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Clustering of polar molecules (SO2) in a supersonic jet was investigated by simulation. The cluster

size Nc was calculated under different gas backing pressures P0 and source temperatures T0. Based

on these results, the dependence of Nc on P0 or T0 was compared with that for the gases of non-

polar molecules. It is found that SO2 molecules condense very easily into clusters even when P0 is

very low. This result implies that large clusters can be produced using polar molecules, which

could be useful in the studies of laser-cluster interactions. Also, SO2 gas is an important component

of air pollution, so the knowledge of the clustering properties of SO2 could be helpful in the study

of air pollution and environment. Published by AIP Publishing. https://doi.org/10.1063/1.5037179

I. INTRODUCTION

Clustering of gas molecules has been extensively investi-

gated since deuterium-deuterium nuclear fusion induced by

the interaction of deuterium clusters with fs laser pulses was

reported.1 The clustered gas consists of a mass of nano-sized

clusters and can act as an important medium in the study of

intense laser pulse interaction with matter.1,2 Numerous stud-

ies have investigated the properties of cluster size of different

gases, including monatomic gases, such as Ar,3–8 Kr,6 and

Xe,6 and molecular gases, such as CH4,9 H2,8 and CO2.10

However, all of these gases are composed of non-polar mole-

cules. The study of the clustering of polar molecules is lack-

ing except H2O.11 In the present work, the clustering of

another polar molecule, sulfur dioxide (SO2), was investi-

gated in a supersonic jet by simulation. SO2 gas was selected

also because it is an important industrial exhaust gas. The

gaseous precursor vapors in the air and their clustering could

affect the formation of atmospheric aerosol particles.12–14

Thus, the investigation of SO2 clustering can increase the

understanding of the production of polar molecule clusters,

and this knowledge could also increase the understanding of

air pollution phenomena.

To understand the clustering properties of SO2, its gas

jet was used to produce SO2 clusters in our simulation.

When a gas expands into vacuum through a nozzle under a

given gas pressure and temperature, the thermal velocity of

atoms or molecules decreases and atoms or molecules in gas

can aggregate into clusters.15,16 Thus, the clustering proper-

ties of a gas can be investigated by exploiting the depen-

dence of average cluster size Nc (i.e., number of atoms or

molecules per cluster) in an expanding gas jet. Nc in a cluster

jet of noble gas can be predicted by Hagena’s scaling law

Nc� (C�)2.35.15,16 C� ¼Kdeq
0.85P0/T0

2.29 is called Hagena’s

empirical parameter, where K is a constant related to the

property of a gas species, deq is the equivalent diameter of a

conical nozzle in lm, P0 is the initial gas backing pressure

in mbar, and T0 is the gas temperature before expansion

in Kelvin, respectively. For a noble gas, deq¼ 0.74d/tan a,

where d is its throat diameter and a is the half opening angle.

Thus, the clustering properties of gas can be investigated by

quantifying the dependence of Nc on P0 and T0.

In our simulation, the gas jet was produced by adiabatic

expansion of gas through a conical nozzle (d ¼ 500 lm and

a¼ 8.5�) into vacuum. To investigate the clustering in detail,

a large number of simulations were conducted based on

Boldarev’s 2D model17,18 at six different gas backing pres-

sures (P0¼ 0.1, 0.2, 0.4, 0.6, 0.8, and 1 bar) and seven differ-

ent gas temperatures (T0¼ 263, 268, 273, 278, 283, 288, and

293 K).

We first investigated the evolution of Nc with increasing

distance from nozzle throat along the axis of gas jet. Then,

we studied the dependences of Nc on P0 and T0 for further

understanding of its clustering properties. It is interesting to

find that Nc increases with the distance, and the dependences

of maximum Nc on P0 and T0 are similar to those expected by

Hagena’s scaling law.15,16 However, SO2 aggregates more

easily than Ar, Kr, Xe, CH4, H2, and CO2 into nanometer-

sized clusters.

II. SIMULATION METHODS

Boldarev’s 2D model considers gas dynamics relations,

spontaneous condensation, growth rate of supercritical con-

densation nuclei, and hydrodynamic model. This 2D model

is described in detail in Refs. 17 and 18. The capability of

this model to describe gas clustering has been demon-

strated.18–20 The equations that govern the system composed

by the gas and clusters are17
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where q and ql are the overall density of the two-phase

medium and the density of the liquid phase, respectively, e
and v are the specific internal energy and the gas jet veloc-

ity, P is the pressure, b is the dryness, i.e., the mass fraction

of gas phase in the mixture (which is equal to the ratio of

the mass of gas phase to the total masses of gas phase and

liquid phase in gas jet), and Xi (i ¼ 0, 1, 2) are the moments

of the cluster radius distribution function and can be

expressed by

qXn ¼
ð1

0

f r; x; tð Þrndr; ðn ¼ 0; 1; 2Þ: (7)

The kinetics of cluster formation itself is described by the

cluster growth rate

_r ¼ P

ql

ffiffiffiffiffiffiffiffiffiffiffi
2pRT
p 1�

ffiffiffiffiffi
T

TS

r !
; (8)

the critical radius

r� ¼
2r

qlRT ln P=PSð Þ ; (9)

and the nucleation rate

I ¼ 1

ql

ffiffiffiffiffiffiffiffiffi
2rl
pNA

r
P

kT

� �2

exp � 4prr�
2

3kT

� �
; (10)

where R¼R0/l is the gas constant, T is the actual tempera-

ture, Ts(P) is the saturation temperature at pressure P, Ps(T)

is the saturation pressure, r is the surface-tension coefficient,

l is the mass per mole, and NA is the Avogadro number. It is

noted that the critical radius r* is related to the surface-

tension coefficient r from Eq. (9) and a larger r could corre-

spond to a larger cluster size, which is discussed below.

The system of Eqs. (1)–(7), closed by the relationships

(8)–(10) and supplemented with the corresponding boundary

and the initial conditions, was numerically solved in the

region that includes the internal volume of nozzle and part of

the open space behind nozzle exit (in a two-dimensional var-

iant). The nozzle was conical as described earlier, and the

simulation considered SO2 gas with initial parameters P0 and

T0 given above.

III. RESULTS AND DISCUSSIONS

To investigate the clustering of SO2 gas, the evolutions

of Nc along the gas flow were calculated under six P0 at

293 K. The results are shown in Fig. 1. It is indicated that

under all P0, Nc increases sharply at the beginning of expan-

sion near the nozzle throat, then increases gradually to an

asymptote. At a given distance, Nc increases as P0, which is

in agreement with that by the Hagena scaling law. For exam-

ple, at P0¼ 1 bar, Nc¼ 14706 (corresponding cluster radius

is 5.74 nm) at the distance of 25 mm and Nc¼ 17708 (corre-

sponding radius is 6.13 nm) at the distance of 200 mm,

whereas at P0¼ 0.4 bar, Nc¼ 874 (corresponding radius is

2.16 nm) at the distance of 25 mm and Nc¼ 1245 (the corre-

sponding radius is 2.47 nm) at the distance of 200 mm. It is

interesting to note that this evolution of Nc is the same as

that for Argon gas.3

For further analysis of SO2 gas clustering, the depen-

dence of maximum Nc (i.e., the cluster size at distance of

200 mm) on P0 was investigated at 293 K. The results are

shown in Fig. 2. The red line is a fitting result. It is indicated

that Nc increases as P0
2.7. This result is roughly in agreement

with the exponent 2.35 expected by Hagena’s scaling law.

Published results show this exponent is not constant, but is

related to the nozzle shape, the gas species, P0 and T0. Even

FIG. 1. Evolution of SO2 cluster size Nc along the gas flow at 293K.

FIG. 2. Dependence of SO2 maximum Nc on gas backing pressure P0 at

293 K. Red line: fitting result.
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at the same conditions above, the exponents are different

among different research groups. The published value of the

exponent n (see Table I) varies from 1.3 to 3.5 in case of axis-

symmetric expansion at room temperature (except for H2 at

79K). From Table I, it is found that n calculated here for SO2

is at the high end of this range and is close to that for CH4 and

CO2 at room temperature and H2 at 79 K. This result means

that the dependence of SO2 cluster size on pressure is strong.

However, SO2 clusters start to form under a low P0. Even at

0.2 bar, Nc> 100, whereas at 1 bar, Nc¼ 1.77� 104; i.e., clus-

ter radius is about 6 nm and nanometer-sized particle is

formed. In contrast, all other gases mentioned here start to

aggregate to form a detectable cluster size Nc (¼ 100) only

when P0 increases to be much higher than 1 bar.

Also, the dependence of maximum Nc on the gas tem-

perature T0 was investigated, as shown in Fig. 3. From this it

is found that Nc decreases exponentially as T0 is increased.

The result is reasonable and is in agreement with that for

other gases, because a gas is easily clustered at low tempera-

ture. The fitted relationship is Nc� T0
�9.4. For example, the

maximum Nc¼ 17708 at 293 K, but 48068 at 263 K; i.e.,

when T0 decreases from 293 K to 263 K, Nc increases �2.7

times. The magnitude of the exponent for SO2 is higher than

that predicted for noble gases by Hagena’s scaling law

(Nc�T0
�5.4). It means that the clustering of SO2 is more sen-

sitive to T0 than of noble gases.

The exponent in the relationship of Nc to T0 may also be

related to nozzle shape, and gas species, as is the exponent in

the relationship of Nc to P0. Investigation of the dependence

of Nc on T0 is relatively rare. In Ref. 8, Nc of D2 in a cooled

D2 gas jet from a sonic nozzle at 40� T0� 140 K gave

Nc�T0
�4.5, which is close to that from Hagena scaling law.

Obviously, the exponent is much lower than that of SO2. The

differences among these exponents could result from fact

that SO2 molecule is a polar molecule. The clustering of gas

is driven by Van der Waals force. For a polar molecule, Van

der Waals force includes dispersion force, induction force,

and orientation force, which could be stronger for a polar

molecule than that for a non-polar molecule. Thus, the

clustering of polar molecules shows a strong dependence on

T0 and P0, as discussed above. Equations (9) and (10)

demonstrate that the clustering is related to surface-tension

coefficient r and a larger r corresponds to a larger Nc.

The polar molecule gas shows a strong Van der Waals

force results from the fact that the polar molecule gas has a

large coefficient r. In our simulation, the coefficient r is

dependent on temperature as r* (1� T/Tcr)
m with the values

of r*¼ 0.08516 N/m, m ¼ 1.16511, and Tcr¼ 430.64 K,

which is fitted based on the available data.21 As temperature

decreases, r increases and facilitates the clustering of gas,

which is in agreement with discussion above.

To more clearly demonstrate the difference of r between

a non-polar molecule and a polar molecule, we listed r of

some non-polar molecule gases mentioned above and SO2

gas, as well as gas H2O in Table II. From Table II, it is found

that r of polar molecule gas is generally larger than that of a

non-polar molecule gas. For example, r of all of the non-

polar molecular is less than 0.02 N/m while r of SO2 is

0.041 N/m. Thus, it is not difficult to understand that the

clustering of polar molecule is easy and shows a strong

dependence on T0 and P0, as discussed above. It is necessary

to note that r of H2 is the lowest and is only 0.003 N/m. This

result could explain the fact that H2 gas needs to be cooled

by liquid nitrogen to form H2 clusters.8 Note that polar mole-

cule gas H2O corresponds to the largest r in Table II. It

could be denoted that gas H2O is easier to form a larger clus-

ter size than SO2 gas. However, because different gases cor-

respond to different melting points and r is dependent on

liquid temperature, the detailed comparison of r needs to be

further investigated.

Hagena scaling law suggests that increase in specific

constant K corresponds to increase in Nc. This means the cor-

responding gas of large K is easier to be clustered under

given conditions. Thus, it is reasonable to expect that polar

TABLE I. Published exponents of relationship Nc�P0
n.

Noble gases Molecular gases

Species Exponent Reference Species Exponent Reference

Ar 2.2 4 CH4 2.9-3.5a 9

1.3 5 2.6, 2.8b 9

1.8 6 H2 2.8 8

2.6 8 CO2 2.6-3.0 10

Kr 2.0 6

Xe 2.0 6

aAt low P0.
bAt high P0.

FIG. 3. Dependence of SO2 maximum Nc on gas temperature T0 at 1 bar.

TABLE II. Surface-tension coefficients r of some non-polar molecule gases and two polar molecule gases.21 Temperatures in blanket are selected to be equal

to or a little higher than the melting points of these gases.

Gas (temperature K) Ar (84 K) Kr (116 K) Xe (162 K) CH4 (91 K) H2 (14 K) CO2 (217 K) SO2 (198 K) H2O (273 K)

r (N/m) 0.013 0.016 0.019 0.019 0.003 0.017 0.041 0.076

035902-3 Chen et al. J. Appl. Phys. 124, 035902 (2018)



molecule SO2 gas corresponds to a large constant K, which

could larger than that of other non-polar molecule gases

mentioned above. For example, the constant K of gases such

as H2, D2, N2, O2, CO2, and CH4 are 184, 181, 528, 1400,

3660, and 2360, respectively.8 And noble gases He, Ne, Ar,

Kr, and Xe correspond to 3.85, 185, 1646, 2980, and 5554

respectively.8 Thus, K of SO2 gas could be estimated to be

larger than that of Xe gas based on the discussion above.

From the discussion above, it can be concluded that SO2

molecules are easily clustered due to their electric polarity. In

this work, the clustering properties of gas SO2 were investi-

gated in the temperature range from 263 K to 293 K, which

could cover the actual range of air temperatures of occurrence

of haze pollution. Simulation results suggest that SO2 gas in

air can be clustered into nano-sized particles under favorable

conditions, and these particles could be acting as a source of

gas vapor aggregation, which is the first step in the formation

of new particles. Certainly, the condensation of SO2 in our

simulation is much different from the case in the air, in which

clustering could be influenced by other gases, such as water

vapor. Furthermore, atmospheric conditions do not permit

large and sudden changes in pressure and temperature, as occur

in a gas jet. Thus, the condensation mechanism of gas vapor in

the atmospheric air conditions should be further investigated.

Nevertheless, it is noted that the characteristics of clustering of

gaseous vapors in the air should be relative to those character-

istics in a gas jet. A discussion about the clustering properties

of SO2 could be expected to give a guide in the study of forma-

tion of atmospheric aerosol particles and haze pollution.

IV. CONCLUSIONS

We used simulation to investigate the clustering proper-

ties of SO2 in a supersonic gas jet produced from a given

conical nozzle. Compared with gases composed of non-polar

molecules, SO2 gas aggregates very easily into clusters gas

and shows a stronger dependence of cluster size on gas back-

ing pressure and temperature. These results occur because

SO2 molecule is a polar molecule. This simulation suggests

that a gas composed of polar molecules could be used to

produce large clusters, which can be used in the studies of

laser-cluster interaction. Furthermore, SO2 is an important

air pollutant, so this quantification of its clustering character-

istic could be helpful to understand the formation of atmo-

spheric aerosol particles.
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