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ABSTRACT 

Little agreement exists in the scientific literature concerning the adhesion force 

between "small" particles, ranging in size from molecular clusters to 100 microns in 

diameter. Measured adhesion forces are affected by the very process by which particles 

come into contact, the environmental history of their time in contact, and the method of 

their removal. We built two instruments to perform repeated identical adhesion 

measurements between crossed quartz fiber pairs in a controlled environment. We find 

that multiple discrete values of adhesion force can occur for identical pull-off conditions 

and that the force as a function of relative humidity can be double-valued depending on 

whether relative humidity is increasing or decreasing. Our work shows that atmospheric 

water vapor greatly influences the adhesion force, both by condensing to form a liquid 

meniscus in the contact region between the particles, and by being adsorbed onto the 

quartz surfaces. Our adhesion force measurements are compared to predictions of 

adhesion force based on surface deformation theory and exact meniscus theory. In 

addition, our measured thickness of an adsorbed layer of water on a 0.6520 micron radius 

quartz fiber, using light-scattering techniques, differs from the adsorbed water layer 

thickness on a planar surface. 
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1. INTRODUCTION 

1.1 Focus of this dissertation 

Adhesion surrounds us in our everyday lives. We use brick and cement to build our 

homes, our walls are colored with latex paints, we eat from ceramic dishes and when they 

crack we repair them with quick-setting cyanoacryllics. We read papers made of cellulose 

fibers matted together, and we wash dust from our car windshields. Solids stick to each 

other for many reasons. The sticking might be facilitated by melting and fusing of the 

solids or the application of a gluing agent. More generally, though, adhesion is produced 

by intermolecular forces acting over short distances to draw solids into contact and hold 

them together. 

Our research into the problem of adhesion was motivated by the optical and 

microcircuitry industries. These industries have a great investment in clean-room 

manufacturing processes, producing optical surfaces and coatings, and computer chips 

and hard disk drives with ever finer structure and tolerances. Particulate contamination in 

these processes is so important that the National Science Foundation has funded 

fundamental research into the nature of adhesion. We were invited to perform 

fundamental adhesion research by the Department of Electrical Engineering's Center for 

Microcontamination Control in conjunction with the National Science Foundation. 

First we talked to the corporate representatives in the Center about their needs for 

controlling particulate contamination. They said the main problems were with keeping 

particles out of clean rooms, keeping them from adhering to clean surfaces, and removing 

them from the surfaces. They wanted to know more about the roles of particle size and 

relative humidity. The cleanliness of clean room air is measured in terms of the particle 

number density within different size ranges. Clean rooms are operated at specific 

humidities. This is to minimize the adhesion of particles by balancing between low

humidity electrostatic effects and high-humidity capillary effects. The corporate 



representatives wanted to know the best relative humidity under which to operate. 

Atmospheric humidity can be considered a clean room contaminant, since it causes the 

capillary effects that weld particulate contaminants to surfaces. We decided to measure 

adhesion forces for variously sized particles in an atmospheric humidity environment. 
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After identifying the main problems, we searched the literature to see what was 

known about adhesion as a function of particle size and relative humidity. We discovered 

that little agreement exists in the measurement of adhesion force between "small" 

particles, ranging in size from molecular clusters to 100 microns in diameter. 

Measurements often disagreed, or were taken in such a variety of ways as to frustrate 

comparison. An "adhesion force" can ideally be measured with springs, balances, or 

levers. However, other clever schemes are used to remove pruticles. For example, 

particles can be dislodged from surfaces by centrifugation, vibration, or impact. Also, 

particles can be treated singly in isolation or as a statistical ensemble. Since many 

parameters can be purposely or inadvertently varied when studying particle adhesion, 

different measurement methods impose different sets of conditions upon the adhesive 

bond under study. (For example, when a surface is vibrated in a direction normal to its 

surface, the adhering particles experience a force that alternately pulls them from the 

surface and impacts them into it.) The disturbing result is that each method produces a 

different "adhesion force." The measured adhesion forces are affected by the very process 

by which particles come into contact, the environmental history of their time in contact, 

and the method of their removal. 

We decided to build an instrument to study adhesion within a completely 

characterized environment. We wanted to control all the adhesion parameters: partial 

pressures of the atmosphere and condensible vapor within it, temperature, particle size 

and shape, chemical makeup of the particles, time spent in contact prior to removal, speed 

of removal, and so forth. We also wanted to perform repeated measurements of the 
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adhesion force between the same particles to eliminate the statistics of a collection of 

supposedly identical particles. To generate statistics using the same pair of contacting 

surfaces, we had to duplicate the contact and separation event as exactly as possible for 

each trial. So we set out to measure the statistics of the force needed to separate a pair of 

particles, as a function of particle size and relative humidity, by controlling the many 

environmental and experimental parameters that lead to reproducible results. 

The effects of water vapor on adhesion led us to investigate the relation between 

capillary effects and adsorbed surface films. We used a light-scattering nephelometer and 

a newly developed computer model to measure, for the first time, the adsorption of a 

water film on the surface of a quartz fiber. 

Chapter 2 reviews the mechanisms of adhesion, focusing on those which are used to 

interpret our data. We discuss the geometrical modeling of the Deryagin theory, vital for 

comparing our crossed-fiber data to data of particles on surfaces or of large-radius curved 

surfaces. We present our theoretical findings based on application of exact meniscus 

theory. We briefly review previous research of adsorbed surface films, to which we later 

compare our own findings. We conclude by discussing the many levels of time 

dependence in measurement of the adhesion force. 

Chapter 3 describes the design and operation of the instruments we built to study the 

adhesion between quartz fibers. We also review the design and operation of the light

scattering nephelometer, and we discuss how light-scattering theory is used to interpret its 

measurements. 

Chapter 4 presents experimental results from the three instruments, and discusses 

them. Chapter 5 presents a summary of our findings and suggestions for future research. 



2. PARTICLE ADHESION MECHANISMS 

2.1 Fundamental forces 
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There are four fundamental forces in nature: the strong, weak, gravitational, and 

electromagnetic interactions. The strong and weak interactions act between elementary 

particles and within atomic nucleii. They are not involved in adhesion processes due to 

their short range. Gravitational and electromagnetic forces act both on atomic and 

macroscopic scales. Gravitational forces typically have little to do with adhesion except 

in special cases. These include large or easily deformable particles, under the influence of 

a sizeable gravitational field (such as the Earth's), impacted onto a surface or pulled away 

from one by nature of their weight. The electromagnetic force, accounts for all 

intermolecular interactions, and determines the properties of gases, liquids, and solids. 

However, this force leads to exceedingly complicated phenomena as we see below. 

Intermolecular interactions can be grouped according to their sources. Electrostatic 

forces come from the Coulomb force acting between charges, permanent dipoles, and 

other multipoles. Polarization forces act between the dipole moments induced in particles 

by electric fields emanating from charges or multipoles. Quantum mechanical forces 

produce covalent bonding (as with the hydrogen bond) as well as repulsive exchange 

interactions that balance attractive molecular forces at very short distances. 

Intermolecular interactions can also be grouped according to their range. Long-range 

forces either depend less strongly on separation distance than short-range forces, or they 

are not screened out by intervening matter as quickly as short-range forces. Long-range 

forces include van der Waals forces, electrostatic forces and magnetic interactions, as 

well as electric double-layer forces (also known as electrostatic contact potentials), steric 

polymer forces, and other forces that act in liquids. These long-range forces provide the 

initial attraction between two particles or surfaces, drawing them close enough so that 

they are able to establish adhesive contact and interact via short-range forces. Short-range 
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forces rarely extend more than one or two atomic distances, and include chemical bonds 

of all types as well as hydrogen bonds. Short-range forces contribute to adhesion only 

after adhesive contact between the bulk materials is established by long-range forces. 

Van der Waals and electric double-layer forces are the only forces that can act to hold 

a dry uncharged particle on a dry uncharged surface if no interfacial reactions or chemical 

bonding occurs at the adhesion contact area. It is instructive to see how these forces 

compare to each other as well as to gravitational and capillary forces. Figure 1, taken 

from Bowling (1985), contains four plots of force versus particle diameter, for spherical 

silicon particies, as calculated from theory presented in Bowling's paper. Fjgure la shows 

that, for dry adhesion, van der Waals forces are significantly larger than double-layer 

forces. Electrostatic image forces will also be present if the particle or the surface is 

charged. Figure 1 b plots the total force of adhesion of particles on a dry surface (a 

summation of the 8 e V, contact potential, and image force curves of Figure 1 a) as well as 

the ratio of this force to particle weight. (This ratio is a pertinent one to study for those 

methods of particle removal that use a particle's mass to assist in removal, e.g., vibration 

or centrifuging.) An additional capillary force may act to hold the particle to the surface if 

a condensible vapor such as water vapor is present. Figure lc shows the theoretical 

contribution of capillary force and van der Waals force to the total force of adhesion 

when deformation due to the adhesion force has altered the particle radius by 1 %. 

Figure Id compares this total wet adhesion force to particle weight. This wet adhesion 

force is remarkably strong. For small particles (10 to 100 Ilm in diameter or less), 

whether wet or dry, the adhesion force is millions of times greater than the particle's 

weight. The capillary force is the main contributor to the adhesion force for particles of 

this size or smaller. Deryagin, et al. (1978) discusses the forces that contribute to particle 

adhesion in a dry atmosphere versus in the presence of capillary-condensed liquid. 

However, there is an additional complexity discussed by Nosker, et al. (1981), wherein 
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Figure 1. Relative theoretical contributions to the adhesion force of a spherical particle on 
a plane. due to electrostatic. van der Waals. gravitational, and capillary forces, as a 
function of particle diameter. From Bowling (1985). 
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the condensed liquid dissolves chemicals from the adhering particle. If the condensed 

liquid evaporates while the particle remains on the surface, the dissolved chemicals may 

crystallize to firmly bond the particle to the surface. While aware of the phenomenon, we 

saw no evidence for it in our research. We will examine capillary forces in more detail in 

Section 2.5. 

In a dry system, the van der Waals force is typically the dominant force of adhesion. 

The energy of the van der Waals interaction is made up of three components, each of 

which has an inverse sixth-power dependence on separation distance. They are 1) the 

orientation or Keesom interaction between two permanent dipoles, 2) the induction or 

Debye interaction between a permanent dipole and a nonpolar molecule, and 3) the 

Ubiquitous dispersion interaction that acts between all atoms and molecules. The 

dispersion force is known by many names, including the London force, charge

fluctuation force, electrodynamic force, van der Waals dispersion force, and induced 

dipole-induced dipole force. The dispersion force is usually the dominant part of the van 

der Waals force, unless dipole moments of the interacting molecules are large, and their 

polarizability is small. Since the dispersion force acts in a range from more than 50 nm to 

interatomic separations of less than 0.2 nm, it is considered a long-range force. It does not 

follow a simple power law at large distances, a behavior known as the retardation effect. 

The dispersion force, being quantum-mechanical in origin, can become very 

complicated when many molecules or a few large molecules are involved. For example, it 

becomes non-additive; it might also create a torque between pairs of atoms or molecules 

that acts to align them; and it might even act as a repulsive force. The dispersion force 

contributes to many other phenomena as well, including the strengths of bulk solids, the 

behavior of gases and liquids, surface tension of liquids, surface absorption of solids, 

macromolecular stlUctures, and aggregation of particles in aqueous solutions. An 

excellent discussion of the dispersion force and the other two components of the van der 
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Waals force can be found in Israelachvili, 1985. 

2.2 Contact between two surfaces 

Our goal was to perfonn adhesion experiments with smooth and incompressible 

perfect surfaces that could be described by simple geometric equations. The results could 

be easily compared to theories based on simple geometries. However, such ideal 

situations do not exist. No real-world surface is truly perfect. At some scale, all surfaces 

have microscopic bumps and irregularities, called asperities. All surfaces will defonn to 

some degree upon contact with each other, and some might even interact chemically with 

each other or with their environment. Vapor in the environment might condense into 

liquid in the contact region. These and many other effects are often unavoidable in real

world experiments, and must be minimized if meaningful comparisons to theory are to be 

made. 

Asperities complicate a simple geometric description of a surface and the adhesive 

contact region. Bulk material with a high elastic constant is hard. The asperities on its 

surface are also hard and will not easily defonn when two surfaces of the bulk material 

are brought together. When contact between surfaces is made at only a few points, the 

asperities may hold the average surface levels so far apart that the total adhesion force 

remains ~mall. If the bulk material and its surface asperities are soft, then the attractive 

forces, or even the weight of the particle, will draw the two surfaces into close contact, 

deforming the asperities and pressing them into the bulk material. 

Researchers have studied asperities to varying degrees of complexity. Simple models 

(Tabor, 1975) ignore important considerations, such as what becomes of displaced 

material and where one finds ideally smooth hard surfaces. A more exact approach 

analyzes a simple system, taking into account the defonnation of a small number of 

asperities as they are compressed into the bulk solid (Schutz, 1978). These calculations 
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can become lengthy or go beyond practical limits of computational time when the 

modeled surface displays real-life complexity. Researchers who model surfaces and their 

asperities must know various characteristics of the asperities such as their shapes and the 

statistical distribution of their heights and tip radii for different surface materials and 

methods of preparation. Even then, they produce only a statistical solution to the model 

(Tabor, 1975). 

The elastic constant (or spring constant), the Poisson ratio, and the Young modulus 

characterize different solids. These bulk solid constants determine how surfaces will 

deform upon contact with each other. Another complication occurs because deformations 

can be both elastic (reversible) and plastic (nonreversible). 

Surfaces of solids and liquids, as well as interfaces between pairs of them, can be 

characterized by a free surface energy, also known as an interaction energy. This is the 

energy required to create a unit area of surface (or interface) from bulk material, or the 

energy liberated in returning the surface (or interface) to the bulk material. In liquids the 

surface energy is equivalent to the surface tension. In solids, where molecules are locked 

into lattice positions, surface energy and surface tension are quite different. 

When a liquid droplet adheres to a solid surface, its shape is dictated by the surface 

energies and areas of the exposed liquid surface, the solid-liquid interface, and the 

exposed solid surface. The product of an area and its surface energy gives an energy. The 

droplet assumes its equilibrium shape by minimizing the sum of energy from each of the 

three surfaces or interfaces (Kendall, 1980). The situation for a soft solid sphere 

deforming upon contact with a planar surface is similar, except that elastic energy of the 

sphere and potential energy of any applied external load must also be considered in the 

minimization of total energy. 

Because of these surface energies, the environment surrounding a contact region 

affects the adhesion forces. Surface energies are often defined for surfaces interfacing 
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with vacuum. However, these become irrelevant in a non-vacuum environment. What is 

relevant is the density- and temperature-dependent interface energy between the original 

material and the liquid, gas, or vapor environment. Some other complications can occur. 

For example, atoms and molecules in the environment may form an adsorbed film or 

react chemically with the surfaces. Vapor in the environment may condense to form a 

meniscus around the contact region, perhaps even detaching the two surfaces from each 

other if it is energetically favorable. Furthermore, all of these effects will be time

dependent until an equilibrium is reached, and these time dependencies complicate all 

experiments. Time dependence of the adhesion force is discussed further in Section 2.7. 

Contamination of the contact region by adsorbed gases is hard to avoid. A monolayer 

of gas will cover a clean planar surface in one second in experiments performed at 

10-6 torr. At 10-10 torr, the surface will be covered in about two hours. Vacuum 

techniques are obviously necessary to perform fundamental adhesion research using truly 

"clean" surfaces. However, this was not our goal. We wanted to study real-world 

situations wherein adsorbed gas monolayers are a part of the adhesion process. 

2.3 Theory of elastic deformation 

In the study of adhesion, contact-region deformation plays an important role. Particles 

that do not deform are ideal, and their convex surfaces would contact each other at a 

single geometrical point. With deformation, they contact over a finite area-the 

proportionate increase in contact area is infinite. Short range adhesion forces act across 

this finite contact area. In addition, long-range adhesion forces act around the perimeter 

of the contact area, in the region where the surfaces are close together. Depending on the 

nature of the deformation, the long-range forces' contribution to the total adhesion force 

may increase or decrease once deformation occurs. Deformation is a complex 

phenomenon, and its effect on the adhesion force is complex as well. 



21 

When a force is exerted on a material, the material experiences some combination of 

elastic and plastic deformation. Elastic deformation typically occurs very quickly, and 

will reverse itself once the applied force is removed. Plastic deformation typically occurs 

slowly. Once the applied force is removed, a plastically deformed material will either 

remain deformed or slowly rebound toward its original state. Quartz is a very stiff 

material that exhibits a small amount of elastic deformation but negligible plastic 

deformation. In our experiments, we could safely ignore the effects of plastic deformation 

in our quartz fibers, but we needed to model elastic deformation in them. For such a 

model, we turned to the published literature. 

An elastic deformation theory predicts such things as the shape of an elastic sphere in 

contact with a hard surface, the pressure distribution within that sphere, the radius of its 

circular contact area, and the force necessary to pull the sphere from the surface. 

Adhesion theories begin with assumptions about the nature of contact forces and behavior 

of solids, and different initial assumptions lead to different predictions. For example, 

Tabor (1977) compared the results of two competing adhesion theories and then 

supported one of them with his own data, creating a controversy in the process. The 

"JKR" theory of Tabor's colleagues, Johnson, Kendall and Roberts (1971), predicted that 

as an elastic sphere is pulled from a surface, the sphere would suddenly pop off after the 

radius of the circle of contact had decreased to a critical value. In contrast, the "DMT" 

theory of Deryagin, Muller, and Toporov (Deryagin, et al., 1975) predicted that in these 

circumstances the radius of the circle of contact would decrease smoothly to zero. 

Tabor's data supported the JKR theory, both in the shape of the force vs. separation curve 

and the magnitude of the critical pull-off force. Deryagin and Tabor debated the meaning 

of the results over the next three years, with their communications published in the 

Journal of Colloid and lnteiface Science. 

The debate was quelled (Muller & Yushchenko, 1980) when a new theory was 
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developed which encompassed both the JKR and DMT theories as special cases. It could 

describe the state of an elastic sphere on a plane as a function of one parameter /1, which 

was itself a function of all values characterizing the system. The JKR theory works better 

with very soft objects such as rubber spheres, while the DMT theory gives more accurate 

predictions for stiffer objects. Figure 2 shows three scaled theoretical particle profiles. 

They are scaled by parameters rand z, which are functions of the radial and vertical 

coordinates as well as of bulk solid constants. Curve 1, as given by the Muller

Yushchenko theory for /1 = 0.476, shows the profile of a stiff sphere in contact with a 

plane. The DMT theory profile for this sphere exactly matches curve 1. Curve 3, as given 

by the Muller-Yushchenko theory for /1 = 10.26, shows the profile for a soft sphere in 

contact with a plane. The JKR theory profile for this sphere is shown in curve 2, which 

almost exactly matches curve 3. The edge of the contact region is enlarged in the inset at 

lower right. The JKR and Muller-Yushchenko predictions differ the most widely from 

each other in this critical region. 

Further research (Pashley, 1984; Horn, et al., 1987) has focused on experimental 

verification of the Muller-Yushchenko theory. We use the JKR and DMT theories in 

Section 4.6 as we model possible elastic deformation at the contact point of our 

experimental particles. 

2.4 Deryagin theory 

Real world particles are rough and irregular. A logical way to begin designing 

adhesion force measurements that can be compared to theory is by dealing with perfect 

surfaces or close approximations to them that can be easily described theoretically. Often

modeled contact-region geometries include those of a perfect sphere adhering to a perfect 

planar surface or to another perfect sphere, as well as of two circularly cylindrical, fibers 

with their axes at an angle to each other, in point contact at location (x=O, y=O) 
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.1..0 
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Figure 2. Scaled particle profiles of sphere in contact with plane, as predicted by elastic 
defonnation theories. ;: and z are parameters which are functions of the radial and 
vertical coordinates, respectively, and of J.l, a dimensionless parameter which is a function 
of sphere radius and bulk: solid constants. 
Curve (1): Stiff sphere, Muller-Yushchenko theory, J.l = 0.476. 
Curve (3): Soft sphere, Muller-Yushchenko theory, J.l = 10.26. 
Curve (2): Same soft sphere as that of curve (3), but Johnson-Kendall-Robens theory. 
The enlarged portion illustrates the small portion of the curve in which Curve (3) does not 
coincide with Curve (2). From Muller and Yushchenko (1980). 



24 

(Figure 3). The term "contact-region geometry" refers to the functions of local separation 

distance, d(x, y), and angle, a(x, y), between the two surfaces at any coordinate (x, y) near 

the contact point, as measured on the plane perpendicular to the system's axis of 

symmetry passing through the contact point. 

In 1934, Deryagin demonstrated in his "thermodynamic theory of adhesion at convex 

contact" (Deryagin, et al., 1978) that the force of adhesion between two convex surfaces 

depends on the curvatures and relative orientation of the surfaces. The contact-region 

geometry of two undeformed cylinders at right angles to each other and in point contact is 

functionally equivalent to that of two spheres or a sphere and plane in contact, except for 

a mUltiplicative factor dependent on radius. In addition, if the two cylinders contact each 

other at an angle other than a right angle, their contact region resembles that of ellipsoids 

in contact with each other or with planar surfaces. This arrangement of cylinders in 

contact is known as a "crossed-cylinder geometry." Figure 4 shows two cylinders of radii 

Rl and R2, touching at a point, with their axes at an angle 0 apart when viewed along 

the axis of symmetry. For these cylinders, the area A perpendicular to the axis of 

symmetry for which the separation of the two cylinders is less than or equal to some 

distance d is given by the equation 

A = 2mJ~ = 2ndRef! 
sinO sinO 

(Equation 2.1) 

The shape of this area is circular when the cylinders have equal radii and are crossed 

with 0 = 90°; otherwise it is elliptical. As 0 decreases, the area of the ellipse grows as 

1 / sin O. The Deryagin approximation breaks down if the angle a( x, y) between the 

surfaces becomes appreciable within the range of distance that is under consideration 

from the contact point. The Deryagin approximation holds when d / ~ RJR2 « 1. The 

value Ref! = ~ Rl R2 I the effective radius, is the radius needed by a sphere in sphere-plane 

contact to create a contact-region geometry equivalent to that of crossed cylinders with 
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(0,0) 

Figure 3. Contact region geometry. Profile of a sphere of radius R in convex point contact 
with a plane at location (x=O, y=O). Contact-region geometry is defined by functions 
d(x, y), the local perpendicular separation distance, and a(x, y), the angle between the two 
surfaces. Coordinates x and y are measured in the plane which is perpendicular to z, the 
system's axis of symmetry, and contains the contact point (x=O, y=O). 
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Axis of symmetry 
~ 

Figure 4. Crossed-cylinder geometry. Cylinders of radii RJ and Rz touch at a point. Their 
axes are an angle e apart when projected onto a plane perpendicular to the system's axis 
of symmetry. 
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radii Rl and R2• A further discussion of the mathematics and limitations of this 

approximation can be found in the Appendix of Fisher and Israelachvili, J. Coil. Int. Sci., 

1981. 

We based our experimental research on the crossed-cylinder geometry, as described 

in Section 2.4. This model is limited by the fact that real-world effects disturb the surface 

shape or curvature. The two contacting particles deform so that they contact over a finite 

area, and the contact region geometry is further altered by attractive forces. Also, the two 

particles may be in only partial contact due to surface roughness and asperities. Although 

an experimental measurement made using a deformed contact-region geometry measures 

real-world adhesion, it cannot be equated to experiment or theory that use an undeformed 

geometry, since the Deryagin theory does not account for deformation effects. It is 

important to note that an experimental measurement of involving a deformed contact

region geometry will give the right number. The experimentalist may design an 

experiment to facilitate comparison with theory (by using hard solids or near-perfect 

spheres, cylinders, or planes), but this is not necessary to make a valid measurement. In 

any case, it is the duty of the experimentalist to characterize the experimental system as 

completely as possible. 

2.5 Meniscus between curved surfaces 

2.5.1 Nucleation and growth of meniscus 

A small-angle wedge of two glass plates placed in a moist atmosphere is an ideal 

condensation nucleus for water vapor. A stable meniscus of liquid water can form in the 

wedge. The perimeter of the contact area between two particles in convex contact 

resembles such a wedge. Surfaces at the contact point fonn a very small angle of contact, 

as shown in Figure 6a. The surfaces are very close near the contact point, and they 
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separate as the distance from the contact point increases. 

Relative vapor pressure of a volatile liquid in an atmosphere is defined as the ratio of 

the vapor pressure to the saturation vapor pressure over a planar liquid surface. The 

relative vapor pressure of water in the atmosphere is commonly called "relative 

humidity" or "RH," written as a percentage. When the atmosphere contains water vapor, 

molecular clusters of liquid water are constantly forming and evaporating in the contact 

region through the process of homogeneous nucleation (Rogers, 1979). The probability of 

cluster formation in a volume of air increases with increasing RH. 

The net curvature cllet of a surface at a point equals the sum of two orthogonal 

curvatures measured at that point: 

1 
net curvature = cnel = -

'nel 

1 1 
= -+-. 

') '2 

The liquid surface of a spherical drop or meniscus in eqUilibrium with its environment 

has the same net curvature over its entire area. Four liquid surfaces and the orthogonal 

directions corresponding to radii of curvature 'J and '2 are shown in Figure 5. A small 

droplet has a large-magnitude positive net curvature, and a large droplet has a small

magnitude positive net curvature. What is very interesting about these droplets of 

different radii is that a droplet cannot be stable in an undersaturated atmosphere 

(RH < 100%); it will always evaporate. In a supersaturated atmosphere (RH > 100%), a 

droplet will continue to evaporate if it is smaller than a certain critical radius that marks 

an unstable equilibrium, or it will continue to grow if it is larger than the critical radius. 

A molecular cluster forming in the small-angled contact region between two particles 

in an undersaturated atmosphere can grow to form an annular-shaped water meniscus 

with a surface of negative net curvature. This annular meniscus is in a stable eqUilibrium 

with the vapor. In such a geometry, a meniscus with large-magnitude negative net 

curvature will shrink, and a meniscus with small-magnitude negative net curvature will 
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Figure 5. Various equilibrium liquid swfaces, illustrating principal radii of curvature rz 
and r2, and other parameters. Onhogonal unit vectors n] and n2 define the planes in 
which rz and r2 are measured. Radius r, when shown, is commonly used to describe the 
surface. The net surface curvature is cnet = 1/ rl + 1 / r2' Radii of solid swfaces in 
contact with the liquid are R, RJ, and R2. 

--~R 

Figure Sa. Small diameter circularly cylindrical capillary tube of radius R containing 
spherical meniscus. 

n = r2 = r < 0 R < /r/ Cnet = 2/r < 0 

... 
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..... ---
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Figure 5b. Spherical droplet of radius r, or spherical swface of radius R coated by shell 
of radius r. 

rz =r2=r>0 R <r Cnet = 2/r > 0 



Figure 5c. Circularly cylindrical surface of radius R coated by sheath of radius r. 

rz = r > 0, r2 = 00 R<r Cnet = 1/r> 0 

Figure 5d. Spheres of radius R1 and R2 in contact, with annular meniscus in contact 
region. 

rz > 0, r2 < 0 

30 



31 

grow until it is in equilibrium. So, if the meniscus' volume is perturbed, it will restore 

itself. The critical radius, i.e., the radius at which the meniscus is in equilibrium, is 

determined by the balance between rates of growth and evaporation. For pure water, the 

growth rate depends on the RH, and the evaporation rate depends on temperature and 

surface tension. The functional relationship between the equilibrium vapor pressure over 

a pure liquid surface and the surface's curvature is given by the Kelvin equation, 

discussed below. 

2.5.2 Stable state equations of shape 

In a humid environment, two spheres or cylinders touching will likely have an 

annular meniscus of condensed water vapor form between them. The meniscus' surface 

in contact with the air is curved like a saddle. Any point on this surface has two principal 

radii of curvature (Figure 5d). The positive radius, '1' is the radius of the meniscus' cross 

section lying in a plane perpendicular to the axis of symmetry and passing through the 

point of interest. The negative radius, '2' is the radius of the meniscus' cross section lying 

in a plane containing both the axis of symmetry and the point of interest. 

The principal radii are shown in more detail in Figure 6. These figures depict side 

views of the contact region, in the plane in which '2 is measured. The axis of symmetry is 

at the left. The two spheres contact at center left and curve up and down to the right. 

Figure 6a shows a "small" meniscus, small in comparison to the sphere radii, and 

Figure 6b shows a "large" meniscus. The menisci are shown in profile, connecting the 

two spheres. These figures illustrate how the principal radii nand '2 are not constant 

across a meniscus profile. Figure 6a shows the principal radii at two positions on the 

small meniscus. At the center of the meniscus profile, where the meniscus surface is 

equidistant between the spheres, the radii are 'iA and '2A. At the edge of the profile, 

where the meniscus surface touches a sphere, the radii are 'iB and '2B. 'iB is larger than 
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Figure 6. Detail of annular meniscus profile between two spheres of radi us R. Where the 
meniscus surface is equidistant between the spheres, the principal radii are 'lA and r2A. 
Where the meniscus surface touches a sphere, the principal radii are'lB and r2B. 

z 

z. 

Figure 6a. Small meniscus. rIB « R 
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Figure 6b. Large meniscus. 



'JA, and r2B is slightly larger in magnitude than r2A to compensate and keep the net 

curvature a constant. For this small meniscus, rIB == rIA and r2B == r2A' and thus the 

meniscus profile approximates an arc of a circle of radius r2A. 

Figure 6b shows the equivalent radii 'JA, r2A, 'JB, and r2B for a "large" meniscus, 
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where rIB is on the order of a sphere radius. Because 'JB is appreciably greater than 'JA, 

r2B is appreciably greater in magnitude than r2A, and the meniscus profile is obviously 

not a circular arc. 

These principal radii of curvature of a meniscus are important factors in the Kelvin 

equation (Israelachvili, 1985): 

1 1 RT p 
net curvature = Cllet = - + - = --log-

rl r2 YLV Ps 
(Equation 2.2) 

where rL = surface energy (surface tension) of liquid 

V = molar volume of liquid 

R = gas constant 

T = temperature 

rL VIRT= 0.54 nm for water at 20°C 

J!... = relative vapor pressure 
Ps 

J!... x 100% = relative humidity (RH) (for water vapor) 
Ps 

It is important to carefully examine the implications of this relationship. This equation 

shows a very interesting relation between the eqUilibrium meniscus shape and the relative 

humidity, due both to the logarithmic dependence on relative humidity and the inverse 

dependence on principal radii of curvature. For an annular meniscus between a perfect 

sphere of radius Ro and a planar surface in point contact, there is a complicated 

relationship among the parameters Ro, Cllet, rl' r2' and pips. We discovered we could better 
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demonstrate some aspects of this relationship by approximating it with that of a simpler 

geometry. For "small" menisci (such as that of Figure 6a), we have noted that r2 is much 

smaller in magnitude than rl, which means thatenel == l/r2' The dependence of r2 on pips 

resembles that of the simpler geometry of a spherical concave water meniscus (Figure 5a) 

where rl = r2 = r, andcne, == l/rl + ljr2 = 2/r. Figure 7 shows the strong dependence of r 

on pips in this simpler case: I rl DC /log p / Ps rl. Whereas IrI obviously becomes very large 

for increasing pips approaching saturation (at the right side of the graph), more subtle 

behavior is evident at the left edge of the graph. For decreasing pips approaching zero, Ir/ 

does not approach zero linearly, but instead hovers at an appreciable value until pips 

decreases well below I %. This means that in the contact region of surfaces in convex 

contact, r2 remains at an appreciable magnitude at small non-zero relative vapor pressure, 

allowing an annular meniscus to exist. Thus, particles could potentially be held together 

by a capillary force many orders of magnitude larger than a "dry" van der Waals force, 

even in a very dry environment, as long as there is a very small angle of contact between 

the surfaces in their contact region. 

The two principal radii of curvature also appear in the Laplace equation, which states 

how a curved meniscus surface creates an excess pressure PL across the surface: 

(Equation 2.3) 

where PL = Laplace pressure, the difference between pressure over plane and 

meniscus curved surfaces 

The Laplace pressure holds spheres or cylinders together with a force FL proportional 

to the area with which the meniscus is in contact with each surface (Isenberg, 1978): 

F 
_ 2AYLcosa 

L-
d 

(Equation 2.4) 
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where A = area of liquid in contact with each surface 

ex = contact angle of liquid on sphere 

d = maximum meniscus thickness, the distance between the surfaces at the 

meniscus perimeter 

For a "small" meniscus, A I d == 2rcRejj . Thus, when RH approaches zero, the 
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meniscus area approaches zero but FL approaches a constant, non-zero value. The force 

remains appreciable at low humidity, as long as a meniscus remains in the contact region. 

In macroscopic thermodynamics, the Laplace equation and the Kelvin equation are 

combined. Substituting Equation 2.1 for the area A between two cylinders where cylinder 

separation is less than or equal to d produces: 

F 
_ 4rcYL cos a{ii;ii; 

L
sin 0 

(Equation 2.5) 

This can be used to predict the contact force FL between two cylinders held together 

by the Laplace pressure caused by an annular meniscus. The force is called the Laplace 

force or capillary force. Equation 2.5 is valid for a moderate range of ratios of fiber radii, 

because Equation 2.1 is valid for fibers of any size as long as d is much less than either of 

the fiber radii. 

We calculated the ratio of the Laplace force to that force due directly to the surface 

tension (s.t.) around the edge of the meniscus: 

Fs,l. = hi sin ex (Equation 2.6) 

where I = length of perimeter of meniscus of area A. 

FS,', ld sin ex --=---
FL 2A cosO 

(Equation 2.7) 

This important ratio shows that the force due directly to surface tension is negligibly 

small compared to the force due to the Laplace pressure, except when ex == 90° or 

0== 90°. When 0 == 90°, the fibers are almost parallel, the meniscus shape becomes 
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extremely long and narrow, and the value of Id/2A becomes large. In any case, the 

surface tension always plays a role in the adhesion force due to the presence of an annular 

meniscus, since the Laplace pressure itself depends on surface tension. 

We emphasize that Equation 2.5, the prediction of macroscopic thermodynamics, is 

limited in its scope in several ways. 1) The force equation shows no dependence on 

relative vapor pressure, due to the assumption of a small meniscus. 2) It makes no 

predictions about the behavior of the force as a function of surface separation before the 

meniscus breaks. 3) It does not consider the possible change in meniscus volume due to 

evaporation or condensation as the surfaces are being separated. 4) It does not consider 

the possible effect of an absorbed surface film of water on the meniscus shape and 

curvature. Points I, 2, and 3 are addressed by exact meniscus theory, discussed in the 

following section. 

2.5.3 Exact meniscus theory 

A more complete theory is necessary to describe the exact shape of a meniscus and 

the capillary force the meniscus creates. Numerous researchers have modeled different 

types of axially symmetric menisci. See Mehrotra and Sastry (1980) for an excellent 

chronological summary of research investigations on such "pendular bridges" between 

two particles. A major step was made by Orr, Scriven, and Rivas (1975). They present a 

comprehensive set of equations describing meniscus shapes, mean curvatures, areas, 

enclosed volumes, and capillary forces for a sphere in contact with or separated from a 

plane. They also present numerical solutions for selected cases incorporating the effects 

of gravity. We decided to compare the predictions of this exact theory to our 

experimental results. 

To do this, we first wrote a FORTRAN computer code called MENISCUS (see 

Appendix B) which incorporates the OlT-ScriveIl-Rivas meniscus equations for a 
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nonoidal meniscus. (The nonoid is one of the several possible meniscus forms discussed 

in the paper, and the only one of concern to this work. *) In this code, the Kelvin equation 

relates the meniscus curvature to relative vapor pressure. The user selects the 

temperature, the contact angles of the liquid with both the sphere and the plane, and the 

physical constants of the liquid, including surface tension and liquid density. The user can 

then vary anyone of five parameters of the meniscus: 1) sphere radius, 2) sphere-plane 

separation distance (which can be negative as well as positive), 3) filling angle (the angle 

measured from the center of the sphere between its contact point and the meniscus edge), 

4) relative vapor pressure (directly related to meniscus curvature), and 5) meniscus liquid 

volume. The user selects values for three of these parameters, and the program solves for 

the remaining two, as well as for the capillary force, surface area, and meniscus profile. 

We were the first to investigate the relationships among these above parameters, as 

predicted by the Orr-Scriven-Rivas theory, in the context of particle removal. 

We used the MENISCUS code to see how the meniscus behaves in the contact region 

as the surfaces are separated, or as surface parameters such as radius are varied. We set 

contact angles equal to 0°, and selected liquid physical constants for water, to model a 

water meniscus on quartz surfaces. Results of this investigation are shown in 

Figures 8-11, and are discussed below. We also use exact menisclls theory in the 

interpretation of our adhesion force data, as discussed in Section 4.6. 

We were inspired by the work of Mason and Clark (1965) to study this theory's 

predictions of force as a function of surface separation distance. Mason and Clark and 

others have calculated and measured the force as a function of separation for constant

volume menisci, as well as the work required for separation. We extended this research 

* In Orr, et al. (1975), page 731, the equation for the dimensionless area of surface of 
revolution, AJR2, for a nonoid, is incorrect. The equation should include a factor of 11R2 
in its second term. We were the first to point out this error to Orr, who concluded it was a 
typographic error which did not affect the results of his paper. 
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by recognizing that the work required to separate two particles joined by a meniscus will 

depend on the speed of the separation. As a result, we studied two limiting cases. 1) We 

charted the capillary force as a function of surface separation while keeping the meniscus 

volume constant. This models the case where separation takes place "quickly"-so 

suddenly that there is no chance for the meniscus to change volume through evaporation 

or condensation. (However, the separation cannot take place so quickly the liquid's 

viscosity prevents the surface curvature from being the same over the entire meniscus 

surface at any moment. If this is the case, exact meniscus theory cannot be applied.) 2) 

We calculated the capillary force for a meniscus in equilibrium at each separation 

distance. This models the adiabatic case where separation takes place "slowly"-slow 

enough for the meniscus to equilibrate with the vapor (as well as to have uniform surface 

curvature at any moment). 

We still have problems: the Orr-Scriven-Rivas exact meniscus theory still harbors 

some deficiencies. 

1) Like Equation 2.5, it does not take into account adsorbed surface films 

2) It does not incorporate the fact that liquid surface tension, which can normally 

be considered a constant, becomes a function of the liquid surface curvature when the 

meniscus has a very small-magnitude negative radius of curvature at low relative 

vapor pressure (Fisher and Israelachvili, Colloids and Suifaces, 1981). 

3) It does not take into account surface deformations in the contact region. These 

could affect the shape or volume of menisci at low relative vapor pressures, and even 

prevent the formation of a meniscus. (See Figure 37b, discussed in Section 4.6.) 

However, the theory can model negative separations between the surfaces, which 

creates a finite contact area without accounting for compressed or displaced material. 

4) Lastly, there remains a problem not with the theory, but with its applicability 

to our experimental arrangement. The theory is not valid for crossed cylinders if the 



40 

RH is very close to 100%. In this case the meniscus has a large filling angle, and the 

Deryagin theory's constraint that d / ~ Rl R2 « 1 is no longer valid. 

Figures 8a and 8b depict side views of the contact region, similar to those of Figure 6, 

with horizontal and vertical axes on the same scale, showing the calculated profiles of 

water menisci and spherical particles in point contact with a planar surface. The curves 

running upward to the right are sphere profiles, and the horizontal axis of the plot is the 

planar surface. The point of contact between sphere and plane is at the origin at the lower 

left. A meniscus' positive radius of curvature rl is measured from the z-axis to a point on 

the meniscus profile. The negative radius of curvature r2 is measured in the plane of the 

profile. 

In Figure 8a, the particle radius is held constant at 0.1 /lm and the RH ranges from 

95% to 5% in 10% increments. As RH decreases in 10% steps, rl does not approach zero 

linearly-its rate of decrease slows. This is the same behavior that was plotted 

graphically in Figure 7. 

In Figure 8b the RH is held constant at a high value of 99%, and the particle radius 

ranges from 0.9 to 0.1 /lm in 0.1 /lm increments. The scale of the figure is larger: the 

0.1 /lm radius sphere that filled Figure 8a is the small sphere at the left of Figure 8b. As 

sphere radius decreases in 0.1 /lm steps, the filling angle on the sphere increases. The 

meniscus nearly engulfs the smallest sphere, while larger spheres have much smaller 

filling angles. 

How does the meniscus behavior depicted in these figures affect the capillary force? 

Exact meniscus theory provided the answers. Figure 9 plots the capillary force as a 

function of RH for four spheres of different radii, in contact with a planar surface. The 

vertical force axis is scaled by the capillary force on each sphere at 0% RH. This graph 

shows two interesting trends: 
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Figure S. Water meniscus profiles for sphere on plane. 
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Figure Sa. Meniscus profiles for sphere radius R = 0.1 11m on plane for various RH, 
ranging from 5% to 95% in 10% increments. Radial and vertical axes are at the same 
scale. 
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Figure Sb. Meniscus profiles for sphere on plane and 99% RH for various sphere radii, 
ranging from 0.1 IlI11 to 0.9 IlO1 in 0.1 jlIIl increments. Radial and vertical axes are at the 
same scale. 



~ 

~ 
0 
II 

I 
a:: 
L 

'--' 
lL. 

"-~ 
I 
a:: 
L 

'--' 
lL. 

/I 
a 
u 

lL.C/) 

W 
() 
a:: 
0 
lL. 

a 
w 
.....J 
« 
() 
(J) 

1.0 

SPHERE RADIUS: 

0.01 J.lm 0.1 JLm 1.0 JLm 

0.5 

0.0 
0 25 50 75 

RELATIVE HUMIDITY (%) 

Figure 9. Capillary force due to a water meniscus. Scaled capillary force Fsca is plotted as 
a function ofRH and sphere radius R. The force curve for each sphere radius has been 
scaled by the value of that curve at 0% RH to illustrate the variation with sphere radius. 

100 

~ 
tv 



43 

1) The force-vs.-RH curves decrease with increasing RH. Larger RH's produce 

smaller adhesion forces. In Figure 8a, the 0.1 11m sphere is held more strongly by the 

small meniscus at 5% RH than by the large meniscus at 95% RH, an effect that runs 

counter to our intuition. We expect wet particles to stick more strongly than dry 

particles. In actuality, they would, if there were no surface deformation. Surface 

deformation can create a site unfavorable for meniscus nucleation at low RH. When a 

meniscus can not form at low RH, the remaining adhesion force is a "dry" adhesion 

force considerably smaller than a capillary force. (See Figure 37b, discussed in 

Section 4.6.) Our experimental measurements, shown in Figures 25-27 and 36, and 

discussed in Chapter 4, show "dry" adhesion at low RH, a jump upward to a "wet" 

adhesion force at intermediate RH, and a decrease in force with increasing RH at high 

RH. 

2) The force-vs.-RH curves for smaller particles decrease more quickly than 

those for larger particles. For example, for a 10 11m sphere, the capillary force at 

90% RH is 99% of the force on the same sphere at 50% RH. For a 0.01 11m sphere. 

the force at 90% RH is 84% of the force on the same sphere at 50% RH. 

2.5.4 Separation of surfaces 

Figures 10 and 11 shows results of our two surface separation studies. As mentioned 

earlier, we can model either a fast or a slow separation of the sphere from the surface. As 

the program incrementally increases the separation distance, we simulate fast separation 

by keeping the meniscus volume constant, or we simulate slow, adiabatic separation by 

calculating an eqUilibrium meniscus for each separation distance. Figures lOa and lOb 

depict side views of the contact region in the same manner as Figures 8a and 8b. 

In Figure lOa, a 111m radius sphere is separated slowly from the planar surface. The 

meniscus remains in equilibrium with a 99% RH vapor as it evaporates to reduce its 



Figure 10. Water meniscus profiles for various sphere-plane separations. 
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Figure10b. Meniscus profiles for 1.0 J.I.IIl sphere with meniscus volume = 0.021 J.I.IIl3 at 
various sphere-plane separations ranging from 0.000 llm to 0.250 J.1ffi in 0.02511m 
increments. Meniscus shape at separation distance = 0.000 Jl.Ill is identical in Figures 10a 
and 1Ob. Radial and vertical axes are at the same scale. Each meniscus has the same 
volume, which models a meniscus unable to remain in equilibrium with vapor during fast 
removal. 
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volume. For this case the meniscus becomes unstable and breaks at a separation distance 

only about 6.25% of the sphere radius. 

In contrast to this, Figure lOb shows the same 1 /lm radius sphere separated quickly 

from a planar surface. The initial meniscus at bottom right is the same as in Figure lOa, 

but its volume is held constant as the surfaces are separated. The constant-volume 

meniscus breaks at a separation distance slightly over 25% of the sphere radius. 

Figure 11 shows how the capillary force F L varies as a function of separation for 

these two cases. Each of the two curves extends to the right until the meniscus breaks at 

points B and the capillary force drops to zero. More importantly, this graph shows that 

the capillary force does not have a spring-like behavior, increasing with distance over 

some limited range. (Spring-like behavior might be observed when separating plastically 

deformed particles in "dry" adhesive contact.) The largest capillary force experienced 

upon separation of two particles comes just when separation begins. If that force is 

overcome by an applied force, the applied force is then sufficient to separate the particles. 

It takes work to remove a particle from a surface. A force is applied over a distance. 

The work needed to fully remove the sphere from the plane and break the meniscus is 

equal to the area under each of the curves of capillary force vs. separation. This graph 

shows that work is a function of the time taken for removal. The slow separation of the 

"constant RH" method takes less work than the fast separation of the "constant liquid 

volume" method. A rough examination of the curves shows that the constant volume 

separation takes approximately twice the work of the constant RH separation. 

Power is the time rate of doing work. A separation performed slowly enough to 

follow the limiting case of the constant RH curve would have to be performed at least 

two orders of magnitude slower than the limiting case of the constant volume separation. 

Thus, the fast (constant volume) separation requires at least 200 times more power to 
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perform than the slow (constant RH) separation! Adiabatic separations require not only 

less work, but also considerably less power. Unfortunately, real-world particle removal 

mechanisms do not take advantage of this. As a rule, either removal occurs quickly (as in 

the case of impact) or the environment, and thus the meniscus, is altered (as when a 

solvent is added which affects surface energies), or both (as when a laser beam vaporizes 

the meniscus and the miniature steam explosion propels the particle from the surface). 

The condensible liquid's vapor pressure limits the separation speed necessary for 

adiabatic separation. If a condensible oil with a very low vapor pressure were used 

instead of water, the oil meniscus would not quickly evaporate or grow to remain in 

equilibrium with its vapor, and a constant-volume separation could be performed much 

more slowly than before. Thus, a low vapor pressure oil could be used to examine a 

constant liquid volume separation in detail. 

2.6 Surface films 

2.6.1 Coatings and sheaths on a single surface 

Our quest for a well-defined and well-characterized surface is further complicated by 

adsorbed gases on the surface. Adsorption of gases and vapors will occur at a solid 

surface if it is energetically favorable. Virtually any real-world surface, even one in zero 

RH and free of particulate contamination, will have chemicals such as atmospheric gases 

or pump oil adsorbed on it. These chemicals will not evaporate in a vacuum-they are 

chemically bonded to the surface. When two such surfaces are put into contact, the 

adsorbed films could be squeezed out of the way, but whether or not they are, they will 

influence the adhesion force. Surfaces can be cleaned in a vacuum chamber by 

bombarding them with ions, but as noted earlier, at usual vacuum conditions the surfaces 

will quickly become recoated with adsorbed gas. Although these cleaning methods were 

available to us, we did not use them in our work because ultra-clean surfaces do not 
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model clean-room conditions. However, we were concerned with the ubiquitous presence 

of adsorbed water vapor on quartz surfaces in a normal atmosphere. Therefore it was 

necessary to study the adsorbed film as a function of RH, and see how it affected 

adhesion between two quartz surfaces. 

Many researchers have studied water vapor adsorbed on planar surfaces. 

Measurements of surface film thickness of water on flat quartz plates began in earnest 

with McHaffie and Lenher (1925), and many different techniques have been developed to 

study surface adsorption (Tabor, 1981; Israelachvili, 1985). Israelachvili (1973) 

pioneered an optical interference method for measuring thicknesses of thin films trapped 

between two large-radius (-10 cm) curved mica surfaces arranged in a crossed-cylinder 

geometry. He also made sophisticated measurements of van der Waals forces, adhesion 

forces, and water adsorption between the surfaces (Fisher and Israelachvili, Colloids and 

Swiaces, 1981; Christenson, 1988). Pashley and Kitchener's (1979) ellipsometric 

experiments of water adhesion on a planar quartz surface, covering a range of RH from 

90.0% to 97.5%, showed that water forms relatively thick adsorbed films on a planar 

quartz surface, consistent with the predictions of double layer repulsion theory. In spite of 

all this work, the stability of these films is still not understood. Fisher, Gamble, and 

Middlehurst (1981) duplicated and extended Pashley and Kitchener's measurements to 

99.69% RH using Fizeau interferometry (Figure 12). At RH near saturation, they 

compared the data to an empirical fUllction of RH. They then used this empirical equation 

to estimate an integral comprising a correction to the Kelvin equation in the case of 

capillary condensation in a slit-shaped pore, such as is found in the contact region of 

convex surfaces. This corrected Kelvin equation shows that the presence of a surface film 

of water definitely affects a meniscus' shape and size. However, it does not work for 

small menisci whose negative radii of curvature are on the order of the adsorbed film 

thickness, a fact they attribute to the possible breakdown of a "boundary layer" 
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approximation used in the theory. 

Measurements reported in the literature of water adsorption on quartz have all been 

made using either planar surfaces or surfaces with radii of curvature greater than 

approximately 10 cm. Our force measurement instruments used small-radius (10 J.lm to 

500 J.lm) quartz fibers to model adhesion between two particles. On a quartz fiber, the 

surface of the adsorbed water film has a (positive) radius of curvature slightly larger than 

the fiber radius. We needed to measure the adsorbed water film thickness on our quartz 

fibers. We expected the results to be very different for the highly curved surface of a very 

small radius fiber, as compared to a plane surface. We made these measurements and 

report on the results in Chapter 4, to show how they differ from Fisher, et al. 's findings. 

2.6.2 Two surfaces in contact 

The presence of water films on surfaces can affect the dynamics of contact and 

separation of two convex surfaces, due to the altered behavior of the meniscus between 

them. Clark, et al. (1985) report that near-monolayer-thick water films contain two 

phases of adsorbed water molecules with different dynamics, one phase more tightly 

bound than the other. It is not yet understood how the less tightly bound molecules 

behave in the presence of a meniscus. We can postulate that for greater water film 

thicknesses, fluid in the film may flow and contribute to a meniscus' volume as it forms 

at the point of contact of convex surfaces. Likewise, a fluid from a breaking meniscus 

may flow back into the surface film. This may be only a short-term effect, while the 

meniscus and/or adsorbed film approaches equilibrium through evaporation to or further 

adsorption from the vapor. 

When a liquid surface is rotationally symmetric about the vertical axis, it is termed a 

"holm." Holms have been studied for their capillary behavior (Boucher, 1978). The holm 

formed when a spherical solid surface contacts a horizontal liquid surface is a limiting 
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case of a meniscus forming between a sphere and a planar surface coated with a surface 

film of extreme thickness. Fluid on the surface would be free to flow to create the "neck" 

of the holm that would have corresponded to a meniscus in a drier situation. 

We performed a simple experiment to observe the capillary force between a hollow 

metal sphere and a liquid surface as a function of sphere-liquid surface separation. The 

liquid used was water with varying amounts of surfactant added to alter the surface 

tension (Figure 13). The sphere was lowered at a constant rate of speed to touch the liquid 

surface (Point A in the figure), causing a holm to form around the contact zone and 

producing a capillary force on the sphere (points B, G). As the sphere was lowered 

further into the liquid (points C, H), the total force decreased due to the introduction of a 

buoyant force, so we could not tell if the capillary force alone increased or decreased. 

When the sphere was raised at the same rate of speed, the measured total force did not 

mirror that of the immersion. This means that the force was not a single-valued function 

of d: it depended on whether d was increasing or decreasing. Since the buoyant force was 

the same for a given separation d, the capillary force was different. The capillary force 

increased faster, reached a peak (points D, I), and began decreasing before the sphere was 

even raised to the same elevation where contact had first been made with the liquid. As 

the sphere was raised further, the force decreased almost to zero (points E, J), at which 

time the holm became unstable and broke (points F, K). These curves for increasing 

separation distance have a different shape than those of Figure 7c. The hysteresis of these 

curves, evident in the asymmetry of the curves between points Band D, or points G and 

I, is likely due to wetting hysteresis (Temperley and Trevena, 1978, pg. 171) on a dirty 

surface, since the surfaces in Figure 13 were not meticulously cleaned. 

This preliminary experiment points out some of the complex behavior that can occur 

during particle removal from a surface. The main question regarding meniscus formation 

concerns the relative contributions from condensation due to RH and the flow of 
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adsorbed water both into and out of the contact region. Adhesion measurements should 

exhibit a time dependence due to this flow and the return of the meniscus and adsorbed 

films to equilibrium. 

2.7 Time Dependence 
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Many time-dependent effects alter the adhesion force after contact. Different effects 

operate on time scales ranging between nanoseconds and years, and generally show 

exponential behavior (Corn, 11: 12, 1961; Whitfield, 1979). Consider the case of a hard 

particle one micron in diameter striking a surface. It will have a shock wave pass through 

it in approximately one nanosecond. Resonances within the particle may cause the 

adhesion force to fluctuate for a few nanoseconds. Within a microsecond, the surface has 

deformed elastically to create a finite contact area. 

Meniscus growth occurs quickly-within milliseconds for this one-micron particle. 

At one atmosphere pressure, room temperature, and 100% RH, enough gaseous water 

molecules strike a water surface to increase its thickness by 2.5 11m each second. The 

positive radius of curvature of a nucleating annular water meniscus, not in equilibrium 

with its vapor, also increases at approximately this rate. Adhesion force greatly increases 

from its "dry" value during the short time required for an annular meniscus to form 

rapidly in the contact region. 

Depending on the surface energies of the liquid in contact with each of the adhering 

particles, a liquid may work its way into a clean adhesion joint between two particles 

when it is applied after contact. If contact took place with an intervening liquid film, the 

liquid may slowly drain from the contact region leaving a stronger contact. In addition, 

Chan and Horn (1985) showed that liquid in adsorbed surface films will flow outward 

from the contact region if the contacting surfaces are pressed together. 

A plastically deformable particle could stick to a surface and spread out upon it due to 
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its weight, an applied load, or the action of long- and short-range adhesion forces. 

Likewise, a defonnable surface could spread around a particle. Both particle and surface 

defonn toward a new equilibrium state, on a time scale between 10-3 and 106 seconds or 

longer. Depending on the experimental measurement time, the time dependence of this 

plastic defonnation may be irrelevant or negligible. 

Few researchers have investigated time dependence on these many time scales, but 

some excellent research has been done. McFarlane and Tabor (1950) made numerous 

studies of metal-metal adhesion force changing with time, due to the effects of surface 

oxidation, application of thin liquid films, and elastic recovery from an initial applied 

load. Whitfield (1979) measured changes in retention of dust particles to a surface with 

time as a function of RH, which continued up to a month after contact. 

Researchers have also looked beyond a mere adhesion force measurement to study the 

physical changes creating the time dependence. For example, Kendall (1980) discovered 

the area of contact between two rubber spheres changed with time, reaching a limiting 

value in approximately two minutes, although the limiting value of contact area exhibited 

adhesive hysteresis. 

Plastic deformation causes the force needed to separate surfaces to vary as a function 

of the time taken to separate them. If a separating force is applied to a pair of adhering 

particles, the particles defonn plasticly, reducing the contact area and breaking some of 

the molecular bonds holding the particles together. While a large force may separate the 

particles quickly, a smaller force may succeed in separating the particles over time. As 

was discussed earlier, the speed of separation of surfaces will also affect meniscus 

behavior. If separation occurs adiabatically, the capillary meniscus will break at a smaller 

separation distance than if separation occurs quickly. 

We recognize that time dependence is very important in adhesion studies, and 

considered it in our experimental design, especially when setting a sampling rate for our 
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data. Since plastic defonnation was negligible in our studies (due to the hardness of our 

quartz fibers), we selected a six-second repetition rate, giving our crossed-fiber systems 

ample time to reach equilibrium. We observed time dependence in our data in the fonn of 

hysteresis, as discussed in Section 4.4.2. 



3. INSTRUMENTS 

3.1 Overview 
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Adhesion forces have been measured in myriad ways, and myriad types of 

instruments have been designed to perform the measurements. Measurements generally 

study 1) the cohesion of an ensemble of particles, 2) the adhesion of an ensemble of 

particles to a substrate, and 3) the adhesion of individual particles to a substrate. We 

designed, constructed, and operated two experimental instruments to make measurements 

of the third type. Much past research measures the statistics of adhesion of an ensemble 

of similar (but not identical) particles to a surface. The new and exciting aspect of our 

instruments is that they measure the statistics of repeated measurements between the 

same two particles. 

Most adhesion measurements of individual particles use vibration, fluid flow, gravity, 

centrifuging, or spring balances. We built two instruments, both employing a spring

based scale, to measure adhesion force. These ideas are not particularly new. 

G. A. Tomlinson (1928), related the distance of deflection of a calibrated beam to the 

separating force between particles. Many researchers have since used this technique 

(McFarlane and Tabor, 1950; Corn, 1961; Israelachvili, 1985). It has been extended to the 

use of two crossed fibers, where one or both of the fibers acts as the calibrated beam 

(Deryagin et al., 1978), and also to measurements of friction between crossed fibers 

(Briscoe et al., 1985). 

The first force-measuring instrument we built was based on the crossed-fiber method. 

It uses one long fiber fixed at one end as the calibrated beam. A second fiber is used to 

contact the first fiber and pull it away from eqUilibrium position. It is fixed at both ends 

and undergoes negligible deflection during a contact and separation event. This 

instrument is discussed in Section 3.2. 

The second force-measuring instrument also uses crossed fibers. Here both fibers are 
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in contact at their midpoint, held taut, and fixed at both their ends. The adhesion force is 

related to the sideways deflection of the midpoint of the long fiber as the two fibers are 

separated. In this experimental arrangement, the elasticity of the long fiber along its 

length is the acting spring. A piezoelectric cell attached to one end of the long fiber 

measures changes in its internal tension. The adhesion force is a function of this tension 

and other fiber parameters. This is the first instrument designed to study the adhesion 

between two fibers in this manner. This instrument is discussed in Section 3.3. 

The third instrument we used is the light-scattering nephelometer, described in 

Section 3.4. It has a long and successful history in measuring small particle sizes (on the 

order of one micron) via light scattering, and we were fortunate to be able to adapt it for 

our experiments. We wrote a computer code which embodied light scattering equations 

for a clad fiber to plot theoretical light-scattering signals. We then used the nephelometer 

and the computer code to measure the thickness of a surface film of water on a quartz 

fiber with a radius less than 111m. This is the first measurement of the thickness of the 

water film adsorbed onto a fiber surface at high RH. It is also the first application of light

scattering techniques to monitor and record such an adsorbed film. The large surface 

curvature of the adsorbed water film produces effects not observed on planar surfaces. 

We discuss experimental results from these three instruments in Chapter 4. 

3.2 Crossed-fiber instrument 

3.2.1 Design and operation 

The crossed-fiber instrument (Figure 14) consisted of two circularly cylindrical quartz 

fibers mounted within an environmental chamber. The force of adhesion was measured 

between the smooth, hard, curved surfaces of these quartz fibers. Even fibers with 

diameters as small as one micron can be quite long. Long fibers are easy to handle, 

mount, and manipulate to establish various contact region geometries. Normally, the 
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fibers were held at 90° to each other such that the geometry of their contact region 

approximated that between two spheres or between a sphere and a plane (as described in 

Section 2.4). The instrument was designed to measure the adhesion force between two 

such fibers under various controlled environmental conditions. In addition, the instrument 

could repeat these measurements of near-identical contact and separation events between 

the same two fibers many hundreds or thousands of times. This ability to make repeated 

measurements on the same two particles makes our technique unique, and differentiates 

our instrument from those which simultaneously measure the adhesion force of many 

similar particles. 

The first fiber is attached at one end to a metal rod and suspended vertically from the 

top of the chamber so it can be raised and lowered with a micrometer screw holding the 

metal rod. It is typically several inches in length. A second, shorter fiber (the "crossed 

fiber") is held taut, attached at both ends to a metal bracket. This bracket is mounted on a 

movable arm which can pivot around an axle whose axis extends through the mounting 

base of the vertical fiber. The axle runs to the exterior of the environmental chamber 

where it is connected to another metal arm. This arm is linked via a vibration-damping 

rubber loop to a motorized cam which turns at a constant, though adjustable, angular 

velocity. As the cam turns one cycle, the crossed fiber mounted on the internal arm 

moves toward the vertical fiber until the two fibers contact each other near the free end of 

the vertical fiber, then it pulls back, and returns again. If the vertical fiber adheres to the 

crossed fiber when they contact, its free end will be drawn sideways as the crossed fiber 

pulls away. The vertical fiber is drawn sideways until the force to bend it (the restoring 

force) exceeds the force of adhesion between the two fibers. At this time, the restoring 

force in the vertical fiber pulls it back through its equilibrium position, causing it to 

oscillate about equilibrium for one or two seconds before coming to rest. Meanwhile, the 

crossed fiber continues to move away to its maximum displacement and then returns for 
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another cycle of contact and separation. 

The motion of the vertical fiber is monitored by a photo detector and a HeNe laser 

beam (A = 6328 A) directed horizontally through the chamber, passing next to the contact 

point on the vertical fiber. When the vertical fiber intersects the laser beam, light is 

scattered into a plane perpendicular to the axis of the fiber. During a contact-separation 

cycle, the vertical fiber intersects the laser beam when it is pulled away from equilibrium, 

and then several times again as it falls back and oscillates about equilibrium. The 

photodetector is positioned in the scattering plane to record the flashes of scattered light, 

and its output signal can be displayed on an oscilloscope (Figure 15). The time between 

the initial peak of this signal and the second peak (the first of a train of peaks) equals the 

time between contact and separation of the two fibers plus the time for the vertical fiber 

to return to equilibrium. This peak-to-peak time is called the "contact time" and is 

monotonically related to the force of adhesion between the two fibers for a given motor 

speed. A specially built microcomputer records and stores the contact time. This 

microcomputer can output a voltage proportional to the contact time to a strip chart 

recorder, and a complete set of these contact times from an experimental run can be 

downloaded into a computer for processing and more permanent storage. 

The experimental chamber was very versatile and could be used to carry out 

experiments in a range of controlled environmental conditions. For example, the 

environmental chamber could be cooled with liquid nitrogen and heated with small 

internal heaters. It could be flushed with a gas or filled with a controlled mixture of gases. 

The humidity in the chamber could be increased by bleeding in water vapor, or decreased 

by refilling the chamber with dry gas. We could partially saturate the primary gas with 

other vapors. Humidity could be held constant in the chamber, varied slowly over many 

hours, or changed from one value to another in a matter of seconds. The humidity was 

monitored with a Vaisala HUMICAP capacitive thin film sensor, which outputs a voltage 
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Figure 15. Oscilloscope display of laser beam signal, scattered by an oscillating fiber 
crossing the beam. The time between the first and second peaks is the "contact time" tc. 
Here, tc = 0.55 seconds. 
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proportional to relative humidity to a voltmeter or strip chart recorder. 

Contact-region geometry is varied by selecting fibers of different radii, or by 

changing the angle between the fibers from the usual 90°. The vertical fiber is adjusted up 

and down with a micrometer screw to precisely and reproducibly select different contact 

points along the fiber's length. The repetition rate for contact could be varied to study 

time-dependent effects. The microcomputer timer could measure contact times as short as 

0.001 sec or as long as 20.0 sec with a 0.4% precision. 

The primary data gathered with the crossed-fiber instrument consist of a set of contact 

times. Figures 16a-h show a variety of typical and not-so-typical strip chart recording of 

contact time data. In each of these figures, event number increases to the right, and a 

longer contact time for an event produces a higher point. A jagged line connects 

individual contact times and a smooth curve traces the RH (except in Figures 16c-d). 

Figures 16a-b show contact times recorded while all experimental parameters were 

held stable (including the RH at 22%). Figure 16a shows unstable contact times. 

Figure 16b shows a stable contact time which then begins to alternate between two 

different values. We often measured multi-valued contact times, and referred to the 

phenomenon as "quantization." We discuss quantization in detail in Section 4.3. 

Figure 16c shows the peak contact time slowly rising as RH was slowly increased, 

revealing new "quantized levels." Figure 16d shows a phenomenon we only observed 

once: contact time oscillations that increased in period as the RH was smoothly increased. 

Figures 16e-h show data as a function of RH. Results from data of this type are 

discussed in Sections 4.4.1 and 4.4.2. Figure 16e shows a contact time which remains 

stable as the RH is raised to 88%, and that increases for higher RH. Figure 16f shows 

contact times which are somewhat stable but have a large amount of unquantized scatter 

while the RH is held constant at 96%. Then, as the RH is decreased, these contact times 

rise and suddenly plummet to lower values. Figure 16g shows contact times which are 



i 
lU 
~ 
j:: 

t 
~ 
:): 
o 
o 

o 

Figure 16. Sample strip chan recordings of contact time data. Event number increases to 
the right. and a longer contact time produces a higher point. A jagged line connects 
individual contact times and a smooth curve traces the RH (except in Figures 16c-d). 
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Figure 16a. Sample strip chart recording of contact time data. 
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Figure 16b. Sample strip chan recording of contact time data. 
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Figure 16c. Sample strip chart recording of contact time data. RH increases to the right. 
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Figure 16d. Sample strip chart recording of contact time data. RH increases to the right 
Data continues from top chart to bottom chart. Q\ 
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Figure I6e. Sample strip chart recording of contact time data. 
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Figure 16g. Sample strip chart recording of contact time data. 
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stable at 0% RH and which rise to a maximum and decrease again at the RH is increased 

to 98%. When the RH is quickly decreased to 0%, the contact times pass through a 

maximum and drop suddenly to a value even lower than they had initially. Lastly, 

Figure 16h shows contact times which do not pass through a maximum as RH increase 

from 0% to 98%. Instead, they slowly decrease, and then exhibit a curious quantization at 

98% RH. The wide variety of effects illustrated in Figures 16a-h showed that contact 

force physics was indeed a complex phenomenon, and that very careful work would be 

needed to understand it. 

Figure 17a shows a "more traditional" set of 550 contact times as displayed by the 

computer, followed by a histogram of the data in Figure 17b. A curve-fitting routine 

applied to the histogram compared the data to a Gaussian distribution, as shown in 

Figure 17c. Changes in the distribution of contact times are easily analyzed in this way. 

The width of the distribution of contact times is not noise, but actual variations in the 

adhesion force between the two crossed quartz fibers from one trial to another. However, 

the average adhesion force could be measured with great accuracy by taking hundreds or 

thousands of trials. This is the first time data like this were taken for adhesion studies. 

3.2.2 Calibration and accuracy 

The vertical fiber acts as its own force gauge. The farther from equilibrium it is 

pulled, the larger the adhesion force and the longer the contact time. Even without 

calibration, longer times imply larger adhesion forces. After calibration, the adhesion 

force is calculated from the contact time. We calibrated the instrument by recording 

motor speed and measuring the crossed-fiber-arm dimensions to determine the functional 

relationship between the displacement of the vertical fiber and the time elapsed since the 

initial peak of the scattered light signal. The equal distance between peaks in the pulse 

train in Figure 15 shows that return time is independent of displacement of the vertical 
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Figure 17. Typical crossed-fiber instrument contact time data, histogram of 550 readings, 
and a Gaussian fit to the histogram. 
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fiber from equilibrium for small displacements. To calibrate the fibers, we measured the 

return time, both fiber diameters, and the length of the vertical fiber from its fixed end to 

the point of contact. 

We converted the measured contact time to an adhesion force by subtracting the 

return time from the contact time. Then, using our instrument calibration, we converted 

the remaining time to a d.isplacement. Finally, using the theory for deflection of a 

cylindrical beam, we found the force that created that displacement. Absolute calibration 

was done using beam theory for a suspended rod fixed at one end. Beam theory states that 

for a cylindrical quartz fiber of diameter d held fixed at one end, the force F needed for a 

displacement x at a distance L from the fixed end is: 

(Equation 3.1) 

Thus, F is proportional to x. These equations are valid only for small displacements, 

satisfied by our experiments. A precise calculation of F requires very precise 

measurements of Land d. Relative uncertainty in a single measurement of the force F is 

given by: 

F ( Ild)2 (1lx)2 ( 1lL)2 4- + - + 3-
d x L 

(Equation 3.2) -= 

Typical measurement uncertainties in d, x, and L of 0.5% produce a relative uncertainty 

in F of less than 3%. 

Some of the fibers that were calibrated using beam theory were also calibrated with a 

microbalance. The measurements agreed within experimental measurement error. 

This instrument design had one disadvantage that could cause artifacts in the data. 

The contact point on the moveable crossed fiber follows a circular arc. If a normal force 

is applied to a point on the vertical fiber, the fiber bends such that the point moves in a 

non-circular arc. When the deflection is small, this arc is approximately circular, so the 
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crossed fiber can draw the vertical fiber sideways without their contact point changing. 

When the deflection is larger, the vertical fiber experiences a tangential force at the 

contact point, which might cause a slip and stick motion as the contact point moves along 

the vertical fiber. We discuss this "slip-stick" phenomenon further in Section 4.3. 

3.3 Vibrating-fiber instrument 

3.3.1 Design and operation 

Because the slip-stick phenomenon caused artifacts, we built a different instrument to 

eliminate the tangential force (Figure 18). The "vibrating-fiber instrument" is an 

environmental chamber also containing a pair of crossed fibers. One quartz fiber of length 

L (-15 cm) is stretched between two supports, one of which is fastened to a solid rod, the 

other to a piezoelectric element. The distances between the supports are adjusted to create 

a tension To in the fiber. A second, short quartz fiber is attached at both ends to a metal 

bracket mounted on the moving coil of an audio speaker. The two fiber axes are initially 

perpendicular to each other, but this angle can be adjusted. The distance D between the 

two fibers can be varied by applying an AC voltage to the speaker. 

The system works as follows: 

1. A triangle or sine wave voltage signal is applied to the speaker coil, which moves 

upward until the crossed fiber touches the stretched fiber. 

2. The speaker coil moves down. The adhesion force between the two fibers pulls the 

center of the long fiber down a distance D. This increases T, the component of the tension 

parallel to the unbent fiber. 

3. The restoring force of the long fiber is the component of the tension perpendicular 

to the unbent fiber's axis. When the restoring force becomes greater than the adhesion 

force between fibers, contact is broken and the long fiber vibrates with a damped 

oscillatory motion. 
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4. The oscillation in displacement D causes an oscillation of the force T and a 

subsequent oscillation in the voltage signal from the piezo element. TIllS signal is input to 

an oscilloscope for display. 

5. The oscilloscope, triggered by a pulse from the frequency generator, displays the 

time history of the fiber vibration, as shown in the lower right hand corner of Figure 18 

and in Figure 19. 

As the fiber is pulled down, increasing T, the magnitude of the voltage increases to a 

value Vo, at which time to contact is broken. Then the fiber swings to its maximum 

displacement in the other direction. The subsequent vibration of the fiber creates a 

damped voltage oscillation until vibration stops. The time to and amplitude Vo are related 

monotonically to the adhesion force. 

This arrangement produces exceedingly reproducible data as shown in Figure 19a. 

Three oscillatory signals are shown (curve 1) along with the sine wave (curve 2) that 

drove the speaker coil. 

Figure 19b illustrates the signals for different adhesion forces. The adhesion force 

decreases in curves 3 through 7. These signals were recorded from successive contact and 

separation cycles as the relative humidity (RH) was decreased rapidly inside the 

environmental chamber. Curve 3 occurred at 100% RH. Curve 4 occurred two seconds 

later, after RH was reduced to 30%. Subsequent curves 5, 6, and 7 show the decreasing 

adhesion force in time. Curve 8 is the stored overlap of curves 3-7. The amplitude decays 

and contact time decreases due to lower adhesion force. 

3.3.2 Comparison to crossed-fiber instrument 

The vibrating-fiber instrument has four main advantages over the crossed-fiber 

instrument. 

1) Both fibers are pulled perpendicular to their axes. No tangential force 
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components occur, eliminating the possibility of the slip-stick phenomenon. 

2) The piezoelectric element measures the motion of the vibrating fiber before 

and after separation. 

3) The vibrating-fiber instrument has a smaller volume, permitting more rapid 

changes in RH or other environmental factors. 
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4) The vibrating-fiber instrument permitted careful examination of time 

dependencies. The crossed-fiber instrument was unable to distinguish between a time 

dependence due to time in contact from a time dependence due to speed of 

separation. The signal powering the speaker coil in the vibrating-fiber instrument 

could be any waveform, to create any desired ratio between the repetition period, the 

time in contact, and the separation speed. 

3.4 Light-scattering nephelometer and cladding thickness 

3.4.1 Design and operation 

It became clear that adsorbed water vapor on our quartz fibers was affecting our 

measurements. As discussed in Section 2.6.1, we had reason to believe that the thickness 

of an adsorbed water film on a small radius quartz fiber would exhibit a different 

dependence on RH than would an adsorbed water film on a planar quartz surface. 

Therefore we had to find a way to measure this film thickness. The measurement does not 

seem like an easy one to make-direct optical and mechanical measurements are out of 

the question. We needed a non-contact, non-destructive technique to measure and 

monitor the adsorbed film in situ. Luckily, we had access to one of the most remarkable 

instruments for measuring small particles: the light-scattering nephelometer. A complete 

description of the theory, design, and operation of the nephelometer is presented in Bell 

(1981) and in Bell and Bickel (1981). We give a brief description below. 

A light-scattering nephelometer measures the light scattered from particles placed in a 



79 

prepared laser beam. For simple geometry (fibers, spheres, perfect surfaces), the light

scattering signal acts as a "fingerprint" of the sample's size, shape, and optical properties. 

The signal can be "inverted" with the appropriate theory to give the optical and 

geometrical properties of the scatterer-uniquely! Thus, the nephelometer can be used 

not only to characterize a sample by giving all optical properties, but it can measure very 

small changes in it as well. 

Figure 20 shows a schematic of the light-scattering nephelometer. Light from a 

He-Cd laser (A = 4416 A) passes through input optics to prepare the beam that will 

illuminate the sample. These optics include a variable neutral density filter, a spatial 

filter-lens system, a linear polarizer-photoelastic modulator combination, and a series of 

small circular apertures. We measure various light-scattering curves Sij(9) by using the 

photoelastic modulator to vary the polarization of the input beam, and lock-in detection to 

record harmonics of the detected output beam. The Sij(9) are proportional to certain 

combinations of these harmonics. In essence, different Sij(9) are signals obtained with 

various combinations of input-output polarizers. The Sij(9) are also elements of a 

16-element scattering matrix, as described in the next section. 

The prepared beam strikes the sample, which is attached to an x-y and tilt positioner 

to allow for exact alignment. Light scattered by the sample is detected by a 

photomultiplier tube mounted on an arm which can be rotated through an angle 9 

between 00 to 1700 by a synchronous motor. The scattered light is sampled every 0.5 0 

over this angular range. Analyzing optics such as laser line filters, polarizers, quarter

wave plates, and slit apertures are placed in front of the detector. The ac component of the 

photomultiplier tube signal is detected by a lock-in amplifier, converted from analog to 

digital and stored in a computer. The dc component is measured directly by a logarithmic 

amplifier and stored in a computer, and some of it is passed through a picoarnmeter 

driving a control circuit to normalize the intensity over the angle 9. 
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Data are gathered by scanning over the angular range. Each scan uses a different 

particular combination of modulator-linear polarizer orientation, frequency tuning of the 

lock-in amplifier, and choice of optical elements in front of the detector. Only four scans 

of the detector are needed to gather all the scattering data. These signals are then 

combined and processed on the computer to produce the four independent non-zero 

matrix elements of our symmetric fibers. 

In general, the sample scatters the incident light in all directions. Our sample was a 

circularly cylindrical quartz fiber mounted inside a circularly cylindrical quartz tube with 

caps on either end. The fiber axis was aligned with that of the cylinder, and when 

illuminated normal to the symmetry axis, it scattered light in the plane of the detector arm 

scan. The capped tube was the environmental chamber containing the carrier gas, 

typically nitrogen. The effect of the large (-4 cm diameter) quartz tube on the scattered 

light signal was negligible, since slit apertures in front of the detector blocked out all off

axis scattered light. 

The nephelometer was calibrated for polarization and intensity with the scatterer 

removed. The lock-in amplifier, modulator amplitude, and constant current servo were 

adjusted to give a signal of + 1 00% when the detector arm was set at 0° for selected 

polarization states. For example, when a linear polarizer prepared the beam to horizontal 

polarized light, the electronics were set to read + 100%. 

A black tapered tube acting as a beam stop was placed at 0° to prevent saturation of 

the detector. This beam stop blocked off the first few degrees of the scan. Entrance optics 

block the last few degrees of the scan. The entire nephelometer, with the exception of the 

laser, spatial filter, variable neutral density filter, and modulator assembly was housed in 

a light-tight box with an access door on the front. 
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3.4.2 Theory 

The polarization state of a monochromatic beam of light can be completely specified 

by four quantities known as Stokes parameters, which specify the beam irradiance and the 

intensities of three particular polarization states. For convenience, these quantities are 

arranged as a vector, called the Stokes vector .. 

An optical device can be represented by a 4 x 4 matrix, known as a Mueller matrix, 

that converts one Stokes vector into another. The Mueller scattering matrix [S] for any 

scatterer or scattering system is a 4 x 4 array of 16 elements sij(a), each of which is a 

function of the scattering angle a. The four elements Sil are total intensities, often plotted 

on a log scale, and the remaining twelve elements are percent polarizations, plotted 

between -100% and 100%. Figure 21 shows an example of a typical Mueller scattering 

matrix. Symmetries in the geometry of an isotropic sample produce degeneracies in the 

Mueller matrix, such that some of its elements equal or are linear combinations of other 

elements, and some elements are identically zero. For an isotropic particle with mirror 

symmetry, the Mueller matrix degenerates into four independent nonzero matrix 

elements. This is also the case for both clad and unclad fibers, illuminated at normal 

incidence. The four independent matrix elements of a unclad quartz fiber are shown in 

Figure 22, for several radii. These curves are calculated from light-scattering theory, 

discussed below. 

The theoretical scattering matrix for certain sample geometries and orientations can 

be calculated from Maxwell's equations. Van de Hulst (1957) discussed the theory of 

scattering at normal incidence from an infinitely long isotropic circular cylinder. 

("Infinite," in this case, means that the cylinder is much longer than the halfwidth of the 

incident beam.) Kerker and Matijevic (1961) expanded this to accommodate two or more 

isotropic concentric circular cylinders. Farone and Kerker (1966) compared exper~ment 

and theory for the case where unpolarized light was scattered from submicron fibers of 
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Figure 22. The four independent theoretical matrix elements for an unclad fiber, for 
several fiber radii in the experimental range. 
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circular cross section. They showed that the size and refractive index of a fiber could be 

determined from the percent polarization of the scattered light. Similarly, Watkins (1974) 

compared theory and experiment for scattering from clad glass fibers. Bell and Bickel 

(1981) were the first to compare experiment and theory for all 16 Mueller matrix 

elements of a single unclad cylinder (a quartz fiber) illuminated at normal incidence. 

They showed that light scattering could measure the radius of a I-micron fiber to within 

one nanometer. 

Light-scattering theory for an unclad cylindrical fiber contains three optical and 

geometrical parameters: radius, refractive index, and absorption index. The theoretical 

scattering curves change smoothly as the three parameters are slowly varied. Such 

scattering curves are unique for any combination of these parameters. Relative changes of 

0.1 % in either of them produce perceptible changes in the curves, while changes larger 

than 1 % produce distinctly unique curves. We believed that matrix elements for a clad 

cylindrical fiber would show a similar response to parameter changes, leading us to use 

light scattering techniques to measure adsorbed water film thickness on a quartz fiber. 

Craig F. Bohren and Donald R. Huffman provided us with copies of two FORTRAN 

computer codes, BHCYL and BHCOAT, developed for the mM PC computer from 

equations in Kerker and Matijevic (1961). We modified these programs to compute any 

Mueller matrix element for unclad (CYL) and clad (CLAD) cylindrical fibers. Computer 

floating-point accuracy in recurrence calculations of Bessel functions restricted the upper 

limit on fiber radius to less than 2 Ilm. To compare our fiber scattering data to theory, we 

needed to make measurements on fibers smaller than this size. Within that limitation, we 

used these programs to predict scattering from adsorbed water films of varying thickness 

on a fiber. (See Appendix A for listings of CYL and CLAD.) 
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3.4.3 Determination of fiber radius and cladding thickness 

To calibrate the entire nephelometer, we first measured the scattered light signal from 

an unclad test fiber placed in the environmental chamber, initially flushed with nitrogen 

at 0% RH. We then measured the 16 matrix elements to determine which would be most 

suitable for our measurement. Of the four unique nonzero scattering matrix elements

SlI, S12, S33 and S34-we found S12 and S34 to be the most useful in matching to 

theoretical curves generated by CYL. 

We compared our measured curves with the theoretical curves for different radii with 

the refractive and absorption indices set equal to those of quartz at 'A = 4416 A. (At the 

wavelength of our He-Cd laser, quartz has an absorption index of zero.) To determine an 

approximate fiber size, we compared the number, amplitude, and position of peaks in the 

two sets of scattering curves. The curves were overlaid and compared by eye for the "best 

fit." Once we had found a match between the curves, there was no doubt we had found 

the correct fiber size range. This gave us only a good estimate of the radius. We used two 

methods to improve this fit. 

1) We carefully compared the experimental curves visually with the theoretical 

curves by overlaying the two and varying the theoretical radius in increments of 1 nm 

or less. The differences in position and shape of peaks, zeros, and inflection points 

were minimized to obtain the best fit. The experimental curves did not exactly match 

the theoretical curves. The uncertainty of fit, the radius range over which a match 

could be said to occur, was typically 0.5 nm for a near-perfect fiber. The backscatter 

region, a = 90° to 170°, was most sensitive to changes in radius, but the entire range 

of data was considered in the fit. 

2) We calculated the average deviation between the experimental and theoretical 

curves in a range of a = 15° to 170°, and varied the theoretical radius in increments of 

1 nm or less to find the minimum average deviation. 



Both these fitting methods, described in Bell (1981), produced the same best fit within 

measurement uncertainty, implying that the method of visual fitting is reliable. 
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With an accurate determination of the radius of the unclad fiber, we then proceeded to 

study the buildup of an adsorbed water film cladding the fiber at high RH. We increased 

the RH in the fiber environmental chamber to a fixed value and then performed the four 

necessary a-scans. This procedure was repeated for various RH settings up to almost 

100% RH. Each RH setting produced a different Sij curve, with the change in the Sij 

curve indicating a change in the scatterer. 

We matched our measured Sij curves to the theoretical curves for a clad cylinder 

generated by the CLAD computer code. Light scattering theory for a clad cylinder has six 

free parameters: the radii and refractive and absorption indices of both the inner and outer 

cylinders. The optical indices of the inner and outer cylinders were set equal to those for 

quartz and water respectively, (water, like quartz, has an absorption index of zero) and 

the inner cylinder radius was set equal to the measured value. With the computer, we 

varied the radius of the outer cylinder to generate a set of curves which we compared to 

the data, using both numerical and visual methods as with the unclad fiber. From the best 

fits, we determined the thickness of a water sheath on the core fiber as a function of RH. 

The uncertainty in matching the outer radius was typically 0.5 nm, so the uncertainty in 

the sheath thickness was approximately 1 nm. Results of this work are presented in the 

next chapter. 

3.5 Sample preparation and cleaning techniques 

We made our fibers using a technique reported in Bell and Bickel (1981). The fibers 

were drawn from 0.25 inch diameter fused silica rods, heated in an oxygen acetylene 

flame. Two rods were lightly fused at their tips, removed from the flame, and separated 

quickly while still hot to produce sharply tapered tips. These smaller-diameter tips were 
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again lightly fused, and the juncture heated until it glowed. By removing the rods from 

the flame, and immediately drawing the rods apart from each other with a smooth rapid 

sweep of the arms, we could create up to two meters of 50 to 100 11m diameter fiber. 

Fibers made this way had a constant diameter over several centimeters, making it ideal 

for use as the long fiber in either the crossed-fiber or vibrating-fiber instruments. Drawing 

shorter lengths of smaller diameter fibers required separating the silica rods more 

delicately with the juncture held closer to the flame. A more difficult alternative method 

was to separate the rods within the flame along the direction of gas flow. Sometimes a 

filament would become caught in the gas stream and flow off the rod tip, creating several 

meters of submicron fiber from which a small sample for the nephelometer could be 

taken. Short fibers were mounted with epoxy in c-shaped mounts, taking care not to 

stretch them or leave them slack. 

The experimental chambers were cleaned with ethyl alcohol to remove dust, and the 

fibers were cleaned with ethyl alcohol followed by a rinse of acetone. Unless otherwise 

stated, nitrogen was used as the ambient gas in the experimental chambers. Water vapor 

was added to the nitrogen by bubbling the nitrogen through a container of distilled water. 

The gas and chambers were held at a temperature of 21°C. 

The Vaisala HUMICAP capacitive thin film sensor, which was used to record RH, 

was calibrated using two salt solutions. Saturated solutions of lithium chloride (LiCI) and 

potassium sulfate (K2S04) provided reference relative humidities at 12% and 97%, 

respectively. The calibrated RH-temperature dependence for each salt solution was given 

in the sensor's instruction manual. Once calibrated, the instrument was accurate to 

±O.5% RH. The RH readings need to be made in an environment which is in temperature 

equilibrium. 



4. EXPERIMENTAL RESULTS 

4.1 Overview 

Our experiments discussed in the last chapter have produced new important data 

about the adhesion process. 
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1) Statistics of the adhesion force, as displayed in repeated measurements on the 

same two particles. (Section 4.2) 

2) "Quantization" of the adhesion force, an unexpected and previously 

unreported phenomenon. (Section 4.3) 

3) Adhesion force as a function of fiber radius, relative humidity, and other 

parameters. (Sections 4.4.1 and 4.4.3) 

4) Hysteresis effects observed in the adhesion force associated with changes in 

the relative humidity. (Section 4.4.2) 

5) Adsorbed water film thickness on a quartz fiber as a function of relative 

humidity, as measured by light-scattering techniques. (Section 4.5) 

6) Comparison of adhesion force data of Section 4.4 to theory, and improve

ments to the theory. (Section 4.6) 

We will discuss each of these topics in turn. 

4.2 Statistics of the adhesion force 

As discussed in Section 3.2, the crossed-fiber instrument was the primary adhesion 

force measurement instrument used in our research. Typical data gathered by the 

instrument are shown in Figures 16 and 17a, and were first discussed in Section 3.2.1. In 

these figures, event number increases to the right, and contact time increases upward. The 

jagged vertical lines connect contact times. 

We found that a set of contact times could have various frequency distributions, even 

though measurements were made for repeated, identically performed contact and 
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separation events. 1) In rare instances, typically at high RH, the distribution was very 

narrow, with essentially identical contact times, within the microcomputer timer precision 

of 0.4%. 2) Sometimes the distribution was Gaussian with a wide spread around a central 

value, as shown in the histogram of Figure 17b and the Gaussian fit of Figure 17c. 

3) Sometimes, the distribution appeared quantized; it was very wide, containing multiple 

peaks. 

We stress that the contact time distribution widths are not due to measurement 

uncertainty. They are actual variations in the adhesion force between the two crossed 

quartz fibers from one trial to another. These adhesion force variations were surprising to 

see, because the experiment was designed to perform identical contact and separation 

events on the same pair of particles. They were a totally unexpected finding, unobserved 

by any previous researchers. We are the first to report these variations. 

Contact times and their distributions were seldom predictable or reproducible. 

Sometimes they would change while experimental parameters were held constant. 

Sometimes they would not change when parameters were varied, and sometimes they 

would change abruptly-seemingly for no reason at all. Only after making extremely 

large numbers of measurements did we begin to associate some abrupt changes with 

particular events, such as the transition between "dry" and "wet" adhesion as RH was 

changed (Section 4.4.1). 

The puzzling contact time distributions were not artifacts of the crossed-fiber 

instrument, optics or electronics. We proved this by taking data using a variety of fiber 

radii, lengths, materials, RH values, and repetition rates. We isolated the experimental 

chamber from room vibrations and we decoupled the cam and motor from the chamber. 

We monitored light scattered from the vertical fiber to ensure that it was stationary prior 

to contact with the crossed fiber. We cleaned the fibers with ethanol and acetone and 

inspected their surfaces for particulate contamination or irregularities with optical and 
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electron microscopes. Such measures had no effect. Through all of these tests, we 

observed intermittent unpredictable behavior in the contact times, from both the crossed

fiber and vibrating-fiber instruments. 

Other researchers might have unknowingly encountered a wide frequency distribution 

of the adhesion force. Zimon (1982) cites many researchers whose adhesion force 

measurements were conducted using similar ranges of particle sizes, but their results vary 

widely. Over the years, this has been a constant criticism of adhesion force data-it was 

not reproducible from lab to lab, or even from experiment to experiment. Typically, these 

researchers measured the adhesion force for large numbers of near-identical particles at 

once by recording the percentage removed as a function of applied force. Since adhesion 

force is highly geometry-dependent, a distribution of force is created by small contact 

geometry variations in a collection of near-identical particles adhering to a surface. Such 

a distribution might not be evident if only a few measurements are made on the same two 

particles, or it might appear as spurious data points. We demonstrated that a wide 

distribution can exist, and far-flung data points are not necessarily spurious, even in a 

carefully controlled experiment. 

In order to make sense out of adhesion force measurements-at least initially-we 

decided to use data only from runs which exhibited predictable and reproducible 

behavior. When contact times had a very narrow Gaussian distribution and varied 

smoothly with some parameter, the contact times were considered to be a true measure of 

the adhesion force for repeated identical contact events, and an average adhesion force 

could be calculated with great accuracy. When the contact times had a wide or uneven 

distribution, each single time was an accurate measure of the adhesion force for that 

particular event, but successive events were not identical. Investigation of this 

phenomenon turned out to be the most challenging part of this research. 
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4.3 "Quantization" of the adhesion force 

Intennittently, the contact-time data collected with the crossed-fiber instrument 

showed peculiar statistics: two or more sharply defined peaks in the frequency histogram, 

in contrast to the normal single-peaked distribution. We called this phenomenon 

"quantization" of the contact time or adhesion force. No reference to quantum mechanics 

is intended; rather, the word refers to the discrete, multi-peaked nature of the measured 

contact time distribution. We are the first to report quantization of the adhesion force. 

Figure 23 contains a sample of quantized data. The top plot shows one hundred 

contact times taken under constant environmental conditions. Event number runs left to 

right, and a larger contact time produces a higher point. Vertical lines connect the points 

representing individual contact times. These times seem to cluster around four different 

values, labeled A, B, C, and D, as shown by the histogram in the lower plot. The 

complete absence of contact times outside the four isolated peaks on the histogram is 

remarkable. The rather irregular shape of the individual histogram peaks is due to the 

small number of points per peak (approximately 25). In other data samples containing 

many more points than this one, the distribution within each individual peak appears 

Gaussian. In general, the several peaks of a quantized contact time distribution were not 

equally spaced and did not have the same half widths. The different peaks corresponded 

to adhesion forces varying by as much as a factor of ten. 

We believe that quantization indicates the presence of some microscopic processes 

which are not completely understood, We investigated three possible causes: slip-stick 

motion, adsorbed surface films and mUltiple meniscus state paths upon separation. Each 

of these are discussed in tum. 

Studies of adhesion and frictional forces during intermittent sliding, or slip-stick 

motion, are reported by Briscoe, et al., (1985) Yoshizawa, et al., (1993) and others. Slip

stick motion could occur between the two fibers in our crossed-fiber instrument, because 
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of the way the instrument was designed. A point on the vertical fiber does not move in a 

circular arc when a normal force is applied. Rather, it deflects along a curve described by 

beam theory (Equation 3.1). When the crossed fiber pulls the vertical fiber sideways, it 

constrains the contact point on the vertical fiber to move in a circular arc, which applies a 

tangential force to the vertical fiber. When this happens, the vertical fiber deforms from 

its curved shape described by beam theory. To restore its shape, it may slip along the 

crossed fiber without losing adhesive contact until it sticks at a new position. There it 

remains until contact breaks or slip-stick motion again occurs. Loss of adhesive contact at 

each of these slip-points would produce different measured contact times. 

We tested for the presence of the slip-stick phenomenon by performing an 

experiment. While the instrument accumulated contact time data, the elevation of the 

vertical fiber was increased by 0.025 mm, once per repetition cycle, during the time the 

fibers were not in contact (Figure 24a). As the vertical fiber was raised, the crossed fiber 

would contact the vertical fiber once per measurement cycle at points successively further 

from the fixed end of the vertical fiber. We expected a smooth increase in the quantized 

contact time if the slip-stick phenomenon were not present (Figure 24b), but this is not 

what we observed. 

Figure 24c shows a segment of strip-chart output recorded during the experiment. As 

expected, we measured a general increase in the average contact time as the vertical fiber 

was raised. This is indicated by the arrows ascending to the right. However, the contact 

times were restricted to individual quantized levels which faded in, decreased in contact 

time, and eventually disappeared. These are seen in the curving lines dipping to the right. 

The data of Figure 24c are explained by the slip-stick phenomenon. During deflection 

of the vertical fiber, the contact point slides along the fiber until it is stopped by an 

asperity. Larger asperities would produce more prominent arcs in Figure 24c. The 

presence of two or several quantization levels indicates that sometimes the contact point 



Figure 24. Testing for presence of slip-stick phenomenon. 
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remains stuck at an asperity, and sometimes it slides over the asperity to be stopped by an 

asperity further down the fiber. 

Slip-stick motion cannot be a complete explanation of the quantization phenomenon 

because quantization was also observed in data collected in another instrument-the 

vibrating-fiber instrument-whose design prevents the application of tangential forces to 

the fibers. Clean fibers contacting in a humid environment also displayed quantization of 

the adhesion force. However, when a thin film of oil was applied to the fibers, the 

quantization disappeared. Coating the fibers with oil drastically changed the environment 

of the fiber contact region, driving off any water that might have been present in the form 

of droplets or adsorbed films, and preventing the formation of a water meniscus between 

the surfaces. These results led us to consider water droplets or water films on the quartz 

fiber surfaces as a second possibility for the source of quantization. 

Fisher, Gamble, and Middlehurst (1981) report that clean quartz surfaces can achieve 

water film thicknesses up to 150 nm at high humidities (Figure 12). Therefore we 

suspected that adsorbed surface films affected meniscus formation and evaporation. In 

addition, Pashely and Kitchener (1979) report that contaminated quartz surfaces have 

film thicknesses less than 10 nm and have large contact angles with water droplets, 

which w-ould support formatiOlI of individual droplets. Quantization in the vibrating-fiber 

instrument could not be attributed to contaminated fibers, since the fibers underwent 

rigorous cleaning before use. However, if a contact-separation event involved a water 

droplet formed from the residue of the meniscus from the prior event or from an adsorbed 

surface film, erratic contact times would occur. We considered the fact that in this case 

the contact times would likely display chaotic behavior, since the system would have 

parallels to that of a dripping faucet (Shaw, 1984) where the amount of water left behind 

by one falling drop influences the time it takes the next to form. Prof. William M. 

Schaffer of the Department of Ecology and Evolutionary Biology helped us perform 



several standard tests on our contact time data in a search for chaotic behavior. 

Unfortunately, we found no evidence for it. 
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We saw quantization between crossed fibers even after they have been maintained in 

a dry nitrogen atmosphere for many hours. We also saw hysteresis effects lasting hours 

after RH was decreased to a low value from near saturation (Section 4.4.2). If condensed 

water vapor plays a role in quantization, then the tiny amount remaining on the 

hydrophilic surface in a dry environment must be adequate to have an effect. 

We considered multiple meniscus state paths upon separation as a third possibility for 

the source of quantization. The meniscus, upon separation of the surfaces, might follow 

either of two (or multiple) state paths (different volume, curvature, etc.) until the 

meniscus breaks. Each different meniscus state path would produce a different curve of 

force vs. separation distance (as in Figure 11), resulting in different amounts of work 

necessary for separation. Exact meniscus theory predicts that in some circumstances 

meniscus parameters can be multi-valued (Orr, et al., 1975, appendix). For particular 

ranges of filling angle and contact angles, two different menisci can have the same 

positive net surface curvature but different shapes. When we studied exact eqUilibrium 

meniscus theory with the aid of the MENISCUS computer code, we found no evidence 

that such behavior would occur for a negative net surface curvature meniscus such as 

would exist in eqUilibrium at under 100% RH between two convex surfaces. During rapid 

surface separation, however, the meniscus is not in equilibrium. It is changing shape and 

volume, and interacting with adsorbed surface films. A meniscus theory developed to 

incorporate such dynamic effects might predict multi-valued meniscus parameters upon 

surface separation. In this case, quantization could serve as a probe of contact region 

dynamics. 

Both slip-stick motion and adsorbed water vapor only partially explain the observed 

quantization. We conclude that quantization is due to a mixture of these and other effects. 



Nevertheless, we have learned that the adhesion force is not always single-valued, and 

that quantization is an important phenomenon that must be considered in the 

measurement of adhesion. 

4.4 Adhesion force measurements 

4.4.1 Adhesion force as a function of radius and relative humidity 
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After we studied contact time distributions and quantization effects and could gather 

reliable data, we measured the adhesion force as a function of fiber radius and relative 

humidity (RH) using our crossed-fiber instrument. These data are shown in Figure 25. 

We measured the adhesion force for seven different fiber pairs, each with a different 

effective fiber radii Ref! = ~ R) R2 , as RH was raised monotonically from 0% to 100% 

over the course of an hour. (Error bars on the points have been omitted for clarity, but are 

shown for some of the data which reappear in Figure 35.) The curves have several 

interesting features. The measured forces range over two and a half orders of magnitude. 

As RH increases to the right on the graph, each curve rises to a maximum. A curve for a 

larger fiber reaches its maximum at lower RH than one for a smaller fiber. The RH value 

at this maximum ranges between 55% for the largest fiber pair to 98% for the smallest. 

The three curves for largest fibers reach the maximum smoothly, while smaller fibers 

show an abrupt or even discontinuous increase in adhesion force at some RH. To the right 

of the maximum, curves for larger fibers show a decrease in adhesion force as RH 

increases to saturation (100%). As a general trend, the magnitude of the forces on the 

curves also changes dramatically as a function of effective fiber radius and change in RH. 

For example, while effective fiber radius changes by a factor of 24, the adhesion force at 

0% RH varies by a factor of 225, nine times as much. The minimum and maximum force 

on individual curves varies as little as a factor of two and as much as a factor of ten as RH 

increases from 0% to 100%. We compare our measured adhesion forces to theory in 
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Section 4.6. 

4.4.2 Hysteresis of the adhesion force as a function of relative humidity 

In the literature, adhesion forces are generally reported as having been measured at 

particular values of RH. These values suggest that an adhesion force measured at a 

particular RH is independent of whether it was reached by increasing RH or decreasing 

RH. We found this not to be true. Decreasing RH from near saturation back to 0% gave 

different adhesion forces as a function of RH than when RH was increased. Overlaying 

the data taken for decreasing RH onto the data taken for increasing RH showed a large 

difference between the two curves over part of their range. The adhesion force displayed 

hysteresis-its value depended upon the approach to the RH at which it was measured. 

Figure 26 shows the hysteresis in measured contact times for a large fiber pair 

(Reff = 424.3 Ilm) over a full cycle of RH from 0% to 96% and back to 0%. Each half of 

the cycle lasted about one hour. The graph shows two curves, one for increasing RH and 

one for decreasing RH. Error bars on the data points indicate the extrema of the contact 

time distribution. Both curves show that contact times are low at low RH (point A in the 

figure), have a maximum around 65% RH (points D and H), and drop to an intermediate 

value at high RH (point G). They coincide except for the range from 40% to 70% RH 

(between points B and E), where they show hysteresis. When RH increases through this 

range, the data follow the lower "increasing" curve (points B-C-D-E), and when RH 

decreases, the data follow the upper "decreasing" curve (points E-H-I-J-B). 

Quite astounding is the sharp drop at 46% RH on the decreasing RH curve (point J), 

which occurred abruptly between two consecutive contact and separation events. We 

studied this hysteresis region in great detail. In similar experimental trials, immediately 

after this sharp drop occurred, RH was increased to see if contact time would step back 
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up over the discontinuity and along the "decreasing" curve (points I-H). It did not. 

Instead, contact time followed the "increasing" curve (points C-D). However, when RH 

was decreased from near saturation to just above the discontinuity (point I) and then 

increased again, the contact times retraced the high part of the "decreasing" curve (points 

I-H). Some unknown but somewhat reproducible phenomenon obviously affects the 

nature of the adhesive contact to create hysteresis. This phenomenon is activated by high 

RH. It affects the adhesive contact while the RH is kept high, and it stops affecting the 

contact once the RH decreases below some critical value (in this case, 46%). This 

phenomenon is also long-lived. It does not disappear simply by separating the fibers at 

high RH. We know this because several hundred contact and separation events took place 

as the RH was lowered from 98% to 46%. Even when RH was held constant, slightly 

above 46% for several hours while contact times were continuously measured, the contact 

times remained on the "decreasing" curve (point I), indicating the persistence of the 

phenomenon. 

This is a puzzling phenomenon indeed. While studying this hysteresis in detail, we 

observed a second type of long-term hysteresis as well. We discovered that contact time 

for increasing RH depended on the length of time the system had been held at low RH 

prior to increasing the RH. If the system was dried at low RH for a long time (several 

hours), the contact times for increasing RH followed one path. If the system was dried for 

a short time, the contact times for increasing RH followed a second path. 

Our data are shown in Figure 27. Prior to cycling the RH for the trials of Figure 27a, 

the experimental chamber had remained at 20% RH for several hours. Each set of trials 

took approximately three hours, and the trials of Figure 27b immediately followed those 

of Figure 27a. Both fibers had radii of 85 /Jrn. Extrema in the data, indicated by error 

bars, cover a wider range in these figures, especially at lower RH where the conta~t time 

displayed quantization, alternating between two values. The increasing RH curve in 



Figure 27. Measured contact times over two full cycles of RH from 0% to 96% to 
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Figure 27a (points A-B-C) shows that the contact times gradually increase with 

increasing RH. The decreasing RH curve (points C-D-E-F-A) shows that contact time has 

a marked hysteresis in the form of a large maximum (point E) and a sharp drop at 

48% RH (point F), similar in form to the decreasing RH curve of Figure 26. The second 

type of hysteresis appears when the RH increases for the trials of Figure 27b. The contact 

time follows a different path (points G-H-I-J), rising to a maximum (point I) at a lower 

RH than in the trials of Figure 27a, but as RH decreases, the contact time behaves much 

the same as before (points J-K-L-G). Other trials immediately following that of 

Figure 27b produced curves resembling Figure 27b. Only after drying the system for 

several hours at 20% RH could we reproduce curves resembling Figure 27a. 

These curves indicate a phenomenon which is initiated by high RH, and which can 

survive for many minutes at low RH to influence the adhesion behavior once RH 

increases again. Since the curves are reproducible, surface contaminants or the leaching 

of silica from the fibers by the water meniscus is ruled out as a cause. 

The first type of hysteresis (the difference between increasing RH and decreasing RH 

curves in each of Figures 26-27) is possibly caused by a hysteresis in adsorbed water film 

thickness on the fibers. If so, the presence of such a film affects the capillary force due to 

a meniscus, perhaps by altering the meniscus shape as the fibers are separated. 

The second type of hysteresis (the onset of high adhesion force at a lower RH in a 

second cycle, as displayed in Figure 27b) can be explained if a residual adsorbed film 

remains on the quartz surfaces after the system is dried. This film would not alter the 

adhesion force at low RH, but would facilitate the re-formation of an adsorbed film thick 

enough to alter meniscus behavior once RH again increased. This residual film would 

have to persist for several hours in a dry atmosphere before evaporating. 

These results showed that more experimentation would be needed to completely 

explain the two types of hysteresis. We would have to demonstrate that 1) an adsorbed 



108 

water film can form on a quartz fiber, 2) some property of this adsorbed film shows 

hysteresis with changes in RH, 3) a residual film remains temporarily when the fiber is 

dried, and 4) this residual film hastens the re-foffilation of an adsorbed film as RH is 

increased. Also, we need to know more about the effect of thin and thick adsorbed water 

films on meniscus shape and adhesion force 

We have already shown that repeated measurements of the adhesion force between 

two particles gives distributions of values that can have a single peak, or multiple peaks 

when quantization is present. Now we find that the adhesion force can have multiple 

values depending on the environments' humidity history. We had no previous knowledge 

that adhesion physics was so rich in phenomena. 

4.4.3 Adhesion force as a function of other parameters 

To get a broader picture of these complex phenomena, we varied a few more 

parameters under our control: temperature, angle between fibers, and condensible vapors 

other than water. 

The surface tension of water in air is temperature dependent. For example, increasing 

temperature from 20°C to 40°C decreases the surface tension from 72.75 to 69.56 

dynes/cm (Dorsey, 1940). Performing these adhesion experiments in a heated atmosphere 

would produce changes in the measured adhesion force when a meniscus is present, since 

the capillary force created by the meniscus is linearly dependent on the surface tension. 

After performing some preliminary measurements using the crossed-fiber instrument in 

which the experimental chamber was warmed above room temperature, we realized that 

extensive study would be needed, and we decided not to pursue an extension of our 

research into temperature-related effects. 

We varied the angle () between the axes of the crossed fibers. Equation 2.5 predicts 

that the capillary force due to a meniscus between two crossed fibers should vary as 
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lIsin e. Using an oil meniscus as a crude substitute for a water meniscus, we made simple 

measurements to demonstrate the ease with which we could control the crossed-fiber 

geometry. Using the vibrating-fiber instrument, we measured the initial amplitude of the 

output oscillation for contact and separation events at 10° intervals from 90° to 20° 

(Figure 28). The amplitude of the signal increased steadily as expected, as shown by the 

dotted curve, since the oil meniscus contacts the two fihers over a greater length as 8 is 

decreased. A curve of lIsin 8, scaled to meet the data at 90°, is shown for comparison. 

The results of more detailed measurements of force variation with e using the 

crossed-fiber instrument are shown in Figure 29. Here the meniscus between the crossed 

fibers was composed of condensed water vapor instead of oil. We measured the adhesion 

force as a function of three crossed-fiber angles (90°, 45°, and 30°) and two relative 

humidities (0% and 96%) for two different crossed-fiber pairs (Reff= 35 11m and 

850 11m). Error bars indicate the full range of measured forces, due to scatter and 

quantization in the data. As 8 decreases, these measurements do not show any trend 

toward increasing adhesion force, except for the 850 11m, 96% RH fiber pair if one 

considers the upper bound of the force range. In fact, the general trend .is toward 

decreasing adhesion force, as shown by dotted lines. The reason for this behavior is 

unknown. 

Replacing the water by some other volatile liquid with different physical properties 

should change the adhesion between the fibers. We used ethyl alcohol in place of water. 

Ethyl alcohol has a viscosity, density, dipole moment, and saturation vapor pressure 

similar to that of water, but its surface tension is less than one-third as much. Figure 30 

shows the data. Figure 30b is an enlargement of the right side of Figure 30a. We 

measured contact times as we cycled relative vapor pressure (PIps) from 0% to 98% 

(points A-B-C-D) and back to 0% (points D-E-F). The fibers were the same as for the 
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Figure 30. Short-term hysteresis and multi-valued behavior in measured contact times. 
using ethyl alcohol vapor. 
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trials of Figure 26. We compared the contact time dependence on pIps to that when water 

was used (Figures 25-27), and also compared the hysteresis behavior. 

These curves have a shape very different from the water vapor curves. As pIps 

increases, contact times remain constant until an abrupt jump (point B) to a maximum 

(point C) occurs at a high (94%) pIps, a behavior very different than that for water vapor. 

Compare it to the gradual rise in Figure 27a (points A-B-C) or the more rapid rises at 

65% RH in Figure 27b (points G-H-I) and at 50% RH in Figure 26 (points B-C-D). As 

pIps rises from 94% to 98%, the contact times drop (points C-D), as they did for large 

fiber pairs in Figure 25 and 26 (points D-E-F-G). As pIps is initially lowered from 98%, 

the contact times increase (point E), but are lower than those measured for increasing pips 

(point C). There is a hint of this behavior in Figure 26, between 68% and 72% RH. 

Finally the contact times level off at a maximum and stay constant even as pIps is reduced 

to 0% (point F). This behavior also is very different than that for water vapor, where 

contact times returned to "dry" values below a critical RH value. 

Figure 30 shows a very pronounced hysteresis effect. Unlike the water vapor data, the 

"increasing" and "decreasing" curves do not coincide at any pIps, except where they cross 

at 93.5% and at the 98% reversal. Also unlike the water vapor data, contact times 

remained high for several hours after pIps was reduced to 0%. This long-term hysteresis 

behavior could be due to hysteresis in the thickness of an adsorbed surface film of ethyl 

alcohol. If that is the case, then the ethyl alcohol film adsorbed on quartz persists at 

0% pIps for a much longer time than does a film of water, due to alcohol's different 

physical properties. 

4.5 Water film thickness on quartz fiber as a function of relative humidity 

Adsorbed water films are a recurring theme in our work. In Section 2.6.2, we 

discussed how adsorbed water films might affect meniscus behavior upon contact and 
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separation of surfaces. We postulated that the fluid in thick adsorbed films may flow and 

contribute to a meniscus' volume when it forms. As mentioned in Section 2.6.1, Fisher, 

Gamble, and Middlehurst (1981) showed experimentally that a stable meniscus' shape 

and size is definitely affected by an adsorbed film. We have discovered quantization and 

two related hysteresis effects in our adhesion force data, and we have shown that each of 

these effects may be explained by the interaction between adsorbed water films and a 

meniscus. Therefore, we set out to investigate water films on cylindrical quartz fibers. 

Adsorbed films on plane quartz surfaces have been extensively studied. Virtually no 

studies have been made of adsorbed films on quartz surfaces with small radii of 

curvature, such as the fibers we used in our crossed fiber research. Why should 

adsorption be different on a highly curved surface? Fisher and Israelachvili (Colloids and 

Swiaces, 1981) have reported that at RH below 90%, the adhesion force due to a 

meniscus between large (-20 mm) radius surfaces drops below the theoretical value. At 

90% RH, 20 mm radius surfaces produce a meniscus radius of hi < - 5 nm. This 

difference between measurement and theory was caused by a change in the surface 

tension of water on water surfaces with small-magnitude negative radii of curvature. We 

speculate that water surfaces with small positive radii would also have an altered surface 

tension, which in turn could produce altered adsorption behavior on small-radius quartz 

fibers. We therefore decided to measure the thickness of an adsorbed water sheath on a 

small-radius quartz fiber as a function of RH. 

We used light scattering techniques described in Section 3.4 to make our 

measurements. We were not so much interested in the light-scattering properties of the 

fiber and its sheath as we were in measuring the sheath thickness. The light-scattering 

techniques were merely a tool to make the measurements. 

First we made a "perfect quartz fiber" to use as the core for the adsorbed sheath. This 

process was described in Section 3.5. We then measured the radius of the quartz fiber, 
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using techniques described in Section 3.4.3. Figure 31 shows the light-scattering signal 

(matrix element S 12) measured for a cylindrical quartz fiber in a dry nitrogen atmosphere. 

Figure 22b charts the changing theoretical S 12 curve as fiber radius is incremented 

through eight values near that of the sample fiber. By matching the experimental curve to 

this set of theoretical curves, the best match occurred for a sample fiber radius of 652.0 

nm. This value agrees with that found by using the three other independent light

scattering signals-matrix elements, SII, S33, and S34. The uncertainty in radius was ± 

0.5 nm, or less than 0.1 %. The nephelometer can measure this very small quantity with 

great precision. 

With the core radius known, we increased the humidity in the experimental chamber 

housing the sample fiber and recorded light-scattering data for various values of RH 

between 0% and 98.9%. The experimental S 12 curves are shown in Figure 32. 

We then calculated theoretical SI2 curves for various water sheath thicknesses 

cladding a quartz core, where the core radius was that of the sample fiber. These curves 

are shown in Figure 33. The theoretical and experimental curves do not match exactly, 

but the fits are excellent. Some degradation is evident above 130°, where the peaks in our 

data are blunted, and around 65°, where only one peak develops with increasing film 

thickness instead of two. This degradation was attributed to light scattered from the 

surface of the quartz environmental chamber which then struck the enclosed quartz fiber 

and underwent secondary scattering. 

We subtracted the unclad fiber radius from the clad fiber radius and determined the 

adsorbed film thickness as a function of RH, with an uncertainty of ±D.8 nm. (Because 

the film thickness was small, the relative uncertainty is approximately 10%.) The curve 

degradation mentioned above was not severe enough to affect the uncertainty. Measured 

adsorbed film thicknesses are shown in Figure 34. We compare our results to those of 

Fisher, Gamble and Middlehurst (1981), who measured the film thickness on planar 
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surfaces. Our measured film thiclmess curve is almost linear on this log-linear plot. Our 

results show a larger film thickness below 97.5% RH, and a smaller thickness above 

97.5% RH, as compared with Fisher et al. We believe the difference between the curves 

is due to the surface tension's dependence on surface curvature. 

When the RH was returned to its starting point at 0%, the fiber radius was larger by a 

nanometer or two than when we had started. When we cycled the RH again, the radius at 

0% RH was even larger. The mysterious growth of the fiber after each cycle was caused 

by contamination. The fiber radius returned to its original value after it was cleaned with 

ethyl alcohol. 

Light-scattering techniques are precise and effective for measuring the thickness of an 

adsorbed surface film on a quartz fiber. We showed that such films exist at high RH, and 

that they have a different RH-dependence than a film on a plane surface. More study is 

needed to search for adsorbed film thickness hysteresis and a lingering residual film at 

low RH. These two phenomena could explain the two types of hysteresis discussed in 

Section 4.4.2. Computer floating-point accuracy limited the theoretical light-scattering 

calculations to fiber radii less than 2 /lm. The fiber we used to measured film thickness 

and growth was approximately 25 times smaller than the smallest crossed fibers we used 

in our adhesion force measurements. The precision of the computer code needs 

improvement to measure film thickness and crossed-fiber adhesion on the same fiber. 

4.6 Comparison to adhesion theory, and improvements to theory 

The crossed-fiber adhesion force data taken as a function of fiber radius and RH 

exhibited many interesting trends and effects that were not instrumental artifacts. The 

existing theories applied to our data were found to be incomplete or inadequate. We now 

compare our data to theory, and describe some improvements to the theory that we made. 

Figure 35 shows the 0% RH and 96% RH adhesion force values from Figure 25 
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plotted as a function of effective fiber radius. (Here, error bars indicate one standard 

deviation in scatter of the measured data.) The upper straight solid line is the capillary 

force predicted by macroscopic thermodynamics (Equation 2.5) for a meniscus contact 

angle a = 0° and crossed-fiber angle e = 90°. The lower straight dashed line is the "dry" 

adhesion force due to the van der Waals force, as predicted by the OMT theory 

(Section 2.3). Most of the 96% RH experimental data lie on the upper theory curve for 

radii larger than 85 J-lm, and the forces lie below it for smaller fiber radii. The 0% RH 

measured forces are less than or equal to those for high RH. For the 85 J-lm and 424 J-lm 

radii, they fall on the DMT theory curve. All the rest of the 0% RH forces fall below the 

OMT theory curve, except for that from the 145 J-lm radii fiber pair. If macroscopic 

thermodynamics and the OMT theory were all that was needed to predict wet and dry 

adhesion forces, respectively, then all the 96% RH experimental data would agree with 

macroscopic thermodynamics and all the 0% RH experimental data would agree with the 

OMT theory. Since this is not the case, there must be other phenomena present which 

influence the data. 

The macroscopic thermodynamics theory breaks down for small fiber radii in the 

"wet" 96% RH data because of its drawbacks which were discussed at the end of 

Section 2.5.2. These drawbacks are partially overcome by using exact meniscus theory, 

whose own drawbacks (Section 2.5.3) concern adsorbed surface layers, variable surface 

tension for highly curved menisci, and surface deformation in the contact region. We 

suspect that all three of these phenomena affect our data. 

We show in Figure 36 the full RH-range of data from our "well-behaved" Ref! = 

85 J-lm fiber pair, which matched the OMT theory at low RH. We compared our data to 

three different theories, to gain insight into the transition between "wet" and "dry" 

adhesion. The measured forces are indicated by closed circles. It is approximately 

constant between 0% and 60% RH at a value of (2.70 ± .36) dynes, rises to a maximum at 
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70% RH, and decreases slightly between 70% and 98% RH. 

The DMT theory for elastically deformable particles in adhesive contact predicts the 

adhesion force better than the JKR theory. The JKR theory predicts the radius of the 

circular contact area better than the DMT theory (Fisher and Israelachvili, Colloids and 

Suifaces, 1981). The DMT predicts an adhesion force of F = 4nRYL = 2.67 dynes. This 

value is shown as a horizontal dashed line across the graph. It closely matches our 

measured force below 60% RH. 

We used the exact meniscus theory to predict the adhesion force between an 

undeformed sphere-plane pair with the same RefJas our fiber pair (achieved by setting 

sphere radius = Reff)' This theoretical curve is plotted with a dotted line. It is almost 

horizontal, but starts to decrease at high RH (following the solid line above 99% RH), in 

the same manner as similar curves we calculated for the graph of Figure 9. This curve 

approximately matches our measured forces above 65% RH. 

We created an even better match by incorporating a simple model of deformation into 

exact meniscus theory. Rather than placing the two surfaces in point contact by 

specifying zero separation distance, we specified a negative separation distance, Zl, thus 

creating a circular contact area by the intersection of the sphere with the plane (Figure 

37a). Doing so does not account theoretically for the additional forces arising from elastic 

displacement or compression of the surfaces, but those forces are much smaller than 

capillary forces, as discussed in Section 2.1. We used the JKR theory to predict the radius 

of the circular contact area, RJKR, and calculated the negative separation distance Zl 

necessary for a sphere of radius RefJ to intersect a plane in a circle of that radius. 

Specifying that distance in the MENISCUS code, we then calculated the capillary force 

between the sphere and plane as a function of RH. The curve predicted by this model is 

plotted with a solid line in Figure 36. It fits our measured forces much better in the 70% 

to 90% RH range, matching both the maximum at 70% RH and the downward trend in 
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Figure 37. Water meniscus proflles for deformed sphere of radius Ref! on plane. 
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Figure 37a. A simple model incorporates the JKR surface deformation theory prediction 
of contact radius, RJKR, into exact meniscus theory. The sphere has a negative separation 
distance :'1 from the plane, determined trigonometrically from Ref! and RJKR. The dotted 
line indicates the original sphere proflle. Menisci at several RH are shown in the wedge to 
the right of r = RJKR. In this geometry, a meniscus can exist at very small RH values. 
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Figure 37b. Elastic deformation theory (such as the Muller-Yushchenko theory) predicts 
both a compression region and an extension region in the deformed sphere. Here, the size 
of the extension region is exaggerated for clarity. The dotted line indicates the original 
sphere proflle. The extension region fills the volume in which a small meniscus would 
exist. In this geometry, a meniscus can not exist below a certain RH value. Menisci for 
larger RH are shown in the wedge to the right of r = RJKR. 
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adhesion force as RH increases from 70% to 90%. As RH decreases from 70%, this curve 

increases with a shape similar to that of the "decreasing" curves we observed in our 

hysteresis studies (Figures 26, 27a, and especially Figure 27b), before they drop to "dry" 

adhesion values. 

We now discuss the implications of these fits to theory. Exact meniscus theory says 

that when capillary condensation creates a meniscus in an undeformed contact region, the 

total adhesion force increases greatly above that of "dry" adhesion. Below 60% RH, we 

do not measure a large adhesion force. We measure a small "dry" adhesion force as 

predicted by the DMT theory. To have "dry" adhesive contact, the contact region of our 

crossed fiber pair must have elastically deformed to such an extent that the surfaces join 

smoothly, without a small angle of contact to act as a meniscus nucleation site 

(Figure 37b). Elastic deformation theory predicts that Van der Waals forces can greatly 

deform the perimeter of the contact region in this manner. Since we do not measure a 

large capillary adhesion force, this must be the case. 

The other six force-vs.-RH curves shown in Figure 25 do not match the DMT theory 

as well at low RH. Perhaps for these fiber pairs, incomplete adhesive contact due to 

asperities decreased the adhesion force, or meniscus formation aided by surface films 

increased the adhesion force relative to the DMT prediction. For example, the 39.5 /lm 

curve shows a low adhesion force at low RH, while the 145 /lm curve is dominated by the 

capillary force over its whole range. It is likely exhibiting hysteresis due to residual 

adsorbed surface layers, as was discussed in Section 4.4.2. 

As RH increases, a meniscus can be stable with a larger-magnitude negative radius of 

curvature r2. For the fiber pair in Figure 36, the deformed contact region must have a 

shape that allows a stable meniscus to exist above 60% RH. The transition region 

between 60% and 70% RH is not wholly explained by either the DMT theory or exact 

meniscus theory with a simple deformation model. If the Muller-Yushchenko theory were 
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rigorously combined with exact meniscus theory, the shape and RH-range of this 

transition could very likely be predicted. Since this is the same region where we observed 

hysteresis that we attributed to adsorbed films, we believe that adsorbed films also 

influence the transition curve shape. 

Above 90% RH, our measured forces are lower than those predicted by exact 

meniscus theory with deformation. Some of the adhesion force curves for other large 

fiber pairs shown in Figure 25 display a similar high-RH decrease. The breakdown of the 

Deryagin approximation for large menisci is probably responsible for part of this 

discrepancy. However, we have measured an adsorbed film of -10 nm thickness on a 

fiber above 90% RH, and Fisher, Gamble, and Middlehurst (1981) have shown that a 

thick adsorbed film affects meniscus shape. Because of these finding, \VC believe that 

thick adsorbed films also affect our measured forces in this region. 

4.7 "Real-world" adhesion 

We began our research into the problem of adhesion with straightforward goals. We 

planned to make perfect fibers, repeat identical contact and separation events, and use the 

statistics of large numbers of measurements to precisely determine the adhesion force. 

We were going to make pure adhesion force measurements, uncluttered by undesired 

forces that were side effects of a poorly designed removal mechanism. We were going to 

take advantage of a wide variety of "exactly measured" geometrical and experimental 

parameters such as different fiber sizes, relative humidities, fiber compositions, crossed

fiber angles, temperatures, gases in the environment, etc. From these experiments we 

would get fundamental and indisputable families of curves that could fill in the gaps in 

the adhesion literature left by other researchers. 

Our "fundamental force-measuring machine" did not measure fundamental 

parameters. Although we could make many measurements, only little about them was 
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truly fundamental. We were measuring real-world adhesion between real particles that 

deformed, showed time-dependent effects, and had subtle interactions with their 

environment. We demonstrated a whole host of unusual phenomena. We saw strange 

statistics, quantization, and humidity-based hysteresis, and we found that some 

measurements were either multi-valued or simply not repeatable. Only after a great deal 

of work could we actually discern trends in the data and explain those trends through 

application of and improvement to various adhesion theories. 

We do not have families of fundamental curves, but we do know how the adhesion 

force depends on a wide variety of experimental parameters. How do our results apply to 

improved clean-room contamination control? Most important is that adhesion force is a 

complicated function of relative humidity. We found that the adhesion force is lowest 

when the RH is below 50%, and contact zone deformation prevented the formation of a 

meniscus which would increase adhesion. The RH at which the maximum adhesion force 

occurred depended on particle size-the larger particles had their maximum adhesion 

force at lower RH. We measured maximum adhesion forces for different particle sizes 

between 55% and 98% RH. A clean room operator can increase the efficiency of trapping 

particulates in air filters by operating at a high RH, with the RH value based on the size 

range of the particles which are most important to trap. To minimize adhesion of 

unwanted particles to clean room surfaces, operate under 50% RH. Preventing "wet" 

adhesive contact also avoids the possibility of additional bonding from salts dissolved 

from the particles (Nosker, et al., 1981). 

Our work shows that adhesion is not a fundamental phenomenon in physics as much 

as it is a complex phenomenon involving a wide variety of competing physical effects 

such as short-range forces and van der Waals forces, surface energy, deformation, 

capillarity, adhesion hysteresis, thin films and monolayers, condensation and evaporation, 

slip-stick motion, and light scattering. This knowledge enriches our understanding of the 



physical world, and serves as a base from which future researchers can continue to 

investigate the processes involved in adhesion. 
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5. DISCUSSION 

5.1 Summary 
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We developed two new and unique instruments to measure adhesion forces between 

two small particles. Our measurements showed that the adhesion force is not single

valued even for repeated measurements between the same two particles. We discovered 

the phenomenon of "quantization," wherein the measured adhesion force for repeated, 

supposedly identical contact and separation events displays discrete multiple values. We 

identified one cause of quantization to be a slip-stick phenomenon between crossed 

fibers, but there must be other causes as well. We measured the variation in adhesion 

force with particle size and the relative vapor pressure of a condensible vapor, typically 

water. For larger fiber sizes at low RH, our data confirm the adhesion force predictions of 

the Deryagin-Muller-Toporov theory (Muller and Yushchenko, 1980). At higher RH, 

near saturation, they confirm the force predicted by the result of our linking Orr, Scriven, 

and Rivas' (1975) exact meniscus theory with Johnson, Kendall, and Roberts' (1971) 

surface deformation theory. For small fiber sizes, we demonstrated the breakdown of 

macroscopic thermodynamics' capillary force predictions (Equation 2.5) as one goes to 

small magnitudes of meniscus radii of curvature. We discovered that the adhesion force 

shows two kinds of hysteresis as relative humidity is varied. These we attributed to 

effects of adsorption hysteresis. We measured the thickness of an adsorbed film of water 

on a 0.652 11m radius quartz fiber as a function of RH, and showed that this differs from 

Fisher, Gamble, and Middlehurst's (1981) measurements of adsorbed water-film 

thickness vs. RH on a flat surface as a function of RH. 

In summary, we explored the relationship among a deformable contact region, a 

liquid meniscus, and an adsorbed surface film of liquid, when two surfaces come into 

contact, remain in contact for a finite time, and are separated by application of a 

disjoining force. 
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5.2 Areas for continued research 

We recommend the following areas for investigation by future researchers. 

1) More experimental data is needed to understand how adsorbed surface films affect 

the meniscus shape. When the magnitude of the meniscus' negative radius of curvature is 

very small «5 nm), the adhesion force falls below that predicted by the Kelvin equation 

and exact meniscus theory. Meniscus radii this small are not determined by bulk liquid 

properties-only a few dozen water molecules may span the distance across the meniscus 

perimeter between the surfaces. Neither can bulk liquid properties be used to predict the 

thickness of adsorbed surface layers which influence the meniscus shape. Smaller 

particles (fibers) should be used. A meniscus of the requisite small-magnitude negative 

radius of curvature does form between small fibers «10 11m radii) at high RH. Using 

particles harder than quartz, even smaller meniscus radii could be achieved, since the 

contact region would deform less and a smaller meniscus could exist at lower RH. 

2) Further theoretical work is needed to understand the link between surface-force

dominated "dry" adhesion at low RH, and capillary force dominated "wet" adhesion at 

high RH. The Orr-Scriven-Rivas exact meniscus theory should be coupled with the 

Muller-Yushchenko surface deformation theory. Then we could predict the RH above 

which a meniscus can form in an elastically deformed contact region, and perhaps even 

predict how the force varies with RH in the transition from "dry" to "wet" adhesion. The 

next step would be to incorporate the behavior of adsorbed surface films into the theory 

(continuing along the lines of research of Zorin, et al., 1987). The resultant theory might 

be able to predict our observed hysteresis behavior. We suspect that quantization is 

caused by a bifurcation of the meniscus state during separation. If this bifurcation is in 

tum caused by interactions with adsorbed films, the expanded theory should predict 

quantization effects. 

3.) If the meniscus state bifurcates during separation, repeated contact and separation 
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events would have parallels to that of a dripping faucet, and the repeated contact forces 

should show chaotic behavior, as discussed in Section 4.3. More rigorous tests for the 

presence of chaos should be performed on a variety of quantized contact force data. 

4) The light-scattering nephelometer should be used to measure adsorbed film 

thickness as a function of RH and fiber radius. Knowing how the film thickness 

approaches the planar surface limit (Fisher, Gamble and Middlehurst, 1981) at various 

RH would provide information to correct the Kelvin equation for liquid surfaces with 

small positive radii of curvature. Humidity-dependent adsorbed film thickness hysteresis 

should be studied to explain our observed hysteresis behavior, and to improve meniscus 

theory as discussed above. 

5) Both adsorbed film thickness and crossed-fiber adhesion on the same fiber should 

be measured. The necessary range of fiber radius would push the lower limit for fiber size 

that we used in the force-measurement instruments (-15 11m) and the upper limit allowed 

by the precision of the CYL and CLAD computer code (-211m). Experimental methods 

to use smaller, more delicate fibers in the force measurement instruments need improve

ment, as well as the precision of the computer code. Both of these tasks are quite feasible. 

6) Light scattering techniques should be used to study the contact region between 

crossed fibers to provide information about contact region dynamics. The light-scattering 

signals respond to changes in contact-region geometry. Even without a theoretical 

description, measuring the time scale of events taking place in the contact region during 

the process of contact, the maintaining of contact, and the process of separation would be 

useful. High speed fluctuations in the signal should be monitored at a fixed angle. We 

should track slow deformation without separating the surfaces, and record the brief time 

required for meniscus formation and evaporation. Time scales of these and other time

dependent adhesion effects are needed to understand how they affect other experimental 

measurements. 
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APPENDIXA. CYL and CLAD computer code listings 

SUBROUTINE CYL 

C Subroutine to calculate the Sll, S12, S33, and S34 Mueller 
C matrix elements for cylinders using BHCYL based program. 

C original code provided by Craig F. Bohren and Donald R. Huffman 
C developed from equations in Kerker, M., and E. Matijevic, 
C "Scattering of electromagnetic waves from concentric infinite 
C cylinders," J. O. S. A. 51:5, 506-508 (May 1961). See also 
C Kerker, M., The Scattering of Light and Other Electromagnetic 
C Radiation," Academic Press, New York (1969). 

C Modified by David Abromson and Thomas Wentzel to use as a 
subroutine of DATA. FOR 

COMPLEX YY,AN,BN,AO,BO,G(1000),BH(1000),REFREL,Tl,T2' 
REAL PI,AAA(6,2),BJ(1000),BY(1000) ,F(1000) 
REAL X(20,1000),Y(20,1000),XD(20,1000),YD(20,1000),XM(20),XB(20) 
REAL XAXL(20),XAXR(20),XLSET(20),XRSET(20),R1,R2 
REAL SAFECYL(7,2), SAFESPH(7,2), SAFECLAD(7,2) 
INTEGER MATRIX(20),THEORY(20),ILINE(20),IPOINT(20),DEV,SAFE 
INTEGER ANGLE(20),IDATA(20),BLOCK(4) 
CHARACTER*40 FILENAME,TITLE(20),DATE(20),ETC(20),PO(20),FUN(20) 
CHARACTER*40 ID(20,12),AA1(6) 
COMMON /Al/ X,Y,XD,YD,XM,XB,ANGLE,IDATA 
COMMON /A2/ XAXL,XAXR,XLSET,XRSET 
COMMON /A3/ FILENAME, TITLE, DATE, ETC, PO, FUN 

*,ID,NUM,IPOINT,DEV,MATRIX,THEORY,ILINE 
COMMON /AS/ SAFECYL,SAFESPH,SAFECLAD 

C Initialization of parameters 

IF (NUM.LT.1.0R.NUM.GT.17) THEN 
NUM=l 
ENDIF 

BLOCK ( 1 ) =NUM 
BLOCK(2)=NUM+1 
BLOCK(3)=NUM+2 
BLOCK(4)=NUM+3 

SAFE=INT(SAFECYL(l,l)) 
IF (SAFE.EQ.O) THEN 

DO 1 I=1,2 
AAA(l, I) =1.466 
AAA(2,I)=0 
AAA(3,I)=1. 
AAA(4,I)=.6 
AAA(S,I)=.441S7 
AAA(6,I)=0 

1 CONTINUE 
AAA(6,2)=180. 
I NANG = 9 0 
I=6 

ELSE 



DO 3 I1=l,6 
DO 2 12=1,2 

AAA(I1,I2)=8AFECYL(I1,I2) 
2 CONTINUE 
3 CONTINUE 

INANG=INT(8AFECYL(7,l)) 
I=INT(8AFECYL(7,2)) 

ENDIF 

PI=3.14159265 

AA1(1)='INDEX OF REFRACTION' 
AA1(2)='IMAGINARY INDEX OF REFRACTION' 
AA1(3)='INDEX OF MEDIUM' 
AA1(4)='RADIU8 OF FIBER' 
AA1(5)='WAVELENGTH OF LIGHT' 
AA1(6)='8CATTERING ANGLE' 

C Menu of commands 

16 CALL cis 
WRITE(*,24) 'Real index of ref 1 : ',AAA(l,l), , 
WRITE(*,24) 'Imag. index of ref 3 : ',AAA(2,l), , 
WRITE(*,24) 'Real index of med 5 : ',AAA(3,l), , 
WRITE(*,24) 'Radius (microns) 7 : ',AAA(4,l), , 
WRITE(*,24) 'Lambda (microns) 9 : ',AAA(5,l), , 
WRITE(*,24) 'Angle (degrees) 11: ',AAA(6,l), , 
WRITE ( * , 26) '13 Number of steps: , ,INANG 
WRITE ( * , 25 ) '14 Function: ' ,AA1(I) 
WRITE ( * , 30) '15 Run program , 
WRITE ( * , 26 ) '16 Sl1 in block ' ,BLOCK(l) 
WRITE ( * , 26) '17 812 in block ' ,BLOCK(2) 
WRITE ( * , 26 ) '18 833 in block ' ,BLOCK(3) 
WRITE ( * , 26 ) '19 834 in block ' ,BLOCK(4) 
WRITE(*,30) '20 Abort , 

WRITE(*,30) What is your desire? ' 
READ(* ,31) ICOM 

C Command Interpreter 

IF (ICOM.EQ.20) THEN 
GOTO 107 
ENDIF 

IF (ICOM.NE.15) THEN 
WRITE(*,30) , To what? ' 
ENDIF 

24 FORMAT(lX,2(A,F15.10)) 
25 FORMAT(lX,A,A) 
26 FORMAT(lX,A,I6) 
30 FORMAT (lX,A) 
31 FORMAT (I8) 
32 FORMAT(F13.8) 
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2 : ',AAA(l,2) 
4 : ',AAA(2,2) 
6 : ',AAA(3,2) 
8 : ',AAA(4,2) 
10: ',AAA(5,2) 
12: ',AAA(6,2) 



33 FORMAT (lX, A, , = ',F8.4) 

IF (ICOM.LE.12.AND.ICOM.GT.0) THEN 
IC1=(ICOM-.5) /2.+1. 
IC2=ICOM-IC1*2+2 
READ(*,*) AAA(IC1,IC2) 
IF (IC2.EQ.l.AND.IC1.NE.I) THEN 

AAA(IC1,2)=AAA(IC1,l) 
ENDIF 

ELSE IF (ICOM.GT.l5.AND.ICOM.LT.20) THEN 
READ(*",31) BLOCK(ICOM-l5) 
IF (ICOM.EQ.16) THEN 

BLOCK(2)=BLOCK(1)+1 
BLOCK(3) =BLOCK(l) +2 
BLOCK(4)=BLOCK(1)+3 
ENDIF 

ELSE IF (ICOM.EQ.13) THEN 
READ(*,31) INANG 

ELSE IF (ICOM.EQ.14) THEN 
READ ( * , 31 ) I 
I= (I+l) /2 

ELSE IF (ICOM.EQ.l5) THEN 

WRITE ( * , 30) , , 

C Calculation of values 

DO 100 J=l,INANG+l 

II=J-l 
REFRE= AAA(l,l)+(J-l)*((AAA(l,2)-AAA(l,l))/FLOAT(INANG)) 
REFIM= AAA(2,l)+(J-l)*((AAA(2,2)-AAA(2,l))/FLOAT(INANG)) 
REFMED=AAA(3,l)+(J-l)*((AAA(3,2)-AAA(3,l))/FLOAT(INANG)) 
RAD= AAA(4,l)+(J-1)*((AAA(4,2)-AAA(4,l))/FLOAT(INANG)) 
WAVEL= AAA(5,l)+(J-l)*((AAA(5,2)-AAA(5,l))/FLOAT(INANG)) 
ANGL= AAA(6,l)+(J-1)*((AAA(6,2)-AAA(6,l))/FLOAT(INANG)) 

··ANG=ANGL 

IF ((J.NE.1) .AND. (I.EQ.6)) GOTO 1000 

REFREL=CMPLX(REFRE,REFIM)/REFMED 
XX=2.*PI*RAD*REFMED/WAVEL 
YY=REFREL*XX 
XSTOP=XX+4.*XX**0.3333+2 
NSTOP=XSTOP 
YMOD=CABS(YY) 
NMX=AMAXl (XSTOP,YMOD) +15 

G(NMX)=CMPLX(O.O,O.O) 
NN=NMX-l 
DO 120 N=l,NN 

RN=NMX-N+1 
KI=NMX-N 

120 G(KI)=((RN-2.)/YY)-(1./(G(KI+l)+(RN-l.)/YY)) 
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NDELTA=(101.+XX) **0.499 
MST=NSTOP+NDELTA 
MST=(MST/2)*2 
F(MST+1)=0.0 
F(MST)=1.0E-32 
M1=MST-1 
DO 201 L=l,M1 

ML=MST-L 
201 F(ML)=2.*FLOAT(ML)*F(ML+1)/XX-F(ML+2) 

ALPHA=F(l) 
M2=MST-2 
DO 202 LL=2,M2,2 

202 ALPHA=ALPHA+2.*F(LL+1) 
M3=M2+1 
DO 203 N=l,M3 

203 BJ(N)=F(N)/ALPHA 
BY(1)=BJ(1)*(ALOG(XX/2.)+0.577215664) 
M4=MST/2-1 
DO 204 L=l,M4 

204 BY(1)=BY(1)-2.*((-1.)**L)*BJ(2*L+1)/FLOAT(L) 
BY(1)=.636619772*BY(1) 
BY(2)=BJ(2)*BY(1)-.636619772/XX 
BY(2)=BY(2)/BJ(1) 
NS=NSTOP+1 
DO 205 KK=l,NS 

205 BY(KK+2)=2*FLOAT(KK)*BY(KK+1)/XX-BY(KK) 
NN=NSTOP+1 
DO 715 N=l, NN 

715 BH(N)=CMPLX(BJ(N),BY(N)) 

C Calculation of AN and BN 

AO=G(1)*BJ(1)/REFREL+BJ(2) 
AO=AO/(G(1)*BH(1)/REFREL+BH(2)) 
BO=REFREL*G(1)*BJ(1)+BJ(2) 
BO=BO/(REFREL*G(1)*BH(1)+BH(2)) 

1000 T1=BO 
T2=AO 
DO 123 N=l,NSTOP 

RN=N 
AN=(G(N+1)/REFREL+RN/XX)*BJ(N+1)-BJ(N) 
AN=AN/((G(N+1)/REFREL+RN/XX)*BH(N+1)-BH(N)) 
BN=(REFREL*G(N+1)+RN/XX)*BJ(N+1)-BJ(N) 
BN=BN/((REFREL*G(N+1)+RN/XX)*BH(N+1)-BH(N)) 
THETA=ANG*0.017453292 
C=COS(RN*THETA) 
T1=2.*BN*C+T1 
T2=2.*AN*C+T2 

123 CONTINUE 
T11NOR=0.5*(CABS(T1)*CABS(Tl)) 
T11NOR=T11NOR+0.5*(CABS(T2)*CABS(T2)) 
TPAR=CABS(T1) 
TPAR=TPAR* TPAR 
TPER=CABS(T2) 
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TPER=TPER*TPER 
T11=0.5*(TPAR+TPER) 
T12=0.5*(TPAR-TPER) 
POL= T12/T11 
T33=REAL(T1*CONJG(T2)) 
T34=AIMAG(T1*CONJG(T2)) 
T33=T33/Tll 
T34=T34/Tll 
Tll=LOG10(Tll) 
WRITE (*,68) ANG,T11,POL,T33,T34 

68 FORMAT (lX,5(lPE13.6,2X)) 
Y(BLOCK(1),J)=T11 
Y(BLOCK(2),J)=POL 
Y(BLOCK(3),J)=T33 
Y(BLOCK(4),J)=T34 

100 CONTINUE 
J=INANG+1 

DO 106 LL=l,4 
ANGLE(BLOCK(LL))=INANG+1 
IDATA(BLOCK(LL))=l 
ILINE(BLOCK(LL))=l 
IPOINT(BLOCK(LL))=O 
XAXL(BLOCK(LL))=AAA(I,l) 
XLSET(BLOCK(LL))=AAA(I,l) 
XAXR(BLOCK(LL))=AAA(I,2) 
XRSET(BLOCK(LL))=AAA(I,2) 

IF (LL.LT.3) THEN 
MATRIX(BLOCK(LL))=LL+10 
ELSE IF (LL.GT.2) THEN 

MATRIX(BLOCK(LL))=LL+30 
ENDIF 

TITLE(BLOCK(LL))='FIBER SCATTERING' 
IF (LL.EQ.1) THEN 

PO(BLOCK(LL))='LOG TOTAL INTENSITY' 
ELSE 

PO(BLOCK(LL))='PERCENT POLARIZATION' 
ENDIF 

FUN(BLOCK(LL))=AA1(I) 
THEORY(BLOCK(LL))=5 

C DO 10 M7=l,6 
C IF (I.NE.M7) THEN 
C WRITE(AA,' (F8.4) ') AAA(M7,l) 
C ID(BLOCK(LL),M7)=TRIM(AA1(M7))//' = '//TRIM(AA) 
C ENDIF 
C 10 CONTINUE 

106 CONTINUE 
GOTO 107 
ENDIF 
GOTO 16 

107 CONTINUE 
NUM=NUM+4 
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DO 122 Il=1,6 
DO 121 I2=1,2 

SAFECYL(I1,I2)=AAA(I1,I2) 
121 CONTINUE 
122 CONTINUE 

R1=INANG*1.0 
R2=I*1.0 
SAFECYL(7,1)=R1 
SAFECYL(7,2)=R2 

RETURN 
END 

Subroutine CLAD 

Purpose: 
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Calculates the four unique Mueller scattering matrix elements: Sll, S12, S33, S34 for 
a cladded cylinder. The subroutine can calculate the values as a function of anyone of the 
following parameters: 

1. Core medium's real refractive index (n2) 
2. Core medium's imaginary refractive index (k2) 
3. Cladding medium's real refractive index (nl) 
4. Cladding medium's imaginary refractive index (kl) 
5. Surrounding medium's real refractive index (no) 
6. Core radius (micrometers) 
7. Cladding radius (micrometers) 
8. Incident wavelength (micrometers) 
9. Scattering angle (degrees) 

This subroutine is a modification of the two programs, BHCYL and BHCOAT, 
written by Craig F. Bohren and Donald R. Huffman. The subroutine for the calculation of 
the Bessel functions is from BHCYL using an algorithm credited to Miller (British 
Association, 1952, p. xvii). The equations were taken from a paper by M. Kerker and E. 
Matijevic (JOSA 51, 1961, p.506-508). 

The limits to ignore the contribution of the core are taken from BHCOA T. If all four 
of these :::onditions are met the core terms' contribution can be neglected: 

1. DEL * Dn(m1al) > An * H'm(mlal)/Jn(mlal) 
2. DEL * Dn(m1al) > Bn * H'm(m1a1)/Jn(mla1) 
3. DEL> An * Hn(mla1)/Jn(mla1) 
4. DEL> Bn * Hn(mlal)/Jn(mla1) 

where DEL = 1 * 10-8, ml = nl + i kl, and a1 = 21tb/A. 

This program gives the same results as the normally illuminated homogeneous 
cylinder program, BHCYL, written by Bohren and Huffman. The cladded cylinder 
program can be set to give these results by making the core and cladding radii equal and 
the refractive indices equal. 



SUBROUTINE CLAD 

C Subroutine to calculate the S11, S12, S33, and S34 Mueller matrix 
C elements for clad cylinders based on BHCYL, a program written by 
C Craig Bohren and Donald Huffman for the IBM PC. 

C Based upon the equations in Kerker, M., The Scattering of Light 
C and Other Electromagnetic Radiation," Academic Press, New York 
C (1969). 

C REFRACTIVE INDEX: M2 CORE MATERIAL 
C M1 = CLADDING MATERIAL 
C MO SURROUNDING MATERIAL 
C RADIUS : A = RAD, B = RADTOT 

C Written by David Abromson and Thomas Wentzel to use as a 
subroutine of DATA. FOR 

COMPLEX T1,T2,MO,M1,M2,M10,M20,M21,C1,C2,C3,C4,ONE 
COMPLEX YY1,YY2,YY3,AN,BN,AO,BO,G(4,1000),BH(4,1000) 
COMPLEX BJ(4,1000),BY(4,1000),TEST1,TEST2,TEST3,TEST4 
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REAL X(20,1000),Y(20,1000),XD(20,1000),YD(20,1000),XM(20),XB(20) 
REAL XAXL(20),XAXR(20),XLSET(20),XRSET(20),AAA(9,2),PI,KAPPA,DEL 
REAL SAFECYL(7,2),SAFESPH(7,2),SAFECLAD(7,2) 
INTEGER ANGLE(20),IDATA(20) ,BLOCK(4),J,N,LL 
INTEGER MATRIX(20),THEORY(20),ILINE(20),IPOINT(20),DEV 
CHARACTER*40 FILENAME,TITLE(20),DATE(20),ETC(20) ,PO(20) ,FUN(20) 
CHARACTER*40 ID(20,12),AA,AA1(10) 
COMMON IA11 X,Y,XD,YD,XM,XB,ANGLE,IDATA 
COMMON IA21 XAXL,XAXR,XLSET,XRSET 
COMMON IA31 FILENAME,TITLE,DATE,ETC,PO,FUN 

*,ID,NUM,IPOINT,DEV,MATRIX,THEORY,ILINE 
COMMON IA51 SAFECYL,SAFESPH,SAFECLAD 

22 FORMAT (I8) 
23 FORMAT(F15.10) 
24 FORMAT(lX,2(A,F15.10)) 
25 FORMAT(lX,A,A) 
26 FORMAT(lX,A,I6) 
30 FORMAT (lX, A) 

C Initialization of parameters 

IF ((NUM.LT.1) .OR. (NUM.GT.17)) THEN 
NUM=l 
ENDIF 

BLOCK(l)=NUM 
BLOCK(2)=NUM+1 
BLOCK(3)=NUM+2 
BLOCK(4)=NUM+3 

DO 15 I=1,2 
AAA(1,I)=1.466 
AAA(2,I)=O. 
AAA(3,I)=1.333 
AAA(4,I)=0. 



AAA(5,I)=1.000 
AAA(6,I)=1.5 
AAA(7,I)=1.505 
AAA(8,I)=.44157 
AAA(9,I)=0. 

15 CONTINUE 
AAA(9,2)=180. 
I=9 
INANG=90. 
IFLAG=O 
DEL=1.0E-8 
PI=3.14159265 
ONE=CMPLX(1.0,0.) 

AAl(l)='CORE REAL REFRACTIVE INDEX' 
AAl(2)='CORE IMAG. REFRACTIVE INDEX' 
AAl(3)='CLAD REAL REFRACTIVE INDEX' 
AAl(4)='CLAD IMAG. REFRACTIVE INDEX' 
AAl(5)='MEDIUM REAL REFRACTIVE INDEX' 
AAl(6)='CORE RADIUS OF FIBER' 
AAl(7)='CLADDING RADIUS OF FIBER' 
AAl(8)='WAVELENGTH OF LIGHT' 
AAl(9)='SCATTERING ANGLE' 
AAl(10)=' , 

C Menu of commands 

16 CALL cls 
WRITE(*,30) 'CLAD CYLINDER SUBROUTINE , 
WRITE(*,24) 'Core real ref. index 1 : ',AAA(l,l), , 
WRITE(*,24) 'Core imago ref. index 3 : ',AAA(2,1),' 
WRITE ( * , 24) 'Clad real ref. index 5 : ',AAA(3,1), , 
WRITE(*,24) 'Clad imago ref. index 7 : ',AAA(4, 1), , 
WRITE(*,24) 'Real index of medium 9 : ',AAA(5,1), , 
WRITE(*,24) 'Core radius (microns) 11: ',AAA(6, 1), , 
WRITE(*,24) 'Clad radius (microns)13: ',AAA(7,1),' 
WRITE(*,24) 'Lambda (microns) 15: ',AAA(8, 1), , 
WRITE(*,24) 'Angle (degrees) 17: ',AAA(9,1), , 
WRITE ( * , 26 ) '19:Number of steps: , ,INANG 
WRITE(*,25) '20:Function: ',AAl (I) 
WRITE(*,30) '21: Run program , 
WRITE ( * , 26 ) '22: Sl1 in block ' ,BLOCK(l) 
WRITE ( * , 26) '23: S12 in block ' ,BLOCK(2) 
WRITE ( * , 26 ) '24: S33 in block ' ,BLOCK(3) 
WRITE(*,26) '25: S34 in block ' ,BLOCK(4) 

2: 
4 : 
6 : 
8 : 

10: 
12: 
14: 
16: 
18: 

WRITE(*,25) '26: ID to be used by HIGRAPH: ',AAl (10) 
WRITE(*,30) '27: Abort , 

WRITE(*,30) What is your desire? ' 
READ ( *,22) ICOM 

C Command Interpreter 

IF (ICOM.EQ.27) THEN 
GOTO 107 
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' ,AAA(1,2) 
' ,AAA(2,2) 
' ,AAA(3,2) 
' ,AAA(4,2) 
' ,AAA(5,2) 
' ,AAA(6,2) 
',AAA(7,2) 
' ,AAA(8,2) 
',AAA(9,2) 



ENDIF 

IF (ICOM.NE.21) THEN 
WRITE(*,30) I To what? I 

ENDIF 

IF (ICOM.LE.18.AND.ICOM.GT.0) THEN 
IC1=(ICOM-.S) /2.+1. 
IC2=ICOM-IC1*2+2 
READ(*,*) AAA(IC1,IC2) 
IF (IC2.EQ.1.AND.IC1.NE.I) THEN 

AAA(IC1,2)=AAA(IC1,1) 
ENDIF 

ELSE IF (ICOM.GT.21.AND.ICOM.LT.26) THEN 
READ(*,22) BLOCK(ICOM-21) 
IF (ICOM.EQ.22) THEN 

BLOCK(2)=BLOCK(1)+1 
BLOCK(3)=BLOCK(1)+2 
BLOCK(4)=BLOCK(1)+3 
ENDIF 

ELSE IF (ICOM.EQ.19) THEN 
READ(*,22) INANG 

ELSE IF (ICOM.EQ.20) THEN 
READ ( * , 22) I 
I=(I+1)/2 

ELSE IF (ICOM.EQ.26) THEN 
READ(*,30) AA1(10) 

ELSE IF (ICOM.EQ.21) THEN 

WRITE(*,30) I I 

C Calculation of values 

DO 100 J=1,INANG+1 

C Generation of parameters for the equations 

REFRE= AAA(1,1)+(J-1)*((AAA(1,2)-AAA(1,1))/FLOAT(INANG)) 
REFIM= AAA(2,1)+(J-1)*((AAA(2,2)-AAA(2,1))/FLOAT(INANG)) 
CLDRE= AAA(3,1)+(J-1)*((AAA(3,2)-AAA(3,1))/FLOAT(INANG)) 
CLDIM= AAA(4,1)+(J-1)*((AAA(4,2)-AAA(4,1))/FLOAT(INANG)) 
REFMED=AAA(S,1)+(J-1)*((AAA(S,2)-AAA(S,1))/FLOAT(INANG)) 
RAD= AAA(6,1)+(J-1)*((AAA(6,2)-AAA(6,1))/FLOAT(INANG)) 
RADTOT=AAA(7,1)+(J-1)*((AAA(7,2)-AAA(7,1))/FLOAT(INANG)) 
WAVEL= AAA(8,1)+(J-1)*((AAA(8,2)-AAA(8,1))/FLOAT(INANG)) 
ANG = AAA(9,1)+(J-1)*((AAA(9,2)-AAA(9,1))/FLOAT(INANG)) 

IF ((J.NE.1) .AND. (I.EQ.9)) THEN 
GOTO 1000 
ENDIF 

M2=CMPLX (REFRE, REFIM) 
M1=CMPLX(CLDRE,CLDIM) 
MO=CMPLX(REFMED,O.O) 
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M10=M1/MO 
M20=M2/MO 
M21=M2/M1 

C DEFINE ALPHA1 AND ALPHA2 THE SIZE PARAMETERS 
KAPPA=2.*PI/WAVEL 
ALPHA1=KAPPA*RADTOT 
ALPHA2=KAPPA*RAD 

C DETERMINE MAXIMUM NUMBER OF TERMS NMX,NSTOP 
XSTOP1=ALPHA1+4.*ALPHA1**0.3333+2. 
XSTOP2=ALPHA2+4.*ALPHA2**0.3333+2. 
NSTOP1=XSTOP1 
NSTOP2=XSTOP2 
YY1=ALPHA1*M2 
YY2=ALPHA2*M1 
YY3=ALPHA2*M2 
YMOD1=CABS(YY1) 
YMOD2=CABS(YY2) 
YMOD3=CABS(YY3) 
NSTOP=MAXO(NSTOP1,NSTOP2) 
XSTOP=AMAX1(XSTOP1,XSTOP2) 
YMOD=AMAX1(YMOD1,YMOD2) 
YMOD=AMAXl (YMOD, YMOD3 ) 
NMX=AMAX1(XSTOP,YMOD)+15 

C CALL BESSEL FUNCTION CALCULATION 

CALL BESSEL (l,ALPHA1,MO,NMX,NSTOP,G,BJ,BY,BH) 
CALL BESSEL (2,ALPHA1,M1,NMX,NSTOP,G,BJ,BY,BH) 
CALL BESSEL (3,ALPHA2,M1,NMX,NSTOP,G,BJ,BY,BH) 
CALL BESSEL (4,ALPHA2,M2,NMX,NSTOP,G,BJ,BY,BH) 

C CALCULATE AO AND BO 

1000 C1=(G(4,l)-M21*G(3,l))/(G(4,l)*BH(3,l)+M21*BH(3,2))*BJ(3,1) 
C2=(G(2,l)+C1*BH(2,2)/BJ(2,l))/(ONE-C1*BH(2,l)/BJ(2,l)) 
AO=(C2*BJ(l,l)/M10+BJ(l,2))/(C2*BH(l,l)/M10+BH(l,2)) 

C1=(M21*G(4,l)-G(3,l))/(M21*G(4,l)*BH(3,l)+BH(3,2))*BJ(3,1) 
C2=(G(2,l)+C1*BH(2,2)/BJ(2,l))/(ONE-C1*BH(2,l)/BJ(2,l)) 
BO=(M10*C2*BJ(l,l)+BJ(l,2))/(M10*C2*BH(l,l)+BH(l,2)) 

T1=BO 
T2=AO 
DO 123 N=l,NSTOP 

RN=FLOAT(N) 

C CALCULATION OF AN AND BN 
IF (IFLAG.EQ.1) GOTO 999 

C1=BH(3,N)-RN*BH(3,N+1)/M1/ALPHA2 
C2=BH(2,N)-RN*BH(2,N+1)/M1/ALPHA1 
C3=(G(4,N+l)-M21*G(3,N+l))/(G(4,N+l)*BH(3,N+l)-Cl*M21) 
C3=C3*BJ(3,N+1) 
TEST1=C3*C2/BJ(2,N+l) 
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TEST3=C3*BH(2,N+1)/BJ(2,N+1) 
C3=(M21*G(4,N+1)-G(3,N+1))/(M21*G(4,N+l)*BH(3,N+l)-Cl) 
C3=C3*BJ(3,N+1) 
TEST2=C3*C2/BJ(2,N+1) 
TEST4=C3*BH(2,N+1)/BJ(2,N+1) 

C TEST TO DETERMINE IF CORE TERM IS NEEDED IN CALCULATION 
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C IF ALL FOUR CONDITIONS ARE NOT MET, THEN THE CORE TERM IS SET TO ZERO 
IF (DEL*CABS(G(2,N+1)) .LT.CABS(TEST1)) GOTO 999 
IF (DEL*CABS(G(2,N+1)) .LT.CABS(TEST2)) GOTO 999 
IF (DEL.LT.CABS(TEST3)) GOTO 999 
IF (DEL.LT.CABS(TEST4)) GOTO 999 
TEST1=CMPLX(0.0,0.0) 
TEST2=CMPLX(0.0,0.0) 
TEST3=CMPLX(0.0,0.0) 
TEST4=CMPLX(0.0,0.0) 
IFLAG=l 

999 C4=(G(2,N+1)-TEST1)/(ONE-TEST3)/M10+RN/MO/ALPHA1 
AN=(C4*BJ(1,N+l)-BJ(1,N))/(C4*BH(1,N+1)-BH(1,N)) 
C4=(G(2,N+1)-TEST2)/(ONE-TEST4)*M10+RN/MO/ALPHA1 
BN=(C4*BJ(1,N+l)-BJ(1,N))/(C4*BH(1,N+1)-BH(1,N)) 

THETA=ANG*PI/180. 
C=COS(RN*THETA) 

C SUMMATION OF TERMS IN ELECTRIC FIELDS 
T1=2.*BN*C+T1 
T2=2.*AN*C+T2 

123 CONTINUE 

C CALCULATION OF INTENSITIES AND MUELLER MATRIX ELEMENTS 

TPAR=CABS (T1) 
TPAR=TPAR*TPAR 
TPER=CABS(T2) 
TPER=TPER*TPER 
T11=0.5*(TPAR+TPER) 
T12=0.5*(TPAR-TPER) 
POL=-T12/Tll 
T33=REAL(T1*CONJG(T2)) 
T34=AIMAG(Tl*CONJG(T2)) 
T33=T33/Tll 
T34=T34/Tll 
Tll=LOG10 (Tll) 
WRITE (*,68) ANG,T11,POL,T33,T34 

68 FORMAT (lX,5(lPE13.6,2X)) 

C SAVING OF INFORMATION 
Y(BLOCK(1),J)=Tl1 
Y(BLOCK(2),J)=POL 
Y(BLOCK(3),J)=T33 
Y(BLOCK(4),J)=T34 

100 CONTINUE 

J=INANG+1 



DO 106 LL=1,4 
ANGLE(BLOCK(LL))=INANG+1 
IDATA(BLOCK(LL))=l 
ILINE(BLOCK(LL))=l 
IPOINT(BLOCK(LL))=O 
XAXL(BLOCK(LL))=AAA(I,l) 
XLSET(BLOCK(LL) )=AAA(I,l) 
XAXR(BLOCK(LL))=AAA(I,2) 
XRSET(BLOCK(LL))=AAA(I,2) 

TITLE(BLOCK(LL))='CLADDED FIBER SCATTERING' 
IF (LL.EQ.l) THEN 

PO(BLOCK(LL))='LOG TOTAL INTENSITY' 
ELSE 

PO(BLOCK(LL))='PERCENT POLARIZATION' 
ENDIF 

FUN(BLOCK(LL))= AAl(I) 
IF (LL.LT.3) THEN 

MATRIX(BLOCK(LL))= LL+l0 
ELSE IF (LL.GT.2) THEN 

MATRIX(BLOCK(LL))=LL+30 
ENDIF 

THEORY(BLOCK(LL))=9 
ID(BLOCK(LL),1)=AA1(10) 
DO 10 M7=1,9 

IF (I.NE.M7) THEN 
WRITE(AA,' (FS.4) ') AAA(M7,1) 

C ID(BLOCK(LL),M7+1)=TRIM(AA1(M7))//' = '//TRIM(AA) 
ENDIF 

10 CONTINUE 
106 CONTINUE 

GOTO 107 
ENDIF 
GOTO 16 

107 CONTINUE 
NUM=NUM+4 

RETURN 
END 

SUBROUTINE BESSEL (MM,XX,MEDIA,NMX,NSTOP,G,BJ,BY,BH) 

C SUBROUTINE TO CALCULATE BESSEL FUNCTIONS J,Y,AND H AS A FUNCTION 
C OF A SIZE PARAMETER XX TO AN ORDER NMX. Z 
C WRITTEN BY CRAIG BOHERN AND DOANLD HUFFMAN 

COMPLEX CDIV,YY,G(4,1000),BH(4,1000),MEDIA,ISIGN 
COMPLEX BJ(4,1000),BY(4,1000) ,F(lOOO),ALPHA 
INTEGER N,L,LL,KK 

ISIGN=CMPLX(O.O,l.O) 
YY=XX*MEDIA 
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C LOGARITHMIC DERIVATIVE G(J) CALCULATED BY DOWNWARD RECURRENCE 
C BEGINNING WITH INITIAL VALUE (0,0) AT J=NMX 

G(MM,NMX)=CMPLX(O.O,O.O) 
NN=NMX-1 
DO 120 N=l,NN 

RN=NMX-N+1 
KI=NMX-N 

120 G(MM,KI)=((RN-2.)/YY)-(1./(G(MM,KI+1)+(RN-1.)/YY)) 

C BESSEL FUNCTION J(N) COMPUTED BY DOWNWARD RECURRENCE 
C BEGINNING AT N = NSTOP + NDELTA 
C BESSEL FUNCTION YIN) COMPUTED BY UPWARD RECURRENCE 
C BJ(N+1) = J(N), BY(N+1) = YIN) 
C HANKEL FUNCTION BH(N) = CMPLX(BJ(N),BY(N)) 

NDELTA=(101.+XX)**0.499 
MST=NSTOP+NDELTA 
MST=(MST/2)*2 
F(MST+1)=CMPLX(0.O,O.0) 
F(MST)=CMPLX(1.0E-32,O.0) 
M1=MST-1 
DO 201 L=l,M1 

ML=MST-L 
201 F(ML)=2. * FLOAT (ML) *F(ML+1)/YY-F(ML+2) 

ALPHA=F(l) 
M2=MST-2 
DO 202 LL=2,M2,2 

202 ALPHA=ALPHA+2.*F(LL+1) 
M3=M2+1 

DO 203 N=l,M3 
203 BJ(MM,N)=CDIV(F(N),ALPHA) 

C CALCULATION OF BY 

BY(MM,l)=BJ(MM,l)*(CLOG(YY/2.)+0.577215664) 
M4=MST/2-1 
DO 204 L=l,M4 

204 BY(MM,l)=BY(MM,l)-2.*((-1.)**L)*BJ(MM,2*L+1)/FLOAT(L) 
BY(MM,l)=.636619772*BY(MM,l) 
BY(MM,2)=BJ(MM,2)*BY(MM,l)-.636619772/YY 
BY(MM,2)=BY(MM,2)/BJ(MM,l) 
NS=NSTOP+1 
DO 205 KK=l,NS 

205 BY(MM,KK+2)=2*FLOAT(KK)*BY(MM,KK+1)/YY-BY(MM,KK) 

C CALCULATION OF BH 

DO 715 N=l,NS 
715 BH(MM,N)=BJ(MM,N)+ISIGN*BY(MM,N) 

RETURN 
END 
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COMPLEX FUNCTION CDIV(NUMC,DENC) 
COMPLEX NUMC,DENC 
DOUBLE PRECISION NUMR,NUMI,DENR,DENI,DEN2,Cl,C2 

NUMR=DBLE(REAL(NUMC)) 
NUMI=DBLE(AlMAG(NUMC)) 
DENR=DBLE(REAL(DENC)) 
DENI=DBLE(AlMAG(DENC)) 
DEN2=DENR*DENR+DENI*DENI 
Cl=(NUMR*DENR+NUMI*DENI)/DEN2 
C2=(DENR*NUMI-NUMR*DENI)/DEN2 
CDIV=CMPLX(SNGL(Cl),SNGL(C2)) 

RETURN 
END 
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APPENDIXB. MENISCUS computer code listing 

PROGRAM MENISUS 
c BY THOMAS M. WENTZEL 4/08/88 
c Modified to run under SUN FORTRAN March 1994 

c THIS PROGRAM CALCULATES MENISCUS CURVATURE, FORCE, VOLUME, 
c SURFACE AREA, AND PROFILES, AND PLOTS THOSE PROFILES, FOR 
c THE ANNULAR MENISCUS WHICH FORMS BETWEEN A SPHERE AND A PLANE. 
c THE EQUATIONS USED COME FROM THE PAPER BY F. M. ORR, L. E. SCRIVEN, 
c AND A. P. RIVAS, "PENDULAR RINGS BETWEEN SOLIDS: MENISCUS PROPERTIES 
c AND CAPILLARY FORCE," J. FLUID MECH. (1975) VOL. 67, PART 45, PP. 
c 723-742. GREAT BRITIAN. 

c In Orr, et al. (1975), page 731, the equation for the dimensionless 
c area of surface of revolution, A/RA2, for a nonoid, is incorrect. 
c The equation should include a factor of 1/RA2 in its second term. 
c We discovered this error and were the first to point it out to Orr. 

c THE USER CAN VARY ANY ONE OF FIVE PARAMETERS OF THE MENISCUS: SPHERE 
c RADIUS, SPHERE-PLANE SEPARATION DISTANCE, FILLING ANGLE, RELATIVE 
c HUMIDITY (DIRECTLY RELATED TO MENISCUS CURVATURE), AND MENISCUS 
c LIQUID VOLUME. ONE OF THE LATTER THREE PARAMETERS, PLUS THE FIRST 
c TWO, ARE CONSIDERED AS KNOWN, AND ONE OF THESE CAN RUN OVER A RANGE 
c OF VALUES. THE REMAINING TWO PARAMETERS ARE SOLVED FOR, AS WELL AS 
c SEVERAL OTHER PARAMETERS, INCLUDING FORCE AND SURFACE AREA. 

C IMPLICIT DOUBLE PRECISION (A-Z) 
IMPLICIT UNDEFINED (A-Z) 

DOUBLE PRECISION R(60),D(60),PSI(60),TH1(60),TH2(60),HU(60) 
DOUBLE PRECISION C(60),K(60),POPS(60),T(60) 

DOUBLE PRECISION FSD(60),FPD(60),FD(6),FS(60),FP(60),FO(60) 
DOUBLE PRECISION VD(60),V(60),VWSSD(60),VWSS(60),LV(60) 
DOUBLE PRECISION LVD(60),AD(60),A(60),XO(60),XOD(60) 
DOUBLE PRECISION PSIMAX(60) 
DOUBLE PRECISION LIM(5,2) 
DOUBLE PRECISION ZPI,ZRAD,ONE,CSUM,SSUM,CPSI,SPSI,SPRO,TOL 

& ,DU,PSIC,THETA,PHI1,PHI2,DELTA,BETA,OMEGA,MU,NU,ETA 
& ,El,E2,E21,F1,F2,F21,T1,T2,HUO,PSIT2,PSIT1,DPSI,GAMMA 
& ,PS,CONST,CTH2,STH2,VARS,POPST,VAP.l,VAR,VAR2,DX,DVAR 
& ,DXNEW,EPSI,SEPS,EPS,CEPS,DEPS,E,PHI,EI,F,MAXX,PSISINI 
& ,ANG,DANG 

REAL X(60,100),Y(60,100),XMIN(60),XMAX(60),XPMIN(60),XPMAX(60) 
REAL XPAR(60,100),YPAR(60,lOO),XMINPAR(60),XMAXPAR(60) 
REAL XPMINPAR(60),XPMAXPAR(60) 
INTEGER NOBLOCKS,I,J,ICOM,IPAR,JPAR,JPARP,KCOM,NL,NST 
INTEGER ST,LO,IOFMAXX,PFLG,NBO,NB,NBC 

C INTEGER M 
INTEGER NOPTS(60),ILINE(60),KLINE(60),NBP(60),NBLO(30) 

C CHARACTER*l YN 
CHARACTER*40 PAR(5),PAR1(7) 

COMMON /CONSTANTS/ZPI,ZRAD,ONE,NOBLOCKS 



COMMON /PARAMETERS/CSUM,SSUM,CPSI,SPSI,SPRO, 
& TOL,DU,PSIC,THETA,PHI1,PHI2,DELTA,BETA,OMEGA,MU,NU,ETA 

COMMON /INTEGRALS/El,E2,E21, Fl,F2,F21 
COMMON /BLOCKDATA/R,D,PSI,TH1,TH2,HU,C,K,POPS,T,FSD,FPD,FD, 
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c & FS,FP, FO,VD,VWSSD, LVD,V,VWSS,LV,AD,A,XOD,XO,NOPTS,X,Y,XMIN, 
c & XMAX,XPMIN,XPMAX,ILINE 

& FS,FP,FO,VD,VWSSD,LVD,V,VWSS,LV,AD,A,XOD,XO,X,Y,XMIN, 
& XMAX,XPMIN,XPMAX,NOPTS,ILINE 

710 FORMAT(2(A,I3)) 
720 FORMAT (A) 
725 FORMAT (A,A) 
726 FORMAT(' ',A,T32,A) 
727 FORMAT(T8,lPD14.6,T40,D14.6) 
730 FORMAT(A,F14.8) 
735 FORMAT(2(A,F14.8)) 
736 FORMAT(2(A,lPD14.6)) 
740 FORMAT (I3) 
750 FORMAT(Fl0.6) 
760 FORMAT(A,I3) 
770 FORMAT(A,lPD17.8) 
780 FORMAT(A,lPD17.8," ",A,lPDl77.8) 
840 FORMAT(F14.8,2(3X,F14.8)) 

c SKIP INITIALIZATION IF PROGRAM'S DATA IS STILL RESIDENT IN MEMORY 
IF (PAR(l) .EQ. 'Filling angle PSI') GOTO 100 

c PROGRAM CONSTANTS 

ZPI = 3.14159265358979323846 
ZRAD = ZPI/180.0DO 
ONE = 1. ODO 
NOB LOCKS = 60 

C INITIALIZATION OF ARRAYS 
DO 10 I = 1, NOBLOCKS 

DO 20 J = 1, 100 
X(I,J) = 0.0 
Y(I,J) = 0.0 

20 CONTINUE 
NOPTS(I) = 0 
ILINE(I) = 0.0 
XMIN(I) = 0.0 
XMAX(I) = 0.0 
XPMIN ( I ) 0 . 0 
XPMAX(I) = 0.0 

10 CONTINUE 

11 CONTINUE 
C THE FIVE PARAMETERS WHICH CAN RUN OVER A RANGE 

PAR(l) 'Filling angle PSI' 
PAR(2) = 'Relative humidity POPS' 
PAR(3) = 'Liquid volume LV' 
PAR(4) 'Sphere radius R' 
PAR(5) = 'Sphere-plane separation D' 



C STRINGS USED 
PAR1(1) = 
PAR1(2) = 
PAR1(3) 
PAR1(4) = 
PAR1(5) = 
PAR1(6) = 
PAR1(7) 

IN PLOT/PRINT ROUTINE 
'Filling angle PSI (degrees)' 
'Relative humidity POPS (%)' 
'Unitless meniscus curvature HU' 
'Liquid volume LV (cu. um)' 
'Total force on sphere FO (Joules/meter)' 
'Surface area of meniscus A (sq. um)' 
'Meniscus radius at plane XO (um)' 
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C A SPHERE OF RADIUS R IS A DISTANCE 0 AWAY FROM A PLANE. A MENISCUS 
C IS BETWEEN THE SPHERE AND THE PLANE, WITH FILLING ANGLE PSI ON THE 
C SPHERE, AND CONTACT ANGLES TH1 ANO TH2 ON THE SPHERE AND PLANE, 
C RESPECTIVELY. 

C INITIAL MENU PARAMETERS 

30 

DO 30 I = 1, 
LIM(l,I) 
LIM(2,I) = 
LIM(3,I) = 
LIM(4,I) 
LIM(5,I) = 

CONTINUE 

2 
30.000 
90.000 
1.008 
1000.000 
0.000 

C JPAR SELECTS WHICH OF THE 5 PARAMETERS IS TO RUN OVER A RANGE 
JPAR = 5 
LIM(JPAR,2) = 100.000 
NST = 2 
NB = 1 
T(NB) = 20.000 
NOPTS(NB) = 25 
T1 = 0.000 
T2 = 0.000 
HUO = -500.000 
DPSI = 5.0DO*ZRAD 
PSIT1 = 30.0DO*ZRAD 
PSIT2 = PSIT1 + DPSI 
TOL = 1. 00-7 

C KNOWN PARAMETER MENU: IPAR = NO. OF SELECTED PARAMETER. I PAR 
C DETERMINES THE METHOD TO USE IN FINDING MENISCUS PARAMETERS. 
C THE SELECTED PARAMETER, PLUS THE VALUES Of RANDO, ARE USED TO 
C CALCULATE THE REMAINING TWO PARAMETERS, AND OTHER MENISCUS VALUES. 

90 WRITE(*,720) 241 
WRITE(*,720) , WHICH PARAMETER IS THE KNOWN PARAMETER? ' 
WRITE(*,720) , , 
WRITE(*,720) '1. Filling angle psi' 
WRITE(*,720) '2. Relative humidity --> meniscus curvature' 
WRITE(*,720) '3. Meniscus liquid volume' 
WRITE(*,720) , , 
WRITE(*,720) , pick a number' 
READ(*,740) IPAR 

IF ((IPAR .LT. 1) .OR. (IPAR .GT. 3)) THEN 



GOTO 90 
ENDIF 

C INPUT MENU 
100 WRITE(*,720) 241 

WRITE(*,720) , MENISCUS - SPHERE PARAMETER MENU ' 
WRITE(*,720) , , 
IF (IPAR .EQ. 1) THEN 

WRITE(*,735) 'Filling angle PSI (degrees) 1: ',LIM(l,l), 
& 2 : ' , LIM ( 1 , 2 ) 

ELSE IF (IPAR .EQ. 2) THEN 
WRITE(*,735) 'Relative humidity POPS (%) 1: ',LIM(2,1), 

& 2 : ' , LIM (2 , 2 ) 
ELSE IF (IPAR .EQ. 3) THEN 

WRITE(*,736) 'Liquid volume LV (cubic um) 1: ',LIM(3,1), 
& 2 : ' , LIM ( 3 , 2 ) 

ENDIF 
WRITE(*,73S) 'Sphere radius R (um) 3: ',LIM(4,1), 

& 4: ',LIM(4,2) 
WRITE(*,73S) 'Separation distance D (um) 5: ',LIM(S,l), 

& 6: ',LIM(S,2) 
WRITE(*,730) '7. Temperature (degrees Celcius) = ',T(NB) 
WRITE(*,730) '8. Sphere contact angle thetal (deg) ',Tl 
WRITE(*,730) '9. Plane contact angle theta2 (deg) = ',T2 
WRITE(*,760) '10. Number of steps (30 max) = ',NST 
WRITE(*,72S) '11. Parameter to vary: ' 

& PAR (JPAR) 
WRITE(*,760) '12. Store beginning in block number ',NB 
WRITE(*,760) '13. no.pts. in profile curves (.le.100) , 

& NOPTS(NB) 
WRITE(*,72S) '14. Return to known parameter menu 

& '15. Return to initialization' 
WRITE(*,720) '16. Run main program' 
WRITE(*,72S) '17. Plot/Print meniscus profiles 

& '18. Plot/print meniscus parameters' 
WRITE(*,72S) '19. Display block contents 

& '20. Copy block contents' 
WRITE(*,72S) '21. Save blocks to disk 

& '22. Read blocks from disk' 
WRITE(*,720) '99. Abort or quit' 

102 WRITE(*,720) 
WRITE ( * , 72 0) , 
READ(*,*) ICOM 
WRITE(*,*) 'ICOM 

Command number ? 

, , ICOM 

IF (((ICOM.LT.1) .OR. (ICOM.GT.22)) .AND. (ICOM.NE.99)) THEN 
GOTO 100 

ENDIF 

C COMMAND INTERPRETER FOR MENU 

IF (ICOM.EQ.l) THEN 
C KNOWN PARAMETER LOWER LIMIT 

READ(*,7S0) LIM(IPAR,l) 
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LIM(IPAR,2) = LIM(IPAR,l) 
ELSE IF (ICOM.EQ.2) THEN 

C KNOWN PARAMETER UPPER LIMIT 
IF (JPAR .EQ. IPAR) THEN 

READ(*,7S0) LIM(IPAR,2) 
ELSE 

WRITE(*,720) 'Not the parameter to vary. 
READ(*,740) ICOM 

ENDIF 
ELSE IF (ICOM.EQ.3) THEN 

C SPHERE RADIUS LOWER LIMIT 
READ(*,7S0) LIM(4,l) 
LIM(4,2) = LIM(4,l) 

ELSE IF (ICOM.EQ.4) THEN 
C SPHERE RADIUS UPPER LIMIT 

IF (JPAR .EQ. 4) THEN 
READ(*,7S0) LIM(4,2) 

ELSE 
WRITE(*,720) 'Not the parameter to vary. 
READ(*,740) ICOM 

ENDIF 
ELSE IF (ICOM.EQ.S) THEN 

C SPHERE-PLANE SEPARATION LOWER LIMIT 
READ(*,7S0) LIM(S,l) 
LIM(S,2) = LIM(S,l) 

ELSE IF (ICOM.EQ.6) THEN 
C SPHERE-PLANE SEPARATION UPPER LIMIT 

IF (JPAR .EQ. 5) THEN 
READ(*,7S0) LIM(S,2) 

ELSE 
WRITE(*,720) 'Not the parameter to vary. 
READ(*,740) ICOM 

ENDIF 
ELSE IF (ICOM.EQ.7) THEN 

C TEMPERATURE IN DEGREES CELCIUS 
READ(*,7S0) T(NB) 

ELSE IF (ICOM.EQ.8) THEN 
C SPHERE CONTACT ANGLE 

READ(*,7S0) Tl 
ELSE IF (ICOM.EQ.9) THEN 

C PLANE CONTACT ANGLE 
READ(*,7S0) T2 

ELSE IF (ICOM.EQ.10) THEN 
C NUMBER OF STEPS FOR PARAMETER TO VARY 

READ(*,740) NST 
ELSE IF (ICOM.EQ.ll) THEN 

C PARAMETER TO VARY 
JPARP = JPAR 

106 WRITE(*,720)' WHICH PARAMETER IS THE PARAMETER TO VARY? ' 
WRITE ( * , 72 0) , , 
WRITE(*,72S) , 1. ',PAR(IPAR) 
WRITE(*,72S) , 2. ',PAR(4) 
WRITE(*,72S) , 3. ',PARIS) 
WRITE(*,720) , , 
WRITE(*,720)' pick a number 
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READ(*,740) JPAR 

IF ((JPAR .LT. 1) .OR. (JPAR .GT. 3)) GOTO 106 
IF (JPAR .GT. 1) JPAR = JPAR + 2 
IF (JPAR .EQ. 1) JPAR = IPAR 
IF (JPARP .NE. JPAR) LIM (JPARP,2) = LIM(JPARP,l) 

ELSE IF (ICOM.EQ.12) THEN 
C BLOCK TO STORE DATA IN 

READ(*,740) NB 
ELSE IF (ICOM.EQ.13) THEN 

C NO. OF DATA POINTS IN PROFILE CURVES 
READ(*,740) NOPTS(NB) 

ELSE IF (ICOM.EQ.14) THEN 
C RETURN TO KNOWN PARAMETER MENU 

GOTO 90 
ELSE IF (ICOM.EQ.ls) THEN 

C RETURN TO INITIALIZATION 
GOTO 11 

ELSE If (ICOM.EQ.16) THEN 
C RUN MAIN PROGRAM 

GOTO 110 
ELSE IF (ICOM.EQ.17) THEN 

C RUN PROFILE PLOT SUBROUTINE OR PRINT PROFILE DATA 
GOTO 500 

ELSE IF (ICOM.EQ.18) THEN 
C SELECT AND PLOT/PRINT MENISCUS PARAMETERS VS. RANGE VARIABLE 

GO TO 400 
ELSE IF (ICOM.EQ.19) THEN 

C DISPLAY BLOCK CONTENTS 
CALL DISPLAY 

ELSE IF (ICOM.EQ.20) THEN 
C COPY BLOCK CONTENTS 

CALL COPY 
ELSE IF (ICOM.EQ.21) THEN 

C SAVE BLOCKS TO DISK 
CALL SAVE 

ELSE IF (ICOM.EQ.22) THEN 
C READ BLOCKS FROM DISK 

CALL READ 
ELSE IF (ICOM.EQ.99) THEN 

C ABORT OR QUIT 
GOTO 998 

ENDIF 
C REFRESH DISPLAY 

GOTO 100 

110 CONTINUE 

NBO = NB 
C KELVIN EQUATION FACTOR IN MICRONS. STILL NEEDS TO HAVE SURFACE 
C ENERGY (GAMMA) AND LIQUID DENSITY (RHO) MADE FUNCTIONS OF 
C TEMPERATURE. 
C GAMMA IS THE SURFACE ENERGY OF WATER IN JOULES PER METER SQUARED 

GAMMA = 72.7sD-3 
C CONST = GAMMA * MOLECULAR WEIGHT OF LIQUID / (RHO * GAS CONSTANT R 
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C + ABSOLUTE TEMPERATURE), IN UNITS OF MICROMETERS. 
CONST = 2.170S98DO*GAMMA/(T(NB)+273.1S) 

C ITERATION LOOP: THIS LOOP RUNS THE JPAR PARAMETER OVER THE SELECTED 
C RANGE. THE OTHER TWO PARAMETERS STAY CONSTANT, AND THE TWO 
C UNSELECTED PARAMETERS ARE SOLVED FOR. 

DO 300 ST=0,NST-1 

NL=O 
PSI(NB) = PSIT1 
R(NB) = Ln1(4,1)+ST*(LIM(4,2)-LIM(4,1))/FLOAT(NST-1) 
D(NB) = LIM(S,1)+ST*(LIM(S,2)-LIM(S,1))/FLOAT(NST-l) 
IF (IPAR.EQ.1) PS=LIM(1,1)+ST*(LIM(1,2)-LIM(1,1))/ 

& FLOAT (NST-1) 
IF (IPAR.EQ.2) THEN 

POPS (NB) = LIM(2,1)+ST*(LIM(2,2)-LIM(2,1))/FLOAT(NST-l) 
HU(NB) = DLOG(POPS(NB)*O.OlDO)*R(NB)/CONST 

ENDIF 
IF (IPAR.EQ.3) LV(NB)= LIM(3,1)+ST*(LIM(3,2)-LIM(3,1))/ 

& FLOAT (NST-1) 

C CONVERT ANGLES TO RADIANS 

IF (IPAR .EQ. 1) PSI(NB) = PS * ZRAD 
TH1(NB) = T1 * ZRAD 
TH2(NB) = T2 * ZRAD 

C LOOP HERE WHEN IPAR > 1: MAKE SEVERAL PASSES WITH GUESS VALUES 
C FOR PSI, THE FILLING ANGLE, SINCE THE EQUATIONS FOR CURVATURE AND 
C VOLUME CAN NOT BE INVERTED. LOOP UNTIL THE GUESS PSI GIVES A 
C CURVATURE OR VOLUME WHICH MATCHES THE DESIRED CURVATURE OR VOLUME 
C WITHIN TOLERANCE. 

C 

120 NL = NL + 1 

WRITE ( * , 72 0 ) , , 
WRITE(*,710) 'BIN NO. , ,NB, , 
WRITE ( * , 77 0 ) 'PSI = ' , PSI (NB) 
WRITE ( * , 77 0 ) 'POPS " POPS (NB) 
WRITE ( * , 77 0 ) 'HU = ' ,HU(NB) 
WRITE(*,770) 'LV = ' ,LV(NB) 
WRITE(*,770) 'R = ' ,R(NB) 
WRI'l'E (* , 770) 'D = ' ,D(NB) 

TRIG DEFINITIONS 

CSUM = DCOS(TH1(NB)+PSI(NB)) 
SSUM = DSIN(TH1(NB)+PSI(NB)) 
CPS I DCOS(PSI(NB)) 
SPSI DSIN(PSI(NB)) 
CTH2 = DCOS(TH2(NB)) 
STH2 = DSIN(TH2(NB)) 
SPRO SPSI * SSUM 

C ADDITIONAL VARIABLE DEFINITIONS 

ITERATION NO. 
/ ZRAD 

C BU = DIMENSIONLESS SPHERE-PLANE SEPARATION 

, ,NL 



DU = D(NB)/R(NB) 

PSIC = ONE/(DU+ONE-CPSI) 
THETA = -CSUM - CTH2 
PHIl = ZPI/2.0DO -(TH1(NB)+PSI(NB)) 
PHI2 = TH2(NB) - ZPI/2.0DO 

C WRITE(*,785) PSIC,THETA,PHI1,PHI2 
C785 FORMAT("PSIC=",lPE14.6," THETA=",E14.6," PHI1=",E14.6, 
C & " PHI2=",E14.6) 

C HERE THE DIFFERENT-IPAR CASES ARE HANDLED. 
IF (IPAR .EQ. 1) THEN 

C THIS IS THE EASY CASE: ONE PASS THROUGH THE HUSOLVE ROUTINE 
CALL HUSOLVE(R(NB),D(NB),PSI(NB),HUO,HU(NB),C(NB),K(NB),LO) 
IF (LO .GE. 2) GOTO 102 
POPS (NB) = 1.0D2*DEXP(CONST*HU(NB)/R(NB)) 
WRITE(*,770) 'Relative humidity POPS = ',POPS(NB) 

ELSE 
IF (IPAR .EQ. 2) THEN 

C TRY TO MATCH MENISCUS CURVATURE 
CALL HUSOLVE(R(NB),D(NB),PSI(NB),HUO,VARS,C(NB),K(NB),LO) 
IF (LO .GE. 2) GOTO 102 
POPST = 1.0D2*DEXP(CONST*VARS/R(NB)) 
WRITE(*,770) 'Relative humidity POPST = ',POPST 
VAR = VARS - HU(NB) 

ELSE 
C TRY TO MATCH MENISCUS VOLUME 

CALL HUSOLVE(R(NB),D(NB),PSI(NB),HUO,HU(NB),C(NB),K(NB),LO) 
IF (LO .GE. 2) GOTO 102 
DELTA = 4.0DO * ZPI 1 (HU(NB)*PSIC) 
BETA = ONE 1 (PSIC*THETA) 
OMEGA = ZPI 1 HU(NB)**3 
MU=(C(NB)+4.0DO) * THETA + 4.0DO/3.0DO * (CSUM**3 + CTH2**3) 
NU = 4.0DO/3.0DO * SSUM * CSUM * DSQRT(SSUM**2 + C(NB)) 
ETA = 4.0DO/3.0DO * STH2 * CTH2 * DSQRT(STH2**2 + C(NB)) 
CALL VCALC(R(NB),C(NB),K(NB),VD(NB),V(NB),VWSSD(NB), 

& VWSS(NB),LVD(NB),VARS) 
POPS (NB) = 1.0D2*DEXP(CONST*HU(NB)/R(NB)) 
WRITE(*,770) 'Relative humidity POPS = ',POPS(NB) 
VAR = VARS - LV(NB) 

ENDIF 
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C WHAT FOLLOWS IS A SECANT CONVERGENCE ROUTINE, WHEREIN A NEW GUESS 
C VALUE FOR PSI IS CALCULATED FROM PRIOR CALCULATIONS OF VAR, THE 
C DIFFERENCE BETWEEN THE CALCULATED AND DESIRED CURVATURE OR VOLUME. 

IF (NL .EQ. 1) THEN 
VAR1 = VAR 
PSI (NB) = PSIT2 

ELSE IF (NL .EQ. 99) THEN 
WRITE(*,720) 'NO CONVERGENCE AFTER 99 TRIES' 
GOTO 102 

ELSE 
IF ((NL .GT. 2) .AND. (DABS (VAR2) .LT. DABS(VAR1))) THEN 

VAR1 = VAR2 
PSIT1 = PSIT2 



ENDIF 
PSIT2 = PSI(NB) 
VAR2 = VAR 
DX = PSIT2 - PSITl 
DVAR = VARl - VAR2 
IF (DABS (VAR/VARS) .LE. TOL) GO TO 130 
WRITE(*,770) 'DABS(VAR/VARS)/TOL = ',DABS(VAR/VARS)/TOL 
DXNEW = VAR2/DVAR*DX*(ONE-ONE/FLOAT(NL)) 
PSI (NB) = PSIT2 + DXNEW 
IF (PSI (NB) .LE.O.ODO) PSI (NB) = O.OlDO 
WRITE(*,761) PSIT1, PSIT2,PSI(NB),HU(NB) 
WRITE(*,761) VAR1,VAR2,VAR,VARS 
WRITE(*,761) DX,DVAR,DXNEW 

761 FORMAT (4 (lPD16.9, , ')) 
ENDIF 
GOTO 120 
ENDIF 

130 IF (IPAR .GT. 1) THEN 
WRITE(*,760) 'Number of iterations needed ',NL 
WRITE(*,720) , , 
PSIT1 PSI(NB) 
PSIT2 = 1.lDO * PSIT1 
ENDIF 

C CONTINUE WITH CALCULATIONS OF FORCE, SURFACE AREA, AND VOLUME 

C THE TOTAL FORCE EXERTED THROUGH A RING OR BRIDGE ON THE SPHERE 
C AND THE PLATE CONSISTS OF THREE PARTS: A SURFACE-TENSION FORCE 
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C WHICH RESIDES IN THE MENISCUS, A CAPILLARY PRESSURE FORCE WHICH IS 
C TRANSMITTED BY THE LIQUID AND ORIGINATES IN THE CURVATURE OF THE 
C MENISCUS, ANO A BOUYANCY FORCE ASSOCIATED WITH THE WETTABLE SEGMENTS 
C OF THE SPHERE AND PLATE. WHEN THE EFFECT OF GRAVITY IS NEGLIGIBLE, 
C THE BOUYANCY FORCE CAN BE DISREGARDED AS WELL. 

C AXIAL COMPONENT OF SURFACE-TENSION FORCE ACTING ON THE SPHERE = FS. 
C DIMENSIONLESS FSD = FS/(PI*R*GAMMA), WHERE GAMMA = SURFACE ENERGY OF 
C LIQUID. 

FSD(NB) = 2.0DO*SPRO 
FS(NB) = FSD(NB) * ZPI * R(NB) * 1.D-6 * GAMMA 

C CAPILLARY PRESSURE FORCE = FP. 
C DIMENSIONLESS FORCE FPD = FP/(PI*R*GAMMA). 

FPD(NB) = -HU(NB)*SPSI**2 
FP(NB) = -HU(NB)*SPSI**2 * ZPI * R(NB) * 1.D-6 * GAMMA 

C FD = TOTAL DIMENSIONLESS FORCE ON SPHERE 
FD(NB) = FSD(NB) + FPD(NB) 
FO(NB) = FD(NB) * ZPI * R(NB) * 1.D-6 * GAMMA 
WRITE(*,720) 
WRITE(*,770) 'Unit1ess surface tension force = ',FSD(NB) 

C WRITE(*,770) 'Surface tension force (Joules/m) ',FS(NB) 
WRITE(*,770) 'Unitless capillary pressure force = ',FPD(NB) 

C WRITE(*,770) 'Capillary pressure force (Joules/m) ',FP(NB) 
WRITE(*,770) 'Unit1ess total force = ',FD(NB) 
WRITE(*,770) 'Total force (Joules/meter) = ',FO(NB) 



C VARIABLES NEEOED TO COMPUTE VOLUME AND SURFACE AREA 

DELTA = 4.0DO * ZPI 1 (HU(NB)*PSIC) 
BETA = ONE 1 (PSIC*THETA) 
OMEGA = ZPI 1 HU(NB)**3 
MU = (C(NB)+4.0DO) * THETA + 4.0DO/3.0DO * (CSUM**3 + CTH2**3) 
NU = 4.0DO/3.0DO * SSUM * CSUM * DSQRT(SSUM**2 + C(NB)) 
ETA = 4.0DO/3.0DO * STH2 * CTH2 * DSQRT(STH2**2 + C(NB)) 

C WRITE ( * , 72 0 ) '-' 
C WRITE(*,770) 'DU = ',DU(NB) 
C WRITE(*,780) 'PSIC ',PSIC,'THETA = ',THETA 
C WRITE(*,780) 'PHIl = ',PHIl, 'PHI2 = ',PHI2 
C WRITE (*,780) 'DELTA = ',DELTA,' BETA = ' ,BETA 
C WRITE ( * , 780 ) 'OMEGA = ',OMEGA,' MU = ' ,MU 
C WRITE(*,780) 'NU ',NU, 'ETA = ',ETA 

IF (IPAR .NE. 3) CALL VCALC(R(NB),C(NB) ,K(NB) ,VD(NB) ,V(NB), 
& VWSSD(NB) ,VWSS(NB) ,LVD(NB),LV(NB)) 

AD(NB) = DELTA+2.0DO * ZPI * K(NB) * C(NB) * -F21 1 HU(NB)**2 
A(NB) = R(NB)**2 * AD(NB) 
WRITE(* ,720) , , 

C WRITE(*,770) 'Surface area of meniscus (sq. urn) = ',A(NB) 
WRITE(*,770) 'Unitless surface area of meniscus = ',AD(NB) 

C XO = MENISCUS RADIUS AT PLANE, DIMENSIONLESS RADIUS = XOD = XO 1 R 
EPSI = ZPI - TH2(NB) 
XOD(NB) = (DSIN(EPSI) - DSQRT(DSIN(EPSI)**2 + C(NB))) 1 HU(NB) 
XO(NB) = XOD(NB) * R(NB) 
WRITE(*,770) 'Unitless meniscus radius at plane ',XOD(NB) 

C WRITE(*,770) 'Meniscus radius at plane (urn) = ',XOD(NB) 

C PROFILE ROUTINE: CALCULATE THE X AND Y COORDINNrES OF THE MENISCUS 
C PROFILE, IN CONSTANT STEPS OF EPSILON, THE ANGLE BETWEEN VERTICAL 
C DOWNWARD AND THE PERPENDICULAR TO THE MENISCUS SURFACE. 

200 CONTINUE 

C INITIALIZATION 

ILINE(NB) = 1 
EPS = ZPI - TH2(NB) 
DEPS = (PSI(NB) + TH2(NB) + TH1(NB) - ZPI) 1 (NOPTS(NB)-l) 
XMIN(NB) = 1.E10 
XMAX(NB) = -1.E10 
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C STEP THROUGH EPSILON, CALCULATING X AND Y, AND FINDING XMIN AND XMAX 
DO 210 I = 1, NOPTS(NB) 

SEPS = DSIN(EPS) 
CEPS = DCOS(EPS) 
PHI = ZPI 1 2.0DO - EPS 
E = EI(2,PHI,K(NB),TOL) 
F = EI(I,PHI,K(NB),TOL) 
X(NB,I) = (SEPS - DSQRT(SEPS*SEpS + C(NB)))/HU(NB)*R(NB) 
Y(NB,I) = (-CEPS - CTH2 - (E2 - E)/K(NB) 

& + C(NB)*K(NB)*(F2 - F))/HU(NB)*R(NB) 



WRITE(*,840) EPS/ZRAD, X(NB,I),Y(NB,I) 
IF (X(NB,I) .LT. XMIN(NB)) XMIN(NB) = X(NB,I) 
IF (X(NB,I) .GT. XMAX(NB)) XMAX(NB) = X(NB,I) 
EPS = EPS + DEPS 

210 CONTINUE 
XPMIN(NB) = XMIN(NB) 
XPMAX(NB) = XMAX(NB) 

299 NB=NB+1 
NOPTS(NB) = NOPTS(NB-1) 
T(NB) = T(NB-1) 
HUO = HU(NB-1) 

C GENERATE A CIRCULAR CURVE REPRESENTING THE SPHERE AND STORE IN A 
C DATA BLOCK. THIS CURVE CAN THEN BE PLOTTED ALONG WITH MENISCUS 
C CURVES. LOOK AT CONTENTS OF CURRENT DATA BLOCKS TO DETERMINE HOW 
C LARGE A CIRCULARARC TO GENERATE. 

300 CONTINUE 
NB = NBO 
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C FIND THE MAXIMUM VALUE OF X AND THE BLOCK IOFMAXX WHICH CONTAINS IT. 
304 MAXX = O. 

DO 308 I = NB, NB + NST-1 
DO 306 J = 1, NOPTS(I) 

IF (X(I,J) .GT. MAXX) THEN 
MAXX=X(I,J) 
IOFMAXX :: I 

ENDIF 
306 CONTINUE 
308 CONTINUE 

IF (MAXX .GT. R(IOFMAXX)) MAXX R(IOFMAXX) 
WRITE ( *,730) 'MAXX = ',MAXX 
DO 310 I = NB, NB + NST-1 

PSISINI = MAXX/R(I) 
IF (PSISINI .GT. ONE) PSISINI ONE 
PSIMAX(I) = DASIN(PSISINI) 

310 CONTINUE 

DO 399 ST = 0, NST-1 

R(NB) = LIM(4,1)+ST*(LIM(4,2)-LIM(4,1))/FLOAT(NST-1) 
D(NB) = LIM(5,1)+ST*(LIM(5,2)-LIM(5,1))/FLOAT(NST-1) 

C INITIAL PARAMETERS 
NBC = NOBLOCKS/2 + NB 
NOPTS(NBC) = 50 
DU = D(NB)/R(NB) 

XMAX(NBC) = DSIN(PSIMAX(NB)) * R(NB) 
XPMAX(NBC) = XMAX(NBC) 
XMIN(NBC) = o. 
XPMIN(NBC) = o. 
ILINE(NBC) = 1 
ANG = O.ODO 



DANG = PSIMAX(NB)/(NOPTS(NBC)-l) 
DO 360 I = l,NOPTS(NBC) 

X(NBC,I) = DSIN(ANG)*R(NB) 
Y(NBC,I) = (DU + ONE - DCOS(ANG))*R(NB) 
ANG = ANG + DANG 

360 CONTINUE 
NB=NB+1 

399 CONTINUE 
GOTO 102 

C SELECT AND PLOT/PRINT MENISCUS PARAMETER VS. RANGE VARIABLE 
400 CONTINUE 

WRITE(*,720) , 1. Plot values on VME screen. ' 
WRITE(*,720) , 2. Plot values on HI pen plotter. ' 
WRITE(*,720) , 3. Print values on VME screen. ' 
WRITE(*,720) , , 
WRITE(*,720) What is your desire? ' 
READ(*,740) PFLG 
WRITE(*,720) , , 
IF ((PFLG .LT. 1) .OR. (PFLG.GT.3)) THEN 

GOTO 400 
ENDIF 

WRITE(*,720) 'How many blocks to use? ' 
READ(*,740) NBP(I) 
DO 410 I = 1, NBP(l) 

WRITE(*,720) 'Which block? ' 
READ(*,740) NBLO(I) 

410 CONTINUE 
XMINPAR(l) = 1.D20 
XMAXPAR(l) = -1.D20 

C TRANSFER RANGE VARIABLE'S VALUES INTO XPAR ARRAY, AND ALL SEVEN 
C PARAMETER VALUES INTO YPAR ARRAY 

DO 420 I = 1, NBP(l) 
IF (JPAR .EQ. 1) THEN 

XPAR(l,I) = PSI(NBLO(I)) 
ELSE IF (JPAR .EQ. 2) THEN 

XPAR(l,I) = POPS(NBLO(I)) 
ELSE IF (JPAR .EQ. 3) THEN 

XPAR(l,I) = LV(NBLO(I)) 
ELSE IF (JPAR .EQ. 4) THEN 

XPAR(l,I) = R(NBLO(I)) 
ELSE IF (JPAR .EQ. 5) THEN 

XPAR(l,I) = D(NBLO(I)) 
ENDIF 
IF (XPAR(l,I) .LT. XMINPAR(I)) XMINPAR(I) = XPAR(l,I) 
IF (XPAR(l,I) .GT. XMAXPAR(I)) XMAXPAR(I) = XPAR(l,I) 
YPAR(l,I) PSI(NBLO(I))/ZRAD 
YPAR(2,I) = POPS(NBLO(I)) 
YPAR(3,I) = HU(NBLO(I)) 
YPAR(4,I) LV(NBLO(I)) 
YPAR(5,I) = FO(NBLO(I)) 
YPAR(6,I) = A(NBLO(I)) 
YPAR(7,I) = XO(NBLO(I)) 
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420 CONTINUE 
XPMINPAR(l) = XMINPAR(l) 
XPMAXPAR(l) = XMINPAR(l) 
DO 430 I = 2,7 

DO 425 J = 1, NBP(l) 
XPAR(I,J) = XPAR(I,J) 

425 CONTINUE 
XMINPAR(I) = XMINPAR(l) 
XMAXPAR(I) = XMAXPAR(l) 
XPMINPAR(I) = XPMINPAR(l) 
XPMAXPAR(I) = XPMAXPAR(l) 

430 CONTINUE 

450 WRITE(*,720) 241 
WRITE(*,725) 'SELECT WHICH PARAMETER TO PLOT OR PRINT VS. ' 

& 'RANGE VARIABLE' 
WRITE(*,725) , The range variable is: ',PAR(JPAR) 
WRITE(*,720) , , 
WRITE(*,725) , 1. ',PAR1(1) 
WRITE(*,725) , 2. ',PAR1(2) 
WRITE(*,725) , 3. ',PAR1(3) 
WRITE(*,725) , 4. ',PAR1(4) 
WRITE(*,725) , 5. ',PAR1(5) 
WRITE(*,725) , 6. ',PAR1(6) 
WRITE(*,725) , 7. ',PAR1(7) 
WRITE(*,720) , 8. Return to main program' 

460 WRITE(*,720) , , 
WRITE ( * , 720) , 
READ(*,740) KCOM 
WRITE(*,720) , , 

Parameter number ? 

IF ((KCOM .LT. 1) .OR. (KCQl·l .GT. 8)) THEN 
GOTO 450 
ENDIF 

C COMMAND INTERPRETER FOR MENU 
LF ((KCOM.GE.1) .AND. (KCOM .LE. 7)) THEN 

IF (PFLG .EQ. 1) THEN 
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C CALL PLOT SUBROUTINE WITH FLAG SET FOR APPROPRIATE PARAMETER 
KLINE (KCOM) = 1 

CALL GRAPHVME(XPAR,YPAR,NBP,KLINE,XMINPAR,XMAXPAR, 
& XPMINPAR,XPMAXPAR,KCOM) 

ELSE IF (PFLG .EQ. 2) THEN 
C CALL PLOT SUBROUTINE WITH FLAG SET FOR APPROPRIATE PARAMETER 

KLINE (KCOM) = 1 
CALL GRAPHHI(XPAR,YPAR,NBP,KLINE,XMINPAR,XMAXPAR, 

& XPMINPAR,XPMAXPAR,KCOM) 
ELSE 

WRITE(*,720) 241 
WRITE ( * , 72 0) , , 
WRITE(*,726) PAR(JPAR),PAR1(KCOM) 
WRITE ( * , 72 0) , , 
DO 470 I = 1,NBP(1) 

WRITE(*,727) XPAR(KCOM,I),YPAR(KCOM,I) 



470 CONTINUE 
GOTO 460 

ENDIF 
ELSE IF (KCOM.EQ.B) THEN 
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C RETURN TO MAIN PROGRAM 
GOTO 100 

ENDIF 
C REFRESH DISPLAY 

GOTO 450 

C PROFILE PLOTTING/PRINTING ROUTINE 
500 CONTINUE 

WRITE(*,720) , 1. Plot values on VME screen. 
WRITE(*,720) , 2. Plot values on HI pen plotter.' 
WRITE(*,720) , 3. Print values on VME screen. 
WRITE(*,720) , , 
WRITE(*,720) , What is your desire? ' 
READ(*,740) PFLG 
WRITE(*,720) , , 
IF ((PFLG .LT. 1) .OR. (PFLG.GT.3)) THEN 

GOTO 400 
ENDIF 

IF (PFLG .EQ. 1) THEN 
CALL GRAPHVME(X,Y,NOPTS,ILINE,XMIN,XMAX,XPMIN,XPMAX,0) 

ELSE IF (PFLG .EQ. 2) THEN 
CALL GRAPHHI(X,Y,NOPTS,ILINE,XMIN,XMAX,XPMIN,XPMAX,0) 

ELSE 
WRITE(*,720) 'Which block? ' 
READ(*,740) NBC 
EPS = ZPI - TH2(NBC) 
DEPS= (PSI(NBC) + TH2(NBC) + TH1(NBC) - ZPI) /(NOPTS(NBC)-l) 

C STEP THROUGH EPSILON, PRINTING X AND Y. 

510 

99B 
999 

C 
C 
C 
C 
C 
C 
C 

C 
c 

WRITE(*,720) , , 
WRITE(*,720) 'Epsilon (degrees) X (urn) Y(urn) , 
DO 510 I = 1, NOPTS(NBC) 

WRITE(*,B40) EPS/ZRAD,X(NBC,I),Y(NBC,I) 
EPS = EPS + DEPS 

CONTINUE 
ENDIF 
GOTO 102 
STOP 
END 

SUBROUTINE HUSOLVE(R,D,PSI,HUO,HU,C,K,LO) 
THIS SUBROUTINE DOES AN ITERATIVE CALCULATION BETWEEN HU, THE 
UNITLESS MENISCUS CURVATURE (HU = 2 * H * R), AND C AND K, 
CURVATURE-DEPENDENT PF~ETERS. THE ONLY MENISCUS SHAPE CURRENTLY 
IMPLEMENTED IS FOR A NODOID, WHERE THE MEAN CURVATURE IS NEGATIVE. 
THE CONVERGENCE ROUTINE USED HERE IS BASED SOMEWHAT ON THE ONE 
USED BY ORR IN HIS ORIGINAL COMPUTER CODE. IT'S NOT THE BEST, BUT 
IT WORKS. 

HUO IS THE INITIAL GUESS FOR HU, AND HU IS THE FINAL VALUE PASSED 
BACK. L), IF => 2, INDICATES AN ERROR HAS OCCURRED. 



C IMPLICIT DOUBLE PRECISION (A-Z) 
IMPLICIT UNDEFINED (A-Z) 

DOUBLE PRECISION ZPI,ZRAD,ONE,CSUM,SSUM,CPSI,SPSI,SPRO,TOL,DU 
& ,PSIC,THETA,PHI1,PHI2,DELTA,BETA,OMEGA,MU,NU,ETA,E1,E2,E21 
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& ,F1,F2,F21,R,D,PSI,HUO,HU,C,K,DH,C1,EI,RHS,ERR,H1,ER1,H2,ER2 

C INTEGER NB 
INTEGER NOBLOCKS 
INTEGER M,LO,L1,L2,L3,L4 

COMMON /CONSTANTS/ZPI,ZRAD,ONE,NOBLOCKS 
COMMON /PARAMETERS/CSUM,SSUM,CPSI,SPSI,SPRO, 

& TOL,DU, PSIC,THETA,PHI1, PHI2, DELTA, BETA, OMEGA,MU, NU, ETA 
COMMON / INTEGRALS/E1,E2,E21,F1,F2,F21 

720 FORMAT (A) 
760 FORMAT(A,I3) 
770 FORMAT(A,lPD17.8) 
800 FORMAT (I3,5(X,lPD14.6)) 
810 FORMAT('CHANGE OF SIGN NOT DETECTED AFTER' ,I3,' ITERATIONS') 
820 FORMAT('COORD ROUTINE HAS NOT CONVERGED AFTER' ,I3, 'ITERATIONS') 
830 FORMAT('MENISCUS (LIKELY) DOES NOT CONNECT SPHERE ANO PLANE') 

C INITIAL SETTINGS 
DH = 0.60DO 
LO = 0 

100 L1 0 
L2 = 0 
L3 = 0 
L4 0 
M = 0 
HU = HUO 

C PERFORM ITERATIVE CALCULATIONS OF HU=HU(C) ANO C=C(HU) UNTIL THEY 
C CONVERGE. C IS A UNITLESS CURVATURE-DEPENDENT PARAMETER. 

120 CONTINUE 
M = M + 1 
C1 = C 
C (HU*SPSI)**2-2.0DO*HU*SPRO 
K = ONE/DSQRT(ONE+C) 

E1 = EI(2,PHI1,K,TOL) 
E2 = EI(2,PHI2,K,TOL) 
E21 = E2 - E1 
F1 = EI(1,PHI1,K,TOL) 
F2 = EI(1,PHI2,K,TOL) 
F21 = F2 -F1 

RHS = PSIC * (THETA - E21/K + C*K*F21) 
IF (RHS .GE. O.ODO) THEN 

c RHS = -1.00-4 
WRITE(*,799) 
LO = 3 



GOTO 140 
ENDIF 

799 FORMAT('HU - C LOOP: HU IS POSITIVE. ') 

ERR = HU - RHS 
WRITE(*,800) M,HU,RHS,ERR/HU,C, (C-C1)/C 

IF (ABS(ERR/HU) .GT. ABS(TOL)) THEN 

IF (L3 .EQ. 0) THEN 
IF (M .EQ. 1) THEN 

C L1 INDICATES THE SIGN OF THE ERROR ON THE FIRST ITERATIOM 
IF (ERR .GE. 0.) THEN 

L1=0 
ELSE 

L1=1 
ENDIF 

ENDIF 
C L2 INDICATES THE SIGN Of THE ERROR ON THE 2ND & SUBSEQUENT 
C ITERATIONS 

IF (ERR .GE. 0.) THEN 
L2=0 

ELSE 
L2=1 

ENDIF 
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C AS LONG AS L1 = L2, THE ERROR HASN'T CHANGED SIGN, ANO WE'RE 
C STILL SEARCHING IN ONE DIRECTION FOR OVERSHOOT. 

IF (L2 .EQ. L1) THEN 
IF (M .GE. 8) THEN 

C LOOKS LIKE WE'RE GOING IN THE WRONG DIRECTION, SO GO THE 
C OTHER. 

WRITE(*,810) M 
IF (LO .EQ. 1) THEN 

C WE TRIED THAT ONCE ALREADY. NEITHER WAY WORKS; GIVE UP. 

C 
C 

LO = 2 
WRITE(*,830) 
GOTO 140 

ENDIF 
DH = ONE / DH 
LO = 1 
GOTO 100 

ENDIF 
A QUICK DETECTION THAT WE NEED TO SEARCH IN THE OPPOSITE 

DIRECTION. 
IF ((RHS/HU .GT. ONE) .AND. (LO .EQ. 0)) DH = ONE /DH 
H1 = HU 
HU = RHS * DH 
ER1 = ERR 
H2 = HU 
GOTO 120 

ENDIF 
ENDIF 

C ONCE THE ERROR HAS CHANGED SIGN, SET THE L3 FLAG SO A NEW 
C CONVERGENCE ROUTINE COMES INTO PLAY. 



L3 = 1 
IF (M .GT. 49) THEN 

WRITE(*,820) M 
GOTO 130 

ENDIF 
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C CAN'T MAKE OUT THIS CHARACTER IN ORR'S CODE, BUT IT DOESN'T SEEM 
C TO MATTER ... 
C IF (M .NE. O?) THEN 

IF (ERR .GE. 0.) THEN 
L4 = 0 

ELSE 
L4 = 1 

ENDIF 
IF (L4 .NE. L1) THEN 

ER2 = ERR 
H2 = HU 

ELSE 
ER1 = ERR 
H1 = HU 

ENDIF 
C ELSE 
C ER2 = ERR 
C ENDIF 

HU = -ER1*(H2-H1)/(ER2-ER1)+H1 
GOTO 120 

ENDIF 

130 WRITE ( * , 720 ) , , 
WRITE ( * , 77 0 ) 'Unitless curvature 2HR 
WRITE ( * , 77 0 ) 'Curvature parameter C 
WRITE (* , 770) 'Curvature parameter K 
WRITE ( * , 72 0 ) , , 

= 
= 
= 

WRITE(*,760) 'No. of iterations needed 

HUO = HU 
140 RETURN 

END 

, ,HU , ,C , ,K 

= , ,M 

SUBROUTINE VCALC(R,C,K,VD,V,VWSSD,VWSS,LVD,LV) 

C CALCULATE VOLUME INFORMATION ABOUT THE MENISCUS, BOTH WITH AND WIO 
C DIMENSIONS. C AND K ARE CURVATURE-DEPENDENT PARAMETERS. 
C IMPLICIT DOUBLE PRECISION (A-Z) 

IMPLICIT UNDEFINED (A-Z) 

DOUBLE PRECISION ZPI,ZRAD,ONE,CSUM,SSUM,CPSI,SPSI,SPRO,TOL,DU 
& ,PSIC,THETA,PHl1,PHI2,DELTA,BETA,OMEGA,MU,NU,ETA,E1,E2,E21 
& ,F1,F2,F21,R,C,K,VD,V,VWSSD,VWSS,LVD,LV 

INTEGER NOBLOCKS 
COMMON /CONSTANTS/ZPI,ZRAD,ONE,NOBLOCKS 
COMMON /PARAMETERS/CSUM,SSUM,CPSI,SPSI,SPRO, 



& TOL,DU, PSIC,THETA, PHIl, PHI2,DELTA, BETA, OMEGA, MU, NU, ETA 
COMMON IINTEGRALS/E1,E2,E21,Fl,F2,F21 

720 FORMAT (A) 
770 FORMAT(A,lPD17.8) 

C VOLUME OF MENISCUS = V. DIMENSIONLESS VOLUME VD = V 1 R**3 
C THIS VOLUME INCLUDES THE VOLUME OF THE WETTED SPHERE SEGMENT. 

VD = OMEGA * (MU + NU + ETA - K * C * (C+4.0DO) 
& 1 3.0DO * -F2l + K * (C+8.0DO) * (C+ONE) 1 3.0DO 
& * -E2l) 

V = R**3 * VD 
WRITE(*,720) , , 

C WRITE(*,770) 'Volume of meniscus (cubic um) = ',V 
WRITE(*,770) 'Unitless volume of meniscus = ',VD 

C VWSSD = DIMENSIONLESS VOLUME OF WETTED SPHERE SEGMENT 
VWSSD = ZPI * (2.0DO/3.0DO - CPSI + CPSI**3/3.0DO) 
VWSS = VWSSD * R**3 

C WRITE(*,770) 'Volume of wetted sphere segment = ',VWSS 
WRITE(*,770) 'Unitless volume of wetted sphere segment = 

& VWSSD 

C LIQUID VOLUME = MENISCUS VOLUME - VOLUME OF WETTED SPHERE SEGMENT 
LV = V - VWSS 
LVD = VD - VWSSD 
WRITE(*,770) 'Meniscus liquid volume (cu um) = ',LV 
WRITE(*,770) 'Unitless volume of liquid in meniscus = ',LVD 

RETURN 
END 

SUBROUTINE DISPLAY 

c DISPLAY BLOCK CONTENTS ON SCREEN 

C IMPLICIT DOUBLE PRECISION (A-Z) 
IMPLICIT UNDEFINED (A-Z) 
DOUBLE PRECISION R(60),D(60),PSI(60),TH1(60),TH2(60),HU(60) 
DOUBLE PRECISION C(60),K(60),POPS(60),T(60) 
DOUBLE PRECISION FSD(60),FPD(60),FD(6),FS(60),FP(60),FO(60) 
DOUBLE PRECISION VD(60),V(60),VWSSD(60),VWSS(60),LV(60) 
DOUBLE PRECISION LVD(60),AD(60),A(60),XO(60),XOD(60) 
DOUBLE PRECISION ZPI,ZRAD,ONE 
REAL X(60,100) ,Y(60,100) ,XMIN(60) ,XMAX(60),XPMIN(60),XPMAX(60) 
INTEGER NOBLOCKS,M,N,ICOM,NOPTS(60),ILINE(60) 

COMMON IBLOCKDATA/R,D,PSI,TH1,TH2,HU,C,K,POPS,T,FSD,FPD,FD, 
c & FS,FP,FO,VD,VWSSD,LVD,V,VWSS,LV,AD,A,XOD,XO,NOPTS,X,Y,XMIN, 
c & XMAX,XPMIN,XPMAX,ILINE 

& FS,FP, FO,VD,VWSSD, LVD,V,VWSS,LV,AD,A,XOD,XO,X,Y,XMIN, 
& XMAX,XPMIN,XPMAX,NOPTS,ILINE 

COMMON ICONSTANTS/ZPI,ZRAD,ONE,NOBLOCKS 
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720 FORMAT (A) 
725 FORMAT (A,A) 
736 FORMAT(2(A,lPD17.8)) 
740 FORMAT(I3) 
760 FORMAT(A,I3) 
770 FORMAT(A,lPD17.8) 

WRITE(*,720) 241 
WRITE(*,720) 'Data block to display? ' 
READ(* ,740) N 

WRITE(*,720) 241 
WRITE(*,720) 'Geometry parameters: ' 
WRITE(*,770) , Sphere radius R (um) = 
WRITE(*,770) , Sphere-plane separation D (um) = 
WRITE(*,770) , Unitless sphere-plane separation = 

& ,D(N)/R(N) 
WRITE(*,720) , , 
WRITE(*,720) 'Meniscus parameters' 

',R(N) 
',D(N) 

WRITE(*,770) , Sphere contact angle THI (degrees) = ' 
& ,TH1(N)/ZRAD 

WRITE(*,770) , Plane contact angle TH2 (degrees) = 
& ,TH2(N)/ZRAD 

WRITE(*,770) , Sphere filling angle PSI (degrees) = 
& ,PSI(N)/ZRAD 

WRITE(*,770) , Unitless meniscus curvature HU = 
WRITE(*,770) , Meniscus curvature H (inverse um) = 

',HU(N) 

& ,HU(N)/2.0DO/R(N) 
WRITE(*,770) , Curvature parameter C = 
WRITE(*,770) , Curvature parameter K = 
WRITE(*,770) , Relative humidity POPS (%) = 
WRITE(*,770) , Temperature (degrees Celcius) = 
WRITE(*,720) , , 
WRITE (* , 720) , 
READ(*,740) ICOM 
WRITE(*,720) 241 

Press Return for next page. ' 

',C(N) 
',K(N) 
" POPS (N) 
',T(N) 

WRITE(*,725) 'Meniscus force: dimensionless', 
&. (Joules/m) , 

WRITE(*,736) , Surface tension 
WRITE(*,736) , Capillary pressure 
WRITE(*,736) , Total force 
WRITE(* ,720) , , 
WRITE(*,725) 'Meniscus volume: 

& (cu. um)' 
WRITE(*,736) , Volume of rotation 
WRITE(*,736) , Sphere segment vol. 
WRITE(*,736) , Total liquid volume 
WRITE ( * , 72 0) , , 
WRITE(*,725) 'Meniscus surface area: 

& (sq. um)' 
WRITE(*,736) , 
WRITE(*,720) , , 
WRITE(*,725) 'Meniscus profile: 

& (um)' 
WRITE(*,736) , Radius at plane 

',FSD(N), , 
',FPD(N), , 
',FD(N), , 

',FS(N) 
',FP(N) 
',FO(N) 

dimensionless', 

',VD(N), , 
, , VWSSD(N) , , 
',LVD(N), , 

',V(N) 
',VWSS(N) 

',LV(N) 

dimensionless', 

',AD(N) " ',A(N) 

dimensionless', 

',XOD(N), , ',XO(N) 
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WRITE(*,736) , Minimum radius ',XMIN(N)/R(N),' 
& ,XMIN(N) 
WRITE(*,736) , Maximum radius ',XMAX(N)/R(N),' 

& ,XMAX(N) 
WRITE(*,760) , Number of points in profile = ',NOPTS(N) 
M = N + NOBLOCKS/2 
WRITE(*,736) 'Sphere curve min. rad. ',XMIN(M)/R(N),' 

& ;XMIN(M) 
WRITE(*,736) 'Sphere curve max. rad. ',XMAX(M)/R(N),' 

& ,XMAX(M) 
WRITE(*,760) , Number of points in sphere profile = ' 

& , NOPTS (M) 
WRITE(*,nO) , , 
WRITE(*,720)' Press Return when done. I 

READ(*,740) ICOM 

RETURN 
END 

SUBROUTINE COPY 

C COPY CONTENTS OF ONE BLOCK TO ANOTHER. 
C SPHERE PROFILE IS ALSO COPIED. 

C IMPLICIT DOUBLE PRECISION (A-Z) 
IMPLICIT UNDEFINED (A-Z) 
DOUBLE PRECISION R(60),D(60) ,PSI(60),TH1(60),TH2(60),HU(60) 
DOUBLE PRECISION C(60),K(60),POPS(60),T(60) 
DOUBLE PRECISION FSD(60),FPD(60),FD(6),FS(60),FP(60),FO(60) 
DOUBLE PRECISION VD(60) ,V(60),VWSSD(60),VWSS(60),LV(60) 
DOUBLE PRECISION LVD(60),AD(60),A(60),XO(60),XOD(60) 
DOUBLE PRECISION ZPI,ZRAD,ONE 
REAL X(60,100),Y(60,100),XMIN(60),XMAX(60),XPMIN(60),XPMAX(60) 
INTEGER I,N1,N2,ICOM,NOBLOCKS,NOPTS(60),ILINE(60) 

COMMON /BLOCKDATA/R,D,PSI,TH1,TH2,HU,C,K,POPS,T,FSD,FPD,FD, 
c & FS,FP, FO,VD,VWSSD,LVD,V,VWSS, LV,AD,A,XOD,XO,NOPTS,X,Y,XMIN, 
c & XMAX,XPMIN,XPMAX,ILINE 

& FS,FP,FO,VD,VWSSD,LVD,V,VWSS,LV,AD,A,XOD,XO,X,Y,XMIN, 
& XMAX,XPMIN,XPMAX,NOPTS,ILINE 

COMMON /CONSTANTS/ZPI,ZRAD,ONE,NOBLOCKS 

no FORMAT (A) 
740 FORMAT(I3) 
760 FORMAT(A,I3) 

10 

N1 = 1 
N2 = 2 

241 WRITE ( * , 12 0 ) 
WRITE(*,760) 
WRITE(*,760) 
WRITE(*,720) 

, 1. Data block , 2. Data block , 3. Run , 
WRITE ( * , 72 0 ) 
WRITE(*,720) 
WRITE(*,720) , Command? 

'99. Abort , 

to be copied 
to be copied 

from (1-30) : 
to (1-30) 

, ,N1 
, ,N2 
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READ(*,740) ICOM 

IF (ICOM .EQ. 1) THEN 
WRITE(*,720) 'To what? 
READ(*,740) N1 

ELSE IF (ICOM .EQ. 2) THEN 
WRITE(*,720) 'To what? 
READ(*,740) N2 

ELSE IF (ICOM .EQ. 3) THEN 
GO TO 20 

ELSE IF (ICOM .EQ. 99) THEN 
GOTO 999 

ENDIF 
GOTO 10 

20 CONTINUE 
R(N2)=R(N1) 
D(N2)=D(N1) 
PSI(N2)=PSI(N1) 
TH1(N2)=TH1(N1) 
TH2 (N2) =TH2 (Nl) 
HU(N2)=HU(N1) 
C(N2)=C(N1) 
K(N2)=K(N1) 
POPS(N2) =POPS (Nl) 
T(N2)=T(N1) 
FSD(N2)=FSD(Nl) 
FPD(N2)=FPD(N1) 
FD (N2) =FD (Nl) 
FS(N2)=FS(N1) 
FP(N2)=FP(Nl) 
FO(N2)=FO(N1) 
VD (N2) =VD (Nl) 
VWSSD(N2)=VWSSD(N1) 
LVD (N2) =LVD (Nl) 
V(N2)=V(N1) 
VWSS(N2) =VWSS (Nl) 
LV(N2) =LV(N1) 
AD (N2) =AD (Nl) 
A(N2)=A(N1) 
XOD(N2)=XOD(N1) 
XO(N2)=XO(N1) 
XMIN(N2)=XMIN(N1) 
XMAX(N2)=XMAX(N1) 
XPMIN(N2)=XPMIN(Nl) 
XPMAX(N2)=XPMAX(N1) 
ILINE(N2)=ILINE(N1) 
NOPTS(N2)=NOPTS(N1) 
DO 30 I = l,NOPTS(N2) 

X(N2,I)=X(N1,I) 
Y(N2,I)=Y(N1,I) 

30 CONTINUE 
N1 = N1 + NOBLOCKS/2 
N2 = N2 + NOBLOCKS/2 
XMIN(N2)=XMIN(N1) 
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XMAX(N2)=XMAX(N1) 
XPMIN(N2)=XPMIN(N1) 
XPMAX(N2)=XPMAX(N1) 
ILINE(N2)=ILINE(N1) 
NOPTS (N2) =NOPTS(N1) 
DO 40 I = 1,NOPTS(N2) 

X(N2,I)=X(N1,I) 
Y(N2,I)=Y(N1,I) 

40 CONTINUE 

999 RETURN 
END 

SUBROUTINE SAVE 

c SAVE CONTENTS OF SELECTED BLOCKS TO DISK 

C IMPLICIT DOUBLE PRECISION (A-Z) 
IMPLICIT UNDEFINED (A-Z) 
DOUBLE PRECISION R(60),D(60),PSI(60),TH1(60),TH2(60),HU(60) 
DOUBLE PRECISION C(60),K(60),POPS(60),T(60) 
DOUBLE PRECISION FSD(60),FPD(60),FD(6),FS(60),FP(60),FO(60) 
DOUBLE PRECISION VD(60),V(60),VWSSD(60),VWSS(60),LV(60) 
DOUBLE PRECISION LVD(60),AD(60),A(60),XO(60),XOD(60) 
DOUBLE PRECISION ZPI,ZRAD,ONE 
REAL X(60,100),Y(60,100),XMIN(60),XMAX(60),XPMIN(60),XPMAX(60) 
INTEGER I,NOBLOCKS,NBL,M,N,NBLO(30),NOPTS(60),ILINE(60) 
CHARAC'rER*40 FILENAME, YN 

COMMON /BLOCKDATA/R,D,PSI,TH1,TH2,HU,C,K,POPS,T,FSD,FPD,FD, 
c & FS,FP,FO,VD,VWSSD,LVD,V,VWSS,LV,AD,A,XOD,XO,NOPTS,X,Y,XMIN, 
c & XMAX,XPMIN,XPMAX,ILINE 

& FS,FP,FO,VD,VWSSD,LVD,V,VWSS,LV,AD,A,XOD,XO,X,Y,XMIN, 
& XMAX,XPMIN,XPMAX,NOPTS,ILINE 

COMMON /CONSTANTS/ZPI,ZRAD,ONE,NOBLOCKS 

720 FORMAT (A) 
725 FORMAT (A,A) 
740 FORMAT(I3) 
755 FORMAT(1PD22.15) 
756 FORMAT(2(1PD22.15)) 

WRITE(*,720) 241 
10 WRITE(*,720)' File name to which to save data? ' 

READ(*,720) FILENAME 
OPEN(UNIT=7,STATUS='OLD',FILE= FILENAME,ERR=17) 

15 WRITE(*,720) 'File exists. Delete it (Y/N) ?' 
READ ( * , 72 0) YN 
IF ((YN(:).EQ.'Y').OR.(YN(:).EQ.'y')) GOTO 17 
IF ((YN(:) .EQ. 'N') .OR. (YN(:) .EQ. 'n')) GOTO 10 
GOTO 15 

17 OPEN (UNIT=7,STATUS='NEW',FILE=FILENAME,ERR=20) 
GOTO 30 

20 WRITE(*,720) 'Error. Try again. ' 

.. 
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GOTO 10 
30 WRITE(*,725) 'Data will be saved in file: ',FILENAME 

WRITE(*,720) , , 
WRITE(*,720) 'How many blocks to save (up to 30) ? ' 
READ(*,740) NBL 
DO 40 I = 1, NBL 

WRITE(*,720) 'Which block? ' 
READ(*,740) NBLO(I) 

40 CONTINUE 
WRITE(7,740) NBL 
DO 70 N = l,NBL 

WRITE(7,756) R(NBLO(N)),D(NBLO(N)) 
WRITE(7,756) TH1(NBLO(N)),TH2(NBLO(N)) 
WRITE(7,756) PSI(NBLO(N)),HU(NBLO(N)) 
WRITE(7,756) C(NBLO(N)),K(NBLO(N)) 
WRITE(7,756) POPS(NBLO(N)),T(NBLO(N)) 
WRITE(7,756) FSD(NBLO(N)),FS(NBLO(N)) 
WRITE(7,756) FPD(NBLO(N)),FP(NBLO(N)) 
WRITE(7,756) FD(NBLO(N)),FO(NBLO(N)) 
WRITE(7,756) VD(NBLO(N)),V(NBLO(N)) 
WRITE(7,756) VWSSD(NBLO(N)),VWSS(NBLO(N)) 
WRITE(7,756) LVD(NBLO(N)),LV(NBLO(N)) 
WRITE(7,756) AD(NBLO(N)),A(NBLO(N)) 
WRITE(7,756) XOD(NBLO(N)),XO(NBLO(N)) 
WRITE(7,756) XMIN(NBLO(N)),XMAX(NBLO(N)) 
WRITE(7,756) XPMIN(NBLO(N)),XPMAX(NBLO(N)) 
WRITE(7,740) ILINE(NBLO(N)) 
WRITE(7,740) NOPTS(NBLO(N)) 
DO 50 I = 1, NOPTS(NBLO(N)) 

WRITE(7,756) X(NBLO(N),I),Y(NBLO(N),I) 
50 CONTINUE 

M = NBLO(N) + NOBLOCKS/2 
WRITE(7,756) XMIN(M),XMAX(M) 
WRITE(7,756) XPMIN(M),XPMAX(M) 
WRITE(7,740) ILINE(M) 
WRITE(7,740) NOPTS(M) 
DO 60 I = 1, NOPTS(M) 

WRITE(7,756) X(M,I),Y(M,I) 
60 CONTINUE 
70 CONTINUE 

CLOSE (UNIT=7) 

RETURN 
END 

SUBROUTINE READ 

C READ FILE FROM DISK AND ENTER INTO SELECTED BLOCKS 

C IMPLICIT DOUBLE PRECISION (A-H,O-Z) 
IMPLICIT UNDEFINED (A-Z) 
DOUBLE PRECISION R(60),D(60),PSI(60),TH1(60),TH2(60),HU(60) 
DOUBLE PRECISION C(60),K(60),POPS(60),T(60) 
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DOUBLE PRECISION FSD(60),FPD(60),FD(6),FS(60),FP(60),FO(60) 
DOUBLE PRECISION VD(60),V(60),VWSSD(60),VWSS(60),LV(60) 
DOUBLE PRECISION LVD(60),AD(60),A(60),XO(60),XOD(60) 
DOUBLE PRECISION ZPI,ZRAD,ONE 
REAL X(60,100),Y(60,100),XMIN(60),XMAX(60),XPMIN(60),XPMAX(60) 
INTEGER NOBLOCKS,I,M,N,NBL,NBLO(30),NOPTS(60),ILINE(60) 
CHARACTER*40 FILENAME 

COMMON /BLOCKDATA/R,D,PSI,TH1,TH2,HU,C,K,POPS,T,FSD,FPD,FD, 
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c & FS,FP,FO,VD,VWSSD,LVD,V,VWSS,LV,AD,A,XOD,XO,NOPTS,X,Y,XMIN, 
c & XMAX,XPMIN,XPMAX,ILINE 

& FS,FP,FO,VD,VWSSD,LVD,V,VWSS,LV,AD,A,XOD,XO,X,Y,XMIN, 
& XMAX,XPMIN,XPMAX,NOPTS,ILINE 

COMMON /CONSTANTS/ZPI,ZRAD,ONE,NOBLOCKS 

720 FORMAT (A) 
725 FORMAT (A,A) 
740 FORMAT (I3) 
742 FORMAT(A,I3,A) 
755 FORMAT(lPD22.15) 
756 FORMAT(2(lPD22.15» 

WRITE(*,720) 241 
10 WRITE(*,720)' File name from which to read data? ' 

READ(*,720) FILENAME 
OPEN(UNIT=7,STATUS ='OLD',FILE=FILENAME,ERR=20) 
GOTO 30 

20 WRITE(*,720) 'Error. Try again. ' 
GOTO 10 

30 WRITE(*,725) 'Data will be read from file ',FILENAME 
WRITE(*,720) , , 
READ(7,740) NBL 
WRITE(*,742) 'There are ',NBL,' blocks of data in this file.' 
WRITE(*,720) 'Enter block numbers to which to write these blocks.' 
DO 40 I = 1, NBL 

WRITE(*,720) 'Which block? ' 
READ(*,740) NBLO(I) 

40 CONTINUE 
DO 70 N =1, NBL 

READ(7,756) R(NBLO(N»,D(NBLO(N» 
READ(7,756) TH1(NBLO(N»,TH2(NBLO(N» 
READ(7,756) PSI(NBLO(N»,HU(NBLO(N» 
READ(7,756) C(NBLO(N»,K(NBLO(N» 
READ(7,756) POPS(NBLO(N»,T(NBLO(N» 
READ(7,756) FSD(NBLO(N»,FS(NBLO(N» 
READ(7,756) FPD(NBLO(N» ,FP(NBLO(N» 
READ(7,756) FD(NBLO(N»,FO(NBLO(N» 
READ(7,756) VD(NBLO(N»,V(NBLO(N» 
READ(7,756) VWSSD(NBLO(N»,VWSS(NBLO(N» 
READ(7,756) LVD(NBLO(N»,LV(NBLO(N» 
READ(7,756) AD\NBLO(N»,A(NBLO(N» 
READ(7,756) XOD(NBLO(N»,XO(NBLO(N» 
READ(7,756) XMIN(NBLO(N»,XMAX(NBLO(N» 
READ(7,756) XPMIN(NBLO(N»,XPMAX(NBLO(N» 
READ(7,740) ILINE(NBLO(N» 



READ(7,740) NOPTS(NBLO(N» 
DO 50 I = I , NOPTS(NBLO(N» 

READ(7,756) X(NBLO(N),I),Y(NBLO(N),I) 
50 CONTINUE 

M = NBLO(N) + NOBLOCKS/2 
READ(7,756) XMIN(M),XMAX(M) 
READ(7,756) XPMIN(M),XPMAX(M) 
READ(7,740) ILINE(M) 
READ(7,740) NOPTS(M) 
DO 60 I = 1,NOPTS(M) 

READ(7,756) X(M,I),Y(M,I) 
60 CONTINUE 
70 CONTINUE 

CLOSE (UNIT=7) 

RETURN 
END 

DOUBLE PRECISION FUNCTION EI(Q,P,K,TOL) 

C BY THOMAS M. WENTZEL 2/18/88 

C CALCULATES THE ELLIPTIC INTEGRAL OF THE QTH KIND (Q = 1, 2), 
C F(Phi, K = sin(THETA», USING SIMPSON'S RULE, TO TOLERANCE TOL. 

C IMPLICIT DOUBLE PRECISION (A-Z) 
IMPLICIT UNDEFINED (A-Z) 
DOUBLE PRECISION K,P,TOL,SW,BIN(0:4096),ESTIMATE(0:12),RELTOL 
DOUBLE PRECISION ONE, JD, NSD, EST, ZPI, ZRAD 

C INTEGER H 
INTEGER Q, N, NS, I, J 

700 FORMAT (A) 

ONE = 1.0DO 
~PI = 3.14159265358979323846 
ZRAD = ZPI/180.0DO 
N = 0 

C NS = # OF SUBINTERVALS 
NS = 4 

C SW = SUBINTERVAL WIDTH 
SW = PINS 

C BEGIN WITH FOUR SUBINTERVALS 

IF (Q .EQ. 1) THEN 
BIN(O) = ONE/DSQRT(ONE-(K*DSIN(0.ODO»**2) 
BIN(l) = ONE/DSQRT(ONE-(K*DSIN(P»**2) 
BIN(2) = ONE/DSQRT(ONE-(K*DSIN(0.50DO*P»**2) 
BIN(3) = ONE/DSQRT(ONE-(K*DSIN(0.25DO*P»**2) 
BIN(4) ONE/DSQRT(ONE-(K*DSIN(0.75DO*P»**2) 

ELSE 
BIN(O) = DSQRT(ONE-(K*DSIN(0.ODO»**2) 
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BIN(l) 
BIN(2) 
BIN(3) 
BIN(4) 

ENDIF 

= DSQRT(ONE-(K*DSIN(P))**2) 
DSQRT(ONE-(K*DSIN(O.50DO*P))**2) 
DSQRT(ONE-(K*DSIN(O.25DO*P))**2) 

= DSQRT(ONE-(K*DSIN(O.75DO*P))**2) 

C CALL SIMPSON'S RULE ESTIMATE SUMMATION FUNCTION 
ESTIMATE(N)=(BIN(O)+BIN(1)+2.0DO*BIN(2)+4.0DO*(BIN(3)+BIN(4))) 

& *SW/3.0DO 

C KEEP CALLING SIMPSON'S RULE AND GETTING INTEGRAL ESTIMATES UNTIL 
C CHANGE IN SUCCESSIVE ESTIMATES IS BELOW THE STATED TOLERANCE 

100 N = N + 1 
1'18 = 2 * NS 
SW = PINS 
J = 1 

DO 110 I = NS/2+1, NS 
JD = DBLE(J) 
NSD = DBLE(NS) 
IF (Q .EQ. 1) THEN 

BIN(I) ONE/DSQRT(ONE-(K*DSIN(JD/NSD*P)) **2) 
ELSE 

BIN(I) = DSQRT(ONE-(K*DSIN(JD/NSD*P))**2) 
ENDIF 
J = J + 2 

11 0 CONTINUE 
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C DO THE SUMMATION FOR SIMPSON'S RULE INTEGRATION. PRODUCE AN ESTIMATE 
C OF THE INTEGRAL CALCULATED FROM THE NS SUBINTERVALS OF BIN, EACH OF 
C WIDTH SW. 

EST = BIN (0) + BIN(l) 
DO 120 I = 2, NS/2 

EST = EST + 2.0DO*BIN(I) 
120 CONTINUE 

DO 130 I = NS/2+1, NS 
EST = EST + 4.0DO*BIN(I) 

130 CONTINUE 

EST = EST * SW/3.0DO 

ESTIMATE(N) = EST 
C WRITE(*,810) N, EST 
C810 FORMAT(' ESTIMATE(',I3, ') = ',lPD16.8) 

RELTOL = DMIN1(DABS(TOL),DABS(ESTIMATE(N))) 

IF (DABS(ESTIMATE(N)-ESTIMATE(N-l)) .LE. RELTOL) THEN 
EI = ESTIMATE(N) 
GOTO 999 

ELSE IF (NS .GE. 2048) THEN 
WRITE(*,700) 'INTEGRAL NOT CONVERGING' 



EI = ESTlMATE(N) 
GOTO 999 

ELSE 
GO TO 100 

ENDIF 
999 CONTINUE 

C IF (( P . LT. O. ODO) . AND. (EI . GT. O. ODO)) THEN 
C WRITE(*,*) 'INVERTING EI' 
C EI = -ONE*EI 
C ENDIF 
C WRITE(*,800) Q, P, K, TOL, EI 
C WRITE(*,800) Q, P/ZRAD, DASIN(K)/ZRAD, TOL, EI 
C800 FORMAT(IEI(I,I1,3(1,I,lPD16.8),I)=",lPD16.8) 

RETURN 
END 

SUBROUTINE GRAPHVME(X,Y,NOPTS,ILINE,XMIN,XMAX,XPMIN,XPMAX,KCOM) 
C DUMMY PLOTTING SUBROUTINE, REPLACING ONE FOR THE VME MONITOR 
C IMPLICIT DOUBLE PRECISION (A-Z) 

IMPLICIT UNDEFINED (A-Z) 
REAL X(60,100),Y(60,100),XMIN(60),XMAX(60),XPMIN(60),XPMAX(60) 
INTEGER KCOM,NOPTS(60),ILINE(60) 

C INSERT YOUR OWN PLOTTING ROUTINE WRITTEN FOR YOUR MONITOR. 

RETURN 
END 

SUBROUTINE GRAPHHI (X,Y,NOPTS, ILINE,XMIN,XMAX,XPMIN,XPMAX,KCOM) 
C DUMMY PLOTTING SUBROUTINE, REPLACING ONE FOR THE HI PLOTTER 
C IMPLICIT DOUBLE PRECISION (A-Z) 

IMPLICIT UNDEFINED (A-Z) 
REAL X(60,100),Y(60,100),XMIN(60),XMAX(60),XPMIN(60),XPMAX(60) 
INTEGER KCOM,NOPTS(60) ,ILINE(60) 

C INSERT YOUR OWN PLOTTING ROUTINE WRITTEN FOR YOUR PLOTTER. 

RETURN 
END 
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