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Abstract: The supersaturated condensation of atmospheric aerosol is important in the study of
mechanisms of cloud condensation and even heavy air pollution. The existing technology cannot
realize accurate dynamic control of wide range supersaturation, so it is difficult to study condensation
growth characteristics of nanoparticles through different levels of supersaturation. Here, a supersatu-
rated condensation growth measurement system with three-stage microscope pipes was developed.
The resolution of supersaturated condensation system is 0.14, within the range of 0.92 to 2.33 after
calibration. Stabilization time is only about 80 s for saturation range 0.92–1.01, which helps to
control saturation rapidly, and the control deviation of saturation is no more than 0.06. Measurement
of different supersaturated condensation growth control conditions showed that, the particle size
increased significantly compared with hygroscopic growth at high humidity. For single-component
particles, the increase in size increased to a similar size at the same saturation, with a difference
within 7.4%. The increase in size for ammonium sulfate (AS) increased by 13.4–30.2% relative to
that of glucose. For the mixed-component, the increase in size decreased about 15.9–25.0% with the
increase of the glucose. Because the glucose coating on the surface of AS have hindered particle
growth. This also shows that atmospheric ultrafine particles, especially inorganic salt particles, will
rapidly grow into larger particles under supersaturated conditions such as increased environmental
humidity, thus having some impact on environmental pollution and climate change.

Keywords: condensation growth control system; calibration saturation; wide dynamic range;
growth performance

1. Introduction

During atmospheric pollution formation, visibility degrades sharply and is often
accompanied by haze [1,2]. The activation and subsequent growth of ultrafine particles
play important roles in air pollution and climate [3–5]. In the tropical rainforest region,
ultrafine particles can be quickly activated and transformed to cloud droplets, and these
can potentially contribute to the formation of cloud condensation nuclei [6].

Nano-scale particles growth to several micrometers usually occurs in a region of
supersaturated vapor by condensing working fluid onto particles; therefore, nanoparticles
can be detected by optical means [7–10]. The method of condensation growth is used to
measure the particle number concentration of atmospheric aerosol and vehicle emissions
and collect the particulate matter through supersaturation growth. Condensation processes
are crucial to provide successful mitigation and adaptation measures and avoid severe
negative impacts in a climate change era [11,12]. Furthermore, the condensation vapor
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is divided into water-based and alcohol-based. Alcohol-based vapor makes the aerosol
grow to a larger size but usually has low toxicity. Currently, existing instruments using the
supersaturation method include cloud condensation nuclei counters (CCNCs) and conden-
sation particle counters (CPCs). CCNCs are applied to measure the cloud condensation
nuclei (CCN), and it requires a minimum water vapor supersaturation to convert into cloud
droplets. The minimum supersaturation at which CCN can be measured in static diffusion
chambers is higher than 0.2% because of the insufficient time for droplet growth, and this
is not sufficiently low to match the supersaturation levels found in some marine stratus
clouds [13]. To overcome some of the limitations of the static thermal-gradient chamber,
several variations of the continuous-flow parallel plate thermal diffusion chamber have
been developed [14,15]. The continuous sample flow eliminates batch sampling; however,
this approach is limited to supersaturations larger than 0.1% because of the long growth
times and diffusive and phoretic forces. For commercial CPCs, there are two primary types,
the laminar and the mixed type. The condensation growth control system of the laminar
type CPC comprises a saturator and a condenser. Sufficient heat input and residence time
of working fluid enable the saturation in the saturator and the vapor is carried by the
carrier gas to the condenser, where the vapor achieves a supersaturation state as a result
of cooling (alcohol-based CPC). In the mixing type, a hot saturated flow is mixed with a
cooler sample [16]. The mixing type CPC can be used to detect sub-3-nm ultrafine particles
in atmospheric studies [17].

Currently, some applications have put forward new demands for particle growth
control system, which require a wide dynamic range. For instance, particle growth at 96–
101% Relative Humidity (RH) and the particle growth at different saturations, especially
the particles less than 2.5 nm (saturation required is higher than 2.2 for its activation and
growth) [18,19]. Hygroscopic growth measurement system is applied on the hygroscopic
growth characteristic of aerosol particle size (atmospheric particles and laboratory study),
and the maximum RH is usually reach around 95% [20–22]. The main drawback of this
system is that it is hard to reach high RH such as 96–100%. In recent years, the TSI
Model 3788 condensation particle counter has been developed and broadly applied in
particle number concentration measurement. However, the saturation cannot be controlled
dynamically and the detection limitation is 2.5 nm [23,24]. In addition, its optical detection
module must be heated to a temperature similar with growth module and their heating
time more than 10 min. Therefore, the development of a wide dynamic range (0.95–2.2)
supersaturation condensation growth control system is an important requirement for
particles growth study.

The aim of our study was to develop a condensation growth system with adjustable
supersaturation levels for measuring growth characteristic of standard particle and atmo-
spheric aerosol. The calibration and characterization of key parameters were carried out,
and the characteristics of monodisperse standard particles and atmospheric particles were
examined under different saturation conditions.

2. Materials and Methods
2.1. Description of Water-Based Supersaturated Condensation Growth Measurement System

In order to realize the research of particles in the saturation range of 0.95–2.2 with dif-
ferent particle sizes and chemical components, a water-based supersaturated condensation
growth measurement system was constructed. The design principle of the water-based
supersaturation condensation growth system is based on the water vapor condensation,
water vapor condensed on the particles when the sample gas with atmospheric particles
through the supersaturated condensation growth measurement system, and water-based
supersaturation condensation growth control unit provide a temperature gradient. Because
the water vapor diffusion rate is higher than the gas heat transfer rate, the water vapor
around the particles is supersaturated, causing water vapor to condense on the surface
of the particles and promoting the particle size increase. The schematic diagram of the
system is shown in Figure 1. The system consists of particle generation and selection unit,
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water-based supersaturated condensation growth control unit, and particle characteristic
measurement unit. The core design uses condensation growth control unit, which can
achieve the design goal and benefit to the measurement of the later stage. See Section 2.2
for the specific design and implementation. For particle generation and selection unit,
polydisperse aerosol was generated and then was injected into dryer, charger, and differen-
tial mobility analyzers (DMA, model 3086 TSI, Shoreview, MN, USA) to obtain standard
monodisperse particles. The monodisperse particles were diluted with filter air and then
the mixed flow is divided into two road, one flow into condensation particle counter
(CPC, model 3788 TSI, Shoreview, MN, USA) to record the concentration and other flow
into condensation growth unit to study growth characteristic. Generally, monodisperse
particles flow is 0.6 L; the flow rate and concentration can be adjusted according to the need
of the study. Humidity of mixed flow was recorded by a T/RH sensor (Rotronic HC2-S)
before flow into saturation condensation growth control unit. Temperature control of
condensation growth control unit by PID control was done to facilitate temperature control
and temperature feedback; this is helpful to control saturation. At the same time, three
peristaltic pumps (LIQUIPORT, KNF, Freiburg, Germany) were used to provide recycled
water to three pipes of condensation growth control unit for better saturation control. The
temperature can be controlled for the indoor temperature or based on our requirement.
Particle characteristic measurement unit included aerodynamic particle sizer (APS, model
3321 TSI, Shoreview, MN, USA) and optical particle counter (OPC); the size distribution
was recorded after growth in order to better study growth characteristic.

Figure 1. Schematic diagram of water-based supersaturated condensation growth measurement system.

2.2. Description of Water-Based Supersaturation Control Unit

A schematic diagram of the water-based supersaturated condensation growth control
unit in this study is shown in Figure 2. The unit comprises three microporous pipes with
stainless steel sleeves, and deionized water is supplied by a peristaltic pump (LIQUIPORT,
KNF, Germany). The microporous pipes are made of waterproof and breathable expanded-
polytetrafluoroethylene (e-PTFE, ID 0.24 ± 0.007; Wall 0.0296 ± 0.005; Density 0.65 ± 0.15
inch). To provide sufficient water vapor diffusion, the porosity was controlled to up to
80%. The working conditions of supersaturated condensation growth control unit mainly
included three parts: (1) The deionized water was drawn from the deionized water unit by
the adjustable speed pump and flows back to the deionized water circulation unit through
the channel between the concentric stainless steel tube sleeves and the microporous pipe.
Water vapor penetrated in the pipe because of its waterproof and breathable characteristics,
so the inner wall of the microporous pipe was moist and a vapor-saturated environment
was formed. (2) The atmospheric particles or standard particles generated in the laboratory
were then introduced into the sample gas channel, and the sample gas flow with particles
entered the sample gas channel and then entered the saturated vapor channel, which
comprises the concentric stainless steel tube sleeves and the microporous pipe. The outer
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wall of the tube sleeve was enclosed by a semiconductor refrigerator and a flexible heater,
and the pipe was divided into three sections to create the temperature gradient. Every
two stages are connected by an insulating block. (3) The semiconductor refrigerator
operated in the cooling mode, and the flexible heater operated in the heating mode. Water
vapor diffused into the mixing flow through the microporous wall and forms a mixture
of saturated water vapor flow when mixing flow into the first stage of saturated water
vapor channel controlled by semiconductor refrigeration. The mixing flow temperature
was then reduced. Heat and water vapor diffusion into the center of mixing flow from
microporous wall then flowed into the secondary saturated water vapor channel controlled
by the flexible heater. The temperature of the mixing air was gradually increased. Because
the water vapor diffusion rate is higher than the thermal diffusion rate, water vapor partial
pressure of the mixing flow is higher than saturated vapor pressure at any point in the
secondary saturated water vapor channel. Particles in the mixing flow are consistently in a
supersaturated environment, which promotes the particles growth.

Figure 2. Schematic diagram of water-based supersaturated condensation growth control unit. The
total length of the condensation growth control unit is 330 mm, and the length of three stages are 154
mm, 76 mm and 100 mm, respectively. Circles represent the flow path of particles, and deionized
water circulation devices and arrows represent the flow direction of the deionized water.

All in all, particles were still in a water vapor supersaturation environment when the
mixing flow proceeded through the third stage water vapor moderator channel. The water
vapor content and temperature of out particle airflow can be adjusted by controlling the
condensation growth control unit. The temperature gradient can be adjusted by controlling
the conditioner and initiator temperatures [25].

2.3. Activation Efficiency Calculation

Activation efficiency is different as saturation variation, so the saturation calculation
is required and the saturation cannot be measured directly. To investigate the spatial
distribution of the saturation ratio of the designed condensation growth system and predict
the minimum diameter of particles that are activated by condensation of water vapor,
a two-dimensional axisymmetric model was developed in the COMSOL Multiphysics
simulation software. Supersaturation, S, is defined as the ratio of the partial pressure, Pva
(Pa), to its equilibrium vapor pressure, Psat,T (Pa), at the temperature, T (K) as follows:

S = Pva/Psat,T (1)

The Kelvin effect of thermodynamic principles describes the change in vapor pressure
due to a curved liquid-vapor interface, such as the surface of a droplet. The vapor pressure
at a convex curved surface is higher than that on a flat surface. The equilibrium vapor
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pressure required to activate the condensational growth of a smaller particle is higher
because the larger particles have a flatter surface.

Dk,va = (4σs Mw)/
(
ρl RgTlnS

)
(2)

where σs (N/m), Mw (kg/mol) and ρl (kg/m3) are the surface tension, molecular weight,
and the liquid density of the condensing species, respectively; Rg (J/(mol·K)) is the univer-
sal gas constant; and T (K) is the absolute temperature. Dk,va is a property of the condensing
species equal to the diameter of a droplet in equilibrium with its vapor at saturation ratio
S and temperature T. The value is the same as the activation diameter for the case of a
particle that is wetted by the condensing vapor but not soluble within it. Thus, a particle
composed of a material that is not wetted by the condensing vapor will have a larger
activation diameter than Dk,va. For soluble particles, the equilibrium vapor pressure is
reduced because of the condensate covering the particle surface, and the critical diameter
required for growth is smaller than the Kelvin diameter.

Particle activation efficiency can be easily calculated by the ratio of the airflow in the
maximum inclusion region of each Kelvin particle isoline and the total airflow. Because of
the growth control unit is three-dimensional cylinder, the area covered by the maximum
radial distance of each Kelvin diameter contour is solved initially, then multiplied by
the average velocity of this region. In Figure 3, the contour map of velocity and Kelvin
diameter distribution was calculated by COMSOL, and flow rate was set as 1.0 L/min.
The velocity distribution is uniform under the function of laminar flow at the particle
activation region. Using this approach, the average flow of this region was determined.
Theoretical activation efficiency is the ratio of average flow of this region and total flow
of the growth control system. In order to ignore effect of the actual temperature control
accuracy, we selected 3 ◦C as the temperature difference of calculation activation efficiency.
D50 of temperature difference (44, 47, 50, 53 and 59 ◦C) was obtained, and the D50 values
were 3.82 nm, 3.41 nm, 2.85 nm, 2.66 nm and 2.39 nm, respectively. Thereby, saturation can
be gained if D50 is obtained.

Figure 3. Contour map of velocity and Kelvin diameter distribution for laminar flow (5◦C, 95% RH) entering a condensation
growth control unit with temperature window (20 ◦C, 60 ◦C).
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2.4. Experimental Set-Up of Water-Based Supersaturation Control System Calibrtion

Based on the above principle of activation efficiency calculation, to verify the reliability
of the self-made water-based supersaturated condensation growth system, a calibration
experiment was established (Figure 4). The calibration apparatus consisted of electrospray
aerosol generator (model 3482 TSI, Shoreview, MN, USA) with standard particles range
2.5–150 nm, diffusion dryer (model 3062 TSI, Shoreview, MN, USA), differential mobility
analyzers (DMA, model 3086 TSI, Shoreview, MN, USA), saturation condensation growth
control system, condensation particle counter (CPC, model 3788 TSI, Shoreview, MN,
USA) with detection limitation of 2.5 nm and optical particle counter. In the standard
monodisperse particle generation and selection unit, the compressed air is generated when
air is passed through a high-efficiency particulate-free air (HEPF), then particles flow
through a diffusion dryer and then the built-in charger of the generator for charging. The
DMA was included to obtain monodispersed particles of the selected size. The standard
monodisperse particle number concentration is controlled as about 1000/cm3, because
high concentration result in lack of water vapor. Monodispersed particles flow in two
directions: some particles are sent to the CPC (model 3788 TSI, Shoreview, MN, USA),
which counters the total particle number concentration of aerosol particles, and the other
particles are sent to the saturation condensation growth control system with a detector
(TSI, model 3321, Shoreview, MN, USA) to measure the activated particles at a certain
supersaturation. As a result, particle numbers can be recorded when the sample flows
before and after through the saturation condensation growth control system. The activated
efficiency, defined as the ratio of the activated particle number concentration to the total
particle number concentration at a specific supersaturation, is then determined [26].

Figure 4. Schematic diagram of the experimental setup for the water-based supersaturated condensa-
tion growth control system calibration.

3. Results and Discussions
3.1. Calculation Results of Water-Based Supersaturation Growth Control System

The nanoparticles that flow through the saturation growth control system cannot be
fully activated because the profiles of saturation, resulting in the counter and collection
inaccuracy at the end of the growth control unit. Minimum activation cannot represent the
performance of the supersaturated growth control unit, so an effective method is needed
to calibrate the supersaturated growth control system, and the activation efficiency is an
important index of calibration. Therefore, an activation efficiency curve was obtained for
five different temperature differences (Figure 5). The activation efficiency was obtained by
measuring the ratio between activated particle number and total particle number when the
diameter of monodisperse particles changed from 2.5 nm to 9 nm for every temperature
difference. Ammonium sulfate was selected as the particles to measure D50 reference the
calibration method of cloud condensation nuclei counter [27,28]. The fitting curve is also
shown in Figure 5. As the temperature difference increases, the activation efficiency curve
moves to the left. The particle diameter with activation efficiency of 50% is defined as D50.
The D50 at various temperature differences was obtained according to the measured fitting
curve and had values of 4.05, 3.65, 3.10, 2.90 and 2.60 nm for the temperature differences of
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44, 47, 50, 53 and 59 ◦C, respectively. The measurement result and theoretical calculation of
D50 were compared, the maximum difference was 8.5%. Therefore, D50 of measurement
data was regarded as the activation size to inverse supersaturation.

Figure 5. Experimental measurement of activation efficiency for various temperature differences.

Figure 6 illustrates the variation trend of measured D50 and correspondent saturation
profile at five different temperature differences. To decrease the inaccuracy of inversed
saturation calculated from the minimum activation size, saturation results that were shown
in the figure were calculated from the D50 of measured data. The D50 changed from
4.05 nm to 2.60 nm as the temperature difference changed from 44 to 49 ◦C, and the D50
decreased slowly as the temperature difference increased. Saturation changed from 1.71 to
2.30 when the D50 changed from 4.05 nm to 2.60 nm. The smaller the particle, the higher
the saturation required for activation. Therefore, the calibration of the supersaturated
growth control system was conducted for various temperature differences. Furthermore,
the saturation changed from 1.71 to 2.30 as the temperature difference changed from 44 ◦C
to 59 ◦C, and the saturation of small temperature difference increased at a higher speed
than that of the large temperature difference. The measured D50 data were then fit to a
curve model to give the relation between saturation and temperature difference giving
a fitting equation of S = 2.0492 ln(T) − 6.0507, and the R2 of fitting curve was 0.985.
The calibrated supersaturation ranged from 0.92 to 2.33 depending on the measured D50
when the temperature difference (between first two stage temperature) of the growth
control system ranged from 30 ◦C to 60 ◦C. The design requirement of 0.95–2.2 and particle
size less than 2.5 nm was reached. The temperature control accuracy is 0.1 ◦C; therefore,
temperature control variation is usually set as 3 ◦C, so the influence of temperature control
precision on temperature difference variation is less than 3.3%. Lastly, the resolution is
up to 0.14. The following condensation growth experiment of various particle sizes and
chemical components will be analyzed under different saturation conditions.
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Figure 6. Diameter measurement of 50% activation efficiency and corresponding saturation calculated
from the measured D50 for various temperature differences.

3.2. Stability Time of Condensation Growth Measurement System

Stabilization time required to control different saturations is very important for growth
characteristic measurement of particles at different saturations. Different saturations are
controlled by adjusting the temperature difference. For the three stages operating the
temperature condensation growth control unit, the temperature of first and third stage is
controlled as 10 ◦C and 25 ◦C, and we adjusted the second stage temperature to control
saturation. The time required to stabilize the temperature in the second stage is considered
as the time required to stabilize the saturation; with the second stage temperature variation
±0.2 ◦C (i.e., saturation variation ±0.1), we think the saturation stabilization. The experi-
ment was done at room temperature of about 25 ◦C. Then the stabilization time was tested
using this system. As shown in Figure 7, the required time of this system to reach a certain
saturation was measured. The results are the average value across 20 times of measurement,
and the indoor temperature is about 20 ◦C. Stability time becomes longer as the saturation
increase. The stabilization time takes about 6 min go through seven saturation values from
0.92 to 2.33 saturation. This is helpful to measure condensation growth time at different
saturations in a short time. In particular, the system reached the stabilization requirement
after about 80 s at 92–101% RH at 20 ◦C room temperature. This is excellent compared with
the hygroscopic growth system and can be a combined measurement with the hygroscopic
growth system. The temperature fluctuation is about ±0.3 ◦C at a steady saturation control
situation, so the saturation control deviation of the system no more than 0.06.

Figure 7. The time required to reach steady saturation for different saturations.



Atmosphere 2021, 12, 558 9 of 12

3.3. Measurement of Monodisperse Standard Particles for Different Supersaturated Condensation
Growth Control Conditions

This paper selected two respresentative compounds for preliminary measurement [29,30].
AS was selected as a representative inorganic salt because it is a dominant compound
of the submicron aerosol mass present in the atmosphere and is an efficient scatterer of
solar radiation. Glucose is a representative neutral organic compound and often occurs in
the process of biomass combustion, which is an important compound of organic aerosols.
Particle diameter of 80 nm and 150 nm were selected because the surface morphology
of particles below and above 100 nm may be different. The chemical compounds (i.e.,
Ammonium sulfate and glucose) used were produced by Aladdin Reagent Inc. (reagent
grade, 99.8% purity). The chemicals were individually dissolved in ultra-pure water
(Direct-Q3, Millipore, Ramsey, MN, USA) to obtain a concentration of 1.0 g/L. Mixtures of
AS and glucose were prepared by mixing the above solutions according to the solute mass
ratio of 4:1 and 1:4.

Standard monodisperse particles of different sizes, chemical components and high
supersaturation were tested. The standard monodisperse particle number concentration
is controlled as about 1000/cm3. Compared with hygroscopic growth at high humidity,
the particle size increased significantly. This proved the importance of ultrafine particles
activation and growth to formed additional cloud droplet (Fan. et al.) [6]. The growth
results (Figure 8a) indicate that particle increase in size increased with the supersaturation
level, but the growth rate slowed slightly at the higher levels. This may be due to the
increase in water vapor concentration as saturation increases. Moreover, the surface area of
the particle increases as the particle size increases, and thus each particle requires more
water vapor to grow to the same diameter, resulting in a lower growth rate. For AS particles,
particles of 30 nm, 50 nm and 80 nm increased to a similar size at same saturation, with the
size difference within 7.4%. The small size difference of initial particle size and the similar
condensation growth ability of same chemical compositions may explain this finding.

Figure 8b shows that the standard particles with different particle sizes containing
the same compound condensed to a similar size. Moreover, the standard particles of the
inorganic AS compound increased more than those of the organic glucose; the increase
in size for glucose was 13.4%–30.2% higher than that of AS. This might relate to the
aging and the shape and crystallinity of organic molecules and the properties of inorganic
particles [31].

Condensation growth performance is affected by the chemical composition of the
mixture; different proportions of glucose and AS provide different growth characteristics.
As shown in Figure 9, the increase in size increased with the increase of saturation, and
the increase in size decreased about 15.9–25.0% with the increase of the glucose ratio.
This presented the same conclusion with hygroscopic growth. This could be because of
non-ideality effects in the mixed solution droplet and surface tension variation. Previous
studies have shown that organic matter would forms dots or coating on the surface of
particles depending on how much organic matter is present [32–34]. This is because
the glass glucose coating on the surface of AS may have hindered the growth of mixed
monodisperse standard particles during this process.
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Figure 8. Condensation growth of standard particles with (a) different particle sizes and (b) different
chemical components under different saturation conditions.

Figure 9. Growth result comparison of mixed component for monodisperse standard particles (80
nm and 150 nm) under different saturation conditions.

4. Conclusions

In this study, a supersaturated condensation growth control system with adjustable
supersaturation was designed to measure the growth performance of standard monodis-
perse particles and atmospheric particles under different saturation levels. The key results
were as follows:

1. The calibrated supersaturation had a wide dynamic range from 0.92 to 2.33 or higher
depending on the measured D50, and it meets the measurement requirement of 0.95–
2.2. The resolution was up to 0.14, the stabilization time about 6 min and even 80 s
for saturation 0.92–1.01. This helped to control saturation rapidly, and the control
deviation of saturation was no more than 0.06. Moreover, a higher saturation can be
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achieved by adjusting the temperature difference. Thus, the constructed condensation
growth system can be combined with a humidity control system to measure the
growth factor over a wide humidity range (10–233%).

2. A condensation growth experiment was conducted for monodisperse standard parti-
cles of different chemical components and different sizes under different saturation
conditions. Compared with hygroscopic growth at high humidity, the particle size
increased significantly. This proved the importance of ultrafine particles activation
and growth to form additional cloud droplet. The condensation growth result of
single-component standard particles showed that particles increase in size as the satu-
ration increases; for AS particles, condensation growth medium size of 30 nm, 50 nm
and 80 nm increased to similar sizes at the same saturation level, with a difference
within 13.4%. AS particles grew to a size larger than glucose particles when the same
size particles passed through the growth control system, and the increase in size for
AS increased 13.4–30.2% relative to that of glucose.

3. For mixed-component particles, the increase in size for particles increased with the
increase of saturation, and with the increase of glucose ratio, the increase in size
decreased about 15.9–25.0%. Hygroscopic organic compounds inhibited the growth
of inorganic compounds for mixed-component particles.

This research focused on the design of saturation growth control system with a wide
dynamically saturation and preliminary experiment of different particle sizes and different
chemical components. The establishment of a dynamic analysis system for the condensation
growth of atmospheric ultrafine particles, combined with theoretical model, experimental
simulation and field observation is necessary to realize accurate online measurement and
mechanism analysis of the dynamic process of atmospheric particle condensation growth.
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