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Abstract 

An experimental technique is described whereby a wide variety 

of interfacial phenomena is observed. The system investigated is 

the one component carbon tetrachloride liquid-vapor system. The 

principal part of the apparatus is a vertical capillary which opens 

squarely at the top into a liquid reservoir. A vapor phase is 

created in the capillary so that it supports the liquid phase above 

it. Movie photography techniques are used to document the inter¬ 

facial behavior in the capillary and also document the nature of 

bubble formation and detachment at the capillary mouth. 

Studies on very rapidly moving interfaces reveal that deformation 

of a bubble can be caused by inertial forces acting on it from the 

liquid phase above. Bubble deformation also occurs when rapidly 

growing bubbles reattach to the previously detached rising bubble. 

Movies of the action inside the capillary reveals phase fragmenta¬ 

tion occurs in the nature of alternating but short-lived slugs of 

liquid and vapor. Phase fragmentation also occurs when vapor phase 

growth begins at a vapor nucleate entrapped in the liquid phase of 

the capillary. 

Experimental methods are employed to retard the interfacial 

movement so that its motion is not readily perceivable to the naked 

eye. Movie documentation reveals that the retarded interface responds 

to inherent fluctuations of the system. Fluctuations of a much* higher 

frequency are also noted. Experiments are conducted whereby the 

retarded interface is slowly disturbed by increasing the heat input 

to the heat bath around the capillary. 



Studies of bubble detachment reveals that the bubble undergoes 

a necking action at the capillary mouth prior to detachment. For 

slowly forming bubbles, the surface force holding the neck to the 

capillary mouth can be equated to the buoyancy force acting on the 

detaching bubble. 
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I. Introduction 

The dynamic behavior of a liquid-vapor interface with 

simultaneous momentum, energy, and mass transfer is a very complex 

mechanism. Most of the applicable theories describing dynamic 

interfaces are limited to rather simple cases such as capillary rise 

or growth of bubbles with spherical shapes. One reason the theory 

of dynamic interfaces is so limited is that experimental techniques 

for observing the actual behavior of a dynamic interface are also 

just as limited. 

This thesis presents an experimental method by which a wide 

variety of interfacial phenomena were observed and documented. The 

system chosen was the one component carbon tetrachloride liquid- 

vapor system. The principal part of the apparatus consisted of a 

vertical capillary which opened squarely at the top into a liquid 

reservoir. A vapor phase was created within the capillary and the 

motion of the interface as it moved up and down the capillary, as 

well as bubble formation when the interface emerged from the top of 

the capillary, was recorded by movie photography techniques. 

During experimentation, two methods were used to create the 

vapor phase within the capillary. In the first method, the bottom 

of the capillary was opened to the vapor phase of a vessel containing 

saturated carbon tetrachloride in equilibrium with the vapor. 

Electronic techniques were used to control the pressure above the 

capillary, as well as the pressure drop through the capillary. In 

this situation, the metastable interface was controlled to the point 
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where it would oscillate up and down the capillary with subsequent 

bubble formation each time the interface emerged from the top of 

the capillary. 

In the second method, the capillary was closed at the bottom. 

Electronic control was applied to the temperature of the air bath 

around the capillary and to the pressure of the saturated liquid 

above the capillary. The vapor phase was created by superheating 

the capillary until nucleation occurred, then cooling the capillary 

until it was just above saturated conditions. At this point, the 

interface became retarded in the sense that its motion was not 

perceivable to the naked eye either inside the capillary or as a 

bubble on top of the capillary mouth. The position of the interface 

was controlled, adjusted, or disturbed by suitable manipulation of 

the air bath temperature. 

Most of the information obtained on the rapidly moving inter¬ 

face observed in the first method is qualitative in nature. Data 

is presented relating the velocity of an interface as it emerges 

from the capillary to the shape of the bubble formed. For high 

velocities an upward fingering action occurs in the bubble. This is 

explained by the inertial effect of the high velocity liquid emerging 

from the capillary, pulling the interface upwards with it. Observa¬ 

tions on the history of fast growing bubbles reveal the bubble tends 

toward a spherical shape after the inertial force pulling it up has 

dissipated itself. However, after detachment or just at the point of 

detachment, the growth rate of the next bubble is often faster than the 

rate of rise of the detached bubble, and the new bubble attaches 
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itself to the previous bubble. This results in a wide variety of 

bubble shapes• 

Inside the capillary, the radius of curvature for a receding 

interface (i.e., an interface moving downward in the capillary) is 

observed to be less than for an advancing interface, an expected 

result. The two phases are also observed to break up into alter¬ 

nating but short lived slugs of liquid and vapor near the original 

interface. Phase break up is also observed when vapor phase growth 

occurs from a nucleation site in the liquid phase of the capillary 

well above the interface. 

The retarded interface in the second method was disturbed by 

suddenly applying various rates of increased heat input to the air 

bath. The temperature at which the interface emerges from the 

capillary and the temperature when the first bubble detaches is 

plotted against the rate of disturbance. Since a search of the 

literature has not revealed previous attempts to retard a metastable 

liquid-vapor interface in such a manner, a detailed explanation of 

the retardation mechanism is presented in the Theory Section 

(Section III, B) of this report. 

A movie history of one of the disturbances shows that during 

bubble growth, the point of contact between the interface and 

reservoir spreads away from the capillary mouth. Prior to detach¬ 

ment, the interface is observed to return to the mouth of the 

capillary. 

Movies of the retarded interfaces do show them fluctuating in 

response to very small disturbances inherent in the apparatus. The 
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capillary interface moves up and down in response to pressure 

fluctuations. Heat transfer convection currents in the reservoir 

cause bubbles to alternately collapse and reform again. A higher 

frequency but smaller fluctuation is also observed with the capillary 

interface. This is believed due to pressure waves set up by the 

small pressure fluctuations of the system. A third and even higher 

frequency vibration is observed as the interface slowly emerges 

from the capillary to form a bubble. It is noted that for the inter¬ 

face to emerge from the capillary mouth, it must pass through a point 

where its radius of curvature is a minimum. The high frequency 

vibration is seen to occur around this minimum radius of curvature. 

Results from experiments with the capillary in both forms, 

closed and opened at the bottom, are used to study the nature of 

detachment. Regardless of how fast the bubble is formed, detachment 

is preceded by a necking mechanism at the mouth of the capillary. 

When the forces acting vertically upward on the bubble are 

sufficient to overcome the surface tension force holding the bubble 

to the capillary, the neck ruptures and detachment occurs. Calcu¬ 

lation of buoyancy forces on very fast growing bubbles are much 

larger than the surface tension force, suggesting that drag forces 

are acting down on the bubble. For very slow growing bubbles, drag 

forces become negligible and calculations show the buoyancy force 

very equal to the surface tension force at the time of detachment. 
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II. Background 

Interfacial phenomena has been undergoing intensive investiga¬ 

tion for well over a century. The classical equation of capillarity 

relating the interfacial surface pressure in terms of the surface 

tension and principal radii of curvature is credited to LaPlace in 

1806 and Young in 1855- In 1913* Boussinesq (3) idealized an inter¬ 

face as a membrane-like surface and introduced the concept of 

surface viscosity. In 1917* Lord Rayleigh (20) developed the 

necessary equations to predict the collapse of spherical bubbles. 

Since then, Forster and Zuber (9); Piesset and Zwick (l8), and 

Scriven (23) have obtained theoretical solutions to Rayleigh’s 

equations. Griffith (12), using a different approach, treated the 

case of a hemispherical bubble growing from a flat plate. 

None of the above had considered drag forces acting on the 

bubble. Cole (5) indicated that at high heat fluxes, drag forces 

acting on the bubble affects its detachment diameter. Cole con¬ 

firmed an earlier result by Fritz (ll) that at low heat fluxes, the 

detachment diameter could be determined by equating the buoyancy 

force acting on the bubble to its surface tension force. Jantz and 

Myers (13) suggested that for Tergitol-Water solutions, the detach¬ 

ment bubble volume was related to the dynamic surface tension. 

Many investigators have investigated the relationship between bubble 

detachment diameters and bubble frequency. 

Several authors have investigated the effects of surface 

properties on bubble formation and interfacial growth. Denny (6) 

investigated the effects of microgeometry in boiling heat transfer. 
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He confirmed that for small cylindrical cavities, large amounts of 

superheat are required, and their reported detachment diameters 

increased with increasing superheat. Kurihara and Myers (l4) 

reported that increasing surface roughness increased the number of 

active nuclii sites. Evidence that large fluctuations in surface 

temperature may occur during nucleate boiling was presented by Moore 

and Mesler. Preckshot (19), in an apparatus similar to the one 

used in this report, observed bubble growth from a relatively large 

cylindrical cavity in a glass surface. He confirmed earlier reports 

that the interface returned inside the cavity after detachment. 

Several investigators have concerned themselves with inter¬ 

facial movement inside a capillary. Britten (4), Pickett (17), and 

Rense (15 and 21) have all investigated and theorized on the rate 

of capillary rise. Rose and Heins (22) investigated the contact 

angle dependency of a moving interface, and showed that the contact 

angle was rate dependent for the nujol-air-glass system* 

In an attempt to wade through the geometrical complexities of 

a dynamic interface, Scriven (24) has developed a generalized 

treatment by means of tensor notation. 
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III. Theory 

A. Deformation of Dynamic Interfaces 

Most investigations on dynamic interfaces in metastable liquid- 

vapor systems have limited themselves to either assuming a spherical 

interface or approximating the shape with a spherical ope. Unfor¬ 

tunately, there are many situations in nature where the interfacial 

shape is not spherical, even in bubble formation. 

Two such cases are observed in this report. One is the case 

where the rate of growth of bubble emerging from a vertical capillary 

is so fast that it catches up to the rising bubble that has pre¬ 

viously detached. The reattachment results in an irregularly shaped 

bubble. The other case is theorized to be a result of the jet action 

of an interface emerging from the top of a vertical capillary at high 

velocities. If the liquid phase precedes the interface out of the 

capillary, inertial effects of the liquid tend to pull the interface 

upwards with it and the bubble formed has a long fingering action so 

that it resembles a bowling tenpin. 

Many investigators have investigated the nature of bubble 

volumes with respect to detachment, yet there is surprisingly little 

information discussing the actual detachment mechanism. The data 

to be presented in this investigation reveals that even at high 

transport rates, detachment of a bubble is preceded by formation of 

a vertical neck from the bottom of the bubble to the mouth of the 

capillary (see diagram). As a result, the bubble volume at detachment 

can be predicted from the capillary diameter by equating the buoyancy 

force acting on the bubble to the surface force required to hold the 
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neck to the capillary mouth: 

(i) A/>gV= arr^ 

. \ \ \ —dc'® SL ri 

V°L 7°V is the density difference between liquid and 

vapor, ^ is the gravitational constant. V is the bubble volume. 
rc is the radius of the capillary, and is the surface tension. 

The above equation is verified ip this report at low transport rates. 

At high transport rates, it appears that drag forces acting on the 

bubble must be taken into consideration. 

It would be of interest to determine if the detachment mechanism 

described above is a peculiarity of the system used in this investi¬ 

gation or could it be used to describe detachment from other systems, 

such as a heated metal plate. In most investigations, observation 

of the detachment is blocked by some visual obstruction. In 

Denny's (6) investigation with metal plates, nucleation occurred 

from small cylindrical cavities of known diameter. Application of 

Denny's data to equation (l) would have predicted capillary diameters 
i 

many times larger than the ones he used. That the equation does not 

apply to Denny's case may be due to the high rate of heat flux 

through metal as compared to the glass system used in this investi¬ 

gation, or it may be due to the small cavity sizes which required 

large amounts of superheat for ebullition. 

The possibility that detachment occurred at the capillary mouth 

in the form of the above-described necking action is still not ruled 
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out. Tt would be of interest in future investigations to try to 

resolve this question of glass versus metal and small versus large 

capillaries. 

B. Retardation of a Metastable Interface 

A search of the literature has revealed no other investigations 

where the motion of a metastable interface in a one-component liquid- 

vapor system has been retarded in the manner accomplished in this 

investigation. 

Consider a one-component system such as depicted in the diagram. 

A metastable liquid-vapor interface 

is supported in a capillary at some 

distance y below the capillary top. 
The shadowed part of the capillary 

f BMBIENT 

COMt>mON 

ULL 
in the diagram is the vapor phase 

which supports the liquid phase 

above it. The top of the capillary 

opens to a liquid reservoir. At 

the top of the liquid level, a dis¬ 

tance h^ from the capillary mouth, 

the pressure of the liquid is 

experimentally controlled. The 

capillary and bottom of the reservoir is exposed to a heat bath at 

temperature T~. Above the heat bath, the upper part of the reservoir 

is exposed to an ambient temperature T^, whose temperature can be 

affected by heat transfer effects from the heat bath. 

HCRT BRTU 

RT T“ 

CH¥MU_RR.Y 

iNTERFRCE 

VRPOR P«R£g 

If the interface is in an equilibrium position, then: 
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(i) Pv = £ 3 C K+y) +• 
Where Py is the vapor pressure, g is the gravitational constant, 

fc. is the density of the liquid, Y\^ is the radius of the interface, and 
y is the surface tension. Assume Py is constant throughout the vapor 

phase. If T* is the temperature of the liquid in the interface, its 

vapor pressure at saturation is P*. For equilibrium to exist: 

(2) Py = P* 

If PL in equation (l) is the saturated pressure of the liquid at 

hL, then the saturation temperature at h^ is Tj,. According to equation 

(l), Pv> Pj^. This requires that T*> T^ . For the latter condition to 

exist means there must be some form of heat flux upwards and away from 

the interface. Too must therefore be controlled so that the net heat 

flux from the interface is zero, and a steady state heat transfer 

condition exists at the interface. 

The requirement on the system is that Too be used to control 

* 

the motion of the interface. If Too at a value of To* was adjusted to 

a new value T§© , then the variables y, T*, and Py must come to a new 

equilibrium condition at . (it is assumed that the surface force 

in equation (l) does not change with position inside the capillary.) 

For any value of T<* , there must be only one set of values of T*, y, 

and Pv. 

(3) T*, y, and PY = fa (T* ) 

Since there is heat transfer through the walls of the reservoir 

above the heat bath, then our requirement also stipulates that the 

only external disturbance that affects T^ is due to a disturbance in 

T<r> . 
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(4) TA = f
B (T*> ) 

To see how the above requirements can be satisfied, let us 

consider a disturbance in Too so that it is increased at some rate 

d7*> 
d-d ■ 

The effect of this disturbance is to increase the heat flux 

to the interface so that T* increases and therefore P* increases. 

If the equilibrium relationship of equation (2) is maintained, 

mass transfer across the interface must occur so that Py is 

increased by an amount This means that equation (l) cannot 

be satisfied. 

(5) pv+ fpT ? PL +■ fa (hL + y ) + 
ru 

If 5*Py is small enough, the interface will slowly rise and 

the right hand side of equation (l) is approximated by Py+ <fPy- 

As the interface rises, the expansion of the vapor phase decreases 

Pvj however, if there is continuous mass transfer from the liquid 

phase, Py will always be greater than the right hand side of (l) by 

an amount <fPy 

Since our system requires that as soon as the disturbance is 

stopped, a new set of equilibrium conditions at a lesser distance 'y 
can be achieved in the capillary. Therefore, as the interface 

rises, T* must become lower in order that the equilibrium conditions 

of both equations (l) and (2) can be satisfied. The metastability 

of the interface is appreciated by the fact that if T* remained 

constant, then as soon as the disturbance was applied, both 

equations (l) and (2) could never again be satisfied, and the 

interface would accelerate out of the capillary with ensuing bubble 
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formation. Note the paradox in this type of disturbance. As the 

temperature outside the capillary is increased, T*, the temperature 

of the interface inside the capillary must decrease. 

Such a condition can only be achieved if its rate of heat 

removal from the interface more than compensates for the increased 

heat flux from the heat bath so that a lower steady state value of 

T* is achieved. 

At this point, let us use rough values of the experimental 

conditions encountered in this study and perform an order of 

magnitude analysis on equation (l). Pp is 5^-5 mm. Hg and h^ is 

roughly l6 cm. Tp is 65-5°C, and at this temperature, /°p and 

are roughly 1-5 gm./cc. and 22 dynes/cm., respectively. Yj^ can 

he assumed to he the radius of the capillary (.0156 cm.). If the 

interface was disturbed from an initial position, y = 3 mm., helow 

the mouth of the capillary, then the relative pressure values in 

equation (l) are as follows: 

(7) pv = + /fM + /fya + aVrL 
5^5 mm. He 18 mm. H 0-3 mm. H 2 mm. Hr ® S S 

Note that as the interface rises from its initial position to 

the capillary mouth, the only changing term on the right hand side 

of the equation (7) is the^y<^ term. The maximum change it can 

have on Pv is 0-3 mm. Hg. At the pressures described above, 

is roughly 18 mm. Hg/°C; therefore, as the interface 
Z^t 

rises through the capillary, the change in P^ is equivalent to a 

change in T* of about .Ol67°C. This means that as the interface 

rises up in the capillary, T* decreases, but only by a very slight 
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amount. Let Ts denote the temperature at the mouth of.the capillary. 

If, during the forementioned disturbance, Ts remains fairly constant, 

then the vertical temperature gradient through the liquid phase in 

T* - To 
the capillary is of the order  ——21, and its magnitude will 

increase as the interface rises or y decreases. The rate of heat 

removal by conduction will therefore be increased. 

If the disturbance is such that the interface eventually emerges 

from the capillary mouth and a bubble forms, the surface pressure 

term of equation (l) becomes important. Since the bubble that forms 

will not necessarily be spherical, the surface pressure has to be 

evaluated in terms of the two principal radii of curvature of the 

interface. The surface pressure is then +» -1L . Since the 

surface pressure has to be evaluated, over the entire surface of the 

interface, let us define a sphere equivalent to the bubble. The 

surface pressure of the sphere equivalent is equal to the integral 

average surface pressure of the bubble: 

TLS is the radius of the sphere equivalent. From data presented 

in Table I, the maximum bubble height before detaching is roughly 1.5 

to 2 mm. Since the radius of the capillary Yc is roughly l/lO the 

above values, it is apparent from the magnitude analysis of 

equation (ll) that the change in surface pressure of the sphere 

equivalent is several times larger than the change in the gravity 

term^y. y is now some measure of bubble height, and, of course, 

assumes negative values in equation (l). With this consideration, 
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equation (l) now can be simplified to the following for bubble 

growth: 

The argument still holds that for the bubble undergoing 

disturbance to be an equilibrium interface, there must be heat 

transfer from the interface to the liquid next to it. 

Up until this point, we have not considered the effects of 

convection. From the description of the system, the reservoir 

rises out of the bath where it is exposed to temperature T*> into 

ambient surroundings at the cooler temperature T^. This suggests 

that the bottom of the reservoir is hotter than the top of the 

reservoir. Since the reservoir is large enough, hot liquor at the 

bottom of the reservoir would rise to displace the cooler liquor 

above it and, therefore, convection would result. 

Convection would affect the nature of the bubble growth. A 

cold wave of liquor coming down and encountering the interface would 

make it colder. Then P* <*v and vapor would condense, causing Pv to 
be less than the right-hand side of (12). The bubble would tend to 

collapse. However, heat effects from the heat bath would tend to 

conteract the collapse of the bubble. It would heat up the liquor 

in the region around the interface and eventually halt the collapse 

of the bubble. Since the nature of the disturbance in T<» is to 

continuously increase the heat effects to the interface, it will 

eventually cause it to grow and detach. The growth would be a 

random periodic type since the response of the interface to increased 

(8) 

heat effects and convection would be of alternating growth and collapse 



with each growth cycle larger than the previous. 

The above convection effects would be expected to also affect 

the rise of the interface in the capillary since they would cause 

fluctuations in Ts, the temperature at the mouth of the capillary, 

The small diameter of the capillary would prevent convection within 

the capillary; and since there is a time delay to conduction 

effects, we might suppose that the liquid level in the capillary 

would dampen out any fluctuations in Ts, and the response of the 

interface in the capillary would be mostly in response to time 

smooth values of Ts. 

Since there would be a time delay in the response of the inter¬ 

face to a disturbance in T*a , T*, Pv, andy depend not only on Too 
but also on the rate of disturbance: 

equivalent term would become the important dependent variable 

instead ofy. 

The convection currents mentioned above would cause random 

variations in the dependent variables-. However, we might assume 

there would be an averaging-out effect. Then, the time smooth values 

P^r, T*, and |C_ would be related to Too and -----— . 

T* - Tc 
and thus affect the temperature gradient  ® in the capillary. 

y 

In the case of a growing bubble, fa, the radius of the sphere 
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IV. Experimental 

A. Description of Apparatus 

1. Glassware 

The principal part of the apparatus was a short length of 

.013” precision bore glass capillary supported vertically between 

two flasks as depicted in the apparatus diagram of Figure 1. The 

important feature of the capillary was that its top opened squarely 

into a flat surface, this surface being the bottom of a liquid 

reservoir also supported between the two flasks. (See Figure 1.) 

The 2 mm. thick walls of the reservoir were formed from 9 mm* 

O.D. pyrex manometer tubing. The outside walls of the capillary 

and the bottom part of the reservoir had been ground and polished 

flat to provide for optical viewing of the capillary and its mouth 

at the bottom of the reservoir. The reservoir section was attached 

to a particle trap, which in turn was attached to the bottom of a 

1000 ml. round bottom flask. 

The capillary was used in the two forms shown in Figure 2. In 

the first form (Figure 2a), the capillary opened at the bottom into 

a 6" length of 5 mni. glass tubing, which in turn opened into the • 

top of a 250 ml. round bottom flask. In the second form (Figure 2b), 

the bottom of the capillary was sealed and closed. The length of 

the opened capillary was 2.018 cm., while the length from the top of 

the closed capillary to its sealed bottom was 2.622 cm. Closing the 

bottom of the capillary tapered its shape as depicted in Figure 2b. 

Both the 1000 ml. and 250 ml. flasks mentioned above had 

nlchrome heating elements constructed into them. A by-pass line of 



12 mm. glass tubing installed between the two flasks in parallel 

with the capillary was opened or closed by the operation of a 

solenoid-operated glass seat valve. Just above and below the 

valve, glass lines led to mercury manometers. The line just below 

the valve‘led-to one side of a U-tube manometer. The line above 

the valve led to the other side of the U-tube manometer, and also 

to a closed-end Toricellean manometer. The Toricellean-manometer 

measured the absolute pressure in the upper flask, while the 

U-tube manometer measured the difference in pressure between the 

upper and lower flasks. The U-tube manometer thereby enabled one 

to calculate the pressure drop across the capillary. 

A 2000 ml.- flask was installed above the upper flask to 

provide vapor ballast and dampen out pressure fluctuations. 

Above this flask, a ten-inch column packed with 3/l6" glass beads 

was installed. A condensor on top of the packed column led to a 

sonic orifice, which in turn exited to a vacuum line. The structure 

from the packed column up was necessary for degassing the system 

when initially charged with carbon tetrachloride. 

A 2000 ml. flask was used as a feed tank for charging the 

system with carbon tetrachloride. Both a vacuum line and nitrogen 

line were attached to the flask through needle valves. Manipulation 

of the needle valves allowed one to adjust the pressure in the feed 

tank so that liquor could be charged or withdrawn from the system. 

The feed line from the bottom of the 2000 ml. flask to the 250 ml. 

bottom flask included a capillary U-tube freeze valve and another 
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solenoid-operated seat valve. 

2. Support Structure 

Included in Figure 1 is the support structure used for the 

glassware. The principal glassware was mounted in a steel box 

2* x 2* x 12". The box was insulated, both inside and outside, 

with l/V asbestos board. It was supported from the top by four 

bolts through a metal plate protruding from an angle iron struc¬ 

ture. The box was divided into two parts by installing two 1/V1 

slabs of asbestos board. The left-hand partition was provided 

with a nichrome strip heater and served as an oven housing the 

mercury manometers. The temperature in this section was main¬ 

tained high enough to prevent condensation of carbon tetrachloride 

vapor in the manometers. A small fan provided circulation to the 

oven section. 

The right hand partition of the box housed the glassware 

structure, including the capillary, 1000 ml. upper flask, and 

the 250 ml. lower flask. A metal structure bolted to the box 

floor supported the two flasks and an air superheater. This 

superheater consisted of a 2" diameter steel pipe 1 l/2" long, 

to which 2" glass discs were cemented on each end. Holes drilled 

through the top and bottom of the pipe allowed it to be mounted so 

that the capillary and part of the liquid reservoir passed through 

the pipe diameter and could be viewed through the glass discs. A 

1/V* copper tube air line attached to the air heater was wrapped with 

a heating element to supply hot air. 

The metal support frame for the flasks and the air heater had a 
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slit cut into it directly "behind the capillary. A 300 watt photo 

light mounted on the partition wall of the box directed its light 

through the slit, through the capillary and liquid reservoir, and 

out through a slit window installed on the side of the box. 

3* Electronics and Instrumentation 

The major instrumentation for the apparatus depended on the 

form of capillary used in Figure 2. With the capillary opened 

at both ends, the pressure in the 1000 ml. upper flask and the 

pressure drop across the capillary were maintained with an 

electronic control system, while the temperature in the air heater 

was maintained manually. When the capillary was closed at the 

bottom, the pressure in the upper flask, as well as the temperature 

in the air heater, were maintained electronically. 

The pressure controllers were based on a capacitance principle 

as shown in the block diagram (Figure 3)- Two copper cylinders 

38 mm. long were installed concentrically on each of the manometers 

and formed a capacitance bridge with the mercury. The lpwer 

cylinder, to be called a lower capacitance probe (LCP), was 

installed below the mercury level; and the capacitance from this 

cylinder to the upper cylinder, called an upper capacitance probe 

(UCP), depended on the mercury level in the upper cylinder. A 

one-megacycle crystal oscillator (powered by a 300 volt power supply) 

delivered a 38 volt peak to peak signal to the LCP. 

Since the voltage at the UCP depended on mercury level, the 

voltage at the UCP (which will be referred to as the probe voltage) 

varied with pressure in the system attached to the manometer. The 
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probe voltage converted to a D.C. voltage and fed into a voltage 

comparator. The voltage comparator compared the D.C. probe 

voltage to a fixed reference voltage. It opened or closed a relay, 

depending on whether the probe voltage was more or less than the 

reference voltage. This relay energized a power relay, which in 

turn activated a voltage divider system. The voltage divider 

system delivered either a high or low voltage to the Nichrome 

heating element of the particular flask being controlled. Since 

the vapor pressure of the liquid in the flask depended on the 

electrical heat input, it was controlled so that low voltage supplied 

less heat than necessary to maintain the desired mercury level and 

high voltage supplied more heat than necessary. 

To control the air heater temperature, the voltage signal to 

the voltage comparator came from a copper constantan thermocouple 

inserted in the air heater. This voltage was preamplified with a 

Sanborn Series 350-1800 preamplifier. The voltage divider system 

operated a high-low voltage current to heating elements wrapped 

around the l/4" copper tubing feeding air to the air heater. 

At times, it was necessary to monitor the pressures or tempera¬ 

tures being controlled. This was accomplished by sending the 

variable voltage signals into a Sanborn Series 350 recorder. 

4. Photography 

High speed movies were made by using a Wollensak Fastax movie 

camera with a 152 mm- lens. The lens was connected to the camera with 

an extension tube in order that the subject could be focused from a 

distance of 26 l/4". Light intensity was controlled by having the 300 
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watt photo light connected through a variac. By plugging the 

camera into a variac, a range of movie speeds from 600 to kOOO 

frames per second were obtained. A light timer attachment to the 

camera marked the film (Tri-X Reversible) every one two-hundredths 

of a second. 

Regular speed movies (2k frames per second) were obtained 

with a Cine-Kodak camera. Calibration of the camera showed that 

its motor actually operated at 22.2 frames per second. A special 

extension tube was constructed so that the Wollensak 152 mm. lens 

mentioned above could be attached to this camera. Plus-X film was 

used for the regular speed movies. Again/ the subject distance was 

26 l/k" from the camera, and light intensity was controlled with a 

variac. 

As mentioned in Section IV, A, 2, above, the lighting was 

directed from behind the capillary and emerged from a window slit in 

the wall of the metal box. The camera being used was focused so 

that it observed the capillary through the window slit. To prevent 

intensive glare and light scattering from impurities and air pockets 

contained in the glass wall of the capillary, a thin sheet of 

teflon was draped between the photo light and the capillary, 

thereby diffusing and prescattering the light before the capillary. 

The movie film was developed by the A-V Corporation in Houston, 

Texas. A microfilm reproducing machine produced thermofax prints 

of selected movie frames. The thermofax prints are negatives of the 

actual film and show poor quality contrast compared to the film. 

Nevertheless, as evidenced by the Xerox copies in this report, the 
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interface is reasonably well defined and acceptable measurements 

of interfacial behavior could be made. 

B. Operation of Apparatus 

1. Preliminary Procedures 

Prior to charging carbon tetrachloride to the apparatus, its 

pressure was reduced to 50 microns. At this point, the apparatus 

was leak tested with a Tessla coil and flamed out with a gas torch 

to remove any residual adsorbed contamination. The apparatus was 

then brought to atmospheric pressure by charging nitrogen through 

the nitrogen line in the feed flask. 

2. Charging Carbon Tetrachloride 

Carbon tetrachloride was charged into the feed flask of the 

apparatus through a side arm which was sealed shut when the flask 

was full. The downstream side of the sonic orifice was then 

evacuated and the two solenoid-operated float valves were opened. 

At this point, liquid was sucked into the 250 ml. lower flask, as 

well as the 1000 ml. upper flask. Manipulation of the nitrogen and 

vacuum lines to the feed flask established the desired liquid levels 

in both support flasks of the capillary. 

3- Degassing the Apparatus 

Degassing of the apparatus began when the sonic orifice vacuum 

line was opened. When the desired liquid levels had been obtained 

in the two flasks, the degassing rate was increased by applying heat 

to both flasks. Degassing efficiency was increased by rectification 

in the packed column. During the four-five hour degassing period, 

the liquid level in the upper flask was replenished by increasing the 
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boil-up rate in the lower flask so that distillate flowing through 

the by-pass line accumulated in the upper flask. The level in the 

lower flask was maintained by additional charging from the feed flask. 

4. Bringing the Apparatus to Experimental Conditions 

a. Pressures to Control Point 

Upon completion of the degassing period, the orifice vacuum 

line and solenoid-operated float valves were closed. Liquid 

nitrogen was applied to the freeze valve in the feed line to insure 

that no liquid seeped through the seat valve. When the apparatus was 

operated with the capillary opened at both ends, contents of both 

flasks were heated to their desired vapor pressures. By setting the 

UCP of the upper flask manometer at the desired mercury level and 

adjusting the reference voltage potentionmeter in the voltage 

comparator, the control point for the mercury level was set at any 

point inside the UCP. By similarly adjusting the UCP and reference 

voltage of the differential manometer, a control point for the 

pressure drop through the capillary was also established. With both 

flasks under control, the pressure Pp of the upper flask was con¬ 

trolled and the differential pressure AP across the capillary was 
0 

also controlled. AP included the gravity head of liquid above the 

capillary. The pressure in the lower flask Py was also controlled 

by this system since Pv = PL* AP- 

Control of P^ was to within +1 mm. Hg and AP was to within 

±0.5 mm. Hg. Py was then being controlled to within tl-5 mm. Hg. 

The deviations from the control point were in the nature of rapid 

and oscillatory fluctuations with a period of one second and less. 
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When the system was operated with the capillary closed at the 

bottom, the lower flask and differential manometer were no longer 

a necessary part of the apparatus. In this case, Pj^ was still 

controlled; but Pv was the pressure of the vapor phase within the 

capillary and could only be controlled indirectly as a function of 

the air heater temperature around the capillary wall, 

b. Introducing Vapor into Capillary 

During the time the apparatus was being brought to controlled 

pressure conditions, the capillary remained full of liquid phase 

carbon tetrachloride unless superheated with the air heater outside 

the capillary. The capillary remained full of liquid until the 

required superheat was attained. The vapor then formed in the 

capillary as a result of a violent nucleation. With the capillary 

opened at both ends, the temperature of the air heater had to be 

30-50°C higher than the saturated temperature of the liquid in the 

capillary before nucleation occurred. With the capillary closed at 

the bottom, nucleation occurred when the air temperature was 

approximately 100-120°C higher than the saturated liquor temperature. 

Once nucleation occurred, the air bath temperature was cooled 

to near saturation conditions for experimentation. Caution was used 

to insure that the air bath temperature was not reduced to a value 

corresponding to the collapse of the vapor phase within the capillary. 

With the capillary opened at both ends, the air bath temperature 

was controlled manually to ‘^3°C• When electronic control was applied 

with the capillary closed at the bottom, the air temperature was 

controlled to tl°C. 
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C. Experimentation 

With the capillary opened at both ends, the absolute pressure 

in the upper flask was arbitrarily controlled at 535-537 mm. Hg, 

while for the closed-end capillary, the controller was set to 

maintain the'pressure at ^kk-^k6 mm. Hg. These pressures were 

high enough so they minimized the effect of liquid head and sur¬ 

face effects when calculating liquid densities in and just above 

the capillary (see Section V, C), and low enough so as not to over¬ 

tax the nichrome heaters in the vessels. 

For the data obtained in this study using the open-end 

capillary, AP was controlled at 1^-5 to 15*5 mm. Hg. It would 

have been preferable to operate at 18-20 mm. Hg since this was 

the pressure drop calculated to balance the liquid head and 

surface pressure forces; however, the float valve in the by-pass 

line was sometimes unable to support such a pressure drop. 

The air bath temperature (Too ), when using the open-end 

capillary, was adjusted so that at the above conditions, the 

interfacial action was one of oscillating up and down in the 

capillary with bubble formation and detachment as the interface 

emerged from the capillary mouth. For the pressure conditions 

mentioned above, T<so was determined to be 71-73°C. Above this 

temperature, bubbles would continuously form at the capillary 

mouth and below this temperature the vapor phase in the capillary 

would collapse. 

When suitable conditions were obtained, the Wollensak camera 

was focused on the capillary. The camera speed was controlled at a 
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variac setting of 50. The variac on the photo light was set at 100, 

while the lens focal opening was set at 4-5. The lighting marks on 

the developed movie film showed that the camera speed was an accelerating 

one with about 500 frames per second at the beginning and up to 3000 

frames per second at the end. It has been mentioned above that T*» was 

controlled manually to onlyir3°C; however, the length of a movie run 

(2-k seconds) was so short that the change in Too was less than 0.5°C 

as determined by measurements just prior to and after the run. 

It was noted that the interface in its oscillatory movements 

at the above conditions would always halt its downward movement in 

the capillary at the same place (see Section V, A, 2, a). Conse¬ 

quently, the camera was focused on this particular position, in the 

capillary for one of the movie runs (MH-5)* Movie rim MH-4 was 

produced under the identical operating conditions, except the 

camera was focused at the top of the capillary in order to record 

the nature of bubble formation and detachment• In both movies 

MH-4 and ME-5, the liquid level above the capillary was 15*97 cm. 

Two types of experiments were carried out with the closed-end 

capillary. In the first type, movies were made showing the inter¬ 

face at various controlled positions for various values of Too . 

Both a high' speed movie and regular speed movie were made of each 

interfacial position. In the second type of experiment, Too 

was controlled so that the interface was supported approximately 

2-k mm. below the capillary mouth. The air bath temperature 

controller was then set at high heat, and the variac regulating the 

voltage to the air heater was increased to establish steady increments 

in air bath temperature. The amplified thermocouple voltage from the 
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Sanborn Series 350-1850 preamplifier was fed into the -Sanborn Series 

150 recorder in order to obtain a time-temperature profile of Too . 

Only one of the three runs reported in this study was a movie 

run. In the other two runs, the time when the interface was 

visually observed to emerge from the capillary as well as the time 

the first bubble was observed to detach was noted. The value of 

Too for any particular time was determined from the Sanborn recording. 

The movie run was accomplished with the regular speed movie camera. 

During this run, the camera was blanked at selected times so that 

phenomena on the film could be synchronized with respect to time 

and temperature. The points of emergence and detachment mentioned 

above were noted from the movie film. 

It will be noted that only l/2M of the reservoir above the 

capillary was enclosed in the cylindrical air bath, with the remainder 

protruding above. T^; the ambient temperature outside this upper 

section of the reservoir, is a necessary boundary condition for the 

solution of any heat transfer equation. During the above experi¬ 

mentation, a thermometer was positioned just above the air bath next 

to the reservoir wall and values of T^_ ascertained. 

Table 1 in the appendix lists all of the experiments described 

above and the operating conditions. 

- 27 - 



V. Discussion of Results 

It has been mentioned in the introduction that operating the 

capillary with its lower end either opened or closed permitted two 

sets of observations on interfacial action. With the lower end 

opened, the interface was observed under very rapid dynamic condi¬ 

tions; while in the closed form, a much slower and more readily 

controlled interfacial motion was observed. Most of the significant 

data in this study was obtained from the analysis of movie film. 

.Pertinent results, including experimental operating conditions, are 

presented in Table 1. 

A. Observations with Capillary Opened at Bottom 

With operating conditions controlled, such as described for 

movies MH-4 and MH-5 in Table 1, the interface went through a cyclic 

set of movements. If the start of a cycle was picked at the time the 

interface was rising up through the capillary, the cycle would 

include the formation of bubbles when the interface reached the 

capillary mouth. After formation of several bubbles, the interface 

receded into the capillary and came to a rest position at a point 

approximately 9*2 mm. below the capillary mouth. The interface 

remained at this point for a period of time and then moved up the 

capillary to begin the next cycle. All this happened very rapidly, 

with a complete cycle period of about 0-1 to 0-5 seconds. 

The above description of a cycle is actually a simplification 

of all the interfacial action that occurred. Successive cycles 

were not reproducible and much of the phenomena had a random nature 

to it. 
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In Table 1, movie MH-4 is a high-speed, film showing the action 

at the top of the capillary, while movie MH-5 is evidence of the 

phenomena at the capillary rest position. 

1. Action at Top of Capillary 

a. History of a Bubble 

Figures 5a through 5C give a pictorial history of a rapidly 

forming bubble and illustrate many of the complexities involved. 

In Figure 5a, t = 0 is the time at which the interface is emerging 

from the capillary mouth. At t = .00042 seconds, the interface has 

emerged from the mouth. Its shape resembles a candlestick flame. 

At t = .00083 seconds and t = .00125 seconds, the bubble has 

assumed a shape similar to a tenpin. By t = .00208, the upper neck 

of the tenpin shape has bulged out. At t ■ .00292, the bubble has 

resumed the tenpin shape, has increased in size, and has assumed a 

concave curvature at the capillary mouth. 

A necking action at the capillary mouth is evident at 

t - -00333 of Figure 5b. At this point, the bubble is believed to 

have detached, but the new bubble forms faster than the old bubble 

can rise away and by t = -00315, the two bubbles have collided and 

reattached. At t = .004l6, the bubble is still in a tenpin shape, 

but now it is standing on a pedestal as a result of the reattach¬ 

ment. At t = .00457.) the pedestal is beginning to have a necking 

action, and the tenpin portion of the bubble has become very flat at 

the bottom. The pedestal has mostly disappeared at t = .00500. 

Detachment has occurred at t = .00541, and a new bubble is growing. 

The new bubble is growing so fast that at t = .OO583 of Figure 5c, 
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reattachment again occurs. The fingering action originally present 

at the top of the bubble has become very blunt so that by t = .00625, 

the shape is more like a bell. The bell is resting on a pedestal; 

and at t - .00707, the neck between pedestal and bell has thickened. 

At t = .00790, the pedestal looks like a finger stricking out from 

the bottom of the bell. At the bottom of the finger, a necking 

action is again occurring. Apparently, another detachment occurs, 

and by t 1 .00832, another bubble has formed. The new bubble 

appears to be trying to again reattach to the old bubble, but this 

time it fails. At t = .00873, the old bubble is beginning to rise 

away from the new bubble and continues to do so in the movie frames 

that follow. 

b. Effect of Jet Velocity on Bubble Formation 

Two important aspects of interfacial action that were obtain¬ 

able from movie MH-4 was the effect of jet velocity on the bubble 

shape and the nature of bubble detachment. Since the discussion of 

the latter includes data obtained from experiments with the capillary 

closed at the bottom, it will be deferred back to Section C. 

Let us define jet velocity as the rate at which the interface 

emerges from the capillary mouth at the beginning of the above- 

described cycle. Figures k through 7 ar^ sequence photographs of the 

beginning of bubble formation at four different jet velocities. In 

Figure k (jet velocity = 6250 ml./second), the bubble has a fingering 

appearance with a crown on top of the finger. This crown detaches 

as a separate bubble. In previously described Figure 5, the finger¬ 

like appearance is present at 3500 ml./second, but there is no crown. 
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At 2250 ml./second in Figure 6, the fingering action is much less 

pronounced, and at 1200 ml./second, the bubble formed in Figure 7 

is spherical. 

The nature of the bubbles formed can be a result of momentum 

transfer, mass transfer, or a combination of both. In other words, 

the liquid phase can be receding from the vapor phase because it 

is evaporating into the vapor phase or because there are inertial 

and pressure forces acting on it. 

It would be difficult to explain the aforementioned fingering 

action in terms of mass transfer. Consider that the capillary and 

part of the reservoir are being superheated from the outside. One 

would expect that if there were any temperature gradients in the 

liquid phase, the hottest liquid would be near the wall. Since the 

fastest rates of evaporation would occur where the liquid is hottest, 

the bubble would tend to form fastest in the radial direction rather 

than the vertical. 

On the other hand, if one considers that when the interface is 

in the capillary, a small amount of evaporation from the liquid 

phase will result in a large volume of vapor. If the viscous forces 

within the capillary were such that the rate of vapor volume growth 

was much greater than the rate at which it could escape through the 

bottom of the capillary, then the vapor.phase would displace the 

liquid phase from the capillary in an accelerating motion. The liquid 

emerging from the capillary top would have its major velocity com¬ 

ponent in the vertical direction. The interface emerging from the 

capillary would, of course, follow the liquid flow above it. Since 
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the largest component of this flow is vertical, the interface 

would tend to flow upwards faster than in any other direction, 

thus the fingering action would result. The degree of fingering 

would depend on the inertial force of liquid leaving the capillary. 

Apparently, in Figure 4 this force was so great that it was 

sufficient to exceed the surface tension forces holding the inter¬ 

face together and the bubble detached at the top. 

2. Action Inside Capillary 

a. Action at Rest Position 

It has been mentioned previously that during a cycle, the 

interface would recede into the capillary and come to a rest 

position before proceeding upward. The length of a typical rest 

period at this position would generally be about l/20 of a second. 

From high speed photography, it could be observed that the inter¬ 

face was really not resting at this position, but rather some very 

dynamic events were occurring at this point. 

Since there was a random nature to the interfacial flow, it 

was surprising that the interface always picked the same point in 

the capillary for its rest position. It is believed that some 

abnormality in the capillary wall, such as a deposit of some 

impurity or an imperfection in the glass, acted as a deterrent 

to interfacial flow at this point. Whatever the abnormality was, it 

was not evident on the photographic film- Nevertheless, it was 

fortunate that the rest position was restricted to one point in the 

capillary since this allowed the camera to be focused at this point. 

The most prominent activity at the rest position was the 
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fragmenting of the two phases so that more than one interface was 

present. Figure 8 is a pictorial sequence of a typical occurence. 

The nature of such a phenomena would he that a droplet of liquid 

phase would appear to form slightly below the interface. This 

droplet would then travel down the capillary and dissipate into the 

vapor phase. Usually, a succession of these droplets would occur. 

The whole cycle was very rapid. The phenomena depicted in Figure 8 

lasted approximately .003 seconds. 

Another phenomena when more than one interface was present is 

illustrated in Figure 9* Apparently, a vapor nucleate became 

entrapped at the wall some distance above the interface. Presumably, 

when the ambient transport conditions became right, the vapor 

nucleate began to grow as depicted at t * 0 in Figure 9* The 

pressure of this growing vapor space has forced the interface down¬ 

ward, and another vapor bubble is beginning to grow just above the 

interface. At t = .00056, the two vapor bubbles have grown and the 

liquid trapped between the lower bubble and the original interface 

is dissipating. At t = .00111, the lower bubble is now disappearing 

at the bottom of the picture and another vapor bubble has formed 

above it. 

Meanwhile, the upper bubble has grown so that its upper 

interface is disappearing from the top of the picture. At t = .OOI67, 

the most recent formed vapor bubble is pushed from the bottom of the 

picture; and at t = .00222, another vapor bubble forms in the liquid 

phase just ahead of the rapidly moving lower interface of the original 

upper bubble. At t = .00277, the original upper bubble encompasses 
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the whole field of the capillary viewable to the camera and, 

presumably, its upper interface is emerging from the top of the 

capillary. Again, this phenomena occurred very rapidly in about 

.003 seconds. 

b. Advancing and Receding Interfaces 

The movies of the action inside the capillary supplied some 

information as to the shape of the interface when it was receding 

towards the rest position and advancing away from it. The movies 

were not well defined enough to allow determination of the angle 

of contact nor the point of contact with the wall. The point of 

contact could be roughly estimated to within 10 percent by visually 

extrapolating from the curvature of the interface. Since the height 

(h) of the interface above this estimated point of contact could 

then be determined, the curvature of the interface could be related 

to a K*dc ratio, dc being the diameter of the capillary. For 

ratios of less than 0*5.? the best fit curve to the interface cross- 

section would be the arc of a circle whose chord is and whose 

maximum height above the chord is h. It then becomes obvious that 

the smaller the ratio, the larger the radius of curvature for 

the interface. 

As would be expected, the h:dc ratio for a receding interface 

was smaller than for an advancing interface. The best determined 

value of hide for a receding interface was 0.20 and for an advancing 

interface 0.4-3« Measurements on a stationary interface averaged to 

0-38. 

B. Observations with Capillary Closed at Bottom 
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It has been previously mentioned that when the capillary was 

closed at the bottom and the air bath temperature (Te0 ) around it 

carefully controlled, the interface could be maintained in a retarded 

position; that is, the interface was maintained either in the capillary 

or as a non-detaching bubble. In both cases, the interface was seen 

to fluctuate between certain bounds. Two types of fluctuations were 

evident from the movies. One was a steady response to inherent 

fluctuations in the apparatus which will be referred to as a response 

to first order disturbances. The other was a high frequency fluctua¬ 

tion which will be referred to as a response to second order 

disturbances. 

Experiments were performed whereby the interface while retarded 

in the capillary was disturbed by suddenly increasing the heat to 

to the air heater and causing a disturbance in Too. The disturbance 

caused the interface to slowly climb up the capillary, emerge from 

the mouth, form a bubble, and eventually detach. 

1. Experimental Conditions to Retard Interface 

It has been explained in the Theory Section that in order to 

retard the interface, a negative temperature gradient was required 

in the liquid above it. Experimentally, this was verified in a 

qualitative manner. When the door of the metal box partition housing 

the capillary portion of the apparatus was closed, the insulation was 

sufficient that the convection effects from the air heater raised the 

ambient temperature (T^) around the apparatus very close to Too . 

Since most of the glass wall of the liquid reservoir was exposed to 

this ambient condition, the liquid temperature of the reservoir would 
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be very close to that in the capillary. An .isothermal condition 

was approached and, therefore, the temperature gradients, if any, 

would be very small. Under such conditions, an interface could not 

be retarded. The vapor would continuously detach as bubbles until 

Too was sufficiently lowered. Then the vapor phase in the 

capillary completely collapsed. 

When the door of the metal box was opened, the draft action 

was sufficient to cool the upper region of the reservoir so that 

definite temperature gradients existed. Evidence of this was 

apparent when refractive index differences showed streamlines of 

cold liquid intermingling with somewhat warmer fluid at the bottom 

of the reservoir. Under such conditions, the interface was retarded 

as previously described. 

2. Effects of Disturbances on Interface 

a. Response to First Order Disturbance 

Two types of response to first order disturbances were percep¬ 

tible from regular speed movies MH-14, MH-l6, and MH-17• These 

movies are observations of the interface at controlled positions in 

and above the capillary as listed in Table 1. One response was when 

the interface occurred in harmony with pressure fluctuations of the 

apparatus. The other response was noticed when the bubble interface 

responded to thermal convection currents noticeable in the reservoir 

section. 

(l) Response to Pressure Fluctuations 

It has been noted in the apparatus section of this report that the 

magnitude of pressure fluctuations in the apparatus were 1-2 mm. and 
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the period of the fluctuation was approximately one second. Movie 

MH-14- demonstrated that when the interface was in the capillary, 

there was an up and down movement of the interface in response to 

these fluctuations. The change in vertical height of the; interface 

in response to these fluctuations was approximately .05 to 0.1 mm. 

The response of an 0-05 mm. to 0.1 mm. change in carbon tetrachloride 

head is very small compared to a total pressure fluctuation of 1-2 

mm. Hg. It is believed that the very small response was due to 

damping of the fluctuation through the liquid head above the inter¬ 

face . It is possible that there may have been changes in interfacial 

shape in response to the fluctuations; however, this effect was not 

distinguishable from the interfacial shape changes in response to 

the second order effects discussed in 2, b below. 

(2) Response to Temperature Fluctuations 

It has been mentioned previously that due to refractive index 

changes, thermal convection currents were observable in the reser¬ 

voir section. This effect was discussed in the theory section of 

this report. As evidenced by movie MH-l6, a cold wave of liquid 

when coming in contact with a bubble would cause the bubble to 

collapse so that the interface would recede to the capillary mouth. 

The bubble would then began to grow again, eventually reaching its 

full size unless contacted by another cold current of liquid. The 

period of such a fluctuation was approximately 5 to 10 seconds. Any 

changes in the bubble interface as a result of pressure fluctuations 

were too small to be measured. 

b. Response to Second Order Disturbances 
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High frequency changes in interfacial shape were noticed 

inside the capillary. Even higher frequency oscillations were 

noted when the interface was just at the point of emergence from 

the capillary mouth. 

Inside the capillary, the interfacial shape would change at 

an approximate rate of 100 cps. Measurements on movie MH-9, a 

high-speed movie of the action inside the capillary, showed that 

the previously defined h *.cjc ratio ranged from a minimum value of 

0.15 to a maximum of 0-44. These measurements compare very well 

to those for an advancing and receding interface in Section A, 2, c 

above. 

It is possible that the interfacial oscillations inside the 

capillary are a result of pressure waves created by the inherent 

pressure fluctuations of the system. However, it will be more 

difficult to use this explanation for the vibrationary phenomena 

observed at the mouth of the capillary. Figure 10 is two successive 

regular-speed movie frames showing the blur caused by this vibra¬ 

tion. Measurements from movie MH-10 showed the frequency to be 

approximately 500 cps. and the range of h:values to vary from a 

minimum of .26 to a maximum of .66. If the segment of a sphere is 

the best curve fit for |n;<JC ratios of less than 0-5, then the best 

curve fit to hrJlc ratios of greater than 0-5 would be a parabolic 

surface. An ratio of 0»5 would be a hemisphere whose radius is 

Xc the radius of the capillary. 

Wo attempt will be made to explain the mechanism of the vibrating 

interface at the mouth of the capillary; however, inspection of 
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Theory Section B, equation (8), might supply some insight to its 

nature. Assuming an equilibrium condition at the mouth of the 

capillary, then . 

Pv = ? +/f fL + ^ 
Note that from previous data, the hi dig ratio of the interface 

as it emerges from the capillary mouth is less than 0-5• Therefore, 

the radius of curvature for the sphere segment is greater than . 

Now for the interface to emerge from the capillary mouth and begin to 

form a bubble, it must pass through a shape where hidc= 0-5 and 

must decrease until its value is *L»-. At h:devalues of greater 

than 0-5, it can be shown from geometrical considerations that the 

radius of curvature of the sphere equivalent to a parabolic surface 

is greater than the radius of curvature of a hemisphere having the 

same base as the parabolic surface- Therefore, as the h*devalue 

increases above 0-5^ K, starts increasing. This means that for the 

interface to emerge from the capillary, must pass thiough a 

minimum value of at 0-5- In the equation above, the sur¬ 

face pressure term becomes a maximum at this value of thus 

there are interfacial shapes on both side of 0*5 "by which the 

equation can be identically satisfied. 

At this point, there is no further attempt to relate the anomaly 

discussed above to the vibrationary nature of the interface except 

that the vibration occurs around a surface shape that is very 

metastable. 

c. Response to Prolonged Disturbance 

To disturb the interface from an equilibrium position, the heat 
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to the air heater was suddenly increased so that Too increased with 

time. The interfacial position (or shape if above the capillary 

mouth) not only became correlatable to Too , but also to 
drVdt 

Several runs were made at various rates of and the 

To© -time plots are shown in Figure 11. Also indicated are the times 

when the interface emerged from the capillary and when the first bubble 

detached. For each run, the temperature at the point of emergence and 

the temperature at the point of detachment are plotted as a function 

of Figure 12. The points on Figure 12 for ® 

are equilibrium values obtained when the interface was retarded at the 

points of detachment and emerger^ce. 

In one of the runs /j^= 0.l67°C/second^ a normal speed movie 

was made of the interface during the entire disturbance. Figure 13 

is a plot of interfacial position (y) in the capillary as a function 

of time. Figure 13 suggests that the interfacial rate of rise in the 

capillary slowed up as the interface approached the capillary mouth. 

This may have been due to steep temperature gradients encountered 

at this point. Figure l4a through l4d are shots of the interface in 

bubble formation at various times after the interface emerged from the 

capillary. It is noted that while the interface rose fairly steadily 

while in the capillary, its bubble growth was periodic in nature. 

This is an effect of the reservoir convection currents as discussed in 

the theory section and observed in 2, a, (2) above. 

During much of the disturbance, the point of contact between the 

bubble and the floor of the reservoir was observed to spread away from 
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the capillary mouth. Figures ika. through ikd illustrate this. 

Prior to detachment, the point of contact returned to the capillary 

mouth. This was part of the necking mechanism that preceded 

detachment. 

C. The Nature of Detachment 

In Theory Section III, it was mentioned that prior to detach¬ 

ment from a capillary, a bubble forms a neck at the mouth of the 

capillary. In so doing, the bubble interface is aligning itself so 

that it offers maximum resistance to detachment. It can be 

reasonable concluded that the nature of bubble growth demands that 

the greatest component of the force vector acting on the bubble is 

in the upwards vertical direction. If is the angle the interface 

makes with the vertical at the point of contact with the capillary 

mouth, 2.Tis the vertical component of the surface force 

holding the bubble to the capillary mouth. The surface force assumes 

maximum resistance to the vertical force acting upwards on the 

bubble when $ = 0. The interface at the capillary mouth must then 

assume a vertical position. Since the bubble diameter is many times 

the capillary diameter, the interface at the capillary mouth in 

order to become vertical must form a neck into the bubble. 

The rupturing of the neck at detachment appears only as a blur 

even on the highest speed movie film- This blur is not well repro¬ 

duced. Figure 15 shows various bubbles at their point of detachment. 

The nature of the blur suggests the rupturing actions proceeds as 

depicted, in Figure a. Lines a represent the cross-sectioned view of 

the neck. Lines b, c, d, - - - are successive stages of the neck 
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interface during rupture. Lines e indicate the interface has con¬ 

tracted to a point 0, which is on or near the center line of the 

original neck. Lines f and g represent the new surfaces formed after 

rupture, f is the new surface now attached to the rising bubble, and 

g is the new surface formed in the capillary. 

FI&URE O. 

For slowly forming "bubbles, equation III, A, (2) of the Theory 

Section was used to calculate the surface tension from the detach¬ 

ment volumes of slowly formed bubbles. Rearrangement of the 

equation gives: 

?<•= 
an 11 

where A 
Since, for the experimental operating conditions of this report, 

gm./CC compared gm./CC,y^ can be ignored. An 

iteration technique can be used to compute highly accurate values of 

PL even with temperature gradients through the system. Consider 

equation (l) of the Theory Section, 
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The order of magnitude analysis in equation III, B, (7) of the 

Theory Section justifies omission of the surface pressure term. 

Assume^ = 1.5^ and using experimental data available in Table 1, 

a value of can be calculated. If T* is the saturated tempera¬ 

ture of the liquid in the interface and Pv is in equilibrim with the 

liquid at this temperature;, then^P* is the density of the liquid at 

the interface. If^ is the density of the liquid in the upper flask 

at temperature Tp and pressure Pf,, a new,value of £ can be obtained 

by substituting the average of p* and ^ . It was shown that T* 

o 
differed from by only 1 or 2 0, even allowing for a gross error 

in calculating Pv. Since 
= *002 at the experimental 

operating conditions, there will be very little difference between 

and Averaging then will re stilt in a negligible error. 

V was calculated graphically by making measurements from the 

Thermofax enlargements of the movie film and reproducing these 

measurements on an X-Y plot. The Y axis corresponded to the vertical 

axis of the bubble. The plotted shape was then approximated by a 

series of narrow rectangles of width Y and length Xp . Revolving 

each rectangle around its vertical axis of revolution produced a disc 

of area 7T X j ^ and volume Xi ^^Y. Summing up the volumes of each 

disc gave an approximate volume of the bubble. 

V = TT Xp2 A Y 
i * a»r* 

C is a scale factor relating the dimensions of the X-Y plot to 

the actual dimensions of the bubble. An error of 10 percent is 

estimated in calculating V. Most of this is believed due to errors 

in measuring distances on the Thermofax reproductions. 
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Measurements of five different detaching bubbles gave the 

following values of ^ as compared to the literature value. 

Calculated Literature* 

22-5 21.1 

22-5 

20.6 

21-3 

22.1 

Average 21.8 

Movie MH-4- was used to compare the above results to those ob¬ 

tained from rapidly forming bubbles. The calculations showed that 

almost always the buoyancy force exceeded the surface force, and 

usually by a large amount. There was no obvious correlation between 

the buoyancy excess and some determinable variable such as bubble rate. 

In the Theory Section III, A, it was theorized that the buoyancy 

force excess was due to drag forces acting down on the bubble as well 

as the surface force. Drag forces include acceleration, viscous 

shear, and momentum forces acting on the bubble surface by the liquid 

around it. The nature of these forces not only depends on the rate 

of bubble growth, but also on the flow patterns of the liquid around 

the bubble. If one considers that the bubble is growing in the wake 

of the rising bubble that has previously detached, these flow 

patterns can be seen to be very complex. The complexity is compounded 

even more when one considers that the vapor pressure force to form 

the bubble is not reproducible from one bubble to the next as a 

*Lange's Handbook of Chemistry, Ninth Edition! 67.fe?l 6 
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result of the complicated velocity fluctuations acting through the 

open-end capillary. 



VI• Summary and Conclusions 

The experimental technique described in this report presents a 

new tool for the study of interfacial dynamics. The side-long view 

through glass provides a complete view of the interface, including 

its nature of contact with the solid surface. This enables the 

investigator to study, among other things, the nature of detachment 

of a bubble interface. Moving the interface up and down a capillary 

and out through the top enabled the researcher to observe the inter¬ 

facial deformation in response to the various disturbances acting on 

it. The data suggested that at high rates of momentum, the response 

of a one component liquid-vapor interface may be similar to what one 

might expect from an immiscible two component gas-liquid interface. 

Observations inside the capillary reveal that disturbances not only 

effect the interface, but can also cause ruptures in the bulk phases 

surrounding it. The use of the experimental method with improved 

movie photography equipment and technique would provide the 

observer with means of more properly analyzing the deformation of the 

capillary interface at high transport rates. 

One of the great difficulties in analyzing metastable interfaces 

is that the motion is so rapid that it is difficult to relate cause 

and effect. The retardation of the interface provides a means for the 

investigator to study the interfacial response to artifically con¬ 

trolled disturbances rather than the random disturbance so often 

encountered in previous investigations. This investigation enabled 

the researcher to observe the response of an interface not only to a 

prolonged disturbance, but also to inherent fluctuations of the 
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apparatus. The investigation also revealed the interface very 

responsive to high-frequency disturbances. 

The data and observations that can accrue from, the above- 

described technique should provide the theoretician with the 

necessary information for a more complete analysis of interfacial 

dynamics. 
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VIII• Nomenclature 

<3-c 

3-h 

dw 

g 

h 

KL 

P* 

PL 

A? 

rc 

*1 

Us 

TA 

T«K° 

TL 

T* 

t 

V 

y 

Diameter of Capillary 

Height of Bubble Above Capillary Mouth 

Largest Horizontal Diameter of Bubble 

Gravitational Constant 

Vertical Distance Between Capillary Interface and 
Point of Contact 

Height of Liquid Level Above Capillary Mouth 

Saturated Pressure at Temperature of Interface 

Pressure at Top of Liquid Phase 

Pressure of Vapor Phase 

Pressure Drop from Top of Liquid Level to Bottom of 
Capillary 

Radius of Capillary 

Radius of Curvature of Interface 

Radius of Curvature of Sphere Equivalent to Non-spherical 
Interface 

Ambient Temperature Above Air Bath 
i 

Temperature of Air Bath 

Temperature at Top of Liquid Level 

Temperature at Capillary Mouth 

Temperature of Interface 

Time Variable 

Volume of Bubble 

Distance from Capillary Interface to Top of Capillary 

Greek Symbols 

Angle of Contact Between Interface and Vertical of 
Capillary Wall 
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/^L Density of 

P* Density of 

Density at 

A Density of 

Liquid Phase 

Liquid Near Interface 

Top of Liquid Level 

Vapor Phase 
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