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EVAPORATION LOSS OF AMMONIUM NITRATE PARTICLES
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DURING FILTER SAMPLING
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Abstract—This study examines the evaporation loss of submicron, monodisperse ammonium
nitrate particles during filter sampling when the upstream saturation ratio is zero. The proposed
model has considered the upstream particle concentration, the porosity of the particle bed, particle
diameter, upstream temperature, pressure drop. According to the present results, upstream particle
concentration heavily influences the evaporation loss of ammonium nitrate particles. Theoretical
results agree reasonably well with the experimental data obtained in the laboratory under well-
controlled conditions. Results presented herein confirm that the simplified theory by Zhang and
McMurry (1992) provides a reasonable yet somewhat lower collection efficiency of volatile species
during filter sampling owing to the assumptions in the downstream saturation ratio and pressure
drop. © 1997 Elsevier Science Ltd. All rights reserved

NOMENCLATURE

filtration area, cm?

specific surface area of particle bed, cm ™
EA2 —E)

species concentration in particle phase on the filter, g cm™
particle diameter, cm

diffusion coefficient of vapor, cm? s~
average particle diameter, cm
evaporation coefficient or accommodation coeflicient
mass transfer flux at continuum regime, gcm ™2 s~?
mass transfer flux at free molecule regime, gem™2s™!
specific cake resistance coefficient, s !
Knudsen number

particle-to-fluid mass transfer coefficient, cms™
thickness of particle bed, cm

collected particle mass on the filter, g
evaporation loss at ith time interval, g
evaporation rate at ith time interval, gs~
total number of collected particles on the filter, #
N,Q At;, #

particle concentration at upstream of sampler, # cm”
the ratio of bed thickness to particle diameter, L/D,
pressure at upstream of sampler, dyn cm ~2
Peclet number

pressure drop across particle bed, dyn cm ™2
sampling flow rate (in this study Q =Q,,), cm>s~
air flow rate at upstream of particle bed, cm®s™?
air flow rate at downstream of particle bed, cm?® s~
particle Reynolds number

saturation ratio of vapor at upstream of particle bed, p;,/p.
saturation ratio of vapor at downstream of particle bed, pou/pe
Schmidt number

Sherwood number

Sherwood number of particle bed, defined by equation (8)
modified Sherwood number of particle bed, defined by equation (9)
Sherwood number for single particle

sampling time, % At;, s

1

3

1

1

1

3

1

1
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At;  ith sampling interval, s

u superficial fluid velocity, cm s~
U, superficial fluid velocity when pressure is equal to P,. cm s~
traveling direction of flowing fluid

ratio of molecular weight for particle to vapor

ratio of molecular mass for vapor to air

1
1

I _‘X -

Greek letters

4 dimensionless pressure drop, AP/P,

£ porosity of particle bed

7 collection efficiency, %

Hy  time-averaged collection efficiency, %

é AP/(P, —AP)

I} vapor concentration in particle bed, g cm ~?

De equilibrium concentration of vapor, gcm™*

Pim  vVapor concentration at upstream of particle bed, g em ™3
Pow  Vapor concentration at downstream of particle bed, g cm™*
De time-averaged equilibrium gas-phase concentration, g cm~*

Q,, dimensionless collision integral

INTRODUCTION

In atmospheric aerosol sampling, sampling errors often occur as a result of gas—particle and
particle-particle interactions, gas adsorption by sampling media and/or collected species,
and evaporation of collected particles due to pressure drop across the filter or subsaturated
conditions of atmospheric aerosols. SO, and HNO; gases are adsorbed by collected
particles and sampling media and oxidized to sulfate and nitrate resulting in positive
artifacts (Coutant, 1977; Liberti et al., 1978; Appel et al., 1984; Japar and Brachaczek, 1984).
Volatile species such as ammonium chloride and ammonium nitrate are lost due to
dissociation and evaporation when ambient temperature changes or pressure drop
increases across the filter during sampling (Stelson er al., 1979; Appel et al., 1980; Forrest
et al., 1980; Appel et al., 1981; Appel and Tokiwa 1981; Wang and John 1988; Zhang and
McMurry, 1987, 1992).

Appel et al. (1980) determined evaporation loss of ammonium nitrate by loading
185 +7 ug particles on Teflon filters and passing purified air through the filter at a flow rate
of 20 Imin~? for about 6 h (21°C, 50-80% relative humidity). According to their results,
evaporation caused approximately half of the nitrate to be lost. Forrest et al. (1980) spiked
a 47 mm quartz filter with 700 ug ammonium nitrate and drew ambient air through the
filter pack for 3-5 h. The greatest ammonium nitrate loss was found to occur when the
relative humidity was below 60%. whereas when the relative humidity was 100%, no
ammonium nitrate was lost. Stelson and Seinfeld (1982) accounted for these results,
indicating that dissociation constant of ammonium nitrate depends on relative humidity
and temperature. When relative humidity approaches 100%, the dissociation constant
decreases by several orders of magnitude resulting in negligible evaporation loss.

Wang and John (1988) also observed that the loss of ammonium nitrate from the
Teflon filter was as high as 80-95% when clean air (357C and 18% relative humidity) was
drawn through a 47 mm filter, which was loaded with 93-208 ug ammonium nitrate
particles, at a flow rate of 30 Imin~! for 6-24 h. However, when loaded mass was heavy
(>2500 pg). the evaporation loss was smaller than 10%. That is, the evaporation loss
depends on loaded mass. According to their results, evaporation losses from filter samplers
are more serious than that from impactor samplers. This occurs primarily because more
particle surface area per mass of deposit is exposed to air flow in filter samplers than in
impactor samplers.

Zhang and McMurry (1987, 1992) developed a theoretical model to calculate evaporation
loss from filter and impactor samplers. More evaporation loss of particles from filter
samplers than from impactor samplers were also found. The evaporation loss of particles
from filter samplers depends primarily on pressure drop across the filter and the vapor-
to-particle mass distribution of volatile species. Assuming that the downstream saturation
ratio, p.u/pe, is 1.0 and the pressure drop is equal to a fixed value during entire sampling
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period, the lower limit of collection efficiency of volatile species, #, for filter sampler can be
expressed as

1
T 1+ &[S +(1 —80)/01pe/Co”

This is a simplified model (Zhang and McMurry, 1992). More detailed theoretical model
can be seen in Zhang and McMurry (1987).

In this paper, the evaporation loss of solid ammonium nitrate particles during filter
sampling when the relative humidity is below the deliquescent point has been studied
theoretically and experimentally. Herein, the theoretical model was developed to predict the
evaporation loss based on the mass transport equation and thermodynamic equilibrium.
The model takes into account the porosity of the particle bed, the particle size, the upstream
particle concentration, the pressure drop across the particle bed, the saturation condition
and the ambient temperature. In the experiment, 0.2 and 0.4 yum monodisperse ammonium
nitrate particles were generated from an electrostatic classifier and collected by a filter
sampler. The evaporation loss of ammonium nitrate from the filter sampler was determined
with an annular denuder-filter pack system. Theoretical results were compared and
discussed in light of experimental data.

n (1

THEORETICAL

Convection diffusion equation of the particle bed

In this study, evaporation loss from collected particles on the filter media is considered in
Fig. 1 as a mass transfer problem of packed bed. The concentration of a vapor species, p, in
the particle bed can be determined by considering a one-dimensional convection diffusion
equation as

2
Dy, gx—i’ - %9 + ak(p. —p) =0. 2
In this equation, the first term denotes the axial diffusive component, the second term
represents the convective component and the third term is the particle-to-fluid mass transfer
component (sink or source).
The fluid velocity increases in the fluid’s traveling direction when there is a significant
pressure drop across the particle bed. By assuming that the pressure drop is proportional to

particle bed Pin, Py, us=Q/A

filter

Pout, Py — AP

Fig. 1. Schematic diagram of the particle bed on a filter.
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the thickness of the bed according to the well-known Darcy’s law, then the fluid velocity u at
the position x from the inlet can be expressed as

_ Uo
TSNy ©)

Substituting equation (3) into equation (2), the following equation is obtained:

d?p Uug dp ak Uyd akp.
I L AN, P LY 4
D, DnL(—oxL?)”~ "D, @

dx?  D,(1 —dx/L) dx

vg
If the dx/L is much smaller than 1.0, the above equation becomes

d? d k o kp.
@ o dp (ak | wd)) _ akp. )
dx D,, dx D, DL D,,

To solve equation (5), the following well-known Danckwerts boundary conditions
(Danckwerts, 1953) for packed bed are used:

dp
inlx=0" = x:'_Dv— at :0, 6
Ug Pinlx=0 UoPlx=0 ¢ qx . at x (6a)
d
P _0 atx=L. (6b)
dx

The difference between p;,|,-o- and p|,- o+ arises from diffusion of the vapor species at
the inlet, as represented by the third term in equation (6a). Wehner and Withelm (1956)
verified above boundary conditions, which have been widely used for different heat and
mass transfer situations.

Equation (5) is solved directly and the dimensionless saturation ratio of vapor species at
downstream of the filter, S,,,, i1s obtained as

4o exp(B) (Sin — 1)

Sowm =2 + [(1 +a)? exp(a- f) — (1 —a)? exp( —a- p)]’ "
where

B 45 24(1 —g)Sh|V? .

1_‘[1+;§%-¥~—3g7—'} > (72)

nPe

ptre, (7b)

o 1 7c)

A T "

T 6n(l —g)sh

Mass transfer Sherwood number

The previous section indicates that mass transfer Sherwood number is one of the
important parameters needed to evaluate the evaporation loss in the packed bed. Numer-
ous studies of mass transfer in packed bed have been reported in the literature. For particle
Peclet number from 0.01-100, particle-to-fluid heat and mass transfer coefficients deter-
mined experimentally for packed beds were found to be orders of magnitude smaller than
theoretical predictions while assuming that particles were single isolated spheres in the
particle bed. Mass transfer Sherwood number for a single sphere in a stationary fluid is 2.0.
Previous studies have proposed nonuniform flow channeling in the bed or axial diffusion to
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account for why the Sherwood number in the bed is less than 2.0 (Kunii and Suzuki, 1967;
Gunn and De Souza, 1974; Martin, 1978; Glicksman and Joos, 1980).

Nelson and Galloway (1975) presented a cell model and analytically solved the mass
transfer equation for the particle bed. In the cell model, mass transfer from the particle bed
is considered to be the same as that from a spherical particle surrounded by an imaginary
concentric spherical shell. The porosity of the particle bed is equal to the ratio of the volume
between the spherical shell and the particle to that of the spherical shell. Nelson and
Galloway (1975) assumed that the radial gradient of the vapor species concentration is zero
at the boundary of the spherical shell. This study adopts the following equation for the mass
transfer Sherwood number of the particle bed, Sh., obtained by Nelson and Galloway

(1975):
202(1 —g)'7?
Sho i ey 2ok )
]‘_‘(I‘C_—E)m — tanh {
where
(=03 [ﬁm — l]Rel/z Scl/3, s

The above equation predicts that the Sherwood number is significantly smaller than Sh,
when the Peclet number is significantly smaller than 1.0. However, this equation can only be
applied to the case when a particle bed has formed. During the initial stage of the filter
sampling when a uniform particle cake has not formed yet, this equation underestimates the
Sherwood number. For instance, when only few particles are collected on the filter at the
beginning of filter sampling, the Sherwood number should approach 2.0 as these particles
can be considered as single isolated spheres. To address this problem, the following
empirical equation is proposed:

_ {[5 +6(n —1)1Sh, + Sh,}
B 6n ’

Shb nzl (9)

Despite no sound physical basis, this empirical equation is proposed intuitively such that
when the porosity is close to 1.0 and n is 1.0, the Sherwood number approaches that of
a single sphere, Sh,. In addition, when n is rather large, the Sherwood number approaches
that predicted by equation (8). The form of this equation is also discovered to provide an
optimum fit of theoretical collection efficiency with experimental data, which is discussed
later.

In the transition flow regime when 0.25 <Kn <10 (Zhang and Liu, 1992), the Sherwood
number originally developed for continuum flow regime, equation (9), must be corrected as

_{[5 +6(1 = 1ISh. +Shy}

Sh
° 6n

nzl, (10)

where y denotes the ratio of the mass transfer flux in the transition flow regime J to that in
the continuum flow regime J.. There are many different formulae developed for y in the
open literature. The following equation originally developed by Davis et al. (1980) is used in

this study:
Ji 3B(1 2
Tk Kn[l + 3B(1 +2)° K ]

B 7. 43452 " i
[ TeT Y NEEZENEE P
(1 +2) |73 +52  2B| " T 83 +52) "

where B =E/(2 —F), E is the evaporation coefficient (or accommodation coefficient).
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Evaporation loss during filter sampling

The solution to the convection diffusion equation and mass transfer Sherwood number of
the particle bed discussed in the previous sections are used to calculate evaporation loss of
particles during filter sampling.

Total number of particles collected on the filter during sampling increases with sampling
time as

If a uniform particle cake has formed on the filter, the bed’s thickness, L, can be calculated
as the following equation if the total number of collected particles N and the porosity ¢ are
known

L=——— n>l. (13)
The number of layer n is determined as L/D,,.
However, before a uniform cake is formed, the above formulae cannot be used. Here it is
assumed that n = 1.0 before the cake is formed. The porosity ¢ is considered to gradually
reduce from 1.0 according to the following equation:

NnD;
64 °

e=1 n=1. (14)

As ¢ approaches a preset value (for example 0.65), L will become greater than D,,. Then, the
cake is considered to have formed.

Equations (12)—(14) are used to calculate the saturation ratio at downstream of particle
bed, S, The total evaporated mass of the collected particles during At; is calculated
according to mass conservation principle as

me; = "ne.l‘Ali (15)

= xrpe(Soul Qoul _Sin Qin)AZi» (153-)

where evaporation rate, mi., is equal t0 X, 0SouQou —SinQin); X, is the ratio of the
molecular weight of the particle to the molecular weight of the vapor. For ammonium
nitrate dissociated to ammonia and nitric acid, x, is the ratio of the molecular weight of
ammonium nitrate to the molecular weight of nitric acid. This is due to that fact that
evaporation of nitric acid is the rate-limiting step since the diffusion coefficient of nitric acid
is smaller than that of ammonia.

In the above equation, Q,,, must be evaluated while assuming that Q,, is known. Because
of pressure drop, the volumetric flow rate at the downstream of the particle bed, Q,.,, is
related to the upstream volumetric flow rate Q;, as

Qin
=== 16
QOU‘ (1 ‘_5) ( )
The pressure drop of the particle bed can be written as (Gupta et al., 1993)
AP = K, 2" (17)
and
- Uom
0=K, —. 7
2 PoA (17a)

In this study, K, is determined experimentally.
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Once the evaporated mass m,  is calculated, then the time-averaged collection efficiency
e at time ¢ can be evaluated as

Eme,i

S e — 18
D30 ppNoQ1/6 (18)

Hoy = 1

In this study, the sampling flow rate Q is equal to the upstream flow rate of the particle bed,
Qin. The maximum amount of evaporated mass is restricted to be equal to the collected
particle mass at any time interval. After evaporation at time ¢, the diameter of collected
particles will decrease depending upon the magnitude of m, ;. In this study, the change of
diameter of collected particles during filter sampling has been taken into account.

Model calculation starts with a known upstream saturation ratio, particle diameter,
porosity, particle number concentration, upstream temperature and filtration velocity. The
time step is taken to be 1s and calculation continues until a desired sampling time is
reached. Further reducing the time step does not lead to changes in the calculated results. At
each time interval, evaporated mass is calculated and time-averaged collection efficiency is
evaluated accordingly.

EXPERIMENTAL

An experimental system was designed to measure the evaporation loss of ammonium
nitrate particles during filter sampling. The data were used to compare with theoretical
predictions. Figure 2 depicts the experimental system. Ammonium nitrate particles were
generated by an atomizer (TSI model 3076, TSI Inc., St. Paul, MN, U.S.A.) with a known
ammonium nitrate solution (0.5 to 1.0% by weight) and subsequently dried in a silica gel
diffusion drier. The aerosol was further dried by a heating device consisting of a inner
cylindrical tube and an annular water jacket. Aerosol was flowing in the inner tube while
hot water at 40°C was introduced from a constant-temperature water bath into the water
jacket to maintain the aerosol temperature at about 30°C before entering the electrostatic
classifier.

After applying the heating device, an inertial impactor with an open, inverted conical
cavity (Tsai and Cheng, 1995) was used to remove particles greater than 0.5 um in
aerodynamic diameter. The collection surface was cleaned hourly to avoid a severe build-up
of particles on the collection surface and maintain the variation of the particle number
concentration within +5%. Next, a TSI Model 3071 electrostatic classifier was used to
generate monodisperse ammonium nitrate particles. The monodisperse aerosol at
0.4 1min "' was further neutralized by an TSI 3077 electrostatic charge neutralizer before
being introduced into a mixing column where clean air of 4 1min~! was added into the
aerosol stream. The particle concentration, temperature and relative humidity of the
aerosol stream were measured by a TSI Model 3022 condensation particle counter (CPC)
and a VWR thermometer-hygrometer (VWR Scientific, NJ, U.S.A.), respectively. According
to experimental results, the relative humidity of the sampled aerosol was found to be smaller
than 10%, which is below the deliquescent point of ammonium nitrate, 62%, at temperature
of 25°C (Stelson et al., 1979). The temperature of monodispersed aerosol stream ranged
from 21 to 26°C.

The collection efficiency of ammonium nitrate particles was determined by a sampling
system consisting of two annular denuder tubes, one filter holder and one filter pack. The
flow rate through the system was set at 4.1 Imin~! by a mass flow controller. The denuder
tubes were used to remove nitric acid and ammonia gases. Preparation, coating, chemical
analysis procedures of the sampling system followed those described in the U.S. EPA
method (U.S. EPA, 1992). The first denuder was coated with 10 ml of 0.1% (by weight)
sodium chioride (NaCl) in 1:9 (by volume) methanol/water solution to absorb HNOj; gas.
The second denuder was coated with 10 ml of 1% (by weight) citric acid in methanol to
absorb NH; gas. Next, ammonium nitrate particles passing through the denuder tubes were
collected in the filter holder. The filter holder had a 25 mm Teflon filter in diameter to
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Fig. 2. Schematic diagram of the present experimental setup.

collect ammonium nitrate particles. The actual diameter of the filter’s collection area was
designed to be only 5 mm to increase the sampling flow rate and reduce sampling time,
which typically ran from 3-16 h.

The pressure drop across the filter holder was measured by a pressure gage and recorded
every half an hour. A filter pack installed after the filter holder was used to collect
evaporated vapors from ammonium nitrate particles collected in the filter holder. The filter
pack has two 47 mm nylon membrane filters and a 47 mm glass fiber. The first and second
nylon filters were used to absorb HNO; gas which evaporated from the ammonium nitrate
particles collected on the front Teflon filter, while the third glass fiber filter was coated with
2% (by weight) citric acid in ethanol to absorb evaporated NH;. After sampling, the
denuder tubes and filters were extracted with distilled deionized water in an ammonia-free
box. The NOj3 and NOJ concentrations were determined by an ion chromatograph
(Model 45001, Dionex Crop., CA, U.S.A.) and the amount of evaporated nitric acid and
ammonium gases were calculated accordingly. Molar ratios of NO3 and NOJ were found
to be the same.

The evaporation loss of ammonium nitrate particles during filter sampling could then
be calculated from the ratio of the mass of nitrate on the nylon membrane filters to the sum
of the mass of nitrate on the Teflon and nylon membrane filters. Accordingly, the time-
averaged collection efficiency could be calculated and compared with experimental data.
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RESULTS AND DISCUSSION

The specific cake resistance coefficient K, was determined from the experimental data of
pressure drop versus mass of collected particles. Following the work of Novick et al. (1992),
an equation that represents a best fit to the experimental K, data is found as

K, = 6.46 X 10° +1.76 x 10~#/D2 (19)

Figure 3 shows that correlation. This equation can be applied for the ammonium nitrate
particles with an initial diameter equal to 0.2 and 0.4 um.

Comparison of experimental data with theoretical results

Figures 4a and b summarize the experimental data of the collection efficiency of the
ammonium nitrate during filter sampling for particle diameters of 0.2 and 0.4 um, respec-
tively. The error bar in the figures was estimated from the variation of the particle
concentration and temperature during the experiment. The data are also compared with the
theoretical results, in which the porosity of the particle bed is assumed to be 0.65 and the
evaporation coefficient, E, is assumed as 0.52 (Hightower and Richardson, 1988). Different
values in available literature range from 0.004 to 1.0 for the evaporation coefficient
E (Larson and Taylor, 1983; Richardson and Hightower, 1987; Harrison et al., 1990). This
study demonstrates that the evaporation coefficient of 0.52 yields a best fit to the present
experimental data. The equilibrium concentration of the vapor species p, for nitric acid is
obtained from Stelson and Seinfeld (1982) and Kim et al. (1993).

From Fig. 4a and b, it is seen that the experimental data agree well with theoretical
results except when the collection efficiency is low. There are no experimental data available
to compare with theoretical predictions when the sampling time is short. Because of the low
detection limit of the IC analysis, it is hard to determine the evaporation loss of ammonium
nitrate in the beginning of sampling.

The results show that the collection efficiency drops significantly from 100% at the
initial sampling period for the concentration range of 2000-15,000 # cm > (0.2 um) and
350-500 # cm ™ * (0.4 um). Collection efficiency is higher for a higher inlet particle concen-
tration. The reason why there is a initial rapid drop the collection efficiency is due to the fact

x 108

1.6 S . i e

Ky = 6.46x105% +1.76 x10™* /D3 R=0.97

15 F

1.4 E

PEEPO Y

8
1] 4
g 1.3 E y
g 1
L2 r NH,NO, ]
! o -—6— Experimental Data
l- 1 [ 1 L 1 i " s A | S VA U I SR ST SUUS SR EUUUS SN T S t
2.5 3 3.5 4 4.5 5

9
2 -2 x10
1/Dy% c¢m

Fig. 3. The specific resistance K, of ammonium nitrate particle cake plotted as a function of the
inverse of the square of particle diameter.



1562 Y.-H. Cheng and C.-J. Tsai

@ DP=0.2 pm, T=25.5°C

100 - e

S 80 ;
B p
g ]
23
.g 60 e ]
g J
b Ty N 1
g 40 | %) 4
3 . N=4800 #/cm? j
K -
3 Fo 1
° 20 ‘-\ ]
e -~ ’ é N=2000 #/cm3
o P el e = S S SR
0 200 400 600 800 1000

time, min

®  p_-0.4 um, T=21.5°C

100 —T | IR S S S L L RS S I |
e 80
5 1
(3] 4
-4
£ 60 s
[3) ]
| ]
[}
. ]
9 40 _
8 |
[3}
= 1
'6 d
° 20 } i
: f
O PN Sy 1 n a1 1 1 " i 1 PUNG SR'Y 1

[¢] 200 400 600 800 1000
time, min

Fig. 4. Comparison of the theoretical collection efficiencies of ammonium nitrate particles during
filter sampling with experimental data (a) 0.2 um. (b) 0.4 um. (lines-theoretical, symbols-
experimental).

that only few particies are collected on the filter. Mass transfer Sherwood number is high
and close to that of isolated particles. However, as sampling time increases, more particles
are collected on the filter to form a particle cake which slows down the evaporation process
due to a smaller Sherwood number. When the upstream particle concentration is high, time
taken to form a particle cake is shorter than that of a low particle concentration. This
finding accounts for why the coliection efficiency is higher for a higher upstream particle
concentration.

Effect of upstream particle concentration on collection efficiency

To further clarify the effect of the upstream particle concentration on the collection
efficiency, Fig. S shows the theoretical evaporation rate, mi,, versus sampling time for 0.2 yum
particle in the concentration range 4000-12,000 # c¢cm~>. Regions “B” and “A” of each
curve represent the evaporation rate before and after a particle cake is formed. Apparently,
for all upstream particle concentrations, the evaporation rate increases at a steeper rate
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Fig. 5. Comparison of the evaporation rate of ammonium nitrate during filter sampling at different
upstream particle concentrations. (region B: before the particle cake is formed, n = 1; region A: after
the cake is formed, n >1)

before the cake is formed than after the cake is formed. Before the cake is formed, particles
are sparsely distributed on the filter and evaporation is severe for these seemingly isolated
particles. After the cake is formed, the decrease of the evaporation rate due to decreasing
Sherwood number is nearly equal to the increase of evaporation rate due to the increase of
collected mass. This leads to a more or less constant evaporation rate from 10 to 100 min of
sampling time.

As sampling time is greater than 100 min, pressure drop across the particle cake becomes
very high for the case when the upstream particle concentration Ny is 12,000 # cm~>. For
instance, at the sampling time of 1000 min, the pressure drop is as high as 502.9 cm H,O,
compared to 309.5 and 111.2 cm H,O for the case when N, =8000 and 4000 # cm ™3,
respectively. Evaporation rate increases again when sampling time is greater than 100 min
due to the increase in pressure drop and decrease in vapor concentration within the particle
cake for N, =12,000 # cm 3. Increases in evaporation rate for N, =8000 # cm ™ is not
as important primarily because that the pressure drop is less than the case when
No =12,000 # cm 3. At No =4000 # cm >, the evaporation rate remains relatively con-
stant after sampling time is greater than 100 min because the pressure drop is the smallest,
111.2 cm H,O.

Effect of porosity of particle bed on collection efficiency

In Figs 4a and b, the porosity of the particle bed is assumed to be fixed at 0.65. To
investigate the effect of the porosity on the collection efficiency, Fig. 6 compares the
theoretical collection efficiency for porosity of the particle bed ranging from 0.5 to 0.8 and
particle concentration ranging from 4000 to 12,000 # c¢m ~>. This figure indicates that when
the particle concentration is high, different assumptions of porosity make small differences
in the prediction of the collection efficiency except during the initial sampling period. This
is the case when N, =8000 and 12000 # cm™ 3. However, for the case when N, =
4000 # cm ™3, the assumption of ¢ =0.5 results in much smaller collection efficiency than
the case when ¢ =0.8.
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Fig. 6. Collection efficiency of ammonium nitrate particles during filter sampling when the porosity
of the particle bed is equal to 0.5 and 0.8 at different upstream particle concentrations.

The above argument accounts for why more deviations of experimental data from
theoretical results occur for the case of a smaller upstream particle concentration shown in
Fig. 4(a). In view that the porosity of particle cake is normally in that range of 0.6-0.95
{Gupta et al., 1993), also because that the actual porosity of the particle bed may be time
varying and difficult to measure, the present theoretical model is considered to agree
satisfactorily with experimental data. Further study of the porosity of the particle cake and
its relationship with pressure drop, particle material and filtration velocity is important and
worth investigating.

Comparison with the theory by Zhang and McMurry (1992)

According to Fig. 7, experimental results of the collection efficiency of ammonium
nitrate are also compared with the theoretical prediction by equation (1) of Zhang
and McMurry (1992). This figure indicates that while the theoretical results in this
study agree quite well with the experimental data, the theory for the lower limit of collection
efficiency of Zhang and McMurry (1992) underestimates the collection efficiency by 5-15%.
This comparison is reasonable since the simplified theory of Zhang and McMurry
assumes that the downstream saturation ratio, S,y, is 1.0, and variation of pressure
drop with sampling time is not considered. Both lead to an underestimation of the
collection efficiency.

The assumption that downstream saturation ratio is 1.0 is usually invalid. Figure 8
shows the variation of S, which is calculated from equation (7), with collected particle
mass for 0.2 um particles when the porosity of the particle bed is 0.65. For all collected
mass, S, 18 seen to be less than 1.0. In addition, S,, increases from zero with an
increasing collect particle mass (or sampling time) before the particle cake is formed (region
“B”). After the particle cake is formed (region “A”), the rate of increase of S,,, becomes
smaller until the pressure drop increases to a significant value when the rate of evaporation
(or the rate of increase of S,,,) becomes higher again. During the entire sampling period, the
downstream saturation ratio is less than 1.0 for the upstream conditions assumed in this
investigation.
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Fig. 7. Comparison of the experimental collection efficiencies of ammonium nitrate particles with
theoretical predictions by the present model and the simplified model of Zhang and McMurry

(1992).
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Fig. 8. The relationship between collected particle mass and downstream saturation ratio of the
particle bed. (region B: before the particle cake is formed, n =1; region A: after the cake is formed,
n>1)

CONCLUSIONS

This study investigates the evaporation loss of submicron, monodisperse ammonium
nitrate particles during filter sampling when the upstream saturation ratio is zero. The
experimental data were obtained under controlled conditions in the laboratory. The
proposed model considers the upstream particle concentration, the porosity of the particle
bed, particle diameter, upstream temperature, pressure drop and saturation condition.
Theoretical results agree reasonably well with the experimental data.
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Results in this study demonstrate that severe evaporation loss occurs during the initial
stage of sampling due to the fact that only few particles are collected on the filter which have
a high mass transfer Sherwood number. When a particle cake is formed, the evaporation
rate increases at a slower rate due to the smaller Sherwood number in the particle bed.

Upstream particle concentration heavily influences the evaporation loss of ammonium
nitrate particles. When the upstream particle concentration is high, a particle cake forms
sooner than the case of low upstream particle concentration. As collected particles are
massive enough such that pressure drop across the particle bed becomes significantly high,
the evaporation rate increases again due to the increase in pressure drop and decrease in the
vapor concentration within the particle bed.

Theoretical results indicate that the collection efficiency is affected by the porosity of the
particle cake especially when the particle cake is not thick enough. To provide a more
precise theoretical model, further study of the porosity of particle cake and its relationship
with pressure drop, particle material and filtration velocity is important and worth inves-
tigating.

The theory for the lower limit of collection efficiency of Zhang and McMurry (1992) is
advantageous in that it provides a reasonable although somewhat lower estimation of
collection efficiency of volatile species. The major assumption that downstream saturation
ratio is 1.0 may not be valid and variation of pressure drop with sampling time must be
considered.

The current experimental data were obtained under well-controlled laboratory condi-
tions to develop fundamental understanding of particle evaporation rate during filter
sampling. In actual field sampling, the concentrations of nitric acid, ammonia and
ammonium nitrate usually change continuously with sampling time, ambient temperature
and relative humidity. These changes should be considered in the theoretical model.
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