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Hydrodynamic cavitation and its feasibility for volatile compound removal in enclosed channels is dis-
cussed in this paper. Very high Reynolds numbers are needed to rupture liquid by decreasing its pressure
below its saturated vapour pressure. Hence, a simple stratified flow, at which the two phases separate, is
precluded in vertical and horizontal tubes, where turbulence stresses will be much larger than the buoy-
ant forces. The most probable flow regime at this high turbulence regime is a bubble- or annular flow,
where the volatile matter tends to concentrate in the centre of the pipe because of the lift force resulting
from the unequal flow of the viscous liquid around the bubbles in the presence of the pipe wall. There-
fore, boiling the volatile matter for volatile compound removal is not enough if hydrodynamic cavitation
is pursued. The attainable efficiency must also be assessed. An expression for the volatile removal effi-
ciency and the main parameters affecting this efficiency were derived by utilising a simplified geometrical
and physical model. The efficiency was found to approximate a power law as a function of the volatile
concentration and its strong dependence on the size of the volatile bubble reasonably well. This result
implied the need of bubble growth and the limitation of the process for highly concentrate compounds
to a few percent concentrations. With regard to energetic requirements, both thermal and hydrodynamic
cavitations are quantitatively similar. Furthermore, the choice of one or another corresponds more to the
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kind of energy source available.
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1. Introduction

Volatilisation by heating methods is generally characterised by
great simplicity and ease of operation, except when high temper-
atures or highly corrosion-resistant materials are needed. A com-
pound can be volatilised by heating to increase its vapour pressure.
Heating methods include the volatilisation of water, mercury, or ar-
senic trichloride to separate these substances from interfering ele-
ments. However, an alternative physical method for volatilisation
that does not rely on liquid heating is possible. Indeed, volatilisa-
tion occurs when a liquid at a constant temperature is subjected
to a decreasing pressure below the saturated vapour pressure. This
phenomenon is called hydrodynamic cavitation.

There has been a revival in interest in hydrodynamic cavitation
during the last few years on numerical (Charrire and Goncalves,
2017; Yin et al., 2016) as well as theoretical studies including the
basic mechanism of pollutant degradation, modeling of pressure
distribution in the cavitation reactor, and bubble dynamics mod-
els coupled with chemical reactions are evaluated (Arrojo and Ben-
ito, 2008). New results of laboratory experiments on the appli-
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cation of cavitation effects to decompose selected organic com-
pounds which hardly undergo biodegradation have been presented
(Ozonek, 2012), application of hydrodynamic cavitation to wastew-
ater treatment (Tao et al., 2016; Washio, 2014) or in microbial cell
disruption (Save and Joshi, 1997), are some of the most promising
fields. However, the use of hydrodynamic cavitation as a sole tech-
nique or in combination with other techniques such as ultrasound
has only recently been suggested and employed (Dular et al., 2016).

Despite that hydrodynamic cavitation processes are known to
lead to very effective liquid degassing (Gogate and Pandit, 2011;
Iben et al., 2015), to such a degree that it can be used for re-
moval of undesired volatile compounds and therefore boiling be-
comes unessential (Albanese et al., 2017). Nevertheless the volatile
removal efficiency has not been addressed as far as the author
knows. This study aims to analyse the theoretical efficiency of hy-
drodynamic cavitation as an attractive alternative method of ther-
mal vaporisation.

By an analogy with heating volatilisation, it could be thought
that boiling volatiles by decreasing the liquid pressure after in-
creasing its velocity and relying on buoyancy forces (if horizontal
pipes or channels are used) would be enough. Nevertheless, the
situation is not that simple. First, in contrast with thermal volatili-
sation, hydrodynamic cavitation implies a very high Reynolds num-
ber depending on the degree of compound volatilisation (i.e. on
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Nomenclature

a volatile bubble radius (m)

Ac pipe area cross-section (m?)

c local bubble concentration (m~3)

c average gas concentration across the cross-section
(m=3)

Cm concentration at the tube centreline (m~3)

c* =

Cpl heat capacity of liquid(J kg=! K1)

D pipe diameter (m)

S % dimensionless distance from the wall

f dimensionless friction factor

L latent heat of the volatile (] kg~1)

n dimensionless exponent

m dimensionless exponent

M mass of gas to be removed(kg)

u velocity (ms—1)

Uc critical velocity at which cavitation occurs (ms~1)

U liquid velocity in the x-direction (ms~1)

Un velocity of the two-phase mixture at the tube cen-
treline (ms=1)
tube radius (m)

p final pressure (Pa)

Dc critical pressure at which cavitation occurs (Pa)

Po initial pressure (Pa)

Ds saturation pressure (Pa)

pv vapour pressure (Pa)

Apc tensile strength of the liquid (Pa)
AP pressure drop (Pa)

t pipe radius for the volatile removal or time (m)
X volatile concentration (m—3)

Zg total amount of gas

Wr thermal energy for volatilisation (J)

Wy mechanical energy for volatilisation (J)

T initial temperature of the liquid (K)

Tc critical temperature at which vaporisation occurs

(K)

Ts saturation temperature (K)

AT temperature difference (K)

Greek symbols

K universal constant

0 liquid density (kg m—3)

Og gas density (kg m—3)

Ov vapour density (kg m—3)

n efficiency

v kinematic viscosity of liquid

v parameter defined by Eq. (10)

O] parameter defined by Eq. (11)

% fraction of the volatile compound in the liquid
r energy cavitation-to-thermal energy ratio

P thermal parameter
Subscripts

c critical

l liquid

g gas

v vapour

its saturated vapour pressure). The situation is even worse if open
channels are used. For the sake of illustration, a velocity pro-

1
file around [Z(PGT"’S)] 14 m/s and a Reynolds number of Re ~

1.4 x 10° D, where D is the pipe diameter in centimetres, would
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Fig. 1. Physical model for the hydrodynamic cavitation extraction of volatiles.

be necessary if a volatile compound initially dissolved into water
at a room temperature of T = 300K, an atmospheric pressure of
po = 10° Pa with a density p; = 103 kg/m3 and a saturation pres-
sure of ps = 3 x 103 Pa (i.e. higher than the saturation pressure of
water at this temperature) is desired to be removed. This simple
illustrative example shows that we are in a very high turbulent
regime for practical pipes with diameters around a few centime-
tres. This turns out in precluding a simple stratified flow, at which
the two phases are separated, followed by straightforward removal.
The flow regime at this high turbulence regime is a bubble or an
annular flow, where the volatile bubbles tend to concentrate in the
centre of the pipe because of the lift force resulting from the un-
equal flow of the viscous liquid around the bubbles in the presence
of the pipe wall. The exact profile of the radial distribution func-
tion for the bubbles at that turbulent regime is not easy to obtain,
and in principle, cannot be determined by pure theoretical treat-
ment. Nevertheless, some insights into the relevant parameters af-
fecting the efficiency of hydrodynamic cavitation volatile removal
may be obtained by a simplified analysis. The real situation can
also be improved using empirical modifications.

2. Theoretical background

We first need to know the radial distribution function for the
bubbles inside a pipe in the flowing liquid to calculate the effi-
ciency of the volatile removal by hydrodynamic cavitation.

For the sake of generality, let us consider a pipe (Fig. 1), where
the pressure declines to some value below the saturated vapour
pressure of the volatile compound desired to be removed because
of the liquid velocity. The concentration profile in a pipe could
be approximated as follow as a power law distribution (Bankoff,
1960):

3=

cr=s

(1)
where ¢* = i with ¢ is the maximum concentration of the gas
at the centreline; s = % being y is the coordinate from the wall
(Fig. 1); R is the pipe radius; and n is a positive constant depending
on the liquid velocity profile, n - oo when u; - 0 and n — 0
when u; — oo with u; as the liquid velocity. This constant will be
discussed in a later section.

The minimum velocity in the pipe should be the critical veloc-
ity, in which cavitation occurs (for the volatile compound), to pro-
duce hydrodynamic cavitation through the pipe. The velocity pro-
file in the pipe is provided as follows by the well-known logarith-
mic velocity law:

1 /f. R
U =Uny IK\/;lny (2)

where u; is the liquid velocity in the x-direction at a distance y
from the wall; up, is the velocity of the two-phase mixture at the
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