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ELONGATIONAL VISCOSITY RHEOLOGICAL

PARAMETER STUDY

1. INTRODUCTION

vt o oy o WHWEMMM i

The following objectives were set under this research contract:
a. To establish a hypothesis relating the deformation of
Newtonian and viscoelastic liquids to an elongational viscosity
parameter

b. To design and develop a technique to determine this

parameter for a series of liquids over an extended range of

elongation rates.

These objectives were aimed at elucidating the process of dis-
persion of a liquid into droplets, and the role that liquid properties play

in affecting that process.
| For a variecy of circumstances it may be desirable tuv take a coher-

; ent mass of liquid and cause it to be distributed intoa spray or cloud of fine

particles. The ultimate disposition of this cloud, its spatial dispersion,

settling velocity, and ultimately its interaction with surrounding surfaces,

depends strongly upon the particle size distribution created by the breakup

T e

mechanism. The particle size distribution depends upon the mechanism

o aadd ol

used to form the initial cloud, and upon the physical properties of the

liquid mass. It is well recognized that surface tension is a primary

- liquid property affecting drop breakup. In viscous liquids one observes
that the liquid viscosity exerts ar effect on drop size. In liquids containing
polymeric modifiers it has become clear that an additional property, re-

lated in sume way to viscoelastic behavior, is necessary in order to
y Y
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describe brzakup characteristics. It is by nomeansclear, however, what
property one needs to measure. The primary goals of this program are
to clarify this last point.

A significant literature exists in the general area of drop breakup
by high velocity airstreams. 1-10 All of these studies suggest that drop
breakup involves two mechanisms: ligament formation associated with
pressure and velocity fluctuations, and drop formation by Rayleigh in-
stability of the ligaments.

Ligament formation would appear to be one mechanism that de-
termines drop size. Thus, it is necessary to develop an understanding of
the role played by fluid properties in affecting the ease with which some
energetic mechanisr can ''pull" ligaments from the main body of the liquid
mass.

One may regard ligament formation as a stretching flow, similar
tc that in which a cylindrical specimen of material is elongated as a cylinder
of increasing length and decreasing diameter. Because this is an elongational
flow, and not a shearing flow, it is the elongational rheology of the liquid
that plays the major role in determining the resistance of an element of
liquid to ligament formation.

In the past, elongational rheology studies have been restricted to
molten polymers or rubbery elastomers of sufficiently high viscosity (greater

6 . . .
than 10 poise) that can be formed into a cylindrical specimen and pulled

in a stress-strain type of test. The liquids of interest here are of relatively

§ e st




low viscosity (typically 10 to 100 centipoise) and cannot be formed into
a specimen. The challenging task at Land, then, is the development of
a test procedure which provides a measure of the elongational rheology
of such liquids.

We examine, first, some simple models of drop deformation
under conditions that would suggest the importance of elongational viscosity.
Then we describe the principles of the technique proposed for the measure-
ment of elongational response of a liquid. Progress toward creation of an

apparatus for performing this measurement is then described.

2. PREVIOUS RELEVANT RESEARCH

, . . . 1-10
The most relevant studies are cited in the list of references.

The generally agreed upon picture that emerges is the following: a mass
of liquid is first pulled into ligaments which break down to large drops.
Subsequently, a droplet undergoes two important events. The first is
acceleration of the drop, which may lead to Taylor instability of the surface.
It would appear that a criterion of breakup through this mechanism depends

upon the bond number

2
Bo = g’)ro/c (1)

where

ra

is the drop acceleration
p is the drop density
r is the drop radius

0 1s the interfacial tension
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We note that this criterion does not involve any rheological parameter.

The second event of importance is the deformation of the drop

oot s e sl

into a thin disk., Studies cited suggest that the disk may deforin into a
"bag'' which then disintegrates into drople!s. Alternatively, some studies
indicate that liquid is stripped from the rim of the disk. In either case
disk formation is central to this mode of breakup.

In what foliows we model the process of drop deformation into a ‘

thin disk, and suggest that the presence of polymeric additives retards

this deformation. We show that disk formation is an elongational flow.
Thus we hypothesize that elongational rheology is central to the deforma-
tion process, and that it is reasonable to seek a connection between elonga-

tional rheology and drop breakup.

3. A MODEL FOR DISK DEFORMATION

To provide a tractabl: problem we take the following model. The
spherical drop is replaced by a cylinder of equal length and diameter (see
Figurel). At some initial instant t =0 a uniform pressure is imposed on

the circular faces of the disk, causing it to deform into a thinner disk,

oo, 2L

We neglect the viscosity of the surrounding air.

R v,

Newtonian fluid:

| a Evz
Continuity equation ~ —(r v + =0 2
ntin y equ 37 \.r) 32 (2)

0 R TS

o
H

Aussurne a solution with properties

10
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s vz(z) (3)
vr = rf(z) (4)
p = constant = P (5)

Neglecting disk inertia we tind the radial momentum equation that must be

satigified to take the form

3Ty
== 0 6)
32
A solution satisfying these equations is
v =ar (7)

where we have assumed that no shear stress is exerted by the surrounding

inviscid gas:

T2 97 (8)

The equation of continuity is integrated to yield

H 2
&ﬂrfvdz117r H=0 9)
r
0]
from which it follows that
JLgn)
@ =TT (10)

Here, H is the half-thickness of the disk at any time t, and (-H) is half

the rate of thinning.
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In order to use realistic (and therefore, complex) constitutive

equations it is necessary to consider the fluid motion in detail through the

~

1
components of the deformation tensor ¥ [0] .l We begin by considering

the coordinates r’, 2" of ar elemoent of fluid at timie t’. Then we have

L S 11
VeSIp Cor (t1)
;32" _ e »
v’ = St = -2a0z2 {12)

Assuming that o is an unknown function of time. but not of position, we -

have. upon integrating Eqs. 11l and 12,

r'=Cexpfc(dt' (13)

where C is an integration constant.

Using
T T (14)
Wweomay write this as ‘
1 d/=H ,
r —Cexpf-z ar d
L '
-Cexpf-—d—H
or
TS0 § e 5) -
?—‘
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3
13 3
:%EE
3
i
— e
e

l




To find C we use the condition that r’' =r at t’ =t, where H = H;

this gives

S .
L (N (16)
i r o lEEY
In a similar manner we find J,
i :
| zZ _H{t) 17)
b z H(t)
s
, N l l Z!;
| The components of ¥ [o] are found using .
! 2
' S -0 T«
Yloler T 1 (dr’) =l-gF (18)
r 2
! =1 - — = 1
7[0]99 ( r') y[o]rr (19)
2 2
' - dz _ H
y[O]ZZ 1~ (dzv) - l - ('I__Iv) (20)

The pressure causing the deformation, P, may be written as

: P=-Tu:-(r“-rrr) (21)

where we agsume T _=0. E
Now we must introduce some rcalistic viscoelastic constitutive equation.

1
Related studies in our laboratories 2 suggest that a useful model is the

integral model due to Wagner

14
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t
T = f Mt - t')Z[o] dt’ (22)

-

where M is some appropriate memory function.

t
P = Trr - T, '[,, M(t - t") (yfo]rr - y[’o]zz) dt’ (23)

F,o\2 ,
= {; M(t - t') !-(%) - (%)} dt’

The simplest case to examine, computationally, and one that suffices
to illustrate the role of elongational rheology in disk deformation, seeks the

pressure required to achieve a specified rate of thinning. Thus we assume

~H/H = 50 = constant (24)

and find, upon integrating Eq. 23, that

n(T;A)=—1—_:2—Z7\ 3l-exp [- (1-24) T]é

-ﬁX;l-exp[~ (1+A)T]$ (25)

We have defined the following dimensionless groups:

= 2
n = P(t)y/u ® s
A =Xe
O
T = t/\
15
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We have chosen M(t - t') to take the form
M = —l;;_— exp[ - (t -t')/A] (26)
A

which corresponds to the codeformational Maxwell fluig. 1]
Figure 2 shows il (T, A) versus T. For the Newtonian fluid,

obtained from Eq. 26 as the limit when A - 0, we find

I = ] for all time (27)

Figure ¢ demonstrates that, in order to maintain the same thinning rate
éo = -H/H as a Newtonian fluid with the same shear viscosity g, one
would have to impose a larger pressure P on this viscoelastic fluid.
This phenomenon arises not from viscoelasticity per se, but from the
elongational viscosity function associated with this particular fluid.

We conclude that an elongational viscosity of the type often
identified with polymer solutions exerts a retarding influence on the
thinning rate of a liquid disk subjected to a uniform pressure. Thus,
elongational viscosity may play an important role in control-
ling events which are believed to lead to droplet disruption.

4, BUBBLE COLLAPS < AS AN ELONGATIONAL FLOW

13-15 .
Earlier studies 3-1 have established that the flow ficld in a liquid

surrounding a spherical collapsing bubble is an elongational flow, This

16
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follows directly from the kinematics, defined by the continuity equation

in spherical coordinates.

integrates
to find
where R

dR/dt

d 2 N
SE r vr = 0
CRRY A
Ve T T2 T 2
r I

is the rate of change of bubble radius.

to note, at this point, that we may write

where

The rate of deformation tensor 9, takes the form

Vr .
— = € 0
I
0 0
2
€ = - 2R R/r3

18

Assuming spherically symmetric collapse, one

(28)
(29)
It is useful
(30)
0 0
-1 0 (31)
0 -1
(32)

T




The components of y'

~ [o]

are given

; Z.I[o] = 0 1 -(;—,) 0 (33)

Here, r and r’ are the radial positions of a material element of
fluid at times t and t’, respectively. The relationshipof r to

¢ . . . .
; r is found through the kinematics, using

vo= or = AI(tIL .(34)
r ot’ ;2
by
Integration gives
|
}
l 13 - 7/ 7 l / - 1 ! 3 _l_ 7
; 3T —/Adt + 3C = 3R + 3C
o :
: - 13 /
E or r (t) + C (35)
-
p ! The constant of integration C' 1is found using the fact that r’ = r 3

14

t =t., It follows that

19

"l




T = r + (R - R7) (36)

and

r 2
o] 0 ! (T) 0 (37)
2
r

It follows further that the components of ’Z[O] may be written in terms

of the bubble radius R upon noting that

1
) '3 R3 /3
L - h oy =2 (38)
r r3

It must be kept in mind that the components of ¥ (o] are functions of
s, t', and t.
To find the history of the bubble collapse, R(t), one must solve

15
the Rayleigh equation, as derived in our previous studies ~ ip the form

p(RiiJr%kz): PR-P,,+/[V'L]rdr (39)

R

e il
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As ip the previous work ~ we may reduce this to the form

-]
T - T
oe 32\ _ rr 86
PG-Pm-Zy/R-p(RR+2R>— -2/ - dr (40)
R
where % is the surface tension, and PG - P_ = - AP is the pressure

difference between the bubble interior and the liquid far from the bubble.

For the Newtonian liquid, for which

we find R(t) from the Rayleigh equation in the form

LA 2 4
- 8P - 2y/R - p(RR + %R\) = 4u R/R (42)

’

We may use Eq. 42 as an aid in experimental design, and we will return to

this point shortly.

5. EXPERIMENTAL DESIGN

The design concept requires that a small gas bubble be created within
the liquid of interest. An excess pressure upon the liquid will then cause the
bubble to collapse. The history of collapse, R(t), will reflect the properties
o’ the liquid, and will be described by a solution to the Rayleigh equation,

Eqgq. 40. This history will be recorded through high speed photography.

Prior to designing an experiment it is necessary to establish the

working range of parameters that will be used. We wish to use the observa-

tion of bubble collapse to infer something about the rheology of the fluid
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surrounding the bubble.

If the dynamics is too rapid, fluid inertia will control the bubble
respense, and mask the role of rheology. Thus, it is essential that the ex-
periment be designed so as to minimize ine -tial effects. At the same time,
the dynamics must be fast enough so that th. high deformation rates typical
of drop shattering are simulated. The result is that there is a narrow
"operating window'' of acceptable parameters.

We can use the Newtonian form of the Rayleigh equation to quantify
some of these ideas.

We begin with the assumption that the collapse is so fast that it is
adiabatic, and there is no time for diffusion of gas to occur. Hence there

is a constraint between pressure and volume. Assuming an ideal gas we

find
PV = constant (43)

where PG is an absolute pressure, and where m 1is the heat capacity

ratio

m = C /C (44)
p v

A more useful form is

3
PCR“ = p RO (45)

ol o

where POG is the initial (absolute) pressure inside the bubble, upon

initiation of collapse.

22
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Hence ¥
3m ;
R i
= -p. =P _|— - P t
-AP = PG ® oG R ® 13
3
Ro m i
= ~-P + P — -1 i
PQG ® oG R E
Ro 3m _
= - + — -1 46 3
LP L | (40) z
The Rayleigh equation takes the form ii
) g
RO 3m 5 3. 2) . gk
-t — -1}- 2y/R - olRR + = R = 4 uR/R 7
subject to initial conditions
R=R , k=0 at t € 0

Note that for t < 0, th2 bubble is in equilibrium (R = RO) at a pressure

given by (setting R = RO and R = 0 in Eq. 47) 3
-[:PO - 2',V/RO =0 ;

= -+ / ;

o1 POG pP_ Zy,RO t <0 (48) 1




Collapse is initiated upon incrementing the external pressure by

an amount P1 so that

AP = P_- P = P - 2y¥/Rj (49)
Upon introducing Eqs. 48 and 49 into Eq. 47 we find 7
RO 3m
-P, + 2y/R_+ (pm + Zy/RO) e - 1} - 2y/R
. N . (50)
- c—(RR + :;’-RZ) - 4uR/R ;

We may first inquire into the total extent of collapse. For long time, when

il approaches zero, we find from Eq. 50 that

R 3m

o
2 e - - =
P, + 2y/R_+ (P., " Zy/Ro) = 1| - 2y/R =0 (51

For the sake of simple calculation, let us neglect surface tension
in Eq. 51 and find

R p -1/3m p -1/3m
® 1

R P P (>2)
o]

where Rn is the final radius of the collapsed bubble. We see that the

degree of collapse depends upon the ratio of absolute pressures before and

after initiation of collapse.




e

H we take a4 reasonable value for the heat capacity ratio m to be

m = l.4 for diatomic pases we can prupare a simple table of collapse

ratics as a function of prussure ratios,

Table. Collapse Ratios as a Function of

Precsgsure Ratios {m =1.4)
Fa * 5 ) 2 3 5 10 30 100
p -
- -]
Rm
o 1 0.85 | 0.77 0.68 0.58 0. 44 0.33
[0}

According to this estimate (which neglects surface tension) a pressure ratio

in excess of ten is required to collapse the hubble by a factor of two. This

is a sufficiently accurate estimate for the purpose of design of the experi-

ment.

We conclude that in order to achieve a rcasonable degree of bubble

collapse (in effect, enough data to be mieaningful) we will have to use pres-

sure ratios of order ten.

The next problem to deal with in experimental desipn is the rate of

collapse, since this will determine the depree of need for high speed record-

inp technolopy.

assuming Newtonian !

but useful, analytical mode! foilows if wwe ne_leot the vas prossir

whavior) and neclecting surface tension,

Again, estimates are muost casily mmade using kg, 59 (1. e.

A sunple.

inside the

vt e T————
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bubble. This provides an estimale for collapse that would be valid for short
times, and small extents of collapse. Again, we note that the goal here is
the development of simple guides to experimental design.

If we go back to the Rayleigh equation in the form of Eq. 42, and
assume that AP is constant, neglect surface tension, and neglect inertial

effects, we find

R 4
= = exp (- =— t) (53)
Ro (

A useful time scale, from this model, is the time to collapse to 1/e = 0.37
of the initial size. (Note that under constant pressure, ignoring the internal
gas, the bubble collapses totally.)

This time scale is
te = 4u/6P (54)

For a 10 poise liquid collapsing under a 100 psi pressure difference, we find
T, T 6 x 10-65. This time scale is too short for existing technology. We
note that liquids of interest could well be less viscous than 10 poise (further
shortening the time scale). This resnult suggests that it will be necessary to
collapse under small pressure differences. However, the previous result
on extent of collapse indicates the need for large pressure ratios. It may

be necessary to operate at sub-atmospheric pressure, so that 1 + Pl /Pen

26
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remains small. For example, if the system is initially at 0.5 psia (which
requires a cold sample since the vapor pressure of water, for example, is
not much less than this at room temperature) and is subjected to a 5 psia
pressure, so that AP = 4.5 psia while Pl/Pm = 10, then we might
expect a measurable bubble collapse with a time scale of 10-43. It is clear-
that we will be dealing with very high speed events.

Another parameter that can be controlled is the bubble size Ro.
If R is too large, inertial effects dominate the collapse. If this is the
case, then rheological effects are unimportant, and it is not possible to ex-
tract rheological inforrnation from an experiment dominated by inertial forces.

Figure 3 shows solutions of the full Rayleigh equation for a Newtorian
liquid for bubbles of initial radii of 50 and 100 micrometers. For the larger
bubble, and the lower viscosity, some oscillation of the bubble occurs before
it reaches its equilibriumn final size. This is an inertial effect. For 10 and
100 poise liquids, the collapse is munctonic. Showr on Figure 3 is thc purely
vigscous goluticn (Kq. 53}, and we see that even the 10 poise liquid deviates
from that inodel at small time, again demonstrating some decgree of inert:al
resislance to collapse. However, the 160 poise liquud shows purely viscous
collanse over miost of its history.

By contrast, jor a bubblc of 50 micrometers radivs, no oscillation
occurs in the 5 poise lignd, and nearly viscous behavior is seen ab 10 poise.
It would appear from theee simulations that it will be necessary to use bubblag

of 50 nmicroumeters radius or less in order to minimize inertial effacts.
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6. THE EXPERIMENTAL SYSTEM
6.1 Apparatus

A schematic of the experimental system is shown in figure 4, and
a pkotograph of the actual apparatus is given in figure 5. The entire system
was set up in a room which could be made cbmpletely dark, for photographic
purposes., The experimental system may be conveniently separated into four
distinct portions, which may be analyzed individually. The numbers in paren-
thesés refer to the schematic in figure 4.
6.1.1 Cell:
The heart of the system is the glass/copper cell (1) with the platinum
electrode miounted in it. Figures 6 and 7 are, respectively, a
schematic and photograph of the cell. The glass is standard
glass tubing with O. D, = 0.25", ILD, = (€.0206" and
L = 1.5". The copper is standard copper tubing with O, D. = 0,25",
I.D, =0.185"and L. =1.5", The glass and ccpper tubes are ce-
mented together using Devcon® S-minute epoxy. The acrylic
supportg are added to increase strength and provide a way to mount

the cell onto the microscope stage.

Figure 8 is a schematic of the platinum electrode. The platinum
wire {O.D. =100 pm) is fused inte the glass sleeve by melting
the glass around the wire. The top of the electrode is then {inely

polished. The platinum electrode is mounted into the glass cell
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using a high temperature epoxy. Two leads come off the cell

to the pulse generator (12), one from the platinum wire at the
bottom of the cell and the other from the copper tubing at the
top. When the glass/copper cell is filled with a conducting
liquid (i. e., the test solution) the electric circuit is completed.
Bubbles are generated using a Tektroni.x® 160A Power Supply,
161 Pulse Generator and 162 Waveform Generator in series (12).
Bubbles of various sizes can be made by varying pulse width

and magnitude. The electric pulse hydrolyzes the water and
forms a hydrogen gas bubble which then rises in the liquid.

Optical! System:

The optical system is a self-contained unit consisting of a Leit@
microscope (2, 18) with a W;ldr\g"' MPS-11 Shutterpiece mechanism
(15) attached. The microscope assembly is mounted in a hori-
zontal position (as opposed to the usual vertical, stand-up
position) on a wooden platform which can be raised and lowered.
This allows for easy alignment with the rotary drum camera (3).
The cell is fixed to the microscope stage, which moves left to
right and forward/backward to allow centering and focusing of

the rising gas bubble. The microscope optics were used as
delivered, but the lighting system was modified for phctographic

purposes. The 12V, 50 W Halogen-Bellaphot® (OSRAM) lamp
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provided with the original system was replaced with a 120 V,
600 W tungsten-halogen (Sylvania) lamp (40). A Powerstat®
adjustable transformer (19) was used to allow variable lighting
control. It was also necessary to add an air cooling system

(21) for the lamp. This extra lighting capability was one of

the keys to obtaining streak photographs with reasonable

contrast.

Photographic System:

A Beckman and Whitney Model 224 Rotary Drum Camera (3, 13)

was used to do the high speed photography. A Variac® Type
100- Q adjustable transformer was used to provide motor speed
control (14). In the rotary drum camera filming speed is not
determined by framing rate but is instead a function of rotation
speed. A coatinuous length of film is wound along the drum of
the camera and the drum is then rotated at » known speed. A
continuous streak photograph is then obtained. The rotation
speed is measured by taking an electronic signal which comes
from the back of the camera and feeding this into a Tektronix®
T912 storage oscilloscope (4), from which the number of revo-
lutions per second of the camera drum can be determined.
Therefore, for this system a number analogous to framning rate

is given as mm film/sec.
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The Wild®MPS-ll Shutterpiece (15) was used to control ex-
posure times. This uses an electronic shutter mechanism so
this signal was also used to trigger the solenoid valve in the
pressure system., Variable shutter speeds are available but
1/15 sec proved to be a convenient speed at which to conduct
the experiments. A black cardboard baffle (16) was made to
connect the shutter mechanism to the lens of the rotary drum
camera. This prevented extraneous light from entering into
the lens. The lens of the drum camera was completely covered
except for a vertical slit approximately 1/16" wide. This

collimated light source was essential to obtaining good contrast

on the streak photographs. Kodak 2475 Recording film (1000

ASA) was found to provide the best balance of high speed and good

contrast.

Pressure System:

To collapse the bubble, which is .t atmospheric pressure in the
cell, it wasg nccessary to pressurize the system. The source of
the pressurc was a compressed air cylinder (11) controlled by
R
a Purox ~ CGA-580 pressure regulator (10). To instantaneously
pressurize the system a fast acting valve was needed. A Schroder
R . . .
Bellows™— cyclone three-way direct acting solenoid valve (9) wrs
chosen. (Schroder Part # 743232-0115, Orifice 1/16/1/16, 120V/

60 Hz, brass body.) The solenoid valve was activated by an

ol
i, Lol o it

i "

i

o o et 0

S o i

o

U

i
4
i
§
i
i
£
é
3
)
E 3
3
z
E
3
%
=
3
3
E
3
1
2
S
i
¥

Y

it o8 A ks s

A



electronic trigger from the MPS-11 Shutterpiece via an electronic

relay (GE #SC-43/530T) (8).

In this way synchronizaticn of the

pressure pulse and shutter openirg was made possible. There

was a short time delay between shutter opening and pressurization

of the system so it was certain that the event would not occur be-

. s AT S

PP IO I

fore the shutter had opened. Pressure was measured using a

Validyne@)DPli variable reluctance differential pressure trans-
: o . Y . :
ducer (5) in conjunction with a Validyne™~ CD15 sine wave carrier

demodulator (6), connected to a digital voltmeter (Hewlett~ Packard)

).

1
%
i

Various pressure plates (diaphragms) are available for the
transducer, so that a wide pressure range can be covered. The

pressure huse was connected directly to the top of the cell (copper

section} using a hose clanip and some RTV®SiIicone rubber

sealant. The cell was able to withstand pressures up to 160 psig.

FExperimental Procedure.

k it { IRy e
0kl ot bl e w0
0wk st

The fluid to be used is loaded into the cell using a disposable pipet.
Care must be taken to make sure that the fluid level is beyond the glass/copper

interface, because contact with the copper is necessary to complete the circuit

for the bubble hydrolysis.

z

The pressure tubing is then fastened to the top of

the cell, using both 2 hose clamp and RTV bnilicone Rubber sealant (GE). The
|

The

entire assembly is mounted onto the moveable stage of the microscope.
leads fro.n the pulse generator are attached to the cell; one to the platinum

——— =
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wire which extends out the bottom of the cell and the other to the copper
tubing on top.

Next, the room is made completely dark and the film is loaded into
the drum camera. Each experimental run uses one 35 mm roll (36 exposure)
of the Kodak 2475 recording film. The drum camera is equipped with a three
position lever (shut, focus,and open), so that after the filrn is loaded the
lever is moved to the shut position and the lights in the experimental system
can be put on, The drum camera is set in motion and its speed monitored
using the Tektroni ®storage oscilloscope. A shutter speed of 1/15 sec is
chosen for the experiment so the drum speed raust be kept below 15 rev/sec.
Typically, experiments are run at 8 to 12 rev/sec (125 to 80 m sec/rev ).
The significance of this tiine with respect to the streak photographs will be
explained later.

Next, the pulse penerator and pressure system arec turned on.
Various size bubbles in the range of 50 tc 500 um can be made, depending
on pulse width and magnitude. In general, for the purpose of photographic
simplicity, bubbles in the 200 o 30 jun range are used. Once made, the
bubble rises slowly up the cell until it comes into viewing range. (Note:
In the fluids that were studied in these experiments, it was tound that the

upward movement of the bubble is much "slower' than the time scale of the

experiment, so for all practical purposes the bubble is treated as stationary.
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For lesa vigr:ous fluids, such as pure water for instance, this can be a big
probleni.} At this point the lever on the camera is moved to the focus
posidon, aud the bubble can be aligned and focused while one locks through
the viewing port at the back of the drum camera., The moveable microscope
utage makes it easy to center and focus the drop. With everything in position
the shutter is clised and e=t to 1/15 sec, the lever on the camera is put in
the orern position and the pressure on the air tank regulator is set to the
desiread level (tyoicaliy 60 to 160 psig). Now, the shutter is opened, which
{riggers the solenoid valve through the electronic relay, and opens the cell
to the desired pressure. The bubble collapses and the event is recorded on
film in the ferm of a "streak photograph' (which will be discussed later).
The rotation speed of the drum camer. is obtained from the storage scope
and the pressure is read from a calibrated digital voltmeter attached to the
sine wave demodulator,

Once again, the room is made completely dark and the film is

removed from the drum camera, loaded onto a2 35 mim developing reel and

placed in a standard light-tight developing tank. The {ilm is "push-processed"

by developing for 11 to 12 min. in Kodak DK-50 developer (recommended de-
veloping time is 5 to 6 min. ). The end result is a streak photograph of the

bubble collapse, as is shown in figure 9.

6.3 Solutions.

The solutions that were used in this study were all water soluble

polymer systems. The two polymers used were carboxymethylcellulose (CMC)
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(Hercules, Inc. CMC 7H3S, experimental sample) and polyacrylamide

bRl

bl sl

{(PAA) (Stein, Hall and Co., Polyhall 295), The four solutions that were
T used in this study are CMC 1%;: PAA 0.25, 1.0 and 1. 5% where X% is

defined as wt. polymer/wt. H,O.

i The rheological properties of these samples were obtained using

M
b i

a Rheometrics®F1uids Rheometer in the cone and plate geometry and the

. *
dynamic oscillatory mode. Figure 10 shows the complex viscosity (n )

s

for the four samples. In the limitof w - O, n* -, the steady state
zero-shear viscosity, and over the entire frequency range the behavior of T)*
parallels that of 7. From the plots of complex viscosgity versus frequency
several characteristics of the fluids are apparent. First, in every cage the
PAA solutions are more highly non-newtonian than the CMC solution. Second,
below w = 10 rad/sec, the CMC solution behaves essentially as a Newtonian
fluid. Hence, we hope to be able to use this CMC solution as a psuedo-
newtonian fluid for experimental purposes.

The dynamic storage (elastic) and loss (viscous) moduli, G’ and

G" respectively, for the four solutions are given in figur: 11, Once again,

there is a marked difference in the behavior of the CMC and PAA solutions.

In the case of CMC, the viscous forces (G”) are always substantially

O O T X

greater than the elastic forces (G’'). For the PAA solutions at the low

frequencies, the viscous forces (G”) are larger than the elastic forces

D k. 2 bl

! ’

(G"), but as the frequency gets higher the two forces become equal in

L

- g

magnitude and finally the elastic forces begin to dominate. This markedly

different behavior between the PAA and CMC might allow one to speculate
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that the elastic forces would be a factor in one case and not in the other.
It is also evident that the frequency (strain rate) range of the experiment
could be very important in determining fluid behavicr because of the strong IE

frequency dependent nature of the polymer solutions.

7. CALIBRATION AND ANALYSIS OF EXPERIMENTAL DATA

vt A

7.1 Magnification Calibration.

bk alllanit,

To determine the total magnification in the optical system a simple

test was conducted. A thin chromel wire (O.D. = 0.0093'') was inserted into

the cell when it was filled with a test fluid. A series of still photographs were

b s

st o A S

taken with the rotary drum camera. From the wire dimensions measured on
film and the known (measured) diameter of the wire, a magnification factor

was determined. The magnification was found to be 55X.

e DAL st 1o

7.2 Determination of Collapse Times.

Since there is no readily available time measure (such as framing
rate) in the rotary drum camera, a method to calculate the time scale of the

event had to be devised. What was done was to measure the perimeter of the

drum where the film is placed during the experiment. This gives a measure

of length per revolution, From the storage scope, the rotational speed is

R T T IR A LT

obtained. Thus, one is able to calculate length per second. Typical time
scales for collapse were approximately lO-3 to 10-4 sec. From the h

streak photographs it is possible to calculate the 'lag time'' between the

shutter opening and the pressure pulse hitting the fluid. This was found to

45




be approximately 15 msecs.

8. EXPERIM '‘NTAL DATA

Figure 12 is a photograph of a single bubble taken with the rotary
drum camera when it is not rotating and the slit has been removed from the
camera lens. This bubble is approximately 200 uym in diameter. The white
line in the center of the bubble is caused by the diffraction of light as it passes
through the bubble.

If one starts with the bubble as pictured in figure 12 and covers
the lens with a very narrow vertical glit, all that can be seen is a slice
through the bubble. Therefore, with the camera rotating, the collapse appears
as a streak of continually decreasing width., This is shown by the 'streak
photograph' given in figure 9. Referring to that photograpn, one sees that
there is an i.itial portion, which is indicative of the time between the shutter
opening and the pressure pulse hitting the system. Once the pressure hits,
the collapse begins (small oscillations can be seen initially) and the streak
continues to decrease in width until the equilibrium bubble size is reached.
The pressure remains constant throughout the run.

Analysis of the data consists of measuring the initial streak width
and the width as a function of distance until no more change is observed.

The streak width is correlated to the bubble diameter {using the magnification
factor previously determined) and the distance along the film related to the

time of collapse (using the rotation speed and length of film per rotation).

46

bl il

b




ki
N
i
e
- {
o
Mt
l
"
b 4
M
Lo

A il

TR

YT Y. AT

il

Tl

N

il

T

ey

T e

RIS




&—-——— — —— ———

Figure 13 shows data from two bubble collapse runs — one for
the relatively inelastic CMC solution and one for the more elastic PAA
solution. The most striking observation is the similarity of collapse of
the two fluids. Not obvious from the figure is the fact that the collapse
is much slower than would be expected for these fluids. Finally we note
that the collapse proceeds to a level below that predicted by Eq. 52, based
on the adiabatic assumption. Similar results are observed in all cases
studied to date. Additional data are in the appendix.

These results provide clues to problems in the experimental

system that must be ~orrected.

9. EVALUAT.ON AND DISCUSSION OF DATA

Let us begin with the positive accomplishments, and then examine
the problems that remain.

We have designed, constructed, and tested a system for high speed
photography of bubble collapse. While improvements in the photographic
system are possible, it is clear that accurate and reliable data are possible.
The prototype test cell is not made of glass of any optical quality. Additional
experience with lighting and focusing techniques will lead to some improve-
ment in the contrast and sharpness of the streak image. It should be
possible to reduce the bubble size by factors of two to three and still obtain

reliable data.
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The technique for production of bubbles in aqueous solutions
works well. In thesc preliminary tests relatively large bubbles have
been used, of about 100 um radius. It is not difficult to reduce the
bubble radius to 30 to 50 ym, and we will note subsequently that this
may be necessary.

The major problem lies in the imposition of a step-change in
pressure upon the test cell. Superimposed upon figure 13 is a trace
of the pressure measured in the test cell. It would appear that upon
opening the solenoid valve there is a relatively rapid '"spike'' of
pressurc followed by a slow rise. Thus, tiie bubble is not collapsing
under an instantaneous step-cinange to the new pressure. To date, it
has not been possible to determine if the problem lies in the solenoid
valve itself, or in some other feature of the design of the test cell/valve/
pressure reservoir system. This would appear to be the major problem
to be dealt with at this point in the development of the experimental
system. Until this problem is solved, data obtained to date cannot be
compared to any theoretical model based upon solution of the appropriate

form of the Rayleigh equation.
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10. RECOMMENDATIONS

10.1 There are several areas where improvemnents could be made

in the experimental system to extend its usefulness and accuracy,

10.1.1 Cell,
A new cell could be made of higher quality glass. Special opti-
cal glass cells, as are used in spectrophotometers, are available com-
mercially. It might be useful to make the cell rectangulas in order te
prevent any optical distortion that may cccur when phectographing through

a circular cell.

10.1.2 Optical System.

iL appears that most of the photographic problems which were
encountered earlier in the project have been resolved. We would like to
obtain sharper photographs, but a new cell should help considerably in
this area. The keys to obtaining high contrast photographs are the very
high intensity light and the use of the slit on the camera lens to exclude

stray light,

10.1.3 Pressure Systemn.

This is the area where the biggest improvements could be
madc. The solenoid valve used in our experiments is, to sur knowledge,

the fastest opening valve available for this pressure range. Unless some
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improvement in this area of technolgy exists, of which we are unaware,
it would appear that a solenoid valve will not be suitable for usc with
low visdosity fluids whose collapse times are of the order examined in
our studies. The current technology is suited to "slower' fluids, i.e.,
more viscous {luids, or to collapse under smaller driving pressures
(see 10.2. 3 below).

An alternative to a solenoid valve should be explored. One
possibility would be to separate the test cell and the pressure reservoir
by a thin membrane or septum that could be punctured with a mechanical
device. This alternative was not examined, and at this point we arc un-
able to estimate the character of the pressure pulse that such a system
would produce.

We conclude that the limitations of current technology for
creating a change in pressure make it impossible to impose a suitable
approximation to a ''step change' in pressure on the bubble. However,
the pressure pulse can be measured. and the theorectical analysis for
bubble collapse could be suitably modified to account for the observed

pressure pulse.

10. 2 In addition to these hardwarce improvements, several changes

in procedurc would lead to miore meaningful results.

1o.2.! Bubble Sizc.

Large bubbles have been used in these preliminary tests in

o g
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order to minimize photographic problems. A reduction by a factor of
two to three, down to the range of 35 to 50 um radius, is possible with

the current design, and will ensure the elimination of inertial effects.

10.2.2 Bubbles in Non- Aqueous Solutions.

At the present time the bubble production system can only ’
be used for aqueous materials. To extend the use of the system to
organic materials, another means of bubble formation, not based on
hydrolysis, is necessary.

A new technique for making small bubbles, suitable for both
agqueous and organic solvents, has been discovered. Some of the solu-
tion of interest is placed in a high speed blender and beaten into a froth.

A sample of this aerated liquid is removed. Most of the bugbles, because
of their size, will rise and leave the liquid. High speed agitation of a
viscous liquid will create some bubbl.s of extremely small size. The
desired range is 50 to 100 microns diameter. These small bubbles will
remain in the sample. With a hypodermic, a very sm-~ll volume of the
sample is removed. The volume is such as to contain only a few small
bubbles. This sample is then introduccd into the bottom of the test cell
which contains the quiescent test liquid. When one of the small bubbles
rises into the main body of the test liquid, the collapse experiment is
initiated. Specific work remains to establish an optimum procedure
with respect to agitation, sample siz . etc. A modified test cell will

have to be designed.
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10. 2.3 Reduced Pressures.

Ultimately one will wish to study more dilute, lower viscosity,
solutions. In order to slow down the collapse, it will be necessary to use
smaller driving pressures. However, it is still necessary to use large
pressure ratios in order to achieve significant changes in bubble size.
This will necessitate the use of sub-atmospheric pressure prior to col-
lapse, followed by imposition of a small increment of pressure. For
example, absolute pressures before and during collapse couic be 0.5 psia
and 5 pgia. In this way the required large pressure ratio of order ten is
maintained, while the pressure Qifference is only 4.5 psi. One possible
advantage of this is the likelihood that it will be easier to produce an
"instantaneous'' step-change in pressure at lower pressure differences.

Of course, the lower limit on pressure is the vapor pres-
sure of the solution. However, one could work with a cold solution,
and extrapolate results to (higher) temperatures of interest through

the use of classical time-temperature superposition principles.
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APPENDIX
Experimental data on bubble collapse
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GLOSSARY

£ 3
Bo = gprg/)’ Bond number
g Acceleration of gravity E
' H Disk thickness gé
i
M Memory function 3 i
| m Heat capacity ratio ;
; Pl Increment in pressure causing collapse
PG Pressure inside the bubble : ;
P, External pressure on the fluid _
p Pressure distribution within fluid 7
ro Drop radius A
R Radius of bubble : 1
I
r Radial ccordinate 71
T = t/A
] t Time variable
, v Volume of bubble I
v = (vr, Vg vz) Velocity vector ;
: z Axial coordinate j
(- -
« =75
‘ Y Surface tension :
i
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Strain tensor

Shear rate

Rate of deformation tensor

Nonnewtonian viscosity

Relaxatiou time

Newtonian viscosity

Dimensionless pressure

Fluid density

Stress tensor
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