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Introduction
 
Encapsulation process  is  a  well  know phenomenon object  of  many studies  during last  decades
interesting for various application field. Encapsulation phenomenon is a process in which an initial
configuration  where  two  liquids  occupy  each  half  of  the  cross-section  of  the  circular  tube  it
develops in skin-core configuration within a certain distance of the tube. 
Among  the  industrial  processes  for  polymer  manufacturing,  co-extrusion  has  proved  to  be  an
effective way of improving the properties of a product by combining several layers of different
materials. Among the petroleum industry interest studying two-phase flow of Newtonian liquids
was pushed by the use of water to reduce pressure losses in the pumping of  high viscous crude oil
through pipeline.
During flow in pipe of two immiscible fluids a layer interface deformation perpendicular to the
direction of flow in moving liquids may occur affecting the final shape of the extruded product
leading to a core-skin structure with the less viscous fluid in the skin and the more viscous fluid in
the core. 
Experimental studies of the extrusion of two-phase polymer melts by Southern and Ballman (1) and
others (2,3,4,) have shown that the interface between phases changes in shape during flow, leading
in same cases to a skin-core configuration depending on the magnitude of viscosity difference. 
Lee and White (1974) carried out a series of experiments to assess the effect of second normal stress
difference  and  viscosity  ratio  between  fluids,  showing  that  the  responsible  parameter  of
encapsulation phenomenon is the latter; no influence is given by normal stress difference. They saw
that  irrespective  of  the normal  stress  difference the  less  viscous fluid is  always  to  be concave
towards  the  other  more  viscous fluid.  They also showed that  in  viscous encapsulation the  less
viscous  components  migrates  to  the  wall  enclosing  the  more  viscous  component,  and  that  the
viscosity ratio plays an important role. The principle of minimization of energy was invoked.
This  phenomenon  became  widely  employed  in  the  transportation  of  high  viscous  crude  oil  in
pipelines where the addition of water coupled with its migration near the pipe wall considerably
reduces pressure drop needed to drive the bulk, and that the forces to drive the flow are much closer
to that to drive a less viscous component  alone [J. Joseph & Renardy (1997)].
More recently J. Dooley and L. Rudolph (2003) conducted a series of experiments to isolate elastic
and viscous effect as well. They showed that elastic encapsulation can occurs in square channel due
to secondary flow induced by fluid elasticity and that viscous encapsulation can occur in circular
channel due to the viscosity difference between the fluids. Their results obtained in circular channel
are in good agreement with those previously founded  by Lee and White.
P. Yue et al.(2008) carried out a series of numerical simulation both in circular and square cross-
sectional channel, to evaluate the effects of the second normal stress difference N

2
 and viscosity

ratio were investigated; they proved that in channels with non-circular cross section, the negative
second  normal  stress  difference  N

2
  is  responsible  for  secondary  flows  characterized  by  fluid

recirculation  in  the  plane  orthogonal  to  the  main  flow direction.  This  result  gave  space  to  the
definition of an elastic encapsulation due to the presence of N

2
 as a separate mechanism from the

viscous encapsulation occurring as a result of a fluid instability arising from the viscosity difference
between the components. When two viscoelastic fluids also present different viscosities, these two
mechanisms cooperate to determine the final interface profile. A general criterion, as established by
Khan and Han (1976), predicts that for equal viscosities, the more elastic fluid is encapsulated by
the less elastic one.
This work is the only one that has as objective to study the effect of viscosity ratio between two
fluids on the entrance length at which an encapsulated structure occurs. This was accomplished by
experimentally co-extruding Polydimethilsiloxane and Glycerol  at  different  viscosity ratio.  This
work showed that the higher the viscosity ratio the lower the entrance length is.   



Field of study

Two types of multiphase flow may be distinguished on the basis of their degree of phase separation.
One type is dispersed multiphase flow, in which one or more components exist as a discrete phase
dispersed  in  another  component  forming  the  continuous  phase.  The  other  type  is  stratified
multiphase flow, in which two or more components form continuous phases separated from each
other by continuous boundaries. In this work we will concentrate only on the case of stratified flow.
Such a study on stratified flow can be carried out  by using different  cross-sectional  geometry;
generally most common shapes are square and circular cross-section. In the first case due to the
non-symmetry  of  the  geometry  secondary  flow  will  arise  also  within  a  single  component
homogeneous  fluid,  this  geometric  effect  will  distort  the  shape  interface  between  two  liquids
irrespective of their rheological properties [Dooley et al (2008)]. 
In the stratified case numerical study have shown that there will be no elastic secondary flow in
circular channel because of its radial symmetry. In this case interface shape deformation is only due
to the rheological properties difference [P. Yue et al (2008)]. The experiments that will be presented
in this work were made in circular channel to isolate the effect due to the rheological properties. 
To  sum  up  the  most  important  parameter  to  take  under  consideration  to  understand  the
encapsulation phenomenon are viscosity and elasticity difference between fluids, the first is denoted
as  λ which  is  the  ratio  between  viscosities,  the  second  is  quantified  as  second  normal  stress
difference N

2
.

Experimental
Working Fluids
Two  commercially  available  fluid  were  chosen  to  execute  these  experiments,  Glycerol  and
Polydimethilsiloxane (PDMS). These fluids were chosen for several reasons, they have different
viscosity but of the same order of magnitude and they are liquids at room temperature; the latter
attribute have been considered essential because experiments were made at room temperature. In
addition they are both transparent which is a crucial feature because the experiments were made in
glass extruder.
Before  to  calculate  the  rheological  properties  an  aqueous  blue  dye  was  added  to  Glycerol  to
distinguish  the  two  phase  during  the  experiments.  Glycerol  is  a  Newtonian  fluid.
Polydimethilsiloxane  is  known  to  be  a  shear  thinning  fluid  but  in  the  range  of  shear  rate
investigated, up to 100 s-1, it showed a Newtonian  behaviour; thus for both fluids viscosity is only a
function of the temperature.
The two materials were characterized in temperature range from 5° to 30° degrees Celsius by using
rheometer  AR 2000 produced by TA Instruments. The viscosity data for these fluids are showed in
the following Table.

Temperature [°C] Viscosity [Pa s]

Glycerol PDMS

5 5.62 5.49

10 3.29 5.04

15 2.09 4.4

20 1.29 3.95

25 0.82 3.62

30 0.55 3.13
                Table 1     Viscosity as function of the temperature.



It  was  found  that  Glycerol  viscosity  is  more  sensitive  than  PDMS  viscosity  changing  the
temperature, this difference has been quantified by calculating the pre-exponential factor known as
“Activation Energy” of Arrhenius equation which provide the relationship between viscosity and
temperature. The activation energy calculated in the temperature range from 5 to 30 degree Celsius
are:

E
A, Glycerol

=64.5 KJ/mol;                     E
A,PDMS

= 13.64 KJ/mol;

The aim of this  work is  to calculate the distance (  L
e
) at  which encapsulated structure is fully

developed as a function of viscosity ratio. Two techniques were employed to change the viscosity
ratio.  One consist  to  add a  small  amount  of  water  to  Glycerol  to  reduce  its  viscosity keeping
constant PDMS viscosity; the other way is to make the experiments at different temperature in order
to achieve the desired value of viscosity ratio, which is represented as a function of the temperature
in following graph

Graph 1

Viscosity ratio defined as PDMS viscosity/Glycerol viscosity as function of the temperature 

Experimental set up
The experimental apparatus consist of three unit; a double side funnel at the top which allow to
have a stratified configuration at beginning of the tube, the second part of the system is a glass tube
connected to the funnel whose inner diameter is 3,5 mm, finally a microscope was displaced along
the tube length.
In a first set of experiments a small amount of water was added to glycerol in order to change the
viscosity ratio, these experiments were made at temperature of 18 degrees Celsius.
In  a  second  case  the  viscosity  ratio  was  changed  by  carrying  out  experiments  at  different
temperature level in the range from 6 to 30 degrees Celsius, in these case pure glycerol was used.
In order to conduct the experiments at controlled temperature was used a box room which internal
temperature can be fixed; fluids as well as experimental apparatus were put into the box 16 hours
before starting the experiment to ensure that they reach the desired value of the temperature.
The experiment begins when the two fluids are simultaneously introduced in the upper part of the
funnel. Fluids flows for a time of 10 minutes before to calculate the distance at which encapsulated
structure is fully developed to ensure a stedy state condition. The flow rate is 4.6*10 -5  Kg/s, the
shear rate at the wall is 4 s-1. All experiments were made under hydrostatic pressure.

Constant Temperature Experiments
The first  set  of  experiments  was performed at  constant  temperature of  15 degree Celsius  with
different  combination of  glycerol-water  mixture in order  to  change viscosity ratio.  In this  case



glycerol, the less viscous fluid, encapsulate PDMS, the more viscous fluid, to a length which is a
function of viscosity ratio. Table 2 shows the main characteristics data of these experiments.
The dimensionless entrance length as a function of viscosity ratio is represented in the graph 1.
It can be seen that L

e
 is a decreasing function of the viscosity ratio. 

Table 2
PDMS 
Viscosity

Glycerol 
Viscosity 

Water [%] in 
Glycerol by weight

Viscosity ratio Dimensionless 
Entrance length

4.4 2.09 0.00% 2.11 100

4.4 1.03 2.70% 4.27 62

4.4 0.77 3.80% 5.73 54

4.4 0.4 7.40% 10.9 37

Graph 2

It can be seen that L
e
 is a decreasing function of the viscosity ratio. 

Experiments Changing the Temperature
The second set of experiments were performed using pure glycerol. In order to change the viscosity
ratio experiments were executed at different temperature in the range from 6 to 30 degrees Celsius.
As in the previous case the glycerol represents the less viscous fluid in each experiments and it is
proved  to  be  the  encapsulating  fluid.  Table  3  shows  the  main  characteristics  data  of  these
experiments.  

Table 2
Temperature °C PDMS Viscosity Glycerol Viscosity Viscosity ratio Dimensionless L

e

7 5.4 4.9 1.2 128

10 5.04 3.29 1.53 111

15 4.4 2.09 2.11 100

18 4.17 1.64 2.52 83
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22 3.83 1.08 3.55 57

25 3.62 0.83 4.38 51

28 3.35 0.64 5.23 50

30 3.3 0.55 6 47

The dimensionless entrance length has been plotted as function of the viscosity ratio
Also in this case experiments showed that the L

e
 is a decreasing function of viscosity ratio.

Graph 3

Secondary flow 
To have the movements of glycerol towards the tube wall which encapsulate the more viscous fluid
there are certainly secondary flow which are the cause of this phenomenon. Secondary flow can be
defined as velocity component of the fluid orthogonal to main velocity component. Fig.4 shows
schematically the encapsulation process.

Fig.4
In  this  Fig.  it  can  be  clearly  seen
that between side-by-syde flow and
core-annular  flow  there  is  a
transition  phase.  For  each
experiments either for constant and
variable  temperature  transition
length (L

T
) has been calculated and

found as constant value (1.8 cm, 5.1
L/D  for  all  experiments).  This
circumstance  allowed  to  calculate
the  magnitude  of  secondary  flow,
which  was  defined  as  the  ratio
between  secondary  velocity
component  V

Θ
 and  main  velocity

component V
z
.
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The technique used to carry out this calculation is illustrated in Fig.5 

The image represents  the  cross-
sectional cut (a) at the beginning,
and (b) at  an intermediate point
of  the  transition  length.  This
value  (L

t
=1.8 cm) allowed us to

work out the time needed to the
fluid  to  cover  the  above-
mentioned distance.

T = L
T
/V

Z
(1)

 
Fig.5

Where L
T 

is the transition length, V
Z
 the main velocity component experimentally calculated.

Considering a fluid particle that moves from the point A, at the beginning of the transition length, to
the point B, at the end of the encapsulation process it can be clearly seen that the distance covered is
equal to A

l 
 equation (2).

A
l
= Θ r (2)

Where A
l  
is the distance covered by the fluid particle p during encapsulation process it is equal to

the arch between point A and B in the Fig. 5, r is tube radius and Θ is the angle assumed equal to
90°. Finally  V

Θ
, the secondary velocity, has been calculated as the ratio between arch length and

time needed to the fluid to cover the transition length

V
Θ
= A

l
/T (3)

For each experiments V
Θ  

 was measured and the magnitude of secondary flow (V
Θ  

/
 
V

Z
) has been

plotted as function of viscosity ratio.
Graph 4

It has been found that the magnitude of secondary flow is constant as function of viscosity ratio.
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Results
Entrance lengths have been examined for various viscosity differences between fluids executing to
different types of experiments. The difference between fist and second experimental set up is the
way in which viscosity ratio has been changed; in the first case a small percentages of water was
added to glycerol in order to reduce its viscosity and simultaneously increase viscosity ratio. In the
second case due to the activation energy gap between fluids (E

A,Glycerol  
> E

A,PDMS
)

  
it was possible to

change viscosity ratio changing the temperature as shown in the Fig.1. It can be clearly seen from
graph 2 and 3 the results are very close to each others. These experiments have shown that viscosity
ratio plays an important role in the development of encapsulation phenomenon. The higher the
viscosity ratio  the  system has,  the  lower  the  distance  at  which  encapsulation  structure  is  fully
developed. 

Encapsulated droplets at the end of the extruder Stratified flow converting in core-annular flow

 

As  already  explained  previously  glycerol  was
mixed with  a  blue  aqueous  dye  to  distinguish
two phase during the experiments. 

Important considerations were made on the secondary flow. They are activated by the viscosity
difference between fluids, in case zero viscosity difference encapsulation does not occur, but its
degree is not influenced by the viscosity difference level. Secondary velocity has been found always
equal to 30% of the main velocity as shown in Fig.6. 

Recommendations for industrial processing and practical feasibility of the approach 

We have conducted experimental study on interface motion in stratified pipe flow of viscous fluids,
with the goal of understanding the viscous driven encapsulation of one component by the other.
Results shows that viscous encapsulation take place when a certain viscosity difference between
fluids  exist.  We  concluded  that  a  viscosity  ratio  greater  than  3   is  essential  to  have  a  fast
encapsulation indeed at this value of viscosity ratio corresponds a dimensionless entrance length
(L

e
/D) equal to 60, at the same time is important to underline that an increase beyond 6/7 is useless

because the gain is always lower.
 From the experience got in the study of this phenomenon we can establish that it is also affected by
other parameters such as: elasticity mismatch, shear rate field in the tube, and the channel geometry.
Elasticity mismatch affects the magnitude and direction of secondary flow depending on the tube
geometry in the case of square cross-section secondary flow due to elasticity mismatch can affect
negatively the layer interface. In the case of circular channel as showed by Dooley & Rudolph 2003
elasticity mismatch accelerate the encapsulation process. 
Shear rate in the tube is a very important factor to be considered; it is proportional to shear stress
field into the tube so it  represent the driving force that pushes the less viscous fluids to move
towards the highest area of stress; not a big interest has been addressed to study the shear rate effect



on the encapsulation velocity.
Finally the geometry influence needs to be discussed; it is possible to have core-annular structure in
square channel and circular channel as well. In the first case more attention have to be paid to the
second normal stress difference  N

2  
,  which leads to arise secondary flow that distort  the layer

interface.  In the case of circular channel the second normal stress difference  N
2  

do not create

difficulty on the evolution of encapsulation phenomenon.
My  suggestion  for  next  study  is  to  do  experiments  by  using  polymers  whose  rheological
characteristics are very close to those  is intended to use in industrial practice.

Crescenzo Pezone
16th June 2015
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