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A Method for Particle Size Amplification by Water
Condensation in a Laminar, Thermally Diffusive Flow

Susanne V. Hering and Mark R. Stolzenburg
Aerosol Dynamics Inc., Berkeley, California

A new method is presented for the enlargement of particle size
through condensation of water vapor in a laminar, thermally diffu-
sive flow. The method involves the introduction of an air flow at tem-
perature Ti into a wet-walled tube at a temperature Tw > Ti . This
approach yields higher supersaturation values than either mix-
ing or cold-walled condensers when operating between the same
temperature extremes. Model results for the saturation profiles
within the condensing region show that the peak supersaturations
are reached along the centerline of the flow, and that the activa-
tion efficiency curves are steeper for large temperature differences
when the cutpoint diameter is smaller. Experiments conducted with
three types of aerosol, oleic acid (a water-insoluble oil), a mixture of
oxalic acid and sulfate, and with ambient laboratory aerosol con-
firmed that condensational growth is achieved with this approach,
although experimental cutpoints are somewhat higher than pre-
dicted for wettable particles.

INTRODUCTION
The enlargement of particle size through condensational

growth is one of the oldest approaches for aerosol measurement.
In the nineteenth century Aitken enlarged particles through con-
densation by means of adiabatic expansion of a saturated air
sample, enabling him to count the number of “dust” particles in
the air. The twentieth century saw the development of many
particle counters based on this principal, including those of
Pollak, Vonnegut, and Rich (see McMurry 2000). More recently,
condensational growth has been used to enable the collection
of particles for chemical analysis (Simon and Dasgupta 1995;
Khlystov et al. 1995; Weber et al. 2001) or to permit aerody-
namic focusing and concentration of ultrafine particles (Sioutas
and Koutrakis 1996; Sioutas et al. 1999; Demokritou et al. 2002).

Condensational growth requires the creation of a region of
supersaturation. This can be achieved through adiabatic expan-
sion of a saturated air mass, as in the original instruments of

Received 30 November 2004; accepted 5 March 2005.
Currently at University of Minnesota, Dept. of Mechanical Engi-

neering, Minneapolis, MN, 55455.
Address correspondence to Susanne V. Hering, Aerosol Dynamics,

Inc., 935 Grayson St., Berkeley, CA 94710, USA. E-mail: susanne@
aerosol.us

Aitken (1889) and Pollak (1959). It may be done through turbu-
lent mixing, as in the particle counting instruments of Kousaka
et al. (1982) and Wang et al. (2002) or the on-line ion chem-
istry methods cited above. It may also be accomplished through
thermal diffusion in a laminar flow, where a saturated airflow
is introduced into a cold-walled condenser (Bricard et al. 1976;
Agarwal and Sem 1980; Sinclair 1974). This latter approach is
commonly used for condensation particle counters (CPCs). The
advantages of continuous flow and well-defined activation ef-
ficiencies have led to the widespread use of these instruments
in many applications. However, they require butanol or another
slowly diffusing molecule as the condensing vapor.

For many applications it would be desirable to have a
continuous-flow instrument that utilizes water as the condensing
vapor and for which the supersaturations can be well defined.
A continuous-flow instrument with a well-defined lower cut-
point is needed for coupling to electrical mobility analyzers for
particle size distribution measurements. Water-based condensa-
tion counters are suitable for measurements in offices, homes,
and other inhabited locations. They present less of a problem
for operation in clean rooms or aircraft. Water is generally pre-
ferred over butanol or other fluids when collecting particles for
chemical analysis.

The early instruments of Aitken (1889), Vonnegut (1954),
and Rich (1972) used water as the condensing substance, but
they were not continuous. Kousaka et al. (1982) introduced a
continuous condensation counter based on the turbulent mixing
of two saturated airstreams with differing temperatures. With
these instruments the supersaturation is a result of the rapid,
nonlinear increase of vapor pressure with temperature and may
be used with any condensable vapor, including water or al-
cohol. Similarly, the steam injection methods of the chemical
analysis techniques referenced above utilize turbulent mixing
and the nonlinear shape of the vapor pressure curve to create
supersaturations.

Designers of instruments for measuring the activation
spectrum for cloud condensation nuclei (CCN) have long rec-
ognized the challenge of creating controlled supersaturations
with water vapor. Often these instruments have a cold wall and
a warm wall, both saturated with liquid water (e.g., Hudson
1989). Hoppel et al. (1979) and Chuang et al. (2000) describe
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continuous-flow condensation nucleus counters that employ a
segmented condenser with alternating hot and cold rings. This
approach produces a supersaturation along the centerline of the
flow that oscillates slightly about a mean value that is constant
in the axial direction. Earlier, Rogers and Squires (1981) con-
structed a CCN counter with a wet-walled tube whose wall tem-
perature increased in the direction of the flow. As described by
Rogers (1977), the centerline supersaturation achieved with this
configuration decreases slowly with axial distance, with a larger
rate of decrease for higher supersaturations due to the nonlinear
characteristics of the supersaturation curve. Recently, Roberts
and Nenes (2005) introduced a CCN counter that also utilizes a
wet-walled tube with a positive axial temperature gradient, and
that addresses issues of buoyancy and flow stability. Leaitch and
Megaw (1982), referencing the work of Rogers and Squire, built
a somewhat simpler CCN counter that used a warm wet-walled
tube held at constant temperature into which a partially saturated
airflow was introduced. Leaitch and Megaw report an effective
range of supersaturations that could be achieved as 0.04–0.3%.
CCN instruments differ from CPCs in that the objective is a
well-controlled low supersaturation, rather than the high super-
saturations and small-particle activation desired by CPCs.

A new approach for achieving high supersaturations of water
vapor in a continuous, laminar flow with subsequent growth of
particles through water condensation is described here. The ob-
jective is to activate the growth of particles in the nanometer size
range, with application to particle number concentration mea-
surement, or low-pressure drop collection of ultrafine particles
for chemical analysis. Following the classic work of Vonnegut
(1954), this increase in particle diameter through condensation is
referred to as “particle size amplification.” This article presents
the theory and initial experimental validation of this new ap-
proach. A companion paper (Hering et al. 2005) describes a
commercial condensation particle counter utilizing this method.

THE GROWTH TUBE
The particle size amplifier described here uses a warm, wet-

walled “growth tube.” Water vapor supersaturation is achieved
by introducing air flow into the growth tube, whose temperature
is lower than that of the growth tube walls, as illustrated in
Figure 1. The walls are actively wetted to maintain a partial
pressure of water vapor at the walls near the equilibrium vapor
pressure at the wall temperature. The diffusion of water vapor
from the walls into the particle-laden stream is faster than the

FIG. 1. Schematic of the growth tube, showing a wet-walled tube whose walls
are warm with respect to the entering flow.

increase in temperature of the particle air stream. This creates
a supersaturation along the center line of the growth tube and
subsequent particle growth by condensation.

The geometry is similar to those of prior continuous, laminar-
flow condensation counters. The fundamental difference is that
the temperature of the walls of our growth tube, which serves
as the condenser, is higher than that of the entering air stream.
It is also necessary that the walls are wetted. All other high-
supersaturation instruments rely on cooling to produce the su-
persaturation. Instead, the growth tube employs the fact that the
mass diffusivity of water vapor exceeds the thermal diffusivity
of air. The elevated temperature of the wetted walls produces
a high concentration of water vapor, while the “cooling” arises
from the entering sample air flow.

ACTIVATION EFFICIENCY
The diameter of the smallest particle that will be activated

to take up vapor depends on its chemical composition and upon
the saturation ratio, S, defined as the ratio of the partial pressure
of the condensing vapor, pv , to its equilibrium vapor pressure,
psat,T , at the flow temperature, T :

S = pv/psat,T . [1]

The smaller the particle the higher the supersaturation required to
activate condensational growth. This is because the equilibrium
vapor pressure over a droplet is higher than over a flat surface
as a result of the droplet surface tension. This effect is described
by the Kelvin relation, which associates the equilibrium vapor
supersaturation to the diameter of a droplet composed of that
condensed vapor, Dk,v ,

Dk,v = (4σs Mw)/(ρl RgT · ln S), [2]

where Mw, ρl , and σs are the molecular weight, liquid density,
and surface tension of the condensing species, respectively; Rg

is the universal gas constant; and T is the absolute temperature.
Dk,v is not the activation diameter but instead is a property of the
condensing species and is equal to the diameter of a droplet of
the condensing species in equilibrium with its vapor at saturation
ratio, S, and temperature, T . It is equivalent to the activation
diameter for the specific case of a particle that is readily wetted
by but insoluble in the condensing vapor. For particles composed
of a material that is not wetted by the condensing vapor, the
activation diameter will be larger than Dk,v . For soluble particles,
dissolution into the condensate on the particle surface lowers the
equilibrium vapor pressure, and the critical diameter required for
particle growth is smaller, as described by the Raoult term in the
Köhler (1921) equation.

While high supersaturation ratios are desired to activate the
smallest particles, very high supersaturation values lead to new
particle formation through homogeneous nucleation. This places
a practical limit on the smallest particle that can be amplified
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through condensational growth. According to classical nucle-
ation theory, the rate of new particle formation is given by

NNucl = 2

ρl
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where ml is the mass of a vapor molecule and kB is Boltzmann’s
constant. Evaluation of Equation (3) shows that for the same
temperature and saturation ratio the nucleation rate with butanol
is somewhat lower than for water. However, the correspond-
ing value of Dk,v is much larger. This is because the quantity
σs Mw

/
ρl that appears in the Kelvin relation in Equation (2) is

smaller for water than for butanol by a factor of 1.77. As a result,
for the same T and S, Dk,v is smaller by a factor of 1.77. At a tem-
perature of 20◦C, the onset of nucleation (taken to be NNucl >1
particle/cm3s) corresponds to a diameter Dk,v = 2.1 nm for wa-
ter, while Dk,v = 3.6 nm for butanol. With butanol systems the
temperature at the point of maximum supersaturation is gener-
ally lower than for the water system; however, this has a small
affect (<2%) on Dk,v . This analysis indicates that a water-based
system could allow detection of smaller particles than the bu-
tanol system.

HEAT AND MASS TRANSFER MODELING
The saturation profiles throughout the condensing region are

modeled using a two-dimensional model of convective and dif-
fusive heat and mass transfer. For the cylindrical geometry, the
values of the temperature, T , throughout the condenser are ob-
tained by solution of the partial differential equation,

2U [1 − (r/R)2]
∂T

∂z
= αt · 1

r

∂

∂r

(
r
∂T

∂r

)
, [4]

where r and z are radial and axial coordinates, respectively; R
is tube radius; U is average flow velocity; and αt is thermal dif-
fusivity of the flowing gas. As in the work of Stolzenburg and
McMurry (1991), a fully developed parabolic flow profile is as-
sumed with uniform entering temperature profile and uniform
wall temperature. Fluid properties evaluated at a mean temper-
ature are treated as constants over the domain. Axial thermal
diffusion (conduction) and other second-order effects such as
Stefan flow are ignored.

Profiles of the partial pressure of the water vapor, pv , are
determined by equations analogous to Equation (4) by replacing
αt with vapor diffusivity, αv . Similarly, particle concentration,
N (Dp), (and particle diffusive loss) is determined by replacing
αt with the particle diffusivity, D(Dp). The inlet profiles of vapor
pressure and particle concentration are assumed to be uniform;
and at the condenser wall the vapor is assumed to be saturated
and the particle concentration zero. These three independent
boundary value problems each take the form of the classic Graetz
problem. Each is solved by separation of variables and each of

the three profiles expressed in the form of the standard series
solution (see, for example, Eckert and Drake 1972).

COMPARISON TO TRADITIONAL APPROACHES
The difference between our water-based growth tube and

the thermally diffusive condensers utilized in the butanol-based
CPCs is most easily illustrated through examination of the satu-
ration profiles along the centerline. Under conditions where the
parameter µ = α z/R2U is greater than 0.3, the solution along
the centerline to Equation (4) above is represented by the first
three terms in the series solution as follows:

f = 1.476 exp(−3.657µ) − 0.806 exp(−22.3µ)

+ 0.589 exp(−57µ). [5]

The temperature along the centerline, Tcntr, is obtained from
Equation (5) by setting

α = αt = thermal diffusivity,

µ = µt = αt z/(RU 2), [6]

f = fT = (Tcntr − Twall)/(Tinlet − Twall),

where Twall is the temperature of the tube wall and Tinlet is the
temperature of the entering flow. Similarly, the partial pressure
of vapor is also given by Equation (5) with

α = αv = vapor mass diffusivity,

µ = µv = αvz/(RU 2), [7]

f = f pv
= (pv,cntr − pv,wall)/(pv,inlet − pv,wall),

where pv,cntr , pv,wall , and pv,inlet refer to the partial pressure of
condensing vapor along the centerline, at the tube walls, and in
the inlet flow, respectively. The parameters µt and µv are related
to the inverse of the respective Péclet numbers for heat and mass
transfer by µ = (z/R)Pe−1.

Figure 2 compares these centerline conditions for butanol-
and water-based systems. Shown is the relationship between the
vapor pressure and temperature when a warm (40◦C), saturated
flow is introduced into a cold-walled (10◦C) tube (open sym-
bols), and the corresponding relationship when a cold, saturated
flow is introduced into a warm-walled tube (solid symbols). The
arrows indicate the direction of the change along the flow path.
In both cases the tube walls are saturated with the condensing
vapor. Also shown is the temperature–vapor pressure relation-
ship for the mixing of two saturated flows at 10◦C and 40◦C
(assuming constant heat capacities). For reference, the dashed
line shows the saturation vapor pressure curve.

The pv − T path followed by the traditional butanol system
is shown by the upper line given by the open symbols of Figure
2a. At the entrance of the condenser the flow is saturated at 40◦C,
and then it follows to the left (to cooler temperatures) along the
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FIG. 2. Comparison of the partial pressure of (a) butanol and (b) water vapor for introduction of a saturated flow into a (◦) wet, cold-walled tube or into a (•)
wet, warm-walled tube, or for the (+) mixing of saturated flows at differing temperatures. Calculations are for temperature extremes of 10◦C and 40◦C, respectively
(see text).

upper curve. The initial change in the partial pressure of butanol
is slow in comparison to the drop in temperature, resulting in
partial pressure well in excess of the equilibrium vapor pressure.
This is because the mass diffusivity of butanol (0.081 cm2/s) is
much lower than the thermal diffusivity of air (0.215 cm2/s).

This same approach does not work well with water, which has
a vapor mass diffusivity of 0.265 cm2/s, more than three times
higher than that of butanol. When warm, water-vapor-saturated
flow is introduced into a cold-walled tube, the centerline vapor
pressure changes rapidly, as shown by the lower, open symbols of
Figure 2b. As a result, the degree of supersaturation is relatively
low, less than that achieved by simple mixing.

An alternate approach is to introduce a cold, water-vapor-
saturated flow into a warm, wet-walled tube. The upper solid
symbols of Figure 2b, show the temperature–vapor pressure rela-
tionship for the introduction of 10◦C water-vapor-saturated flow
into a wet-walled tube held at 40◦C. While this approach does
not work for butanol (see the lower, solid symbols of Figure 2a),
it is effective for water. In this scenario the diffusion of water
vapor from the walls to the centerline is faster than the warming
of the flow, and the resulting degree of supersaturation achieved
is greater than that for simple mixing. This illustrates the basic
principle of the growth tube approach described here.

TEMPERATURE AND SATURATION PROFILES
The radial dependence of temperature and saturation are eval-

uated in order to assess activation efficiencies for an aerosol flow
that fills the growth tube. These are derived from Equation (4)
using the first 20 terms of the series solution with their corre-
sponding eigenvalues and eigenfunctions. The water vapor sat-

uration ratio, S, at any point is obtained from the local values of
T and pv in accordance with Equation (1).

Figure 3 shows the axial dependence of S in the growth
tube for three different radial positions, r/R = 0 (centerline),
r/R = 0.5, and r/R = 0.8. Profiles are shown as a function of
the nondimensional parameter defined in Equation (7), namely
µv = αvz/(RU 2) = παv(z/Q), where we scale with respect
to the mass diffusivity of water vapor, and the volumetric flow
rate Q. Results are specific to the air–water vapor system but are
independent of the tube diameter. The upper graph shows calcu-
lations for the growth tube for the case of a saturated air flow at
10◦C entering a wet-walled tube at 65◦C. Note that the peak su-
persaturation is reached along the centerline of the flow, with the
supersaturation near the walls rapidly decaying to near 1. The
lower graph shows what happens with water vapor when the tem-
peratures are reversed, as in the traditional cold-wall condensers.
With cold walls the maximum supersaturation achieved is lower,
with the largest values occurring near the walls.

Figure 4 shows a contour plot of lines for the growth tube
configuration of Figure 3a. Plotted contours correspond to equal
values of the parameter Dk,v associated with the local saturation
ratio and temperature, as given by Equation (2). Because the
temperature variation is relatively small, these lines correspond
to nearly constant values of the supersaturation, the centerline
value of which is shown for each of these contours. The reason
for plotting contours of Dk,v rather than contours of S is to in-
clude the dependence on temperature. Although Dk,v is not the
activation diameter, the quantityDk,v ln S = (4σs Mw)

/(
ρl RgT

)
appears in the Köhler relations that describe the activation of
soluble particles. As in Figure 3, the radial dimension, r , is
normalized with respect to the tube diameter, R, and the axial
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FIG. 3. Axial supersaturation profiles (a) for a saturated flow at 10◦C entering a wet-walled tube at 65◦C and (b) for a saturated flow at 65◦C entering a wet-walled
tube at 10◦C. The axial dimension z is scaled with the water vapor mass diffusivity, αv = 0.265 cm2/s, and the volumetric flow rate Q. The radial dimension, r , is
expressed in terms of the tube radius, R.

dimension, z, is normalized by Q/(παv), where αv is the mass
diffusivity of the condensing water vapor. The overall minimum
Dk,v is located at a point along the centerline. Contours of con-
stant Dk,v expand about this point as Dk,v increases.

For particles that are not readily wetted by the condensing
vapor, the value of S required for activation may be larger than

FIG. 4. Lines of equal value of Dk,v corresponding to the diameter of water particles in equilibrium with the vapor, as defined by Equation (2), and the peak
saturation ratio along the contour. The radial dimension, r , is scaled with respect to the tube radius, R, and the axial dimension, z, is scaled with the water vapor
mass diffusivity αv = 0.265 cm2/s, and the volumetric flow rate, Q .

predicted by the Kelvin relation. Similarly, the activation diam-
eter for soluble particles may be smaller than Dk,v . Yet, for any
particle we can define a Kelvin equivalent diameter, Dk,eq , asso-
ciated with the saturation ratio, which just activates condensation
on the particle. Within the growth tube, particles with diameter
Dk,eq that pass through a region of supersaturation characterized
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FIG. 5. Activation efficiency from model calculations for flows at varying
temperatures and relative humidity entering a warm, wet-walled growth tube.

by Dk,v ≤ Dk,eq are activated, while smaller particles are not.
Each Dk,v contour extends from the centerline to a point of max-
imum radial cross section. The activation efficiency is calculated
as the fraction of particles of size, Dk,eq = Dk,v , within the max-
imum radial extent of the Dk,v contour. It is found by integrating
the Graetz solution for the particle concentration profile, N (Dp),
over this cross section.

Figure 5 shows the activation efficiency as a function of the
Kelvin-equivalent diameter for five different operating condi-
tions of the growth tube. Generally speaking, the activation is
most efficient for large temperature differences between the in-
let flow and the wetted walls of the growth tube, and for lower
inlet flow temperatures. For a saturated flow at 10◦C entering
a 65◦C growth tube, the cutpoint, corresponding to an activa-
tion efficiency of 50%, is at 2.1 nm. The activation cutpoint
increases to 3.3 nm when the growth tube temperature is low-
ered to 50◦C. When the temperature difference between the inlet
flow and growth tube walls is fixed, as in the curves shown in
Figure 5 for inlet temperatures of 0 and 20◦C and growth tube
temperatures of 30 and 50◦C, respectively, the lower inlet flow
temperature yields the lower cutpoint (4.7 nm as compared to

5.8 nm). Also, the modeling indicates that there is a significant
reduction in the supersaturation when the inlet flow is dry. As
shown in Figure 5 for operating temperatures of 0 and 30◦C,
changing the inlet relative humidity from 100% RH to 0% RH
increases the cutpoint from 4.6 nm to 7.2 nm Kelvin-equivalent
diameter. The activation efficiency curves are somewhat steeper
at the lower cutpoints.

Applications such as condensation particle counting or parti-
cle collection require that, once activated, particles grow into the
supermicrometer size range so that they may be readily detected
or collected. The kinetics of particle growth within the growth
tube were examined using the heat and mass transfer relations for
the transition regime as given by Fuchs and Sutugin (1971). Cal-
culations were done for temperatures producing peak supersatu-
rations of 1.5 and 1.8. Under these conditions the particle growth
is rapid. Particle diameters reach several micrometers within an
axial distance of several radii from the point of activation. At
fixed volumetric flow rate, the final droplet size is larger when
the tube diameter is greater, or the peak supersaturation is higher.
Close to the walls the activation occurs sooner and the flow is
slower. This provides more time for growth, with the result that
the final particle size is comparable to that along the centerline,
even though the average supersaturation driving the growth is
lower.

Two factors not taken into account by our model are vapor
depletion and buoyancy. Vapor depletion is important at high
number concentrations. Once some particles are activated, va-
por depletion and latent heat release reduce the supersaturation
levels downstream, with the effect that small particles are not
activated as efficiently. This effect is described theoretically by
Metayer et al. (1982) for butanol-based CPCs. Buoyancy ef-
fects can be important for large temperature differences if the
tube diameter is too large. As pointed out by VanReken et al.
(2004) and Roberts and Nenes (2005), this may cause mixing
that can degrade the saturation profiles. In our work we took
buoyancy into account in the dimensioning of our growth tube
used for our experimental investigations described below. This
was done by selecting a diameter such that axial pressure gra-
dient due to viscosity is greater than that for buoyancy, i.e.,
(8µo Q)/(π R4) > (ρwall − ρinlet)g, where µo is the air viscosity,
Q is the volumetric flow rate, and g is the gravitational constant.

EXPERIMENTAL VERIFICATION

Experimental Methods
Tests were done with a growth tube fabricated from a 6.35 mm

ID, 150 mm long porous ceramic tube that was wetted by means
of a heated water jacket. The system was unsheathed, that is, all
of the flow through the tube contained aerosol. The growth tube
was oriented vertically with an upwardly directed flow. A simple
optical counter (TSI Model LPC) interfaced directly to the exit
of the tube. The lower detection limit of the LPC optical counter
is 300 nm. Thus, when particles below the optical detection
size pass through the system, they are only counted if they are
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activated and grown to at least 300 nm. Experiments were done
under two conditions: (1) with a growth tube temperature of
30◦C, an inlet flow cooled to 0◦C by means of an ice bath, and
an air flow of 1.0 l min−1; and (2) a growth tube temperature of
50◦C, with the inlet flow at room temperature of 22◦C, and an
air flow of 0.84 l min−1. In both cases the relative humidity of
the entering flow was conditioned to near 100%.

The efficiency of particle activation and growth was deter-
mined by reference to a TSI Model 3760 CPC operated in paral-
lel with the growth tube system. The TSI 3760 is a butanol-based
CPC with a lower size limit of approximately 15 nm. Efficien-
cies were determined from the ratio of particle concentration
measured by the two systems (the growth tube—LPC and the
TSI 3760), corrected for the counting efficiency curve of the
TSI 3760 as reported by Wiedensohler et al. (1997). The data
of Wiedensohler et al. (1997) extends to 25 nm, for which the
TSI 3760 efficiency is 92%. Above this size it was necessary to
extrapolate their efficiency data. This was done by linear inter-
polation to 100% efficiency at 50 nm.

Tests were done with monodisperse fractions of aerosol com-
posed of oleic acid and of an ammonium sulfate and oxalic acid
mixture. These were generated by nebulization using alcohol
and water solutions for the oleic acid and the sulfate mix, re-
spectively. Particles were size-selected by electrical mobility
classification. Tests were also done with mobility-selected frac-
tions of ambient laboratory aerosol. Flow rates were measured

FIG. 6. Detection efficiency as a function of Kelvin equivalent particle diameter for laboratory-generated aerosols of oleic acid and a mix of oxalic acid and
ammonium sulfate and for ambient laboratory aerosol for an inlet flow at 0◦C, and growth tube temperature of 30◦C. Comparison is given to detection when the
growth tube was held at the inlet temperature.

with a Gilian bubble flow meter, and temperatures throughout
the system were monitored with thermocouples.

RESULTS
Results for particle sizes above 10 nm are shown in Figure 6

for an inlet flow temperature of 0◦C and a growth tube tempera-
ture of 30◦C. Also shown is the efficiency curve for the TSI 3760
that was used in the reduction of the data. Measurements were
made for two distinctly different types of aerosols: oleic acid,
which is insoluble in water, and a mix of sulfate and oxalic acid,
which is both soluble and hygroscopic. With no temperature
difference between the growth tube walls and the airflow, only
those particles above the nominal lower detection limit of the
laser counter are detected. By heating the condenser walls, the
counting efficiency is near 100% for all particles above 20 nm.
Below this size, the growth tube is somewhat less efficient than
the butanol-based TSI 3760 for the water-insoluble (but alcohol-
soluble) oleic acid aerosol. Reported concentrations are lower
than the TSI 3760 by 30% at 13 nm. For a challenge aerosol of
oxalic acid mixed with sulfate, the growth tube system reports
concentrations that are higher than those seen by the TSI 3760 by
factors of 1.68 and 3.0 for 13 nm and 11 nm, respectively. The
growth tube system continued to detect particles at diameters
of 7.4 and 8.8 nm, compared to zero counts for the TSI-3760.
The data show that for the mixed oxalic acid–ammonium sulfate
aerosol the water-based growth tube is more efficient than the
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FIG. 7. Detection efficiency as a function of particle diameter for laboratory-generated aerosol of oleic acid, and a mix of oxalic acid and ammonium sulfate,
and for ambient laboratory aerosol for an inlet flow at 20◦C, and growth tube temperature of 50◦C.

butanol-based CPC used as reference. The measured cutpoint is
not as small as the predicted Dk,vvalue of 5 nm. Nonetheless,
there is clear indication of particle growth, enabling particles in
the 10 nm size range to be detected optically.

Experiments were also done with inlet flow of 20◦C, and a
growth tube temperature of 50◦C, as shown in Figure 7. Results
are similar to those for the 0–30◦C system. Again the cutpoint
is not as small as the 6 nm predicted activation cutpoint, but
the data show that the warm, wet-walled growth tube enables
the detection of particles too small to be seen otherwise by the
LPC. Differences between the experiment and theory could be
due to a number of factors, including difference in temperature
between the inside wall of the ceramic tube used for the growth
tube and the water jacket where the temperature was measured.
Also, accurate assessment of the efficiency was not possible at
diameters below 12 nm because of the low counting efficiency
in this size range for the TSI 3760 that was used as a reference.

CONCLUSIONS
Presented is the theoretical basis and experimental confirma-

tion of the amplification of particle size through water condensa-
tion in a thermally diffusive, laminar flow. The approach involves
the introduction of a saturated air flow into a tube with wetted
walls held at a temperature greater than that of the entering flow.
The theory indicates that activation at particle sizes as small as
2 nm could be achieved with this method. Activation efficiency

depends on the absolute temperature as well as the temperature
difference between the inlet flow and the growth tube walls. For
large temperature differences, corresponding to small cutpoints,
the activation efficiency curves are steeper. Experimental data
clearly confirm that this approach yields condensational growth
of particles. Efficiencies are better for a water-soluble aerosol of
oxalic acid mixed with sulfate than for an insoluble nonhygro-
scopic oil, namely oleic acid.
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