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a b s t r a c t

The public health impact of particulate matter in ambient air with a size of 2.5 mm or smaller (PM2.5) has
been of great concern. It is well known that PM2.5 is much more harmful to human health than coarse
particles. To remove PM2.5, most air purifiers on the market have been equipped with a high efficiency
particulate air (HEPA) filter. Under the circumstances that generate PM2.5 aerosols at high concentrations
such as during indoor cooking or in work places, HEPA-grade filters are neither durable nor applicable
because of their high replacement cost. Thus, a large number of cooks and workers are exposed to
intensive emissions of PM2.5 without proper filtration. In this paper, we introduce a novel concept to
remove PM2.5 without HEPA filters. A key idea is to use the condensational growth of particles. Once the
particles have grown to a few micron, they are much easier to remove because of their increased inertia.
Based on this, we developed the first prototype of a filter-free particle filtration unit consisting of an air
saturator (equipped with water spray nozzles), a condenser in which humid air is cooled down to a
supersaturation state and thereby allows particles to grow by condensation, and a multi-nozzle-impactor
assembly for collecting the grown particles downstream of the condenser. We started with a small-scale
model, and then demonstrated that a large-scale prototype could remove organic, inorganic, and metallic
ultrafine particles with a collection efficiency of larger than 80% at a volume flow rate of 50e92 L/s.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Airborne particles that are small enough to be inhaled have
increasingly become a great concern in the world, because of their
adverse health effects and environmental issues [1]. The US Envi-
ronmental Protection Agency (EPA) has categorized these inhalable
particles by size as PM10 and PM2.5. PM10, particles which have
diameters of 10 mm and smaller, are relatively easy to remove
because of their large inertia. Thus, they might be caught in the
respiratory organs and coughed up via mucus and phlegm. In
contrast, PM2.5, fine particles which have diameters of 2.5 mm and
smaller, tend to remain in the human body. Moreover, by pene-
trating the lower tissues of the respiratory tract or pulmonary
alveoli, they can cause numerous serious diseases such as asthma,
bronchitis, pneumonia, lung cancer, and heart attack [2]. Ultrafine
particles in the PM2.5 category with diameters smaller than 0.1 mm
are often created by combustion at high concentrations of up to
tens of millions of particles per 1 cm3 [3,4]. Worse yet, these ul-
trafine particles include metal and organic chemicals and can grow
into the coarse range of PM2.5 by coagulation and condensation. As
a result, their potential environmental and health risks become
severely aggregated [5].

Ultrafine particles generated outdoors can also affect the quality
of indoor air through the air intake of a building's HVAC system.
HEPA filters, which are generally used in the indoor air purifiers on
the market, are able to remove these ultrafine particles with high
efficiency. However the annual HEPA filter replacement cost is
approximately $100 [6] and can sometimes reach the price of the
machine [7]. Of particular interest are small enclosed spaces such as
indoor kitchens [8] and welding workshops [9], where ultrafine
particles are generated at high concentrations. Workers in these
areas could be directly exposed to such ultrafine particles unless
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proper filtration or ventilation units are employed [10]. However,
HEPA filter-based air purifiers are unlikely suitable for such envi-
ronments because the filter replacement cycle can become much
shortened with a large increase of pressure drop [11]. Therefore, it
is necessary to develop a filter-free particle filtration unit that is
capable of removing a high-concentration of ultrafine particles
without HEPA filters.

A potential candidate for reaching this goal is an electrostatic
precipitator (ESP) which is widely used for exhaust particle filtra-
tion in coal-fired power plants. However, even though the ESPs can
be operatedwith a high collection efficiency and low pressure drop,
they suffer from many unsolved problems. These include back-
corona discharge and particle re-entrainment, which selectively
occur depending on a particle's electrical resistivity; a low collec-
tion efficiency for sub-micrometer particles with a diameter range
of 0.1e1.0 mm; and a low charging efficiency for ultrafine particles
[12]. Moreover, in a modern ESP, the typical gas and particle resi-
dence time is 10e30 s, which is almost 100 times longer than that
of residential air purifiers like those in our study. In other words,
industrial ESPs are extremely large in size to increase the residence
time and magnify the collection efficiency. Conversely, if the length
of an ESP is shortened to below 0.1 m for residential applications,
the collection efficiency will drop significantly. Indeed, it is not
surprising that most of the residential air purifiers on the market
are based on HEPA filters rather than ESPs.

In this study, we selected the use of water vapor condensation
for ultrafine particles as an alternative filtration method without a
HEPA filter, because it enables the growth of any type of ultrafine
particle in the form of a water droplet within ~0.1 s [13]. Once
ultrafine particles have grown to a few micrometers in diameter,
the grown particles are relatively easy to remove, e.g. with simple
impactors, because of their increased inertia [14]. Although the
condensational growth of ultrafine particles has been extensively
studied and is well described in a textbook [13], most of the pre-
vious researches has been performed on a small scale of less than
l.0 L/s. As a result, there appeared a few commercial products
utilizing the small-scale condensational growth; however, to the
best of our knowledge, no large-scale device is available in the
market.

For example, a condensation particle counter (CPC), which is one
of the best-selling devices, has been demonstrated to enable the
precise measurement of the number concentration of particles of
any size through butanol vapor condensation. However, the CPCs
are currently operated at a low gas flow rate of 0.017 L/s [15]. A
particle-into-liquid sampler (PILS) [16], which is a well-known
device that grows ultrafine bio-aerosol particles by water conden-
sation, could successfully sample the enlarged particles from air
with a water trap. However, the total operating gas flow rate was as
low as 0.1 L/s. Only one study has demonstrated the large-scale
condensational growth of ultrafine particles using water, which
enabled an air flow of 42 L/s of air flow. The enlarged particles after
the growth (which will be called “downstream particles” hereafter)
were removed by either a micro-orifice impactor or virtual
impactor [17]. Nevertheless, further improvement is required to
commercialize such a system, because it requires a refrigerant-
based cooling system installed in the condensation part in order
to create a supersaturated state, resulting in high electricity con-
sumption, and its collection efficiency was still as low as 53% at a
fairly high supersaturation ratio of 2.48 (a saturator temperature of
29 �C vs a condenser temperature of 14 �C). The insufficient
collection efficiency was attributed to the non-uniform growth of
particles, but size measurements of the downstream particles were
lacking.

Against this backdrop, the present study was emphasized on
size measurements of the ultrafine particles upstream and
downstream of a condenser where water vapor was supersaturated
and particles grew by water vapor condensation. The reason for
only testing ultrafine particles rather than the entire PM2.5 range
comes from the nature of condensational growth: in the
condensing environment, if ultrafine particles are demonstrated to
grow to 2 mm in diameter, initially larger particles should grow to
more than 2 mm in diameter, and thus will undoubtedly be
removed.

Based on this prospect, a small-scale prototype of a filter-free
particle filtration unit was first prepared by combining an air
saturator and a condenser. After experimental verification of the
condensational growth of ultrafine particles, the design concept
was extended to a large-scale filtration unit that included an air
intake duct, a saturator equipped with a water spray nozzle, a heat
exchanger-type condenser (as an option), a multi-nozzle-impactor
assembly, and an induction fan. Three different types of ultrafine
particles (inorganic, organic, andmetallic) were tested to assess the
condensing performance and collection efficiency of this prototype
unit.

2. Methods

2.1. Theory of condensational growth

Humid air can be supersaturated upon cooling by any means.
The supersaturation state is normally characterized by the ratio of
the partial pressure of the condensing water vapor (P∞) to its
saturation water vapor pressure (Ps), called the supersaturation
ratio (SSR): SSR ¼ P∞/Ps. Under the supersaturation condition,
particles begin to grow in size by water vapor condensation. The
growth rate of particles strongly depends on the particle diameter
(dp) and SSR. A particle that is smaller than the mean free path of
gas (l) grows through irregular collisions with molecules corre-
sponding to the freemolecular regime, forming a liquid droplet that
contains the particle. The growth rate of the droplet is given by Eq
(1) [18]:

d
�
dp

�
dt

¼ 2Macðp∞ � pdÞ
rpNa

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2pmkT

p ; for dp < l (1)

where M refers to the molecular weight of water; rp is the density
of the water droplet; ac is a condensation coefficient for which a
value of 0.04 is often used [18]; m is the mass of a single water
molecule; k is Boltzmann's constant; Na is Avogadro's number; T is
thewater vapor temperature; and Pd, the vapor pressure of water at
the surface of a droplet, is slightly larger than Ps as a result of the
surface curvature (Kelvin effect) [18]. Here, the droplet is assumed
to be in a thermal equilibrium state with the surrounding gas.

When particles are larger than l, they grow by the diffusion of
water vapor into the surface, in accordance with the continuum
regime calculated in Eq. (2):

d
�
dp

�
dt

¼ 4MDv

RrpdpT
ðp∞ � pdÞ; for dp > l (2)

where Dv represents the diffusion coefficient of the water vapor,
and R is the gas constant. When a droplet grows to more than
300 nm, where the Kelvin effect is negligible, Pd gets closer to Ps,
and Eq (2) is reduced to the following:

d
�
dp

�
dt

¼ 4MDv

Rrpdp

ps
T
ðSSR� 1Þ (3)

Hence, particles can grow quickly in linear proportion to the
SSR.



J. Pyo et al. / Building and Environment 112 (2017) 200e208202
2.2. Small-scale experiment

2.2.1. General strategy and preparation
As a first step, a series of preliminary experiments were con-

ducted to test the feasibility of condensational growth of ultrafine
particles under low-concentration/low-flow rate conditions. For
this small-scale experiment, a condensational growth unit was
prepared by combining two parts in series: 1) a saturator equipped
with a humidifier that saturates the air with water vapor, and 2) a
condenser that cools the saturated air to a sufficient level for
supersaturation.

Referring to Eqs. (1e3), one may notice that there are two
important parameters for controlling the SSR and growth rate of
particles: the saturator temperature (Ts) and condenser tempera-
ture (Tc). If the saturated air leaving the saturator at Ts is cooled toTc
in the condenser, the term of P∞ in Eqs (1- 2) becomes a saturation
vapor pressure of water at Ts as Ps(Ts), whereas the Pd is approxi-
mately a saturation vapor pressure of water at Tc as Ps(Tc), resulting
in SSR ¼ Ps(Ts)/Ps(Tc). Because the Ps is very sensitive to tempera-
ture, a sufficiently large SSR could be obtained with a relatively
small temperature difference (DT ¼ TseTc).

To realize an economical (filter-free) particle filtration for PM2.5
control, it is crucial to minimize the electricity consumption.
Because cooling is much more expensive than heating, the
condenser temperature (Tc) was set to either room temperature
(20 �C) or the temperature (15 �C) of easily accessible tap water. The
saturator temperature Ts was instead varied from 30 to 80 �C unless
otherwise noted.

It is also interesting to verify whether the vapor condensation is
applicable to any type of particles. Hence, two types of ultrafine
particles were taken into account for the small-scale experiment:
polydisperse inorganic particles of NaCl with a mean diameter of
54 nm, and monodisperse organic particles of polystylene latex
(PSL) with a nominal diameter of 100 nm (Thermo Scientific). Each
type of particlewas generated using a spray dryingmethod [19e21]
and then fed into a saturator. The size distribution of ultrafine
particles prior to the saturator was measured by a scanning
mobility particle sizer (SMPS; Model 3936, TSI Corp).

2.2.2. A saturator and a condenser
The first saturator design was a home-made bubbler capable of

supplying humid saturated air at 0.03 L/s; its temperature (Ts) was
varied in the range of 60e80 �C. This humid air was mixed with the
dry aerosol flow of NaCl or PSL at 0.0017 L/s and then fed into a
condensing tube with a diameter of 1.27 cm maintained at 20 �C.
Although this type is easy to realize in a laboratory, the mixing of
two flows inevitably causes a humidity decrease of the saturated air
by dilution. To minimize the dilution effect, the flow rate of
Fig. 1. An experimental setup of the present filter-free air purifier emp
saturated air was set to 18 times larger than that of the aerosol flow.
As this was impractical in a large-scale experiment, the saturator
was redesigned to be able to humidify air without mixing.

The second type of saturator included a small water chamber, in
which an ultrasonic transducer is installed to produce micro
droplets of water. An aerosol flow with NaCl or PSL particles is
directly connected to the chamber, which allows not only to carry
the water droplets at higher volume flow rates but also to facilitate
water evaporation due to enlarged surface area. As a result, 100%
saturation was simply attained with 0.017 L/s of aerosol flow at
Ts ¼ 30 �C. The outlet of this saturator was connected to the same
condensing tube maintaining at 20 �C.

During cooling of humid aerosol flow in the condensing tube,
the particles are expected to grow to a fewmicron by condensation.
The size distribution of enlarged particles downstream of the
condenser was measured by an optical particle sizer (OPS; Model
3330, TSI Corp).

2.3. Large-scale experiment

The large-scale experiment was conducted with focus on
experimental verifications of condensational growth and subse-
quent filtration of high-concentration particles at high flow rates.
Fig. 1 illustrates the experimental setup of the filter-free particle
filtration unit which is mainly composed of a saturator, a condenser,
and a removal device. Design and instrumentation of each
component will be described in the following subsections.

2.3.1. A large-scale saturator
Unlike in the small-scale experiment, neither the bubbler nor

the supersonic transducer was effective for saturating the air 100%
in the large-scale experiment. A nozzle was used to spray the water
directly into the aerosol flow. For the nozzle installation, an 80- cm
long rectangular duct systemwith a square throat (30 cm � 30 cm)
was fabricated using transparent acrylic plates. One end of this duct
was used as an indoor air intake. A heating coil was also installed
15 cm from the inlet. The water spray nozzle was installed 50 cm
from the air intake and sprayed water droplets toward the
incoming air. Next, a condenser, a removal device, and an air-
suction fan were sequentially installed at the other end of the duct.

The spray nozzle operated fairly well with a 0.2 mm opening
and 3 bar of injection pressure. The supply rate of the water (mH2O)
needed to achieve saturation of the aerosol flow can be calculated
using Eq (4).

ðPs � PinÞQ ¼ mH2ORTs (4)

where Pin is the partial pressure of the water vapor at the air intake
loying a plate heat exchanger condenser and its performance test.
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that can be calculated based on the relative humidity (RH) mea-
surement; Ps is again the saturation vapor pressure of the water at
the saturator temperature (Ts); and Q is the volume flow rate of the
aerosol flow, which ranges from 50 to 92 L/s. For example, the
minimum value of mH2O required to saturate dry air (RH ¼ 15%) at
50 L/s is calculated to be ~1.4 g/s. Based on this, a series of pre-
liminary tests were conducted while controlling the heating coil
and varying the nozzle size. As a result, the temperature and rela-
tive humidity of the air right ahead of the condenser could be
controlled to be 30 �C and more than 95%, respectively. At that
moment, the actual amount of spraying water was approximately
1.7 g/s, indicating that the sprayed droplets did not completely
evaporate.
2.3.2. A large-scale condenser equipped with heat-exchanger
The first condenser design of the large-scale was a type of cross-

flow flat-plate heat exchanger [22,23], consisting of nineteen thin
aluminum flat plates (30-cm high and 24-cm long). These plates
were stacked vertically (not on top of each other) in a rigid rack, and
aligned parallel to each other at equal intervals of 1.5 cm, allowing
humid air (at 30 �C) and tap water (15 �C) to flow through the
channels formed by the plates. These fluids flowed into alternating
channels. Thus the air and water never mixed but exchanged heat.
By allowing the water to flow from the top to bottom, the humid air
flowing horizontally could be cooled along the duct, resulting in a
supersaturation state. Because of the large inter-planar spacing, the
pressure loss across the condenser was as low as 100 Pa.

The cooling performance of the plate heat exchanger was tested
by measuring the air temperature at five different axial positions
along an air-flow channel in the middle of the heat exchanger.
Moreover, corresponding local temperatures of air and water were
calculated for the heat exchanger using a commercial code Fluent
16 and then compared with the measured temperatures.

To assess the vapor-condensing performance of this condenser,
high-concentration ultrafine particles (will be described more in
Section 2.3.5) were released in between the saturator and the
condenser. A small fraction of the enlarged particles downstream of
the condenser was sampled and then diluted for further in-situ
Fig. 2. A schematic design of adiabatic
measurement of the size distribution using the OPS, as depicted
in Fig. 1.

2.3.3. A large-scale removal device
The enlarged particles downstream of the condenser were

removed by a removal device (circular-jet impactors), which con-
sisted of four-hundred converging nozzles with 1.5 mm openings
paired with the same number of small cylindrical columns, as
schematically shown in Fig. 2. The collection efficiency of these
impactors is well characterized by a cut-off size (d50), which rep-
resents the minimum diameter of removable particles. The nozzle
size (Dj¼ 1.5mm)was determined to have a sufficiently small value
of d50 (¼ 0.9 mm) at Q ¼ 50 L/s using Eq (5).

d50 ¼
"
9hDjðStk50Þ

rpU

#1=2
(5)

where Stk50 is the Stokes number corresponding to 50% of the
cumulative collection efficiency and often approximated as 0.25 for
circular-jet impactors [17], U is the average nozzle exit velocity, and
the humid air viscosity (h) is 1.82 � 10�5 kg/m,s.

The design performance of the nozzle-impactor assembly was
tested by the following procedure. Commercial coarse particles
(PTFE, Polytetrafluoroethylene, TP-214) with 2e4 mm in diameter
were sprayed as the upstream particles in the 1 m3 test chamber,
and the nozzle-impactor assembly with an air intake and a fan was
positioned in the middle of the chamber and operated with 50 L/s.
A tube with 1.27 cm diameter connected to the OPS was inserted to
sample the particles near the fan exhaust, and then the transient
variation in size distribution of particles in the chamber was
monitored continually for 10 min after turning on the fan.

2.3.4. A compact condenser-impactor assembly
This section is devoted to address how to shorten the total

length of the condenser and removal device. Special emphasis
should be placed on that air flowing through a nozzle essentially
undergoes an adiabatic expansion and cooling [24,25]. This implies
that the nozzle could play a double role as an alternative condenser
expansion nozzle and impactor.



Fig. 3. Simple model predictions of (a) velocity, (b) temperature, and (c) SSR of humid air at the nozzle exit as a function of downstream pressure.
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with the shortest length and as a part of removal device for
accelerating the particles toward the impactors. Therefore, this
allows to eliminate the heat exchanger and to use the nozzle-
impactor assembly alone for growing and removing ultrafine
particles simultaneously. This is a compact condenser-impactor
assembly.

As the extent of adiabatic cooling is a key element for deter-
mining the nozzle feasibility, the velocity (Ve) and temperature (Te)
of air at the nozzle exit were calculated by the well-known isen-
tropic expansion formula for ideal gas and thermodynamic
enthalpy conservation in open system as follows:

Ve ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2g

g� 1
RTi

"
1�

�
Pe
Pi

� g
g�1

#
þ V2

i

vuut (6)

Te ¼ Ti �
1

2Cp

�
V2
e � V2

i

�
; (7)

where the subscript i and e represent the states upstream and
downstream of the nozzle. In the equations, V, P, and T refer to
velocity, pressure, and temperature of humid air; and Cp, g, and R
refer to specific heat at constant pressure, specific heat ratio, and
gas constant of air, respectively. The upstream properties of the
saturated humid air were approximated by those of dry air:
Cp ¼ 1007 J/kg,K; g ¼ 1.4; Vi ¼ 1 m/s at Q ¼ 92 L/s; Pi ¼ 1 atm.

Based on these properties and nozzle design in Fig. 2, the ve-
locity (Ve), temperature (Te), and supersaturation ratio (SSR) of
humid air at the nozzle exit were calculated as a function of exit
pressure of nozzle (Pe) by Eqs. 6e7 and showed in Fig. 3-(a), 3-(b),
and 3-(c), respectively. The result suggests that upon decreasing Pe
at a constant Pi, the air was gradually accelerated at the expense of
its enthalpy, resulting in a gradual decrease in its temperature and
increase in SSR.

Referring to Fig. 3-(c) and Eq (3), the exit pressure Pe should be
lowered at least below 90 kPa, resulting in SSR > 1.75 which en-
sures the ultrafine particles to grow beyond 1 mm. With the fan
used for the heat exchanger-installed system (50 L/s), the down-
stream pressure of nozzle was never decreased below 98 kPa. To
solve this problem, the fan was replaced with a high-capacity fan
operating with a larger discharging volume (92 L/s). With this,
upstream pressure of the fanwas measured to ~93 kPa, 8 kPa lower
than the atmospheric pressure. By approximating the Pe with this
measured value, the Te and SSR were obtained to 23 �C and 1.5 from
the curves in Fig. 3-(b) and 3-(c), respectively.
2.3.5. Collection efficiency of the filter-free particle filtration unit
For the large-scale experiments, two different types of
polydisperse ultrafine particles were used: the inorganic NaCl
particles with a mean diameter of 54 nm and metallic Ag particles
with a mean diameter of 25 nm produced by an evaporation-
condensation method [26]. There are two distinct reasons for the
use of Ag particles instead of PSL particles: 1) the Ag particles are
produced at the highest concentration; 2) they are metallic. In
contrast, PSL particles, typically used as an expensive size standard
with a low gas flow rate, are provided as a dilute (1%) colloidal
suspension. Thus, PSL particles, if introduced to the system oper-
ating at 50 L/s or higher, would be too much diluted for high-
concentration test of the system. In addition, metallic particles
have not been tested yet.

After passing through the removal device, a fraction of the
remaining particles (still in a form of droplet) were sampled and
then dried by an evaporator (in Fig. 1) consisting of a tubular
electric furnace (Type F21100, Barnstead Thermolyne Corp.) and a
diffusion dryer (with silica gel). The size distributions of the dried
particles (also called the downstream particles of the system) were
measured in terms of dN/dlog(dp) by SMPS and then compared
with those of the upstream particles measured at the system inlet.
Note that the SMPS-returned dN/dlog(dp), after beingmultiplied by
a constant size bin in logarithmic scale (Dlog(dp)¼ 0.095), indicates
the number concentration of particles in a size range of log(dp) and
log(dp)þ Dlog(dp) [27]. Thus, the collection efficiency (h) of the
system is obtained as a function of size simply by comparing the
size distributions between the downstream and upstream particles
as shown in Eq (8).

h ¼ 1�
�
dN=d log dp

�
e�

dN=d log dp
�
i

(8)

where the subscript i and e represent the upstream and down-
stream of the system.

Some of the particles might be unintentionally lost in the sys-
tem; for instance, particles might have been caught and removed
by the sprayed droplets, like in a scrubbing system. In order to
eliminate this concern, the spray nozzle and air heater, after being
taken out of the system, were installed and operated inside the
1-m3 test chamber, similar to conducting a test in a constant-
temperature and constant-humidity chamber. The chamber was
then connected to the present filter-free particle filtration unit
without the saturator. Under these circumstances, after the tem-
perature and humidity in the chamber reached 30 �C and 100%,
respectively, the same system performance measurement was
repeated. It was confirmed that the unintended particle loss in the
saturator was negligible. Further details of the instrumentation
used for the particle generation and measurements are available in
our previous publications [19e21,26].



Fig. 4. Lab-scale condensational growth using bubbling-type saturator.
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3. Results and discussion

3.1. Small-scale experiment for condensational growth

As described in Section 2.2, the first feasibility test for conden-
sational growth was conducted with the assembly of bubbler-type
saturator and tubular condenser. Fig. 4 shows the variations in size
distribution of the monodisperse 100-nm PSL particles along with
their controlled condensational growth. When the saturator tem-
perature (Ts) was increased at a fixed condenser temperature (Tc) of
20 �C, the narrow size distribution curve of the PSL particles up-
stream of the condenser steadily shifted to larger sizes as a result of
the condensation, indicating that the condensation and growth
were accelerated, as expected, by increasing the temperature dif-
ference (DT¼ Ts - Tc) and thereby the SSR. Fig. 4 also shows that the
100-nm PSL particles grew to 2 mm or greater when DT � 45 �C,
exceeding the target size, although the size distributions were
relatively widened. This may have resulted from the inhomoge-
neous mixing of the saturated air flow and aerosol flow of the ul-
trafine particles: 0.03 L/s vs 0.0017 L/s. It is also speculated that the
self-nucleation of the supersaturatedwater vapor followed by rapid
coagulation between the water nuclei might have occurred, along
with non-uniform condensation, leading to the broadening of the
size distributions. This sounds plausible because 1) the SSR of the
humid air excessively increases at DT � 45 �C; 2) the total number
concentration of particles is clearly increased with the temperature
difference, as shown in Fig. 4, which is a sign of nucleation creating
new particles.
Fig. 5. Condensational growth of ultrafine particles using ultrasonic transducer
saturator.
Because the nucleation requires excessive energy consumption
for heating the saturator in this study, the second saturator design
(ultrasonic transducer) for energy efficient humidification was
tested using emphasis on minimizing the nucleation. Given
Ts ¼ 30 �C, Q ¼ 0.016 L/s, and a residence time in the condensing
tube of 0.45 s, the 54-nm polydisperse NaCl particles were suc-
cessfully grown to a size greater than 2 mm only with DT ¼ 10 �C as
shown in Fig. 5. Note that the total number concentration is slightly
increased from4500 to 5500 #/cm3, by 22% that is much lower than
the increase (>100%) in the case of PSL particles (refer to Fig. 3). This
suggests that nucleation is likely minimized to some degree as
intended.
3.2. Large-scale experiment

3.2.1. A heat exchanger-installed condenser: air cooling and
condensational growth

Referring to Section 2.3.2, humid air temperature was measured
along the plate heat exchanger and compared with the numerical
simulation result. Fig. 6 shows that the measured air temperatures
were all in good agreement with the predicted temperature profile.
Based on the cooling characteristics, and with the goal of down-
sizing the device, the length of the heat exchanger could be
shortened to 10 cm, because the air temperature had already
dropped sufficiently by 12 �C in the first 10 cm section, producing a
high SSR (~2.0).

Based on the SSR, ultrafine particles are expected to grow by
condensation even with a large air flow rate of 50 L/s. To confirm
this, the size distribution of enlarged NaCl particles downstream of
the condenser was measured using the OPS. Fig. 7 shows that with
a residence time 0.2 s, most of the upstream NaCl particles with a
mean diameter of 54-nm in the present unit grew by more than
1 mm to a size of up to 10 mm, beyond the cut-off diameter
(d50 ¼ 0.9 mm) of the subsequent impactors. It is also confirmed
from Fig. 7 that the condensation takes place so stably that the
resultant size distribution is quite reproducible through three re-
petitive experiments; the maximum variation of the measurement
was as low as 5.7% in a range of 1.0e5.0 mm.
3.2.2. A removal device: collection efficiency for commercial coarse
particles

As described in Section 2.3.3, the particle removal device, that is
the multi nozzle-impactor assembly, was prepared to collect coarse
particles grown in the upstream part (condenser), and designed to
exhibit a cut-off diameter of 0.9 mm with air flow rate of 50 L/s. To
Fig. 6. Comparison of temperature profiles between experiment and simulation inside
the gas flow channel of the water-cooled heat exchanger.



Fig. 7. Demonstration of condensational growth of ultrafine particles using water-
cooled heat exchanger condenser at a high volume flow rate.

Fig. 8. Comparison of size distribution of coarse PTFE particles before and after the
removal by multi nozzle-impactor assembly.
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assess its collection efficiency as a function of size (referring to Eq
(8)), the performance test of the removal device was conducted in
accordance with the procedure in Section 2.3.3: by monitoring
commercial micron PTFE particles in the chamber.

Fig. 8 shows the size distribution of the micron particles that
remain (not removed yet) in the chamber after 10-min operation of
the device, in comparison with their initial size distribution. It is
found that number concentrations of the micron particles are
sharply decreased only in 10 min, in a range of 1e4 mm. Based on
Table 1
The collection efficiency of the removal device alone and the entire filtration unit incorp

Collection Efficiency

PTFE particles (Fig. 8) NaCl particles (Fig. 9)

dp [nm] Collection Efficiency [%] dp [nm] Col

1007 98.9 32.4 99.
1254 97.3 35.6 99.
1562 93.9 40.1 97.
1944 98.2 45.2 98.
2421 98.4 50.9 97.
3014 93.5 55.0 97.
3753 82.7 60.9 94.
4672 56.4 65.0 93.

71.1 89.
76.4 87.
80.2 84.
91.1 81.
the data, the collection efficiency of the removal device are calcu-
lated as a function of size by Eq (8) and summarized in Table 1. The
collection efficiency is maintained high (>93%) in a range of
1e3 mm, but decreases for larger particles (>4 mm).

One peculiar point that should be noted is that the present
impactors were not effective at removing particles larger than
4 mm, compared with the smaller ones, which seemed to contradict
the impaction principle. It is however noted that the measured
collection efficiency is not the single-pass particle filtration effi-
ciency of our removal device, but denotes the overall effectiveness
of reducing indoor particle concentrations [28]. In case of imperfect
design and/or positioning of air intake and fan exhaust, some part
of fan discharge air could be separated from the main recirculation
stream, forming a vortex near the inlet and outlet of the device.
Then, large particles, that tend to deviate from air stream, have less
chance to enter the air intake, compared to smaller particles. This
might cause the performance degradation of the removal device for
particles >4 mm.
3.2.3. Overall collection efficiency: for the entire unit incorporating
heat exchanger

The present filter-free air purifier was finally realized by inte-
grating the air intake duct holding the saturator, condenser, nozzle-
impactor assembly, and fan (see Fig. 1; for details, refer to Section
2.3.5). To assess the overall collection efficiency of the heat
exchanger-installed filtration unit, NaCl particles of 54 nm were
again released in between the saturator and condenser. Most of the
particles grown by condensation were eliminated by 400 nozzles
and impactors; however, there were still a small fraction of the
particles that passed through the impactor safely.

The size distribution of the surviving particles, after being dried,
was measured using the SMPS and shown with a dotted line in
Fig. 9. Their size distribution was measured twice and was repro-
ducible. The solid line in the figure represents the size distribution
of the NaCl particles measured at the same position, but without
spraying water (preventing the condensation). As expected from
Figs. 7 and 8, the results demonstrated that major part of ultrafine
particles in a range of 40e80 nm are successfully removed from the
air without HEPA filter, resulting in large decreases of number
concentrations in the size range. The corresponding collection ef-
ficiency is calculated by Eq (8) and shown in Table 1. The collection
efficiency is high (above 90%) for particles smaller than 70 nm,
whereas the efficiency for larger particles appears to decrease
slightly with fluctuations. This might be attributed to the less
population of larger particles which tend to be vulnerable to sys-
tematic disturbance.
orating two types of condensers.

Ag particles (Fig. 10)

lection Efficiency [%] dp [nm] Collection Efficiency [%]

4 10.6 99.8
3 15.1 93.6
9 20.2 91.8
3 24.1 91.2
7 31.1 94.3
0 34.6 94.9
6 41.4 95.6
3 46.1 94.8
2 51.4 94.0
4 55.2 93.3
3 61.5 90.7
7 66.1 88.6

71.0 87.0



Fig. 10. Comparison of size distribution of ultrafine metallic particles with and without
operation of humidifier, upon use of adiabatic-expansion condensers, inertial impac-
tors, evaporator, and SMPS.

Fig. 9. Comparison of size distribution of ultrafine particles with and without opera-
tion of humidifier; upon operating plate heat exchanger condenser, nozzle-impactor
assembly, evaporator, and SMPS.
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3.2.4. Overall collection efficiency: for the entire unit using
adiabatic cooling

In this section, the second version of the present filtration unit
using an adiabatic cooling through nozzles will be discussed. Prior
to analysis of the collection efficiency, let us recall Section 2.3.4
where water vapor condensation and growth rate were
concluded to be controlled by adjusting the nozzle exit pressure Pe.
Fig. 3-(c) and Eq (3) indicates that the Pe should be lowered at least
below 90 kPa, in order to obtain SSR > 1.75 making the ultrafine
particles grow beyond 1 mm. With the fan used for the system
equipped with the heat exchanger (50 L/s), the downstream pres-
sure of nozzle was never decreased below 98 kPa. To solve this
problem, the fan is replaced by a high-capacity fan that operated
with a larger discharge volume (92 L/s). With this, upstream
pressure of the fan is measured at ~93 kPa, which was 8 kPa lower
than the atmospheric pressure. By approximating Pe using this
measured value, Te and SSR values of 23 �C and 1.5 were obtained
from the curves in Fig. 3-(b) and 3-(c), respectively.

Although the approximation sounds reasonable, the true value
of Pe at the nozzle throat more likely differ from the pressure
measured between the nozzle exit and the impactor. In other
words, the air begins to decelerate right after departing the nozzle
exit, which in turn recovers the air pressure to some degree. Hence,
the real local exit pressure of Pe could be lower than 93 kPa, sug-
gesting that the estimation provides a lower limit for the SSR, i.e.,
the true SSR is �1.5. Although it is necessary to measure the size of
particles downstream of the nozzles, this could not be done.
Because the OPS was not powerful enough to draw the air by
overcoming the negative pressure. Nevertheless, ultrafine particles
carried by saturated air are believed to grow through the nozzle.

With the large fan, saturated humid air at 30 �C and metallic Ag
particles of 25 nm at high concentration are drawn to this compact
system. As in the case of the system equipped with the heat
exchanger, the overall collection efficiency is likewise measured
using the SMPS after drying the particles that have passed through
the removal device. Fig. 10 shows that the upstream Ag particles,
which are denoted with a solid line, were effectively removed by
the system, leaving behind only a low level of particles. Here, the
term of upstream represents the particles passing through the
system without spraying water, i.e., no condensation and no
removal. As shown in the third column of Table 1, the overall
collection efficiency is found to >87% in the entire range of
10e70 mm. These data are comparable to those of heat exchanger-
installed system in Table 1, which suggests that the concept of
condensational growth by adiabatic cooling is working and the
compact design of condenser-remover assembly is clearly helpful
for minimizing the length of the entire system. However, use of too
small nozzles is not desirable because it could cause a significant
decrease in air flow rate: this in turn requires a larger-capacity fan
so that noise will become an issue.

3.2.5. Potential and limitations of the present filter-free particle
filtration unit

As stated in the preceding subsections, the present filter-free
particle filtration unit has great potential to be the best solution
for removing ultrafine particles at high concentrations. However, it
should be noted that there are some areas of improvements for
commercialization. Particularly for home use, the greatest concern
would be the noise (�80 dB) from the large-capacity fan for oper-
ation of the adiabatic cooling nozzles. Further optimization of
nozzles should be continued in a way of reducing the fan capacity
and the noise to the acceptable levels (e.g., <40 dB at night). The
heat-exchanger installed system could circumvent the noise issue,
however it will require additional cooling water supply. If a direct
tap water line is considered to connect to the system, the present
filtration unit could be used as a built-in accessory in a kitchen.
Another issue would be the large size of the present system relative
to conventional residential air purifiers. The saturator that is the
largest part of the system should be redesigned to have a minimal
(or adaptable) length; for example, smaller water-spray nozzles or
higher spray pressure might be an option.

Upon taking these issues into account, the present unit is
believed particularly suited to hot and humid circumstances such
as combustion exhaust, because the exhaust air essentially holds
high humidity enough to grow the particles by condensation; and
this eliminates the need of the saturator. This offers another op-
portunity to reduce the length of the system.

4. Conclusions

In this study, we proposed the novel idea of practically removing
ultrafine particles without HEPA-grade filter using condensational
particles growth, while simultaneously increasing the particles'
inertia. The small-scale experiment revealed that 10 �C cooling of
humid air was sufficient for the rapid condensational growth of
ultrafine particles. Based on this, we successfully designed two
types of condensers: 1) a plate heat exchanger that used tap water
as a coolant and 2) a system that used 400 isentropic cooling
nozzles with no need for an external coolant. Through a series of
analyses and experiments, we demonstrated that inorganic 54-nm
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NaCl particles and organic PSL 100 nm particles grew rapidly to
2e5 mm. An integrated device of nozzle and impactor with a cut off
size of 0.9 mm was also designed for removing the large particles
grown by condensation. Finally, the present filter-free particle
filtration unit was proved to be effective for treating inorganic,
organic, and even metallic ultrafine particles with an acceptable
collection efficiency of >81%.
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