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Change in spectra of mobility of small atmospheric ions during convection
and diffusion
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The change in spectra of mobility of small atmospheric ions during molecular diffusion and
convection in air has been studied experimentally. There occurs no change in mobility spectra for
the molecular diffusion in windless air because both coefficients of adhesion and diffusion are
proportional to the mobility. On the other hand, the mobility spectrum of ions changes during the
convections due to the inverse proportionality of the lifetime to the mobility of ions. The mean
lifetime of ions was experimentally obtained from the measured concentration distribution of ions
in a round free jet. The results showed that the mobility spectrum of ions changes with increasing
downstream distance due to a rapid dissipation of the ions of high mobility during the
convections. © 2005 American Institute of Physics. �DOI: 10.1063/1.2127123�
I. INTRODUCTION

Charged small particles floating in air are called atmo-
spheric ions, which are classified into small ions and large
ions.1 The small ions are unit charged cluster ions, the diam-
eter being an order of 1 nm. On the other hand, the range of
diameter of large ion extends to that of the aerosol �from
10 nm to 10 �m�. The large ions of large diameter some-
times have multiple charges.

The electrical structure of the lower atmosphere has been
studied by many researchers.2,3 A pair of small ions is
formed at a rate1 of 10 cm−3 s−1 by the ionization of air mol-
ecules due to natural mechanisms, e.g., cosmic rays, ground
radioactivity, and radioactive decay of radon, thoron, and
their derivatives which are given off by the ground and mix
with the atmosphere.4 The generated small ions diffuse and
immediately react with surrounding molecules, combine with
water molecules,5 and become various chemical species6 of a
wide range of mobility. The dynamic behavior of the spec-
trum of the mobility of the small ions depends on the coor-
dination number and chemical species. Nagato and Ogawa5,6

and Nagato7 have measured the dynamics of the mobility
spectra with draft-tube-type ion mobility spectrometer. They
reported that the spectrum of the mobility of the small ions
develops within a few seconds after the generation.5 It devel-
ops not only to a lower mobility but also to a higher mobility,
forming a spectrum of a wide range of mobility.6 There is a
large difference in spectrum of the mobility between positive
and negative ions, suggesting the large difference in reaction
paths.7 However, the natural mobility spectra of negative and
positive small ions reported by various researchers are not so
different with each other. For example, Hõrrak et al.1 de-
scribed that the general shapes of the mobility spectra of
negative and positive small ions in pure atmosphere �N2, O2,
CO2, and H2O� are astonishingly similar to those observed
by Misaki.8
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The lifetimes of the small ions end by the adhesion to
another particle. When the small ions collide with aerosol
particles and attach to them, they form the charged aerosols.
The mean time interval between the generation of a small ion
and its attachment to another particle is relatively short. Bri-
card and Pradel4 described the value of the mean lifetime as
30–50 s under normal conditions. Recently, one of the
authors9 reported that the mean lifetime of small negative
ions in air was 30 s on the basis of the measured concentra-
tion of the ions convectively transferred by a free round jet.
However, it is questionable that the behavior of the small ion
can be treated by using the mean value for each characteris-
tics, because of the wide range of mobility.

Small negative atmospheric ions have attracted attention
because the application of ions to the human body is inferred
to have prominent effects on physiological reactions. Re-
cently, various kinds of artificial generators of small atmo-
spheric negative ions have been used to compensate for the
decrease of natural ions in a house. The ions generated are
transported to the human body by diffusion and convection
in air. This article deals with the behavior of artificially gen-
erated small atmospheric ions during molecular diffusion and
convection in air, by analyzing the behavior of the compo-
nent of a narrow range of mobility. The change in spectrum
of the mobility is discussed by comparing analysis with mea-
sured variations of the concentration and mean lifetime of
small ions, which are artificially produced in the ambient air
near the ground.

II. LIFETIME OF SMALL IONS IN AIR

The temporal variations of the concentration n of small
ions in air are expressed as

dn+/dt = q − �n+n− − �+0n+N0 − �+−n+N−, �1�

dn−/dt = q − �n+n− − �−0n−N0 − �−+n−N+, �2�

where N represents the concentration of large particles. Sub-

scripts +, −, and 0 refer to positive, negative, and neutral
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electric charges, respectively. � represents the coefficient of
recombination of small ions with ions of opposite sign, and �
is the coefficient of adhesion of small ions to particles �aero-
sol�. The first term on the right-hand side, q, expresses the
generation rate of an ion pair, the second term dissipation by
the recombination of small ions, and the third and fourth
terms dissipation of the small ions upon adhesion to large
neutral and opposite-sign particles, respectively.

If we assume that n+=n− and that the mobility of a nega-
tive ion is equal to that of a positive ion, Eqs. �1� and �2� can
be approximated by

dn/dt = q − �n2 − 2�+−n+N− = q − �n2 − �nN . �3�

An estimate10,11 for application to the atmosphere on land
shows that n=108 m−3, N=1010 m−3, and � and �
=10−12 m3 s−1. Therefore, Eq. �3� can be further approxi-
mated by

dn/dt = q − �nN . �4�

When generation is stopped, i.e., q=0, the concentration of
ions after t in seconds is expressed as

n = n0 exp�− �Nt� . �5�

The lifetime of ions � is defined as

� = 1/�N = 1/2�N . �6�

According to Bricard,12,13 the coefficient of adhesion of
small ions to aerosol � is expressed as

� = 4�Da��
1

�

x−2 exp��e�/Da���p/x�

− �1/2�/x2�x2 − 1���dx , �7�

where D represents the diffusion coefficient, a is the diam-
eter of aerosol, e is the elementary charge, p is the multipli-
cation number of the elementary charge, and � is the mobil-
ity. In the meantime, Einstein equation shows that the
diffusion coefficient is proportional to the mobility

D = kBT�/e , �8�

where kB represents the Boltzmann constant and T is the
absolute temperature. Therefore the lifetime is inversely pro-
portional to the mobility.

III. MOBILITY SPECTRUM

Figure 1 shows the mobility spectra of small air ion mea-
sured in natural atmosphere by Misaki.8 Apparently the mo-
bility shows a wide range of value. Therefore the lifetime
should have a wide range of value, and there should be
changes in spectra in nonequilibrium conditions. We study
the changes in spectra in three nonequilibrium conditions,
i.e., �i� molecular diffusion in windless air, �ii� convection by
a free round jet, and �iii� convection in a human body by
breathing, under the assumptions that the mobility spectra at
the origin of jet are those in equilibrium condition, because
the required time to develop spectra is within a few seconds
and consequently, negligibly small compared to the mean

lifetime �30–50 s�.

Downloaded 19 Jun 2007 to 130.54.110.22. Redistribution subject to
In the analysis, each mobility spectra in equilibrium con-
dition is expressed by a combination of two logarithmically
normal distribution:14 �N1 �mean value E���=3.603 and dis-
persion V���=0.382� and �N2 �E���=6.196 and V���
=10.91� for negative ion, and �P1 �E���=3.251 and V ���
=0.445� and �P2 �E���=4.059 and V���=3.648� for positive
ion. These distributions and their compositions are shown in
Fig. 1. The compositions well represent the measured distri-
butions.

IV. DIFFUSION OF SMALL IONS IN WINDLESS AIR

Under most conditions where carrier diffusion in gases is
considered, the electrostatic forces between individual carri-
ers can be neglected.15 The basic equation of diffusion of i
component of small ions with dissipation by collision with
large particles is expressed as16

�1/r2�d�r2Didni/dr�/dr = �iniN , �9�

where Di and �i, respectively, represents the diffusion coef-
ficient and � of the i component of small ion, and r the radial
distance from the source. The boundary conditions are

FIG. 1. Mobility spectra of small �a� positive and �b� negative atmospheric
ions measured in natural atmosphere by Misaki �see Ref. 8�.
ni = ni0 at r = r0, �10�
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ni = 0 at r = � . �11�

The solution is expressed with two dimensionless combined
variables, r0��iN /Di�1/2 and r /r0, as

ni/ni0 = exp�− r0��iN/Di�1/2�r/r0 − 1��/�r/r0� . �12�

In this equation, �i /Di is constant because both �i and Di are
proportional to the mobility �i �see Eqs. �7� and �8��.

Therefore

n1/n10 = n2/n20 = ¯ = ni/ni0. �13�

Thus the proportionality to the initial concentration ni0 per-
sists in spectra during the diffusion, and consequently the
small ions diffuse in windless air with keeping the similar
spectrum of the mobility.

V. CONVECTIVE TRANSFER OF SMALL IONS
BY A FREE ROUND JET

A. Analysis

The basic equation of convection of i component of
small ions with dissipation by collision with large particles is
expressed as16

Uj � ni/�r + Vj � ni/�z = − �iniN , �14�

where Uj and Vj represent the radial and axial components of
the velocity of the jet and z the axial distance. Multiplication
by 2�r and an integration from r=0 to r→� yield

�
0

�

2�rUj��ni/�r�dr + �
0

�

2�rVj��ni/�z�dr

= − �iN�
0

�

2�rnidr . �15�

For simplicity in calculation, the velocity Vj and concentra-
tion ni in the cross section of the jet are approximated as
constant, that is, it is assumed that Vj =Vj�z� and ni=ni�z�. By
applying the equation of continuity the first term of the left-
hand side of Eq. �15� can be expressed as ni��Qj /�z� and
consequently, Eq. �15� is expressed in simple form as

d�Qjni�/dz = − �iniNAj , �16�

where Qj represents the volumetric flow rate of the jet and Aj

is the cross-sectional area of the jet.
The concentration ni at z is given by

ni/ni0 = exp	− �
0

z

�Aj�iN + E�/�Qj + E�dz
 , �17�

where E is the entrainment of jet. For changes of the radius
and mean velocity of the jet with z, the law of the conserva-
tion of momentum is assumed

QiVj = Qi0Vj0. �18�

The diameter17 of the jet at z is given by

dj = dj0 + 2z tan�	/2� , �19�

where 	=14°.

The mean lifetime �ave is defined by Eq. �20�
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�ave = 1/�aveN , �20�

where

�ave = �
i

ni�i/n . �21�

Accordingly, �ave can be obtained from the overall material
balance

d�Qjn�/dz = − �avenNAj , �22�

as

�ave = − �Ajn�/�d�Qjn�/dz� . �23�

B. Experiment

The concentration distributions of small ions in air were
measured along a free round jet. Figure 2 shows the sche-
matic representations of the experimental apparatus. A dc
corona discharge was used as the ion generator. The chamber
of the generator had inner dimensions of 15
15
25 cm3,
and a fan was placed at one end of the chamber to transport
ions by a free round jet. A dc voltage of ±9 kV was applied
to a tapered single electrode of the ion generator. The gen-
erator was designed to suppress the generation of ozone
within 0.01 ppm. The small negative ions generated were
conveyed by air flow from a hole 3 cm in diameter at a flow
rate of 1.6
104 cm3 min−1. The air flow formed a free round
jet in a wide-open space. The axis of the jet horizontally
situated above 1.1 m from the floor. The concentration of

FIG. 2. Schematic representations of �a� chamber of generator and �b� ex-
perimental setup.
small negative ions along the axis of the jet was measured
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using a Gerdien-type air ion counter �Universal, IC-1000�.
The flow rate of air introduced by the counter was
248 cm3 s−1, being negligibly small compared to the flow
rate of jet. The measurements were made at a time interval of
5 s, and the average was made from measurements over
6 min, because of the temporal change in concentration
showed large variations at low frequencies. The measuring
distance ranged from 80 to 320 cm, where the electric field
formed between the high-voltage electrode and the air ion
counter does no affect the measurements. The temperatures
were within a range of 18.1–24.0 °C, and the relative hu-
midities were within a range of 31%–53%.

VI. RESULTS AND DISCUSSION

Figure 3 shows the concentration n of small negative
ions in air as a function of the axial distance z of the round
free jet. The concentrations are normalized by the measured
values at z=1.04 m. The concentration decreases exponen-
tially with an increase in z, and is correlated well with the
solid line, which is calculated from Eq. �17� for i component
by assuming that the lifetime of the negative ion of the maxi-
mum concentration in spectrum �mobility �
=1.56 cm2 V−1 s−1� is 35 s. The differential width of the mo-
bility for i component of small ions used to calculate mobil-
ity spectra were 0.1 cm2 V−1 s−1. Also shown by a broken

FIG. 3. Concentration of small �a� positive and �b� negative atmospheric
ions along the axis of the round free jet.
line is the calculation by assuming that the mean lifetime
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�30.29 and 36.48 s for negative and positive ions, respec-
tively� obtained at z=0 does not change with z. As shown in
the previous paper,9 the differences between the solid line
and broken line are small at z�2 m. At z above 2 m, how-
ever, the deviation increases with increasing z, indicating that
the mean lifetime increases with flowing downstream.

Figure 4 shows the calculated mobility spectra of small
ions at five locations. They were obtained from the theoreti-
cal calculation of the concentration ni. The spectra change
with decreasing concentration; the fraction of higher mobil-
ity rapidly decreases compared with that of lower mobility,
because of the shorter lifetime. Figure 5 shows the mean
lifetime �ave as a function of axial distance z of the free round
jet. It is obtained by substituting the measured concentration
into Eq. �23�. The rather large error bars in the results are
attributable to differentiation of nonsmoothing data in the
calculations. Also shown in this figure is the theoretical mean
lifetime, which is obtained by Eqs. �20� and �21� and theo-
retical concentration Eq. �17�. Agreements with the measure-
ments are fairly well, indicating that the mean lifetime in-
creases with increasing axial distance z. In particular, the
increase is apparent at a distance above 2 m. Thus the mo-
bility spectra of small ions shifts to a lower value in a non-
equilibrium condition, where a large number of small ions
are artificially generated at one source in space and con-
vected by air flow.

FIG. 4. Calculated mobility spectra of small �a� positive and �b� negative
atmospheric ions at five locations.
For further detailed analysis of the change in mobility
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spectra, the electrostatic repulsion of the ion should be taken
into account in the analysis of the experimental concentra-
tion distribution. The electrostatic repulsion of the ion may
not be negligibly small at the upstream near the source where
high-concentration small ions are artificially generated by the
generator. In addition, the experimental mobility spectra
should be used in the discussion, because the reported mo-
bility spectra of artificially generated ions show some differ-
ences from that of the naturally generated small ions. They
depend on the method of the generation.

VII. CONVECTIVE TRANSFER OF SMALL NEGATIVE
IONS FROM MOUTH TO LUNGS BY BREATHING

In the recent paper,9 a simple pipe-flow model is used to
calculate the convective transport of ions in a human body
from the mouth to the lungs by breathing. The air flow dur-
ing inspiration through the trachea from the mouth to the
lungs is approximated as flow at constant velocity through a
straight circular pipe with a rigid wall. For simplicity in cal-
culation, the concentration distribution across the trachea is
approximated as flat and the transfer of ions to the trachea
wall by radial diffusion is expressed using the mass-transfer
coefficient. Thus, the convective transport of i component
with dissipation by collisions with large particles and the

FIG. 5. Mean lifetime of small �a� positive and �b� negative atmospheric
ions along the axis of the round free jet.
trachea wall is expressed as
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ni/ni0 = exp�− �4kav/d + �iN�z/V� , �24�

where V, kav, d, and z represent the velocity of air, space-
averaged mass-transfer coefficient of the ion, the diameter of
the trachea, and the axial distance. Table I lists the charac-
teristics of human breathing18 and air. Under the assumption
that the period of inspiration is equal to that of expiration,
the time-averaged volumetric flow rate was calculated by
multiplying the air volume inspired by twice the frequency
of breathing. The space-averaged mass-transfer coefficient
kav was obtained from the correlation for the space-averaged
Sherwood number Shav in a laminar pipe flow,

Shav � kavd/D = 1.62�Re Sc d/L�1/3. �25�

Substituting these values into Eq. �24� yields n /n0=0.813
and 0.835 for negative and positive ions, respectively. This
fact indicates that most of the small atmospheric ions enter-
ing from the mouth reach the lungs. This is attributable to the
high convective velocity, which overcomes the rapid dissipa-
tion that occurs in windless air. Figure 6 show the mobility
spectra of negative ions at mouth and lungs. The spectra
show a little shift to smaller mobility. It is attributable to the
fact that the higher the mobility the faster the dissipation by
collisions with large particles and the trachea wall becomes.

VIII. CONCLUSIONS

There occurs no change in mobility spectra for the mo-
lecular diffusion in windless air, because both coefficients of
adhesion and diffusion are proportional to the mobility. On
the other hand, the mobility spectra of ions change during the
convections due to the inverse proportionality of the lifetime
to the mobility of ions.

TABLE I. Characteristics of breathing and air.

Representative diameter of trachea, d 2.5 cm
Length of trachea from mouth to lungs, L 25 cm
Volume of inspiration 300 cm3

Frequency of breathing 18 min−1

Time-averaged volumetric flow rate of inspiration 180 cm3 s−1

Time-averaged velocity of inspiration 36.7 cm s−1

Density of air �at 20 °C� 1.286
10−3 g cm−3

Viscosity of air �at 20 °C� 1.80
10−4 g cm−1 s−1

�Re=655; Sc=3.26; Shav=9.69�

FIG. 6. Mobility spectra of small negative atmospheric ions at mouth and

lungs.
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