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Abstract—Most airborne dust particles in the atmosphere of an industrial workplace are electrically
charged. The electric charges carried by these particles are found to increase the amount of inhaled
particles deposited in the lung. In this paper, the physics of charged particle deposition is reviewed. It
is shown that for environmental aerosols with particle concentrations below 105 particles cm" J , the
electrostatic image force acting on the particle due to particle-wall interaction is responsible for the
observed deposition enhancement. An expression for deposition efficiency by the image force is
derived and is used for a deposition calculation in ihe lung. Comparisons with available total
deposition data in humans show very good agreement.

I N T R O D U C T I O N

IT HAS BEEN recently observed that most airborne dust particles in the atmosphere of an
industrial workplace are electrically charged to levels above Boltzmann equilibrium
(JOHNSTON et al, 1985). The electric charges carried by these particles can influence the
deposition of inhaled particles in the lungs. Experimental studies in a hollow lung cast
(CHAN et al, 1978) and in vivo experiments in humans (MELANDRI et al, 1977; TARRONI

et al, 1980; MELANDRI et al, 1983) and animals (FRASER, 1966; VINCENT et al, 1981;
FERIN et al. 1983; JONES et al, 1983) have all shown a significant increase in deposition
due to the particle charge. In this paper, the fundamental physics of charged particle
deposition is reviewed. A computational model is also developed to predict the amount
and site of deposition in the human respiratory tract under various conditions.

PHYSICS OF DEPOSITION

The physics of charged-particle deposition for spherical particles was previously
reviewed by JOHN (1980). Consider an aerosol particle carrying charge q in the presence
of an electric field E. The electrical force qE acting on the particle will cause the particle
to move and a final velocity v = BqE will be attained by the particle when the viscous
drag force on the particle becomes equal to the electrical force, where B is the particle
mechanical mobility. For a spherical particle of diameter d, B is found to be

where t] is the viscosity of air, C is the slip correction factor.
There are two electrical forces which cause particles to deposit on the surface of an

enclosure. One is the image force due to the interaction between a particle and the wall.
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220 C. P. Yu

The other is the space charge force due to the mutual repulsion between particles with
like charge. While the image force is a single particle effect, the space charge force
depends upon the particle concentration in the system. To determine which one of these
forces is important in affecting lung deposition, we shall first examine inter-particle
distance in relation to airway sizes. For an aerosol consisting of uniformly distributed
particles in space at a number concentration N = 10s particles cm" \ the inter-particle
distance X = N~ll3=0.021 cm. This distance is less than the smallest airway diameter in
the human lung (see Table 1). Consequently, at such concentrations or greater we
expect multi-particle interactions to be present in all airways. However, as will be seen
below, a detailed analysis of deposition efficiency in an airway shows that only the
image force is the predominantly controlling force for deposition at this concentration
level, because the amount of deposition in an airway depends not only upon the
number concentration of particles but also upon the residence time of particles in the
airway.

Consider a system of unipolarly charged particles of same sign suspended in the air
within a cylindrical cavity of radius R. The particles are assumed to have uniform size,
each carrying a charge q, and the initial number concentration is N. Owing to mutual
particle repulsion, the particles will be dispersed radially and collected by the wall. It
has been previously shown (Yu, 1977) that particle number concentration tJ in the
cylinder will remain uniform, but it will decrease with time t according to the relation

TABLE 1. VALUES OF I AT DIFFERENT AIRWAY GENERATIONS FOR 1 fim AEROSOL PARTICLES

EACH CARRYING 100 ELEMENTARY CHARGES BREATHED INTO A W H B E L ' S LUNG AT 1000
cm3 TIDAL VOLUME AND 15 RESPIRATIONS MIN "'. (a indicates the ratio of deposition

efficiency by the space charge force to the image force.)

Generation
No.

0
1
2
3
4
5
6
7
8
9

10
I I
12
13
14
15
16
17
18
19
20
21
22
23

0.992x10"

R (cm)

' 0.90
1.168x10"' 0.61
l.368x 10"
1.6l6x 10"
6.760x 10"
1.456 x 10"
3.080x 10"
6.320x10"
1.312x10"
2.68Ox 10"
5.392 x 10"
1.096x10"
2.128x 10"
4.024 x 10"
7.6l6x 10"
l.480x 10"
2.688x10"
5.096 x 10"
0.864x IO"J

l .576x!0"J

2.9l2xlO" J

5. l20x l0" J

0.896 x 10"
1.520x10"

' 0.44
' 0.28
' 0.225
1 0.175
1 0.140
1 0.115
7 0.093
7 0.077
7 0.065

0.0545
s 0.0475

0.041
0.037
0.033
0.030
0.027
0.025
0.0235
0.0225

1 0.0215
0.0205
0.0205

i

/ V - l 0 5 c m - 3 / V - 1 0 7 c m - 3

0.502
0.174
0.0727
0.0209
0.0282
0.0221
0.0186
0.0167
0.0144
0.0131
0.0126
0.0119
0.0122
0.0121
0.0137
0.0150
0.0167
0.0187
0.0211
0.0262
0.0346
0.0440
0.0554
0.0788

50.2
17.4
7.27
2.09
2.82
2.21
1.86
1.67
1.44
.31
.26
.19
.22
.21
.37
.50
.67
.87

2.11
2.62
3.46
4.40
5.54
7.88
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Theories of electrostatic lung deposition of inhaled aerosols 221

* = \ • ( 2 )

where te is a dimensionless time, defined by
Dr t2*

Using equation (2), the deposition efficiency, TJ, due to the space charge force is
then found to be

_ 1 }(. $

For AnNR3xt<^ 1, we obtain

c. (5)

The deposition efficiency due to the image force can be derived in the following
manner: assuming that the wall is conducting, the image force on a particle at a distance
r from the axis is (Yu, 1977)

q2r2

Under the action of this force, the particle is drifted towards the wall with a velocity

v-± = BF. (7)

From equation (7), Yu (1977) has found deposition efficiency Tf due to the image force
in the following form

Tf = l-x2, (8)

where x is a parameter related to TP such that

Tc = 4 (x - ' - 21nx -x ) . (9)

For Te<! 1, a simplified result was obtained by PICH (1978) to give

77 = (6te)i (10)

Let a be the ratio of 7? to 77, then from equations (5) and (10) we obtain

"=TPRV (ID

It is obvious that when ot> 1 deposition is contributed predominantly by the space
charge force whereas for a <31 the major force for deposition is the image force. To
obtain the values of a, we consider the case in which an aerosol of 1 fim particle
diameter and 100 elementary charges per particle is breathed into a WEIBEL'S lung
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222 C. P. Yu

(1963) at 1000 cm3 tidal volume and 15 respirations per minute. Table 1 shows the
values of a as a function of airway generation number. It is seen that for N = 103

particles cm ~ 3, a is very small compared with unity everywhere in the lung and its value
exceeds unity when N= 107 particles cm"3. Since most environmental aerosols have
relatively low number concentrations, we conclude that the image force acting on the
charged particle is the predominant mechanism responsible for the deposition
enhancement in the lung. This is the case, even when aerosol carries both signs of
charge. In this paper, we shall only consider deposition due to such force.

Depending upon the particle size and location in the lung, deposition of charged
particles is also caused by conventional mechanisms such as impaction, sedimentation
and diffusion. Deposition efficiencies in an airway due to the combined action of the
image force and one of the conventional mechanisms have been worked out for several
cases (Yu and CHANDRA, 1977; THIAGARAJAN and Yu, 1979; Diu and Yu, 1980;
INGHAM, 1981). Typically, one finds that the image force contributes significantly to
deposition only when the particles charge reaches an appreciable level.

Consider, for example, the case of a horizontal conducting cylinder of radius R, in
which a charged aerosol of particle diameter d, mass density pp and charge q is allowed
to settle under gravity g. In this case, the particle is subjected to the vector addition of
the image force and the gravity force, but the ratio of these two forces has the following
order of magnitude:

3<j2

Let the deposition efficiency by the combined mechanisms of the image force and
gravity be T£ and the deposition efficiency by gravity alone be TJ. The increment of
deposition efficiency AT? defined as

Ar* = (77,-77)/(l-77) (13)

is found to be a function of y and x, (LUKE et al., 1985). T, is another dimensionless
particle residence time derived from the particle settling velocity, v, = npgd3/(6B) such
that x, = v,t/{2R).

It is obvious from geometrical considerations that at T,= 1, all the particles in the
cylinder are deposited by settling (T* = 1).

Figure 1 shows the result of AT1* versus y at T,=0.2, which is approximately the
value oft, for the case in which an aerosol of 1 pm diameter and unit density deposits in
the lung by settling under the normal breathing condition. The curve for AT* shown in
Fig. 1 can be approximated by a dotted straight line which intersects the y axis at
y = yc^ 10"3. Hence, for y< 10~3, AT* is very small and Tfg is very small and Tfg is
nearly equal to T*. If we take d= 1 pm and R=0.02 cm as the radius of the alveolar
duct, we obtain a value of q = qc~ 54 elementary charges from equation (12). Thus, for
q < qn the particle charge has a minor effect on deposition, and the deposition in lung is
governed by the conventional mechanisms. This agrees very well with experimental
observation by TARRONI et al. (1980) and MELANDRI et al. (1983).

Equation (12) also leads to two useful relationships of qc at constant yc These are:
for constant R,
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FIG. 1. AT* vs •/ for t, = 0.2 The solid curve is the exact solution and the dotted line is the approximate
result.

1c 1
1/2

and for constant p and d.

(14)

(15)

DEPOSITION MODEL

The deposition model of inhaled particles in the human respiratory tract previously
developed for neutral particles (Yu and Diu, 1983) is extended to include the effect of
the image force on the particle. Because the particle is acted on by the vector sum of
many forces, the determination of an exact expression for deposition efficiency in an
airway would be very difficult. To simplify the analysis, we assume that the combined
deposition efficiency for charged particles T can be written as the superposition of To

and 77, i.e.

T=T0+Tt, (16)

where To is the efficiency of particle deposition of neutral particles due to conventional
mechanisms (impaction, sedimentation and diffusion), and 77 is the contribution by
particle charge due to the image force. In view of the result we obtained in Fig. 1, we
may write

TT-i
Bl

\ne0R
3u0J

Y'2

(9-9c),
(17)

where / is the airway length and u0 is the mean velocity of the aerosol flow. Equation
(17) differs from equation (10) because of the use of a parabolic velocity profile for the
aerosol flow. In the small airways in which the effect of the image force is expected to be
important, the parabolic velocity profile is a better description of the flow field.

Figure 2 shows the calculated increment of total deposition AT versus \q/e\ for unit
density particles of diameters 0.3, 0.6 and 1.0 /xm. The calculation was made for a
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Fio. 2. AT vi Particles charge |q/e| for three particle diameters at 0.3,0.6 and 1.0 /un (pf=-1 g cm 3\ the
experimental data are by TARRONI el al. (1980) and MELANDRI et al. (1983). The calculated results are shown

by solid lines.

WEIBEL (1963) lung of 3000 cm3 initial volume, breathing through the mouth at
1000 cm3 tidal volume and 15 respirations per minute without pause. The quantity AT
is defined previously by TARRONI et al. (1980) and has the form

AT =
T-To

1-T '
(18)

where T is the total deposition of charged particles and To is the deposition for the same
particles without charge.

In the calculation of AT, we have chosen qc = 54 elementary charges for d = 1.0 /im
(Pp^lgcm"3) from the result obtained earlier. In principle, qe can have different values
at different airway generations because of the differences in residence time and airway
diameter. Such a refinement has been ignored, because most deposition takes place in
the alveolar region of the lung at this particle size. Using this simplification, we also
obtain from equation (5)1^61= 12 and 30 ford=0.3 and 0.6/im, respectively. Figure 2
shows the calculated values of AT and they agree very well with the experimental data
by TARRONI et al. (1980) and MELANDRI et al (1983). For each particle size, AT
increases linearly with q.

In Fig. 3, deposition increments as a function of charge for these three particle
diameters are plotted for the tracheobronchial and alveolar regions of the lung. These
increments are defined as the differences in deposition between charged and neutral
particles in those regions divided by 1 — TQ, SO that the sum of the two increments gives
the value of AT. The results show that charge-enhanced deposition takes place
principally in the alveolar region. A more detailed illustration of the deposition site for
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FIG. 3. Deposition increments in the tracheobronchial and alveolar regions versus particle charge |<j/e|. The
definition of deposition increment in each region is given in the text.

charged particles is shown in Fig. 4 for 0.6 /xm particles at several levels of charge. At
large particle diameter and high flowTate, however, CHAN et al. (1978) and CHAN and
Yu (1982) have observed a significant deposition enhancement in the tracheobronchial
region for charged particles. In this case, the alveolar deposition for charged particles
may become lower than the uncharged equivalents.

MELANDRI et al. (1983) investigated the effect of lung volume or functional residual

4 6 8 1 0 1 2 44 16 48 2 0 2 2

Generation Number

FIG. 4. Deposition profiles of 0.6 fim particles at various particle charge levels.
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FIG. 5. AT" vs particle charge q for several lung volumes. The experimental data are by MELANDRJ et al.
(1983). The calculated results are shown by solid lines.

capacity (FRC) on charged particle deposition. For smaller lung volumes of the same
structure, the airway radii are smaller. From equations (9) and (11) we expect to have
lower values of qc and higher values of Tf. Consequently, for smaller lung volumes, the
effect of particle charge on AT is larger. This observation is confirmed both
experimentally and theoretically as shown in Fig. 5.

CONCLUSION
It has been shown from aerosol physics that particle charge can lead to a significant

increase in aerosol deposition in the lung. For environmental aerosols at low
concentrations {N < 103 particles cm"3), the deposition increase is primarily due to the
presence of the image force acting on the particle and the sign of charge has no effect on
deposition. Because the particle charge level is moderate in most cases, the
conventional mechanisms control the amount of deposition. As a consequence, there
exists a charge level qc for each particle size below which the effect of particle charge on
deposition is unimportant. In this paper, we have obtained the values of qc for particles
in the size range where deposition is dominated by sedimentation. Further research is
needed to determine qe for other particle size ranges where diffusion or impaction
deposition is most important

It should also be noted that the theory presented above applies only to spherical,
compact or isometric particles. For charged fibrous particles, such as asbestos dust,
interaction between the particle and the airway wall may give rise to both a force and a
torque on the particle. The net effects are not only a movement of the particle towards
the wall but also a change in the particle orientation with respect to the flow field.
Consequently, impaction, sedimentation and interception depositions of the particles
are affected. Recent experimental data of JOHNSTON et al. (1985) and JONES et al. (1983)
have shown that the electric charge carried by the asbestos dust will increase its
deposition significantly in rat lungs. Quantitative theories are yet to be developed to
explain this result.
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