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1 INTRODUCTION 

1.1 Dispersive mixing 

The dispersive mixing of immiscible liquids is an essential subject in many 
industrial processes involving multiphase flow. For example, in the melt 
blending of incompatible polymers, the morphology of the blend is of major 
influence on its mechanical (and other) properties. Therefore, it is important 
to model the development of the morphologies during the mixing process; 
starting with large (mm) domains of a distinguished liquid phase (disperse 
phase) and ending with a distribution of small (pm) domains of the disperse 
phase in a continuous matrix phase. 

A classical way to model the dispersive mixing process is to study the 
deformation and breakup of a single drop of the disperse phase in a well 
defined flow field of the continuous phase. The dimensionless results of such 
analyses may be converted to real processes involving many drops. 
Deformation of a drop, suspended in an immiscible liquid, is due to the 
stresses acting on it and is counteracted by the interfacial tension between 
the two phases, which tends to keep the drop spherical. In order to study the 
influences of various parameters such as stress, (ratio of) viscosities, 
interfacial tension, and time, it is tractable to use model liquids and model 
flows. 

Model liquids can be handled at roomtemperature, in contrast to molten 
polymers. Moreover, they offer the opportunity to control the rheological 
properties, such as the viscous, shear thinning, or viscoelastic behavior. Some 
of the flow types used in experimental or numerical investigations are simple 
shear flow, generated in a parallel band (Taylor 1934) or a Couette device 
(Grace 1971), plane hyperbolic or 2-D elongational flow, generated in a four 
roll mill (Grace 1971, Bentley and Leal 1986)) and 3-D axisymmetric 
elongational flow, often used in numerical studies (Rallison 1984). The 
present study concerns the development of an opposed jets device for the 
experimental study of drop deformation in 2-D elongational flow. Generally, 
the flow in real processes is a complex combination of all these types of flow. 
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1.2 Linear 2-D flows 

Most of the flow types used experimentally are linear 2-D flows. In general, 
an incompressible linear 2-D flow can be described by the velocity vector: 

(1.1) 
-4 -4-4c-4 -t 

u = (Vu) 'X = E*x 

-4 -b 

where V is the gradient vector operator, x the position vector, and L the 
velocity gradient tensor (Giesekus 1962, Fuller and Leal 1981): 

l+a 1-a, o 
O 0  

L = ;  [-li. -1-a o] where -1 5 a5 1 (1.2) 

-4 -4 

In a Cartesian coordinate system x (x,y,z) the components of u (u,v,w) are: 

= ;[ (i+C!)x + (&@)Y 1, 
v = ;[(-l+a)x + (-i-@)Y], 

w = o  

The parameter G (8) is called the shear rate and characterizes the 
magnitude of the velocity. The value of a, characterizes the type of flow as 
shown in Figure 1.1. 

Let us consider the following, commonly used, definitions (in 2-D) of the 
streamfunction $, rate of elongation i, rate of shear ;U, and vorticity curl u: 

-b 

$ such that u = @ and v = -@ 
ax 

-4 -4 

i = n1.D.nl 

-b - 4 - 4  

curl u = Vxu 
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increasing vorticity -> 
plane hyperbolic flow simple shear flow rotational flow 

a = 0.0 a = -1.0 ( Y =  1.0 

(Y = 0.6 

Z 

Figure 1.1 Streamlines of a set of linear 2-0 jlows (Bentley 1985). 

-t (-v,u) where = and n2 = 
Ilull 1141 

-b l/;/l = length of the velocity vector u 

and D = the rate of strain tensor, see Equation 1.15 

Applying these definitions to the ideal flow field, as given by Equations 1.1 
and 1.2, the following is obtained: 

For Q > O the streamlines (see Figure 1.1) are hyperboles with the angle 
between the entrance and exit asymptotes: 

e = 2 arctan(&) (1.9) 
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For a < O, the streamlines are ellipses with the aspect ratio between the 
short (mi) and long (m2) axis: 

/ 
O / 

(1.10) 

\ 

\ 

s min 'O 

The rate of elongation, the rate of shear, and the magnitude of the vorticity 
are given by: 

E = ; (I+@) cos(24) (i.11) 

respectively, where 4 is the angle with respect to the positive x-axis. Notice 
that independent of the value of a, the rate of elongation reaches its maxima 
and minima along the x- and y-axis. The rate of shear has its extrema at 
the diagonals, where i equals zero (Figure 1.2). The magnitude of the 
vorticity Ilcurl is independent of x and y. In contrast to the shape of their 
profiles, the values of E, q, and IIcurl211 are dependent on a and G as can be 
seen from Equations 1.11, 1.12, and 1.13. 

m a x  

\ / \ 

Figure 1.2 i and 9 projles, independent of a. 
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The velocity gradient tensor E can be decomposed into the rate of strain 
tensor D and the spintensor R: 

L = D + R  

1 l+& o o 
where D =  z(L+ Lc) =: [ ; -1-0 o] 

O 0  

and 

(1.14) 

(1.15) 

(1.16) 

From Equations 1.15 and 1.16 it is clear that plane hyperbolic flow ( a  = 1) is 
strong in terms of deformation and irrotational while purely rotational flow 
(a ,  = -1) is unable to deform a drop; simple shear flow (a ,  = O) has an equal 
rate of strain and rotation (Olbricht, Rallison, and Leal 1982, Ottino and 
Chella 1983, Ottino 1989). In dispersive mixing, mainly the range of flow 
types with O 5 Q 5 1 is of interest. It should be noted that independent of the 
value of a, the base vectors in the direction of the x- and y-axis are the 
eigenvectors of D (eigenvalues *G( 1+ ~ ) / 2 ) .  Consequently, maximum 
extension appears along the x-axis and maximum compression along the 
y-axis for all values of Q, a result that was obtained earlier in Figure 1.2. 

In experimental studies on drop deformation in so-called strong (O  < a, 5 1) 
linear 2-D flows, the drop has to be positioned at the stagnation point of the 
flow (; = 6). Although equals zero here, the position of the drop is 
unstable to  small disturbances. The origin of this main obstacle to successful 
experiments can be seen from the velocity gradient L. In strong linear 2-D 
flows, the eigenvalues of L are *G&. The corresponding eigenvectors are 
given by Bentley and Led (1986) and point to the asymptotes of the exit and 
entrance streamlines respectively (see Figure 1.1). The negative eigenvalue 
indicates that any disturbance of the drop position in the direction of the 
entrance is damped. In other words, in the direction of the entrances the 
drop position is stabilized by the flow. On the other hand, in the direction of 
the exits the positive eigenvalue is valid which means that any disturbance in 
this direction grows. Consequently, an arbitrary displacement of the drop 
from the stagnation point causes it to drift to either of the exits. As only one 
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eigenvalue is positive, the instability of the position of the drop is a 1-D 
problem. In purely extensional flow (ct = 1) the instability is most severe; 
the velocity of the drop is proportional to its displacement (in x-direction) 
from the origin (Equation 1.3: u = Gx) causing an exponential "escape". In 
simple shear flow (a = O) the drop leaves with a constant velocity, which 
reduces the experimental problem somewhat. 

1.3 The four roll mill 

A four roll mill consists of 4 rotating rollers, vertically placed in a basin of 
liquid. Many researchers use this device to generate plane hyperbolic flow as 
shown in Figure 1.3. 

A Y  

Figure 1.3 Plane hyperbolic &ow in a four roll mill (Bentley 1985). 

Bentley (1985) developed a computer controlled four roll mill that can 
generate all linear 2-D flows, at least at the centre of the device for 
Newtonian fluids. The shear rate G and the flow type parameter Q from the 
model in Section 1.2 axe related to the roller speeds W i  (i = 1, 2, 3, 4), which 
can be set for all four rollers independently. Normally, = 4 (faster pair) 
and y = w4 (slower pair). The shear rate G (s-l) is proportional to  the speed 
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of the faster roller pair: 

G - (01+u3) (1.17) 

The value of a equals the ratio of speeds of the slower and the faster pair of 
rollers: 

a=---- [;::] (-1 5 Q 5 1) (I.i8j 

The main advantage of this computer controlled four roll mill is its 
flexibility. Even during an experiment of drop deformation, both the shear 
rate and the flow type can be varied by controling the roller speeds. 
However, a disadvantage of the device is its complexity: the roller speeds not 
only determine G and a but are also used to control the position of the drop 
as mentioned in Section 1.2 and investigated further in Chapter 4. Besides, a 
four roll mill does not allow for highly viscoelastic fluids because the shear 
stresses generated by the rotating rollers may be too weak to overcome the 
large extensional stresses; so, the fluid may not enter the compartment in 
between the rollers (Metzner and Metzner 1970). Finally, it will be difficult 
to use molten polymers (at 200 to 300OC) in a four roll mill with its large 
fluid volume and four mobile parts. The high temperatures may cause 
degradation of the polymer, while high viscosities (lo2 to lo4 Ns/m2) ask for 
very powerful drives. 

1.4 The concept of the opposed jets devim 

The aim of the present study is to develop a device which can generate linear 
2-D flows (in particular plane hyperbolic flow), but is smaller and easier to 
construct and operate than the four roll mill and which has the potential to 
be suitable for experiments with (highly) viscoelastic fluids. It is not new to 
apply the stagnation flow of two opposed jets in order to generate an 
elongational flow (Muller, Odell, and Keller 1988). However, this concept (as 
shown in Figure 1.4) has never been used in drop deformation studies. 
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- - -  - -  " 6 k : O n X  

W 

thickness h 

Figure i .4 Principle of the  opposed jets device. 

The liquid is pumped from two opposite directions into a cell with a specific 
shape; the two flows impinge and leave the cell via two opposite exits. The 
cell consists of four solid blocks (thickness h), between two parallel plates of 
Perspex or glass (for optical entrance). The entrances and exits have all 
rectangular cross-sections (bxh) and are connected to a pump. The 2-D 
character of the flow may be achieved around the midplane for sufficiently 
large h. Differently shaped cells cause different types of flow. 

In comparison with the four roll mill, the opposed jets device is thought to 
generate a similar flow field in the centre region. The three functions G, Q, 

and the position control of the drop, which are all related to the roller speeds 
in the four roll mill, are completely independent in the opposed jets device: 
the shear rate G is determined by the flow rate, the flow type parameter Q is 
related to the shape of the cell (Chapter 2), and the position control is 
governed by the ratio of the exit flow rates (Chapter 4). Separation of these 
functions makes the device less complex than a computer controlled four roll 
mill. Furthermore, the opposed jets device is expected to allow for highly 
viscoelastic fluids, in contrast to the four roll mill. The fluid is forced directly 

8 



into the cell instead of driven indirectly via the rollers. The closed and small 
volume of liquid in the fixed opposed jets cell is quite suitable for polymer 
melts as well. The main disadvantage of the opposed jets device, however, is 
the fact that a different shaped cell has to be installed in order to change the 
type of flow. For this purpose, the four roll mill is more flexible. 

In Chapter 2, the flow in a number of geometries is studied numerically in 
order to select those geometries which can generate some specific iinear 2-D 
flows, according to the model described in Section 1.2. Chapter 3 gives the 
results of two types of experiments used to verify the flow field in the 
opposed jets device. The most important parts of the control system, 
designed to keep a deforming drop positioned at the centre, are explained in 
Chapter 4. In order to properly analyse the deformation behavior of a drop, 
experiments have to be recorded on videotape via a microscope. The total 
experimental setup, designed and realized in this study, is presented in 
Chapter 5. 
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2 SELECTION OF GEOMETRIES BASED ON NUMERICAL 
ANALYSES 

2.1 Strategy 

The first step is to select geometries which can generate flows with different 
vorticities according to the model of Section 1.2, at least in the centre region 
and for Newtonian liquids. From a number of 2-D flow simulations a set of 
geometries is selected for which the calculated streamlines prove to compare 
qualitatively well with those derived from the ideal model. 

After this qualitative determination of the geometries, the dimensions have 
to be chosen quantitatively to get a device which fulfills the demands from 
drop deformation experiments (Rumscheidt and Mason 1962, Grace 1971, de 
Bruin 1989, van der Reijden-Stolk 1989, Elemans 1989): an acceptable 
region at the centre, in which the fiow field (in particular G) is within 10% of 
that of the ideal model flow. Given the typical diameter of a drop: 1 mm, 
which should be homogeneously elongated by at least a factor 10 without 
reaching a deviating flow type, the region of constant G value should be 1 to 
1.5 cm. Furthermore, the shear rate G should be of the order 1 s-l to be able 
to sufficiently deform these drops. Moreover, the total volume should be as 
small as possible in order to make the device suitable for polymer melts. 

2.2 FEM program 

In a steady flow of an incompressible Newtonian liquid in the absence of 
external forces, the following set of (dimensionless) equations has to be 
solved: 

+ -b+ + 1 +2+ 
u*vu + vp = v u 

Re 

+ +  
v * u  = o 

Navier-S t okes 

continuity 

The equations have been made dimensionless with respect to a characteristic 
length scale (L), velocity (U), and pressure (pU2). Re (= pUL/q) is the 
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Reynolds number, the ratio between inertial and viscous forces. The set of 
equations is solved in 2-D using a Finite Element Method (FEM) program. 
Solution of the 3-D equations is also possible but takes too much time in this 
stage of design where the flow in many geometries has to be simulated. Using 
the FEM program Sepran (Segal, 1989) a mesh of quadratic triangles is 
generated on the indicated geometry and the physical properties of the fluid 
as well as the boundary conditions are given. Sepran iteratively solves the set 
of non-linear equations, using the penalty function met hod which decouples 
the velocity and the pressure (Cuvelier, Segal, and van Steenhoven 1986). 
The solution is obtained in terms of the velocity. Based on this solution the 
pressure p, streamfunction +, rate of elongation i, rate of shear y, and 
vorticity curl u (as defined in Section 1.2) are derived. 

Considering the i and i/ profiles derived for the ideal model flow field 
(Equations 1.11, 1.12, and 1.13), the extrema imin,max and ymin,max in the 
FEM calculations correspond to G( 1+a)/2 while ]]curl ; ] I  equals G(1-a). 
Thus, evaluating the results of 2, 7, and curl u, the vorticity parameter Q 

and the shear rate G can both be determined: 

+ 

where extremum = the average value of 2min,max and ?min,max 

+ 
In the particular case Q = 1 (where IIcurl u][ = O),  G directly corresponds to 
the extrema of E and 7. 

2.3 Selection of geometries 

All geometries, investigated numerically, are 2-D. The entrances and exits 
are extended with rectangles representing the tube connections and allowing 
an entering plug flow (boundary condition) to develop into a steady velocity 
profile. A tube length of half its width b is enough for the flow to develop 
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since the Reynoldsnumber is small (typically O(1)). For the a = 1 geometry, 
the ratio r/b (Figures 1.3 and 1.4) is set 2 to make the circular parts 
reasonably fit to hyperboles (Bentley 1985). In the calculations discussed in 
this section, the density p = lo3 kg/m3, the dynamic viscosity 7 = 5 Ns/m2, 
the velocity at both entrances is a plug flow with 11;1[ = 1 m/s, and tube 
width b = 4 cm. To get a quick first impression of the flow field, the 
convective term of the Navier-Stokes equation is neglected, resulting in a set 
of linear equations solvable without iterations (Stokes flow). For low 
Reynolds flows this simplification is of minor influence. In the next section 
calculations according to the complete Navier-Stokes equation are discussed. 

Plane hyperbolic flow ( a  = 1) is easily generated in a square setup of 4 
quarters of circles. Figure 2.1 presents the velocity vector plot and the 
streamlines for this case. In the centre region the streamlines appear to be 
hyperboles with perpendicular asymptotes. The i and ;U profiles show their 
extrema and symmetry as expected from Figure 1.2 while the centre is free of 
vorticity. The approximate value of G amounts to 17 s-l. 

r------- Fb 

1 1 t l J 1 ~ 1  I 

Figure 2.1 Velocity vectorplot and streamlines for a = I. 
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In order to introduce vorticity, a number of different shaped geometries was 
investigated. The choice of the geometries was based on a "learning process" 
of systematically varying geometry paramaters (shift of the entrances, angle, 
ratio of circle radii). Figure 2.2 shows a few of the attempts made to obtain Q 

= 0.6. The objective was to force the streamlines to have an angle O = 75.5O 
(from Equation 1.9) between their asymptotes. 

Figure 2.2 Streamlines of some geometries in an attempt to Q = 0.6. 
Drawn lines are the desired streamline asymptotes (having 
O = 75.50). A, B, and C are elucidated in the text. 
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In comparison with Figure 2.1 the entrances in geometry A have been shifted 
apart. This would be an elegant way of changing the flow type continuously 
during an experiment (in the other cases, B and C, different cells have to be 
used in order to change the flow type). At the centre, however, the 
streamlines tend to be perpendicular, crossing their desired asymptotes. As a 
consequence, the profiles of i and ;U are asymmetrical and their values very 
small just at the centre. 

In geometry B two larger and two smaller circles are put in a diamond 
shaped configuration. Again the streamlines are crossing their desired 
asymptotes and the largest amount of the entering liquid is leaving via the 
narrowest curve, though in B the flow is more equally divided than in A. 
Since this study concerns very viscous flow with a minor contribution of 
impulse, it is evident that the fluid 'khooses" the nearest exit, no matter if 
this involves a big change in Row direction. 

In geometry C, the small circles have been reduced and shifted inward, the 
large ones enlarged and shifted outward in order to force the flow to split 
more equally. This results in an acceptable pattern of streamlines, that obeys 
the desired asymptotes in a large area around the stagnation point. From the 
complete set of i, ;U, and curl u plots, the values of G and Q are evaluated 
(using Equations 2.3 and 2.4): G = 20 and Q = 0.55. It is evident that the 
streamlines give a reliable impression of the flow type; a geometry may be 
repudiated if the streamlines do not coincide with the desired ones. 

In this chapter attention is paid only to the cases where Q = 1 or Q = 0.6. 
Once it has been proved to be possible to select a geometry for Q = 0.6, it is 
principally possible to select geometries for all strong linear 2-D flows. 

2.4 Dimensioning of the geometries 

Now that geometries have been selected for Q = 1 and (Y = 0.6 these shapes 
have to be dimensioned in accordance with the requirements stated in 
Section 2.1. An evaluation of the calculations presented in Figures 2.1 and 
2.2C shows that for b = 4 cm and 1$11 = 1 m/s the region of constant (&lo%) 
shear rate is about 6 cm along the x- and y-axis and G N 20 s-l. According 

14 



to the demands from Section 2.1 the length scale may be diminished by a 
factor 4 and the velocity by a factor 80. The case where b = 1 cm and 1i;ll = 

1/80 m/s is expected to give a region of about 1.5 cm where G = 1 s-l. The 
newly scaled geometries for o = 1 and a = 0.6 are subjected to an analysis 
with the complete Navier-Stokes equation. The convective term is taken into 
account leading to about 5 iterations to get an accuracy in t better than 
O ( W 7  m/s); the solutions appear to be the same as for the Stokes equation. 
As expected the non-linear term is of minor influence for this low Reynolds 
flow (after scaling: Re = O(l0-I)). 

Figure 2.3 shows the complete results for the scaled geometry Q w 0.6, where 
the duct width b = 1 cm and 1i;lI = 0.0125 m/s. Density and viscosity are 
lo3 kg/m3 and 5 Ns/m2 again. From the plots it is evaluated (using 
Equations 2.3 and 2.4) that: 

-0.8 < i, < 0.6 s-l 

-0.8 < E < 0.8 s-l 

IIcurl u11 = 0.45 s-l 

-i' G = 1.0 s-l and cy = 0.54 I -+ 

As expected the shear rate G has now become 1 s-l. This geometry is 
accepted for the case ct N 0.6, although the I/ profile is not completely 
symmetrical: +min > 

For Q = 1 the two planes of symmetry are used in order to limit the 
computating time for the iterative solution process; only one quarter of the 
geometry is taken into account. Figure 2.4 presents the complete plots. 
Within the drawn box the flow corresponds to the model carried out in 
Figure 1.2. This means that the region of constant (&lo%) shear rate at the 
centre is a square of 1 cm x 1 cm or, more generally, a square of bxb. From 
Figure 2.4 it is evaluated that: 

-1.0 < 9 < 1.0 s-l 

-1. o < i < 1.0 s-1 

IIcurl u11 = O s-l 

+ G = 1.0 s-l and a = 1.0 I -+ 
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Figure 2.3 Complete results for the scaled ít N 0.6 geometry; b = I cm; 
Iltll = 0.0125 m/s; drawn lines are the x- and y-axis and 
their diagonals. 
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step 0.2 s-l 

1.0 s-1 k/ -0 .8  s-1 

Figure 2.4 Complete results for the scaled cy = 1 geometry; b = 1 cm; 
1 1 ~ 1 1  = 0.0125 m/s; drawn box 0.5 cm x 0.5 em. 

1 7  



As long as the Reynolds number stays of the order O(10-I) the viscosity is 
not expected to rigorously affect the flow pattern. This has been verified by 
solving the problem for ct = 1 with viscosity q = 1 Ns/m2 instead of 5 
Ns/m2. The E; solution and all its derivatives ($, i, ;U, and curl u) appear to 
stay identical. Only the pressure has been diminished by a factor 5. Staying 
in the low Reynolds region, the flow type is thus independent on r], d, and 
~ ~ ; ~ ~ .  At the centre the shear rate G is governed by the proportionalities: 
G N 1l;lI and G N l/d. If the width b = 1 cm, it appears that: 

-# 

In addition to the above computations, also the flow in the four roll mill has 
been analysed for Q = 1 (plane hyperbolic flow). The dimensions and fluid 
properties used are the same as for the case in Figure 2.4: b = 1 em, r /b  = 2 
(Figure 1.3), p = lo3 kg/m3, and r] = 5 Ns/m2. The angular velocity of the 
rollers is set w = 1 rad/s. The result, as shown in Figure 2.5, is in 
disagreement with Figures 2.4 and 1.2 although the opposed jets device and 
the four roll mill were expected to have similar centre regions (square bxb). 
From Figure 2.5 it is evident that t increases along the x-axis, with its 
maximum far from the centre. Taking into account the dimensions and 
calibration of Bentley's (1985) four roll mill (b = 2.54 em, r/b = 2, and G = 

O.O399(wi+@)) G should be 1.9 s-l, for the case b = 1 cm and w = 1 rad/s 
(i.e. w1 = -Q = ~93 = -w4 = 9.5 rpm). However the extrema in i are only 
1.3 s-l, far from the origin. The flow pattern in the opposed jets device 
appears to be much more like a plane hyperbolic flow than the pattern in the 
four roll mill. 

The calculations above show that it is impossible to generate different flow 
types in one geometry by just shifting the entrances as indicated in Figure 
2.2A. Therefore, one has to have separate cells of different shape in order to 
get different flow types (a disadvantage with respect to the continuously 
variable type of flow in the four roll mill). For both cases ct = 1 and Q = 0.6 
suitable geometries have been selected obeying the demands arising from 
drop deformation experiments. The rest of this report is restricted to the 
development of a cell for plane hyperbolic flow (Q = 1). 
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Figure 2.5 Complete results for Q = 1 in the four roll mill; b = 1 em; w = 

1 rad/s; drawn box 0.5 em x 0.5 em. 
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2.5 The 3-D geometry 

Two cells were built, both with dimensions b = 1 cm and r = 2 cm. The first 
(prototype) cell was made of four aluminum blocks between two Perspex 
plates at distance h = 2 cm. The second one (and final design) was totally 
made of Perspex and had a thickness h = 4 cm. The entrances and exits were 
extended by rectangular channels of length 2h gradually changing into the 
circular cross-sections of the tubes (see also Chapter 5). The following 
considerations are made concerning the validity of the 2 4  simulations in a 
real 3-D cell as shown in Figure 2.6. 

+- 

I 
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V 

Figure 2.6 Perspective view at the 3-0 cell for plane hyperbolic $ow. 
Front and back are covered with Jat parallel plates. 

- 

From experimental observations in the two cells it seems clear that the 
velocity component w equals zero: a droplet, carried along with the flow, 
stays in its plane of constant z. In the midplane (z = O) between the parallel 
plates, this has to be valid just as a consequence of symmetry. So, the 
velocity field is 2-D, at least in the midplane, which is of most interest in 
future drop breakup experiments. Still, a 2-D flow field cannot exist over the 
total thickness because the velocity gradients are 3-D (stick boundary 
conditions at z = * h/2). The validity of the 2-D simulations near the 
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midplane increases with the thickness h of the cell (in principal, h = CO 

corresponds to the ideal 2-D case). 

The choice for the thickness h = 4 cm, was based on the following argument. 
Assuming a parabolic velocity profile in z-direction, it can be derived that in 
a plane at distance z from the midplane the shear rate is a fraction ( 2 ~ / h ) ~  
smaller than its maximum value at z = O. Therefore, the final cell was made 
twice as thick as the first prototype. For h = 4 cm the shear rate at z = 2 
mm deviates only 1% from that in the midplane; for h = 2 cm this deviation 
equals 4%. From the results of Section 3.3 it is plausible that the assumption 
of parabolic velocity profiles near the centre (h/b M 1) is a reasonable one. 

Based on the numerical calculations, the shear rate G in the centre region 
can be predicted from the flow rate. In Equation 2.5, G has already been 
related to the plug flow entrance velocity $111 of the 2-D case. To extend this 
equation to  the 3-D case, a relation is required between the total flow rate Q 
through both entrances and the average entrance velocity in the midplane 
which is 1 1 ~ 1 1  of the 2-D calculations. This relation is obtained from an 
analysis of the flow in the rectangular entrance channels. The fully 
developed, low Reynolds, pressure flow of an incompressible Newtonian 
liquid in a rectangular pipe, is described by Berker (1963) and White (1974). 
The velocity (unidirectional in the y-direction) in a rectangular channel 
given by -d/2 < x < d/2 and -h/2 c z < h/2, with h 2 d, is given by: 

while the flow rate Q/2 (through one channel) equals: 

CO 

- [i --? 1 nm5 tanh (%) 
nTh 1 -&I hb3 

n=l ,3 ,5  - &I2= ay 12p 
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Figure 2.7 shows the velocity profile v(x,z) in a channel with ratio h/b = 4. 
In the x-direction the velocity varies almost parabolically, whereas in the 
z-direction the profiles are much flatter. 

position J X 
z 

V 

w 

Figure 2.7 Unidirectional velocity profile in a rectangular duct. 

In a rectangular duct, two differently averaged velocities are related: 11;(1 
being the average velocity in the plane of symmetry z = O, so, averaged in 
the x-direction; and (&/2)/bh being the velocity averaged over the entrance 
area bxh, so, averaged in the x- and z-direction: 

Using Equations 2.6 and 2.7, the function t(h/b) is numerically determined 
(Table 2.1). 

Table 2.1 The factor e k o m  Equation 2.8 for different ratios h/b of a 
rectangular channel. 

5 I 1.44 1.33 1.18 1 
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For the particular case h/b = O;) the values of IIGIl and of (&/2)/bh are equal, 
so, averaging over the z-direction makes no difference: the exact 2-D case. 
Thus, the required relation between 1l;Il and Q has been obtained and 
substitution of 11;]1 from Equation 2.8 into Equation 2.5 results in a 
prediction of the shear rate G in the centre region of the 3-D cell: 

For the prototype cell (h = 2b = 2 cm, < = 1.33) this yields: 

G(s-l) = 0.266010~ Q(m3/s) (2.10) 

For the final design (h = 4b = 4 cm, ( = 1.18) this yields: 

G(s-l) = 0.118*106 Q(m3/s) (2.11) 

It should be noted that Equation 2.9 relates G at the centre to  Q, through a 
2-D simulation. However, between the entrances and the centre of the cell 
3-D effects are likely to play some role. Thus, Equations 2.9, 2.10, and 2.11 
should be used as estimates. It is expected that at the divergence of the 
entrances towards the centre of the cell the factor ( increases with decreasing 
ratio h/b. So, the estimate of G at the centre will be too low. This means 
that near the centre (h/b M i) the velocity profiles in z-direction are less flat 
(more parabolic) than in the entrance channels and the shear rate G at the 
centre is larger than its estimate from the equations above. 

Apart from the overall flow field of the continuous phase, being either 2-D or 
3-D, an extending drop probably experiences a 3-D axisymmetric 
elongational flow. Mikami, Cox, and Mason (1975) theoretically showed that, 
in a plane hyperbolic flow, the flow close to an extending thread is 
axisymmetric elongational (3-D) rather than plane hyperbolic (2-D). This is 
experimentally confirmed by the fact that an extending drop or thread has 
an approximately circular cross-section, while the overall flow is only 2-D. 
Also the interfacial tension, of course, helps to keep the cross-section 
circular. 
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3 EXPERIMENTAL VERIFICATION OF THE FLOW FIELD 

3.1 Aim of the experiments 

Based on the numerical simulations presented in Chapter 2, two cells were 
built to generate a plane hyperbolic flow: the prototype cell having 
dimensions (see Figure 2.6) b = 1 em, r = 2 cm, and h = 2 em, consisting of 
aluminum blocks and Perspex plates, and the final design with U = 1 em, r = 

2 em, and h = 4 em, entirely made of Perspex. To verify the flow field in 
these cells, two types of experiments were performed. 

In the prototype cell (h = 2 cm) the velocity field was examined using Laser 
Doppler Anemometry (LDA). In the midplane between front and back plate, 
(at z = O) the dimensions of the region with constant shear rate were 
determined: i.e. the area where the linear 2-D flow model is obeyed. Also the 
velocity profile in the z-direction was investigated. In the final cell (h = 4 
cm) the shear rate G was calibrated as a function of the total flow rate and 
compared to the numerical prediction from Equation 2.11. G was determined 
by following the position (by means of video recordings) of a drop injected in 
the midplane, which leaves the stagnation point exponentially with time. 

3.2 LDA method 

Laser Doppler Anemometry (LDA) is an elegant technique of measuring fluid 
velocities because it is not disturbing the flow. The principles of the method 
are described extensively in the literature (see, for instance, Drain 1981). 
This section only gives a short description of the reference beam method, 
which was used in this study. 

A laserbeam (632.8 nm) is split into two beams: the main beam and the 
reference beam which is frequency shifted (40 MHz) in a Bragg cell (Disa, 
55x29). The two laserbeams are guided in such a way that both have 
experienced the same optical path length and parallelly pass through an 
optical lens which converges the two beams. Their intersection creates a 
measuring volume of dimensions 200 pm x 60 pm x 60 pm (ellipsoid). The 
laserlight of the main beam is scattered by small particles moving with the 
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fluid and causing a Doppler shift in the frequency. This Doppler frequency is 
linearly related to the velocity component in the plane of the two beams, 
perpendicular to the optical axis of the 5 mW He-Ne-laser source (Spectra 
Physics, 120s). A photodiode (Disa, 55Lll) is positioned to detect the non 
scattered reference beam which has been mixed with the scattered light from 
the main beam. Using a shifter (Disa, 55N12) and a tracker (Disa, 55N21), 
the detected signal is transferred into a voltage signal between 1 and 10 V 
which is converted into the velocity component of concern. Using one beam 
which is shifted in frequency in the Bragg cell, makes it possible to 
distinguish between positive and negative velocities. In every selected 
position in the cell, the controling computer system takes 250 samples at a 
frequency of 50 Hz. Thus, the velocity in every position is averaged over a 
period of about 5 seconds, resulting in a mean value and a deviation. 

The prototype geometry is positioned with its exits (x-axis, see Figure 2.6) 
vertically (!) as in this way air bubbles can easily leave the device. The laser 
source is directed in the z-direction, perpendicular to the Perspex front and 
back plates. Rotating the laser source around its (2-)axis, the x- and 
y-components of the velocity (u and v) can be measured, not the 
z-component (w ) . 

The test liquid used is castor oil (available from Ashland-Südchemie v/h 
Necof, Geertruidenberg, The Netherlands). This Newtonian mineral oil 
(density p = 963 kg/m3 and refractive index n = 1.4808) was characterized 
rheologically with a Rheometrics Dynamic Spectrometer RDS-2. Steady and 
dynamic tests between parallel plates were performed at roomtemperature: 
the viscosity equals r] = 0.7 Ns/m2 independent of the shear rate or 
frequency, both in the range 0.2 to 100 8. In order to improve the scattering 
of the laser beams, the castor oil was seeded with very fine solid particles 
(Iriodin 110 Feinsatin). 

3.3 LDA results and discussion 

Three series 
was set Q = 
y-positions 

of LDA experiments were performed. In the first the flow rate 
5.88010” m3/s implying Re = 0.1. In the midplane (z = O) at 25 
the velocity profile u(x) was scanned and likewise at 25 
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x-positions the profile v(y). In this way u and v were measured over a lattice 
with step 1 mm (in the middle section) or 2 mm (further from the origin). 
Two representative profiles are given in Figure 3.1. The error bars indicate 
the deviation in the measurements, as discussed in Section 3.2. From 
Equation 1.3 it follows that in plane hyperbolic flow u = Gx and v = -Gy. 
As a consequence, all profiles should be linear having slope G or 4. This is 
true for a region near the centre, but, of course, in reality the velocity 
profiles bend to zero if they meet a wall. 

10 

5 
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3 

-5 

- 10 
-20 -15 - 1 0  -5 O 5 10 15 20 
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Figure 3.1 Two examples of measured profiles u(x) and v(g). The broken 
lines indicate the linear regions. 

In every profile the shear rate G was estimated as well as the length of the 
linear region; Figure 3.2 shows the results of G. In both plots the values are 
not very uniform. Far from the centre the estimated G is not very reliable 
because less data comprise the velocity profile. Moreover, G is expected to 
decrease further from the centre since the influence of the walls becomes 
more pronounced. In a centre region of about 10 mm square (the numerical 
estimate from Chapter 2) G is still reasonably constant with a value of about 
1.2 s-l. The numerical prediction from Equation 2.10 leads to G = 1.76 s-l. 
This discrepancy is caused by several reasons. First of all, the prototype 
device was leaking quite a bit resulting in a reduction of the effective flow 
rate and consequently of G. Apart from this, the measured velocity proved to 
be very sensitive to the position of the detector which may not have been 
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optimal in all experiments. Furthermore, an error may have come into the 
calibration of the LDA equipment. Due to these reasons, the LDA results are 
only reliable in a qualitative sense. 
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Figure 3.2 G determined &om the slopes of the u(x) and v(3) projles. 
The error burs resulted &om the maximum and minimum 
slopes possible. 

Also from the length of the linear regions in the u(x) and v(y) profiles the 
acceptable region of constant shear rate was estimated. In the determination 
of this region, it was required that both u(x) and v(y) are linear within an 
error range of about 10%. This resulted in a larger centre region than before 
(from numerical calculations and from Figure 3.2), viz., a diamond shape 
with axes of even 3 cm (Figure 3.3). The acceptable region was decided to be 
only 1 cm x 1 cm because in that region all three determinations overlap 
(numerical, from Figure 3.2, and from Figure 3.3). Note that gravity worked 
in the x-direction since the device was positioned with its exits vertically. 
However, gravity is not of influence on the incompressible low Reynolds flow 
in concern. Along the positive y-axis some data are lacking since a hole had 
been drilled in one of the Perspex plates of the prototype cell in order to put 
in the syringe for drop injection. This hole disturbed the path of the 
laserbeams. 
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Figure 3.3 Region of constant shear rate determined porn the lengths of 

the linear parts of the u(x) and v(y) profiles. 

The second series of LDA experiments was performed at the same flow rate 
and focussed on the third dimension. In a number of positions of constant x 
and y the velocity components u and v were measured with varying z. In 
Figure 3.4 four of the profiles are presented. The second order polynomal fits 
(broken lines) coincide quite well with the experimental data, although 
further from the centre of the device (curves C and D) the measured profiles 
are somewhat flatter than paraboles. This agrees with the expectations from 
Section 2.5: in the rectangular entrance channels the profiles are quite flat, 
but nearer to the centre they become more pointed, approximately parabolic. 
The flow is expected to be fully developed everywhere because of the low 
Reynolds number [O [iO-')). 

Finally, in the third series of LDA experiments the flow rate was varied in 
the range O to 2 0 ~ 1 0 - ~  m3/s. In two positions (x,y,z) the velocity component 
u was measured and appeared to be proportional to the flow rate. This 
confirms that all velocities and G are directly proportional to the flow rate. 
A range in the flow rate from O to 20.10-6 m3/s yields the numerical 
prediction of the shear rate to be O to 6 s-l (Equation 2.10). Probably this 
proportionality holds for a much larger range. 
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Figure 3.4 Velocity proj les  v(z) at constant position (x, y in mm): 
A (O, d) ,  B (O, 9), C (-5, 5), and D (O, 15). The broken lines 
are second order polynomal fits. 

3.4 Calibration of the shear rate 

Apart from the LDA measurements a completely different series of 
experiments was performed. According to the ideal flow model the velocity 
component u varies linearly with the x-coordinate (u = Gx). This can be 
integrated yielding: 

Gt x = x0.e 

where xo is the x-coordinate at time t = O. Since Equation 3.1 is not 
restricted to the x-axis, any fluid element (XO # O) is leaving the y-axis 
exponentially. Analogously, any fluid element approaches the x-axis 
exponentially (y = ~ 0 . e ~ ~ ) .  If the position of an injected drop of an 
immiscible fluid is measured in time, the shear rate G can be found from the 
slope of a logarithmic plot of the x- or y-coordinate versus the time. 
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The experiments were carried out in the final cell (h = 4 cm) according to 
the following procedure. The entrances and exits were tuned such that the 
flow field was symmetrical with its stagnation point exactly at the centre of 
the device. During the flow a small droplet of an immiscible liquid was 
injected in the midplane via a syringe. This droplet was injected near the 
y-axis, so it passed the region of constant shear rate (square bxb) as 
determined before. The passage was recorded on videotape using an 
enlargement of the microscope, such that the monitor covered a length of 1.5 
cm along the x-axis. Afterwards, the video images were analysed at discrete 
time steps (depending on the flow rate) with a minimum of 20 ms (field by 
field). This procedure was performed using flow rates up to 55010-~ m3/s. 
Further details on the experimental setup are described in Chapter 5. 

The x-coordinates were plotted on a logarithmic scale versus the time. 
Figure 3.5 shows some examples of these plots. All plots were curve fitted 
linearly yielding a slope G/2.303 (the factor 2.303 is caused by plotting log x 
instead of In x). Following the position of a droplet in time proved to be very 
accurate since the linear fits typically gave correlation coefficients of about 
0.9995. Evidently, the choice of the time t = O as well as the scale of x do not 
influence the slope of the lines. It is only important to read x = O on the 
monitor as exactly as possible at the symmetry axis of the flow. 

As the continuous (matrix) phase castor oil (q = 0.7 Ns/m2) was used just 
like in the LDA measurements. The disperse (droplet) phase mostly was a 
silicon oil (q = 0.8 Ns/m2) but at high flow rates water (q = 0.001 Ns/m2) 
was used since silicon oil would not break of the syringes tip as droplets but 
passed in a threadlike shape. The lower viscosity of water made droplets 
break much faster. Within the time scale of an experiment (6 s at most) 
buoancy effects of the small droplets (U, less than 1 mm) could be neglected. 

Figure 3.6 shows the experimentally determined shear rate G as a function of 
the total flow rate Q. The numerical prediction from Equation 2.11 is also 
given in the plot (broken line) and is in quite good agreement, although it is 
a little too low, as expected (see Section 2.5). 
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Figure 3.5 log x versus time k o m  following an injected droplet on its 
trajectory (x in arbitrary units). 
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Figure 3.6 Shear rate determined b y  following a droplet in time, as a 
finction ofthe $ow rate. The jkll line is a linear fit through the 
experimental data; the broken line gives the numerical 
prediction (Equation 2.1 1). 
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A linear fit through the experimental data results in a shear rate that is a 
little larger than the numerical prediction, viz.: 

G(s-l) = 0.135*106 Q(m3/s) 

This estimate for G at the centre of the device will be used in future drop 
deformation experiments in the final cell because the present experiments are 
quite representative for the actual shear rate that a drop experiences. 
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4 CONTROL SYSTEM FOR THE DROP POSITION 

4.1 Principles 

The position of the drop at the stagnation point is unstable to disturbances; 
the drop tends to leave the device. For studying the deformation behavior of 
the drop, the flow has to be adjusted to keep the drop at the centre. The 
reason of this instability is described in Section 1.2. This chapter presents a 
solution for this main obstacle to successful experiments. 

The way to keep the drop close to the origin, is to frequently shift the 
stagnation point beyond the displaced drop forcing it to return towards the 
origin. Traditionally, the four roll mill was used only for plane hyperbolic 
flow and researchers positioned their drops by varying the speeds of the left 
pair of rollers relative to those of the right pair, thus shifting the stagnation 
point along the x-axis. This principle of position control can be applied to all 
strong linear 2-D flows. 

In the opposed jets device a shift of the stagnation point is achieved by 
variation of the ratio of the flow rates. For plane hyperbolic flow this is 
illustrated in Figure 4.1. The two entrance flows are kept equal to  restrict 
the stagnation point to the x-axis. Along the x-axis the stagnation point 
shifts to the exit with the smallest flow rate. The more the ratio of the exit 
flows differs from unity the further the stagnation point is shifted from the 
origin. By regularly adjusting the ratio of the exit flows and thus transferring 
the stagnation point beyond the centre of mass of the drop, the drop can be 
kept close to the centre of the device. Although the principle is illustrated 
here for the case Q = 1, it is applicable to all strong linear 2-D flows. 

In practice, the ratio of the exit flows is varied using a special valve to which 
the exits are connected by tubes. Both exit flows are lead into the valve 
where they are combined to one flow that leaves the valve perpendicular to 
the plane of drawing in Figure 4.2. Rotating the valve increases one of the 
two flows and automatically decreases the other one. In this way, there is 
only one control parameter: the rotation angle p of the valve. 
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Figure 4.1 Principle of the control system for the drop position in the 
opposed jets device based on shijting the stagnation point. 

+- 

Figure 4.2 The control valve combining the two $ O W ~  gom the device in 
any ratio. The combined exit $ow leaves the value 
perpendicular to the plane of drawing. 
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4.2 Computer-based control 

Many researchers (Taylor 1934, Rumscheidt and Mason 1962, Grace 1971, 
van der Reijden-Stolk 1989) report difficulties in keeping the drop at the 
centre of their four roll mill. Manual control suffices only at low shear rates 
(G < 1 s-l) since, at higher shear rates, human reaction is too slow and one 
starts to overregulate, irregularly shifting the drop up and down or even 
completely loosing it. Also in the opposed jets device manual control only 
holds for shear rates below about 2 s-l. Besides, in simple shear flow, manual 
control may suffice. In a Couette device, for instance, a drop can be fairly 
well controlled by hand at shear rates up to 10 s-' (Elemans 1989). 

Bentley (1985) has developed a computer-based control system for the four 
roll mill, covering the entire range of flow types from simple shear to plane 
hyperbolic flow. Using an image processor, a video image is analysed yielding 
the displacement from the origin of the centre of mass of the drop. From this 
displacement the new position of the stagnation point and the corresponding 
adjustments of the four roller speeds are calculated. At a sample rate of 5 to 
10 cycles per second this system is able to stabilize the position of the drop 
at shear rates up to 5 s-l. In the present study a computer-based control 
system, somewhat similar to Bentley's, was developed for plane hyperbolic 
flow in the opposed jets device. The operating principles of the control 
equipment are discussed below; a schematic presentation is given in Figure 
5.2. 

The first step concerns the detection of the drop and the determination of the 
position of its centre of mass. The camera provides an image consisting of 
discrete pixels (picture elements) having a greyvalue (O to 255) corresponding 
to the intensity of the light. The image processor grabs an image and 
compares the greyvalue of each pixel to a programmable threshold, yielding a 
zero (black) where the greyvalue is below and a one (white) where it is above 
the threshold. The threshold is optimized to distinguish between the drop 
and its background. The thresholded image consists of a black drop on a 
white background, eventually seeded with some "noise" pixels. In general, 
the black drop has a white spot in the middle, originating from the non 
refracted light that passes through the centre of the drop. This white spot 

35  



introduces no problems in the automatic analysis of the image. From this 
binary image (each pixel being either black or white) the centre of mass is 
determined using the following procedure. Starting at the drop centre from 
the former image analysed, the system searches vertically for the edge of the 
drop (black to white transition) and subsequently reads the outer contour of 
the drop. The coordinates of the pixels comprising the drop contour are 
averaged to give the position of the centre of mass of the drop. The image 
processing proceeds very fast since most operations are standard routines in 
the hardware of the image processor. The present processor allows for 25 
position measurements per second. If there is no former position available to 
start searching from (initially or after some error), the processor searches for 
the drop within a programmable window by detecting clusters of black pixels 
exceeding a given size (thus, excluding noise and small (air) bubbles that 
may pass through the image). The operator has an option to select one drop 
if the image contains two or more drops. 

Standard video is interlaced, meaning that first all odd-numbered 
(horizontal) lines are scanned followed by the even-numbered lines. Each of 
these fields of lines takes 1/50 second to be displayed, so every 1/25 second 
the complete image is renewed. This is done to prevent a noticeable flicker on 
the monitor. The image processor only grabs the field of odd-numbered lines, 
loosing resolution vertically, but preserving it horizont ally. This is allowed 
since the 1-D control problem only needs the x-coordinate of the drop 
(horizontal in the image). Moreover, only half of the pixels have to be 
processed which saves time and allows analysis of every field of 
odd-numbered lines (25 per second). 

The next step of the control cycle concerns the calculation of a new position 
of the stagnation point, based on the measured position of the drop and the 
previous position of the stagnation point. The background of this calculation, 
based on principles of the theory of control systems, is not dealt with here; 
only the main points are mentioned. A complication is induced by the 
movement of the drop during the time lapse of the control cycle. A t  the time 
the control action is really carried out, the drop has shifted from its position 
as measured by the image processor. The movement during this time lapse is 
taken into account using the model of the undisturbed flow (Equation 1.3) to 

3 6  



predict the position of the drop at the time the stagnation point has reached 
its new position. For the calculation of the new position of the stagnation 
point the shear rate G as well as the characteristic length scale (pixel to mm 
transition) have to be inserted. Hitherto, the control action is calculated 
using a computer. Once the calculation has been optimized, it may be built 
in hardware, increasing its speed. In between the 25 real position 
measurements per second, the control system generates positions itself by 
extrapolating the measured values. This results in more control actions and 
enhances the stability of the control system. 

The last step of the cycle is to realize the newly calculated stagnation point 
using the valve shown in Figure 4.2. The respons of the stagnation point to 
the angle p was investigated experimentally (Figure 4.3) and proved to be 
approximately linear for about 2 mm along the x-axis, enough to control the 
drop (the corresponding angle equals 0.3 rad or 1 7 O ) .  As expected, the 
relation is independent of the shear rate G. To realize the newly required 
position of the stagnation point, the computer simply prescribes the angle of 
the valve. The rotation of the valve is performed by a DC motor equipped 
with an encoder to registrate its angular position. The value of the time lapse 
of the entire control system needed in the calculation has to be optimized 
experimentally. 
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Figure 4.3 Position of the stagnation point as a function of the rotation 

of the valve. castor oil was used having viscosity O. 7 Ns/m2. 

37  



When the drop is substantially deformed by the flow and broken into new 
droplets, the control system is switched off; the experiment is finished. If a 
long thread is formed, which leaves the image at both sides, the control 
system is also turned off leaving behind a steady stagnation point somewhere 
in the region of constant G. This is allowed because of the shape of the i 
profiles in Figure 2.4. Consequently, every fluid element of the thread within 
the region of constant shear rate experiences the same stress, whether it is 
steady or it drifts away. Also a bad control system, shifting the drop up and 
down, does not affect the shear rate history of the fluid elements within the 
image. However, from the E profiles of the four roll mill (Figure 2.5) it can be 
seen that shifting the drop up and down in this type of flow makes different 
elements of the drop experience different histories. This is a main advantage 
of the opposed jets device, especially if viscoelastic fluids are used of which 
the rheological properties depend on the deformation history. 
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5 FINAL DESIGN 

5.1 The opposed jets cell 

The final cell, built to generate plane hyperbolic flow, was constructed of 4 
Perspex blocks placed between two parallel Perspex plates (Figure 5.1). The 
inner volume is enclosed by 4 quarters of circles and has dimensions in 
accordance with the results of Chapter 2: radius r = 2 cm, width b = i cm, 
and thickness h = 4 cm. Over the first 4 cm the rectangular entrance and 
exit channels are seamless in the Perspex. They are extended with metal 
ducts which have a rectangular cross-section (1x4 cm2) over the first 4 cm 
that gradually changes into a circular cross-section (outer 4 12 mm) in the 
last 4 cm. The metal ducts are connected to the pump and the fluid tank 
with PVC tubes (inner 4 12 mm). 

- 

39 

idem 

Figure 5.1 Dimensions (in em) of the opposed jets cell. At two positions 
the cross-section of the duct is given; the cell has 4 equal 
ducts. 



As mentioned earlier, the cell is positioned with its exits (x-axis) vertically, 
to easily get rid of any air bubbles. In one of the Perspex blocks a hole (0 0.9 
mm) is drilled to allow for the injection of drops of the disperse phase. The 
hole is positioned in the midplane (z = O) between front and back plate and 
points into one of the entrance channels. After injection of a drop, the 
syringe is pulled out of the entrance channel leaving the flow undisturbed. 
The drop is automatically transferred to the centre where it is "caught" by 
the position control system; the experiment may start. 

The pump delivers one flow that is divided into the two opposite entrances 
(Figure 5.2). The two entering flows are made equal by restricting one of the 
two tubes a little which makes the stagnation point shift along the y-axis. 
Using the video image on the monitor, the stagnation point can easily be 
positioned on the x-axis. The tubes coming from the two exits of the 
opposed jets cell are connected to the control valve discussed in Section 4.1 
(Figure 4.2). The combined exit flow is lead into a tank from which the 
pump recycles the fluid to the cell (Figure 5.2). The fluid layer in the tank is 
only a few centimeters thick, so, any air bubbles or droplets coming from the 
cell may rise or sink and be removed. Still, after a number of experiments the 
matrix oil becomes filthy and has to be renewed. About 1.5 liter of oil is 
required to fill the present system (0.75 liter in cell, ducts, and tubes and 
0.75 liter in the fluid tank). Using polymer melts, a device can be operated 
without a fluid tank (closed system) and with shorter and smaller !'tubes''. 
The required volume of molten polymer may then be reduced to about 0.5 
liter. 

The pump used is a Liquiflo gear pump (37 FS 1638 J, Verder, Vleuten), 
capable of delivering 0.1.10-3 m3/s of an oil of viscosity 10 Ns/m2 or 
0.33.10-3 m3/s of an oil of viscosity 2.5 Ns/m2 (corresponding to shear rates 
of 13 or 45 s-l. Using a frequency regulator (Verder Combivert 56), the speed 
of the pump can be programmed by means of a common personal computer; 
a deforming drop can be subjected to all kinds of flow rate profiles in time. 
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Figure 5.2 Schematic diagram of the experimental setup. 

Some extra valves and tubes may be connected to the standard system of 
tubes, in order to realize two special flow rate profiles, which the gear pump 
cannot produce. The first is a step change from zero to a specific flow rate. 
The gear pump is unable of accelerating the viscous fluid within a few 
seconds. A sharp step can be achieved using a 3-way valve at the pressure 
side of the pump. The pump delivers a constant flow rate which is lead first 
directly back to the tank; at a desired moment the valve is switched over and 
the same constant flow rate is lead into the cell in which the fluid starts to 
flow almost instantaneously (< 0.1 second). Another interesting change in 
flow rate which the pump cannot achieve is a change in flow direction: 
switching entrances and exits. This is achieved with a special 5-way valve, 
that connects the pump either to the common entrances or to the tube 
coming from the control valve. Connecting the pump to the control valve, 
the fluid enters the cell via the common exits and all flow directions in the 
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cell change. This change in flow rate is useful for studying coalescence of 
drops: a drop is broken, the flow direction is changed, and the daughter drops 
collide, eventually leading to coalescence. 

5.2 Lighting and image handling 

As indicated in Figure 5.2, the centre of the cell is illuminated indirectly 
using a retroreflective film. The light source is a Fiber-Lite 3100 cold light 
source (Dolan-Jenner) consisting of a cooled halogen lamp, an optic fiber, 
and a focusing lens. The effect of the retroreflector is a more uniform 
distribution of the parallel beam, necessary to prevent too much shading in 
the video image that has to be processed. The optic contrast of the drop on 
its background, is very sensitive to the kind of illumination. The fluids used 
are all transparent, so, the contrast in the image is caused by the difference 
in the refractive indices of the disperse and the continuous phase, which may 
be quite small. Optimal contrast has to be achieved by the illumination, 
since otherwise problems arise in the detection of the position of the drop by 
the image processor. 

An Olympus stereozoom microscope (SZ 4045 TR) is positioned 
perpendicular to the front and back plate of the cell and enlarges the image 
for the camera. The magnification is continuously variable in the range 10 to 
1 0 0 ~  (with respect to the monitor) without loosing focus. Only the light 
intensity has to be adjusted when zooming in or out. The working distance is 
either 10 or 20 cm which is quite large. About 4 cm is needed anyway in 
order to focus on the midplane between the parallel plates. The large working 
distance is favourable if the device is made suitable for molten polymers in 
which case high temperatures may damage the optical lenses. 

The microscope acts as the lens of a camera that is mounted to it. The 
Panasonic colour camera (WV CD 130/G) has a CCD-chip with 574 (H) x 

581(V) elements and operates interlaced at 50 Hz (50 odd or even-line fields 
per second or 25 complete images per second). The camera signal is split and 
one line is lead to a Panasonic time lapse VHS videorecorder (AG 6720 E) 
having many features, like recording and reproducing at a large variety of 
speeds or reproducing field by field, either forward or backward. The real- 
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time image from the camera or an earlier recorded tape can be displayed on a 
Philips colour monitor (CM 8833). 

The other line of the split camera signal is connected to a Philips Single 
Board Image Processor (SBIP). The SBIP is programmed by means of an 
Eprom (Beltech, Eindhoven) to automatically detect the drop position at a 
frequency of 25 Hz. In this program some parameters, like the threshold, the 
window size, and the minimal drop size (Section 4.2), can be manipulated by 
the operator. While doing this, the operator needs the processed image. The 
monitor is switcheable between the processed and the unprocessed video. 
Only the unprocessed video is of interest to be recorded for later analysis of 
drop deformation behavior. 

5.3 Control equipment 

The x-coordinate (8 bit) of the measured drop position is read (via an 
interface) by a common personal computer that calculates the required 
action of the control valve. If necessary, some parameters of the control 
algorithm can easily be changed by the operator. The computer gives a signal 
concerning the new angular position of the valve; this signal is converted into 
an electric current for the motor which makes the valve rotate over the 
desired angle. 

For this purpose, a Maxon DC motor was equipped with an encoder, to 
registrate the angular position, and geared down by a factor 35. This 
reduction of the rotation angle makes the motor act more powerful and 
accurate; the motor rotates half a revolution while the control valve only 
rotates 5O, which is a typical angle in the control cycle. The valve, as shown 
in Figure 4.2, was self-made using brass. 

The same personal computer (Rembrandt AT3 286, XTEC Computer 
Systems) that is used in the position control cycle is also used to govern the 
flow rate of the pump via a frequency regulator. A few interfaces are required 
between the computer and the motor (for the valve), the frequency regulator 
(for the pump), and the image processor. 
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5.4 Costs of the equipment 

An overview of the costs made for the realization of the opposed jets device is 
given in Table 5.1. Obviously, the image processor causes the majority of the 
total costs; the software was specially developed for this project by Beltech 
(Eindhoven). A preliminary estimate resulted in 60 kfl total costs; the 
discrepancy is mainly due to an underestimation of the price of the image 
processor, including software, and to the costs of the frequency regulator 
which had not been planned. 

Table 5.1 Global Costs of the equipment bought for the opposed jets 
device; i /ijl= 1 Dutch Guilders N 580 US $, January 1991. 

Apparatus costs (kfl) 

Image processor, incl. software 
microscope 
pump, incl. frequency regulator 
videorecorder 
computer 
camera 
motor, incl. gearing and encoder 
divers electronic components 
light source 
monitor 

45 
12 
11 
7 
5 
4 

1.4 
1.0 
0.9 
0.9 

+ 
total costs 88.2 kfl 

- 

The table does not incorporate a number of labour and material costs made 
at the University: 1) construction of the two Perspex opposed jets cells, 2) 
realization of the electronic interfaces between the computer and the image 
processor, the motor, and the frequency regulator, and 3) development of the 
algorithm for the drop position control. Taking into account these imaginary 
costs and a few kfl for the model liquids, the total costs are estimated at 
about 100 kfl. The author wants to thank DSM Research B.V. (Geleen, The 
Netherlands) who contributed to the costs, made in this project. 
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6 CONCLUSIONS 

Strong linear 2-D flows (O < Q 5 1) can be generated using the stagnation 
flow of two opposed jets. However, it is not possible to continuously vary the 
type of flow because each flow type requires a different shaped cell. This is 
concluded from 2-D numerical flow simulations in which just the Stokes 
equation suffices to solve the low Reynolds flow problem (Re = O(lO-l)). An 
opposed jets cell of only several centimeters (r = 2 cm and b = 1 cm in 
Figure 2.6) is already suitable to study the deformation behavior of a drop of 
the order of 1 millimeter. 

The flow pattern in a prototype cell for plane hyperbolic flow (with thickness 
h = 2 cm) was investigated using laser Doppler anemometry. In the midplane 
(z = O, Figure 2.6) between front and back plate the equations for plane 
hyperbolic flow are obeyed in a centre region of at least 1 cm along the axes. 
In this region of constant shear rate the velocities and the shear rate vary 
almost parabolically with z. Consequently, a thicker device is more 
favourable in view of deforming drops in a midplane of known shear rate and 
the final design cell was made 4 cm thick. Experimental calibration of the 
shear rate in this final cell for plane hyperbolic flow agrees fairly well with 
the prediction from the 2-D numerical flow simulations. 

Using a valve that combines the two exit flows in any desired ratio, the 
deforming drop can be kept near the stagnation point of the flow, which it 
tends to leave in the absence of a position control system. At high shear rates 
a computer controlled positioning system is indispensable. For this purpose 
an image processor is programmed for real-time (25 Hz) determination of the 
position of the drop. Optimal illumination of the drop is crucial to obtain 
sufficient contrast in the image. From the detected displacement of the drop 
from the centre of the device, the required control action is calculated and 
carried out, using the special valve mentioned above. Doing so, the drop is 
stabily positioned near the origin and can be homogeneously extended by the 
flow. 

With respect to the four roll mill, conventionally used for this type of 
experiments, the opposed jets device has a flow pattern that is in better 
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accordance with the ideal model for plane hyperbolic flow. Moreover, the 
opposed jets device is more suitable to allow for studying polymer melts and 
viscoelastic test fluids. However, the four roll mill is more flexible concerning 
the generation of different types of flow, ranging from purely rotational 
(a = -1) to  plane hyperbolic flow (a = 1). 
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SUMMARY 

In most studies on the dispersive mixing of immiscible liquids, the 
deformation and breakup behavior of a single drop in a well defined flow field 
is chosen as an elementary step. Different researchers use a variety of devices 
to generate specific flow fields. This report describes the development of a 
device, which has not yet been used in this field. The concept is a 
24imensional stagnation flow of two opposed jets which are pumped 
through a divergent geometry between parallel plates. 

A preliminary numerical study is carried out to investigate if a low Reynolds 
flow through the chosen geometry results in a linear 2-D flow, at least in the 
region of the stagnation point. A plane hyperbolic flow appears to be easily 
generated, moreover, a geometry is selected for a flow type in between plane 
hyperbolic and simple shear flow. The numerical results lead to a device for 
plane hyperbolic flow with dimensions in the order of several centimeters, in 
which a deforming drop of about 1 millimeter can be studied. 

To verify the velocity field in the centre region, laser Doppler anemometry 
has been performed. In the direction perpendicular to the parallel plates the 
velocity varies almost parabolically with its maximum in the midplane. In 
this plane of symmetry the model for plane hyperbolic flow is obeyed in quite 
a large region around the stagnation point. This result agrees quite well with 
the 2-D numerical simulations and it is concluded that, in the absence of a 
(flow disturbing) drop, a 2-D elongational flow is generated in a large region 
at the centre of the device. 

An automatic control system is required to position the deforming drop 
steadily at the, principally unstable, stagnation point. A control cycle 
consists of the determination of the drop position, using a camera and an 
image processor, calculation of the required flow adjustment, and realization 
of this control action. Flow adjustment is carried out by decreasing the exit 
flow rate in the direction of the drop movement. By doing this, the 
stagnation point is transferred and the drop returns towards the centre of the 
device. A sample rate of about 25 control cycles per second results in a stable 
position of the drop at the centre of the device. Thus, the drop is 
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homogeneously extended in a controlled flow field of the continuous phase. 

The present study has resulted in an experimental setup in which the 
deformation behavior of a drop in a well defined flow field can be recorded on 
videotape via a microscope. The images can be analysed afterwards, either by 
hand or using an image processing system. The setup chosen not only allows 
for the experimental investigation of the dispersion process with model 
liquids but can be adjusted to allow for a study of polymer melts as weil. 
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SAMENVATTING 

In het onderzoek naar dispergeren van niet-mengbare vloeistoffen, wordt 
meestal het deformatie- en opbreekgedrag van een enkele druppel in een 
goed gedefiniëerd stromingsveld gekozen als een elementaire stap van studie. 
Hierbij worden verschillende opstellingen gebruikt om bepaalde specifieke 
stromingsvelden op te wekken. In dit verslag wordt de ontwikkeling 
beschreven van een meetopstelling die nieuw is in dit vakgebied. Het principe 
berust op een 2-dimensionale st agnatiestroming van twee botsende 
vloeistofstromen die door een divergerende geometrie tussen twee vlakke 
platen worden gepompt. 

In een numerieke voorstudie is onderzocht of de, laag Reynoldse, stroming in 
de gekozen geometrie resulteert in een lineaire 2-D stroming, althans in de 
buurt van het st agnatiepunt . Vlakke hyperbolische stroming blijkt eenvoudig 
te  kunnen worden opgewekt en bovendien is een geometrie geselecteerd voor 
een strsmingstype dat ligt tussen vlakke hyperbolische en enkelvoudige 
afschuifstroming. Op basis van de numeriek verkregen resultaten is een 
meetcel voor vlakke hyperbolische stroming gebouwd, ter grootte van enkele 
centimeters, waarin een deformerende druppel van circa 1 millimeter kan 
worden bestudeerd. 

Om het snelheidsveld in de buurt van het stagnatiepunt te verifiëren zijn 
laser Doppler snelheidsmetingen uitgevoerd. Het snelheidsprofiel tussen de 
twee parallelle platen verloopt praktisch parabolisch met een maximum in 
het middenvlak. In dit symmetrievlak geldt het model voor vlakke 
hyperbolische stroming in een vrij groot gebied rond het centrum. Dit is in 
overeenstemming met de 2-D numerieke simulaties, zodat geconcludeerd kan 
worden dat een 2-D rekstroming kan worden opgewekt in een groot gebied 
rondom het stagnatiepunt. 

Omdat in het stagnatiepunt de positie van een druppel principiëel instabiel 
is, is een geautomatiseerd meet- en regelsysteem nodig dat zorgt voor de 
positionering van de deformerende druppel in het centrum. Een regelcyclus 
bestaat uit de bepaling van de positie van de druppel, m.b.v. een camera en 
een beeldbewerkingssysteem, berekening van de benodigde regelactie en 
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uitvoering ervan. Hierbij wordt de vloeistofstroom aan de zijde waarnaar de 
druppel neigt te bewegen verminderd, waardoor het stagnatiepunt verschuift 
en de druppel terugstroomt naar het centrum. Een frekwentie van 25 
regelcycli per seconde is voldoende om een druppel stabiel in het centrum te 
houden. Op deze manier wordt de druppel homogeen uitgerekt in een goed 
gedefiniëerd stromingsveld van de continue fase. 

Het onderzoek heeft geresulteerd in een experimentele opstelling waarmee het 
deformatiegedrag van een druppel in een goed bekend stromingsveld via een 
microscoop op videoband kan worden opgenomen. De beelden kunnen later 
worden geanalyseerd, handmatig of met behulp van een beeldbewerkings- 
systeem. De gekozen meetopstelling is niet alleen geschikt om het 
dispergeerproces in modelvloeistoffen te  bestuderen, maar kan na enige 
aanpassingen ook gebruikt worden voor gesmolten polymeren. 
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