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Figure 1

aerosol particles detection, comprising a condenser tube (2), a saturator (6)
comprising alcohol in a liquid phase, and an aerosol tube (11), which re-
ceives air comprising the aerosol particles in a channel, and has an extrem-
ity fixed to the temperature-controlled wall of the condenser, the extremity
4 being fixed at a lateral opening of the temperature-controlled wall without
protruding in the condenser tube.
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CONDENSATION PARTICLE COUNTER

TECHNICAL FIELD

The present invention relates to a condensation particle counter and
more generally to an aerosol particle detector. The condensation particle
counter according to the invention aims at shortening the path of the aerosol
particles to be detected in the counter so as to reach a sub-nanometer

detection limit and to shorten the response time of the counter.

BACKGROUND OF THE INVENTION

Aerosol particles in the air are typically detected using a laser and a
photodiode. The photodiode is offset from the axis of the laser light beam,
and a gas comprising the aerosol particles to be detected flows through the
laser light beam. When a particle is illuminated, it scatters light in all
directions, resulting in a flash detected by the diode.

Aerosol particles having a size much smaller than the wavelength of
the laser, i.e. particles having a size smaller than 100 nm, do not scatter light.
Therefore, these aerosol particles cannot be detected by this method.

The counting of aerosol particles having a size smaller than 100 nm in
atmospheric and/or industrial air can be typically done using a condensation
particle counter (CPC).

US3806248A describes a condensation particle counter comprising a
first chamber, called a saturator, wherein the aerosol particles to be detected
are mixed with a condensable vapor in a surrounding gas. The counter further
comprises a second chamber, called a condenser, in fluidic connection with
the saturator, the temperature of the condenser being lower than the
temperature of the saturator and adapted to condense the vapor from the
saturator. The mixed aerosol particles and vapor are introduced in the
condenser wherein a condensation growth of liquid occurs around the
particles, forming droplets having a diameter higher than 100 nm. This growth
results from a supersaturation of a condensing vapor in the surrounding gas.
The saturation ratio is defined as the partial pressure of a vapor over its
saturation vapor pressure. The saturation vapor pressure is the pressure

required to maintain a vapor in mass equilibrium with the condensed vapor
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(liquid or solid) at a specified temperature. The supersaturation occurs for
saturation ratios higher than one.

An optical detector is in fluid communication with an outlet of the
condenser. The droplets suspended in the gaseous phase of the condenser
flows through the optical detector. As the size of the droplets is large enough
for the detector to detect them, the droplets are counted by the optical
detector and the number of aerosol particles is then calculated from the
number of droplets. The condensation particle counter lacks precision: the
real number of aerosol particles is different from the number of counted
droplets. The time response of the detector also needs to be improved. The
detection of some particle of interest for the industry, for example some
pollutant aerosol particles, is also impossible as the growth of droplets do not
occur, using this counter, for aerosol particles having a diameter lower than
10 nm.

Industrial applications of CPC would benefit from a better response
time, a more accurate aerosol particle counting and a low limit diameter of

the counted aerosol particles.

SUMMARY OF THE INVENTION

To solve the drawbacks of the state of the art, the inventors propose a
condensation particle counter for submicron aerosol particles detection
comprising:
- a condenser tube having a temperature-controlled wall along its length;
- an optical detector to detect some droplets in the condenser tube;
- a saturator at a controlled saturator temperature, comprising a tank, said
tank comprising alcohol in a liquid phase and being configured for vaporizing
the alcohol from the liquid phase into a vapor phase,
the alcohol vapor phase and a first entrained laminar air flow forming a
working gas flow, the alcohol vapor phase being carried by the first entrained
laminar air flow,
- a condenser tube inlet being fluidically connected to a saturator outlet and
being configured for receiving the working gas flow;
- an aerosol tube, which receives air comprising the aerosol particles in a

channel, and has an extremity fixed to the temperature-controlled wall of the
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condenser, the extremity being fixed at a lateral opening of the temperature-
controlled wall without protruding in the condenser tube,
the aerosol tube being configured for injecting a second entrained laminar air
flow comprising aerosol particles forming an aerosol gas flow, through the
channel, directly in the lateral opening and laterally to the working gas flow,
the second laminar air flow being different from the first laminar air flow,
the path of the aerosol gas flow being inferior to the path of the working gas
flow,
the aerosol gas flow and the working gas flow being separated before their
passage in the condenser and meeting directly in the condenser to form a
principal laminar flow,
the lateral opening being arranged in the condenser tube so that the aerosol
gas flow and the working gas flow meet in the condenser to activate by cooling
the condensation and the growth of the droplets surrounding the aerosol
particles;

a flow rate control unit comprising pumping means, configured for
controlling the working gas flow rate and the aerosol gas flow rate.

Therefore, the path of the aerosol gas flow is shorten in the counter to
reduce the diffusion of the aerosol particles in the counter and to limit the
loss of the aerosol particles on the tubes of the counter.

The path of the aerosol gas flow (in the aerosol tube and in the part
of the length in the condenser from the lateral opening) is inferior to the path
of the working gas flow in the particle counter (in the first tube, the length
of the tank, all the length of the condenser).

The length of the aerosol tube can be inferior to the length of the first
tube and a fortiori to the sum of the length of the first tube and the length of
the tank.

The distance travelled by the particles to arrive at the optical detector
after their magnification (by condensation) is much shorter than those in the
particle counter of the state of the art, making it an apparatus with a
minimized response time.

Advantageously, the aerosol gas flow and the working gas flow meet
only and directly in the condenser to form a principal laminar flow. Thus, in
the condensation particle counter of the invention, the particles flow and the

vapor flow are separated.
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As the extremity of the aerosol tube is fixed at a lateral opening of the
temperature-controlled wall without protruding in the condenser tube, the
aerosol particles can be introduced in the condenser close to the maximum of
vapor sursaturation in the condenser. Therefore, it is possible to condensate
vapor around particles of diameter lower than 5 nm and preferentially lower
than 1 nm. Moreover, it is possible to advantageously shorten the path of
aerosol particles from outside the counter to the point where the particles

condensate, thus limiting the adsorption of aerosol particles in between.

In further optional aspects of the invention:
- the lateral opening of the condenser tube is arranged at the maximum of the
sursaturation of the working gas flow,
- the flow rate control unit controls the working gas flow rate independently
from the aerosol gas flow rate, by controlling the rate of the first air laminar
flow independently from the second air laminar flow,
- the counter has a unique external air admission by the inlet of the aerosol
tube, this air flow being distributed between at least the condenser tube
through the lateral opening, the tank of the saturator through a first tube,
and the outlet of the optical detector upstream the pumping means, via a
second tube, the first tube having a filter to remove aerosol particles from
the air derived towards the tank of the saturator,
- the flow rate control unit is coupled with a flowmeter and with at least one
valve comprising a variable aperture, the valve being arranged, in the aerosol
tube, and/or in the first tube, and/or at the saturator outlet, the flow rate
control unit being configured for controlling the aerosol gas flow rate
independently from the working gas flow rate,
- the laminar condensation particle counter comprises a reservoir connected
fluidically to the condenser tube, and configured for recouping the alcohol
condensed on the temperature-controlled wall by gravity action,
- the reservoir is the bottom of the condenser tube and the recouped alcohol
is separated from the alcohol of the saturator,
- the diameter Dy of the aerosol particles which grow by condensation is given

by the Kelvin relation:
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7 py.R.T.log(8)

with o being the droplet surface tension, M being the molecular weight of the
alcohol, p, being the density of the alcohol, R being the gas constant, T being
the local temperature and S being the saturation ration of vapor equilibrium,
the optical detector being configured to detect the droplets comprising
aerosol particles having a diameter equal or inferior to 100 nm,

- the optical detector is configured to detect the droplets comprising aerosol
particles having diameter equal or inferior to 10 nm,

- the optical detector is configured for detecting the droplets comprising
aerosol particles having diameters equal or inferior to 1 nm,

- the temperature of the aerosol gas flow is the room temperature,

- the extremity of the aerosol tube is arranged at a distance inferior or equal
to one third of the length of the condenser tube from the condenser tube
inlet,

- the extremity of the aerosol tube is fixed orthogonally to the temperature-
controlled wall of the condenser, the aerosol flow and the working gas flow
being perpendicular before their meeting in the condenser,

- the temperature-controlled wall of the condenser tube has a thermo
electrical cooler comprising a Peltier heat sink and fan,

- the alcohol is at least chosen between one of butanol, diethylene glycol,
ethylene glycol, dioctyl sebacate DOS (CAS: 122-62-3) or any combination
thereof,

- the air flow is distributed between at least the condenser tube via the lateral
opening, the tank of the saturator via a first tube, and the outlet of the optical

detector upstream the pumping means, via a second tube.

Another aspect of the present invention is a particle detector
comprising a submicron aerosol particle classifier having an aerosol particle
output configured for providing a gas flow comprising aerosol particles of a
given diameter range and the laminar condensation particle counter described
previously, configured for counting aerosol particles coming from the

classifier output.
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The condensation nucleus counter can be used as a detector of ultrafine
particles in the atmosphere to know in atmospheric pollution the level of
particle dusting for both outdoor and indoor air. It can be used in the field of
working hygiene (worker protection), process hygiene (protection of
manufactured products), the microelectronics industry, in particular for the
control and monitoring of dust level in clean rooms, industry space, the food
industry, the pharmaceutical industry, the hospital environment (operating
theaters), the automotive industry for the control of engine emissions, etc.

The condensation nucleus counter can be used in all industries that
need to know or estimate the releases of particles into the atmosphere in a
broad sense (open and confined atmospheres).

The condensation nucleus counter can be used in the nanoparticle
industry, which needs to know the size and quantity (numerical concentration)
of the nanoparticles (bricks) produced for the fabrication of nanostructured
materials.

The condensation core counter is the only detector capable of being
coupled to a differential mobility analyzer (DMA) to determine the in-line
particle size distribution of an aerosol cloud in a carrier gas.

The condensation nucleus counter coupled to the DMA can be a SMPS
(for scanning particle mobility sizer). This device can trace the particle size
of the cloud forming aerosols. SMPS applications include scientific research
(air pollution in the broad sense), nanoparticle industry, combustion
(incinerators, automotive combustion engine, aeronautics, nuclear industry,
application aerosol military (bio aerosols), the nanoparticle industry for the
development and manufacture as well as the protection of production

processes, stakeholders and users of these nanostructured materials.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention will be described with reference to the accompanying
drawings in which:

- figure 1 diagrammatically illustrates the working principle of the

particle counter,
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- figure 2 diagrammatically illustrates the particle detector, comprising
a particle counter and a particle classifier,

- figure 3 is a profile of the vapor supersaturation in the condenser
tube for a set of predefined parameters, such as the condenser tube length
and the total flow rate in the condenser tube,

- figure 4 is a profile of the vapor supersaturation in the condenser
tube for a set of predefined parameters, such as the condenser tube length

and a different total flow rate in the condenser tube.

DETAILED DESCRIPTION OF PREFERRED ASPECTS OF THE INVENTION

Description of the condensation particle counter 1

Referring to figure 1, the condensation particle counter 1 comprises a
condenser tube 2. The temperature in the condenser tube 2 is controlled by
at least a temperature-controlled wall 3, arranged along the length of the
condenser tube 2. Preferably, the condenser wall(s) 3 are configured to
control several temperatures along the length of the condenser tube 2.
Therefore, it is possible to initiate the condensation of vapor around the
aerosol particles 12. In use, the condenser tube 2 is advantageously arranged
relative to a vertical axis. Therefore, the condensed liquid phase forming at
the wall(s) of the condenser tube 2 can fall into the bottom of the condenser
tube 2 and be recouped. The temperature of the wall 3 can be controlled by
a thermo electrical cooler, such as a Peltier element, heating resistance(s)
and/or a thermostat. Preferably, but in a non-limiting way, the temperature
of the temperature-controlled wall 3 is comprised in the range from 0°C to
250°C. The temperature depends on the predefined alcohol vapor.

The condensation particle counter 1 comprises a saturator 6. The
saturator 6 comprises a tank 7, comprising a liquid phase to be vaporized. This
liquid phase comprises advantageously a majority of alcohol. Preferably, the
alcohol comprises at least at one of butanol, diethylene glycol, ethylene
glycol, dioctyl sebacate DOS (CAS: 122-62-3) and any combination thereof.

The saturator 6 is configured for controlling the temperature of the
liquid phase and of the produced vapor phase, so as to maximize the alcohol
concentration in the gaseous phase. Preferably, but in a non-limiting way, the

temperature in the saturator 6 is comprised between 30°C and 250°C
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depending on the alcohol used, and preferably between 55°C and 75°C.
Therefore, it is possible to saturate the gaseous phase in alcohol in the
saturator 6.

The temperature range of the saturator and of the condenser depends
on the fluid used. For butanol, the temperature in the condenser tube 2 and
in the saturator 6 is for example comprised between 10°C and 40°C. For glycol
diethylene, the temperature in the condenser tube 2 and in the saturator 6 is
for example comprised between 10°C and 70°C. For the ethylene sebacate,
the temperature in the condenser tube 2 and in the saturator 6 is for example
comprised between 200°C and 250°C. See “A condensation particle counter
insinsitive to volatile particles. Journal of Aerosol Science 2014. Collings, N.
Rongchai, K., Symonds, J.P.R. Vol 73, p 27-38”.

The counter 1 comprises a flow rate control unit 16, said flow rate
control unit 16 comprising, for example, a pump. The flow rate control unit
16 is configured for controlling independently the different gas flows in the
particle counter 1.

The saturator 6 has a saturator inlet and a saturator outlet 10. The flow
rate control unit 16 is configured for controlling the gas flow between the
saturator inlet and the saturator outlet 10. A first laminar air flow is
controlled at the saturator inlet. In the saturator 6, the air of the first laminar
air flow is mixed with the vapor, forming a working gas flow 8. The working
gas flow 8 is controlled by the flow rate control unit 16. Preferably, the
dimensions of the condenser tube 2, and the flow controlled by the flow rate
control unit 16 are configured so that the working gas flow 8 in the condenser
tube 2 is laminar. The terms “laminar flow” are used herein to designate a
flow in which the Reynolds number is lower than 1000. Therefore, the working
gas flow 8 can be used as a sheath flow.

The condenser tube 2 has a condenser tube inlet 9. The saturator outlet
10 is fluidically connected to the tube inlet 9 so as the condenser tube 2 can
receive the working gas flow 8. Preferably, the condenser tube inlet 9 is
arranged at an extremity of the condenser tube 2. Therefore, the working gas
flow 8 can be injected, in use, at the bottom of the condenser tube 2. A
thermal insulator material piece is inserted between the saturator 6 and the
condenser tube 2 to prevent the conduction of heat between the saturator 6

and the condenser tube 2 which are at different temperatures.
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The condensation particle counter 1 also comprises an aerosol tube 11.
The aerosol tube 11 receives the gas phase to be analyzed from outside of the
particle counter 1. The gaseous phase to be analyzed particularly comprises
air, the air being suspending the aerosol particles 12 to be analyzed. The
aerosol tube 11 has an extremity 13. The extremity is fixed at a lateral
opening 15 of the temperature-controlled wall 3 of the condenser tube 2. The
aerosol tube 11 is configured for injecting a second laminar air flow comprising
aerosol particles 12, called an aerosol gas flow 14, through the channel
directly in the lateral opening 15. The aerosol gas flow 14 is controlled by the
flow rate control unit 16. In use, the aerosol gas flow 14 is then injected
laterally to the working gas flow 8. Therefore, the aerosol particles 12 can be
injected in the condenser tube 2 at a controlled length from the extremity of
the condenser tube 2, while having a simple design of the particle counter 1.
The lateral opening 15, and consequently the extremity 13 of the aerosol tube
11, is preferably arranged at a distance greater than one tenth of the length
of the condenser tube 2 from the tube inlet 9, notably at a distance greater
than one fifth of the length of the condenser tube 2 from the tube inlet 9,
and preferably at a distance equal to one third of the length of the condenser
tube 2 from the tube inlet 9. The extremity of the aerosol tube 11 is preferably
fixed orthogonally to the temperature-controlled wall 3 of the condenser tube
2, the aerosol gas flow 14 and the working gas flow 8 being perpendicular
before their meeting in the condenser tube 2.

The condensation particle counter 1 also comprises an optical detector
4, configured for detecting droplets 5 in suspension in a gaseous phase. The
optical detector 4 is in fluid connection with the outlet of the condenser tube
2, so that the optical detector 4 can count the number of droplets 5 exiting
the condenser tube 5. The optical detector 4 is typically a laser light
scattering detector. Preferably, the optical detector 4 also comprises
temperature control means, such as a thermo-electrical cooler (a Peltier
element for example), a heating resistance and/or a thermostat. Therefore,
the droplets 5 exiting the condenser tube 2 can be maintained in the optical
detector 4 at a constant diameter. Preferably, the optical detector 4 is
configured for detecting the droplets 15 comprising aerosol particles 12 having

diameters equal or inferior to 1 nm. Preferably, the optical detector 4 is
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10

configured for detecting droplets 15 having diameters comprised between 100
nm and 1 pym.

Preferably, the condensation particle counter 1 can have a unique
external air admission. The external air admission is preferably the inlet of
the aerosol tube 11. Once in the condensation particle counter 1, the air flow
can be directed by the flow control rate unit 16 independently in the
condenser tube 2, in the tank 7 of the saturator 6, for example through a first
tube 17, and at the outlet of the optical detector 15, for example via a second
tube 18. The flow rate control unit 16 can comprise at least a valve 21, making
possible to limit the flow through the first tube 17, the second tube 18 and/or
the aerosol tube 11. Each valve 21 can be controlled independently from a
control unit comprising for example a processor and a memory. A valve 21 can
also be arranged at the saturator outlet 10. Therefore, it is possible to control
independently the working gas flow rate 8 and the aerosol gas flow rate 14 in
the counter 1. The condensation particle counter 1 preferably comprises at
least a flowmeter, each flowmeter being coupled with the flow rate control
unit 14.

A user can control the flow rates by varying the opening of the valves
and the pressure of the pump means. However, the working gas flow 8 rate is
preferably lower than the aerosol gas flow 14 rate. Preferably, the working
gas flow 8 is comprised between 1/20%" and 1/5% of the aerosol gas flow 14
rate, and notably equal to 1/10t of that of the aerosol gas flow 14 rate, but

can be superior.

The first tube 17 comprises a filter configured to filter (or to remove)
the aerosol particles 12 from the air derived towards the tank 7 of the
saturator 6. Therefore, the working gas flow 8 does not comprise aerosol
particles 12.

A reservoir 24 can be fluidically connected to the condenser tube 2.
The reservoir 24 is configured for recouping the alcohol condensed on the
temperature-controlled wall 3 by gravity action, the condenser tube being
arranged vertically. Therefore, the condensed liquid is not re-used for
detecting particles, and aerosol particles 12 false positive detection is
avoided. Preferably, the reservoir 24 can be the bottom of the condenser tube
2.
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Referring to figure 2, a particle detector 22 comprises a particle
classifier 23 and at least the condensation particle counter 1. The particle
classifier 23 has an input to collect the gas to be analyzed. The particle
classifier 23 is configured for sizing and sorting the aerosol particles 12. Each
output of the classifier 23 is configured for providing a gas flow of aerosol
particles 12 having a predefined sorted diameter range. The inlet of the
aerosol tube 11 of a condensation particle counter 1 is fluidically connected

to one of the outputs of a classifier 23.

Theoretical elements
The Kelvin equation (equation 1) gives the saturation ratio S of the
vapor equilibrium of a given working fluid with a droplet 15 of diameter Dg of

the same fluid, as:

4.0.M
S = ePgRTra (1)

where o is the surface tension of the droplet 15, M is the molecular weight
of the working fluid, R is the universal gas constant, T is the temperature
and pq is the working fluid density.

S can also be defined (equation 2) as

_ P
Ps(T)

(2)

where P is the vapor pressure of the working fluid and Ps(T) is the saturation
vapor pressure for the temperature T.

A value of S higher than one indicates supersaturation. Ps can be
calculated from available thermodynamic data using the Clausius-Clapeyron
equation.

The Kelvin diameter Dk can be typically defined by equation 3:

4.0.M
Dk o pa-R.T.log(s) (3)
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Low temperature in the condenser tube 2 results in an increased saturation
ratio S, thereby decreasing the minimum diameter D, of aerosol particles 12
capable of acting as nucleation sites for condensation. The lower Dk is, the
lower the minimum detectable aerosol particle size is. Aerosol particles 12
larger than the Kelvin diameter can act as nucleation sites for subsequent

droplet 15 growth and detection by optical scattering.

Numerical modeling of the vapor sursaturation in the condenser tube

The vapor sursaturation is numerically simulated using a finite
elements simulation software (COMSOL). The governing equations of the
energy equation, heat and mass transfer during the condensation process of
the working fluid on the aerosol particles 12 in the condenser tube 2 are solved
numerically. The flow rate in the condenser tube 2 is considered fully laminar.
It is assumed that the carrier gas velocity distribution inside the condenser
tube 2 is parabolic and fully developed. With this assumption the energy

equation is given by the equation 4:
uvT = a VT (4)

where u is the velocity of the gas, T is the absolute temperature, a = kg/rgCp g
is the thermal diffusivity of the carrier gas; kg, rg, Cp,q being respectively the
thermal conductivity, density and specific heat of the gas. The boundary
condition at the condenser tube inlet 9 is obtained by assuming that the
temperature of the carrier gas entering the condenser tube 2 is uniform and
the same as the saturator 6 temperature. The equation of convective mass

transfer is then given by the equation 5:
u.Vn = V.VD,4n (5)

where n is the mass concentration of vapor, and Dy is the diffusion coefficient

defined in the following equation 6:

Dyg = Dyg,o (Tlo)z (6)
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where Dyg is the interdiffusion coefficient, obtained for the working fluid
from the first approximation of the Chapman-Enskog theory. D,y and Ty are the
quantities at room or normal temperature. These quantities change or vary
according to the temperature at which we work. From the mass concentration
field, the saturation ratio S can be found at each control volume from the

equation 7:

§=—=X (7)

where n; and ps are the saturation mass concentration and saturation vapor
pressure at temperature T respectively. The particle growth equation

satisfying the heat balance is given by the equation 8:

dp, 4D M,(p, P,

D £ = * _ & C(K
g df p]R TT Tg ( nv) (8)

where M, is the molecular volume of the droplet 15, P, and T, are respectively
the pressure and the temperature at an infinite distance from the droplet 15.
Ps and T4 are the pressure and the temperature of the droplet. Kn, is the
Knudsen number of the molecules of vapor. The inner diameter of the section
of the simulated condenser tube 2 is 5 mm.

In reference to figure 3 and 4, the maximum of the vapor sursaturation
in the condenser tube 2 can be numerically simulated. Figure 3 and figure 4
illustrate the modeled vapor sursaturation over a section of the condenser
tube 2, relative to the main direction of the condenser tube 2 (z axis, in
meter) and a transverse direction (x axis, in meter), x equal to O
corresponding to a point in the center of the condenser tube 2 relative to the
x axis. The modeled sursaturation is symmetrical relative to the z axis. The
total flow rate in the condenser tube 2 (the working flow 8 rate and the
aerosol gas flow 14 rate) is equal to 0.7 liter per minute (lpm) for the
simulation of figure 3, and equal to 1 lpm for the simulation of figure 4.

The maximum of the supersaturation ratio S in figure 3 and figure 4 is

surprisingly located away from the inlet of the condenser tube 2. The
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maximum of S is for example located at z =12 cm in figure 3 and at z=17 cm
in figure 4.

In the condensation particle counter 1, the lateral opening 15, by which
aerosol particles 12 are injected in the condenser tube 2, is preferably
arranged as close as possible to the maximum of saturation of the vapor in the
condenser tube 2. Preferably, the lateral opening 15 is arranged at the
maximum of the sursaturation of the working gas flow 8. Therefore, the flow
of aerosol particles 12 from the injection in the condensation tube 2 to a zone
where the aerosol particles can be condensed is shorten compared to the
apparatus of the prior art, for a given aerosol particle diameter. Hence, the
loss of aerosol particles before condensation is reduced and the counting of
particles can be more accurate.

Since the flow of alcohol vapor is separated from the particle flow, the
laminar condensation particle counter 1 can be used as particle size analyser,
by means of a vapor concentration scanning, by varying the working gas flow
8 from zero to the limit of the homogeneous nucleation of the used fluid. This
variation (scanning) of the amount of alcohol vapor, at a fixed condenser
temperature and fixed saturator temperature, is used to vary the rate of
supersaturation.

The supersaturation rate variation instrument is thus used as a
granulometer.

The laminar condensation particle counter 1 is also usable keeping a
constant flow of alcohol vapor by varying the temperature of the condenser
or the temperature of the saturator, up to the limit of homogeneous
nucleation. This mode of operation makes it possible to achieve more accurate

supersaturation rates because the temperature scanning is slower.

The goal is to make a variable supersaturation device that will detect
small particles and large particles, or just large particles when the maximum
supersaturation rate is low.

A high maximum supersaturation rate is obtained with a high alcohol
vapor flow rate, or a high temperature difference between condenser and

saturator.
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CLAIMS

1. A laminar condensation particle counter (1) for submicron aerosol particles
(12) detection, comprising:

- a condenser tube (2) having a temperature-controlled wall (3) along its
length;

- an optical detector (4) to detect some droplets (5) in the condenser tube
(2);

- a saturator (6) at a controlled saturator temperature, comprising a tank (7),
said tank comprising alcohol in a liquid phase and being configured for
vaporizing the alcohol from the liquid phase into a vapor phase,

the alcohol vapor phase and a first entrained laminar air flow forming a
working gas flow (8), the alcohol vapor phase (8) being carried by the first
entrained laminar air flow,

- a condenser tube inlet (9) being fluidically connected to a saturator outlet
(10) and being configured for receiving the working gas flow (8);

- an aerosol tube (11), which receives air comprising the aerosol particles (12)
in a channel, and has an extremity (13) fixed to the temperature-controlled
wall (3) of the condenser, the extremity (13) being fixed at a lateral opening
(15) of the temperature-controlled wall (3) without protruding in the
condenser tube (2),

the aerosol tube (11) being configured for injecting a second entrained
laminar air flow comprising aerosol particles (12) forming an aerosol gas flow
(14), through the channel, directly in the lateral opening (15) and laterally to
the working gas flow (8),

the second laminar air flow being different from the first laminar air flow, the
path of the aerosol gas flow (14) being inferior to the path of the working gas
flow (8) in the particle counter (1),

the aerosol gas flow and the working gas flow being separated before their
passage in the condenser (2) and meeting directly in the condenser (2) to form
a principal laminar flow,

the lateral opening (15) being arranged in the condenser tube (2) so that the
aerosol gas flow (14) and the working gas flow (8) meet in the condenser to
activate by cooling the condensation and the growth of the droplets (5)

surrounding the aerosol particles;
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- a flow rate control unit (16) comprising pumping means, configured for
driving the working gas flow and the aerosol gas flow and for controlling the

working gas flow rate and the aerosol gas flow rate.

2. The laminar condensation particle counter (1) according to claim 1, wherein
the lateral opening (15) is arranged along the temperature-controlled wall (3)
condenser tube (2) at the maximum of the sursaturation rate of the working

gas flow in the condenser tube (2).

3. The laminar condensation particle counter (1) according to claims 1 or 2,

wherein the temperature of the aerosol gas flow is the room temperature.

4. The laminar condensation particle counter (1) according to claims 1 to 3,
wherein the flow rate control unit (16) controls the working gas flow rate
independently from the aerosol gas flow rate, by controlling the rate of the

first air laminar flow independently from the second air laminar flow.

5. The laminar condensation particle counter (1) according to any of claims 1
to 4, wherein the counter (1) has a unique external air admission by the inlet
of the aerosol tube (11),

this air flow being distributed between at least the condenser tube (2) through
the lateral opening (15), the tank (7) of the saturator (6) through a first tube
(17), and the outlet of the optical detector (4) upstream the pumping means,
via a second tube (18),

the first tube (17) having a filter (19) to remove aerosol particles (12) from

the air derived towards the tank (7) of the saturator.

6. The laminar condensation particle counter (1) according to claim 5, wherein
the flow rate control unit (16) is coupled with a flowmeter (20) and with at
least one valve (21) comprising a variable aperture, the valve being arranged:
- in the aerosol tube (11), and/or

-in the first tube (17), and/or

- at the saturator outlet (10)

the flow rate control unit (14) being configured for controlling the aerosol gas

flow rate independently from the working gas flow rate.
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7. The laminar condensation particle counter (1) according to any of claims 1
to 6, comprising a reservoir (21) connected fluidically to the condenser tube
(2), and configured for recouping the alcohol condensed on the temperature-

controlled wall (3) by gravity action.

8. The laminar condensation particle counter (1) according to claim 7, wherein
the reservoir (21) is the bottom of the condenser tube (2) and the recouped

alcohol is separated from the alcohol of the saturator.

9. The laminar condensation particle counter (1) according to any of claims 1
to 8, wherein the diameter Dy of the aerosol particles (12) which grow by

condensation is given by the Kelvin relation:

D, — 4.0.M
7 py.R.T.log(8)

with o being the droplet (5) surface tension, M being the molecular weight of
the alcohol, p,; being the density of the alcohol, R being the gas constant, T
being the local temperature and S being the saturation ration of vapor
equilibrium, the optical detector being configured to detect the droplets (5)

comprising aerosol particles having a diameter equal or inferior to 100 nm.

10. The laminar condensation particle counter (1) according to claim 9,
wherein the length of the path of the aerosol particles (12) in the aerosol tube
(11) and in the condenser tube (2) is configured so that the optical detector
(4) detects the droplets (5) comprising in their volume:

- aerosol particles (12) having diameter equal or inferior to 10 nm; and/or

- aerosol particles (12) having diameters equal or inferior to 1 nm.

11. The laminar condensation particle counter according to any of claims 1 to
10, wherein the extremity (13) of the aerosol tube (11) is arranged at a
distance inferior or equal to one third of the length of the condenser tube

from the condenser tube inlet (9).
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12. The laminar condensation particle counter (1) according to any of claims
1 to 11, wherein the lateral opening (15) is at a distance equal to one third of

the length of the condenser tube (2) from the tube inlet (9).

13. The laminar condensation particle counter according to any of claims 1 to
12, wherein the temperature-controlled wall (3) of the condenser tube (2) has

a thermo electrical cooler comprising a Peltier Heat sink and fan.

14. The laminar condensation particle counter (1) according to any of claims
1 to 13, wherein this air flow is distributed between at least the condenser
tube (2) via the lateral opening, the tank (7) of the saturator via a first tube
(17), and the outlet of the optical detector upstream the pumping means, via

a second tube (18).

15. A particle detector (22) comprising:

- a submicron aerosol particle classifier (23) having an aerosol particle output
configured for providing a gas flow comprising aerosol particles of a given
diameter range;

- the laminar condensation particle counter (1) according to any of claims 1
to 14, configured for counting aerosol particles coming from the classifier

output.

16. Use of the laminar condensation particle counter (1) of the claims 1-14,
as a granulometer, by varying:
- the amount of alcohol vapor in the working gas flow (8), at a fixed condenser
temperature and at a fixed saturator temperature, so as to vary the maximum
of the supersaturation rate; or
-the condenser temperature and/or the saturator temperature, at a fixed

working gas flow rate, so as to vary the maximum of the supersaturation rate.
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AMENDED CLAIMS
received by the International Bureau on 12 February 2020 (12.02.2020)

1. A laminar condensation particle counter (1) for submicron aerosol particles
(12) detection, comprising:

- a condenser tube (2) having a temperature-controlled wall (3) along its
length;

- an optical detector (4) to detect some droplets (5) in the condenser tube
(2);

- a saturator (6) at a controlled saturator temperature, comprising a tank (7),
said tank comprising alcohol in a liquid phase and being configured for
vaporizing the alcohol from the liquid phase into a vapor phase,

the alcohol vapor phase and a first entrained laminar air flow forming a
working gas flow (8), the alcohol vapor phase (8) being carried by the first
entrained laminar air flow,

- a condenser tube inlet (9) being fluidically connected to a saturator outlet
(10) and being configured for receiving the working gas flow (8);

- an aerosol tube (11), which receives air comprising the aerosol particles (12)
in a channel, and has an extremity (13) fixed to the temperature-controlled
wall (3) of the condenser, the extremity (13) being fixed at a lateral opening
(15) of the temperature-controlled wall (3) without protruding in the
condenser tube (2),

the aerosol tube (11) being configured for injecting a second entrained
laminar air flow comprising aerosol particles (12) forming an aerosol gas flow
(14), through the channel, directly in the lateral opening (15) and laterally to
the working gas flow (8),

-the second laminar air flow forming the aerosol gas flow (14) being different
from the first laminar air flow which forms with the alcohol vapor phase the
working gas flow (8) and which does not comprise aerosol particles (12), a
first tube (17) in which is the first laminar air flow before the saturator inlet
comprising a filter to remove aerosol particles (12) from the air derived
towards the tank (7) of the saturator,

- the path of the aerosol gas flow (14) being inferior to the path of the working

gas flow (8) in the particle counter (1),

AMENDED SHEET (ARTICLE 19)
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-the aerosol gas flow and the working gas flow being separated before their
passage in the condenser (2) and meeting directly in the condenser (2) to form
a principal laminar flow,

-the lateral opening (15) being arranged in the condenser tube (2) so that the
aerosol gas flow (14) and the working gas flow (8) meet in the condenser to
activate by cooling the condensation and the growth of the droplets (5)
surrounding the aerosol particles;

- a flow rate control unit (16) comprising pumping means, configured for
driving the working gas flow and the aerosol gas flow and for controlling the

working gas flow rate and the aerosol gas flow rate.

2. The laminar condensation particle counter (1) according to claim 1, wherein
the lateral opening (15) is arranged along the temperature-controlled wall (3)
condenser tube (2) at the maximum of the sursaturation rate of the working

gas flow in the condenser tube (2).

3. The laminar condensation particle counter (1) according to claims 1 or 2,

wherein the temperature of the aerosol gas flow is the room temperature.

4. The laminar condensation particle counter (1) according to claims 1 to 3,
wherein the flow rate control unit (16) controls the working gas flow rate
independently from the aerosol gas flow rate, by controlling the rate of the

first air laminar flow independently from the second air laminar flow.

5. The laminar condensation particle counter (1) according to any of claims 1
to 4, wherein the counter (1) has a unique external air admission by the inlet
of the aerosol tube (11),
this unique external air flow being distributed between:
¢ at least the condenser tube (2) through the lateral opening (15), via
the aerosol tube (11) which injects the second entrained laminar air
flow forming the aerosol gas flow (14),
e the tank (7) of the saturator (6) through the first tube (17) which inject

the first entrained laminar air flow,

AMENDED SHEET (ARTICLE 19)
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¢ and the outlet of the optical detector (4) upstream the pumping

means, via a second tube (18).

6. The laminar condensation particle counter (1) according to claim 5, wherein
the flow rate control unit (16) is coupled with a flowmeter (20) and with at
least one valve (21) comprising a variable aperture, the valve being arranged:
- in the aerosol tube (11), and/or

-in the first tube (17), and/or

- at the saturator outlet (10)

the flow rate control unit (14) being configured for controlling the aerosol gas

flow rate independently from the working gas flow rate.

7. The laminar condensation particle counter (1) according to any of claims 1
to 6, comprising a reservoir (21) connected fluidically to the condenser tube
(2), and configured for recouping the alcohol condensed on the temperature-

controlled wall (3) by gravity action.

8. The laminar condensation particle counter (1) according to claim 7, wherein
the reservoir (21) is the bottom of the condenser tube (2) and the recouped

alcohol is separated from the alcohol of the saturator.

9. The laminar condensation particle counter (1) according to any of claims 1
to 8, wherein the diameter Dy of the aerosol particles (12) which grow by

condensation is given by the Kelvin relation:

Dy = 4.0.M
7 pg.R.T.log(S)

with o being the droplet (5) surface tension, M being the molecular weight of
the alcohol, p,; being the density of the alcohol, R being the gas constant, T
being the local temperature and S being the saturation ration of vapor
equilibrium, the optical detector being configured to detect the droplets (5)

comprising aerosol particles having a diameter equal or inferior to 100 nm.

AMENDED SHEET (ARTICLE 19)
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10. The laminar condensation particle counter (1) according to claim 9,
wherein the length of the path of the aerosol particles (12) in the aerosol tube
(11) and in the condenser tube (2) is configured so that the optical detector
(4) detects the droplets (5) comprising in their volume:

- aerosol particles (12) having diameter equal or inferior to 10 nm; and/or

- aerosol particles (12) having diameters equal or inferior to 1 nm.

11. The laminar condensation particle counter according to any of claims 1 to
10, wherein the extremity (13) of the aerosol tube (11) is arranged at a
distance inferior or equal to one third of the length of the condenser tube

from the condenser tube inlet (9).

12. The laminar condensation particle counter (1) according to any of claims
1 to 11, wherein the lateral opening (15) is at a distance equal to one third of
the length of the condenser tube (2) from the tube inlet (9).

13. The laminar condensation particle counter according to any of claims 1 to
12, wherein the temperature-controlled wall (3) of the condenser tube (2) has

a thermo electrical cooler comprising a Peltier Heat sink and fan.

14. The laminar condensation particle counter (1) according to any of claims
1 to 13, wherein this air flow is distributed between at least the condenser
tube (2) via the lateral opening, the tank (7) of the saturator via a first tube
(17), and the outlet of the optical detector upstream the pumping means, via

a second tube (18).

15. A particle detector (22) comprising:

- a submicron aerosol particle classifier (23) having an aerosol particle output
configured for providing a gas flow comprising aerosol particles of a given
diameter range;

- the laminar condensation particle counter (1) according to any of claims 1
to 14, configured for counting aerosol particles coming from the classifier

output.
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16. Use of the laminar condensation particle counter (1) of the claims 1-14,

as a granulometer, by varying:

- the amount of alcohol vapor in the working gas flow (8), at a fixed condenser
5 temperature and at a fixed saturator temperature, so as to vary the maximum

of the supersaturation rate; or

-the condenser temperature and/or the saturator temperature, at a fixed

working gas flow rate, so as to vary the maximum of the supersaturation rate.

AMENDED SHEET (ARTICLE 19)
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