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Abstract. To study the effect of galactic cosmic rays on 1 Introduction
aerosols and clouds, the Cosmics Leaving OUtdoor Droplets
(CLOUD) project was established. Experiments are carriedAtmospheric aerosols are complicated multiphase systems,
out at a 26.1 mitank at CERN (Switzerland). In the exper- influencing Earth’ climate directly via absorption and scatter-
iments, the effect of ionizing radiation on,BO, particle  ing of solar radiation and indirectly via cloud processes. Key
formation and growth is investigated. To evaluate the ex-parameters for physical and chemical behavior are micro-
perimental configuration, the experiment was simulated usphysical properties, i.e., particle/droplet number size distri-
ing a coupled multidimensional computational fluid dynam- bution and chemical composition of the particles. How-
ics (CFD) — particle model. In the model the coupled fields ever, the processes, which control these properties are not
of gas/vapor species, temperature, flow velocity and partiwell understood. Largest uncertainties in understanding the
cle properties were computed to investigate mixing state angurrent climate change are attributed to aerosols and clouds
mixing times of the CLOUD tank’s contents. Simulation (IPCC2007. These uncertainties partly result from solar-
results show that a 1-fan configuration, as used in first exfelated contributions and require further research. For exam-
periments, may not be sufficient to ensure a homogeneouslple, still under discussion are galactic cosmic ray ionization
mixed chamber. To mix the tank properly, two fans and suffi- effects on aerosols and clouds (e.@arslaw et al.2002
ciently high fan speeds are necessary. The 1/e response tim&fighoff and SvensmayR008 Kirkby, 2007 Kulmala et al,
for instantaneous changes of wall temperature and saturatiod01Q Svensmark and Friis-Christensé997).
ratio were found to be in the order of few minutes. Parti- To investigate quantitatively both, particle nucleation and
cle nucleation and growth was also simulated and particlethe effects of ionisation on particle nucleation, the Cos-
number size distribution properties of the freshly nucleatedmics Leaving OUtdoor Droplets (CLOUD) project was es-
particles (particle number, mean size, standard deviation ofablished. Within this project, experiments are carried out at
the assumed log-normal distribution) were found to be dis-a large volume cloud chamber (26.2)ocated at CERN
tributed over the tank’s volume similar to the gas species. (Switzerland). The chamber has been carefully designed
for carrying out experiments under very clean and thermo-
dynamically stable condition&{rkby et al, 2011 and can
be exposed to a particle beam provided by the CERN Pro-
ton Synchrotron (PS) particle accelerator. The particle beam
is applied to create ions and to study their effect on aerosol
particle formation and on cloud condensation nuclei and ice
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) o ) Fig. 2. (a)Numerical grid used for the CLOUD-FPM simulations.
Fig. 1. Schematic diagram of the CLOUD chamber, a stainless steelrpq grid has about 20 000 grid cells and was generated according

cloud tank with 26.1 M. According to the figures shown inthe o the requirements of the turbulence model applied for the simula-
following, the front view of the tank was rotated by"9@lockwise).  tions, The thin lines next to the bottom and the top are representing
Atthe mid-height, the holes for the sampling probes (sampling lin€)he mixing fans and the small, not meshed areas in between are the

are visible. fan hubs. The mixing fan layer is also shown in detai{tii

nuclei activation. The chamber is equipped with a large num-,, The CLOUD chamber
ber of different instruments to study aerosol cloud cosmic

rays micro physics under well defined conditions. The cylindrical CLOUD chamber, located at CERN, is an

A big issue in large volume cloud chambers like the glectro-polished stainless steel tank with a diameter of 3.0 m,
CLOUD chamber at CERN is to attain special homogeneityg height of approx.4.0m and a corresponding volume of
regarding the prevailing thermodynamic conditions, gas con-g 1 n$. The tank was designed, after a pilot experiment
centrations and particle properties. Achieving homogeneitypyplissy et al, 2010, with respect to achieve highest stan-
inside the tank becomes even more challenging, if several pagards of cleanliness and temperature stabiktykpy et al,
rameters are changed during the experiments (e.g., via UV201])' A schematic diagram of the chamber is shown in
illumination system, particle nucleation, trace gas input, wall zig 1. Different inlets and outlets at the chamber wall can
cooling). To ensure homogeneity, mixing fans are usuallype ysed to connect sampling probes, to introduce trace gases
applied in such experiments. To check the mixing state, meamtg the chamber, and to evacuate the chamber. To contin-
surements are made at several selected points of the chambgbus|y mix the tank’s contents, two fans can be installed
However, it is not possible to check all parameters continu-pext to the flanges at the top and the bottom (thin black
ously, and therefore numerical simulations are helpful andjjnes in Fig.2). At the top of the tank, there is also an UV-
necessary. illumination systemKupc et al, 2011), illustrated in Fig.3),

A theoretical study concerning cloud droplet formation in \yhich is used to trigger the OH production via ozone photol-
a similar (shape, aspect ratio), but smaller (P2 aioud tank  ysjs, The OH radicals then react with $@ form sulfuric
was already given b$chitze and Stratman{2008. It was  zcid (H,SOx). Dependent on bSO precursor concentra-

stated that a 2-fan configuration gives, with respect to homojons, thermodynamic conditions and beam intensip5€,
geneity in the chamber, much better results than a 1-fan comparticle nucleation will occurKirkby et al., 20113).

figuration. However, simulations presentedSolitze and
Stratmanr(2008 were not performed for the actual CLOUD
geometry and not evaluated with experimental cloud cham3 Numerical model
ber data.
This paper presents numerical simulation results for a3-1 General remarks

cloud tank with the geometry of the CLOUD chamber con- . . .
9 y n important requirement for the experiments at the CLOUD

cerning the mixing state with respect to both, gaseous specieéh b I tioned i int d a tank
and particles. Simulations were carried out using a couple(f amber are well positioned sampiing points and a tank's

computational fluid dynamics (CFD) — particle model called mixing state pemg as homogeneous as possible. In case of
CLOUD-FPM. After a very brief description of the exper- anon _well-mlxed chamber, the samples may not be repre-
imental set up, fundamental aspects of the simulations ar?elntatl\f/_e fort_the ‘:\;]mlgl_tgrbkb -LO e\éaluate thE_" exlpter:jmen-
given, followed by several model results in comparison to @ configuration, the ) chamber was simulated us-
experimental data. ing the commercially available computational fluid dynam-
ics (CFD) code FLUENT (ANSYS Inc., Canonsburg, PA,
USA) together with the Fine Particle Model FPM, Particle
Dynamics GmbH, Leipzig, Germanyilck et al, 2002.
The FLUENT model allows the simulation of a wide range

of small scale fluid problems, while the FPM was developed
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cordingly, a grid with about 20000 grid cells (Fig) was
generated and applied for the simulations shown here.

3.2 Mixing fans

One of the key parameters in the numerical simulations is
a proper description of the mixing fans. As simulations on
a 2-D grid do not allow a consideration of the rotating fan
blades, the fans are represented by zero thickness pressure
jump layers (e.g. Fluent User’s guide). The pressure jump
8, across the fan plane is described by a polynomial function
dependent on flow speed. To provide an accurate represen-
tation of the flow field, pressure jump and shape of the fan
planes have to be adjusted to experimental flow field data.
For this study this was done by a comparison with a radial
velocity profile determined 50 cm above the bottom mixing
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 .
Diameter [m] fan in the CLOUD chamber.

The measured velocity profile compared to the simulated

Fig. 3. UV illumination below 317 nm inside the CLOUD chamber ont_e is shown in Figl. Experimental data for a 1-fan configu-
(Kupc et al, 201). In the numerical simulations, 450, produc- ration (no hood, CLOUD-1) are represented by the black dots

tion was assumed to take place only in the parts of high UV intensity(Fig. 4a), data for the current 2-fan configuration (CLOUD-
(red and yellow areas). 5) are given by the blue curves (Figh). Figureda shows
that 2-D simulations with the simplest approach of a flat disc
shaped fan layer are not suitable to reproduce the experimen-
as a general purpose particle dynamics model. Both modtal data. The simulated jet above the fan (Hia, green line)
els together form the so-called CLOUD-FPM, a model be-was not observed in the experiments. In fact, the measured
ing capable of handling the coupled fluid and particle dy- profile suggests a much more divergent velocity field. To
namical processes taking place inside the CLOUD cham+match the measured velocity profile, the shape of the fan had
ber. In CLOUD-FPM, all relevant properties like veloc- to be changed to arc (as illustrated in F2gvelocity profile
ity, temperature, pressure, turbulence parameters, composshown in Figda, red line). To improve the efficiency of the
tion of gas/particle phase, and nucleation/growth of ultra-mixing fans hoods were installed around each of them (cur-
fine aerosol particles are treated explicitly. The coupling ofrent CLOUD-5 set up). However, measured velocity profiles
the models also includes the consideration of mass and heapove the mixing fans are quite similar compared to the 1-fan
transfer between gas and particle phase due to particle nucleonfiguration without a hood (CLOUD-1, Figp), indicating
ation and condensational growth. that the effect of the hoods is only small.

For the simulations, the geometry of the CLOUD cham- In Fig. 5 cross sectional profiles of the velocity magnitude
ber must be discretized on a numerical grid. Subsequentlyare presented. The data visualize the jet above the flat fan
the fluid and particle dynamics equations are solved on thigFig. 5a) and the much more divergent flow field of the ad-
grid. Because of the cylindrical geometry of the tank, a 2-justed arc-fan simulation (Figb). Furthermore, it is shown
dimensional (2-D) axis-symmetric grid can be used to effi-that the upper half of the tank is almost not influenced by the
ciently evaluate the mixing state. Compared to a 3-D treat-arc shaped fan, as the velocity is almost zero in this part of
ment, such a grid reduces the computational costs signifithe chamber. The turbulent intensity around the fan is much
cantly, although it is obvious that 2-D simulations do not al- larger than for the flat fan approach, but turbulent mixing is
low a one to one description of the experimental set up. Folimited to the region next to the fan (not shown here). It
example, individual holes (inlets/outlets) at the chamber bot-can be concluded that to mix the tank properly under real-
tom/side cannot be simulated using an axis-symmetric gridstic conditions (arc fan) there is a need for a second fan.
(bottom: if outside of the tank axis). In agreement, the simulated flow field for a 2-fan configura-

The flow field inside the chamber is of turbulent nature, tion indicates that the whole tank is mixed by such a set up
even for small flow velocities in the order of few centimeters (Fig. 5¢). Finally, results in Fig5d illustrate the simulated
per second. Therefore, aekturbulence-modelJones and flow field for a 2-fan configuration adjusted to the improved
Launder 1972 Launder and Spaldind973 with enhanced CLOUD-5 set up (with hoods), showing that the mixing fans
wall functions was applied. Utilizing such a near wall ap- still produce a divergent flow field. The low efficiency of
proach means that the laminar sublayer with a thickness ofhe hoods is caused by the overall low flow velocities in the
about 18 mm has to be resolved by the numerical grid. Ac- chamber.

Height [m]
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(a) radial internal velocity profile - CLOUD-1 (b) radial internal velocity profile - CLOUD-5
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Fig. 4. Measured internal air velocity 50 cm above the fan (black and blue dots) compared to simulation results. The Fig. shows results for
a 1-fan configuration (CLOUD-1(a)) and a 2-fan configuration with hoods around the fans (CLOU3J, The flow direction was not
measured, but probably has large azimuthal and radial components, especially in the outer region. Different shapes of the zero thicknes:
pressure jump layer (representing the mixing fan) result in different velocity profiles. A flat fan configuration results in a velocity profile
significantly different from experimental data (green line). To match the experimental data, arc shaped layers are necessary (red line).
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Fig. 5. Calculated cross sectional profiles of the velocity magnitdpl-fan configuration with flat fan approacdii) 1-fan configuration
with modified arc shaped pressure jump layer adjusted to the measured velocity profile 50 cm above the mixing fan (CL{E\2EX),
configuration with fan settings as used(b) and(d) 2-fan configuration adjusted to velocity profile of the CLOUD-5 set up (with hoods
around the fans).
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4 Results and discussion to those in the experimentsT €291.65K, RH=38%).
The H,SO,; concentration was prescribed as initial value.
4.1 HpSOy lifetime experiments Thereby, a homogeneous distribution was assumed.
Typical concentrations of $80, in the CLOUD experi-
4.1.1 Description and experimental data ments are in the order of $8m=3 to 10° cm~3, correspond-

ing to a SOy mass in the order of 102kg up to 10 %kg
Due to molecular and turbulent vapor mass diffusiopS84  for the whole tank. Due to the small total amount 3@y,
is continuously lost to the wall. If there is no source, succes-it is a suitable assumption to consider the tank’s wall as an in-
sive LSO, measurements allow to determine the wall lossesfinite sink for HbSOy. In the model this was done by defining
of H2SQ4, which depend on 50, concentration, thermo-  a H,SOy mass fraction of zero at the wall. Sources and ad-
dynamic conditions and fan speed. For a proper representatitional sinks (particle nucleation) forg$Q, were excluded
tion of the flow field in the model (as discussed above), andin the simulation, because particle nucleation rates are neg-

suitable vapor diffusion coefficients, the numerical simula- |igible at HoSO4 concentrations used in these experiments
tions should match the experimental data. The experimentgKirkby et al, 2011).

were therefore used to validate the numerical description of Furthermore, binary diffusion coefficients of 0.09%¢sn?
the CLOUD chamber in the CLOUD-FPM model. (H2SOy in air) and 0.06 cris ! (H2SOy in H20) were ap-

For the BSO, lifetime experiments, the chamber was plied in the simulationsMarti et al, 1997 Hanson and
continuously fed with the bSOy precursor gases (ozone, Eiselg 200Q Brus et al, 2010. These values are compara-
SO, and water vapor). B8O then was produced via ozone ble to values determined using the methods of Fuller (FSG,
photolysis (OH production) and reaction with SOAfter Fuller etal, 1966, FSG-LaBaslyman, 1990 or Wilcke and
a certain period of time, $8Os production and loss to the Lee (WL, Wilke and Lee 1955, which yield 0.11 s,
wall were in equilibrium, resulting in a quasi constani3®, 0.093nts™ 1, respectively 0.1 s 2.
concentration. After switching off the UV-illumination sys- To evaluate the mixing state, volume average values and
tem, the HSOy production was stopped. The subsequent de-standard deviations of theJ80O, concentrations were com-
crease of iSO, due to the transport to the wall was recorded puted and compared to the experimental data (8)ig.The
outside of the boundary layer (thickness about 10 to 20 cm)standard deviations represent a measure for the inhomogene-
at one sampling line of the tank. 804 was measured by ity in the CLOUD tank and were calculated as:

a chemical ionization mass spectrometer acquired from THS
instruments. The basic instrument design and the method Zé\;uzlvcell(PHzSO‘;,cell—,OHZSO4,mear)2
for measuring sulfuric acid has been described in detail else?H2S0 = Ny

where Eisele and Tannel993 Berresheim et al2000). 2_cei= Veel

The temporal decrease of the;$0, concentration for  where pn,s0, cell IS the bSOy concentration in the actual

such an experiment using a 1-fan configuration is shown ingrid cell andpn,so, meaniS the volume average4$0, con-

Fig. 6a (black line). The x-axis gives the running time and centration.

the y-axis the HHSO4 concentration. Thereby, the time axis  Figure6a shows that for the 1-fan configuration the calcu-
was shifted so that the4$0O, decrease starts at the zero line. lated concentration at the sampling volume (red dotted line)
Figure6a shows that, at the sampling point, theS®, con-  is in good agreement with the experimental data. Calculated
centration is reduced by more than 90 percent after 15 min. volume average concentrations are clearly above this values

The experimental uncertainties of gaseou§&, concen-  (red solid line). However, in the range of the calculated stan-
tration measurements are about a factor of 2. On the othetlard deviations (light gray area), the mean values also agree
hand, observed short term fluctuations of theSBy con- with the measurements. Since the concentration a the sam-
centrations, which represent the combination of instrumentapling volume is not representative for the whole tank, the
noise and local fluctuations in the small sampling volume,results again indicate that the tank is not well mixed by a
were much smaller (less than 20 percent, see@jiglt can  1-fan configuration. Considering a 2-fan configuration, cal-
be concluded that the measurement uncertainties might influsulated standard deviations of the$0, concentration are
ence the (initial) average %0, concentration of the exper- much smaller (Figéb). On the other hand, the wall losses are
iment, but did not affect the temporal characteristics of thelarger compared to the 1-fan set up. But also for the 2-fan set
H,SO4 concentrations at the sampling point, as well as theup, the agreement between experimental data and simulation

1)

comparison with the modeling data. results is good.
In simulations shown above, the 80, concentration was
4.1.2 Simulation results initially defined. In additional simulations, the production of

H,SOy in the tank was considered. Because of the quasi con-
For the CLOUD-FPM simulations, suitable initial and stant concentrations of the precursor gases during the time
boundary conditions must be chosen. All thermodynamicscale of a typical experiment (max. several hours), the pro-
conditions (e.g.,7, RH) were adjusted to values equal duction rate was assumed to be constant with respect to time.

www.atmos-chem-phys.net/12/2205/2012/ Atmos. Chem. Phys., 12, 22084 2012
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(@) H,SO4 wall loss experiments vs. simulations - CLOUD-1 (b) H2SO4 wall loss experiments vs. simulations - CLOUD-5
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Fig. 6. H,SOy lifetime experiments compared to numerical simulations for a 1-fan configuration (CLOH))}Bnd a 2-fan configuration

with hoods around the fans (CLOUD-f)). The blue line for a 2-fan simulation (also arc shaped). The dotted lines are the results at the
assumed sampling spot, the solid lines are calculated volume average values. The gray areas standard deviations, calculated for the avera
values.
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H>SOy production rate gives proper results. Again, the large

_ _ _ standard deviations indicate a not well mixed tank for the 1-
Fig. 7. Calculated HSO4 concentration with constant3$0, pro- fan configuration investigated here.
duction rate in comparison to experimental CLOUD-1 data (1-fan

configuration). The source rate was 10 cm—3s 1, .
g ) 4.2 Mixing of the CLOUD tank’s contents

_ Time resolved simulations were carried out to estimate time
Also for that reason and to reduce the computational costSgcg|es for mixing the tank’s contents. To investigate volume-
tr_le calc_ulation of the chemical reactions was left out of theyy_g\rface exchange, the response of the system to an instan-
simulations. It was further assumed that theSi produc-  3ne0us change of (a) the wall temperature by 20 K (291.65
tion only takes place in the (with high intensity) UV-light 4 271 65K), and (b) the water mass fraction at the wall by
illuminated part of the tank (Fig3, red and yellow colored ¢ 015 (from 0.05 to 0.20) was simulated for both, the 1-fan
areas). and the 2-fan configuration. Fan shape and pressure jump

The bSOy source rates were estimated from the CLOUD settings were the same as for the3@ lifetime experiments

experiments and span about two orders of magnitude irdescribed above. Simulation results of the temperature jump
the range between about“@m3s ! and 16cm3s1. are shown in Fig8a and b. The corresponding wall exchange
Experimental data compared to simulation results assumtimes to reduce the difference between wall and tank’s aver-
ing a constant source rate ok10*cm3s~! are exemplar-  age value to 1/e of the initial value, called 1/e time in the
ily shown in Fig.7. Within the calculated standard devi- following, are about 100 s for the 1-fan and 220 s for the 2-
ation modeled and measureg$0D, concentrations are in fan set up (see also Tablg. This means, the second fan
agreement, indicating that the simple approach of a constaneduces the mixing time by a factor of more than two.

Atmos. Chem. Phys., 12, 220%214 2012 www.atmos-chem-phys.net/12/2205/2012/
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(a) volume-to-surface exchange
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Fig. 8. Results of the simulations investigating volume-to-surface exchange in the CLOUD chamber. Shown are the temporal development
of T (a) andsT (b) for an instantaneous drop of wall temperature by 20 K.

Similar as given for the b0y concentration, a measure
for the inhomogeneity in the tank is the volume-averaged de-dependent nucleation rate and the subsequent particle growth

viation of Tmeangiven by:

N
Zcell:l Veell (Teell — Tmearbz
N
Zcell:l Veell
where cell is the cell indexVqe is cell volume andlg is

cell temperature.
The volume-averaged deviation dfnean IS shown in

AT =

()

For the simulations a parametrization of theS@, vapor

had to be included into the model. With respect to the compu-
tational effort, classical nucleation theory is very expensive.
Simplified parametrizations of nucleation ratare based on
the equation (e.g.Kulmala et al, 2004 McMurry, 1980 :

©)

with the concentration of the considered nucleating vapor
[conc], and the fitting parameterk (kinetic coefficient)

J =K -[cong?

Fig.8b. The value is zero in the beginning, because the2nd A (exponential term), derived from experiments (e.g.,
simulation started with the assumption of a homogeneoud3€rndt et al. 2006 Kuang et al. 2008 Sihto et al, 2006
tank. Afterwards, it increases rapidly due to the temperatureRiipinen et al, 2007). For simulations shown in this study,

change of the wall After reaching a maximum valN&myean

A and K were adjusted to data published Kirkby et al.

decreases back to zero for long time scales. The inhomo(2011) (n2(36utral E"’}SG) resulting in values=3 and K =
geneity of the tank is significantly reduced, if a second fan0-8x 10~ cm?s L

is installed ATmeanreduced). Again it is obvious that the

Particle growth of the freshly nucleated particles was de-

usage of only 1-fan (arc shaped) is not suitable to provide @cribed by a simple growth law given Beinfeld and Pandis
well mixed tank, becausa Tmeanvalues are very high and (1997. Applying this growth law, there is no kinetic descrip-
decrease very slowly compared to the 2-fan configuration. tion of the particle growth with respect to water. This means,
Volume-to-surface exchange time scales for heat and massoncerning water the particles are always assumed to be in
transport processes were found to be very similar. The 1/ thermodynamical equilibrium. The growth law is given by:

times for an instantaneous jump of the water mass fraction ayp,
the wall are almost identical to the 1/e-times for a tempera-—;,~ =

ture jump and are therefore not plotted again.

4.3 Simulation of particle nucleation and growth

Mca(Cyap— C
sca( vap eo) WR
2p
where D, is particle diameterp is particle densityM; is

molar weight of SOy, ¢ is the mean molecular velocity
of H,SOy (assumed as 333mY), « is the mass transfer

(4)

Time dependent CLOUD-FPM calculations were also car-accommodation coefficient (assumed to be )y is the

ried out to simulate nucleation and growth 0$$0y-H,0

H>SO4 concentrationCeq is the equilibrium concentration

particles in the CLOUD tank. The focus was on the investi- of H,SO4 (assumed to be zero here), adR is the ratio of
gation of the mixing state and not a quantitative theoreticalwet to dry particle diameter (dry: only4$0,). Neglecting
description of the experiments. For that reason, aspects ahe Kelvin term, this ratio only depends on RHgrrmann
ion induced nucleation or additional condensing gases (beet al, 2010. It was calculated by a linear fitting equation

side hSOy), as supposed iBuplissy et al (2010 (accord-
ing to Nieminen et al. 2010 and also discussed iirkby
et al, 2011, were not considered.

www.atmos-chem-phys.net/12/2205/2012/

according to vapor pressure values giveffaibazadeh et al.
(1997). The particle number size distribution was described
by a single mode log-normal distribution.
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Fig. 9. Results of a simulation including particle nucleation and growth. Shown are calculated m8&y Ebncentration(a), particle
number concentration and nucleation rgt®s and mean particle size and growth rafe)s Details are given in the text.

The simulation shown here was done for a 2-fan con-5 Conclusions
figuration with arc shaped pressure jump layers as de-
termined above. Assuming a,BO; production rate of The CLOUD-FPM model was applied to conduct numeri-
25x10fcm3 5—1, the resu|ting maximum 80, concen- cal simulations of the CLOUD tank (2613mestabllshed at
tration was about 510° cm™—3 (see Fig9a). After reaching CERN (Switzerland). In the simulations the coupled fields
its maximum, the average3Qs concentration decreases Of temperature, saturation ratio, flow velocity, vapor species
again due to the increasing amount of$@y transferred to and particle number size distribution were calculated.
the particle phase by particle nucleation and condensational In the model, the CLOUD chamber was described by a
growth. According toKirkby et al. (2011, particle nucle-  2-D axis-symmetric grid. The description of the mixing fans
ation rates were up to about 1cAs ! (Fig. 9b). Volume  were realized via polynomial pressure jump settings at zero
average particle diameters plotted in Fg.show that parti-  thickness layers. For a suitable prediction of the flow field,
cle growth rates up to 25-30 nmhwere calculated. the model was compared with measured velocity profiles.

As shown by the included (small) standard deviation of theWith adjusted fan settings, it was found that the mixing fans
particle number (Figob), the particles were also found to be Produce a divergent flow field with only low volume average
quite homogeneously distributed over the tank’s volume forvelocity magnitudes for fan speeds used in the experiments.
this fan configuration. Furthermore, mean particle size andconsidering a 1-fan configuration the simulations show that
sigma of the log-normal distribution are also almost constantthe second half of the chamber in not influenced by the fan.
in the whole tank. Thus, the tank can be considered quitéConsequently, a 1-fan configuration as used in the first exper-
well mixed also for the freshly nucleate 80, particles, if ~ iments does not provide a homogeneously mixed tank. Fur-
a suitable fan configuration, as given by the 2-fan set up, ighermore, the simulations suggest that the efficiency of the
applied. fan-hoods is only moderate due to the low average velocity

magnitude.

Atmos. Chem. Phys., 12, 220%214 2012 www.atmos-chem-phys.net/12/2205/2012/



J. Voigtlander et al.: Numerical simulations of the CLOUD chamber 2213

The adjusted model was applied to simulate th8&, cy- References
cle in the CLOUD chamber including4$0, production and ' _
loss to the wall of the chamber. Thereby,$0, production ~ Berndt, T., O. Bge, and F. Stratmann: Formation of at-
was calculated assuming constanSdy production rates in WQSpRe'l”Cb RSO/ HZOd pa”'desh in t,ge a?_sence of Lolrga;;
the UV-illuminated part of the tank. Production rates were Ics: aboratory study, Geophys. Res. Lett., 33, L15817,
. . do0i:10.1029/2006GL026660 , 2006.
taken from experimental values. SimulategS@, concen-

i d : Id Calculated erresheim, H. and T. Elste and C. Plas@iDer and F. L. Eisele
trations were compared to experimental data. Calculated an and D. J. Tanner: Chemical ionization mass spectrometer for

measured BSQ; concentrations were in agreement Within - 514 term measurements of atmospheric OH ap®j, Int. J.
calculated standard deviations so that it can be concluded Mmass Spectrom., 202, 91109, 2000.
that the model provides an appropriate tool to evaluate therus, D., Hywrinen, A.-P., Viisanen, Y., Kulmala, M., and Li-
experimental data. Again, the simulations show that a 1-fan havainen, H.: Homogeneous nucleation of sulfuric acid and wa-
configuration does not provide a well mixed tank. On the ter mixture: experimental setup and first results, Atmos. Chem.
other hand, the data suggest well mixed conditions for the Phys., 10, 2631-2641ipi:10.5194/acp-10-2631-2012010.
2-fan configuration. Carslaw, K., R. Harrison, and J. Kirkby: Cosmic rays, clouds, and
The mixing conditions in the CLOUD chamber were fur- _ climate, Science, 298, 1732-1737, 2002.
ther investigated by calculating 1/e volume-to-surface ex-Duplissy, J., Enghoff, M. B., Aplin, K. L., Amold, F., AUfthﬁ'
change times for the system response to an instantaneousH" Avngaard, M., Baltensperger, U., Bondo, T., Bingham, R.,
. . Carslaw, K., Curtius, J., David, A., Fastrup, B., Gags., Hahn,
change. of the wall tem.perature or water gaturanon rgtlo. F., Harrison, R. G., Kellett, B., Kirkby, J., Kulmala, M., Laakso,
These times were found in the range of few minutes. Again,a | | aaksonen, A., Lillestol, E., Lockwood, M., Akeh, J.,
second fan significantly reduces the standard deviations and pakhmutov, V., Marsh, N. D., Nieminen, T., Onnela, A., Ped-
it also may decrease the volume-to-surface exchange time by ersen, E., Pedersen, J. O. P., Polny, J., Reichl, U., Seinfeld, J. H.,
a factor of 2—3 (2 min compared to 5 min). Sipila, M., Stozhkov, Y., Stratmann, F., Svensmark, H., Svens-
Particle nucleation and growth was also investigated in ad- mark, J., Veenhof, R., Verheggen, B., Viisanen, Y., Wagner, P.
ditional simulations. It was found that the mixing state of ~E., Wehrle, G., Weingartner, E., Wex, H., Wilhelmsson, M., and
the particle number size distribution properties is quite sim- Winkler, P. M.: Results from the CERN pilot CLOUD experi-
ilar to the mixing state of the gaseous components. In other MeNt Atmos. Chem. Phys., 10, 1635-16441;10.5194/acp-10-
words, if the tank is homogeneously mixed with respect to 1635-20102010. ]
H,SQy, it can be also considered well mixed with respect Eisele, F. .L. and D. J. Tanner: Measuremer.]t of the Gas-Phase Con-
: . . centration of BSQO4 and Methane Sulfonic-Acid and Estimates
to the freshly nucleated particles. In summary, it was found

. - e > of HoSOy Production and Loss in the Atmosphere, J. Geophys.
that an at least 2-fan configuration and sufficiently high fan  res 98, 9001-9010, 1993.

speeds should be chosen to provide well mixed conditiongngnoff, M. B. and Svensmark, H.: The role of atmospheric ions

inside of the CLOUD chamber. in aerosol nucleation — a review, Atmos. Chem. Phys., 8, 4911—
4923,d0i:10.5194/acp-8-4911-2008008.

AcknowledgementsiVe thank the German Federal Ministry of Hanson, D., and Eisele, F.: Diffusion 0By in humidified ni-

Education and Research (BMWF) for founding the modeling trogen: Hydrated KiSOy, J. Phys. Chem. A, 104, 1715-1719,

research presented here (project no. 01LK0902B). We further 2000.

thank CERN for supporting CLOUD with important technical and Fyller, E. N., Schettler, P. D.. and Giddings, J. C.: A new method for

financial resources, and for providing a particle beam from the prediction of binary gas-phase diffusion coefficients, Ind. Eng.
CERN Proton Synchrotron. The CLOUD project further received  chem., 58, 18-27, 1966.

funding from the EC Seventh Framework Programme (Marie CurieHerrmann, E., Brus, D., Hyarinen, A.-P., Stratmann, F., Wilck, M.,
Initial Training Network "CLOUD-ITN" grant no. 215072, and Lihavainen, H., and Kulmala, M.: A computational fluid dynam-
ERC-Advanced "ATMNUCLE” grant no. 227463), the Swiss  cs approach to nucleation in the water-sulfuric acid-system, J.
National Science Foundation (project nos. 206625025 and Phys. Chem., 114, 8033—-8042, 2010.

206620130527), the Academy of Finland Center of Excellence |pCC2007: Climate change 2007, Tech. rep., Cambridge University
program (project no. 1118615), the Austrian Science Fund (FWF; press, 2007.

project no. P19546 and L593), the Portuguese Foundation fojones, W. and Launder, B.: The prediction of laminarization with
Science and Technology (project no. CERN/FP/116387/2010), and 5 two-equation model of turbulence, Int. J. Heat Mass Transfer,
the Russian Foundation for Basic Research (grant N08-02-91006- 15 301-314, 1972.

CERN). We also thank J. Kirkby, K. Carslaw and J. Curtius for Kirkby, J.: Cosmic rays and climate, Surv. Geophys., 28, 333-375,
contributions to this manuscript. 2007.
Kirkby, J., Curtius, J., Almeida, J., Dunne, E., Duplissy, J., Ehrhart,
S., Franchin, A., Gagne, S., Ickes, L.jien, A., Kupc,
Edited by: V.-M. Kerminen A., Metzger, A., Riccobono, F., Rondo, L., Schobesberger,
S., Tsagkogeorgas, G., Wimmer, D., Amorim, A., Bianchi,
F., Breitenlechner, M., David, A., Dommen, J., Downard,
A., Ehn, M., Flagan, R. C., Haider, S., Hansel, A., Hauser,
D., Jud, W., Junninen, H., Kreissl, F., Kvashin, A., Laaksonen,

www.atmos-chem-phys.net/12/2205/2012/ Atmos. Chem. Phys., 12, 22084 2012


http://dx.doi.org/10.5194/acp-10-2631-2010
http://dx.doi.org/10.5194/acp-10-1635-2010
http://dx.doi.org/10.5194/acp-10-1635-2010
http://dx.doi.org/10.5194/acp-8-4911-2008

2214 J. Voigtiander et al.: Numerical simulations of the CLOUD chamber

A., Lehtipalo, K., Lima, J., Lovejoy, E. R., Makhmutov, McMurry, P.: Photochemical aerosol formation fronpsé theo-

V., Mathot, S., Mikkila, J., Minginette, P., Mogo, S., Niem- retical analysis of smog chamber data, J. Colloid Interface Sci.,

inen, T., Onnela, A., Pereira, P., Petaja, T., Schnitzhofer, 78, 513-527, 1980.

R., Seinfeld, J. H., Sipila, M., Stozhkov, Y., Stratmann, Nieminen, T., Lehtinen, K. E. J., and Kulmala, M.: Sub-10 nm par-

F., Tome, A., Vanhanen, J., Viisanen, Y., Vrtala, A.,, Wag- ticle growth by vapor condensation effects of vapor molecule

ner, P. E., Walther, H., Weingartner, E., Wex, H., Winkler, size and particle thermal speed, Atmos. Chem. Phys., 10, 9773—

P. M., Carslaw, K. S., Worsnop, D. R., Baltensperger, U., 9779,d0i:10.5194/acp-10-9773-2012010.

and Kulmala, M.: Role of sulphuric acid, ammonia and galac- Riipinen, I., Sihto, S.-L., Kulmala, M., Arnold, F., Dal Maso, M.,

tic cosmic rays in atmospheric aerosol nucleation., Nature, 476, Birmili, W., Saarnio, K., Teini&, K., Kerminen, V.-M., Laak-

429-433d0i:10.1038/nature10342011. sonen, A., and Lehtinen, K. E. J.: Connections between atmo-
Kuang, C., McMurry, P., McCormick, A., and Eisele, F.: Depen-  spheric sulphuric acid and new particle formation during QUEST

dence of nucleation rated on sulfuric acid vapor concentration in  [ll-IV campaigns in Heidelberg and Hyyéla, Atmos. Chem.

diverse atmospheric locations, J. Geophys. Res., 113, D10209, Phys., 7, 1899—19140i:10.5194/acp-7-1899-2007Z007.

doi:10.1029/2007JD009253, 2008. Schitze, M. and Stratmann, F.: Numerical simulation of cloud
Kulmala, M., Vehkamki, H., Petj, T., DalMaso, M., Lauri, A., Ker- droplet formation in a tank, Comput. Geosci., 34, 1034-1043,

minen, V.-M., Birmili, W., and McMurry, P.: Formation and 2008.

growth rates of ultrafine atmospheric particles: a review of ob- Seinfeld, J. and Pandis, S.: Atmospheric Chemistry and Physics:

servations, J. Aerosol Sci., 35, 143—-176, 2004. From air pollution to climate change, Wiley, New York, USA,
Kulmala, M., Riipinen, I., Nieminen, T., Hulkkonen, M., So- 1997.

gacheva, L., Manninen, H. E., Paasonen, PajReT., Dal Maso,  Sihto, S.-L., Kulmala, M., Kerminen, V.-M., Dal Maso, M., B,

M., Aalto, P. P, Viljanen, A., Usoskin, |., Vainio, R., Mirme, S., T., Riipinen, I., Korhonen, H., Arnold, F., Janson, R., Boy, M.,

Mirme, A., Minikin, A., Petzold, A., Hrrak, U., PlaR-mer, Laaksonen, A., and Lehtinen, K. E. J.: Atmospheric sulphuric

C., Birmili, W., and Kerminen, V.-M.: Atmospheric data over acid and aerosol formation: implications from atmospheric mea-

a solar cycle: no connection between galactic cosmic rays and surements for nucleation and early growth mechanisms, At-

new particle formation, Atmos. Chem. Phys., 10, 1885-1898, mos. Chem. Phys., 6, 4079-408j:10.5194/acp-6-4079-2006

doi:10.5194/acp-10-1885-2018010. 2006.
Kupc, A., Amorim, A., Curtius, J., Danielczok, A., Duplissy, Svensmark, H. and Friis-Christensen, E.: Variation of cosmic ray
J., Ehrhart, S., Walther, H., Ickes, L., Kirkby, J.uUKen, flux and global cloud coverage - a missing link in solar-climate

A., Lima, J. M., Mathot, S., Minginette, P., Onnela, A., Rondo, relationships, J. Atm. Sol. Terr. Phys., 59, 1225-1232, 1997.

L., and Wagner, P. E.: A fibre-optic UV system fop$iO, pro- Tabazadeh, A., Toon, O., Clegg, S., and Hamill, P.: A new parame-
duction in aerosol chambers causing minimal thermal effects, J. terization of b SO4/H,>0 aerosol composition: Atmospheric im-
Aerosol Sci., 42, 532-543, 2011. plications, Geophys. Res. Lett., 24, 1931-1934, 1997.

Launder, B. and Spalding, D.: The numerical computation of tur- Wilck, M., Stratmann, F., and Whitby, E.: A fine particle model
bulent flows, Comput. Methods Appl. Mech. Eng., 3, 269-289, for fluent: Description and application, in Proc. Sixth Int.
1973. Aerosol Conf., pp. 1269-1270, Chinese Association for Aerosol

Lyman, W. J., Reehl, W. F., and Rosenblatt, D. H.: Handbook of Research in Taiwan/International Aerosol Research Assembly,
chemical property estimation methods, American Chemical So- Taipei, Taiwan, 2002.
ciety: Washington, DC, USA, 1990. Wilke, C. R. and Lee, C. Y.: Estimation of Diffusion Coefficients

Marti, J., Jefferson, A., PingCai, X., Richert, C., McMurry, P, and  for Gases and Vapors, Ind. Eng. Chem., 47, 1253-1257, 1955.
Eisele, F.. HSO4 vapor pressure of sulfuric acid and ammonium
sulfate solutions, J. Geophys. Res., 102, 3725-3735, 1997.

Atmos. Chem. Phys., 12, 220%214 2012 www.atmos-chem-phys.net/12/2205/2012/


http://dx.doi.org/10.1038/nature10343
http://dx.doi.org/10.5194/acp-10-1885-2010
http://dx.doi.org/10.5194/acp-10-9773-2010
http://dx.doi.org/10.5194/acp-7-1899-2007
http://dx.doi.org/10.5194/acp-6-4079-2006

