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Abstract 

 

 

 The condensation of vapor onto a cooled surface is a phenomenon which 

can be difficult to quantify spatially and as a function of time; this thesis describes 

an ultrasonic system to measure this phenomenon.  The theoretical basis for 

obtaining condensate film thickness measurements, which can be used to 

calculate growth rates and film surface features, from ultrasonic echoes will be 

discussed and the hardware and software will be described.  The ultrasonic 

system utilizes a 5MHz planar piston transducer operated in pulse-echo mode to 

measure the thickness of a fluid film on a cooled copper block over the fluid 

thickness range of 50 microns to several centimeters; the signal processing 

algorithms and software developed to carry out this task are described in detail.  

The results of several experiments involving the measurement of both non-

condensing and condensing films are given.  In addition, numerical modeling of 

specific condensate film geometries was performed to support the experimental 

system; the results of modeling nonuniform fluid layers are discussed in the 

context of the effect of such layers on the measurement system. 
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Extended Abstract/Summary 
 

The mechanics and behavior of condensation phenomena are poorly 

understood under even relatively commonplace conditions; in unusual conditions, 

such as reduced gravity as experienced in the course of space flight, the 

condensation process is expected to proceed differently and current theory may 

not adequately predict condensation behavior in such a case.  As a result the 

National Aeronautics and Space Administration (NASA), through the Glenn 

Research Center in Cleveland, Ohio, has funded a project to develop a low-

gravity experiment to empirically determine the condensation dynamics of 

assorted fluids in altered gravity conditions.  The results of this research will be 

valuable in designing future spacecraft to minimize concerns about water 

condensation at unwanted locations and to enable better design of spacecraft 

thermal control systems.  In existing spacecraft, condensate management has 

largely been an empirical art; this has for example resulted in modifications to the 

International Space Station while in orbit when certain radiators had to have 

insulation added to reduce unwanted – and unexpected – condensation 

problems.  Additionally, many thermal control devices such as heat pipes depend 

on the high heat flux associated with the phase change occurring at 

condensation. 

The goal of this thesis project is the development of a pulse-echo 

ultrasonic system to measure the thickness of a condensing film in real time, as 

well as being able to post-process the data to determine wave velocity and 

wavelength data for perturbations within the condensing film.  This is done using 

several (as many as eight in the current version) ultrasound transducers on the 

outside surface of the condensation chamber.  It is envisioned that in laboratory 
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experiments the ultrasound system will be used with an optical imaging system 

due to an optical system’s much better spatial resolution for imaging 

perturbations in the film and the ultrasound system’s ability to perform 

quantitative thickness measurements.  In an actual low-gravity experiment, the 

optical system may prove to be impractical and thus may be eliminated if the 

laboratory experiments show the ultrasound system able to produce all needed 

data. 

 This research was conducted using a condensation test cell.   The cell 

consists of a cylindrical shell constructed of relatively insulating plastic, with 

several fittings for introducing vapor into the test cell, and one end of the cell 

made of copper with cooling channels piped through it.  The cell can be placed in 

either “plate-down” or “plate-up” orientation on the benchtop; in the former case, 

+1g conditions apply to the condensation and in the latter case a –1g effective 

gravity level is present.  An instrumented version of the test cell is scheduled to 

be flown on NASA’s KC-135 low-gravity parabolic trajectory aircraft, permitting 

experiments to be conducted in effective gravity levels ranging from 1g to 0.01g.  

In operation, the end plate will be cooled by a refrigerant pumped through 

the cooling channels.  When heated vapor is introduced to the test cell, the vapor 

will begin to condense onto the cooled plate.  Monitoring the progress of this 

condensation is no simple task as no direct measurements (e.g. using a float 

gauge) can be made since they would disturb the condensation process.  A 

simple optical technique can image perturbations in a fluid film, but it is a 

generally qualitative measurement.  While the optical technique can determine 

the presence of perturbations and their lateral characteristics, it cannot easily 

determine film thickness or, for that matter, the depth of the perturbations on the 

film.  The need for accurate determination of condensate film thickness, as a 
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function of time and at several locations, has motivated the development of the 

ultrasound-based measurement system. 

 

Eight ultrasonic transducers are connected through a multiplexer to a 

pulser-receiver (P/R) unit; this P/R unit is then connected to a computer-based 

oscilloscope which both triggers the P/R unit and records its output.  The 

oscilloscope hardware is entirely contained within a single Type II PCMCIA, or 

laptop computer expansion, card; this card is inserted into one of the two Type II 

PCMCIA expansion slots in the laptop and can then be treated as an integral part 

of the laptop itself.  The oscilloscope is controlled through a control program 

written in the National Instruments Inc. LabVIEW language; this program 

performs all data processing as well as all control of the multiplexer as well as 

the oscilloscope.  The data from the P/R unit is processed through several signal-

processing steps, and the thickness estimate is extracted from this data.  This 

process is repeated for each of the active transducers (from one to eight 

transducers can be used) and is continuously repeated to generate a thickness-

vs-time record.  The maximum sampling rate with multiple transducers is 

approximately 30 samples/second (i.e. 15 samples/second/transducer for two 

transducers, 10/second for three, etc.) or up to 60 samples/second with a single 

transducer since the delay introduced by switching channels in the multiplexer is 

removed.  The multiplexer is also controlled by the LabVIEW program, and is 

connected to the laptop using a standard serial interface. 

 

Condensate layers which are thin relative to the wavelength of the 

ultrasonic signal have the frequency response of a “comb filter”; in other words, 

the reflected energy due to a broadband ultrasound pulse falls in certain 
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narrowband frequency ranges.  The center frequencies of the passbands of the 

comb filter fulfill the equation (2n+1)fo where n is an integer greater than or equal 

to zero and: 

 

d
cfo 4

=        (1) 

 or, equivalently,  

of
cd
4

=      (2) 

where d is the thickness of the fluid layer in meters and c is the speed of sound in 

the fluid in meters/second. 

 The f0 value is extracted through Fourier analysis of the signals acquired 

by the system.  If the fluid layer is of an appropriate thickness for this technique 

to work (approximately 50-2000 microns) the FFT will have clear peaks at odd 

multiples of f0 (f0, 3 f0, 5 f0, 7 f0, etc.) and the locations of these peaks are 

extracted using a peak-detection algorithm which produces an estimated f0 and 

thus through equation (2) the estimated layer thickness.  

 Due to the fact that the echo received by transducer from the copper/water 

interface is much larger than the “comb-filtered” signal of interest from the fluid 

layer, the signal must be normalized by subtracting the effect of the copper/water 

interface echo before this analysis can be done.  This normalization is 

accomplished by subtracting the echo received from a fluid layer of sufficient 

thickness to approximate an infinite layer from the raw received signal prior to 

performing the FFT; this signal-processing step also eliminates effects from 

structures within the copper block itself. 
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 For thicker layers, a more conventional echo-delay method is used.  In this 

method, the interval between the arrival time of the echo from the copper-fluid 

interface and the arrival time of the echo from the fluid-vapor interface is 

measured directly and yields a thickness estimate through: 

 

2
tcd ⋅=        (3) 

 

 This method works for layers which are at least one or two wavelengths 

thick.  For the 5MHz center frequency transducers used, this means that this 

method becomes useful for fluid layers with a thickness of approximately 0.5mm 

or greater.  Tests to this point have demonstrated its use at up to 4cm of 

thickness.  Since the thin-film method becomes noisier above 750 microns and 

the thick-film measurement is accurate above 500 microns, the system uses the 

thick-film algorithm first, and if an invalid result or a result less than 750 microns 

is generated, the thin-film algorithm is then run with the same data.   

 

Numerical modeling using the Wave2000 software package has also been 

performed; this software models the wave propagation in a 2-D object from a 2-D 

transducer (the third dimension is assumed infinite).  The Wave2000 system is a 

finite time difference modeling system which models a 2-D object as a matrix of 

points; the pressure at each point at a given time is used to calculate the 

pressure at each adjoining point at the next time interval.   

The simulation package was first used to model simple situations such as 

a flat film, which was used to verify that the model was in good agreement with 

the same experiment run in the lab.  It was then used to investigate situations 
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which would be very difficult to create experimentally under controlled conditions, 

such as a thin film which varied in thickness or layers with droplet formation. 

 

Experiments thus far have verified the validity of the results from the 

ultrasound system; this has been done using a level block with the transducers 

on the bottom surface and a fluid film on the top (i.e. a “+1g” environment).  Both 

static and dynamic – i.e. excited by some external mechanical activity – fluid 

films have been used; the excitations have ranged from a slow, steady addition 

of fluid to a dropwise addition of fluid resulting in ripples to waves generated by a 

paddle. 

In the initial set of experiments, static films of non-condensing fluid with 

different thicknesses were used.  This verified the system’s ability to detect a fluid 

layer and accurately measure its thickness.  The film thicknesses were measured 

correctly by the system as far as could be verified although verification by non-

ultrasound means proved difficult for some of the thinner layers.   

In the next set of experiments, the measurement began with an extremely 

thin fluid layer to which fluid was added at a constant rate.  Since the fluid was 

added at a constant rate, the growth rate of the fluid was known to be constant. 

The constant growth rate was directly verifiable and indeed is what was 

measured by the system. 

In the excited layer experiments, thickness-vs-time plots from multiple 

transducers were used to calculate the wave velocity and the wavelength for 

several different fluids at several layer thicknesses 

Finally, a series of measurements of actual condensation have been 

conducted.  These tests have shown that the ultrasonic system developed for 

this project can successfully monitor condensation in benchtop experiments.  
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Chapter 1:  Introduction 

 

   A.  Background for Condensation 

 

 This thesis deals with an ultrasound-based method for measuring the 

thickness of a thin film of condensing fluid.  It is thus pertinent to begin with a 

brief description of condensation dynamics. 

 Under normal conditions, matter is found in one of three phases listed 

here in order of increasing internal energy: solid, in which molecules are rigidly 

attached to each other; liquid, in which molecules are loosely and fluidly bound 

together; and gaseous, in which very little intermolecular bonding is present.  

When a substance changes from one phase to another, internal energy (or 

“enthalpy”) must be added or removed by an external source; for example, in 

order to boil water to create steam, heat must be added by a burner or other heat 

source.  More pertinently, when water vapor condenses into liquid water, the heat 

released by the condensation phase change must be removed; in an everyday 

example, water vapor from the air condensing onto a glass of a cold beverage 

transmits the heat from the phase change through the glass into the cold 

beverage. 
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 This process is, however, complex.  In the example above of 

condensation onto a glass, the condensation dynamics are affected by many 

parameters.  Some of these are: the partial pressure and temperature of the 

water vapor; the initial temperature, thermal conductivity, and thermal capacity of 

the glass; the temperature, thermal conductivity, and thermal capacity of the 

liquid in the glass; the orientation of the condensing surface; the velocity of 

airflow past the glass; and the viscosity and thermal conductivity of the 

condensate. 

 The ambient water vapor, being intermixed with the ambient air, circulates 

with that air and is cooled by the liquid water layer on the glass.  When a 

molecule of water vapor has been sufficiently cooled, it experiences a phase 

change to liquid thus adding to the liquid water layer.  The circulation of the 

ambient air, which brings the water vapor in contact with the liquid water layer, is 

in part due to the convection caused by the cooling effect of the glass.  

Convection, as will be discussed below, is a gravity-driven process. 

When a water molecule condenses from the ambient water vapor to join 

the liquid water layer, the enthalpy of phase change (approximately 2.5x106 J/Kg 

for water) is released.  This heat is deposited into the liquid water layer on the 

outside of the glass, from where it is removed by heat conduction through the 

liquid layer (assuming that the layer is thin enough to prevent convection).  For 

fluids significantly thicker than usually found in terrestrial situations, convection 

would be expected to play a role in this process as well.  The heat is then 
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transferred through the solid glass layer by the mechanism of conduction, which 

is independent of gravity. 

Heat is transferred from the inner wall of the glass to the beverage through 

the mechanism of convection, which is often the predominant mechanism of heat 

transfer in liquids and gasses.  Convection is a gravity-driven process in which 

the fluid circulates because of the different densities of cold and warm fluid.  In 

most fluids, warming the fluid causes it to expand, and thus become less dense; 

having become less dense, the warmer fluid tends to rise and be replaced by 

colder and thus denser fluid.  This mechanism distributes added heat throughout 

the body of the fluid, minimizing the amount of heat absorbed by any particular 

portion of the fluid.  Convection also applies to heat loss, in that the fluid that has 

lost heat will become denser and thus sink and be replaced by warmer and less 

dense fluid. 

 Of the four regions discussed in the example of a glass filled with a cold 

beverage, two have behaviors which are dependent on gravity: the air/water 

vapor mixture and the beverage in the glass.  However, if the condensate film 

were to grow thick enough, convection would be expected to play a part in that 

region as well.  In an environment without gravity, convection will not occur.  It is 

theorized that this will significantly slow heat transfer which normally occurs 

convectively, as it will now be limited to heat conduction instead which implies a 

much lower rate of heat transfer.  This means that, for example, the air/water 

vapor mixture will not move past the surface due to natural convection; 
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implications of this could be a significant slowing of the condensation process 

due to less water vapor being present immediately adjacent to the condensing 

surface.  Additionally, the fluid mechanics of all three non-solids in this example 

will be significantly altered by the absence of gravity.   

While the condensation onto a glass of a cold beverage in a reduced 

gravity environment may not be very important, the reduced gravity behavior of 

cooling systems that exploit the same physical phenomena is critically important.  

As a result, the National Aeronautics and Space Administration (NASA), through 

the National Center for Microgravity Research on Fluids and Combustion at 

Glenn Research Center in Cleveland, Ohio, has funded research into 

condensation physics in reduced-gravity environments.   

Condensation behavior is an important factor in the design of spacecraft 

systems such as air circulation and atmospheric water recovery systems based 

on condensation.  Among other functions, these systems ensure that cabin air in 

spacecraft is at an appropriate humidity level for both crew and equipment.  To 

do this, a device similar to a household dehumidifier condenses excess 

atmospheric water vapor to remove it from the air.   

Additionally, condensation is a critical part of certain thermal control 

systems, which utilize the high heat flux from the phase change as an important 

part of their function.  A phase change of water between liquid and gaseous, or 

vice versa, involves a heat flux of approximately 2.5x106 Joules per kilogram of 

water; the same kilogram of water would have to be heated or cooled several 
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hundreds of °C – assuming it could be kept liquid – to accommodate the same 

heat flux without a phase change.  An example of such a component using this 

high heat flux would be “heat pipes”; these are passive heat transport devices 

which are commonly used in spacecraft.  A heat pipe consists of a sealed metal 

tube, with a wick on the inner surface of the tube, containing a working fluid with 

a high enthalpy of vaporization (examples are water, methanol, and ammonia).  

Because of the physics of the phase change, thermal energy is absorbed by 

changing the working fluid from liquid to gas with no change in temperature since 

the phase change is an isothermal process; this means that the entire heat pipe 

will always be at the boiling point of the working fluid at the pressure in the tube.  

Energy released from the working fluid changing from gas to liquid is transmitted 

out of the heat pipe to a radiator or other heat sink, still at the same boiling point 

temperature.  The name “heat pipe” refers to the phenomenon that the heat is 

transferred from one end to the other at a constant temperature.   

When one end of the heat pipe is heated and the other cooled, for 

example by attaching one end to an electronics rack and the other to a radiator, 

heat energy at the hot end is used to change the phase of the working fluid from 

liquid to vapor at a constant temperature.  The vapor travels down the tube, and 

upon reaching the cold end condenses onto the end plate releasing the enthalpy 

of vaporization that it absorbed at the hot end.  The pressure differential created 

by vaporization at the hot end and condensation at the cold end acts as a 

passive pump for the vapor; the wick built into the tube passively transports the 
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liquid phase back from the cold end to the hot end.  No active parts are required, 

and the passive components are extremely simple, and as a result these devices 

are very reliable; this is, of course, important for spacecraft applications.  

 However, in terrestrial applications the heat transfer occurring between the 

end plate and the fluid at both the hot end and the cold end is by the mechanism 

of convection; in a reduced gravity environment, it would take place solely by 

conduction.  Heat pipes have been used extensively in spacecraft design, but the 

fundamental physics of their operation in reduced gravity is not well understood. 

Various aspects of the fundamentals of condensation have been studied 

many times under terrestrial conditions.  However, the terrestrial mechanism of 

condensation is highly complex; thus, the implications of a reduced gravity 

environment on the condensation phenomenon are poorly understood and 

cannot be inferred from current data.  The reverse process from that of 

condensation is boiling, which has been studied extensively in microgravity 

conditions.  However, the fundamental fluid physics of condensation in 

microgravity have not been investigated; although the two are inverse processes, 

the results from pool boiling experiments cannot be used to infer condensation 

behavior.   

 A series of condensation experiments is planned in order to explore the 

phenomenon of condensation in reduced gravity.  However, the approach to 

measuring condensation as it progresses is not obvious.  The subject of this 
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thesis is a monitoring system to measure the progress of condensation in this 

test cell, which is intended for use in reduced-gravity experiments. 

 

B. Measurement of Condensation  

 

Several methods of measurement of condensation experiments have been 

considered, and the ones used in the current project are briefly described here.  

A more thorough description is given in Chapter 2, which covers the 

condensation test cell and its instrumentation. 

 One technique for measuring condensation is in the form of an optical 

system which illuminates the condensate layer with a light source and projects 

the reflections off of the fluid layer onto a screen where it is recorded with a video 

camera.  This system measures the topology of the fluid layer, but not its 

thickness or growth rate. 

 A second approach to condensation measurement utilizes heat flux 

measurements; if the temperature of the vapor is known, and the temperature of 

the block onto which the vapor is condensing is known, the amount of fluid 

condensing can be calculated from the total heat flux of the system.  This 

measures the condensation rate, but provides no information about the topology 

of the fluid film nor about the film thickness at any given time. 
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The third measurement system used to monitor the progress of 

condensation in the current experiments is an ultrasonic system.  This system is 

the subject of this thesis, and as such will be described in much greater detail in 

later chapters.  The ultrasound system uses several transducers in pulse-echo 

mode to determine the thickness of the fluid film in discrete locations opposite 

each transducer.  This can yield limited topographic information as well as 

thickness and growth rate information.  

 

   C. Development Stages of the Proposed Measurement System 

 

The ultimate goal of this research will be the ability to perform meaningful 

study of condensation in  reduced gravity.  However, many aspects of the fluid 

physics of condensation take place over too long of a time frame to be studied in 

short periods (less than several minutes) of microgravity.  These aspects of 

condensation can only be fully studied in a spaceflight experiment to be flown on 

the Space Shuttle or the International Space Station.  It is hoped that the 

systems developed for the current project can be used in a modified form for 

such spaceflight experiments.  However, the goals of the current project are 

more modest: a system will be developed to perform condensation research on 

NASA’s KC-135 parabolic trajectory aircraft which provides a reduced-gravity 

environment in 20-25 second periods. 
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Before the KC-135 flights can take place, a condensation test cell and 

measurement systems to monitor condensation progress within the test cell must 

be developed.  This was begun using a series of benchtop tests in the laboratory.  

These tests will be discussed in detail in a later section of this thesis, but in 

general consisted of using the ultrasound system to first measure non-

condensing films of various fluids in both static fluid films and fluid films excited 

by external stimuli.  These benchtop tests were designed to validate the optical 

and ultrasonic measurement systems.   

Once these measurement systems were validated, benchtop 

condensation experiments were carried out.  These were performed in two 

orientations: +1g (fluid condensing on the bottom of the test cell) and –1g (fluid 

condensing on the top of the test cell).  These experiments have further validated 

the measurement systems, including the heat flux sensor system, and also 

provide a baseline data set for comparison to reduced-gravity trials. 

 After benchtop condensation experiments have been successfully 

accomplished, planning will begin for the KC-135 reduced-gravity flight 

experiments.  These experiments are anticipated to occur in the summer of 2003. 

 

D.  Thesis Goals 

 

  The main goal for this thesis project is the development, construction, and 

performance evaluation of an ultrasonic system for the dynamic measurement of 
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condensation film thickness.  As of the writing of this document, this system has 

been developed and is functional, and evaluation with actual condensation is 

ongoing.  A secondary goal is to test this system, and verify its performance 

experimentally.  The system has been tested with several different fluids, with 

both static and wavy fluid films, and with a wide range of fluid film thicknesses.  

Finally, numerical simulations of the ultrasound interactions with the fluid film 

have been carried out and used to verify the behavior of the system in situations 

not easily created experimentally, such as droplet formation.  This goal was also 

fulfilled, as the system has been tested with simulations of nonuniform layers of 

different thicknesses and shapes. 

 

E.  Thesis Outline 

 This thesis is structured as follows: 

 

 In Chapter 1, a general introduction to the thesis project and the larger 

project of which it is a part is given.  The motivation for both the overall 

condensation research project and the ultrasound thesis project itself is 

explained. 

 

 Chapter 2 describes the design of the condensation test cell, including the 

mechanical construction of the cell, the functionality of the cell, and the 

instrumentation installed in and on the test cell. 
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 Chapter 3 explains basic ultrasonic theory pertaining to this project.  

Included are such topics as general ultrasonic wave propagation theory, 

descriptions of the ultrasound transducers used for the measurements and 

transducer theory, and characteristics of the materials used in the condensing 

block and fluid films.   

 

Chapter 4 discusses all signal processing steps used in the course of the 

project.  This includes data extraction from the raw signals, algorithms for 

generating a film thickness from the processed signal, and a flow chart of the 

ultrasonic measurement software. 

 

 The numerical modeling of the ultrasound wave propagation carried out 

for this project is discussed in Chapter 5.  An overview of the modeling software 

used is given, followed by a detailed discussion of modeling parameters used 

and modeling techniques.  Details of each modeled scenario are given, along 

with details of the modeling parameters used. 

 

 In Chapter 6, detailed descriptions of the ultrasound measurement system 

and experimental tests are provided.  The chapter begins with an overall system 

explanation, which is then followed by a detailed explanation of each segment of 
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the system including both hardware and software.  The experimental setup is 

then discussed, for each of several experimental scenarios. 

 

The results of all experimentation along with all modeling results are given 

in Chapter 7.  The results of each experimental and modeling scenario are given, 

along with a brief summary of the scenario conditions and parameters.  The 

experimental results are compared to the modeling results as well as to results 

from other measurement systems (optical and heat transfer) furnished by the 

Mechanical Engineering team. 

 

Finally, Chapter 8 is a conclusion that addresses the question of whether 

this thesis was successful in producing a satisfactory ultrasonic fluid layer 

measurement system and suggests areas for further research. 
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B.  Non-Ultrasonic Instrumentation 

1. Optical System 

The optical monitoring system used in this project is the conceptually 

simplest method to observe the progress of condensation, which is to simply 

record a visual image of the fluid film as a movie.  In practice, difficulties arise 

since in the “double-pass shadowgraph” system used one is observing a 

transparent fluid film at normal incidence.  As shown in Fig. 2-2, the optical 

system consists of an arc lamp shining through a partially silvered mirror and 

reflecting off of a concave mirror onto the condensing surface which has been 

polished to a high degree of reflectivity.  The light is then reflected back onto the 

concave mirror from where the light is directed towards the partially silvered 

mirror, which reflects it onto a screen where it is captured by a video camera.  

This method works well for recording perturbations in the fluid film, such as 

waves and droplets, but is not capable of determining the depth of the film.  

Because one of the main goals of this condensation research is to determine 

condensation rate, knowing the fluid film thickness is critical; thus, the optical 

method alone is an inadequate measurement methodology.  However, the optical 

method is potentially a valuable adjunct to other methods since it can in principle 

detect disturbances in the fluid film and measure their size, shape, location, 

wavelength, and velocity with high precision despite being unable to determine 
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their amplitude.  The optical system has not performed as well as hoped to date, 

and if the ultrasound system can acquire all needed topographic data the optical 

system would not be needed for the reduced gravity experiments.   

Figure 2-2: A schematic representation of the optical monitoring system. 
 

 The physics of how this system works optically are shown in Fig. 2-3.  A 

thicker portion of the layer, such as a droplet, acts as a convex mirror and 

reflects light away from a direct reflection resulting in a dark area on the display 

screen.  In contrast, a thinner portion, such as the trough of a wave, acts as a 

concave mirror which focuses light creating a bright area on the screen.  In both 

Fig. 2-2 and Fig. 2-3, only two rays are shown in each figure to illustrate the 
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concept.  The case shown in Fig. 2-3 is an ideal case, where the focal distance of 

the trough is exactly the distance to the screen resulting in a perfectly focused 

image.  However, since waves vary in size and shape this is not usually the case. 

 

 

 Figure 2-3: Optical System Physics.  Left: convex wave (peak); Right: concave 
wave (trough). 
   

 2.  Heat Flux Sensor 

 A second technique for monitoring the progress of condensation is to 

measure the heat flux through the condensing surface.  The condensing surface 

is cooled by circulating a chilled fluid through cooling channels, and a heat flux 

sensor is placed between these cooling passages and the condensing surface.  

When condensation occurs, the heat released by the phase change travels from 

the condensing surface through the copper block with high thermal conductivity 

and through the heat flux sensor to the region of the block with the cooling 

channels.  The heat is then removed by the chilled water which is circulating 
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through the channels.  By measuring the heat flux, and knowing the specific heat 

of the condensing fluid as well as all temperatures involved, the mass of fluid 

condensing can be calculated.  The heat flux sensor can thus measure the 

spatially averaged condensation rate potentially very accurately; however, it can 

not reveal any information about any other behavior, such as instabilities in the 

film or droplet formation.  Used together with the optical system described above, 

both the condensation rate and the film perturbations can be sensed; however, 

only the average thickness of the fluid layer will be known – from integrating the 

heat flux – and the amplitude of any given perturbation cannot be determined.  

Note that the filler material surrounding the heat flux sensor itself to make up the 

layer across the entire metal block must have the same thermal resistance as the 

heat flux sensor; since the heat flux sensor is basically two thin Kapton sheets 

with a small amount of metal foil sandwiched between them, a double layer of 

similarly thick Kapton sheets are used as the filler material.  The heat flux sensor 

is approximately 0.2mm thick, as is the filler material layer.  The heat flux sensor 

and filler material are not used in the same condensing block as the ultrasonic 

system at present; the heat flux sensor requires a thick metal block with the heat 

sensor layer embedded, while the ultrasonic system requires a thin metal block. 

 

3.  Temperature Sensors 

 Thermocouples are placed at various locations in the test cell, to allow for 

monitoring of temperatures during the experimental runs.  Knowledge of the 
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temperature differential between the copper block and the vapor allows 

theoretical calculations of condensation rates, and also allows for more accurate 

calculation of the conventional fluid dynamics found in drop formation and 

release. 

 

C.  Ultrasonic Instrumentation 

The measurement system developed in this thesis project to monitor the 

progress of condensation is based on pulse-echo ultrasound measurements.  

Only a brief overview is presented here; this system will be described in much 

greater detail in chapters 4 and 6.  The ultrasound system uses ultrasonic pulses 

from several transducers mounted on the non-wetted face of the copper block to 

probe the thickness of the fluid layer at a location approximately the size of the 

transducer face directly opposite each transducer (see Fig. 2-1).  This holds true 

as long as the condensing film is in the near field of the transducer, where the 

effective lateral beam dimensions correspond very closely to the transducer 

dimensions.  The near field for a ¼” 5MHz transducer, such as the ones used for 

this project, extends approximately 10mm in copper; this implies that for copper 

blocks less than 10mm thick the film will be in the near field and each transducer 

will measure an area of fluid roughly the same size as the transducer itself while 

for copper blocks greater than 10mm thick the film will be in the far-field of the 

transducers resulting in a larger beam area and significantly decreased SNR. 
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The system operates in pulse-echo mode, meaning that the piezoelectric 

transducer which produced the transmitted pulse also receives the echoes from 

the emitted pulse and converts them to a voltage output, allowing for a single 

transducer to be used for each point where layer thickness is measured.  The 

great advantage of the ultrasonic system over the optical and heat transfer 

measurement methodologies is that the fluid layer thickness can be measured 

directly.  The main advantage of the optical system is that it can image the entire 

surface of the fluid film while thickness can only be measured ultrasonically at 

discrete points.  However, since the data from the ultrasound system is in digital 

form it is easily stored; the optical data must be recorded using a video camera 

which severely limits the performance of the optical system. 


