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Introduction

Most industrial plant procedures in-
clude cleaning of residual gases.
Highly efficient systems like the
venturi scrubber can successfully
handle particles which are greater
than 1µm. The cost and energy con-
sumption of such systems if em-
ployed for the separation of
submicrometre aerosols, in particu-
lar between 0.1 and 0.6µm, are very
high and are unacceptable in most
industrial applications.
Enlargement of the aerosols by con-
densation and separation by impac-
tion is an elegant method to sepa-
rate aerosols from residual gases of
power plants, chemical plants and
incinerators. The effect of the diam-
eter of the water droplet and its rela-
tive velocity on the growth and sepa-
ration of the aerosol is investigated
here. A process of atomization which
fulfils the conditions required for the
separation of submicrometre aero-
sols and finally an apparatus for in-
dustrial application are described
briefly.

Generation of aerosols
If reactions take place in the gase-
ous phase, they may lead to the gen-
eration of aerosols. The Walther
process, developed by Krupp
Koppers for flue gas desul-
phurization using ammonia, is con-
sidered here as an example /1/. This
process was developed with the aim
of establishing a desulphurization
method with the following features:
- avoidance of wast-water and other
waste products;
- production of the marketable nitrog-
enous fertilizer ammonium sulphate
from the sulphur dioxide contained
in the flue gases;
- reheating of the clean gases with-
out external heating energy.
Depending upon the partial pres-
sures of the ammonia gas, sulphur
dioxide gas and water vapour, the

following reactions take place and
generate aerosols from SO2, SO3,
HCl and HF /2/.
(A) Aerosol generation by SO3:

NH SO H O NH HSO3 2 2 4 3+ + → ⋅ (1)
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(B) Aerosols generated by SO3, HCl
and HF:

SO H O H SO3 2 2 4+ → (3)

H SO NH NH SO2 4 3 4 2 42+ → ( ) (4)

H SO NH NH HSO2 4 3 4 4+ → (5)

HCl NH NH Cl+ →3 4 (6)

HF NH NH F+ →3 4 (7)

These reactions take place in the
gas phase and lead to ammonium
salts which are hygroscopic and
absorb water vapour from the envi-
ronment to form a salt solution. The
aerosols grow to a stable diameter
depending upon the relative humid-
ity in their vicinity. The generation
of aerosols is a statistical process.
Aerosols of various sizes with dif-
ferent salt masses may be gener-
ated. A separation process for salt
aerosols with a diameter
ds0≥0.05µm (corresponding to
≅10-16g salt mass) is described
here.

Aerosol growth by condensation

The vapour pressure reduction at
the surface of a water droplet of di-
ameter d is, according to Kelvin /3/,
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The vapour pressure reduction,
p/ps, for pure water droplets is given
in Fig.1 as a function of the droplet
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Kurzfassung
Die Verunreinigung der Umge-
bungsluft wird zum größten Teil
durch Aerosole verursacht. Aero-
sole sind Feststoffe oder Flüssig-
keitsteilchen mit Durchmessern
 < 1µm. Entfernen dieser Aeroso-
le aus Abgasen ist das eigentli-
che Problem der heutigen Gas-
reinigung. Die herkömmlichen
Techniken - wie z.B. der Venturi-
Wäscher - sind hierbei regelmä-
ßig überfordert. Vergrößerung
der Aerosolteilchen durch Was-
serdampfkondensation und an-
schließende Abscheidung durch
Trägheit ist eine elegante Metho-
de zur Abgasreinigung. Die Rolle
der feinen Wassertropfen bei der
Aerosol-Vergrößerung durch
Kondensation und bei der Träg-
heitsabscheidung wird hier unter-
sucht.



diameter d for a water temperature
of 50ºC. Considering salt aerosols
of ammonium sulphate with an ini-
tial pure salt diameter ds0 (in µm)
and a salt mass m, the vapour pres-
sure reduction on the surface of the
aerosol /4/ (salt solution) is given by
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Combining eqns. (8) and (9), the
vapour pressure on the aerosol sur-
face is given by
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This is indicated by the broken
curves in Fig.1. The curves show the
stable equilibrium diameter of the
salt solution as a function of the en-
vironmental vapour pressure.

The salt aerosol with an initial salt
mass of 10-16g will grow constantly
as shown by the arrow A as long as
the vapour pressure p/ps is higher
than 1.00224 (this corresponds to a
pure water droplet of diameter
0.6µm). If the pure water droplets in
the vicinity of the salt aerosol have
a diameter of 2µm (p/ps=1.001), the
equilibrium stable diameter of the
salt aerosol is 0.26µm. For water
droplets of diameter 6µm
(p/ps=1.00022) the stable diameter
of the salt aerosol is 0.24µm, as
shown by the arrow B. The stable
equilibrium diameter of the aerosol
is 0.23µm for pure water droplets of
diameter 26µm in the vicinity of the
aerosol. The stable diameter for
p/ps=0.950 (95% relative humidity)

is 0.14µm. Aerosols with an initial
salt mass of 10-15g (ds0=0.11µm)
grow to a stable diameter of 0.3µm
in an atmosphere with a 95% rela-
tive humidity, and to 0.6µm in a
saturated atmosphere. It is evident
from the curves in Fig.1 that the sta-
ble diameter is a very strong func-
tion of p/ps (or the relative humid-
ity). Considering p/ps=1.00022 (cor-
responding to pure water droplets
of diameter 6µm), an aerosol with
10-16g salt cannot be enlarged by
condensation to diameters greater
than 0.24µm.
Aerosols of about 0.3µm in diam-
eter are very effective at scattering
light and cause visibility effects
similar to a summertime haze.
Aerosols with an initial salt mass of
about 10-16g (ds0= 0.05µm) to 10-15g
(ds0=0.11µm) leading to a stable
salt solution (aerosol) diameter of
about 0.25-0.6µm cause the major
scrubbing problem. These aerosols
cannot be enlarged by condensa-
tion unless the pure water droplets
in their vicinity are equal to 0.6µm.
It is practically impossible to atom-
ize water with a maximum droplet
diameter of 0.6µm. A process to
separate these aerosols by inertial
forces is described below. The salt
aerosols grow to 0.25µm within a
very short time (≅0.03s) according
to /5/:
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Aerosol separation by inertial
forces

The aerosols enlarged to a diam-
eter of over 0.25µm by condensa-
tion can be removed by impaction
with high velocity water droplets.
The removal efficiency is a function
of the impaction parameter
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and the Reynolds number

Re = ⋅u dR L

gν (13)

as shown in Fig.2 /6/.
The removal efficiency η is 0.28 for
a water droplet of diameter 6µm
moving with velocity of 50ms-1 rela-

tive to the aerosol. This shows that,
for acceptable inertial collection,
water droplets of about 6µm are re-
quired. The relative velocity between
the water droplet and the aerosol
should be about 50ms-1.
A process for the generation of
minute droplets of diameter about
6µm moving with a high velocity
relative to the aerosol particles is
described here.

Generation of minute water drop-
lets

Controlled atomization with a given
maximum droplet size dL can be
achieved by employing the low sonic
velocity in a liquid/gas mixture. This
process of atomization consumes
less energy than do the pneumatic
systems. The layout of an atomiz-
ing nozzle employing the low sonic
velocity in a liquid/gas mixture is
shown in Fig.3.

Liquid and gas, flowing with low ve-
locities, are mixed together in a mix-
ing chamber and accelerated to the
sonic velocity of the two-phase mix-
ture. The flow velocity at the outlet
of the nozzle cannot exceed the

Fig.1: Vapour pressure reduction at the
surface of a salt aerosol

Fig.2: Removal efficiency η as a function of
the impaction paramter ψ for different
Reynolds numbers. Curve a, Re >>1; b,
Re=60.8; c, Re=40; d, Re=10.2; e, Re<1

Fig.3: Layout of the nozzle, with the pressure
distribution inside and outside the mixing
chamber



sonic velocity (critical mass flow
rate). If the ambient pressure p∞ is
reduced, or the system pressure pA
is increased, a pressure jump pE - p∞
is achieved at the nozzle outlet /7/.
The liquid/gas mixture is subjected
to this pressure jump while flowing
through the nozzle. The pressure in
a liquid drop is higher than the am-
bient pressure by

∆p dL= 4σ (14)

where σ is the surface tension. It is
postulated now that a drop with a
diameter dL is just stable if the pres-
sure jump

∆ ∆p p p pj E= − = ⋅∞ 2 (15)

All the drops with diameters greater
than dL are unstable while flowing
through the pressure jump and will
be divided into smaller drops with
diameters less than dL.
Liquids can thus be atomized with a
given (or required) maximum drop
diameter. The maximum drop diam-
eter is controlled by the pressure
jump at the outlet of the nozzle.

Design of the nozzle

The pressure jump ∆pj at the end of
the nozzle is given by

∆p dj L= 8σ (16)

The pressure at the end of the nozzle
is

p p pE j= +∞ ∆ (17)

The sonic (critical) velocity at the
end of the nozzle is given by /8/
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α represents the void fraction at the
nozzle outlet. The properties of the
liquid and gas phases such as ρL or
ρg correspond to the pressure pE at
the outlet of the nozzle.
The intensity of the critical mass flow
rate is

&m ac c loc= ⋅ ρ (19)

with the local density

ρ αρ α ρloc g L= + −( )1 (20)

With f as the cross-sectional area at
the outlet of the nozzle, the total
mass flow rate is

& &M m fc= ⋅ (21)

If x is the quality of the mixture, the
liquid mass flow rate is

& & ( )M M xL = −1 (22)

and the gas mass flow rate

& &M M xG = ⋅ (23)

The void fraction α is a function of
the intensity of the mass flow rate
&mc  and the quality of the mixture x.

Calculation procedure

Any value of α is assumed and
a mc loc c, &ρ and  are calculated. α and
&mc lead to the quality of the mixture

x and to the required flow cross-sec-
tion for given &ML .

Energy consumption
The frictional pressure loss in the
nozzle is negligible compared with
the acceleration pressure drop which
is

∆p m ac c0 = ⋅& (24)

The liquid and gas pressure pA re-
quired at the entrance of the nozzle
is

p p pA E= + ∆ 0 (25)

The energy E required for the atomi-
zation is

E E Eg L= + (26)

The energy required for the com-
pressed air is
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and for the water pump

( )E V p pL L A= − ∞
& (28)

Figure 4 shows the outlet velocity
(critical velocity of air-water mixture)
as a function of the pressure at the
entrance of the nozzle.
The water droplets have this veloc-
ity while leaving the nozzle. The air-
water jet has a throw of about 3m.

Environmental air is drawn from all
sides and mixes with the free jet,
thus diminishing its velocity. A lin-
ear velocity reduction may be as-
sumed from an initial value of about
100ms-1 to smaller values equal to
the residual gas flow velocities. The
mean velocity of the jet and also of
the liquid droplets is about 50ms-1.
The residual gas entering the jet
carries aerosols which are scrubbed
by the water droplets. The inertial
collection is a function of the im-
paction parameter, the efficiency
per impact being 0.28. A number
of droplets impact with aerosols
within the jet.
Figure 4 also shows the pressure
pA required to generate water drop-
lets of diameter dmax. An air and
water pressure of 50bar is needed
to produce pure water droplets with
diameter 0.6µm, whereas an abso-
lute pressure of only 9bar is needed
to produce 6µm droplets.

Design of aerosol scrubber

A layout of the scrubber is shown in
Fig.5. Residual gas enters the
scrubber at the point A. Pure water
is atomized through the nozzle N1
with a maximum droplet diameter
of 6-26µm. Gas is saturated and
cooled down to the wet bulb tem-
perature. The aerosols present in
the gas stream are enlarged to
0.24µm. Gas now enters the second

Fig.4: Critical sonic velocity ac at the nozzle
outlet for different pressures at the inlet of the
mixing chamber. The Figure also shows the
amount of air pressure required for the
atomization of 100kg/h of water and the largest
water droplet achieved as a function of the
pressure at the nozzle inlet.
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column from below and process
water is atomized by the nozzle N2.
The enlarged aerosols are collected
by impaction with water droplets.
The water droplets are finally sepa-
rated from the gas stream in the
demister D.
This system has been employed in
industrial plants in various compo-
nents. A few typical applications are
described here.
(1) Carbon black fumes are sepa-
rated from the hot chimney gases
originating in the gold recovery proc-
ess of 'Hereaus' in Hanau. The
gases are quenched and the aero-
sols are enlarged in the first stage.
A second nozzle in series scrubs the
enlarged aerosols. The fumes were
visible at the chimney outlet before
installation of the 'CAS' system. This
plant has been working since 1980.
(2) A venturi scrubber was installed
by Wiegand to clean the residual
gases from an incinerator of the
company Wacker-Chemie in
Burghausen. The dust load at the
entrance to the venturi was about
200mg/m3 gas. Dust loads at the
outlet of the venturi scrubber were
90mg/m3 gas without aerosol en-
largement and 12mg/m3 gas with
aerosol enlargement by the

'CAS'-system. This plant has been
in operation since 1985.
(3) Ammonia aerosols as described
above were generated in a demon-
stration plant for the Walther
process at the power plant in
Mannheim. The dust load was about
250mg/m3. Aerosols of approxi-
mately 30wt.% less than 0.4µm
were enlarged and separated in a
plastic demister. The dust load was
less than 10mg/m3 after scrubbing.
(4) This system is employed regu-
larly in combination with the Water-
loo scrubber. Many such plants are
in operation in Canada, U.S.A. and
elsewhere.
The energy consumption of this sys-
tem is approximately 50% less than
that of systems like the venturi
scrubber [9] according to experi-
ments performed at Hoechst AG in
Frankfurt.

Nomenclature

a sonic velocity
d diameter
f cross-sectional area at nozzle
outlet
i number of ions per molecule of
salt
~
M molecular weight
m mass
&m mass flow rate

p pressure
∆p pressure drop
R universal gas constant
T absolute temperature
t time
u velocity
x quality of mixture

α void fraction
δ diffusivity
η dynamic viscosity
κ coeff. of adiabatic compression
υ kinematic viscosity
ρ density
σ surface tension

Fig.5: Layout of the srubber

Subscripts

A nozzle entrance
c critical
E nozzle outlet
g gas
j jump
L liquid
loc local
R relative
s saturation
so solid

References

1 M.W. Gosch, Flue gas
desulphurization using ammonia,
Tech. Bull., Krupp Koppers, Essen,
1988.

2 M.W. Gosch and W. Schulte,
Rauchgasreinigung mit Ammoniak,
Tech. Bull., Krupp Koppers, Essen,
1988.

3 F. Ehler, VDI-Wärmeatlas, VDI-
Verlag, Düsseldorf, 4th edn.,1984,
Sect. Ja.

4 W.C. Hind, Aerosol Technology,
Wiley, New York, 1982, pp.259-261.

5 E.U. Schlünder, Einführung in die
Stoffübertragung, Georg Thieme
Verlag, Stuttgart, 1984.

6 F. Löffler, Staubabscheiden, Georg
Thieme Verlag, Stuttgart 1988,
p.109.

7 German Patent DE 2627880, C2,
1976.

8 J. M. Chawla, Atomisation of liquids
employing low sonic velocity in gas/
liquid mixtures, ICLASS-85, Int.
Conf. on Liquid Atomisation and
Spray Systems, Imperial College,
London, 1985, Vol.1, Inst. Energy,
London, pp. LP/1A/5/1-7.

9 D. Steidl, Praxisnahe Erprobung
eines Caldyn-Wäschers, Chem.
Ind., 34(1982)861-863.


