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W. Bergman et al. assumed that the pressure drops resuiting from the
filter fibers and the particle dendrites are independent and, when added, give
the pressure drop across the filter. They derived the following expression for

a filter consisting of fibers and particle dendrites.

Equation (5) also can be used for a filter having two discrete fiber sizes.

The pressure drop, AJq. is given by

l6{}(3/?,
AP = nVAbj——s—

0 2
Qf

The parameters involved in Eqs. (5) and (6) are
n, coefficient of fluid dynamic viscosity,
vV, fluid velocity;
b, filter thickness;
Rf, fiber radius;
r, particle dendrite radius;

s volume fraction of the trapped particles; and

A, fiber volume fraction.
Bergman et al. further simplified Eq. (5) for low particle loading by neglec-

ting the nonlinear part. Consequently, Eq. (5) reduces to

Equation (7) predicts the increased pressure drop because of particle loading

will be inversely proportional to the particle size.




]

¢. Increasing Fiber Modei. Bergman et al. "~ also assumed that the

les form a deposit that increases the fiber's size without changing its

i
shape. 0Un the basis of deposit geometry, they gave the following expression
for the increase in fiber radius ';)(‘
] /
19 -
L‘I')
e = R_[1 + —E . (8)
U “lf
where R 1s the original fiber radius and a_ and ae are the same as before.
ing
)
L

AP 4 5 (9)

ror pressure drop, t£q. (8) can be rearranged to yield
1cl
l’xv)
AP = AP [1 + P ) (10)
0 T .
where &P is defined by Eq. (7). Comparing Eqs. (5) and (10) indicates that
)

préssure drop for the increasing fiber model is less than the pressure drop for
the dendrite

model with the same particle volume deposited on the filter.

r filiters undergoing realistic plugging conditions, Bergman et al.lL

¢ state that the mechanisms of the increasing fiber and particle dendrite models
» " . ”
f might act in combination. At very low particle loadings on the filter, the

. increasing fiber model gives a major contribution, but after a small amount of

loading, the dendrite model prevails. They concluded that the dendrite and

Increasing fiber models are limiting cases of a more general filter plugging

model.




Phenomenological Model, Previous fil nlugging tests with dry stear-
e R
ac1i1d dnru*.'-‘ji" strongly discredit the two described earlier; evi-
jence of discrepancies also is given in Bergman's work.”™ Rather than trying
to construct any realistic physical mechanism for the cause of plugging, we pro-

pose a phenomenological approach; namely, we assume the following relation.

where W is the resistance coefficient defined in Eq. (1) and W_ is the value

for a clean filter. F is a monotonically increasing function of VD, which

he total mass of particulate accumulated on the filter, and is the relative

-tance. To satisfy the clean filter requirement, we must have

where a and g8 are two coefficients determined by experimentation. Their evalu-

ation forms the basis of the filter pluggina test program.

[V. MODIFIED HE FILTER LOADING FACILITY

The existing HEPA filter loading facility was modified to accommodate the
requirements associated with combustion aeroso! generation and filter plugging
experiments. The original filter loading facility is described in Ref. 1l and
Ref. 12. Specifically, the modifications included the addition of the solid fuel

~-ombustor, the installation of a turbulent mixing gqrid, the construction and
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Fig. 1.
Centerline coefficient as a function of volumetric flow.

Air temperature measurements were made at five positions, and the inlet
and outlet dry and wet bulb temperatures were measured with a psychrometer.
Copper-constantan (type T) thermocouples were used to measure the temperature
of the airflow at the branch section and upstream and downstream of the test
HEPA filter. A thermocouple digital temperature indicator was used to monitor
the thermocouples, which were accurate to +0.5 Oc at the 95% confidence level.

The measurements made at the filter test section included particulate mass
on the filter, pressure drop across the filter, particulate mass concentration,
and particle size distribution.

B. Tlest Fuel Combustion

The test fuels (PS and PMMA) were bDurned in a combustor designed at
Battelle Pacific Northwest Laboratory. Figure 2 is an assembly drawing of the
combustor. The burner was positioned on the underside of the stainless-steel
duct immediately downstream from the HEPA prefilter and secured by a flanged
steel pipe section using eight 0.79-cm-diam bolts.

1
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Fig. 2.
Assembly drawing of the combustor.

A major feature of the combustor is a cup holder where the fuel was con-
tained and heated. The chamber walls provided the capability of performing com-
bustion in a positive pressure atmosphere (the duct interior). Fuel preheat
temperatures were nominally 500°C and were achieved by a 400-W electrical ring
heater controlled by a Chromalox on-off temperature controller. The flame was
diffusion-controlled, and the burning rate was requlated by adjusting the air-
flow rate to the combustor by means of a valve and rotameter. A gate valve at
the top of the burner (under the stainless-steel duct) was maintained in the
full-open position after the fire was started.
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‘ombustion Product Characterization

-terization of the combustion products included only the particulate

The combustion products were not monitored continuously; samples
taken from time to time and were onsidered 2dequate.

Particulate mass concentration (milligrams per cubic meter) was determined
ith Anderson Mark III stainless-steel, in-stack, inertial impactors incorpora-
ting straight nozzles. These impactors also measured aerodynamic particle diam-

n unit density spheres) through seven stages of particle collection
and a back-up filter. Preimpactors for use onjunction with the impactors
vere determined to be unnecessary for this applicatic Real-time particle siz-
ing equipment also was used (a Royco Model 2: Aerosol Particle Counter and a

3030 £lectrical Aerosol Analyzer). The real-time equipment was used

intermittently to determine the particle size characteristics and mass concen-
tration variation with the burn time. The optical counter sized particles si-
multaneously in all the ranges and thus was suitable for monitoring changing

sncentrations. However, the Flectrical Aerosol Analyzer sized particles se-
quentially over a cycle time of about 3 min and thus was not able to character-
ize the aerosol accurately. [n contrast, the inertial impactors were operated
in such a manner (nozzle diameter and sampling time) to sample over the entire
fuel burn period--up to 20 min. For this reason, the impactor size data were
hosen for application to the HEPA filter plugging studies.

EXPERIMENTAL PROCEDURES

The fuels tested required essentially the same test procedures, which are
s follows.

(1) Each filter was examined for hcles by observing it against a light
source. The filter frame was checked for squareness, which was
necessary to prevent leaks at the flexible duct HEPA filter flange.

fuel cups were weighed when empty and then with the fuel
that the mass was known for determining the apparent burn-

The cups were placed on a hot plate with the temperature

1 o o P aanley
automatically kept at 500°C (932°F).

An aluminum plate (7.8 by 7.8 by 0.2 cm) was attached to the bottom
of the HEPA filter being tested to provide a smooth load cell contact

point.
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the basis of aerodynamic diameter,

shows the PS particle size measurements directly upstream from t

and gives the particulate mass concentrations at the same location. Note that

for both the high and low mass burning rates, the particle size distribution 1
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Polystyrene combustion particulate mass size distribution.

nearly the same for particles less than 2.0 um. However, for particle diameters
greater than 2.0 um there is a significantly greater relative number of parti-
cles at the higher burning rate compared with the lower burning rate.

The particulate mass concentration data, in conjunction with the mass burn-
ing rate data, imply an important feature associated with PS combustion. This
feature is that the total particulate mass concentration measured near the HEPA
filter is proportional to the mass burning rate. This is established by ratio-
ing the average high burning rate to the average low burning rate in Table II
and obtaining the value 1.7. Calculating the corresponding ratio for average
total particulate mass concentrations using the data in Fig. 3 also gives 1.7.
The correspondence between the burning rate and particulate mass concentration
implies a constant soot fraction for underventilated conditions.

A summary of the results for both fuels is given in Table II. These data
are the result of burning many cups of fuel in each case, and thus the mass
burning rates are average values, The HEPA filters tested with PS had protec-
tive metal face screens (l- by l-cm mesh size) with the exception of filters
number 6 and 7. The HEPA filters tested with PMMA all had the metal screens

removed,
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Variation of resistance ratio with accumulated
mass for polystyrene combustion.

TABLE 111

COMPILATION OF HEPA FILTER RESISTANCE RATIO
FUNCTION® COEFFICIENTS

Combustion Condition a 8

High 0, 0.022248 0.64249 x 107°
Low 0, ).0057105 0.17108 x 10~
;noer;enulued 0.0476796 -0.30826 x IJ"
Jverventilated 0.0641064 -0.57276 x 10”4

IThe HEPA TiTter resistance ratio has a value of 12.0 for each filter,
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