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THE MEASUREMENT OF NET SPACE CHARGE DENSITY
USING AIR FILTRATION METHODS

R. H. McKnight

The efficiency of a high efficiency particulate air

(HEPA) or absolute filter for removing charge from an

air stream has been measured for a variety of space charge

and air flow conditions. Ion densities ranged from 10^

to 10 6/cm3 and were for positive and negative space charge

as well as mixtures. For all conditions studied, the

transmission of the filter was less than 0.1%. For

space charge consisting predominantly of ions of one

polarity, space charge density measurements made using HEPA

filters and ion counters may be compared directly. The

filter is well suited for all accurate measurements of net

space charge density. Three other types of fibrous filters

also have been studied.

Key words: corona discharge; HEPA filters; ion counters;
ion density; ions; net space charge.

1. INTRODUCTION

The measurement of electrical quantities which depend on the
ion density in air has been of interest to atmospheric electricity
researchers for many decades. These measurements with others have

provided information about various electrical processes in the
atmosphere [l].l More recently, similar measurements have been made
to characterize the electrical environment in the vicinity of high

voltage dc (HVDC) transmission lines [2], In addition to providing
information about external influences produced by the operation of

such lines, these measurements offer guidance to those involved in

experiments designed to investigate the biological effects of dc

fields and ions.

For the effort described in this report, the electrical
quantities of interest are the positive and negative space charge
densities and the net space charge density. In the following
discussion, the term space charge density will be used to refer to
measurements of either the positive or negative charge per unit
volume (C/m^) while net space charge density refers to the algebraic
sum of the positive and negative space charge densities. It is

possible to have near-zero net space charge density, but very large
positive and negative space charge densities.

^-Numbers in brackets refer to the literature references listed at the
end of thi s report

.
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In the following discussion, the term "ion" will be used to
describe molecular-sized ions which have mobilities of approximately
10"4 m 2 /Vs. Other charge carriers, such as charged aerosols,
have much smaller mobilities. The small ions are of concern in this study.

It is common in the literature to find discussion of ion density,
that is, some number of ions per unit volume. This number is obtained
from space charge density measurements by assuming each ion carries
one electron charge. This is a reasonable assumption for molecular
ions, but is not justified for charged particulates which are usually
multiply charged.

Near the surface of the earth, the number of positive and negative
ions varies considerably, but is typically less than 10^ ions per cubic
meter. There is normally an imbalance between positive and negative
ions, with a ratio of positive to negative ion density of about 1.35.
By contrast, near the ground under a HVDC transmission line or in a

biological exposure system, the number density may be as large as
1012-1013 ions per cubic meter. Recause of this substantially larger
ion density, the use of traditional measuring instruments and techniques
under these more severe conditions may result in significant errors.
The difficulty of the measurement problem is compounded by the presence
of dc electric fields which may be as large as 50 kV/m.

When using ion counters to measure space charge density, net

space charge density may be obtained by taking the algebraic sum of

the measured positive and negative space charge densities. If these
quantities are nearly equal, there can be a large uncertainty in

this difference. As a result, specialized techniques have been

developed to measure net space charge density directly. The three

most commonly used approaches involve air filtration methods, double
field mills to measure the electric field gradient, and a determi nati on

of electrical potential caused by space charge by means of a Faraday
cage. Each of these approaches is thoroughly described in the literature
(the work of Vonnegut and Moore [3] presents an excellent summary of

previous efforts).

Although Obolensky [4] is usually first credited with using a

filter technique to measure net space charge, Zeleny [5], in fact, used
filtration methods to study the space charge distribution between two

parallel plates as early as 1898. In the Filtration method, a stream
of air is drawn through a filter medium which is connected to ground
through a sensitive ammeter. Some fraction of the charge in the air

stream is removed by the filter. By measuring the volumetric air flow

6 and the current I, the net space charge density is calculated as

pnet = I / 4> (
1

)
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The net space charge density determined by (1) will be in error if a

non-negl i
gi bl e fraction of the ions in the air stream passes through

the filter.

Various filter materials have been used in previous investigations
including cotton, steel wool, and different types of commercial filters.

The highest efficiency filters available from commercial sources are

high efficiency particulate air (HEPA) filters. These filters, sometimes
called "absolute" filters, remove more than 98% of 0.3 ym (micrometer)
particulates from an air stream as measured in a standard test procedure.
The filter material in these devices is a glass cloth made of very fine

fibers. Vonnegut and Moore [3] first described the use of these
filters in net space charge measurements. Other authors including
Bent [6], Paltridge [7], and Moore, et al . [8] describe their work
with HEPA filters and each presents evidence that these filters
exhibit a high efficiency for removing charge from an air stream.
In each case, the conductivity of air was reduced by about 98% in

passing through the filter. Filtration methods have also been used

as space charge detectors in experiments designed to study charge
generation during tank washing in large oil tankers [9] and in work
concerned with downstream charge generation in air conditioning
systems employing electrostatic air filters [10].

2. DESCRIPTION OF AIR FILTRATION

A vast literature exists which describes air filters and- air
filtration processes for many different operating conditions. There
is much more experimental than theoretical work because of the
complexity of the theoretical formalism describing particulate motion
in a complex flow situation. There is little published research
involving charged particles, electrified filters or both. For the
purpose of the present work, a few general references will suffice
and the interested reader may consult these works for further
information. Discussions of filtration mechanisms and some earlier
experimental results may be found in works by Chen [11], Green and
Lane [12], and Dormon [13], An early description of a high efficiency
paper filter is given by Smith and Stafford [14], Gillespie [15]
has considered the role of electrical forces in the filtration process.
When electrical forces are ignored, there are three distinct processes
which are dealt with in discussions of filtration mechanisms. These
processes are diffusion, interception, and inertia. The diffusion
processes are most important for smaller particles. Because of the
Brownian motion of the particles, they can diffuse across flow lines

and impact the filter fiber. Larger particles are more likely to be

filtered by an inertial process in which the particle is unable to

follow the flow lines diverted by the filter fiber and is thereby
captured. Interception results from the geometrical cross section of
the filter fiber itself. Diffusion and inertial effects are functions
of the speed of the particles, while all three depend on filter
construction and particle size.
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If either or both the particles and the filter are charged,
additional mechanisms arise because of various electrical forces as
described by Gillespie [15]. In theoretical and experimental work
reported in the literature, these forces increase the probability
that a charged particle is intercepted by the filter.

It is not clear to what extent the available theory can be used
to predict how effectively a filter will remove small ions from an

air stream, since these are molecular-sized particles. In an exposure
system, filtered air will probably be used with the result that there
will be very few larger charged particles in the ion composition.
Outdoors, near a HVDC line, it is quite likely that there will be

substantial numbers of charged particulates. For these, existing
filter data may be applicable.

3. EXPERIMENTAL APPROACH

3.1 Introduction

The purpose of this study was to determine the efficiency of
various air filters for removing ions from an air stream passing
through the filter for different air flows and space charge conditions.
In principle, this measurement is made by determining the space charge
density at the inlet and the outlet of the filter. Previous
investigators [6-3] measured the change in conductivity of air
before and after passing through the filter by using a Gerdien tube
to measure conductivity. The present measurements were made using
an experimental arrangement in which the filter under test was
followed by a second device which was used to measure the space
charge transmitted through the filter. The experimental arrangements
used are shown in figures 1 and 2, which are geometries using a

filter and ion counter and two filters respectively.

The ion counter and the various filters used are expected to have
responses which depend on the mobility spectra of the incident ions.
This aspect of the experiment is discussed in more detail later, but by

using two different techniques to detect the transmitted space charge
it is possible to check for inconsistencies in the experimental procedure.

The transmission of the filter under test is defined as

T(percent) =
(
p y/ pi)100 =

(
p y/

(

Py+ P
p) ) 100 (2)

where py is the transmitted charge density, p-j is the incident
charge density and p is the charge density determined by the
filter. F
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•FILTER UNDER TEST

Experinpntal configuration for measurements in which the ion

counter is used to measure transmitted charge density

Figure 1 .



FILTER TO DETECT

TRANSMITTED CHARGE
—j j~ FILTER UNOER TEST

Figure 2. Experimental configuration for measurements in which a filter
is used to measure transmitted charge density



The air containing space charge is drawn from a test chamber in

a low-speed air flow facility designed to produce a sizable volume
containing a net space charge. This system, which is described
elsewhere [16], is shown in figure 3. An air stream enters the

inlet and passes through a series of screens to reduce turbulence.

After leaving the screens, the air stream encounters a planar, corona-

discharge, ion source. Nine vertical wires, 64 urn in diameter, are

located equidistant between two grounded screens. The wi re-to-screen
spacing is 0.1 m. Ions are carried downstream from the ion source,

through a transition and into the test section. It has been shown

in earlier work that this facility can produce a space charge which

is temporally smooth and spatially uniform to within a few percent

over almost the entire cross sectional area of the test section.
There is a gradual decrease in space charge density downstream from

the source region due to ion losses to the walls. The ion source
can be operated with either positive or negative dc supply and for

the work presented here the operating voltage is 10 kV. Corona
onset for both positive and negative voltages is between 5 and 6 kV.

The space charge density produced in the test volume depends on the
air speed at the ion source. Because the volumetric air flow through
the system is much larger than that extracted by the absolute filter
assembly, the perturbation on the ion density produced by the sampling
process is negligible. The inlet of the air flow facility has been
configured so that a battery of HEPA filters can be inserted in the
air stream. For this operating condition, the air passing through
the corona region should be substantially free of parti cul ates . In

the present set of measurements, the use of the inlet filters
resulted in a substantial reduction in air flow through the system.
The fan used to move the air was unable to handle the pressure drop
across the filters (a new fan will be installed for future experiments).
At the reduced air flow, the ion density was approximately 5 x 104/cm3,
and this led to experimental difficulties which are described later.

In a second set of measurements, the corona source was not
used. Instead an alpha particle source was placed in the inlet tube
leading to the filter assembly. By using this source, large positive
and negative ion densities (>106/cm3) were obtained with near zero
net space charge density. Therefore, the filter efficiency could be
determined for a wide range of space charge density conditions.

The filter assembly consists of a commercial 20.3 cm x 20.3 cm
HEPA filter, mounted on an insulating support. All air flowing
through the assembly passes through the filter. Current from the
filter to ground is measured using an electrometer, and the volumetric
flow rate was determined by means of a flowmeter. The air
stream containing space charge enters the filter assembly through a

7.6 cm long tube 3.81 cm in diameter. Provision is made to mount a

prefilter in front of the HEPA filter to reduce clogging. For measure-
ments of the HEPA filter efficiency, the prefilter is removed.
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3.2 Measurements Using a Filter and Ion Counter

For the measurements made using the filter and ion counter
(fig. 2), a paral lei -plate ion counter [17] was configured to be in

series with the filter assembly. Polarizing potential for the ion

counter was provided by batteries and the current from the counter
measured with an electrometer. The ion counter used was constructed
in the laboratory and had been used in an extensive set of measurements
so that its operation was well characteri zed . Counters of this type
are extremely microphonic, and this defect, as discussed later, proved

to be a severe limitation in the measurements described here.

The efficiency of the HEPA filter for removing space charge
from an air stream was determined for positive and negative ions as a

function of volumetric flow rate through the filter. For these
measurements, the space charge was drawn from the test section (fig. 3),
and the ion counter was used to detect the transmitted space charge.
The initial measurements indicated that substantially less than 1% of

the space charge density passed through the filter, confirming the

results of earlier investigators.

The ions which make up the space charge have a range of mobilities.
Since the response of both filters and ion counters to a space charge

is mobility dependent, this results in some uncertainty in the measure-
ments. During the course of the work described here, no means of

determining the mobility spectrum was available in the laboratory.

Ion counters are cha racteri zed by a critical mobility. This

quanti ty i s defi ned as

K c = e<t>/CV (3)

where e is the permittivity of air, the volumetric flow rate, C the

counter capacitance and V the polarizing voltage. All ions with

mobilities equal to or greater than Kc will be collected in the

counter. A smaller fraction of less mobile ions will be collected as

well. Some information about the ion mobilities can be obtained by

varying the polarizing voltage and measuring the output current from

the counter. In principle, the mobility spectrum can be obtained by

manipulating the I-V data, but this process involves two numerical

derivatives and is very uncertain. As a result the ion counter
measurements were used only to provide some information about the

mobility limits of the ions involved.

Characteri sti c I-V curves were recorded using the ion counter
sampling directly from the air flow facility test chamber. These
measurements were made for different flow rates through the counter.
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— 2.44 m 1.22 m *U 1.22 m

Test Section Transition Inlet

Handling System

inure 3. Low soeed air flow facility used to produce a test volume
containing soace charge. The filter and ion counter
configuration is shown in place.
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Examples of the space charge density versus polarizing voltage
curves obtained with the ion counter in front of the HEPA filter are
shown in figures 4 and 5. Here the difference is that the air entering
the air flow facility was unfiltered for figure 4, while in figure 5

the inlet air was filtered through HEPA filters. The charge density
produced with filtered inlet air is substantially less than with
no filters as was discussed earlier. The uncertainty in these
measurements is less than ±8%.

The response of the ion counter has saturated at 20 V (volts)
polarizing potential, but there is still a small ion component being
detected by the filter. For the filtered inlet, this component is

2% and for the unfiltered inlet 8% of the total ion density. The
substantial space charge indicated at the lowest polarizing voltage
results from the field due to the space charge itself which causes
ions to be precipitated to both the collecting plates and the
polarizing plates.

Shown on figures 4 and 5 are the critical mobilities for different
polarizing potentials. The small fraction of ions passing through
the counter appear to have mobilities less than 0.005 x 10-4m2/Vs.
A similar series of measurements was made for all the flow conditions
used for the present experiments. In all cases, a polarizing voltage
of 400 V was sufficient to ensure complete collection of any small

ions passing through the filter. The polarizing voltage of 438 V

used during the efficiency measurements was battery supplied.

Volumetric flow rates through the system under test were determined
using either a turbine flowmeter or a hot wire mass flow transducer.
Air speeds at the filter inlet were measured with a hot film anemometer
system. During the measurements reported here, which extended over
several months, the laboratory temperature varied from 21-23 °C, and

relative humidity, which was not controlled, ranged from 30 to 75%.

For the measurements described above, the space charge was almost
entirely of one sign. As indicated earlier, an alternative approach
was taken to determine the response of the filter to conditions
where there were large numbers of both positive and negative ions
present, but in nearly equal quantities so the net space charge
density was near zero. This condition was achieved by mounting a

small alpha particle source in the inlet tube to the filter. The

space charge density produced by the alpha source was determined by

mounting the source at the ion counter inlet and maintaining the
same air speed across the source as would be used in the transmission
measurement. The space charge density determined by this measurement
was used in eq (1) to determine the transmission of the filter for

these conditions. Unlike the case of space charge consisting of
ions of only one sign, the filter itself cannot be used to determine
this information since it responds to the net space charge which for
the alpha source is approxi mately zero. It was observed that the

10
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figure 4. Characteristic I-V curve for the ion counter obtained for
a flow rate of 8.3 x 10 “^ ^3/$ a p r{ unfiltered inlet ai r

.

For this measurement, the positions of the ion counter and
filter shown in figure 3 were i nterchanged. Also shown is
the space charge detected by the filter followina the ion
counter
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space charge density depended on the air speed near the source, but

that for all conditions the positive and negative space charge densities
were the same to within experimental uncertainty.

3.3 Measurements Made Using Two Filters

As noted above, the HEPA filter was found to have a transmission
of less than 1% and was therefore suitable for use as a detector
of transmitted space charge in a scheme designed to measure filter
transmission as shown in figure 2. Transmissions of three different
filters were measured using this method and these results are discussed
later. It was found that one of the filters tested transmitted less

than 10% of the incident ions for the test conditions of interest.

As a result, the roles of the HEPA filter and the test filter were
exchanged. The test filter then acted as the detecting filter in a

measure of the HEPA filter transmission. This testing methodology,
which appears at first to be circular, was used to check for possible
inconsistencies in the experimental procedure. The ion counter and

filter are expected to have mobility dependent response, and some
evidence for this is seen in the results described below. The filter-
filter method cannot be used where the incident space charge is not

predominantly of one polarity, since a filter responds to the net

space charge and is not polarity selective.

3.4 Accuracy of Measurements

As noted earlier, the parallel plate ion counter is microphonic
and as a result of vibration of the counter caused by both air flow
through the system and mechanical coupling to the air flow facility,
a noise signal was produced which was for some measurements a

substantial fraction of the desired signal. Because of this, data
were acquired by recording the electrometer output on a strip chart
recorder and subtracting the background signal from the "ion-on"
signal. For the lowest flow rates, where the current from the counter
was smallest, this subtraction resulted in considerable uncertainty.

When the inlet was filtered, the available space charge density
dropped by about a factor of 10. This reduction resulted in a

transmitted space charge which was too small for meaningful measurements
to be made when the HEPA filter was the device under test. As a

consequence, there are no transmission results presented for a

filtered inlet for the HEPA filter. For the other filters, which
transmitted a larger fraction of the incident space charge, signal
levels were high enough to obtain useful data.

Volumetric flow measurements have an estimated uncertainty of 5% and
were made with a turbine flowmeter. Air speed measurements were made with
a hot film anemometer operated near the lower end of the calibrated range.
As a result, air speed values are subject to considerable uncertainty.
Since the results displayed depend on volumetric flow rates and not
directly on the air speed, there was no effort made to obtain an improved
calibration. The el ectrometers used to measure currents are accurate

13



to 3%. For the filter-filter arrangement, there were no microphonic
problems, but the detecting filter itself has a transmission which is

uncertain to approximately 10%. As a result of these various errors,
the transmissions presented for the HEPA filter have relatively
large uncertainty, which can be as large as 0.005% in the value for

the transmission. This does not affect the usefulness of the HEPA
filter, since the transmission of charge is so small that other
sources of error dominate, i.e., measurement of volumetric air flow
and current.

4. RESULTS

4.1 HEPA Fi 1 ter

Three different types of measurements were made during the
investigation reported here. They are (1) transmission through the
HEPA filter using the ion counter as a transmitted space charge
detector, (2) transmission through other filter materials using the
HEPA filter as a detector, and (3) transmission through the HEPA
filter using a second filter as a detector. The results from (1) and

(3) will be presented together to facilitate discussion and maximize
clarity. The initial set of measurements made using the filter-
counter arrangement indicated that the HEPA filter transmitted
substantially less than 1% of the incident ions for all conditions
examined. Because of this, it was decided to use the HEPA filter in

determining the transmission of three other filter materials. These
transmissions were measured and one of the three filters (the commercial
filter) was selected for use as a detector in a remeasurement of the
HEPA filter transmission. During the course of the third set of

measurements, the transmission of the filter was observed to increase
substantially. This increase occurred after the filter system unit

had been disassembled for maintenance. After this observation, the

system was again opened and the filter carefully inspected for damage.
There was no visual indication of change in the physical state of

the filter. As a result of this, all earlier data were discarded and

repeats were made of previous runs. Only the more recent data are

presented here. It would be necessary to return the filter to the
manufacturer for recerti fi cati on to confirm that a small leak in the
filter assembly had occurred. This information would not affect the
present results but might offer an explanation for the change in

transmission of charge.

All of the transmission numbers obtained using both filter-
counter and filter-filter configurations are summarized on figure 6.

The data points displayed represent the average of several measurements
and the width of the error bars are indicative of the spread in the
data

.

As noted earlier, the results presented here were determined in

terms of volumetric flow rate and not directly as a function of the
air speed at the face. The air speed values shown were measured using

14
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a hot film anemometer near the lower end of the calibrated range. As

indicated previously, these numbers are subject to considerable uncertainty.
This uncertainty does not affect the results presented. The choice of

face velocity rather than volumetric flow rate for use in presenting the
data was made to facilitate comparison with previous data. Volumetric
flow rates ranged from (3.3-18.3) x 10‘3m3/ Si

Transmission factors measured with the filter-filter arrangement
were consistently higher than those obtained using the filter-counter
configuration. There are a number of reasons for this observation.
The second filter is tightly coupled to the HEPA filter so there are
no ion losses between the filter elements. When the ion counter is

used as a detector, there is a travel path of approximately 25 cm

between filter and counter so ions can be lost by transport to the walls.
The ion counter has a definite critical mobility for each operating
condition so some lower mobility ions pass through the counter. The
detecting filter may be more efficient at removing these ions from the
air stream. As the volumetric flow rate decreases, the critical
mobility becomes smaller, and there is some indication of convergence
between ion counter and filter results as this occurs.

The lowest transmission factors were observed for the situation
where the net space charge density was near zero, but the positive
and negative space charge densities were high. A number of interesting
features enter into explaining this result. Perhaps the most important
is that for this space charge condition there is a very small

contribution of slow ions to the total space charge. The air speed
near the source is high (5 to 24 m/s) so little diffusional charging
is expected since the particles spend little time in the space charge.

There are no applied electric fields so there is no field charging.
This situation is contrasted to that where the ions are produced in

the corona source. Here both field and diffusion charging mechanisms
are important [18].

If the surface of the filter becomes charged during exposure to

a unipolar ion environment, el ect rostati c forces between the surface
charge and an ion near the surface would tend to decrease the

probability of collecting the ion. When the space charge is neutral,
this mechanism would not come into play and an increased ion removal
probability would be expected. There was indication of some charging
of the filter during these measurements. During data acquisition, the

current to the filter remained constant over periods of tens of

minutes, which suggests that the charging was not large enough to

cause a repulsion of ions at the front of the filter. However, when

the ion source was turned off, the output current from the filter
did not drop completely to zero. There was a small (less than 5%)

residual current which decayed to zero in a period of several minutes.
No extensive investigation was made of this phenomena, since part of

the current was presumably due to space charge in the laboratory
reci rculating through the air flow facility.
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4.2 Other Filters

Three other filter materials were examined to determine their

usefulness in measuring space charge. These filters were (1) a densely
packed steel wool filter ~ 4 cm thick, (2) an inexpensive 2.5 cm

"furnace" filter, and (3) a commercial filter of pleated design with

a manufacturers' efficiency rating of 30-35% based on a standard test.

For these measurements, the HEPA filter was used as a detector of

transmitted charge. Figures 7, 8, and 9 show the transmission of

these three filter materials determined for ion spectra produced with

and without inlet filters on the air flow facility. The data plotted
in figures 7 and 8 are the average transmission values determined for

these filters for all conditions studied. The error bars show a

typical spread in the data, which were acquired over a several month
period. In figure 9, the data points represent the maximum transmission
values observed, while the error bar illustrates the spread in data.

There is a strong dependence on the nature of the ions being measured
(i.e., air flow facility inlet filtered or unfiltered), but except
for the furnace filter little effect due to flow rate through the

medium. These filters transmit a significant percentage of the
incident ions, and would not be useful for accurate measurements.

The furnace filter shows a large variation with flow rate
and also exhibited the greatest variability from run to run. This

filter was operated substantially above its rated flow rates. The

furnace filter was mechanically weak and very nonuniform. The

results for this filter are present for comparison purposes only.

It is quite surprising that the transmission of ions through the
steel wool and the commercial filter is as high as measured. The steel

wool filter, in particular, was optically dense. However, the steel

fibers making up the wool were not fine when compared to the fibers
in other filters.

5. DISCUSSION OF RESULTS

The results presented here show clearly that for a wide range of
space charge conditions and flow rates the HEPA filter may be used to
accurately determine net space charge. For the particular filter
studied here, the transmission of the filter for all conditions
observed was less than 0.1%.

A number of experimental difficulties reduced the overall accuracy
of the measurements. As noted earlier, the parall el -pi ate ion counter
used was microphonic. At the higher flow rates this resulted in a

significant noise level with the large polarizing voltage used.
The noise level combined with the low transmission of the filter to
limit the quality of measurements obtained with the ion counter. As

a result, it was not possible to determine an I-V curve for the ions
transmitted through the filter. This measurement would have been
extremely useful in estimating the mobility of the ions passing through
the filter.
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Considerable day-to-day variation was observed in the measured
transmission. It is felt that this was a real effect and was a result

of being unable to carefully control the composition of air entering
the air flow facility. Although it was possible to place filters at

the inlet of the facility to remove particulates, the resultant drop

in net space charge produced in the test volume meant that reliable

measurements could not be obtained for this operating condition.

The differences in observed transmissions as measured by the

filter-ion counter and filter-filter technique appear to be due to

differences in the response of the detector instrument to the

transmitted space charge. Resolution of this question would require an

enhanced measurement capability which would result from substantial
equipment modification and the development of a method for measuring
the mobility spectrum of the ions in the test volume. From a practical

standpoint, it is a moot point since net space charge measurements
can clearly be made with less than one percent error being due to ion

transmission through the filter for ions with the mobility spectra used
here.

The mechanisms by which small ions are precipitated out by the
filter are of interest. It is unlikely that inertia plays a signifi-
cant role for these molecular-sized ions. Diffusion would be expected
to dominate with direct interception having only a small role. Roth
processes would be affected by electrical forces. If electrification
of the filter fiber is ignored, then the most likely electrical
force involves the charge and its image force. If a particle of

charge q is located a distance r from the center of a fiber of radius
R and dielectric constant E, the radial force on the particles due
to an image charge is [14]

q2 ( £o - £ )

Ffl
= — ~

7
( 4 )

16ire
0
(r-R) 2

(

e

0 + e
)

where e 0 is the dielectric constant of air. Paltridge [7] proposed
that a distance d 0 be defined such that at this distance the average
transl ati onal energy KT/2 be equal to the potential energy (here, K

is Boltzmann's constant.)

q2 ( e0 - e )

do = (r-o-R) . (5)
4tT£qKT

(
£0 - £ )

It is highly probable that an ion located (r 0
-R) < d 0 from a fiber

will move to the fiber and be neutralized. As a result, the effective
radius of the ion will be much greater than its physical radius. (It

should be noted that similar considerations are encountered when dealing
with charge transfer collisions between slowly moving ions and neutral
atoms or molecules.

)
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If the surface of the filter medium becomes charged (say on the
surface) with the same polarity as the incident ion, then the situation
becomes more complicated and the net force may in fact tend to inhibit
the precipitation of the ion to the fiber. This may suggest a reason
for the difference in transmission between a unipolar space charge
and one in which the net space charge is effectively neutral. For the
zero net space charge, it would be expected that the fibers would not

on the average become charged. Because of this, there would be no

repulsive force between ion and fiber which may be the case for a

space charge made up of ions of one polarity.

One force that has not been described is that due to the space
charge itself. At the high ion densities studied here, there is a

significant electric field generated due to the space charge which
will in effect cause the ions to separate and be forced to the filter
material. Again for the zero net space charge condition this field
is absent. In this case, however, the argument would say that the

zero net space charge effect would be less than that for a unipolar
charge density, which is opposite to what is observed.

It is clear that it is unlikely that a satisfactory description
of the filter process will be forthcoming. The physical state of the
surface of the filter material itself during the time that there is

space charge near the filter is unknown. This lack of adequate theory,
however, does not detract from the attractiveness of using the filter
for net space charge measurements.

6. CONCLUSIONS

The efficiency of a HEPA filter for removing charge from an air
stream has been measured for a variety of space charge and air flow

conditions. For all conditions studied the transmission of the
filter was less than 0.1%. The mobility spectrum of the ions was
not measured but the ions were predominantly small ions. There was
some indication that there was a small amount of filter charging.

No adequate theoretical development is available to explain the

results of these measurements. Diffusion is expected to be the
dominant loss mechanism enhanced by electrical forces of which image
forces should be the most important.

Other filter materials studied have transmissions of 5-15% and

are not suitable candidates for accurate measurements.

Because of the low transmission of the HEPA filter, accurate
measurements can be made of space charge densities where the ions are

predominately of one sign. Under these conditions, measurements made
using the filter and an ion counter may be directly comparable,
depending on the mobility spectrum of the ions. Although much more
work is needed, the HEPA filter appears to form the basis for a means
of calibrating ion counters.
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