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SUMMARY 

An analytical and experimental investigation has been conducted 

to determine the transient film growth during the initial ten milli­

seconds of transient film boiling in a horizontal annulus. The annulus 

was filled with nearly saturated static water; heating was from the 

inner surface and the annulus was open at both ends. 

The inner surface of the annulus was formed by the heater ele­

ment which was a resistance heated platinum wire. Elements of 0.008 

inch diameter and 0.010 inch diameter were used. A close approximation 

to a step change in element temperature was achieved by discharging a 

capacitor across the element to provide the energy to heat the element. 

The outer surface of the annulus was formed by a hole drilled in a block 

of Plexiglass. Annuli having outer diameters of 0.031, 0.070, and 0.101 

inches were used. 

Nineteen successful experiments were run covering a range of 

excess temperatures from 120S to 1792 degrees Fahrenheit. High speed 

motion pictures were taken to obtain data on the vapor film growth rate. 

Reduction of the films to useful data required over 240 diameter meas­

urements per run. Volume median diameters were computed from these 

data and are presented as a function of time for comparison with the 

analytical solution. 

Vigorous nucleate boiling occurred during the initial milli­

second of each run. This nucleate boiling had a strong effect on the 

total vapor formed during an experiment. It was also found that larger 



tube diameters and larger element diameters resulted in increased rates 

of film growth. 

The analytical solution used the continuity, momentum, and 

energy equations and assumed that no heat was absorbed by the liquid. 

An assumption of constant heat input by the element was used. This 

assumption agrees with, and was suggested by, the temperature versus 

time histories obtained during the experiments. 

Solutions to the momentum equations were found for both phases 

and the results were matched at the interface. The results of the 

momentum solutions were used to help obtain a solution to the energy 

equation. Temperature gradients at the interface were obtained from 

the solution of the energy equation and used to calculate the rate of 

transformation of liquid to vapor. 

The solutions of the momentum and energy equations were programmed 

for a Univac 110b digital computer and the results were used to obtain a 

mass balance on both the liquid and the vapor. An iteration procedure 

using interface position and pressure gradient as the independent varia­

bles was set up to enable the computer to obtain the interface position 

at which the mass balances could be successful, 

The analytical results are in good agreement with the experi­

mental results. 
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CHAPTER I 

INTRODUCTION 

At the present time at the Georgia Institute of Technology 

there is an active program directed toward the study of transient film 

boiling. This program was initiated to investigate the possibility of 

metering small volume, periodic fluid flows by means of boiling heat 

transfer. The present investigation is a part of this program. Under­

standing the transient film boiling phenomenon is of concern because 

it occurs in nuclear power reactors, during high temperature quenching 

of metals, and in many other common engineering processes. 

Historical Background 

The primary correlation for steady-state boiling heat transfer 

data is usually expressed in the form of the boiling curve shown in 

Figure 1. The unique shape of this curve is a result of the fact that 

it is composed of four regimes, each resulting from a different mechan­

ism of heat transfer. The existence of four different regimes of heat 

transfer to liquids was first detected by Nukiyama in 1934. Following 

this discovery many researchers throughout the scientific world made 

intensive efforts to define and explain the various phenomena associated 

with boiling heat transfer. 

In regime 1, the temperature of the surface exceeds the boiling 

point of the liquid by no more than a few degrees. Heat is transferred 

to the liquid at the heated surface and free convection circulates this 
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Figure 1. Typical Pool Boiling Curve for Heat Transfer 
from Wire to Water at Atmospheric Pressure. 
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slightly superheated liquid to the free surface of the liquid. The 

superheated liquid evaporates at the free surface. No phase change 

occurs at the heating surface in this regime. The customary free 

convection heat transfer relationships are adequate to calculate heat 

transfer for this type of phenomenon. 

Phase change will begin to take place at the heating surface if 

the temperature of the heating surface is increased sufficiently so 

that the excess temperature (defined as the difference between the 

heating surface temperature and the liquid saturation temperature) 

passes through the value represented by point B. The beginning of 

phase change is indicated by the formation of vapor bubbles at a few 

favored nucleation sites on the heating surface. The density of these 

sites is dependent on such variables as surface temperature, properties 

of material, and the type of roughness of the surface. The bubbles will 

grow to a size which is dependent on surface tension at the liquid-vapor 

interface, the pressure, and the excess temperature. Then they may 

collapse on the surface, break-away from the surface and condense in 

the main body of liquid or, under the right conditions, rise to the 

liquid surface and escape to the atmosphere above. 

In regime II the mechanism of heat transfer is very complex. 

Heat is removed from the surface both by the vaporization process and 

by the convection currents associated with break-away of the bubbles. 

As the excess temperature approaches the value represented by point C, 

the rate of bubble formation at each site increases and more nucleation 

sites become active. This leads to interference between bubble movement 

and liquid flow and eventually to a decreasing rate of increase of the 



heat flux as a function of the excess temperature. The result is a 

local maximum value of heat flux at point C, which is referred to as 

the critical heat flux or "burnout point." 

As the excess temperature passes through point C, regime III is 

entered. In this regime the nucleation sites are close together and 

the bubbling rate is high, so occasionally adjoining bubbles will 

coalesce and form a blanket or film of vapor. The vapor film tends to 

insulate the liquid from the heated surface so the result is an overall 

decrease in heat flux even though the excess temperature is increasing. 

Both nucleate and film boiling occur in this regime and it is called 

transition boiling. At the present time there is much disagreement among 

researchers as to the mechanisms of transition boiling. 

Regime IV contains all the cases in which the excess temperature 

is greater than that represented by point D. The heat transfer mech­

anism in this regime is called stable film boiling. As the name indi­

cates, a stable film of vapor exists between the heated surface and the 

liquid. In general, researchers agree that heat transport is by conduc­

tion and convection in the vapor and by radiation through the vapor to 

the liquid. 

For a more complete discussion of boiling heat transfer the 

2 3 
reader is referred to the excellent reviews of Jakob, Kreith, Eckert 

4 5 
and Drake, and Tong. 

Purpose of this Research 

This research is intended to be an investigation of the initial 

period of transient film boiling in a horizontal annulus filled with 

saturated liquid. The primary objectives will be to obtain experimental 
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data during vapor formation around the inner surface and to develop 

an analytical model which will predict the vapor growth during this 

period. 

Related Literature 

A rather limited amount of work has been done in the area of 

transient boiling. Most of the studies that have been accomplished 

have been concerned with the prediction of heating surface temperatures 

during transients and the majority have also been restricted to nucleate 

boiling. 

Cole conducted one of the earliest investigations of transient 

boiling phenomena. He was primarily concerned with the determination 

of temperatures developed in a ribbon type heating element in water at 

7 

atmospheric pressure. McLean, et_ al_. conducted an experimental inves­

tigation of heat transfer to subcooled water under transient conditions. 

They used a very small diameter horizontal wire which was submerged and 

heated by square-wave repetitive power pulses of one micro-second dura­

tion. They photographed and studied the film boiling which occurred, 

as well as the nucleate boiling which preceded it. No quantitative data 
a 

were obtained* Rosenthal and Miller also did an experimental investi­

gation of heat transfer to subcooled water under transient conditions. 

Both platinum and aluminum ribbons were used and the main object was 

to determine the temperature of the ribbon surface. The range of their 
experiments included film boiling but no vapor formation data were pre-

9 10 
sented. Hamill and Bankoff ' postulated an infinite horizontal plate 

experiencing a step change in wall temperature. Theoretical expressions 
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for the upper and lower limits of vapor growth were developed for the 

case of nondecreasing heat flux or wall temperature. 

H. A. Johnson, e_t al_. obtained experimental values of surface 

temperatures and volume of vapor produced during transient nucleate 

boiling on metal ribbons in which heat was generated at an exponentially 

increasing rate. Duration of the transient pulses varied from 5 to 80 

12 
milliseconds. Laurie and Johnson investigated transient boiling on a 

vertical surface. Their investigation was limited to the nonboiling and 

13 
nucleate boiling regimes. Graham conducted an experimental study of 

transient nucleate boiling on a horizontal surface. He studied the 

thermal layer thickness in a subcooled liquid. 

14 
Pitts obtained experimental data on the vapor formation rate 

for transient film boiling and compared this to his theoretical solution. 

Both his experiment and his theory were concerned with saturated water. 

15 
Yen studied transient film boiling from a horizontal wire submerged 

in subcooled water. He obtained experimental data on vapor formation 

and compared it to his theoretical predictions. 

Some work has been done in the area of two-phase flow with film 

1 f\ 17 

boiling providing the vapor phase. Ito and Nishikawa ' studied heat 

transfer during film boiling for the cases of vertical plates and hori­

zontal cylinders in stagnant liquids. They also considered heat trans­

fer and skin friction during film boiling from a horizontal plate in 
forced flow. 

18 
Also of interest in the problem at hand is a solution by Mu'ller 

for the case of transient flow in an annulus. 



7 

Prior to the present investigation there appears to have been no 

published results of experimental or theoretical studies of vapor growth 

during film boiling in the geometry under consideration and with no 

forced convection. 



CHAPTER II 

EXPERIMENTAL EQUIPMENT 

General Requirements for the Experimental Apparatus 

A basic system for investigation of transient film boiling has 

three primary requirements: (a) provision for extremely rapid transfer 

of energy to the heating element to minimize the time spent in the 

nucleate boiling regime, (b) the ability to monitor the heater element 

temperature history, and (c) a means for determining the rate of vapor 

formation. Equipment which fulfills the above requirements will be pre­

sented and discussed in the following sections. 

Transient Film Boiling System 

Electrical Design 

A schematic diagram of the electrical apparatus is presented in 

Figure 2. The elements identified in the figure are the following: 

R, - the heater element 

R„, R3, and R. - other resistances in the Wheatstone bridge 

100 microfarad main energy capacitor 

900 volt DC power supply 

Ignitron power tube 

Low voltage battery 

Silicon rectifier 

Wheatstone bridge 

Storage type oscilloscope 
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Figure 2. Transient Film Boiling System Electrical 
Schematic with Wheatstone Bridge 
Temperature Measurement System. 



The most important feature of this design was that the oscillo­

scope triggered automatically when current from the main capacitor flowed 

through the ignitron and the heater element. The oscilloscope then 

recorded the Aheatstone bridge unbalance as a function of time. Knowl­

edge of the bridge current and the electrical resistance of the heating 

element as a function of temperature was then used to determine the 

temperature history of the element. 

Heater Element Design 

The heater element material selected for this investigation was 

commercially available pure platinum wire. The selection was based on 

the favorable properties of platinum for use as a resistance thermometer, 

its low thermal emissivity, and its ready availability on the market. 

The heater element was mounted in the water tank as shown in Figure 3. 

The large brass electrode which connects to one end of the element and 

the short length of No. 10 copper wire which connects to the other end 

of the element are the only part of the bridge circuit not used in the 

actual temperature calibration. The extremely low resistance of these 

items made this omission insignificant. 

One end of the heater element was permanently mounted in a one-

eighth inch diameter brazing rod as shown in Figure 4. In order to 

mount the wire in this fashion a short piece of copper tubing was forced 

over the end of the brazing rod. After a liberal application of brazing 

flux, heat was applied to the copper tubing with a small oxy-acetylene 

flame. Because of the difference in melting temperatures the copper held 

the tip of the brazing rod in place even after it had melted. When the 

tip of the rod had melted, one end of the heater element was placed in 
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it to a depth of approximately one-tenth inch. Then the assembly was 

allowed to cool. 

Since the element had to be inserted in, and removed from, tubes 

of small diameter, one end of the wire had to be held in a removable 

device. A simple brass clamp was designed which squeezed the end of the 

element between two sheets of soft copper. This device, which is illus­

trated in Figure 5 provided both a secure attachment for the element and 

good electrical contact to the element. Repeated temperature calibra­

tions, between which the clamp and copper sheets were changed, indicate 

reliability comparable to that reported by Yen in a personal communica­

tion for elements with both ends permanently set in brazing rod. 

The physical size of the heater element was determined by two 

factors: first, the total energy available for heating the element, and 

second, the heat loss due to conduction into the mounts at the ends of 

the wire. The second consideration was taken care of because the tube 

length selected required a rather long element. The element length 

selected was 2.8 inches. Allowable maximum wire diameter was determined 

from a knowledge of the heating energy available. A thorough discussion 

14 
of the selection of wire size is presented in the work by Pitts. 

Wire Tension Control 

The necessity of maintaining constant tension on the heater wire 

dictated some means of moving one end of the wire. A satisfactory solu­

tion to this problem is pictured in Figure 3. A teflon bushing was 

mounted in the brass support. The wire holder was inserted through the 

bushing and a coil spring was placed around the holder. Then the No. 10 

copper electrode was attached to the wire holder by means of two brass 

nuts. 
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Construction of the Plastic Confining Tube 

Confinement tubes were constructed from Plexiglass blocks because 

blocks are much easier to mount and position than relatively thin walled 

tubing. The method of construction was to drill a hole through the 

block, clean and size the hole with a reamer, and polish it with 

jeweler's rouge- Drilling was rather tedious since the plexiglass 

tended to roll under the drill bit and disfigure the sides of the hole. 

A method of drilling under water was finally perfected and holes were 

obtained which could be made optically clear by reaming and polishing. 

Three different diameter holes were constructed. The diameters were 

0.101, 0.070, and 0.031 inches. 

Method of Mounting Confining Tube 

The blocks which contained the confining tubes were mounted in 

light gauge aluminum brackets which in turn were screwed to the large 

brass electrodes. Slots had been cut in the aluminum brackets to allow 

for movement of the mounting screws when positioning the confining tubes. 

This adjustment was necessary because the heating wire had to be posi­

tioned along the axis of the confining tube. 

An overall view of the test apparatus is presented in Figure 6. 

Test Tank Description 

The test tank was constructed of a combination of plate glass 

and aluminum, each one-eighth inch thick. Tank dimensions were six 

inches wide by eight inches deep by ten inches long. The bottom and 

one end were fabricated of aluminum and the remaining end and sides 

were of glass. Part of the aluminum plate in the bottom was removed 

and a small sheet of glass substituted in order to facilitate lighting 
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Figure 6. Photograph of Test Apparatus for Transient Annular 
Film Boiling. 
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the bottom of the experimental apparatus. The aluminum end of the 

tank provided a base on which to mount the bulk fluid heater. Bulk 

fluid heating was accomplished by means of an electrical resistance 

capable of raising the fluid temperature to the saturation point. 

Pool temperature was measured by an ASTM three-inch immersion thermometer 

which was moved to obtain readings at several points in the tank. Con­

figuration of the test tank is shown in Figure 3. 

Element Temperature Measurement 

The heater element was connected as one resistance of the Wheat-

stone bridge circuit as presented in Figure 7. The temperature of the 

wire was obtained by measuring the bridge unbalance. Bridge unbalance 

as a function of time was monitored by a Tektronix, Type 564, storage 

oscilloscope. The complete group; Wheatstone bridge, allied circuitry, 

and oscilloscope were employed during element calibration. A knowledge 

of the bridge unbalance as a function of element temperature was obtained 

from the calibration. This knowledge was used to obtain the temperature 

of the element as a function of time during the actual experiment. 

System Description 

Heater Wire Selection. There are six basic material characteris­

tics which are considered to be important for this application. These 

are: 

1. Large resistance change with temperature 

2. Monotonically increasing or decreasing resistance change 

with temperature 

3. Good brazing qualities 
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4. High melting temperature 

5. High resistance to corrosion 

6. Low emissivity 

Several commercially available wires were considered. Pure platinum 

wire most nearly fulfills the requirements so it was used. 

Wheatstone Bridge. The schematic layout for the bridge is shown 

in Figure 7. Important requirements of the design are: 

1. Low bridge current resulting in negligible heating of the 

heating element 

2. Low electrical resistance of the element compared with any 

other path for the main capacitor discharge 

3. High wattage resistors unaffected by the bridge current 

4. Milliammeter to allow application of constant bridge current 

regardless of element and battery condition 

The bridge currents used during this experiment were on the order 

of 100 milliamperes. The wire temperature rise due to the bridge cur­

rent was less than one-half degree Fahrenheit per second assuming no 

heat loss from the wire. This low heating rate indicates that the 

bridge current did not significantly change the wire temperature during 

calibration since the bridge current was applied for only one or two 

seconds at a time. 

For accuracy and ease in taking readings the largest possible 

signal was desired as input to the oscilloscope. This could be obtained 

14 by adjusting the bridge so that bridge unbalance was a maximum. Pitts 

has shown that this condition will occur for R. = R. (Figure 7). In 

practice R. was always set to be slightly smaller than R. in order to 
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cause the bridge unbalance always to be positive with respect to the 

zero current bridge unbalance. 

The resistors R and R were high resistance types so the path 
4- O 

for capacitor discharge through R , R , and R. had a resistance of over 

12,000 ohms. The path through R4, the silicon rectifier, and R was 

blocked when the capacitor circuit leads were connected properly; how­

ever, even if the leads were reversed this circuit contained a resis­

tance of approximately 50 ohms. The result was that essentially all of 

the capacitor energy was dissipated in the platinum wire which offered 

a resistance of approximately fifteen-hundredths of an ohm. 

The resistors R0, R„, R., and R were all high wattage resistors 

and should not have been affected by currents of the magnitude of the 

bridge current. Also the bridge remained at room temperature during all 

calibrations and tests so these resistors had constant values throughout 

this experiment. 

The milliammeter allowed the bridge current to be monitored 

and R(- could be adjusted to hold the bridge current constant. The maxi­

mum resistance change of R was approximately four-tenths ohm compared 

to a resistance of approximately SO ohms in the remainder of the circuit 

so the current remained essentially constant and rarely needed adjusting. 

The power source for the bridge circuit was a 12 volt automobile-type 

storage battery which was virtually unaffected by the bridge current 

drain during any one test. 

Temperature Calibration Equipment 

The following equipment was used for calibration of the Wheat-

stone bridge-heater element combination. 

1. Thermocouple calibrating furnace, Leeds and Northrup Company, 
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Philadelphia, Pennsylvania, Catalog No. 9003, Serial No. 

1609776. 

2. Certified platinum versus platinum plus 10 per cent rhodium 

thermocouple, Leeds and Northrup Company, Philadelphia, 

Pennsylvania, 

3. Type K-3 potentiometer, Leeds and Northrup Company, Phila­

delphia, Pennsylvania, Catalog No. 7553-6, Serial No. 1624632, 

4. Electronic null detector, Leeds and Northrup Company, Phila­

delphia, Pennsylvania, Catalog No. 9834. 

5. Unsaturated standard cell, Eppley Laboratory, Inc., Newport, 

Rhode Island, Catalog No. 103, Serial No. B-1608. 

6. Storage oscilloscope, Tektronix, Inc., Portland, Oregon, 

Type 564, Serial No. 003688. 

7. Differential amplifier, Tektronix, Inc., Portland, Oregon, 

Type 2A63, Serial No. 006627. 

8. Time base, Tektronix, Inc., Portland, Oregon, Type 3B3, 

Serial No. 002675. 

During calibration two No. 10 copper lead wires were used to 

position the platinum heater element near the center of the furnace. 

These lead wires were the only part of the calibration circuit which 

was not used during the boiling tests. 

The K-3 potentiometer and null detector combination was standard­

ized against the standard cell. Values of thermocouple electromotive 

force corresponding to furnace temperatures were then taken as readings 

from the K-3 potentiometer. Furnace temperatures were obtained from a 

table furnished by the Leeds and Northrup Company. The table was 



constructed for the thermocouple with the understanding that the refer­

ence junctions were to be maintained at 32 degrees Fahrenheit. The 

table gave thermocouple electromotive force as a function of tempera­

ture. A portion of this table is reproduced as Table I. 

Wheatstone bridge unbalance was read directly on the storage 

type oscilloscope which was also used during the boiling experiment. 

Photographic Equipment 

High speed motion picture equipment, lighting, and timing 

equipment were used in this investigation. Equipment used included 

the following: 

1. HYCAM Model K1004 E 16 millimeter camera and accessories 

marketed by Red Lake Labs, Inc., Santa Clara, California. 

2. Red Lake Model TLG-3 millimite timing light signal generator. 

3. f/l.4 Cosmicar Television Lens, Serial No. 14757. 

4. Red Lake Laboratories Model RLL:-1 lighting unit. 

5. Two or three photo-DXB 500 watt photo-spot bulbs. 

The HYCAM camera is a rotating prism camera which is capable of 

framing rates from 10 to 10,000 frames per second. Also included in the 

camera were built-in timing lights and an event synchronizer. The event 

synchronizer was used to initiate capacitor discharge at the proper 

time after the camera had reached the desired speed. The Millimite 

timing light signal generator provided pulses at 1000 cycles per sec­

ond to the timing lights. 

The Red Lake Laboratories Model RLL:-1 lighting unit used a 

General Electric Company 1000 watt quartz-iodine lamp. 



Table 1. Electromotive Force and Corresponding 
Temperature for Platinum Versus Platinum 
Plus 10 Per Cent Rhodium Thermocouple 

International 1948 

Absolute 
Millivolts Degrees Centigrade Degrees Fahrenheit 

0.000 0 . 0 32.0 

0.143 25.0 77.0 

0.299 50.0 122.0 

1.000 146.5 295.7 

2.000 264.5 508.1 

3.000 373.0 703.4 

4.000 476.8 890.2 

5.000 577.2 1071.0 

6.000 674.2 1245.6 

7.000 768.4 1415.1 

8.000 859.9 1579.8 

9.000 948.9 1740.0 

10.000 1035.8 1896.4 



Data were obtained from the processed films with the aid of a 

Bell and Howell Model 173 time and motion study projector, Serial No. 

AJ92065. The projector was equipped with a 16mm Super Proval 2 inch 

f/l.6 Bell and Howell projection lens. Two features of this projector 

were especially useful during this experiment; the ability to project 

individual frames for a period of at least four minutes and the frame 

counter which kept track of the number of frames projected. 

Heater element wire diameters were measured with a micrometer 

having 0.001 inch scale divisions. 
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CHAPTER III 

EXPERIMENTAL PROCEDURE 

Temperature Calibration 

The heater element, with one end mounted in the one-eighth inch 

diameter bronze holder and the other end mounted in the brass clamp, 

was attached to bare No. 10 copper lead wires and placed in the approxi­

mate center of the thermocouple calibration furnace. The lead wires 

were brought out of the furnace through one-half inch holes in the four 

inch thick ceramic plug which closed the top of the furnace. One of the 

holes in the plug was designed to allow insertion of the calibrated 

standard platinum versus platinum plus ten per cent rhodium thermocouple 

so that the junction was located in the center of the furnace. Heat 

loss through the plug was minimized by wrapping asbestos cloth around 

the copper wires until the one-half inch holes were tightly sealed. 

The two copper lead wires had a combined heated length of approximately 

48 inches and a correction for this was made to the heater element 

temperature measuring circuit during boiling tests. 

The reference junctions of the standard thermocouple were 

immersed in a water-crushed ice bath which was contained in a thermally 

insulated vacuum bottle. 

The oscilloscope and the null detector were turned on at least 

30 minutes before any data were taken. This is in accordance with the 

manufacturer's recommendations for warm up of these instruments. The 
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oscilloscope was checked for gain adjustment and balanced following the 

manufacturer's recommended procedure. Then calibration data were 

obtained with no furnace heating as follows*. 

1. The null detector was "zeroed." 

2. The potentiometer and null detector combination was 

standardized, 

3. The Wheatstone bridge current was checked and adjusted as 

necessary. 

4. With the bridge current off, the oscilloscope reference or 

base line was recorded. 

5. With the bridge current applied, the oscilloscope reading of 

the bridge unbalance was recorded. 

6. The platinum versus platinum plus ten per cent rhodium 

thermocouple electromotive force was recorded from the 

potentiometer. 

7. The ice bath temperature was checked. 

When this had been done furnace heating was started. The fur­

nace had two modes of operation, full line current for rapid heating 

and controlled current for temperature stabilization. With the full 

current applied the furnace temperature was raised approximately 200 

degrees Fahrenheit. Then the current control was engaged and the temp­

erature was stabilized at this new value. At this temperature level the 

seven steps listed above were repeated. The entire process was repeated 

from seven to nine times until the temperature range of interest had 

been covered. 
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During the course of this experiment 19 heater elements were 

calibrated. Seventeen of these were used during actual boiling tests 

hile the other two were preliminary runs to check experimental and 

wire mounting techniques. Results of these runs show that the method 

of mounting the wire gives satisfactory repeatability to the tempera­

ture calibration data. 

Of the 17 elements used during boiling tests only seven were 

used during tests that actually produced data. The reasons that the 

other runs did not produce data will be discussed in the section 

entitled Film Boiling Experiments. The calibration data and descrip­

tive information for these seven elements are given in Appendix C. A 

typical calibration curve is presented as Figure 8. 

Film Boiling Experiments 

A schematic diagram of the general experimental apparatus is 

presented in Figure 9. The procedure which was used for most of the 

experiments is outlined below. The only significant difference between 

procedures for different runs was that no spring was used for runs num­

bered 1 to 27. Therefore, spring tension did not have to be set for 

these runs. 

First, the wire was mounted by inserting it through the tube and 

tightening the clamp on it. Tension was applied to the wire by locking 

the wire in position with the spring compressed. Constant tension was 

obtained by using a template to make sure the spring was compressed the 

same amount for each run. By making use of the slots in the aluminum 

mounting brackets the tube was positioned so that the wire was in the 
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Figure 9. Schematic Diagram of General Experiment Arrangement. 
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center of the tube. 

The test tank was filled with distilled water and the fluid 

bulk heater was turned on. The water was boiled vigorously for more 

than one hour to degas it. During this period the oscilloscope was 

turned on and allowed to warm up for at least 30 minutes. Then it was 

calibrated for vertical gain and balanced. The Wheatstone bridge cur­

rent was adjusted and a voltage was selected on the direct current 

power supply. The camera was loaded with exposed film and the capacitor 

was charged by the direct current power supply. Then a practice run was 

made to make sure all of the apparatus was functioning properly. 

When the apparatus was functioning properly the camera was 

focused on the heater element and then it was loaded with film. Any 

bubbles present in the test annulus were blown from it. The Willimite 

timing signal generator was turned on and allowed to warm up and the 

camera speed was checked. The quartz-iodine lamp was placed in front 

of the element so that it shown down on the element at approximately 60 

degrees from the horizontal. One photo-spot lamp was also placed in 

front of the element so that it shown down on the element at approxi­

mately 60 degrees from the horizontal. A second photo-spot lamp was 

placed below and behind the element so that it shown on the element 

through the window in the bottom of the tank. 

The bridge current was checked and the voltage setting on the 

power source was checked. The capacitor was charged and the lights 

were turned on. A zero bridge current reference line was obtained on 

the oscilloscope and the bridge current was applied. Then by switching 

the camera on, a filmed run was made, 



Data recorded during each run included: 

Tube and heater element identification 

Depth of water above the element 

Barometric pressure 

Bulk water temperature 

Type of film 

Lighting information 

Lens type 

Capacitor charge voltage 

Camera speed setting 

Oscilloscope gain setting 

Wheatstone bridge current 

Wheatstone bridge unbalance as a function of time 

Room temperature 

The pertinent data, for each of the reported runs, are presented 

in Tables 4 and 5 in Appendix C. 

A total of 35 filmed runs were made. Nineteen of these resulted 

in useful information. The results of the other 16 are given below. 

Run 2. The oscilloscope failed to trigger so no heater element 

temperature history was obtained. 

Run 3. The element was not under the correct tension and 

excessive element vibration resulted. 

Run 7. The film was over-exposed. 

Run 8. The film was over-exposed. 

Run 9. The film was over-exposed. 

Run 10. The film was over-exposed. 
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Run 14. The element was not under the correct tension and 

excessive element vibration resulted. 

Run 15. The element was not under the correct tension and 

excessive element vibration resulted. 

Run 16. The element was not under the correct tension and 

excessive element vibration resulted. 

Run 17. The element was not under the correct tension and 

excessive element vibration resulted. 

Run 18. Focus was poor on this film. 

Run 20. The element was not under the correct tension and 

excessive element vibration resulted. 

Run 21. The element was not under the correct tension and 

excessive element vibration resulted. 

Run 28. The timing marks did not show on the film. 

Run 31. The copper lead wire correction was not included in 

the Wheatstone bridge circuit. 

Run 32. The copper lead wire correction was not included in 

the Wheatstone bridge circuit. 

Six of the nineteen runs that produced useful information did not 

result in vapor growth data. The results of these six runs are given 

below. 

Run 1. The film was exposed at the end of the medium sized tube 

to study the exit flow of vapor and liquid. 

Run 12. The film was taken in the small tube (see the comment 

in the following paragraph). 

Run 13. The film was exposed at the end of the small tube to 

study the exit flow of vapor and liquid. 

Run 19. The film was taken in the small tube, 



Run 24. The film was taken in the small tube. 

Run 25. The film was taken in the small tube. 

The runs made using the small tube did not result in data curves 

because the films show that the tube was essentially filled with vapor 

after approximately two milliseconds. This did not allow enough data 

points to establish a curve. 

The results of the remaining 13 runs are presented and discussed 

in the Appendix and in the chapter on Discussion of Results. 

Data Reduction 

Quantitative vapor growth data were obtained from the high speed 

movie films taken during the boiling experiments. The Bell and Howell, 

Model 173, projector was used to obtain measurements of the element 

diameter, tube diameter, and vapor cylinder diameter. The ratio of the 

projected vapor cylinder size to the projected tube size, which was 

known, was used to obtain the actual vapor cylinder diameter. 

The vapor growth was not really cylindrical as is illustrated in 

Figure 10. Therefore, numerous measurements were required to obtain the 

vapor volume at any given time. The method used was based on the 

assumption that the vapor could be represented as a body of revolution. 

The volume could then be approximated by measuring the vapor diameter 

at prescribed intervals along the length of the element, calculating the 

area at each of these stations, multiplying this area by the length of 

the intervals to form a volume, and summing over the volumes thus 

formed. Mathematically this takes the form 
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TIME: 0.00 x 10~3 SEC TIME: 0.238 x 10~3 SEC 

BH 
m Wg, >*£j8£>»^^~«m^. "*- -J M . . - , 
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TIME: 0.950 x 10~3 SEC TIME; 2.850 x 10~3 SEC 

TIME: 5.701 x 10~3 SEC TIME: 9.50 x 10~J SEC 

Figure 10. Sequence of Photographs of Typical Vapor Growth 
in a Horizontal Annulus Filled with Saturated 
Liquid. 
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n 

V = Y } . D 2- ti. (3.1) 
u 4 i i 

i=l 

where 

Ul = Ll2 = ... . (3.2) 

The accuracy of the volume which results is dependent on the 

uniformity of the vapor cylinder diameter and the size of the length 

increment. The error can be reduced by increasing the number of meas­

urements. In this experiment the length of element filmed was approxi­

mately three-fourths of an inch. It was determined that dividing this 

length into 24 increments resulted in a vapor volume which was insig­

nificantly different from that obtained using 30 increments. Conse­

quently, all data reduction was accomplished using 24 increments. 

One millisecond time intervals were used to obtain the growth 

rate. The zero time point was selected as the last frame on a roll on 

which no vapor appeared. Since the framing rate for all runs was close 

to 4000 frames per second, the maximum error in the zero point was on 

the order of one-fourth millisecond. Measurements were made on every 

fourth frame and accurate growth times were obtained from the timing 

light blips at one millisecond intervals on the edge of the film. 

The Bell and Howell projector was manually operated to the 

desired frame indicated by the continuous frame counter. Then 24 diam­

eter measurements were taken with a scale. This procedure was repeated 

on every fourth frame until ten milliseconds of boiling had occurred or 

until the tube was so nearly filled by vapor that accurate measurements 



could no longer be obtained. The data thus obtained are presented in 

Tables 6 through 18 in Appendix C. 

Using these measurements and Equation (3.1) the vapor volume 

was calculated for each frame. This volume was divided by the total 

length 

n 

L = £ Ll^ (3.3) 

i = l 

to yield the volume average area of the vapor. The volume mean 

diameter was then calculated from the volume average area. 

The final results are presented in Figures 13 through 25 of 

Chapter V. These figures present vapor growth rate as a plot of vapor 

mean diameter versus time. 
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CHAPTER IV 

ANALYSIS 

Explanation of Model and Governing Equations 

The geometry of the problem under consideration is a horizontal 

cylindrical tube, filled with static liquid, open at both ends, with a 

cylindrical wire located along the axis. The result is a horizontal 

annulus, filled with liquid, and open at both ends. Initially both the 

tube and the wire are at the temperature of the liquid and it is hypo­

thesized that the wire undergoes a step change to some higher tempera­

ture. If the temperature change is large enough, boiling will occur 

at the wire surface. Furthermore, for sufficiently large temperature 

changes this boiling becomes film boiling very quickly. 

The physical model under consideration is that of a vapor film 

which grows around the wire. Initially it has zero thickness and it 

grows with time. Because of the difference in density between the 

vapor and liquid and because the phenomenon is confined by a tube, a 

strong flow field is set up in both the vapor and the liquid. 

The physical model used is presented in Figure 11. Major assump­

tions used in developing this model are: 

1. The liquid is separated from the metal by a continuous 

vapor blanket with thickness independent of length. 

2. The vapor blanket is axially symmetric. 

3. The liquid is at the saturation temperature. 
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Figure 11. Physical Model of Transient Film Boiling 
in an Annulus. 
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In the liquid phase the governing equations given in cylindrical 

coordinates are: 

M • 1 9 V 1 dP ° \ ,ldUt ,. n 

Momentum —- r — + — 5T = — 7 T + 7 ^T~ 14.1) 
vt at ^ dZ 2 r ar 

auo 
Continuity - ~ - 0 (4.2 

3^ 

where the following assumptions have been made: 

(a) axial symmetry 

(b) negligible viscous dissipation (see Appendix A) 

(c) no heat generated in the liquid 

(d) negligible body forces 

(e) constant viscosity 

(f) negligible radial pressure gradient 

(g) negligible heat loss by radiation to all of the surround­

ings (see Appendix A) 

(h) incompressible liquid 

(i) radial velocity is small compared to axial velocity 

(j) liquid is a Newtonian fluid 

Boundary conditions for the momentum equation are: 

r = a: U£ = 0 (4.3) 

r = h: Uj - Uv (4.4) 

aU|> au 

n*rm*> or (4-5) 
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The boundary condition at the tube surface is the usual no-slip 

condition. The boundary conditions at the interface dictate continuity 

of velocity and equality of shear stresses at the interface. Two 

boundary conditions are necessary at the interface because the same 

boundary conditions will apply to the vapor momentum equation. 

In the vapor phase the governing equations in cylindrical coor­

dinates are: 

M • I ' V l d P » \ + 1
 9UV . . ., 

Momentum — — — + ,7-77 = — — + - - — {A.6) 
v at J± dZ 2 r 6r 
v nv 3r 

d \ 1 aTv aTv aTv 
Energy ay[ _ + i — ] . — + Uy — (4.7) 

6r 

aUv 
Continuity -=— = 0 (4.8) 

â -

where the following assumptions have been made: 

(a) axial symmetry 

(b) negligible viscous dissipation (see Appendix A) 

(c) negligible radiation to and from the vapor (see Appendix A) 

(d) no heat generation in the vapor 

(e) negligible body forces 

(f) negligible radial pressure gradient 

(g) coefficient of bulk viscosity is negligible 

(h) obeys the perfect gas relations 

(i) temperature of the tube wall is constant at the liquid 

saturation temperature 



(k) constant density 

(l) constant viscosity 

(m) constant thermal conductivity 

(n) Newtonian fluid 

(o) radial velocity is small compared to axial velocity 

Boundary conditions for the momentum equation are: 

r = b: U = 0 (4.9) 
v 

r = h: Uf = U (4.10) 
I v 

8U; au 

where the boundary condition at the wire surface is the no-slip condi­

tion. The boundary conditions at the interface are the same as those 

on the liquid momentum equation. They dictate continuity of velocity 

and equality of shear stress across the interface, 

Boundary conditions for the energy equation are: 

r = h: T = T , (4.12) 
v sat 

flV 
r - b: r = constant (4.13) 

t = C: T {x) * T (4.14) 
v m 

The boundary condition at the interface requires the temperature 

to be constant and equal to the saturation temperature. At the wire 
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surface Equation (4.13) indicates constant heat input and, for time 

zero, Equation (4.14) indicates the vapor temperature is a constant at 

a mean temperature, T . The assumption of a mean temperature in the 

vapor at time zero violates the assumed model where the vapor thickness 

was zero at time zero. Therefore the model is changed and the vapor is 

assumed to have a small but finite thickness at time zero. The initial 

mean temperature is calculated with the aid of the known initial wire 

temperature, the saturation temperature at the interface, and an assumed 

temperature distribution. 

The equations given above were obtained from the more complete 

forms by application of the listed assumptions. Derivation of the 

equations is presented in Appendix A, 

Solution of Liquid Momentum Equation 

1 H 
The solution presented is based on the work done by Muller. 

The method of attack on Equation (4.1) is to obtain a time 

independent solution and a time dependent solution and add them to get 

the total solution. The time independent portion of Equation (4.1) is 

+ 7 ̂ T — = .TT ST • (4.15) 
ar 
2 r 6r ^ dZ 

Assuming the pressure drop to be constant during any time period it may 

be written that 

_1_ dP 
4 ^ H--±£- < 4 - 1 6 > 

The equation to be solved takes the form 
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— ^ + ^ — ^ = -4C, . (4.17) 
ar2 r ar * 

The solution to this equation has the form 

U l l = CltCl " r 2 + C 2
l n r^ ' (4.18) 

No method was found by which the momentum equations for the 

two different fluids flowing in the annular arrangement could be 

solved. Therefore, it was decided that the momentum equations for 

both the liquid and the vapor would be solved as if that fluid alone 

filled the annulus under consideration. The resulting velocity dis­

tributions would then be applied over the part of the annulus which 

was occupied by the corresponding fluid. Finally a modification would 

be made to these velocity distributions to allow the interface boundary 

conditions to be met. 

Using this approach the boundary conditions for Equation (4.18) 

are 

r = b: U ^ = 0 (4.19) 

r = a: U ^ = 0 . (4.20) 

Using these boundary conditions the constants are found to be 

C. = ̂  ln,a '£ ln b (4.21) 
1 In a/b 
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^ In a/b 

This completes the time independent solution of Equation (4.1). 

The time dependent solution of Equation (4.1) is obtained from 

*\l . 1 ̂ J. ^2l ,, ... 
ar2 * » r ~ * t « ' l ' 2 3 ) 

In order to apply separation of variables it is proposed that 

U2£ = R(r) • T(t) . (4.24) 

After substitution, Equation (4.23) takes the form 

1 ^ I8R-, _1_ 81 2 , , 
R Lar2 r 6r J Tvj at

 K " ^* 2 5 ) 

The partial solution 

2 
- H t t 

T = C3 e *' (4.26) 

is easily obtained. The remaining part of Equation (4.25) can be 

written 

a_a + i aa + R K 2 = 0 _ (4-27) 
ar2 r 9r 

Using the substitution 

Z = rK (4.28) 



Equation (4.27) t akes the form 

az2 z a z 

which is a recognizable form of the Bessel equation 

Therefore 

and 

R = C 4J Q(Z) + C5YQ(Z) = C4JQ(Kr) + C ^ K r ) (4.30) 

-K2Vnt 
U2l = R(r)-T(t) = e * L^J^Kr) + C?Yo(Kr)] (4.31) 

where the values of K, C and C7 will be determined from the boundary 

conditions. The symbols J (z) and Y (z) in Equation (4.30) represent 

Bessel functions of the first and second kind, respectively. 

The boundary conditions; Equations (4.19) and (4.20), require 

that 

C6JQ(Kb) + C?Yo(Kb) = 0 (4.32 

and 

C.J (Ka) + C..Y (Ka) °= 0 (4.33) 
o o / o 

C is found to be 

J (Kb) 

S - -c6 r r^y (4-34) 
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and K must be the roots of 

J (Ka)Y (Kb) - J (Kb)Y (Ka) = 0 . 
0 0 0 0 

(4.35) 

Thus the time dependent velocity solution can be written as 

" -K. v;t J (K.b) 
U2f - L ALie * ' LJo(Ki^ " F T O y Yo(Kir^ 

i=l o I 

(4.36) 

01 

U o = > AL.e 
o I 

i=l 

(4.37) 

where AL, is a constant which has been substituted for C,.. 
I 6i 

In order to obtain the constants AL. an initial condition is 
I 

necessary. This initial condition imposes the restriction that for 

t = 0: ty + U2P = UL: (4.38) 

where ULl is the mean velocity of the liquid in the annulus at time zero 

Equation (4.38) may be written as 

ULl - CPLC1 - r
2 + C2 in r] = £ AL.Z^l^r) . (4.39) 

i = l 

Upon multiplying Equation (4.39) by r*Z (K.r) and integrating from b to a 

the following form is obtained: 
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LUL1 - Cj>(C. - r 2 + C0 In r ) ] r Z ( K . r ) d r = L r 1 2 J o I 
(4.40) 

AL 
ita^CK.a) - b^CK.b)] 

where the known relation 

r a 
rZ (K.r)Z (K.r)dr = 0 (i d j 

J, o 1 o j ' ' 
(4.41 

has been used, and 

Z^Kr 
J (Kb) 

Ji(Kr> - T W VK r (4.42) 

The following integrals are useful during the integration of the 

left side of Equation (4.40) 

f rZ ( K . r ) d r = ~ L a Z . ( K . a ) - b Z . ( K . b ) ] ( 4 . 4 3 ) 
J, o i K.. 1 i 1 i 

J r 3 Z ( K . r ) d r = £- La 3 Z, (K .a ) - b3Zn ( K . b ) l 
o i K. 1 I 1 i / J 

b I 

( 4 . 4 4 

and 

- - ~ L a 2 Z 2 ( K . a ) - b 2 Z 2 ( K . b ) ] 
K. 

r a i 
r - l n r - Z ( K . r ) d r = — La«ln a - Z . ( K . a ) ( 4 . 4 5 ) 

J , o i K. 1 I 

- b • In b - Z , ( K . b ) l . 
1 l J 
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After collecting and simplifying, Equation (4,40) may be written as 

I IT 1 f 9 9 

^MaZ^K.a) - bZ (Kb)] - — [ a ^ K a) - b^K.b)] = 
i K. 

l 

-T±[Q%2{K.a) - b2Z.2(K.b)] (4.46! 
z 1 i 1 I 

but 

ZQ(X) + Z2(X) • § Zj(X) (4.47) 

and 

Z (K.a) = Z (K.b) = 0 (4.48) 
0 1 0 1 

so Equation (4.46) may be simplified t< 

UL1 4Cp 

L ^ ~ — ] ' LaZ^K.a) - bZ^K.b)] = (4.49) 
i K. 

1 

AL 

-f La^U.a) - b^CK.b)] . 

Thus the constants AL. are found to be 
1 

4Co 
LUL1 - — ] 

K 
AL. - rr- l- . (4.50) 

1 Ki LaZ^K.a) + bZ^KJa)] 

This completes the solution of the momentum equation. 



Solution of Vapor Momentum Equation 

The momentum equation for the vapor, Equation (4.6), has the 

same form as the momentum equation for the liquid. The boundary con­

ditions are also the same as for the liquid so the method of solution 

is exactly the same. The full solution of the equation is as follows: 

2 

where 

and 

U = C [C - r + CL In r] (4.51) 
lv vL 1 2. J 

2 
-K. v t 

U2v 
= £ AV. -e i V • Z0U.r) (4.52) 

i=l 

c s
 b 2 lH a - a 2 1" b ( 4 > 5 3 ) 

1 In a/b 

2 w2 
C„ = a, " 1- (4.54; 
'2 In a/b 

C = - ^ £ (4.55) 
v 4LL dZ ' 

rv 

4 C 

5^ [uvi - - f ] 
1 K. 

AV. = ; —, . (4.56 i [aZ^K.a) + bZ^K.b)] 

UVl, which appears in Equation (4.56), is the mean velocity in the 

annulus at time zero. 



Solution of Vapor Energy Equation 

The energy equation is coupled to the momentum equation by the 

term containing U . The method of solution is to obtain a mean value 

of U from the momentum solution and use it in the energy solution. 

9Tv 

Further, the same term contains aj~« Preliminary calculations indi­

cated a very moderate (less than 20 psi) pressure drop in the tube. 

Assuming the pressure drop to be a linear function of axial distance 

and also that the vapor is saturated at the interface results in a pre­

diction of the axial rate of change of vapor temperature at the inter­

face. As an approximation it is assumed that this axial temperature 

change exists throughout the vapor. This line of reasoning results in 

9Tv 
the use of a constant value for r=— for any specified value of pressure 

gradient. 

As a result of the development above, the following substitution 

can be made 

AT 
C. = U —^ (4.57) 
6 v dZ 

where C is a constant. 
o 

Equation (4.7) now takes the form 

^ v 1 a T v 

"vî f+ ? jsri - sr+ c6 • i«.«»> 



'Ji 

Again the solution is obtained by splitting Equation (4.58) into time 

dependent and time independent equations and adding the solutions of 

these equations. 

The time independent part of Equation (4.5b) is 

ar2 r 9 r % 
(4.59) 

This equation has the solution 

C r2 

Tl = 4~- + S ln ̂  + C8 (4.60) 

where C^ and Cf ere integration constants which are to be evaluated from 
l b * 

the boundary conditions. 

The boundary conditions which apply to Equation (4.60) are Equa­

tions (4.12) and (4.13) which require that the vapor be at the saturation 

temperature at the inteiface and that the temperature gradient in the 

vapor, at the wire surface, be a constant. Application of these bound­

ary conditions to Equation (4.60) gives 

C b' 

K l b " 2o~ (4.61) 

and 

C . = T 
C^h' 
6 

sat ~ 4a 
C? In h (4.62! 

where K is defined by 



r = b: 
Iff, 

K i = a 7 ( 4 . 6 3 : 

Upon substitution for C T, can be written as 

Q 
Tl - Tsat + if ^ - ^ + C7 lr" r A • 

V 

( 4 . 6 4 ; 

The time dependent part of Equation (4.58) is 

a2T2 1 aT2 l aT2 

r̂+ F 5r~ = r or • (4.65) 

In order to apply separation of variables it is proposed that 

T 2 = R(r) • T(t) (4.66) 

and, after substitution, Equation (4.65) has the for m 

R L a r2
 + r BrJ ~ T % at " 

(4.67) 

The solution of 

SJ + Ta B2 = 0 
at v 

(4.68) 

has the form 

T - K2e 
-a B2t 
v 

(4.69) 

The solution for R(r) is obtained from the remainder of Equation (4.67) 
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That is: 

2 
^ 4 + - 5^ + RB2 = 0 (4.70) 
*2 r 9r 
or 

which can be solved by setting 

Z = rB . (4.71) 

This substitution gives Equation (4.70) the form 

2 
ii+l2E + R , o (4.72^ 

a_2 2 6Z ' 
6Z 

which is a form of the Bessel equation. The solution is 

R = K 3J Q(Z) + K4YQ(Z) (4.73) 

or 

R = K^CrB) + K 4 Y
0
( r B ) * (4'74 

The solution for the time dependent part of the temperature 

distribution is 

-a B2t 
T2 = R(r) -x(t) = K2e

 V LK3JQ(rB) + K4YQ(rB)] (4.75) 

where the constants K„, JCj, K,, and B can be evaluated from the bound­

ary conditions and an initial condition. The boundary conditions, Equa­

tions (4.12) and (4.13), require that 



K„J (hB) + K Y (hB) = 0 ( 4 . 7 6 ) 
O U " \J 

and 

K3Jx(bB) + K ^ t b B ) = 0 . (4.77) 

Equation (4.76) g ives K. as a function of K~ and the r e s u l t i s 

J (hB) 
K4 = " K 3 Y l W ( 4 ' 7 8 ) 

ox 

Using this value for K in Equation (4.77) leads to 

J1(bB)YQ(hB) -Y^bBjJ^hB) =0 (4.79; 

and this equation defines the constants B.. 
^ l 

Thus the time dependent part of the temperature distribution can 

be written as 

-a B,2t J (hB.) 
T2= I Si e Vl t^l-yWyV^] ^ 

1=1 ° x 

"° a B 2 t 
T2= ZC9i6 ' ' ' W • (4-8l) 

1 = 1 

An initial condition is needed to evaluate the constants C~.. This 

condition is a temperature distribution in the vapor at time zero. For 

the purposes of this investigation a mean temperature, T , is assumed 


