Nomex bags are 8-ft long and
4.5-in. diameter. The baghouse bags are cleaned (pulsed)
with 80-psi air when either the preset pressure drop is
exceeded or at regular time intervals. Pressure drop is
determined by sensors in the dirty side of the baghouse
and in the clean-side plenum.

MATHEMATICAL MODEL
Darcy’s law for flow through a cake retained on a filter can
be written as14:

Q �
kA�P

��L � kRf�
(1)

When the pressure drop is expressed in terms of a
head loss:

Q �
kA�ghL

��L � kRf�
�

kgAhL

��L � kRf�
(2)

If the baghouse were divided into n equal fractions
with each fraction of the filter cleaned periodically, the
flow rate across each fraction of the filter will be:

Qi �
kgAihL

��Li � kRf�
(3)

Q � �
i � 1

n

Qi �
kghL

� �
i � 1

n Ai

�Li � kRf�
(4)

Perfect cleaning of the section of the baghouse sec-
tion is assumed, and re-entrainment of the particles after
pulsing to the cleaned or adjacent sections is neglected.
The headloss across the overall filter is the same as the
headloss across each fraction. Using the previous second-
stage model developed to describe Hg removal in a bag-
house filter, the rate of growth of the cake on each frac-
tion of the filter is given by1:

dLi

dt
�

Qi

Q
ṁc

�p�1 � εp�εcbAi
�

kghL

�

1
Li � kRf

ṁc

Q�p�1 � εp�εcb

(5)

Eq 4 and 5 were solved using DDASSL.15 Values for k
and Rf were estimated using transient head loss data from
datasets from a previous study.2 A value of n was assumed
since the actual fraction of bags cleaned is unknown, and

the optimum values of k and Rf that minimized the sum
of the squares of the differences between the pressure data
and model solution normalized to each individual data
point was obtained using simulated annealing.16 A dy-
namic steady-state corresponding to a fixed cleaning in-
terval based on the average cleaning interval of the fitted
dataset was used to obtain the initial conditions. After this
dynamic steady-state was obtained, subsequent initial
conditions used for each fraction of the filter were the
conditions at the end of a cleaning interval.

The effect of the pressure drop was coupled to a two-
stage model describing the removal of Hg in a baghouse
system (described in detail in Flora et al.1). In the model,
removal of Hg from the bulk is assumed to be solely because
of adsorption on the activated carbon, and Hg oxidation is
neglected. Essentially the same model is used here but re-
vised to account for the time-varying flow through the bed.
Only the pertinent differences in the model are presented.
As the flow rate changes with time across the growing bed,
the velocity through the bed changes. The mass balance on
Hg across the bed is written as:

	Cb
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where:

Bg �
ṁcVf

�p�1 � εp�εcbAv
(7)

with Vf representing the ratio of the actual velocity rela-
tive to the average interstitial velocity (v).

The two-stage model for the baghouse system was
solved using the parameters obtained from the previous
study and using the same general approach.1,2 For the
second stage, the time between cleaning was divided into
equally spaced time intervals, and the velocity across each
fraction of the bed was assumed to be constant for that
time interval. Values for the dimensionless time and space
were defined based on the average interstitial velocity
between time intervals and maximum bed depth. Values
for the mass transfer coefficient through the bed and
dispersion coefficient changed with the interstitial veloc-
ity, resulting in corresponding changes in the appropriate
dimensionless parameters (e.g, Biot number and Peclet
number). Integration within each time interval was per-
formed using DDASSL, with the average velocity updated
for each subsequent time interval. Smaller time intervals
were tested to ensure that the effluent Hg concentration
from the baghouse did not vary as a function of the
selected interval.

RESULTS AND DISCUSSION
Table 1 shows the permeability and filter resistance esti-
mated by fitting eq 4 and 5 to transient head loss data
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obtained in the previous study.2 Detailed information on
the pilot-scale experimental conditions can be found in
Flora et al.2 Datasets 1, 5, 17, and 23 were not used in this
study because activated carbon was not injected during
these experiments. In addition to the possibility that the
permeability of the filter cake could be different with and
without activated carbon injection, characterizing the
permeability for these datasets would not impact the pre-
dicted Hg removal for these experiments. Datasets 19–22
were excluded from the present analysis because cleaning
of the baghouse was performed at a regular time interval,
which resulted in a gradual pressure increase and decrease
over a narrow range during cleaning. The model was
unable to describe this behavior. In contrast, cleaning of
the baghouse in other experiments was performed when
the pressure drop reached a predetermined value (typi-
cally 5.5 in. water). Table 1 shows that the estimated
permeability varied within an order of magnitude. The
permeability values were representative of very fine
sands,17 which is likely partly caused by the porous nature
of the filter bed. The filter resistance also varied within an
order of magnitude. The filter bag manufacturer specifies
that the air flow rate per unit area across new Goretex
Nomex bags is 8–12 cfm/min/ft2 at 0.5 in. water. This trans-
lates to a filter resistance ranging from 1–2 � 108 m�1,
which is lower but within the same order of magnitude of
the values in Table 1. The increase in filter resistance is
caused by imperfect cleaning, where particulates are not
completely removed during pulsing. The range of filter re-
sistances in Table 1 implies that different amounts of par-
ticulates are trapped in the filter after cleaning under differ-
ent conditions. Using average values for the permeability
and filter resistance, the equivalent cake thickness of the
filter (kRf) is 0.27 mm or 19% of the average maximum
thickness of the cake ( 1.4 mm) for these datasets.

Figure 1 shows the model fit for representative aver-
age, small, and large error datasets. The error was normal-
ized to the number of data because datasets with a large
number of data points would generally have a larger total

error. An increase in pressure drop across the bed is ob-
served as the baghouse filter becomes laden with fly ash
and powdered activated carbon, necessitating periodic
pulse cleaning of a fraction of the filter to relieve the
pressure drop. The simple model can describe the increase
in the in the pressure drop quite well in Figure 1a and 1b,
although in some cycles within the figures, the model
seems to be off phase and completely underpredicting or

Table 1. Estimated permeability and filter resistance with n  10.

Dataset
Permeability,

m2
Filter Resistance,

m�1
No. of
Data

Error per
No. of Data

2 5.0�10�13 3.5�108 140 3.7�10�3

3 5.5�10�13 3.2�108 101 1.6�10�3

4 5.1�10�13 3.6�108 270 3.1�10�3

6 5.0�10�13 4.5�108 287 4.5�10�3

7 5.5�10�13 5.1�108 86 3.5�10�3

8 3.6�10�13 5.4�108 250 1.4�10�3

9 3.2�10�13 5.1�108 450 1.5�10�3

10 5.3�10�13 3.5�108 273 1.4�10�3

11 3.7�10�13 5.7�108 445 3.3�10�3

12 2.7�10�13 5.4�108 174 4.6�10�3

13 7.8�10�13 3.7�108 403 4.8�10�3

14 7.0�10�13 1.2�109 238 1.4�10�2

15 2.6�10�13 1.0�109 134 2.6�10�3

16 2.4�10�13 1.7�109 108 2.5�10�3

18 1.3�10�13 3.9�108 177 4.6�10�3

Mean 4.4�10�13 6.1�108 236 3.8�10�3

SD 1.8�10�13 4.0�108 122 3.0�10�3

Figure 1. Model fits for the pressure change in a baghouse filter for
a representative (a) average, (b) small, and (c) large error normal-
ized to the total number of data points within the dataset.
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over-predicting the data within a cycle. This over-prediction
or under-prediction may propagate between consecutive cy-
cles as the data and model are autocorrelated. In the case of
Figure 1c, the model did not adequately describe the in-
crease in the pressure drop within the baghouse. It is not
clear why the measured pressure drop behavior was different
from the other datasets. Compared with other datasets, this
experiment was operated at a lower flue gas temperature,
resulting in a lower flue gas flow rate. The cleaning interval
was extended to longer periods, which likely produced a
different fly ash cake. It is possible that more complex mod-
els that account for compressibility of the fly ash cake may
capture the pressure drop behavior, which is beyond the
scope of this study.

To evaluate the impact of fraction of the baghouse
cleaned in one cleaning interval on the estimated filter
permeability and resistance, this fraction was varied for
Dataset 2, which had a representative average size error.
Although the exact fraction of the baghouse cleaned is
not known for these datasets, a value ranging from 0.10 to
0.20 is assumed to be reasonable. Figure 2 shows that the
estimated permeability of the cake decreased with an in-
crease in the fraction cleaned. Since a larger fraction
cleaned during each cleaning interval results in a smaller
cake depth per cleaning cycle, the permeability has to
decrease to allow the higher pressure drop across a thin-
ner cake. Although the filter resistance increased with the
fraction cleaned, the equivalent kRf varied in a more
narrow range from 0.17 at 0.1 fraction cleaned to 0.23
mm at 0.2 fraction cleaned. From a physical standpoint,
kRf should not increase with the fraction cleaned since
this parameter is a property of the filter material at that
permeability. The average normalized error increased
from 3.7 � 10�3 at 0.1 fraction cleaned to 4.7 � 10�3 at
0.2 fraction cleaned, indicating that it would be desirable
to obtain a good estimate of this parameter to better
extract the permeability and filter resistance. Overall, the
variation of k and Rf were within reasonable range of the
extracted parameters in Table 1.

Figure 3 shows the impact of a pressure drop across
the baghouse filter on Hg removal under the base case
conditions shown in Table 2, which correspond to the
conditions used in an earlier study.1 Although negligible
differences in the fractional removal across 1/10th of the
filter is apparent from Figure 3, the overall removal across
the baghouse is �6% lower when the effect of the pressure
drop on the flow is included in calculations. This lower
efficiency is because of the flow redistribution across the
baghouse during cleaning. Figure 4 shows that when
1/10th of a section of the filter is initially cleaned, the flow
through that section is higher than the average flow.
When a filter section is cleaned, Hg removal is inefficient
because there is no accumulation of activated carbon
particles on that section. Thus, a larger mass flux of Hg
exits the filter section after cleaning, resulting in a lower
average Hg removal across the entire baghouse. Abrupt
curvature changes in Figure 4 are discontinuities that

Figure 2. Variation in the estimated parameters for Dataset 2 as a function of the fraction of the baghouse cleaned.

Figure 3. Dynamic profile of Hg removal from a 1/10 section of the
baghouse filter and from the overall baghouse system accounting for
and neglecting the pressure drop across the filter.
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indicate the times when different sections of the bag-
house are cleaned. Depending on the cycle, the flow
through the filter section decreases as the filter cake grows
or increases as the flow is redistributed throughout the
baghouse.

The sensitivity of the Hg removal calculations to the
permeability and filter resistance is shown in Figure 5. Hg
removal increases with both permeability and filter resis-
tance. However, if the equivalent cake thickness of the
filter is considered as a composite variable, kRf determines
the Hg removal. The equivalent cake thickness primarily
affects the degree of flow redistribution in the filter (Fig-
ure 6). A lower equivalent cake thickness results in a
higher flow during the initial stages of the filter run
through the section, which in turn results in a higher
mass flux of Hg out of the baghouse and a lower overall
Hg removal across the baghouse. A higher equivalent cake
thickness causes a flow profile that is less sensitive to the
cake buildup, resulting in a more uniform redistribution
of flow and a removal that approaches the case when the
flow redistribution is neglected. Figure 5 shows that Hg
removal is not significantly impacted over a wide range of
equivalent cake thicknesses.

Figure 7 shows the impact of a pressure drop and
resulting flow redistribution on the calculated average Hg
removal efficiency for various cleaning intervals and the
fraction of the filter cleaned per cycle. The cleaning inter-
val refers to the time between pulses as a section of the
baghouse is cleaned. The pressure drop does not affect Hg
removal when the entire filter is cleaned (fraction  1)
because the flow is uniform across the entire filter (i.e.,
there is no flow redistribution within the baghouse). A
longer cleaning interval results in a longer detention time
of the particles on the filter, which enables the carbon to
adsorb more Hg from the bulk solution. A higher Hg
removal is calculated as the filter is divided into different
fractions for cleaning because a portion of the flow goes
through the uncleaned sections of the filter and allows
more Hg uptake. Hg removal is lower when accounting
for a pressure drop because the flow redistribution results
in a greater fraction of the flow diverted into the most
recently cleaned section of the filter. The difference be-
comes more pronounced at lower fractions of filter
cleaned because accumulation in the uncleaned sections
of the filter forces a greater percentage of the flow into the
cleaned section. For a fixed fraction of the filter cleaned,

Figure 6. Dynamic profile of the flow through a 1/10 section of the
baghouse filter for various equivalent cake thickness of the filter.

Table 2. Base case of model parameters used in this study.

Parameter Value

qmax 3020 �g/g
B 3.9 m3/�g
T 275 °F
m�

c 0.025 g/sec
rp 0.0015 cm
Time in duct 2 sec
co 5 �g/m3

Q 1 m3/sec
dp 150 Angstroms

p 7.5
�p 2.04 g/cm3

�p 0.67
�cb 0.005
�b 0.7
Baghouse cleaning interval 1500 sec
Fraction of filter cleaned per cycle 0.1

Figure 4. Dynamic profile of the flow through a 1/10 section of the
baghouse filter.

Figure 5. The effect of the permeability and filter resistance on the
calculated average Hg removal efficiency from the baghouse filter.
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the percentage difference in Hg removal relative to the
case when the effect of the pressure drop is neglected
initially increases with increasing cleaning interval. Such
behavior can be explained by the accumulation of solids
in the uncleaned sections of the filter that forces a greater
percentage of the flow into the cleaned section. However,
longer cleaning intervals result in a slight decrease in the
percent difference because better Hg removal in the un-
cleaned section of the filter slightly offsets the effluent
mass flux of Hg in the cleaned sections of the filter.

Figure 8 shows the average Hg removal for all the
datasets compared with the model predictions accounting
for and neglecting the effects of a pressure drop and flow
redistribution. Extracted values of the permeability and
filter resistance were used, except for Datasets 19–22,
where the average values in Table 1 were used. As dis-
cussed previously,2 the model reasonably predicts the
baghouse performance with the exception of the points in
the lower left quadrant area of the figure. In cases where
activated carbon was not injected, small removal efficien-
cies were measured experimentally whereas the model
predicted no removal. It is possible that the fly ash con-
tributed some Hg removal, which was not accounted for

in the model. The other exception was when low carbon
injection rates were used but negative removal efficiencies
were measured. Generally, deviations in removal efficien-
cies of �20% are considered acceptable for these pilot-
scale experiments. Nevertheless, Figure 8 shows that the
model predictions accounting for the pressure drop and
flow redistribution were lower than when these parame-
ters were neglected. However, the differences are not sig-
nificant, and the maximum relative percent difference
between the two model predictions is 5.8%.

Accounting for the pressure drop and flow redistribu-
tion results in a lower average Hg removal efficiency be-
cause of the high mass flux of Hg exiting the filter in the
newly cleaned sections. Predictions using the baghouse
model neglecting the pressure drop will be slightly non-
conservative in terms of determining the appropriate car-
bon dose to effect a specific Hg removal efficiency. Be-
cause the previous baghouse model was used to extract
the adsorption isotherm parameters, recalibrating the
model with the pressure drop and flow redistribution
would result in a slightly higher estimate of the adsorptive
capacity of the carbon. It would be more desirable to
perform independent experiments designed specifically
to obtain a more accurate estimate of the adsorptive ca-
pacity. Nevertheless, it is reasonable to expect that the
impact of the lower Hg removal predictions of the more
rigorous process model on practical baghouse operations
would be minimal.

CONCLUSIONS
The pressure drop across the baghouse filter was modeled
using Darcy’s law, and flow was redistributed across bag-
house filter sections during periodic cleaning. Higher flow
rates correspond to newly cleaned sections of the bag-
house. The permeability and filter resistance were esti-
mated using transient head loss data. The model was
coupled to a two-stage model describing in-flight Hg re-
moval in a duct during sorbent injection with subsequent
Hg removal in the baghouse. The flow redistribution re-
sults in a lower average Hg removal efficiency because of
the high mass flux of Hg exiting the filter in the newly
cleaned sections.

The calculated average Hg removal efficiency is af-
fected by the permeability, filter resistance, the fraction of
the baghouse cleaned, and the cleaning interval. How-
ever, the magnitude of this impact is small compared with
the potential impact caused by uncertainties in the iso-
therm and mass transfer parameters. Although models
can be developed that more accurately describe the dy-
namics of the pressure drop in the baghouse and the
resulting flow redistribution across the filter sections, it is
unlikely that such models would significantly impact pro-
cess models describing contaminant removal using sorp-
tion and subsequent filtration in a growing bed. For the
case of Hg removal in a baghouse under the conditions of
this study, one could reasonably assume that the effects of
flow redistribution on Hg removal are negligible.
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NOMENCLATURE
The following symbols are used in this paper. The specific
use of these symbols in the two-stage model describing Hg
removal in the duct and in a baghouse model can be
found in Flora et al.1

A  surface area of the baghouse filter (m2)
Ai  surface area of a baghouse filter section (m2)
b  Langmuir isotherm coefficient (m3/�g)
Bg  dimensionless bed growth (�)
Cave,p  average concentration in the particle nor-

malized to co (�)
Cb  concentration in the bulk normalized to co (�)
co  influent concentration (�g/m3)
dp  pore diameter (Angstroms)
E  composite porosity (�)
g  acceleration attributable to gravity (m2/sec)
hL  headloss through the filter bed (in. water or m

air)
k  filter bed permeability (m2)
L  depth of the baghouse filter bed (m)
Li  depth of the bed in a baghouse filter section (m)
ṁc  activated carbon injection rate (g/sec)
n  number of equal fractions of the baghouse filter,

with 1/n equal to the fraction cleaned periodically (�)
�P  pressure drop across the baghouse filter (psi or

in. water)
Pe  Peclet number (�)
Q  gas flow rate (m3/sec)
Qave,p  average mass of adsorbate in the sorbent

particle per mass of adsorbent normalized to qo (�)
Qi  gas flow rate through a filter section (m3/sec)
qmax  maximum mass of adsorbate per mass of

adsorbent (�g/g)
qo  mass of adsorbate per mass of adsorbent in

equilibrium with co (�g/g)
Rf  equivalent filter bed resistance of the fabric filter

(m�1)
rp  particle radius (cm)
T  temperature (F)
v  Q/A�b  interstitial velocity (cm/sec)
Vf  ratio of the actual velocity relative to the v (�).
X0  dimensionless initial bed depth of the baghouse

filter (�)

Greek symbols
�b  bed porosity (cm3 bed pores/cm3 total bed volume)
�cb  carbon porosity in the bed (cm3 total AC vol-

ume/cm3 total bed volume)
�p  internal porosity of adsorbent (cm3 AC pores/

cm3 total AC volume)
�  dimensionless axial distance (�)
�1  dimensionless parameter (�)

�  absolute viscocity of air (g/cm-s)
�  kinematic viscosity of air (cm2/sec)
�  air density (g/cm3)
�p  material density of adsorbent (g/cm3 AC mate-

rial)

  dimensionless time (�)

p  tortuosity in the pore (�)
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