
Translational Medicine @ UniSa - ISSN 2239-9747 2013, 7(2): 6-11
 

 Università degli Studi di Salerno  6 

 
Abstract – Microencapsulation processes of drugs or 

other functional molecules are of great interest in 
pharmaceutical production fields. Ultrasonic assisted 
atomization is a new technique to produce 
microencapsulated systems by mechanical approach. It 
seems to offer several advantages (low level of mechanical 
stress in materials, reduced energy request, reduced 
apparatuses size) with respect to more conventional 
techniques. In this paper the groundwork of atomization is 
briefly introduced and correlations to predict droplet size 
starting from process parameters and material properties 
are presented. 
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numbers in atomization, microparticles size prediction  
 

I.  INTRODUCTION 
 

 Microencapsulation is used to modify or to delay 
drug release. It offers greater effectiveness, lower toxicity 
and more lasting stability than conventional formulations. 
Spray-drying technique for preparation of microsystems 
presents several advantages compared to other 
microencapsulation techniques: it is, in principle, a 
continuous process, giving good reproducibility and 
potential for scale-up. Spray is usually generated by 
pressure and rotary nozzles, but they have some 
disadvantages, such as lack of control over the mean 
droplet size, broad droplet distributions, risk of clogging 
in case of suspensions. Moreover, they use only a small 
amount of their operating energy (centrifugal, pressure or 
kinetic energy) to shatter the liquid, while most of this 
energy is transformed into kinetic energy of the particles 
thus large settling chambers are required (summarizing: 
costs increase when speed of the atomized particles; 
increases) [1]. These disadvantages can be reduced using 
an ultrasonic atomizer: the ultrasound energy is 
transmitted with high efficiency to the liquid by a 
sonotrode, causing atomization. Despite ultrasonic 
nozzles have not been routinely used in laboratory scale 
spray-drying equipment, they can offer the generation of 
droplets, and consequently of microparticles, with a 
uniform size distribution [2].  
 In general, the atomization is defined as the 
disintegration of a liquid in drops in a surrounding gas by 
an atomizer [3]. The resultant suspension is defined as 
spray, mist, or aerosol. Atomization occurs owing to the 
competition between destructive and cohesive forces on 
the liquid surface, leading to fluctuations and disturbances 

in the liquid. The cohesive effect of liquid surface tension 
keeps the fluid in a status showing the lower surface 
energy, and the stabilizing effect of the viscosity tends to 
oppose any variation in liquid geometry. Instead, the 
external forces, such as aerodynamic, centrifugal, and 
electrostatic forces, act on the liquid surface promoting its 
disintegration. The initial process of disintegration or 
break-up is defined as primary atomization. However a 
number of larger droplets produced in the primary 
atomization can be unstable, thus reducing into smaller 
droplets. This process is usually defined as secondary 
atomization. 
 The effect of the forces acting on the liquid is 
resumed by the dimensionless numbers:  

  (1) 

  (2) 

  (3) 
Where: 
Re = Reynolds number; 
We = Weber number; 
Oh = Ohnesorge number; 
ρ = liquid density; 
u = liquid velocity; 
dp = jet diameter (primary atomization) or drop diameter 
(secondary atomization); 
μ = liquid viscosity; 
σ = surface tension. 
The Reynolds number expresses the ratio between inertial 
and viscous forces. The Weber number is a measure of the 
relative importance of the fluid’s inertia compared to its 
surface tension. By combining the two dimensionless 
numbers to eliminate the liquid velocity, the Ohnesorge 
number, containing fluid properties, is obtained. Thus, 
droplets diameter can be predicted by correlations mainly 
based on liquid properties (density, viscosity, surface 
tension), on atomizer geometry (orifice size) and on 
operative parameters, such as liquid flow rate. However, 
physical phenomena involved in the atomization 
processes have not been understood yet to such an extent 
to allow droplet size to be expressed by equations directly 
derived from the first principles. The correlations 
proposed are mainly based on empirical studies, even if 
the empirical correlations have been proved to be a 
practical way to determine droplet sizes from process 
parameters and relevant liquid/gas physical properties [3].  
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The empirical correlations are very useful in the forecast 
of microparticles size, especially if this feature plays a 
key role. In pharmaceutical applications microparticles 
size can affect rate and duration of release of entrapped 
therapeutic agents. 
 

II. ULTRASONIC ATOMIZATION 
 

 When a liquid flows on a vibrating surface and splits 
into fine droplets, ultrasonic atomization occurs. A 
correlation proposed for the size diameter prediction of 
droplets produced by ultrasonic atomization, mainly based 
on the frequency f, was given by Lang [4]: 

  (4) 
 This correlation is only applicable when liquid phase 
viscosity and liquid flow rate have no effect on droplet 
size, but these parameters were proven to be very 
important in ultrasonic atomization. The dimensionless 
numbers, which dictate the droplets size, were modified in 
order to consider the dependence on physical-chemical 
properties and ultrasonic parameters. Therefore, the 
concept of critical Weber, for which inertial and surface 
tension forces are equilibrated (Wec = 1) was extended to 
ultrasonic atomization, indicating the critical flow rate, 
Qc, as the threshold above which the flow rate influences 
the droplets size [5]. The critical flow rate was defined as: 

  (5) 
 Then, the maximum flow rate, above which dripping 
takes place forming larger droplets, is considered. The 
maximum flow rate is the volumetric displacement rate of 
vibrating surface, given by the product of frequency, f, 
amplitude of sound wave, Am, and area of vibrating 
surface, A. The amplitude, Am, is defined as: 

  (6) 
where I is the power surface intensity (defined as the 

ratio between the power delivered at the surface, P, and 
the area of vibrating surface, A) and C is the speed of 
sound. The Weber number was thus modified to include 
the flow rate, Q, and the ultrasonic frequency, f: 

  (7) 
The Ohnesorge number was also modified taking into 

account that in ultrasonic atomization the growth of 
instability is given by the amplitude, Am: 

  (8) 
Another dimensionless number, called Intensity 

number, IN, is defined to take into account the effect of 
energy density on droplets size: 

  (9) 
From these dimensionless numbers, an universal 

correlation was proposed by Rajan and Pandit [5]: 

 (10) 

The exponents in this correlation were chosen from 
experimental observations reported in literature.  

Ramisetty et al. [6] also carried out experiments and 
developed a correlation applicable in the following 
ranges: f = 20-130 KHz; ρ = 912-1151 Kg m-3; σ = 
0.0029-0.073 N m-1; Oh = 2.71 - 161.64; We = 14.8 - 571; 
IN = 3.65*10-13 – 1.92*10-9. The correlation was: 

 (11) 

Avvaru et al. [7] made an attempt to include the 
rheological nature, pseudo-plasticity (non-Newtonian 
behaviour) of the atomizing liquid. In particular, they 
collected data to obtain a correlation for an aqueous 
solution of carboxy methyl cellulose (CMC), having a 
shear thinning behavior, with a flow behavior index n: 

 (12) 

Barba et al. [8] proposed a modification of the 
correlation (10) by applying it to the ultrasonic 
atomization of alginate solutions: 

 (13) 

Therefore, for the atomization of both Newtonian and 
non-Newtonian liquid, the following observations were 
done. 

 The droplet size decreases by increasing the 
frequency, f. At higher f, the liquid is subjected to a larger 
number of compression phases, thus the crest growth is 
reduced causing the eventual decrease of droplets size. 

 There is a range of liquid flow rate influencing the 
droplets size. Below a critical flow rate, Qc, the liquid 
cannot cover the whole atomizing surface, thus no 
effective atomization occurs. Above Qc, size is 
proportional to the liquid flow rate, again basing on film 
thickness on the atomization surface. Above a maximum 
flow rate, dripping occurs. 

 An increase in ultrasonic power causes an increase of 
the vibration amplitude (Am), leading to a broader 
distribution of droplets size. In effect, when power 
delivered to the tip is low, it can be freely used as soon as 
liquid spreads on the atomizer surface. Instead, at higher 
power, the liquid delivered on the surface immediately 
atomizes causing both a conical pattern of the spray and 
the exposition of the external part of the atomizer to air, 
being not wetted by the liquid. 

 The influence of viscosity becomes significant when 
it is greater than 10 cP [5]. The increase of liquid 
viscosity was shown to cause a reduction of droplets size. 
As the liquid viscosity increases, the liquid cannot be 
immediately atomized as it comes out from the hole. 
Therefore, the residence time of the liquid on the 
atomizing surface increases, causing liquid temperature 
rising, owing to the vibrational energy dissipation, and 
consequent decrease of liquid viscosity to a critical value. 

݀ ൌ 0.34 ∙ ൬
8 ∙ ߨ ∙ ߪ
ߩ ∙ ݂2

൰
1/3

 

ܳܿ ൌ
ߪ
݂ ∙ ߩ

 

݉ܣ ൌ
1

ߨ2 ∙ ݂
∙ ඨ

ܫ2
ߩ ∙ ܥ

 

ܹ݁ ൌ
݂ ∙ ܳ ∙ ߩ

ߪ
 

ܱ݄ ൌ
ߤ

݂ ∙ 2݉ܣ ∙ ߩ
 

ܫܰ ൌ
݂2 ∙ 4݉ܣ

ܥ ∙ ܳ
 

݀ ൌ ൬
σߨ
ߩ ∙ ݂2

൰
0.33

ሾ1  ܣ ∙ ሺܹ݁ሻ0.22 ∙ ሺܱ݄ሻ0.166

∙ ሺܰܫ ሻെ0.0277 ሿ 

݀ ൌ 0.00154 ∙ ൬
σߨ
ߩ ∙ ݂2

൰
0.33

ቈ1  ൬
σߨ
ߩ ∙ ݂2

൰
െ0.2

∙ ሺܹ݁ሻ0.154

∙ ሺܱ݄ሻെ0.111 ∙ ሺܰܫ ሻെ0.033൨ 

݀ ൌ ൬
σߨ
ߩ ∙ ݂2

൰
0.33

 0.0013 ∙ ሺܹ݁ሻ0.008 ∙ ሺܱ݄ሻെ0.14/݊

∙ ሺܰܫ ሻ0.28

݀ ൌ 0.058 ∙ ൬
σߨ
ߩ ∙ ݂2

൰
0.33

∙ ሺܹ݁ሻ0.151 ∙ ሺܱ݄ሻ0.192

∙ ሺܰܫ ሻെ0.02



B

g

P

Translationa
 

 

Thus, the liq
giving a low
viscosity is al
of liquids, s
viscosity on 
shear rates. A
shear thinnin
viscous Newt
zero shear rat

 When sur
the number o
increases, cau
the crests. Th
liquid film 
corresponding
Overall, a p
parameters (
properties (liq
give the desir

 In this 
polymer whic
forms [9], 
atomization a
were measu
correlations.  
 

 
A bioco

guluronic con
Bio-polymer)
subjected to s
carrier for t
molecule, -
ultrasonic dev
& Materials
generator m
corporation, N
probe (Sono-
USA). The p
described in 
(core) and th
concentration
coaxial atomi
mod. Au EZ, 
systems with 
PS305D to a
particular, the
(w/w), -toc
(w/w). The s
core solutio
consequently 
concentration
stable emulsi
the water solu
came in conta
atomizer’s tip
of 10 W, cho

al Medicine @

quid atomize
wer droplets 
lso enhanced 
such as CMC
the vibrating 

As a result, a p
ng) liquid has
tonian liquid,
te viscosity of 
rface tension 

of capillary w
using the imm
he higher num
for a same

g decrease in d
proper control
(flow rate, f
quid type, vis
red droplets si

study loaded
ch have an int
were achiev
and drying p
ured and 

III.  MET

ompatible po
ntent (Manuge
, giving mo
swelling and 
the encapsul
-tocopherol v
vice used to p
s Inc., CT, 
mod. 06- 0
NY, USA) wa
-Tek 025-000
process of par

a previous w
he external (

ns of alginate
izer by perist
RS Componen
variable tensi

adjust the del
e core solutio
copherol 1% 
surfactant Tw
on to reduc

droplet 
n of 0.5% (w
on of the wat
uble solution 
act only at the
p, where they 
osen to ensure

@ UniSa - IS

Un

s like a low
size. The d
by the shear 

C and algina
surface decr

pseudo-plastic
s a lower dro
, with a visco
f the shear thin
decreases, at 

waves per unit
mediate ejectio
mber of drople
e liquid flow
droplets size. 
l of the equ
frequency, po
scosity and su
ze. 

d micropartic
terest as pharm
ved starting 
processes. Fin
calculated 

THODOLOGY

olymer, algi
el GHB Sodiu
ore rigid gel
erosion [10], 

lation of a 
vitamin (Sigm
produce micro

USA; broad
05108- 25 
s provided of 
10, Sono-Tek
rticles produc

work [11]. Br
(shell) solutio
e 1.5% w/w) 
taltic pumps 
nts Milan IT, 
ion Long WEI
ivered solutio
on was made 

(w/w) and 
ween 80 was 

ce interfacia
dimensions; 

w/w) was ne
ter insoluble 
of alginate. T

e exit of the tw
were nebuliz

e an uniform d

SN 2239-974

niversità degl

w viscosity li
ecrease of li
thinning beha
ate: the appa
reases to the 
c (non-Newton
oplets size th
osity equal to
nning liquid. 
higher amplit

t of vibrating 
n of droplets f
ets ejected fro
w rate cause

uipment opera
ower) and li
urface tension)

cles of a na
maceutical do

from ultras
ne droplets 
using litera

Y 

inate with
um alginate, F
ls, that are 
was used as 
lipophilic m

ma Aldrich). 
o-particles (So
dband ultras

KHz Sono
f a dual liquid 
k corporation 
ction was alr
riefly, the inte
ons (both ha

were fed to
(Verderflex O
controlled by

I DC power su
ons flow rate

of alginate 1
Tween 80 0
introduced in
al tension, 

moreover 
eded to obta
-tocopherol 
The two solut

wo channels, a
zed, using a po
distribution o

47 

li Studi di Sa

iquid 
iquid 
avior 
arent 
high 

nian-
han a 
o the 

tudes 
area 

from 
om a 
es a 

ating 
iquid 
) can 

atural 
osage 
sonic 
sizes 
ature 

high 
FMC 

less 
drug 

model 
The 

onics 
sonic 
o-Tek 

feed 
NY, 

ready 
ernal 
aving 
o the 
OEM 
y two 
upply 
e). In 
1.5% 
0.5% 
n the 

and 
a 

ain a 
with 
tions 

at the 
ower 

of the 

spra
coll
8.9 
beak
exer

(onl
wer
(by 
cam
Leic
diam
pub
Nat
http

mic
weig

 

term
prop

Fig

T
solu
freq
syst
the 
show
mak
appl

alerno

ay. The atom
ected in a cro
g/l of CaCl2

ker. All the 
rcise are repor
By crosslink

ly core) and s
re then separa

Canon digita
mera DFC 28
ca Microsyste
meter measur
lic domain so
ional Institut

p://rsb.info.nih
Finally the 

rowave oven 
ght was reach

PARAMETERS

Parameters  

Flow rate, ml/m
Alginate, % w/

a-tocopherol, %

Tween 80, % w

Atomization  ti
Cross-linking t

 
IV. RE

Produced mic
ms of morph
perties.  

g. 1.  Optical micr

The used spra
ution concen
quency and p
tems able to e
microsystems
wed peculiari
ke them of 
lications.  

mization pro
oss-linking so
, submitted to
parameters 

rted in Table1
king process, 
shell-core stru
ated by filtrat
al camera, IXU
80 mounted o
ms DM-LP, W
rements by i
oftware Imag
es of Health,

h.gov/ij/). 
produced mic
(De Longhi m

hed.  
TABLE

S SELECTED FOR
 

min 
/w  

% w/w  

w/w  

ime, min 
time, min 

ESULTS AND

crodroplets (F
hology, size, 

roscope pictures o

y conditions 
ntrations and
power) were 
ncapsulate the
s, as discusse
ities (high loa

interest for

201

oducts (micro
olution at a co
o agitation fo
defined for 

1. 
fine particle

uctures were o
tion, washed, 

XUS 850 IS, by
on an optica

Wetzlar, D) an
image analys

geJ 1.40g, Wa
h, USA, freely

crodroplets w
mod. Easy) un

LE 1 
R PARTICLES PRO

Core 

1.1 
1.5 

1 

0.5 

2 
5  

D DISCUSSIO

Fig. 1) were ch
and drug l

of fresh shell-cor

(both interna
d feed rate

selected to 
e active mole

ed in a previo
ading, delayed
r specific d

3, 7(2): 6-11

8

o-drops) wer
oncentration o
or 5 min in 
the apparatu

s with matrix
obtained. They

photographed
y Leica digita
al microscope
nd subjected to
sis (using th
ayne Rasband
y available a

ere dried by 
ntil a constan

ODUCTION 

Shell 

4.2 
1.5 

- 

- 

ON 

haracterized in
oading/releas

 
re microdroplets.

al and externa
s, atomizer’
obtain micro
cule. In effect

ous work [11]
d release) tha
drug delivery

e 
of 
a 

us 

x 
y 
d 

al 
e, 
o 
e 

d, 
at 

a 
nt 

n 
e 

al 
s 

o-
t, 
], 
at 
y 



Translationa
 

 

Image anal
matrix micro
product, show
Shell-core an
have an initia
values are in 
of fine drop d
2). For water
0.7% of all dr
μm range, 1.
and so on. T
dimensional r
alginate partic

MEAN SIZE AND
MATRIX MIC

SHRIN

 

 

Shell-core m
FRE

Matrix mic
FRE

Shell-core m
DRI

Matrix mic
DRI

 
After dryin

shrinkage of a
Table 2. Mor
shape, as sho
deforms due 
the fast cro
preserved in d

Fig. 2.  Drop dia

 Literature 
“ULTRASON
predict the 

al Medicine @

lysis for size 
o-particles, do
wed a narrow
nd matrix dro
al size of 78 µm

good agreem
diameter distr
r atomized b
rops falls in th
5% falls in t

The higher pe
range between
cles. 

TA
D STANDARD DEV
CROPARTICLES, 
NKAGE PERCENT

microparticles 
ESH  

croparticles 
ESH  

microparticles 
IED  

croparticles 
IED  

ng the particle
about 85%, to
reover, fresh d
owed in Fig
to the impact 

oss-linking [8
dried particles

ameter distributio
fo

 correlations
NIC ATOMI

size of mic

@ UniSa - IS

Un

control of bo
one on both 
w size distrib
oplets (or fres
m and 76 µm 

ment with data 
ribution given
by 25 kHz no
he channel tha
the following 
rcentage of p
n 70 and 80 μ

ABLE 2 
VIATION FOR BO
FRESH AND DRIE

TAGE FOR THE D

Mean 
size, µm  

78  

76  

41  

40  

e size is reduc
o about 40 µm
droplets assum
. 1, because 
then keeps th

8]. This shap
s.  

on for 25 KHz ultr
or water) 

, described 
IZATION”, 
crosystems p

SN 2239-974

niversità degl

oth shell-core
fresh and d

bution (Table
sh microparti
respectively. 
(related to w

n by Sonotek 
ozzle distribu
at covers the 1

15-20 μm ra
particles falls 
μm, as well a

OTH SHELL-CORE
ED; VOLUMETRIC
RIED ONES 

S. D.  
Shrin

%

±20  

±20  

±12 8

±12 8

ced, by volum
m, as highlighte
me a light pen

a spherical 
he shape owin
pe is essent

rasonic atomizer 

in the parag
were applied
produced in 

47 

li Studi di Sa

e and 
dried 
e 2). 
icles) 
This 

water) 
(Fig. 

ution, 
0-15 

ange, 
in a 

as for 

E AND 
C 

nkage, 
%  

 

 

86 

85 

metric 
ed in 
ndant 
drop 

ng to 
tially 

 
(data 

graph 
d to 

this 

appa
1.5%

PH
[12]

co

 T
beha
by t

 T
func
fittin
algi

 W

 T
havi
of ra

 F
1.5%
wer
shea
con
It is
 s

o
b
o

 a
i
T

 L
rate
atom
calc
ultra
the 

alerno

aratus. The ph
% (w/w) (Tab

HYSICAL PROPER
]: THE PROPERTIE

1

Alginate 
oncentration, % 

w/w 

0.5 

1.5 

2.5 

4.0 

5.0 

The alginate
avior; therefo
the power law

The consisten
ctions of the
ng equations 
nate concentr

Where c is in 

The shear ra
ing a volumet
adius R is give

For the used 
%, the consis
re 0.205 Pa·sn

ar rate at the w
sequent visco
 important to 
shell-core sy
owing to the 
both shell and
of the shell-ch
actual surface
in literature o
Tween 80. 

Liquid viscos
have effec

mization, as 
culation of 
asonic atomiz
nozzle config

݊

hysical prope
le 3) were tak

TABLE
RTIES OF MANUG
ES OF A SOLUTIO
.5% (W/W) ARE H

 

Density, 
Kg·m-3 

999 

1004 

1008 

1017 

1023 

e solutions 
re the solution
: 

ncy index, K, 
e alginate co
describe this

ation between

%, K is in Pa·

ate at the wa
tric flow rate Q
en by the follo

alginate solu
stency index, 
n and 0.854, r
wall, from equ
osity (from eq
highlight som

ystems were 
same properti

d core channe
hannel flow ra
e tension is low
owing to the 

sity, atomizer 
ct on the d
previously di
modified dim

zation, a numb
guration have

ൌ ܭ ∙ ሶߛ

ሺܿሻܭ ൌ 0.06

݊ሺܿሻ ൌ 0.9635 ∙

ሶܹߛ ൌ ൬
1
݊
 3

201

erties of algin
ken by Chan et
LE 3 
GEL GHB ALGINA
ON WITH A CONC
HIGHLIGHTED 

Viscosity, 
Pa·s 

0.038 

0.13 

0.56 

2.7 

4.7 

have a n
n viscosity ca

 

and the flow
oncentration, 
s relationship 
n 1% and 3% 

 

·sn, n is dimen

all, for a po
Q flowing in 
owing equatio

 

ution, at a co
K, and the f

respectively. T
uation (17), w
quation 14) w
me consideratio

considered 
ties of the ma
els and to the 
ate; 
wer than the 
presence of 

r geometry an
droplet size 
iscussed. In 
mensionless 
ber of parame
e to be consi

ሶߛ ݊െ1 

619 ∙ ܿ2.953  

∙ ሺെ0.08ݔ݁ ∙ ܿሻ

3൰ ∙
ܳ

ߨ ∙ ܴ3
൨
݊

 

3, 7(2): 6-11

9

ate solution a
t al. [12]. 

ATE SOLUTIONS 
CENTRATION OF 

Surface 
tension, 
N·m-1 

0.071 

0.07 

0.069 

0.057 

0.047 

non-Newtonian
n be described

(14

w index, n, ar
c. Literatur
in a range o

[8]: 

(15

 (16

nsionless.  

ower-law fluid
a circular tub

on [8]: 

(17

ncentration o
flow index, n
The calculated

was 333 1/s; th
was 0.088 Pa·s

ons: 
homogeneou

aterial used fo
predominanc

value reported
the surfactan

nd liquid flow
in ultrasoni
effect, in th
numbers fo

eters related to
idered. Nozzl

ሻ 

at 

n 
d 

4) 

e 
e 

of 

) 

6) 

d 
e 

7) 

of 
n, 
d 
e 
s. 

us 
or 
e 

d 
nt 

w 
c 
e 

or 
o 
e 



Translationa
 

 

geometry and
other paramet
Table 4. 

Fig. 3

VALUES T
PRE

Area of

D

Pow

Speed of the s
(*) A is given by t
cone having Di-no

area of a truncate
the annulus area
internal diameter
(**) I = P / A; 
(***) from Barba e
 

 Dimension
values: 

 from
 from
 from

 The Webe
formation is a
very high ow
(0.13 Pa·s aga
 Finally, b
evaluated to c
that, as show
m3·s-1) and 4
core and shel
was Qc = 2.8
experimental 

al Medicine @

d relevant dim
ters and comb

3.  Nozzle geome

TA

O INSERT IN COR
EDICTION IN ULT

f vibrating surface

Frequency, f, H

elivered power, P

er intensity, I, W

sound (in the wat

the sum of three 
ozzle and Df-nozzle as
ed cone with Dtip

a with Dtip and 
r; 

et al [8]. 

nless number

m equation (3.1
m equation (3.1
m equation (3.1

er number is l
assured. More

wing to the hi
ainst 0.001 Pa
both critical a
compare them

wed in Table 
.2 mL·min-1 (
ll channels. T

8·10-9 m3·s-1 a
flow rates a

@ UniSa - IS

Un

mensions are 
bination of so

etry and relevant d

ABLE 4 

RRELATIONS FOR
TRASONIC ATOM

 

e, A, m2 (*) 

Hz 

P, W 

W·m-2 (**) 

ter), C, m·s-1 (***) 

areas: 1) the late
s bases and Lact a
p and Do as bases
Df-nozzle, respect

rs assume th

10): We = 25.1
11): Oh = 8.96
12): IN = 9.14

larger than We
eover, the Ohn
igh value of 
a·s of water). 
and maximum

m with experim
1, are 1.1 mL
(7·10-8 m3·s-1

The calculated
and Qmax = 2.2
are well collo

SN 2239-974

niversità degl

shown in Fig
me of them a

dimensions  

R DROPLET SIZE 
MIZATION 

1.38·10

25000

10 

7.25·10

1497

eral area of a trun
as height; 2) the l
s and Htip  as heig
ively as externa

hus the follow

1; 
6·103; 
·10-13. 

ec (=1), thus s
nesorge numb
solution visco

m flow rate w
mental flow r
L·min-1 (1.83
), respectively

d critical flow
2·10-5 m3·s-1, 
ocated within

47 

li Studi di Sa

g. 3; 
are in 

 

0-3 

 

03 

ncated 
lateral 
ght; 3) 
al and 

wing 

spray 
ber is 
osity 

were 
rates, 
·10-8 
y for 

w rate 
thus 

n the 

rang
corr
drop
core
inde
be 
solu
imm
wav
drop
flow
 A
high
intro
the 
core
than
the 
redu
tens
liqu
liqu
cont
con
effe
lead
algi
prop
can 

 T
[6], 
able
beyo
1.32
has 
acco
[7]. 
was
 F
Barb
whi
conf
algi
that
occu
 

 

brie
ultra
corr
prop
wer
to p
biom

alerno

ge of good
relations pre
plets size pred
e and matrix
ependently fro
explained ow

utions (non-N
mediate the de
ves formed o
plets size dis
w rates (in this
Also, alginat
her concentr
oducing it in b
described pro

e, thus less in
n the size of 7
presence of T

uction of drop
sion. Then, th
uid viscosity, 
uid contact wi
tact provokes 
sequent visco

ect of reduced
ds to the redu
nate/-tocoph
perties values
be used in the

The first corre
giving a theo

e to predict dro
ond the limit
2·104 >> 2.71

a shear-thinn
ount in the co
The drop dia

s of about 71 μ
Furthermore, 
ba et al. [13],
ch correspond
firming the go
nate rather th

t is in any case
urring. 

In this study
efly introduced
asonic atomi
relations, wh
perties / proc
re applied. Tw
predict droplet
material to pro

d atomization
viously desc

diction. It is w
microdrople

om the flow r
wing to the 
ewtonian shea
etachment of 
on the surfac
tribution in a

s case 1.1 and 
te microdropl
ration of th
both shell and
ocedure, wher
nfluencing) ha
6-78 μm. This

Tween 80, wh
lets diameter.

he presence o
which causes
th atomizing 
an increase in

osity reduction
d surface tens
uction in drop
herol a lower 

in absence o
e correlations.

elation (11) p
oretical drop d
op size becau
ts of validity 
1-161.64). In 
ning behavior
orrelation (12)
ameter predic
μm, nearer to t

the third cor
gives a predi

ds to the valu
oodness of thi
han on CMC,
e a good inter

V.  CONCL

y the ground
d; thus the at
ization. In p
hich take in
ess parameter

wo correlation
ts size of algin
oduce drug de

 
 

201

on. Therefore
cribed, were 

worth to note t
ets showed th
rate. This phe
high viscosit
ar thinning) t

f droplet from
ace, determin
a relatively s
4.2 mL·min-1

lets obtained
he stabilizer 
d core material
re Tween 80 

had a size of 
s difference in

hich acts in tw
. First, it reduc
of stabilizer g
s an increase 
surface. The 

n liquid tempe
n. Therefore, 
sion and redu

plets size. Ho
concentration

of Tween 80 (
. 

proposed by R
diameter of 5

use the Ohneso
y of this corr

effect the alg
r, that is inste
) proposed by
cted by the co
the measured 
rrelation (13)
icted particle 
ue experiment

his correlation 
, as the previ
rpretation of th

LUSIONS 

dwork of ato
ttention was f
particular, th
n account f
rs, to predict 

ns have been 
nate solution,

elivery micros

3, 7(2): 6-11

10

e, the thre
applied fo

that both shell
he same size
enomenon can
ty of alginat
that avoids th

m the capillary
ing a simila
mall range o

1). 
d by using 

Tween 80
l (compared to
is only in th
54 μm, lowe

n size is due to
wo ways in th
ces the surfac
gives a highe
of duration o
larger time o

erature and th
the combined

uced viscosity
wever, having

n of Tween 80
(pure alginate

Ramisetty et al
8 μm, was no
orge number i
elation (Oh =
ginate solution
ead taken into
y Avvaru et al
orrelation (12
drop size. 
, proposed by
size of 76 μm
tally obtained
(13) tuned on

ious one (12)
he phenomen

omization wa
focused on th
hree empirica
feed solution
droplets size

found reliabl
 an interesting
ystems. 

e 
or 
l-
e, 
n 
e 
e 
y 

ar 
of 

a 
0, 
o 
e 

er 
o 
e 
e 

er 
of 
of 
e 
d 
y 
g 

0, 
e) 

l. 
ot 
is 
= 
n 
o 
l. 

2) 

y 
m, 
d, 
n 
), 
a 

as 
e 

al 
n 
e, 
e 
g 



Translational Medicine @ UniSa - ISSN 2239-9747 2013, 7(2): 6-11
 

 Università degli Studi di Salerno 11 

ACKNOWLEDGMENT 
 

 This work was supported by the Ministero 
dell'Istruzione dell' Università e della Ricerca (contract 
grant number PRIN 2009 - 2009WXXLY2 and PRIN 
2010/2011 - 20109PLMH2). 
 
 

REFERENCES 
 

[1] L. Rodriguez, N. Passerini, C. Cavallari, M. Cini, P. 
Sancin, A. Fini, Description and preliminary evaluation of 
a new ultrasonic atomizer for spray-congealing processes, 
International Journal of Pharmaceutics, 183 (1999) 133-
143. 
[2] B. Bittner, T. Kissel, Ultrasonic atomization for spray 
drying: a versatile technique for the preparation of protein 
loaded biodegradable microspheres, Journal of 
microencapsulation, 16 (1999) 325-341. 
[3] H. Liu, Science and Engineering of Droplets:: 
Fundamentals and Applications, William Andrew, 1999. 
[4] R.J. Lang, Ultrasonic atomization of liquids, The 
journal of the acoustical society of America, 34 (1962) 6-
8. 
[5] R. Rajan, A. Pandit, Correlations to predict droplet 
size in ultrasonic atomisation, Ultrasonics, 39 (2001) 235-
255. 
[6] K.A. Ramisetty, A.B. Pandit, P.R. Gogate, 
Investigations into ultrasound induced atomization, 
Ultrasonics Sonochemistry, (2012). 
[7] B. Avvaru, M. Patil, P. Gogate, A. Pandit, Ultrasonic 
atomization: effect of liquid phase properties, Ultrasonics, 
44 (2006) 146-158. 
[8] A.A. Barba, M. d'Amore, S. Cascone, G. Lamberti, G. 
Titomanlio, Intensification of biopolymeric microparticles 
production by ultrasonic assisted atomization, Chemical 
Engineering and Processing: Process Intensification, 48 
(2009) 1477-1483. 
[9] A. Dalmoro, A.A. Barba, G. Lamberti, M. Grassi, M. 
d'Amore, Pharmaceutical applications of biocompatible 
polymer blends containing sodium alginate, Advances in 
Polymer Technology, 31 (2012) 219-230. 
[10] H.H. Tønnesen, J. Karlsen, Alginate in drug delivery 
systems, Drug development and industrial pharmacy, 28 
(2002) 621-630. 
[11] A.A. Barba, A. Dalmoro, M. d’Amore, An 
engineering approach to biomedical sciences: advanced 
strategies in drug delivery systems production, 
Translational Medicine @ UniSa, 4 (2012) 5-11. 
[12] E.S. Chan, B.B. Lee, P. Ravindra, D. Poncelet, 
Prediction models for shape and size of ca-alginate 
macrobeads produced through extrusion-dripping method, 
Journal of colloid and interface science, 338 (2009) 63-
72. 
[13] A.A. Barba, M. d’Amore, S. Cascone, G. Lamberti, 
G. Titomanlio, Intensification of biopolymeric 
microparticles production by ultrasonic assisted 
atomization, Chemical Engineering and Processing: 
Process Intensification, 48 (2009) 1477-1483. 

 
 


