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ABSTRACT

The physical processes responsible for the growth of water waves under the action of a 

turbulent air flow are known to be extremely complex. To date theoretical models 

addressing this phenomenon have not been entirely successful because of the complexity 

of turbulent flow and the interaction physics. On the other hand, a laminar flow yields a 

relatively simple and fixed model for the interaction process. It has been proved for 

example that on a solid plate, the initial growth of artificial two-dimensional air waves 

inside the laminar boundary layer can be explained by linear instability theory. Similarly, 

on an air-water interface of two phase flows, it is interesting to investigate whether or not 

the growth process of a perturbation on the initially flat water surface under the shearing 

action of a laminar air flow will be dominated by linear instability theory.

For this reason, an experimental and numerical study of the interaction of gravity-capillary 

water waves with a laminar air flow has been carried out. A filtered integration method was 

introduced to solve the coupled Orr-Sommerfeld equations, focusing on the spatial 

amplification in order to facilitate direct comparison with the experimental observations. A low 

turbulence wind tunnel, specially designed and built for the present study of wind-wave 

interaction, provided the information of the wave growth rates and phase velocities. A simple 

Pitot tube was used, with close attention to near boundary correction procedures, to obtain the 

laminar boundary layer velocity profile over the water surface. A highly sensitive optical 

technique of twin reflected laser beams was developed to measure the wave slopes and phase 

velocities of long-crested gravity-capillary water waves with small amplitude. These were 

generated by a pneumatically-activated diaphragm generator using different input fi*equencies.

The results of the Pitot tube measurements confirmed for the first time both the 

continuation of a Blasius type laminar boundary layer over the water surface and the 

boundary conditions conventionally assumed in theoretical analysis. The numerical model 

predicted that the growth rate and the phase velocity are frequency and fetch dependent. 

The wave height distribution with respect to fetch, integrated from the local growth rate, 

shows good agreement with the experimental results. It is concluded that the initial stage 

of the growth of small amplitude gravity-capillary water waves under the action of a 

laminar air flow can be predicted by linear instability theory.
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CHAPTER 1 

INTRODUCTION

1.1 General introduction

The phenomenon of the interfacial instability in two-phase flow has been observed in 

various practical and technological applications in the fields of aviation, coating 

technology, ocean engineering, and the petrochemical industry. Among these, one of the 

most familiar and interesting phenomenon in nature and undoubtedly receiving a great deal 

of attention is that of the generation of water waves by wind. Although it has been studied 

for more than a century, the kernel problem in this subject, namely, the mechanism to 

generate water waves and the physical process by which energy is transferred from wind 

to waves is still not fully understood.

The modem pioneering work to gain an understanding of wave growth mechanism was 

Miles’ (1957) quasi-laminar model. Based on inviscid shear flow instability, the model 

gave a mathematical expression of growth rates for gravity water waves. It was even 

thought that Miles had solved the wind-wave interaction problem (Lighthill 1962). 

However, subsequent field and laboratory measurements demonstrated that the 

measured growth rate was an order of magnitude to a factor of two larger than Miles’ 

prediction (van Duin & Janssen 1992, Morland & Saffman 1993). The discrepancy is 

primarily attributed to the effect of the interaction between the turbulent air flow and 

the water waves, which was not taken into account in the quasi-laminar model. For 

this reason, over the past forty years or more, considerable efforts have been devoted 

to bridging this discrepancy by means of more realistic turbulent models, for example 

Davis (1972), Gent & Talyor (1976), Chalikov (1978), Al-Zanaidi & Hui (1984), Jacob 

(1987), van Duin & Janseen (1992), Belcher & Hunt (1993), Miles (1993) and Meirink & 

Makin (2000). Despite these contemporary and advanced models, it appears that the 

problem has still not been solved. The field and laboratory data compiled by Plant (1982) 

reveal that to date the theories consistently predict a lower growth rate by a factor of two 

or three (Belcher & Hunt 1998, Makin 2001).
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It is likely that further significant advances in theoretical predictions of wave growth 

mechanisms will require improved understanding of the highly complex physics of the 

interaction process between the turbulent wind flow and the deformed water surface. As 

Phillips (1977) commented, this problem gives rise to a crucial test of knowledge about 

the turbulent flow. At present, understanding of turbulence can only come from direct 

numerical simulation and advanced experiments, paralleling similar studies at the solid 

wall (e.g. Robinson 1991 and Grass et al. 1991). For turbulent flow over the water 

surface, there exists uncertainty even in the determination of the most basic parameters 

such as the friction velocity and the thickness of the viscous sublayer.

In contrast, a laminar air flow over the water surface yields a relatively simple and fixed 

model, which can largely simplify the complex wind-wave interaction caused by the 

turbulent air flow. Analogous to the Blasius profile forming on the flat plate, a similar 

solution of the velocity distribution on both sides of the interface can be exactly solved 

from Prandtl’s boundary layer equations. In experiments, a laminar air flow can be 

produced in a well controlled low turbulence wind tunnel and it will be maintained if the 

disturbances on the water surface are small. With the proper layout of a wave flume 

inside the working section, observation of the growth process of the water waves sheared 

by the laminar flow can actually be compared directly with theory.

The generation and growth of small-scale wind waves have recently become of particular 

interest because of the requirement to be able to interpret microwave remote sensing 

images. Also, those small waves riding on larger waves play a role as roughness on the 

sea surface by which more momentum is abstracted from wind to waves.

The growth mechanism of a short water wave under wind action at the initial stage is 

commonly attributed to linear instability theory. The eigenvalue of the Orr-Sommerfeld 

equation predicts the temporal or spatial growth rate with a given specific wavenumber or 

frequency. Conventionally, a turbulent log-linear velocity profile was employed for the 

prediction in the area of wind-wave interaction. Originally from a laminar flow sheared 

over a solid plate, the formulation of the linear Orr-Sommerfeld equation is based on the 

assumption that a small perturbation is superimposed on the mean flow within the laminar 

boundary layer. Neglecting the product terms of the small perturbation, the resulting
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equation describes the growth or decay of the disturbance expressed by the well-known 

thumb contours. As a consequence, the application of the Orr-Sommerfeld equation at an 

air-water interface may be more suitable for the case of laminar flows on both sides of the 

interface.

The classic experiment of Schubauer and Skramstad (1947) and the later numerical 

calculations, for example, Kaplan (1964) and Jordinson (1970) have proved that, for air 

flow over a rigid flat plate, the initial growth of artificial two-dimensional Tollmien- 

Schlichting waves can be explained well by linear instability theory as long as the 

disturbance is two-dimensional. Similarly, for an air-water two phase flow, if a long- 

crested gravity-capillary water wave is perturbed on the water surface, it is interesting to 

know whether the physical process of growth of the two-dimensional water wave sheared 

by a laminar air flow will be predicted by linear instability theory.

There is a lack of experimental research in this fundamental topic. The present thesis 

research addresses this gap on our knowledge. The only previous experimental study, by 

Gupta, Landahl & Mollo-Christensen (1968) is unlikely to achieve the agreement with 

theory in either the laminar air velocity profile measurements above the water surface or in 

the wave growth rate measurements due to the wind tunnel settings and measurement 

techniques. Moreover, it is noticeable that in most of the previous theoretical studies 

involving the solution of the Orr-Sommerfeld equation in the area of wind-wave 

interaction, the growth rates were calculated in temporal amplification. The direct 

comparison between predicted spatial growth rates and measurements with respect to 

distance does not appear to have been studied.

1.2 Aims of this study and organisation of the thesis

For the reasons mentioned above, the primary objective of the present wind tunnel study is 

to test linear instability theory through an accurate measurement of the laminar boundary 

layer profile over the water surface and the growth of wave height and phase velocity with 

respect to downstream distance. A low turbulence wind tunnel was specially designed for 

the wind-wave interaction study, providing the information on wave growth and phase
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velocities downwind. The long-crested gravity-capillary waves were generated by a 

pneumatically-activated diaphragm with different input frequencies and the wave slopes 

were controlled to be as small as possible. A simple Pitot tube was used, with close 

attention to near boundary correction procedures, to obtain the mean boundary layer 

velocity profiles. A highly sensitive optical technique of twin reflected laser beams was 

developed to measure wave slopes and phase velocities. With the application of Fourier 

analysis, the measured wave height and phase velocity in the principal component were 

derived. In the numerical simulation part, a filtered integration method developed by 

Kaplan (1964) was introduced to solve the coupled Orr-Sommerfeld equations, focusing 

on the spatial amplification in order to directly compare with the measurements at different 

stations downstream.

The contents of this thesis are briefly described as follows. Chapter 2 is a literature 

review. Previous research on the boundary layer formation above a water surface and 

theories and experiments addressing the wind-wave interaction are introduced, focusing on 

linear instability theory and small-scale water waves. Background to the theory employed 

in the present study is presented in Chapter 3. Starting from the solid surface and moving 

to the air-water interface, the derivation of the Blasius equations and Orr-Sommerfeld 

equations is introduced. In addition, the chapter also discusses the theory for attenuation 

of water waves affected by surface tension. Chapter 4 reports numerical method and 

results, introducing the numerical method used to solve the Blasius equation and the Orr- 

Sommerfeld equation both on the flat plate and the water surface. The numerical results 

giving the velocity profile above the water surface, from the Blasius equations, and the 

growth rate and phase velocity of the water waves, from the Orr-Sommerfeld equations, 

are given.

Chapter 5 outlines the experimental apparatus and measurement techniques. The old 

walk-in wind tunnel used in the preliminary tests and the principle of the design of a new 

low turbulence wind tunnel are illustrated. The chapter also describes the pneumatically- 

activated diaphragm used to generate the long-crested gravity-capillary waves, the method 

of boundary layer measurement using the Pitot tube, and wave slope measurement using 

the twin laser beams in conjunction with a high-speed video camera. Chapter 6 describes 

the processing of the raw experimental data, explaining the Pitot tube corrections for the
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measured velocity profile, image analysis to find the wave slopes, and decomposing the 

slope signal using Fourier analysis to calculate the principal phase velocity and wave 

height. Chapter 7 gives the preliminary test results. In spite of simple apparatus, the 

experiments demonstrate the excellent quality of the measurements. The extensive 

measurements carried out in the new wind tunnel are presented in Chapter 8 together with 

comparison with the numerical simulation and discussion. Finally, the conclusions and 

suggestions of further research are given in Chapter 9.
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CHAPTER 2 

LITERATURE REVIEW

2.1 Introduction

In this chapter, the previous work about wind generated water waves is reviewed. The 

first part discusses the formation of the boundary layer over the water surface. In the 

concept of linear instability theory, the growth rate calculated from the Orr-Sommerfeld 

equation is very sensitive to the shape of the boundary layer. Understanding of the 

structure of the velocity profile above the water surface is vital to inform the simulation 

work. Since the present project is to simulate and observe the initial water wave growth, 

the literature survey is focused on linear instability theory for the air-water interface. 

Different related theories are also briefly discussed. In the experimental part, the review 

concentrates on the studies of the growth of small-scale water waves in the gravity- 

capillary range although most of them were carried out in a turbulent air flow. A 

comprehensive review of the wind-wave interaction for gravity waves is given by Barnett 

& Kenyon (1975) and, for exchanges of momentum, energy, and mass on the sea, by 

Donelan(1990). The application of linear instability theory in different types of two-phase 

fluid flow is classified and discussed by Boomkamp & Miesen (1996).

2.2 Boundary layer formation on the water surface

The concept of boundary layer theory was established by Prandtl in 1904. In history, the 

first application of Prandtl’s boundary layer equations was studied by Blasius (1908) for 

the simplest case of a laminar flow along a thin flat plate with zero incidence in the 

absence of a pressure gradient. The famous ordinary Blasius equation simplified from 

Prandtl’s equations was derived using the similarity variable r\ ~ y/8(x) where 5(x) is a 

quantity proportional to the boundary layer thickness. The solution gives a so-called 

Blasius profile and the profile does not vary with respect to distance in the plot of u/Uoo 

against where u is the local mean velocity in the boundary layer and is the free- 

stream velocity. Experimental investigations of Burgers (1924) and Hansen (1928)
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confirmed the theory and excellent agreement was demonstrated by Nikuradse’s 

measurements (Schlichting & Gersten 2000).

The laminar boundary layer is very sensitive to any pressure gradient in the outer flow and 

the velocity profile developed downstream is no longer similar over a flat plate. In theory, 

it is customary to use the velocity distribution in the external flow to evaluate the influence 

of the pressure gradient. One popular distribution is of the form:

U(x) = U ;-ax "  (2-1)

where Ui is the velocity at a initial point. Howarth (1938) treated the boundary layer 

solution with a linear distribution in the free-stream flow, that is, the value n=l in Equation 

(2-1). For an accelerated flow (favourable pressure gradient), a family of velocity profiles 

locates below the Blasius profile with an increasing difference from the Blasius profile 

further downstream. On the other hand, for a decelerated flow (adverse pressure 

gradient), the profiles are above the Blasius profile. The discrepancy also becomes larger 

downstream until the occurrence of flow separation. The wind tunnel experiments of 

Grass, Tsai & Simons (2000) show very good agreement with the Howarth solution in the 

case where the free-stream velocity was increased linearly. The same results are also 

presented in Chapter 7. Tani (1949) extended Howarth’s method to include a general 

condition for n>l. Different types of velocity distributions, which lead to non-similar 

solutions, were summarised by White (1974).

In boundary layer theory, a laminar flow shearing over a stationary water surface is a 

special case of the general mixing layer developed between two parallel shear flows with 

different initial velocity or viscosity in the upper and lower layer respectively. The 

boundary layer equations are extended to describe the two layers through the boundary 

conditions at the interface. Analogous to flow over a the flat plate in zero pressure 

gradient. Lock (1951) formulated a pair of the Blasius equations for the two-phase flow. 

Exact solutions with different density, viscosity, and velocity in the upper and lower fluids 

were given by Lock and re-examined by Potter (1956) using an approximate method. The 

most interesting example applied to the present study is that of an air flow over a quiescent 

water surface, named as the Lock profile (Akylas 1982). This profile was adopted for
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comparison with the present experimental measurements and it was fed into the Orr- 

Sommerfeld equations for the prediction of the water wave growth rate. A more detailed 

discussion of the Lock profile will be given in Chapter 4.

The formation of the laminar boundary layer at the air-water interface has received 

attention recently in the area of aeronautics in relation to aircraft accidents in heavy rain 

fall. Nelson, Alving & Joseph (1995) studied a non-similar boundary layer solution on a 

flat plate covered with a thin water film. The model showed a Blasius type profile in air 

and a linear profile in water. In addition, the thickness of the water film was found to 

increase in proportion to Smymaios, Pelekasis & Tsamopoulos (2000) simulated the 

boundary layer development on a solid surface in the presence of rainfall. With the film 

thickness increasing with the rain fall rate, the formation of the velocity profile with respect 

to distance was given in their paper. This also resulted in a Blasius type in air and a linear 

profile in water.

The only previous wind tunnel study of which the author is aware where the laminar 

velocity profile was measured over a water surface was carried out by Gupta, Landahl & 

Mollo-Christensen (1968) in MIT with the original purpose of understanding the reduction 

of skin friction on a compliant surface, originally found by Kramer (1960). Boundary 

layers in a favourable pressure gradient were observed using a Preston tube. The results 

presented a significant difference from the theoretical Howarth solution, especially in the 

region near the interface. It is suspected that either the air flow was not laminar or the 

suction used to control the flow changed the shape of the velocity profile. For the case of 

velocity profiles over a water surface in the absence of a pressure gradient, no tests have 

yet been reported to confirm the Lock profile.

In contrast, a considerable number of experiments have been conducted to examine the 

structure of a turbulent boundary layer over the water surface. A logarithmic profile in the 

region near the water surface was observed using a Pitot-tube (Wu 1968, Plate, Chang & 

Hidy 1969, Welson et al. 1972, Larsoson & Wright 1975, and Cheng & Mitsuyasu 1992) 

and using a hot-wire anemometer (Stewart 1970 and Kawamura & Toba 1985) over the 

undulated water surface. Wu (1968) also observed a defect law in the outer edge of the 

boundary layer. It was concluded by Plate, Chang & Hidy (1969) that the turbulent
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boundary layer developed in the same manner as that on a flat plate when the surface 

standard deviations do not exceed 1 mm. As long as the wave grew, the profile changed 

in the logarithmic part, responding in the same way as to increase of roughness on a solid plate.

A modified wake log-linear expression was employed for curve-fitting the turbulent 

boundary layer over a progressive regular gravity water wave in a series of papers by Hsu, 

Hsu, & Street (1981), Hsu & Hsu (1983), Papadimitrakis, Hsu, & street (1984), and 

Papadimitrakis, Street, & Hsu (1988) at Stanford University. They found that the friction 

velocity u* fitted from the slope of the logarithmic portion of the profile was 30% greater

than that calculated from ul = -u  v (Hsu et al. 1981 and Papdimitrakis et al. 1984),

where u and v represented turbulent fluctuations in x and y directions respectively. 

This indicates the complex structure and uncertainty of the measurement of the friction 

velocity over a compliant surface.

2.3 Wind-wave formation theory

2.3.1 Kelvin-Helmholtz instability

An explanation of how water waves are generated by wind was first examined by 

Helmholtz (Lamb 1932) a century ago by means of stability analysis. Neglecting viscosity 

and surface tension and assuming uniform flow in air and water, which gives rise to a 

velocity discontinuity at the interface, the model discussed the stability or instability of a 

given infinitesimally perturbed interface. Using potential theory, it was shown that when 

the calculated phase velocity has an imaginary part, the disturbance is unstable and the 

wave grows. The general condition to match the requirement described above is that the 

wavelength is sufficiently small. Physically, the unstable condition occurs when suction at 

the crest overcomes the restoring force (gravity). The same as Kelvin’s assumptions but 

including another restoring force, the surface tension, Kelvin (Sir W. Thomson, 1871) 

found that the minimum wind speed to generate water waves for a still water surface is 

about 6.5 m/s. In spite of the controversy about how large the wind speed needed to be to 

generate the first visible wave, it is clearly that it is considerably smaller than predicted by 

Kelvin. As a consequence, the Kelvin-Helmholtz mechanism was not able to predict the 

initiation of water waves.
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Miles (1959b) re-examined the Kelvin-Helmholtz model and suggested that the 

mechanism may be responsible for the instability of highly viscous fluid such as oil in the 

lower layer and is not suitable for an air-water interface. Phillips (1977) explained that for 

an air-water interface, this kind of instability can only happen at capillary-gravity scale 

range associated with a large wind shear in the local region near the crest of a long wave.

2.3.2 Waves formed by separation

When a fluid flows past a bluff body, a form drag force is induced by flow separation 

behind it. This principle was proposed in Jeffery’s (1924, 1925) sheltering mechanism to 

assess water wave growth. Generally, with the wind blowing in the same direction as the 

wave propagation, separation on the leeward side of the crest occurs and the flow 

reattaches on the windward side of the next crest. Accordingly, the energy is transferred 

from the air to the water through the asymmetric pressure distribution along the crest, 

resulting in wave growth. In Jeffery’s model, the wave profile is an ideal regular 

sinusoidal wave and only the pressure component in phase with the wave slope, dÇ/ dx,  

contributes the work where Ç, is the water surface elevation. The expression for the 

pressure was written by Jeffery as follows:

P -  Spa (Ua ~ C)̂  ̂  (2.2)
OX

where pa is air density; Ua is wind velocity; and s i s  a number called the sheltering 

coefficient. The average rate of work done by the pressure on the sea is

ivg » . < « , - t>  e 12-3)
L ' ' o x

where L is the wave length; c is the phase velocity. The value of s was calculated to be 

0.27 associated with the minimum wind speed 1.1 m/s to initiate water waves observed by 

Jeffery. However, there is no physical derivation for the value of s. Since direct 

measurement of the pressure distribution over the deformed water surface is extremely 

difficult, according to Ursell (1956), early work to estimate the sheltering coefficient was
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conducted over a solid wavy surface by Stanton, Marshall & Houghton (1932), Motzfeld 

(1937), and Thijsse (1951). However, the measurements showed that the pressure 

difference over a solid wave was an order of magnitude smaller than Jeffery’s estimation 

and hence the sheltering model was concluded insufficient to explain the wave growth. 

Ursell (1956) commented that it lacks evidence for the assumed physical picture of the air 

flow, and the derivation of s from Umm is open to question. This may he the reason why 

the theory had been abandoned for a long time.

With advances in measurement techniques, the separation over a wave with high steepness 

has been visualised using, for example, smoke visualisation (Banner & Melville 1976 and 

Kawai 1981), suspended particles in conjunction with photographs (Kawai 1982), and 

Particle Image Velocimetry (Giovanangeli et al. 1999). Thus, the separation model is 

believed to be one of the mechanisms in transferring energy from wind to waves on the 

sea.

2.3.3 Waves formed by turbulent fluctuations

The mechanism of water wave generation caused by the pressure fluctuations in a 

turbulent wind was firstly postulated by Eckart (1953). Following this approach, Phillips 

(1957) developed a resonance theory for the generation of water waves on an initially still 

water surface. The theory gave the relationship between the spectrum of surface waves 

and the spectrum of pressure fluctuations under the assumption of an uncoupled process 

between surface waves and wind. A specific wave length is created under the condition of 

Uc COS0 = c, where Uc is the convective velocity of the pressure fluctuations having the 

same wave length as the water wave; and 0 is the angle between the pressure convection 

velocity and the direction of water wave propagation. The mechanism predicts that the 

wave energy grows linearly in time.

It is known that turbulent pressure fluctuations are much smaller than Phillips’ original 

estimation as showed by the subsequent experiment of Longuet-Higgins (1961). The 

model is, therefore, not considered to represent the major contribution to wind wave 

growth. However,, turbulent pressure fluctuations may be sufficient for the initiation of
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water waves over a still water surface. The growth of these tiny waves is then dominated 

by other mechanism such as shear layer instability (Miles 1960). The measurements of 

Kahma & Donelan (1988) showed that Phillips’ resonance mechanism might be capable 

of generation of the initial waves at very low wind speeds (u*= 2 cm/s).

2.3.4 Instability mechanisms

The concepts of shear flow stability were established by Helmholtz, Kelvin, Rayleigh and 

Reynolds from analytical study of inviscid parallel flow as early as a century ago. The 

most interested topic in this stage may be the criterion given by Rayleigh (Drazin & Reid 

1981) that the necessary condition for flow instability is the existence of a point of 

inflexion in the velocity profile. Reynolds (1883) was the first to experimentally study 

instability phenomena. Laminar flow in a pipe was observed to become gradually unstable 

with fluctuations amplifying, first regularly, then irregularly, and finally with transition to 

chaotic turbulent flow.

Orr (1907) and Sommerfeld (1908) included the important effect of viscosity on the 

investigation of parallel shear flow instability. The complete equation to describe the 

amplification or decay of the disturbances is the well-known Orr-Sommerfeld equation. 

There is a long history to find the solution of the equation by means of heuristic methods of 

approximation, as proposed by Heisenberg, Tollmien, Schlichting, and Lin (Lin 1955). 

Shen (1954) examined the instability using Lin’s method for the most popular two 

boundary layers, that is, the plane Poiseuille flow and the Blasius flow on a flat plate. For 

the later case, he was able to show very good agreement with the classic experiment of 

Schubauer & Skramstad (1947). With the improvement of numerical methods and 

powerful computational facilities, the “exact” solution of the Orr-Sommerfeld equation in 

discussing the stability of the Blasius profile was accurately calculated by, for example, 

Kaplan (1964), Obremski et al. (1969) and Jordinson (1970). The solution revealed that 

instability of the disturbances occurs at certain selected frequencies depending on 

Reynolds number within the contour of zero amplification called the neutral curve. 

Detailed discussion of this contour will be given in Chapter 4. A brief review of the 

comparison between measurements and theories in the amplification rate was given by
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Drazin & Reid (1981) and Bowles (2000). More recently, attention has shifted to the 

application of linear stability theory in two-phase flows and perhaps the most important 

example in this area is the formation of water waves.

Boundary layer instability at the air-water interface, analogous to flow past a semi-infinite 

plate, was examined by Lock (1954). In the absence of a pressure gradient, the boundary 

layers in the air and in the water used in the analysis were the exact solutions that he had 

calculated earlier (Lock 1951). With the assumptions that the perturbed waves were much 

smaller than the boundary layer thickness and the growth of the boundary layer in one 

wave length was negligible, the equations of motion were linearized and simplified to a 

pair of coupled Orr-Sommerfeld equations. Lock firstly derived four boundary conditions 

for the two-phase fluid flow, represented by continuity of velocity and shear stress and 

balance of normal stress and surface tension at the interface. They are much more 

complicated than the boundary conditions over a rigid surface. In the model, instability is 

able to occur in air and water. Lock referred to them as “water waves” and “air waves”. 

However, the calculation procedure and results are very complicated and there is no 

physical interpretation of the interface instability (Benjamin 1960).

The modem pioneering work to explain the water wave growth mechanism is 

Miles’(1957) quasi-laminar model, which applies the parallel shear flow stability and have 

been received widespread interested. The basic assumptions are that the flows in air and 

water are inviscid and the wind-induced surface current is ignored. The air velocity and 

pressure disturbances are sufficiently small which allows linearization of the equations of 

motion. Miles expressed the aerodynamic pressure at the water surface as

p .= ( a  + iP)p,UfkÇ (2-4)

where Ui is an arbitrary reference for wind speed; kÇ is the local wave slope; and (a-f-iP) is 

a dimensionless pressure coefficient. P was shown to be a parameter related to the wave 

growth rate. The problem formed was to solve P through the inviscid Orr-Sommerfeld 

equation, namely, the Rayleigh equation with the corresponding boundary conditions. The

growth rate was found to be proportional to -U^ / u /  where U^,, and , denotes the 

slope and curvature of the velocity profile, and the subscript c denotes the elevation where
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the air speed was identical to the wave phase velocity, i.e., U(yc)=c, the so-called critical 

layer. A log-linear turbulent boundary layer was used for the numerical assessm ent of p. 

Miles (1959a) presented an explicit formula from the result of his quasi-lam inar model to 

explain the energy transfer from a parallel shear air flow U(y) to a surface wave with 

wavenumber k and phase velocity c, that is,

(2-5)

where v  ̂ was the mean square value of the vertical fluctuation at the critical layer. 

Equation (2.5) shows that waves can grow only if the velocity profile has a negative 

curvature.

U(y)

Direction o f wave propogation

Figure 2-1 Streamlines of the air flow shears over the progressive waves with reference 
moving with the phase velocity. The closed loops are centred at the critical 
layer (Phillips 1977).

Miles (1957) theory was given purely by mathematics. Lighthill (1962) interpreted the 

physical meaning of M iles’ model in terms of a vortex force which is the product of 

vorticity and the vertical fluctuation defined as p^tnv where co is the vorticity. With this 

terminology, the flux of energy rate transferred from wind to waves was expressed as in 

Equation (2-5). Lighthill (1962) explained that the net negative vorticity in an enclosed 

loop in the region of the critical layer (Figure 2-1) abstracted energy from the wind, 

transferring it to the wave in the form of wave growth.
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From the theory of hydrodynamic stability, the energy transfer can be formulated as E = t c , 

where x = p^u v is the wave-induced Reynolds stress. The relation between the Reynolds 

stress and conditions at the critical point was given by Equation (2-5) divided by c (Lin 

1955, Benjamin 1960). In other words, the jump of Reynolds stress at the critical layer 

does work on the surface wave and amplifies the wave height. The inviscid model was 

numerically studied again by Morland & Saffman (1993). With the exponential profile 

representing laminar flow and the log-linear profile representing turbulent flow, the model 

showed that growth rates were extremely sensitive to the shape of the laminar type profile 

but less sensitive to the turbulent type profile.

For water waves with short wave lengths, equation (2.5) is incapable of explaining the 

growth mechanism because the critical layer is very close to the water surface where the 

velocity profile is linear and its curvature vanishes. In this case, viscosity effect in the 

neighbourhood of the interface appears to be the main factor for interface instability. 

Benjamin (1959) examined the influence of the viscous effect on wave growth for a stable 

viscous flow over a sinusoidal surface with small steepness. Normal and tangential 

stresses were theoretically calculated in terms of a local orthogonal coordinate system 

which followed the contour of the wavy boundary. Miles (1962) generalised the previous 

results of Benjamin and ignored the wind-induced surface current, demonstrating that the 

resonance between the Tollmien-Schlichting waves and free-surface water waves was 

responsible for the generation of short waves. With this modification, the wave generation 

mechanism developed is named the Miles-Benjamin mechanism. Phillips (1977) 

concluded that the energy transfer across the interface to the waves was through a 

mechanism in which the normal stress component is in phase with the wave slope while 

the shear stress component is in phase with the elevation. The work of Benjamin and 

Miles showed that the normal stress was the dominant mechanism for a slow moving 

wave (c/u*<10). Evidence was available from the wind tunnel experiments of Kendall 

(1970) with a moving flexible wall, which revealed that the shear stress only contributed 3 

% of the total energy transfer. Banner & Perison (1998) measured the wind stress and 

tangential stress on water waves with c/u*<2. The results showed that the shear stress 

was about 30% of the total stress, indicating that the pressure force was the dominant 

mechanism.
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Subsequent theoretical studies concerning the formation of small-scale water waves acting 

by wind, in the range where surface tension can not be ignored, were carried out by 

Valenzuela (1976), Kawai (1979), Wheless & Csanady (1993) and Saetra (1998) using 

numerical methods and by Van Gastel, Janseen & Komen (1985) using an asymptotic 

method to solve the coupled Orr-Sommerfeld equations. Considerable efforts were 

focused on the influence of the velocity profile on the wave growth rate either in air or in 

water. Except for Wheless & Csanady (1993), all models used a modified log-linear 

turbulent boundary layer profile proposed and verified by Miles (1957b) for the solid 

surface and then applied to the air-water interface by adding a value of surface current. 

Interpreted by Kawai (1979), the profile is expressed as follows.

2

U(y) = + u„ for 0 < y < y ,, (2-6)

U(y) = U„ + U ,+ - ^ ( a - t a n h y )  for y, < y , (2-7)

2 k i i
sinha = - ^ ( y - y , )  (2-8)

U i _ u .y  
u* V,

(2-9)

where Va , u*a is kinematic viscosity and friction velocity in the air; k was von Karman’s 

constant with a value of 0.4; yi is the thickness of the viscous sublayer; Uo is the velocity 

at the interface; and Uo+Ui is the velocity at the outer edge of the viscous sublayer.

Valenzuela (1976) examined the effects of the wind-induced current, ignored by Miles 

(1962), on the shape of the linear-log mean flow profile in the water. A finite difference 

method was employed for solving the pair of the Orr-Sommerfeld equations. The model 

showed that for a given surface current with 4 % of the free stream velocity, the growth 

rate was larger than that without the surface current. The discrepancy increased with 

increasing wind speed and wavelength. For example, at a wind speed of about 6 m/s and 

wavenumber 1.55 cm '\ the growth rate was about twice that calculated without a surface 

current. It was concluded that the effect of the current on wave growth rate was 

significant and not negligible. A filtered scheme to integrate the coupled Orr-Sommerfeld
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equations was adopted by Kawai (1979) to find the eigenvalue. An error function fitted to 

his experimental measurements served as the velocity profile in the lower layer. The 

simulation showed that, for a given friction velocity and surface current, the most unstable 

wave was found at the specific wavenumber and frequency of which a maximum growth 

rate occurred.

Von Gastel, Janssen & Komen (1985) re-examined the same problem using an asymptotic 

method with an exponential profile in water. Comparison with the earlier models of Miles 

(1962), Valenzuela (1976) and Kawai (1979) showed that with a different water velocity 

profile, the discrepancies of the growth rate as a function of wavenumber between each 

model were within 20 % for a friction velocity of 0.248 m/s. They concluded that the 

growth rate was higher by a factor of more than three when a linear profile was used to 

replace the log-linear profile in air, indicating that the growth rate is very sensitive to the 

velocity profile in air. In contrast, the profile in the water had a much smaller influence, 

giving variations less than 20 % in growth rate. In addition, the phase velocity was shown 

to be strongly related to the wind-induced surface current more than the velocity profiles 

either in air or in water. Finally, their analytical method was able to show that the growth 

of water waves was mainly due to pressure work rather than shear stress. This conclusion 

is consistent with the suggestion by Phillips (1977).

Wheless & Csanady (1993) introduced a compound matrix method to integrate the Orr- 

Sommerfeld equations. They found that the curvature of Equations (2.6) and (2.7) was 

nearly discontinuous at the point between the viscous sublayer and the logarithmic profile, 

which caused failure of the numerical calculation using the compound matrix method. 

Thus, a new profile based on integrated error functions was given but the curvature of this 

profile did not vanish at the boundary. The growth rate was proved very sensitive to the 

air and water viscosity as well as to the curvature of the velocity profile. The results gave 

growth rates four times larger than that of Kawai (1979) and van Gastel et al. (1985).

An extensive simulation model was created by Saetra (1998) to investigate surface film 

effects on interface instability, taking into account the turbulent Reynolds stress using the 

numerical scheme developed by Wheless & Csanady (1993). Results obtained from a 

constant viscosity model, without considering the turbulence, showed that the surface film
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significantly reduced the growth rate. The effect of the velocity distribution in the air on 

wave growth was re-examined using three profiles which were a log-linear profile (Miles 

1957b), an error-function profile (Wheless & Csanady 1993), and a channel-flow profile 

(Quarmby & Anand 1969). The outcome demonstrated that the discrepancy of the 

calculated growth rates due to different air velocity profiles was 23 % which was not as 

significant as predicted by von Gastel et al. (1985) using a linear profile. Since the 

calculation using a log-linear profile did not encounter problems and the growth rates 

given by of Wheless & Csanady (1993) was extraordinary high, Saetra (1998) pointed out 

that Wheless & Csanady’s results were probably erroneous.

In his recent review. Miles (1997) presented progress in the theoretical modelling of wave 

generation by wind during the period since his own pioneering work and that of Benjamin 

in the late fifties. He commented that future advanced models may depend on the 

understanding of wave-induced Reynolds stress, non-linear effects, and spatial variation of 

roughness. However, there is no doubt that for small-scale waves, linear instability 

analysis originally determined from the Miles-Benjamin model is still widely applied to the 

interface instability mechanism of different applications, for example, Timoshin (1997) on 

film-coated surfaces and Ozgen & Degrez (1998) on de-icing fluids applied to an 

aircraft.

2.4 Experiments on wave growth rates for small-scale waves

In the field of wind-wave interaction, laboratory experiments to test linear instability theory 

are divided into two categories. One perturbs artificial long-crested waves with a given 

frequency and the growth rate can be directly assessed from the measurement of wave 

amplitude. The other is to blow the wind directly over a still water surface. In this 

situation, the formation of initial wavelets is composed of various random components. 

Consequently, the energy growth rate is obtained through spectrum analysis. Direct 

measurement of the wave amplitude mechanically perturbed with a specific frequency 

appears more reasonable to test linear instability theory, since the assumption of the theory 

is based on a pre-existing sinusoidal surface. Generally, in previous experimental 

measurements of spatial wave growth rates, Gaster’s (1962) transformation has been used
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to transform the spatial growth rate to temporal growth rate. This is because the theories 

were calculated on a time scale, giving temporal amplification of waves.

One of the original experimental studies to investigate instability phenomena of two-phase 

flows was observed in the case of wind-generated waves in thin liquid film. The 

experiments of Cohen & Hanratty (1965) and Craik (1966) show that Miles-Benjamin 

linear theory is a possible mechanism to generate small-scale interfacial waves.

The interfacial instability of a laminar air flow over a water surface was examined by 

Gupta, Landahl & Mollo-Christensen (1968). According to Benjamin (1960), when a 

flow passes a flexible wall, three different types of instability, Tollmien-Schlichting waves, 

free surface waves, and Kelvin-Helmholtz waves, can be generated. In Gupta et al.’s 

experiments, both the Tollmien-Schlichting waves in the air and the long-crested waves on 

the water surface were mechanically produced by a ribbon. Qualitative observations 

showed that with 140 Hz Tollmien-Schlichting waves propagating downstream, water 

waves were generated in a specific frequency range between 10 and 20 Hz. Gupta et al. 

(1968) suggested that the vortex force proposed by Lighthill (1962) may be the 

mechanism transferring the energy from wind to waves. Spatial growth of the water wave 

amplitude between 5 to 30 Hz was identified using a hot-wire anemometer to measure the 

wave-induced velocity fluctuations in the air-stream. However, the observed amplification 

rate did not agree well with the numerical model calculated by Landahl (1966). Gupta et 

al. (1968) explained that the disagreement was likely to be caused by the uncertainty of the 

laminar velocity profile fed into the numerical model because their measurement of the 

velocity profiles differed significantly from Howarth solution. Moreover, the model 

ignored the wind-induced water flow, which gives rise to significant discrepancy of wave 

growth rates as confirmed later by Valenzuela (1976). In fact, the actual water surface 

elevation was not measured. Since the wave-induced fluctuations decay with height and 

this factor was not considered by Gupta et al.. It is likely that this may be the major cause 

of the disagreement.

The growth rates of mechanically generated gravity-capillary waves with different 

frequencies (3.85, 4.61, 6.20, and 7.62 Hz) acted on by turbulent flow between 0.8m/s to 

4.9 m/s were studied experimentally by Gottifredi & Jamson (1970). Mean velocity
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profiles were measured using a Pitot-static tube with external diameter 3.9 mm. The 

parameter Ui and u* in the logarithmic region were obtained by fitting a straight line to the 

log-linear plot. Using the velocity profile determined in the measurements, theoretical 

growth rates were calculated using the formula proposed by Miles (1962). Although the 

measurements showed agreement with the theory for wind speeds lower than 3 m/s, 

certain crucial points were not considered in their experiment. First, according to Miles’ 

(1962) theory, a fixed shape of turbulent boundary layer was used and hence the growth 

rate was constant along with fetch, giving an exponential growth in amplitude. However, 

in the experiments of Gottifredi & Jamson (1970), the turbulent boundary layer was not 

fully developed at the measurement fetch. The distance between each station was 60 cm 

in which the turbulent boundary layer thickness had grown. Thus, the growth rate was 

fetch dependent rather than a constant value calculated by them. Second, the mean 

velocity profile measured by Pitot-static tube was not corrected for the large shear effect 

near the water surface. The parameters Ui and u* obtained from the raw data of the mean 

profile appeared to give large errors.

Wilson et al. (1973) conducted an experiment similar to that of Gottifredi & Jamson 

(1970), observing the spatial growth rate at the stations with fetches more than 10 m for 

the development of the turbulent boundary layer. Friction velocity u* was obtained by 

measuring the turbulent Reynolds stress profiles and the pressure gradient in the wind 

tunnel and U] was calculated from the mean velocity profile. Two-dimensional waves 

were generated between 2.04 and 6.04 Hz and acted on by low wind speeds of 1.12 and 

1.84 m/s to avoid the Kelvin-Helmholtz instability. The results showed that growth rates 

were two to five times less than Miles’ model. Wilson et al. (1973) explained that the 

discrepancy between the observations and the theoretical predictions was due to the 

fundamental assumptions of Miles’ theory. The most critical one was that the wave- 

induced turbulent stresses were not included in the model. In their experiment, the wave 

amplitude was between 0.02 to 0.3 mm and they were measured using a wave gauge with 

wire diameter 0.0375 mm. The effect of the meniscus phenomenon on the wire, which 

reduces the resolution and measurement accuracy remains unknown.

For turbulent flow blowing over a still water surface, wave formation in the downwind 

direction was measured by Sutherland (1968) and Plate, Chang & Hidy (1969) using
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sufficient fast wind speed (6<Uaoo<15 m/s, Ua«. free-stream velocity). Sutherland (1968) 

calculated the wave energy growth at different frequency components from the power 

spectrum. The parameter Ui was not assessed. A selected value of Ui/u* =6.6, suggested 

by Miles, was used. Better agreement with Miles’ theory was shown for the components 

with frequencies less than 3.5 Hz and no agreement was found for high frequencies. 

However, this result is contrary to the common suggestion that the linear instability 

mechanism predicts a rather short wave. Plate et al. (1969) examined the energy growth 

rates for the dominant component at the peak frequency of the spectrum. Compared with 

the viscous shearing mechanism of Miles (1962), an error of 61% was reported. On the 

other hand, it was observed that the value of the peak frequency decreased continuously 

for fetch greater than 3 m downwind, indicating the occurrence of non-linear effect. As 

pointed out by Wilson et al. (1973), the wind speeds in both experiments were fast enough 

to generate separations at the crests for the downwind finite amplitude waves. Thus, the 

observation results can not be explained by Miles’ instability mechanism for those 

measured in the far downwind distance.

Larson & Wright (1975) studied the temporal amplification of water waves using a 

technique of microwave backscatter in which a narrow band of wavenumbers was 

detected at the Bragg scattering condition. The growth rate was measured as a function of 

fetch, wind speed, and Bragg wavelength after a constant wind speed was introduced 

abruptly over the quiescent water surface. Six water wavelengths, ranging from 0.7 to 7 

cm, were observed. It was found that the temporal growth rate was independent of fetch 

and the wave spectral amplitude grew initially at a single exponential rate, suggesting that 

the formation of wind waves at the initial stage may be excited through the linear 

instability mechanism. Since the technique used in Larson & Wright (1975) directly 

measured the growth rates at different wavenumbers, the experiments provided distinct 

data to test linear instability theory. Von Gastel et al. (1985) demonstrated that the growth 

rates in experimental conditions simulated in their theory had errors of less than 25%. 

However, it was pointed out that there was uncertainty regarding the friction velocity 

because Larson & Wright (1975) measured the mean velocity profile in the steady state 

while the growth rates were observed in the transient state of the air flow. Thus, from the 

linear instability theory, the growth rate is time dependent due to the development of the 

boundary layer profile with respect to time rather than a constant value. Saetra (1998)
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showed a systematic deviation of growth rates measured by Larson & Wright (1975) 

when the friction velocity increased as compared to his numerical simulation. He 

illustrated that the log-linear fit overestimated the friction velocity. For the case of high 

friction velocities a Poiseulle type profile gave better agreement than the log-linear profile 

in the wind tunnel and the friction velocity obtained from the Poiseuille profile was half 

that derived from the log-liner profile. With the same measurement technology, the phase 

velocity obtained later by Plant & Wright (1977, 1980) was in good agreement with the 

prediction of Valenzuela (1976) and Von Gastel et al. (1985).

Kawai (1979) carried out an extensive experimental investigation of time-amplified 

instability at the initial stage similar to the case investigated by Larson and Wright (1975). 

The velocity profile in the water was measured using hydrogen bubbles and the air friction 

velocity was then determined through the continuity of shear stress at the interface. A linear 

growth stage was defined in the period in which the generation of the wavelets was long- 

crested, in other words, the peak frequency on the spectrum was kept constant. The 

experiments showed that the measured peak frequency, wave growth rate and phase velocity 

at the dominant component (peak frequency) agreed with his numerical model at the 

most unstable frequency with the maximum growth rate under a specific wind speed. 

It was concluded that linear instability mechanism was able to explain the growth process 

of initial wavelets. However, this linear stage is very short, lasting only about 10 seconds.

Ricci and Gaulliez (1994) noticed that the dominant frequency of the initial wave 

measured by Kawai (1979) in time was higher than that measured by Plate et al. (1969) in 

space. Furthermore, there was no theoretical work directly assessing the spatial instability. 

Consequently, Gaster’s transformation was employed to obtain the theoretical spatial 

growth rate curve in association with the group velocity corrected by the surface current 

effect given by Van Gastel et al. (1985). It was found, after the transformation, that the 

most spatially amplified component was shifted to a smaller wavenumber and agreed well 

with the spatial spectrum measurements. It was concluded that the linear viscous 

instability theory is responsible for the mechanism.

In summary, although it is highly plausible from the previous research that initial formation 

of water waves under wind action can be explained by linear instability theory, it appears
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likely that quantitative agreement between the wave amplitude growth measured spatially 

and the direct solution of the Orr-Sommerfeld in space has not been achieved. Indeed, 

only very limited experiments have been done to observe the growth process of a pre

existing long-crested gravity-capillary water wave, which is one of the assumptions in the 

linear instability mechanism. Moreover, most of the previous work were conducted in a 

turbulent flow. To determine u* and Ui of the turbulent boundary layer accurately over the 

undulated water surface becomes very difficult and can give rise to large error in 

prediction based on the measured u* and Ui. On the other hand, for a laminar model 

established by Orr-Sommerfeld equation, it is better to use laminar boundary layer profiles 

on both sides of the interface such as Lock’s solution. Thus, a more fundamental study is 

required. If the shape of the laminar profile over the water surface can be proved 

experimentally, the solution of the coupled Orr-Sommerfeld equations based on this 

profile can give direct comparison with the measurements. The following chapters will 

explain the numerical model and wind tunnel experiments in this respect.
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CHAPTER 3 

THEORY

3.1 Introduction

In the subject of wind-wave interaction, different theories to explain the physical process 

of wind-wave growth have been reviewed in chapter 2. Among them, linear instability 

theory still attracts widespread interesting in this field of two-phase flow. If the boundary 

layer profile over a water surface is specified, the eigenvalue of the Orr-Sommerfeld 

equation gives the wave growth rate in time or in space. This chapter will discuss both 

theories of boundary layer formation and the mechanism of water wave growth governed 

by linear instability theory when a laminar flow shears over an air-water interface. 

Boundary layer theory and the Orr-Sommerfeld equation were first introduced over a rigid 

boundary. This is because both theories were originally studied on a rigid flat surface and 

they were used to examine the accuracy of the present numerical model (Chapter 4). 

Moreover, the wind tunnel design and testing to produce a laminar flow (Chapter 5) is also 

based on a flat plate. Finally, a general description of gravity-capillary waves and their 

attenuation in a wave flume is presented.

Y

Flow direction

The flat plate or 
water surface

Z

Figure 3-1 Coordinate system.

44



Figure 3-1 shows the coordinate system used in present study. X axis is in the streamwise 

direction, lying on the surface of a solid plate or on a still water surface. Y is in the wall- 

normal direction with its positive value upwards. Z is the span wise direction. Only the 

two-dimensional problem is considered here

3.2 Laminar boundary layers

3.2.1 Boundary layer equations for two-dimensional flow

Unlike the assumption made in potential theory where slip is allowed to occur at the wall, 

when a viscous fluid flows along a rigid immersed body, the fluid adheres to it. A very 

thin layer close to the solid surface containing high velocity gradients due to the balance of 

shear stress and fluid viscosity is called the boundary layer. In this layer, viscosity 

dominates the mechanism of momentum transfer. However, viscosity is no longer 

important when the flow is far away from the boundary and hence the flow is treated as 

potential. The boundary layer concept was first introduced by L. Prandtl in 1904. He 

derived the boundary-layer equations at high Reynolds numbers by simplified Navier- 

Stokes equations by considering the order of magnitude of the different terms (Schlichting 

& Gersten 2000). In the case of homogeneous fluid and in the absence of a free surface, 

the two-dimensional Navier-Stokes equations are

9u 9u 3u 1 9p 9^u 9^u

J  + + = + (3.2)
9t 3x dy p 9y 9x 9y

where u, v are velocity components; p is pressure; p is density; v is kinematic viscosity. 

Prandtl’s boundary-layer equations simplify to:

+ + = + (3.3)
ot ox oy p ox dy

^  = 0 (3.4)
oy
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and the equation of continuity is

f i  + | ^  = 0 (3.5)
OX oy

The boundary conditions are

y = 0: u = V = 0; y ^  u = U ^ (x , t)  (3.6)

where Uoo(x,t) is the free stream velocity.

In the case of steady flow, the boundary equations are further simplified to

+ = + (3.7)
Ox Oy p  dx Oy

1 ^  = 0 (3.8)
3y

y = 0 :u  = v = 0; y —>oo;u = U„(x) (3.9)

The equation 3p / 3y = 0 means that the pressure is constant through the whole boundary

layer. Accordingly, the local pressure in the boundary layer is assumed to be equal to that

in the free-stream region.

For external flow outside the boundary layer, the viscous term in equation (3.7) vanishes 

because there is no velocity gradient and the velocity u is replaced by the free-stream

velocity U(x). Thus, equation (3.7) accounts for the pressure gradient in x-direction due to

velocity variations, which is

= U —  (3.10)
p dx dx

It is well known that the pressure gradient strongly influences the stability of a laminar 

boundary layer and it significantly changes the curvature of the velocity profile. An 

accelerated flow (dp/dx < 0, dU/dx > 0, favourable pressure gradient) considerably
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reduces the disturbance in the flow and the flow tends to be stable. In contrast, a 

decelerated flow (dp/dx > 0, dU/dx < 0, adverse pressure gradient) amplifies the 

disturbance and the flow tends to be unstable. A favourable pressure gradient is normally 

encountered in a wind tunnel, if the cross-sectional area in the working section remains the 

same because the boundary layer thickness grows along with distance, which reduces the 

flow area and hence the flow velocity increases with downstream distance.

3.2.2 Laminar flow past a flat plate

One of the classical and simplest problems of the application of boundary layer equations 

is a viscous flow past a zero incidence thin flat plate. Under the circumstance of zero 

pressure gradient, dp / dx = 0 , the boundary equations reduce to

=  «  (3 .11 )dx dy

(3.12)
dx dy dy 

y = 0: u = V  = 0; y —> oo; u = U„ . (3.13)

Blasius (1908) solved the equation by transforming the partial differential equation to an 

ordinary equation by means of the concept of similarity. If a parameter ^ v x  / which 

is proportional to boundary layer thickness and free-stream velocity, U „ , is selected as 

reference length and velocity respectively, a new dimensionless coordinate r| in the vertical 

direction is

11 =  y j —  (3 .14 )
V X

Associated with this new coordinate, a stream function is introduced:

\\f =  V vxU „f(T i) (3 .15 )
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where f(r)) is a dimensionless stream function. Non-dimensional velocity components 

can be obtained by differentiating (3.15)

U

-v/vU  ̂ /  X  2

Substituting the derivatives of u and v into equation (3.12), the boundary layer equation is 

greatly simplified from a partial differential equation to an ordinary differential equation, 

the so-called Blasius equation

ff" + 2f"' = 0  (3.18)

where the prime denoting the derivative with respect to ti, and the boundary conditions are

T| = 0 : f = 0, f =0; T| —> oo : f = 1 (3.19)

The similarity solution derived by Blasius fails in the case of a flow over a flat plate with 

pressure gradient since the boundary layer profile is no longer similar with respect to

streamwise direction. It was examined by Howarth (1938) in the condition when the free-

stream velocity varies linearly to distance,

U(x) = Uj -  ax (3.20)

where Ui was the initial velocity. Equation (3.20) was written in dimensionless form 

expressed as follows

U+(x) = l - x +  (3.21)

where U''’(x)=U(x)AJi and x'̂  = ax / , when x^ > 0 , the flow is decelerated and when

x^ < 0 , the flow is accelerated. The stream function is introduced in the form of a power 

series of x^

V = VÜIvF{f(,(ti)-(8x*)fi(ii) + (8x*)'f2(Ti)-(8x*)’f3(Ti) + (8x*)‘‘f,(ri)-.-}  (3.21)
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where y] = / vx and hence the velocity profile is represented by

+ \2f' + \3f' .+ \4 r ': ^  = |{fo(n)-(8x")fi(Tl) + (8x"/fj(Ti)-(8x")^f3(Ti) + (8x*rf,(Ti)-...} (3.23)

The system of ordinary equations for fg (T|), f̂  (T|), f̂  (T|),... and their accurate solutions 

were given in Howarth’s paper in 1938.

3.2.3 Laminar boundary layer on a still water surface

Ua Ua
Density pi

an*
Uo

water
Density p

Viscosity pi Uw

Figure 3-2 The flow pattern of laminar flow shearing over a still water surface.

The problem of a laminar flow shearing over a still water surface is a special case of the 

general problem of two parallel streams with different velocities and fluids interacting 

through laminar shear, as discussed by Lock (1951). The basic flow pattern is illustrated 

in Figure 3-2. Subscripts a and w indicate air and water, respectively. A uniform air flow 

in the region y > 0 keeps its shape until the point where the air touches the water. 

Subsequently, a velocity profile of Blasius type arises above water surface due to the small 

ratio of air-to-water density, p̂  / p^ «  1, and a weak current is also generated forming
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another boundary layer in the lower layer. The theory of the air-water boundary layer 

formation is similar to that on a flat plate. Nevertheless, due to the existence of the 

interface, continuity of velocity and continuity of shear stress constitute boundary 

conditions at the interface.

Because of the free surface, the gravitational body force is now included in the equation of 

motion. The Navier-Stokes equations now take the form

+ + = + (3,24)
3t 3x dy p dx dx dy

dv dv dv 1 8p d^v d^v

For a steady flow, the boundary layer equations with zero pressure gradient are

u .V "  + v . - e -  = v . ^  (3.26)

P. 9y

for the upper fluid, in air, and

g = ^  (3.27)

+ = (3.28)

g = - — ^  (3.29)
Pw dy

for the lower fluid, in water. In a manner analogous to that employed for Blasius’s 

solution on a flat plate, the non-dimensional variables are introduced to be

upper fluid ^ = y  (3.30)
V V X

Ua
lower fluid 'Hw ~ Y — -  (3.31)

V V...X
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and the stream functions are

upper fluid Va = ^v,xUa_f,(% ) (3.32)

lower fluid Vw = ^v^xUa_f^(ii^) (3.33)

which contribute derivatives

upper fluid = (  (Tla ) (3.34)

lower fluid = f^(ii^) (3.35)
Ua_

upper fluid - j = ^ â = =  = l(T i,f ,(n J -f ,( t1 ,))  (3-36)
Vv.Ua_ /  X 2

lower fluid =^(îlX(flw)~fw(flw)) (3 37)
Vv„U»_ / X 2

Equations (3.26) and (3.28) reduce to

upper fluid f̂ f̂  +2f^ = 0  (3.38)

lower fluid f^f” + 2f^’ = 0  (3.39)

The ordinary equations in both layers are described by the Blasius equation. As a 

consequence, a similarity solution for the velocity profile along with the distance can also 

be formulated.

The velocity remote from the interface (rj —> ±oo) is the free-stream velocity in air and

vanishes on water side. Thus, from equation (3.34) and (3.35), the boundary conditions at 

infinity are

Tla : f̂  = 1; Tlw ^  ̂  : C  = 0 (3 40)

At the plane of interface, y = 0, one boundary condition is given as
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11a = 'Hw = 0 : f, = = 0 (3 41)

because of i}/̂  = \j/^ = 0 there, for a steady flow. Furthermore, the continuity of velocity 

at the interface gives

Ua = (3.42)

From equations (3.34) and (3.35), equation (3.42) is written as

11a = 11w = 0 : fa = C (3.43)

The continuity of tangential stress at the interface gives

Substituting equations (3.34) and (3.35) into the equation (3.44), the result is

11a = 11w = 0 : PaV ^fJ = PwV^fw (3.45)

The ordinary form of the Blasius equation can be solved numerically by the integration 

method, this will be given in the next chapter.

3.3 Linear gravity-capillary waves

3.3.1 General description

If gravity is the only restoring force to restore the free water surface, they are called gravity 

waves. Wave lengths for such waves can be in the range of several kilometers down to 

0.1 meters. With the assumptions of irrotational motion and small wave amplitude, say, 

<0 .1  (k: wave number; wave amplitude), water wave characteristics are therefore 

explained by linear wave theory so that the free surface boundary condition yields an 

important physical property, that is, the dispersion relationship. It describes the
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relationship between frequency, wave number and phase velocity given by following 

equations

= gktanhkh (3.46)

c^=  —tanhkh (3.47)

where, a  is angular velocity; k is wavenumber; c is phase velocity; g is gravity; h is water 

depth. The corresponding group velocity, which is the speed of energy transmission, is

c = — = - c ( l +  ) (3.48)
dk 2 sinh 2kh

For wave lengths less than about 0.1 m (frequency 4 Hz), another additional restoring 

force, surface tension, gradually becomes important. Modified by a surface tension term, 

the dispersion relationship becomes (Lighthill 1978)

= (g + p“^Tk^)ktanhkh (3.49)

g: = ( B t P w 'B . ) (anhkh (3.50)

where T is surface tension force, and the group velocity is

c = - ( 1 +  ) + ^ " ^  tanhkh. (3.51)
® 2 sinh2kh a

Under deep water condition (h/L>l/2), the equations can be simplified to

c ' = ( g  + p ; W ) k  (3.52)

c2 ^ (g + PwTk ) (3.53)

c ^ p ^  (3.54)
 ̂ 2 a
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Figure 3-3 The relationship between p'^Tk^ / g and frequency.

Lighthill (1978) explained an interesting physical meaning for the dispersion relationship 

in the presence of surface tension. Equation (3.46) and (3.47) are exactly the same as 

equation (3.49) and (3.50), if g is replaced by g + Tk^, indicating that surface tension 

only contributes a mechanism equivalent to increasing the value of gravity. In the light of 

LighthilTs explanation, the ratio of p“^Tk  ̂ / g , known as the Bond number denoting by B, 

is a parameter expressing the relative strength of the surface tension. Berlin & Hammack 

(1991) interpreted the Bond number as the ratio of surface tension and gravitational 

energies. In fact, it is the ratio of Froude number and Weber number. In other words, it is 

the ratio of surface tension force and gravitational force. Figure 3-3 shows the value of 

Bond number against frequency for clean water with surface tension T = 0.074 Nt / m . 

The value increases as long as frequency increases, indicating that the surface tension 

effect is gradually consequential in the high frequency region. Thus, for B>1, the surface 

tension becomes the dominant force while, for B<1, the gravity force is dominant.

For a dispersive system, it is anticipated that the phase velocity is a function of 

wavenumber, c = f(k).  The most remarkable phenomenon exhibited by the dispersion
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relationship in equation (3.50) for waves affected by surface tension is that there is a 

minimum phase velocity at the point with dc / dk = 0 and the minimum value is 

calculated at the wavenumber (Kinsman 1965)

k = (3.55)

Re-arranging the terms in equation (3.55), the equation is transformed to be

PwTk̂
g

= 1 (3.56)

That is, the minimum phase velocity occurs at the Bond number B=l, namely, the identical 

influence of gravity force and surface tension force. Taking the surface tension 

T = 0.074 Nt m , water density = 999.5 kg m'^ at 12° C and g = 9.81 m s"^, with

B=l, from equation (3.56) the value of wavenumber is k = 364 m'^. Moreover, the 

dispersion relationship of Equations (3.52), (3.53) and (3.54) and group velocity simplify to

ct" = 2gk (3.57)

c ^ = 2 g / k  (3.58)

c, = 2g/CT (3.59)

Hence, the corresponding frequency is 13.45 Hz and the minimum phase velocity is 

c^ = 0.232 m s'̂  with wave length 1.73 cm. Waves with lengths either longer or shorter 

than this point travel faster. Group velocity is calculated to be Cg = 0.232 m s'* equal to 

its phase velocity.

In pure water, waves of 4 Hz have the value of Bond number about 0.03. In contrast, for 

100 Hz waves, the reciprocal of the Bond number is less than 0.05. Thus, it may be 

explained that, for waves with frequency less than 4 Hz, the surface tension force is 

negligible and those waves are purely gravity waves. With the wave frequency between 4 

and 13.45 Hz (B=l), the influence of surface tension increases but the gravity is still 

dominant. In this range, the waves can be denoted as “gravity-capillary” waves. For the
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wave frequency between 13.45 and 100 Hz, the surface tension is the dominant force and 

the gravity force is not negligible. The waves can be defined as “capillary-gravity” waves. 

For the frequency greater than 100 Hz, the influence of gravity is negligible and the waves 

are purely capillary.

Figure 3-4 shows the curves of dimensionless phase velocity c/Cm and group velocity Cg/Cm 

against frequency. The intersection of these two lines is at the point of minimum phase 

velocity, in fact, at the value B = p^^Tk  ̂/ g = 1. Furthermore, figure 3-5 illustrates the 

relationship between the ratio of group phase velocity and phase velocity, c  ̂ / c , and

frequency. The group velocity Cg is 1/2 of the phase velocity for gravity waves, equal to 

the phase velocity for the capillary-gravity wave with frequency 13.45, and finally tends to 

an asymptote 3/2 times the phase velocity for pure capillary waves. The values 1/2 and 

3/2 can be derived from equation (3.53) and (3.54).

3.3.2 Wave attenuation

When water waves propagate in a wave flume, they suffer attenuation in time or in space 

due to internal dissipation caused by viscous stress and boundary dissipation from bottom 

and side-wall friction. It has been suggested that the theoretical temporal damping rate 

follows an exponential decay of the form

H = H^exp(-Qt) (3.60)

where H is wave height at time t from initial wave generation; Ho is initial wave height;

is the temporal damping rate which is the linear superposition of viscous damping and

boundary friction,

C t = C v  +  Cb  (3.61)

Here is the surface damping coefficient due to viscosity (Lamb 1932),

L =2v^k" (3.62)
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and is the boundary damping coefficient due to friction at the bottom and side walls 

(Hunt 1952, Lighthill 1978),

Cb = G —  —  ----  + (3.63)
‘ U a j  sinh2 kh b U c r j

bottom dissipation side-wall dissipation 

where b is the width of the flume.

The temporal damping rate can be transformed to the spatial damping through Caster’s 

relation (Caster 1962),

Ç ,= Ç ,/c ,  (3.64)

where is the spatial damping rate; Cg is the group velocity given by equation (3.51) for a 

gravity-capillary wave. In deep water, the bottom dissipation is negligible, the damping 

rate with respect to distance becomes

I

Cx = + —f — 1 ) / c  (3.65)
b v 2 a j

3.4 Wave growth prediction - Linear instability theory

3.4.1 The Orr-Sommerfeld equation on solid surface

In investigating the stability of laminar flows, it was originally developed on a flow past a 

semi-infinite plate. Physically, the small disturbances originating either from wall 

roughness or from irregularities in the external flow were superimposed in the mean flow. 

Their grow or decay determines if the flow is stable or not. Theoretical work to explain 

the growth of the two-dimensional Tollmien-Schlichting waves inside the boundary layer 

was successful using linear instability theory based on the assumption of the method of 

small disturbances (Schlichting & Cersten 2000).
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Considering a two-dimensional, incompressible, and steady laminar flow, the flow and 

pressure can be decomposed into their mean value and a small two-dimensional unsteady 

perturbation. The mean flow is represented as U(x,y), V(x,y) in Cartesian system and 

mean pressure as P(x,y), whereas the disturbance is denoted by u (x,y,t), v (x,y,t), and 

p (x,y,t). Further assuming that the flow is parallel, U is dependent on y only, i.e. U=U(y) 

and no mean flow takes place in the vertical direction, in which case V=0. Consequently, 

the flow and pressure patterns are written as

u = U-f-u, v = v ,  p = P + p (3.66)

Substituting the equations above into the Navier-Stokes equations (3.1) and (3.2). Under 

the linear assumption products of the perturbation terms are neglected, and noting that the 

mean flow and mean pressure themselves satisfy the Navier-Stokes equation which 

eliminates the mean value terms, the equations of motion are now simplified to linear 

disturbance equations

and the corresponding continuity equation becomes

^  + 1 ^  = 0 (3.69)
dx dy

Since the disturbance has already been assumed to be two-dimensional, there exists a 

stream function \|/(x,y,t) which satisfies the equation of continuity (3.69). A stream 

function, which describes the wave-like oscillation of the disturbance, is introduced:

V = 4)(y)e"'("-"') = (|)(y)e'(""-'") (3.70)

where c, k, and a  are complex numbers; c is phase velocity; k is wave number; a  is 

angular velocity. The amplitude function ([) depends on y only since the mean flow is only
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y direction dependent. The components of disturbance are obtained

U = ^  = ÿ(y)eKkx-«, (3.71)
d y

v' = = -ik(t)(y}e“‘‘’‘- ” > (3.72)
dx

Substituting u ,and v into equations (3.67) and (3.68) and eliminating the pressure 

fluctuation term, the following forth-order of linear ordinary equation is obtained

(U-c)((t)'' - k > ) - U >  = -i-((|>''" - 2 k " f  + k “(|)) (3.73)
k

where the primes represent the derivatives with respect to y. This equation describing the 

physical mechanism of disturbance is the well-known Orr-Sommerfeld equation. 

Boundary conditions for a fixed boundary are

y = 0 : u = V  = 0 : (|) = 0, (|) = 0
(3.74)

y -^o o : u = v = 0 : (j) = 0 , (|) = 0

because the disturbance vanishes at the wall and at infinity.

It is usually to present the Orr-Sommerfeld equation in the dimensionless form. Choosing 

the boundary layer displacement thickness 5i and the free-stream velocity, Uc, as reference 

length and velocity, the dimensionless coordinates are x*=x/6 i, y*= y/0 ] and other non- 

dimensional variables are shown as follows

\l/* =  — =  — U*  =  — , c* =  —
U .6 i U .8 , U j  U_

(3.75)

k* = kÔp a* = and t* =

where is dimensionless stream function; ({)* is dimensionless amplitude function; U* 

is dimensionless mean velocity; c* is dimensionless phase velocity; k* is dimensionless 

wavenumber and a* is dimensionless angular velocity.
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The dimensionless form of the Orr-Sommerfeld equation and boundary conditions are

(U * -c*)((|) *" - k  (])*) -  U *" (|)* = -------  ((j) -2 k  *” +k ())*) (3.76)
k*R e.

y* = 0  : (()* = 0 , ({) * = 0

(3.77)
y *  o o  ; ( |)*  =  0 ,  (j) *  =  0

where Regi is Reynolds number, Resi=Uc»ôi/v, the primes denoting the derivatives with 

respect to dimensionless coordinate y*.

At large Reynolds number, because of the small value of the coefficient l/Resi, the viscous 

terms expressed on the right-hand side of the equation (3.76) are negligible as compared 

with the inertia terms on the left hand side. The equation can be greatly simplified to

(U * -c*)((|) *" - k  ([)*) -  U *"(!)* = 0 (3.78)

which is the frictionless stability equation called Rayleigh equation. The four boundary

conditions of equation (3.77) can be simplified to two because the Rayleigh equation is 

second order. The vanishing of the normal component of velocity at the wall and at infinity 

constitutes the remaining boundary conditions given by

y* = 0: ([)* = 0 ; y* —> o® : (j>* = 0 (3.79)

The nondimensional form of the Orr-Sommerfeld equation shows that the solution is 

dependent on Reynolds number and the characteristics of boundary layer profile. When 

the mean velocity profile U*(y*) is specified, the equation is an eigenvalue problem with 

the eigenfunction (])*(y*). In the consideration of the temporal wave growth rates at a 

specific position, k* is given as real wavenumber k*=k*r ; c* is complex phase velocity 

c*=c*r+ic*i ; a* is a complex angular velocity, o*=o*r+icJ*i • Expanding Equation (3.70), 

the result is

\j/* = (j) * (y*)exp(a *j t*)exp(i(k x * - a  t*)) (3.80)
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in which the value a*i =k*rC*i, determines whether the disturbance is amplified or damped 

and c* is eigenvalue. On the other hand, considering the spatial growth rate in a steady 

flow, a* is given as real angular velocity, o*=a*r ; k* is complex wavenumber and 

eigenvalue k*=k*r+ik*i. Expending Equation (3.70) given

\j/* = (|) * (y*)exp(-k *i x*)exp(i(k x * - a  t*)) (3.81)

, imaginary part of wavenumber, -k*i, determines the wave amplification. When a*i=0 or 

-k*i=0, it is called the neutral stability. For a Blasius profile shearing on a flat plate, the 

curve of neutral stability displayed on k*r, Re^ diagram for temporal amplification, or

a*r , Re g diagram for spatial amplification determines the stability of the profile. This

will be discussed in Chapter 4.

3.4.2 Formulation of linear instability theory on coupled air-water flow

For a physical interface stability problem of two-phase flow composed by air and water, 

the two-dimensional small disturbance is now referring to a long-crested small-scale wave 

on the water surface. To predict its growth or decay when acted by a laminar air flow, it is 

similar to the manner as formulated in Sec. 3.3.1 for single phase flow. However, being a 

two-phase flow, the mean velocity profile can be divided into two parts: upper air flow, 

Ua(y) and lower water flow, Uw(y). The formation of the Orr-Sommerfeld equation can be 

derived on each layer individually and the link between the two layers are established 

through continuity of velocity and shear stress and the balance between normal stress and 

surface tension at the interface. The velocity and pressure perturbed by water waves for 

the coupled flow are

in upper layer u. = U ,+ u . ,  v, = v ',, p , = P ,+ p . (3.82)

in lower layer u ,  = U„ + u „ , v„ = v „ , p„ = P„ + p„ (3.83)

and the stream functions are introduced as
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in upper layer \|/^(x, y, t) = <1)3 = (|)a(yy '̂"''^^ (3.84)

in lower layer ¥w(^> 0  = = 4>w(yy '̂  ̂ '̂  ̂ (3.85)

and hence the perturbed velocities are

in upper layer Ug = = 4)a(y)6'^ '̂' (3.86)
dy

Va = = -ik(|),(y)e‘<‘̂’‘-'"> (3.87)
O X

in lower layer u^ = = (t)^(y)e‘̂ ''* (3.88)
dy

v’w = = -ik(|)^(y)e'("'-'") (3.89)
dx

where subscripts a and w denote air and water, respectively

In the same manner used in Sec 3.3.1, by applying the Navier-Stokes equations (3.24) and 

(3.25) in the presence of ffee-surface, the disturbance equations are derived in the same 

form as equations (3.67) and (3,68), but for both upper and lower layer separately. 

Subsequently, the dimensionless Orr-Sommerfeld equations for coupled air-water flow 

require that in the air, the amplitude function, (j)*a(y*) has to satisfy

( U - C * ) ( ( | ) *" - k  *" (|)*J-  U ( | )  * 3  = ------- !----- (([) * 7  -2 k  (|) + k ** (|)*.) (3.90)
k * R e .

whereas in the water (|)*w(y*) satisfies

(U \  - k * " ( | , * j - u  *; (|)% = Î----- ((# *7 - 2 k (|) *: +k * J  (3.91)

in which Reynolds numbers are
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the primes denoting the derivatives with respect to dimensionless coordinate y*=y/5i ; Ua^ 

is the free-stream air velocity. As before, for temporal amplification, a*i > 0 indicates 

growth of the water waves whereas a*i < 0 indicates damping. On the other hand, for 

spatial amplification, -k*i > 0  indicate growth, and -k*i < 0  indicates damping of the 

disturbances.

The boundary conditions at infinity are

y  oo: U 3  =  V 3  =  0

(3.92)
y  ^  0 0 : u'^ =  v'^ =  0

However, boundary conditions on a flexible interface are much more complex than the 

fixed boundary. At the free surface, y =^(x,t), the no-slip conditions give

Va = for vertical velocity component (3.93)

Ug = u^ for horizontal velocity component (3.94)

The continuity of shear stress condition has to be satisfied and the discontinuity of normal 

pressure is balanced by surface tension, giving

M-a ( - ^  + ^ -^ )  = ( ^ ^  + ̂ ^ )  for shear stress equilibrium (3.95)
dy dx dy dx

(“ Pa + 2p.g -%^) -  (-p ^  + 2\i^ - ^ )  = T f o r  normal stress equilibrium (3.96)

and finally the kinematic boundary condition is

Substituting the decomposed velocity and pressure equations (3.82) and (3.83) into the 

five boundary conditions above, expanding equations at y=0 using the Taylor series, and
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neglecting the higher order terms, the boundary conditions at y = 0  expressed by variables 

of disturbance and mean velocity are:

v'a = v„ (3.98)

U a + Æ  = U > Æ  (3.99)
dy dy

(3.100)
dy dy dx dy dy dx

(“ Pa + PagC + 2 ^ 3 -  (-p^  + p^gÇ + (3.101)

Introducing free-surface displacement and pressure fluctuations in first order harmonic 

form:

Ç(x,t) = Çe‘""‘-“ ' (3.103)

P. = pTe'‘’“"”’ (3.104)

Pw = p7e'<"’-"> (3.105)

and associated with equations (3.86) to (3.89) and their derivatives, the boundary 

conditions are formulated in terms of amplitude function (|)a, (|)w, wave amplitude Ç and 

pressure amplitude P3 , p^

4>a =4>w (3.106)

+ = (3.107)
dy dy dy dy
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( - P a  + P .g ^ - 2 i k K - ^ ) - ( - p „  + P „ g 4 - 2 i k n „ - ^ )  = k % r  (3.109)
dy dy

t =  (3.110)
c - U  c - U

where Uo is the velocity at water surface. 

From equation (3.67)

^  = ( c - U , ) ^  + ̂ ( t ) , - A ( ^ - k ^ - ^ )  (3.111)
Pa dy dy k dy dy

—  = ( c - U J ^  + ̂ ( t . „ - i - ^ ( ^ - k " - ^ )  (3.112)
Pw 9 y  dy k dy" d y

and replacing ^ in equations (3.107) and (3.108) using equation (3.110), the final four 

boundary conditions represented by amplitude functions at y= 0  are

4>a =4>w (3.113)

<l»a 9 U ,  _9(1) 4 ). a U „

dy c - U „  dy dy c - U .  dy ’

Pa -  - ^ 1 > a  + (C -  U„ + 3ikv. ) ̂  -  i ̂ 1 % )  (3.116)
d y  C -  d y  k  d y

=  Pw ( ^  -  - ^ 4 > a  + (C -  U„ + 3ikv -  i ̂ 1 % )
d y  c  -  d y  k d y

2 _ g  . Twhere c  ̂ = — I------------k , the dispersion relationship at the water surface.
k  P w - P .
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As previously, choosing 0i and Ua^ as reference length and velocity scales, in the 

summary, the dimensionless form of the boundary condition equations are as follows:

y* = 0  : (j) = (j) (3.117)

U* . U*
— — 4) * a  +4> *a  =  — r ^ 4 >  * w  * wc * —U c * —U *

(3.118)

Ü
I V

U*
c * —U 4>*a +4> * a (  =

U*
c * -U

+ k*^ 4)*w+4)*'w (3 .119)

£
Pw  IV

U* -

k* c*
c * —U *oy

c * —U +i.3k
Re

4»
a y k * Re„

(3.120)

V c * —U *oj
c * -U  +i.3k

Rewy k *Re.

where the primes represent the derivatives with respect to dimensionless coordinate 

y*=y/§i and

c * 2  = * Fr)~  ̂+ k * We"^,

Ua
Fr = — — is the Froude number, 

gôi

We = —  is the Weber number.

At infinity

y* —> oo : (j) *̂  = (j) = 0

y* ^  -oo : (j) *^ = ()) *^ = 0

(3.121)

The four boundary conditions at the air-water interface are firstly derived by Lock(1954). 

Similar results are also given by Valenzuela (1978), Kawai (1977,1979), and von Gastel 

et al. (1985).
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In the numerical calculation, for a temporal growth when the real wavenumber k*r is 

specified, the eigenvalue c* is calculated as a function of Reynolds number, Froude 

number and Weber number and the growth rate is o*i =k*c*i . In contrast, for a spatial 

growth, when the real frequency a*r is given, the eigenvalue k* is searched. The growth 

rate is - k  .

From an experimental point of view, the spatial growth of water waves is more interesting 

since the surface elevation can be directly detected downstream with a suitable design of 

wind tunnel in conjunction with accurate measurement instruments. If an initial wave 

height Ho at a initial point Xq is known, the total amplification is given by the integration of 

the local growth rate with respect to the distance in the direction of wave propagation 

(Drazin & Reid 1981)

= exp J - k  *j (x*)dx * (3.123)

This value can be compared to the present experimental measurement results to verily the 

reliability and applicability of the linear instability theory as a wave height growth 

predictor.

This general methodology of comparing theory of predicted spatial wave growth with 

experimental measurement in space is adapted and presented in this thesis for 

monochromie capillary-gravity water waves of small amplitude acted on by a laminar air 

flow with a Blasius type shear layer in a low turbulence wind tunnel. The comparison 

between theory and experiment will be shown to be good.
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CHAPTER 4 

NUMERICAL METHOD AND RESULTS

4.1 Introduction

The ordinary differential equations introduced in chapter 3 for the boundary layer 

development described by the Blasius equation and for the wave growth rate prediction 

described by the Orr-Sommerfeld equation are numerically integrated in this chapter. The 

popular integral procedure of the forth-order Runge-Kutta method was employed for the 

integration implementation. The principle of this method and its accuracy has been 

explained in detail by Carnahan, Luther & Wilkes (1969). The simple Blasius equation 

can be directly integrated without difficulty. However, to successfully find the eigenvalue 

of the Orr-Sommerfeld equation, a special filtered integration was applied. This will be 

presented in Sec 4.3. In the integration, the grid sizes were doubled and the same results 

were obtained, proving that the grid sizes were fine enough for the present calculations.

4.2 The search scheme

In the solving of the Blasius equation and the Orr-Sommerfeld equation, an iteration 

scheme is required to search for the solution satisfying the boundary conditions. The 

method of false position (Carpenter & Garrad 1985) was used to conduct the search 

scheme. Providing a characteristic function, f(c)=0, the (k-i-l)th estimates for Ck+i can be 

determined by the following equation

If two initial points are selected, the solution is calculated by repeating the formula above 

with the replacement of (k+l)th solution for the (k)th solution and the (k)th solution for the 

(k-l)th solution. The loop stops when the required accuracy is achieved, that is, the error 

between (k+l)th and (k)th iteration is less than a small value, e:

"k+l - c J < 8  (4-2)
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In the program, e was set as 10  ̂ and 6  iterations were needed for the solution of the 

Blasius equation. On the other hand, e was set as 10'^  ̂ to search the eigenvalue of the 

Orr-Sommerfeld equation and 5 to 10 iterations were required.

4.3 Numerical solutions of the Blasius equations

4.3.1 Integration procedures

In order to integrate the Blasius equation using the Runge-Kutta method, an equivalent 

system of first-order differential equations to replace the Blasius equation (3.18) are 

formulated as follows;

dga2 _= g .3  (4.3)dTi

dg.3 _  _ 1
S a lê a 3dTla 2

n a  =  0 :  g a l  =  g a 2  =  0  , Tla êa2  =  1 ( 4 - 4 )

with the definition of g ĵ = f ,̂ g ĵ = fg, gas = fa for the air flow on the flat plate. For the 

coupled air-water two phase flow, the system of first-order differential equations in the 

upper air flow is identical to equation (4.3). In addition, by defining g^j = f^ , g ^  = f^ , 

gw3 = fw, in the lower water flow, first-order equations are

dr|

^^w3   L
dTlw 2

and the corresponding boundary conditions are
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=  'Hw =  0 :  g a l =  g ^ l  =  0 ;  g 2a =  g l w :  P a V ^ g s a  =  P w V ^ S s w  ( 4 - 6 )

Tla +00 : g,2 = 1; %  gw2 = 0 .  (4.7)

For a flow shearing over solid wall, the integration started at rî  = 0 through a sequential 

steps Aria, upwards to rĵ  = r|^g^, where rjmax was outside the boundary. Since the initial 

conditions at rî  = 0  were known for ^ ( 0 ) = 0  and f̂ CO) = 0  only, there was a missing 

initial condition, fg (0). Thus, after an initial estimate of fJ (0), iteration started to search 

a new value of f̂  (0) using equation (4-1) until the result at rjmax satisfied the boundary 

condition at infinity, that is, f̂  (r|^g  ̂) = 1 .

For a coupled air-water flow, due to the generation of a weak current on the water surface, 

the initial conditions were known as f^(0 ) = f^(0 ) = 0  only while f̂  (0 ) , f̂  (0 ), f^(0 ) , and 

f^(0) were unknown. Two loops were required to work out the solution. In the first loop, 

the integration moved upwards in the air flow, starting at the interface rĵ  = 0  with two 

initial approximations of fg(0) and fj (0). The value of f̂  (0) which yield fa(i1max) = 1 

was accessed through the search scheme, using the original estimated value of f̂  (0 ). 

Applying the relationships of f^(0 ) = f,(0 ), f^(0 ) = < Pw (0) at the interface,

the calculated f̂  (0 ) and the original f̂  (0 ) in the upper layer was then transferred to 

the initial conditions in the lower layer at r)^ = 0 . The second loop started at r)^ = 0 

and integrated downwards to T|  ̂ = with another iteration to search the new

value of f^(0 ) which satisfied the boundary condition fw(-'>1 wmax) ~ ^ to complete the 

calculation.

A C++ Program was designed to integrate equations (4.3) and (4.5), adapting the source 

code of the fourth-order Runge-Kutta method written by Shammas (1996). The 

integration step, Arja and Arjw was set as 0 . 0 1  and values of rjamax and -rjwniax were set as 

15 and 60, which were outside the boundary layer. The air density and air kinematic 

viscosity were given by =1.215 kg/m^ and = 1.458 x 10“̂  m^/sec for the temperature 

in 16°C. The water density and water kinematic viscosity were p^ = 999.5 kg/m^ and 

= 1.24 X10”̂  m^/sec for the temperature in 12°C.
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4.3.2 Numerical results of the Blasius equations
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—  P resent calculations, the Blasius profile.
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Figure 4-1 Numerical result of the air velocity profiles over a solid and a calm water 
surface.

The integration results of the Blasius equations are plotted in figure 4-1, and 4-2 together 

with the calculations o f Lock (1951). Figure 4-1 shows the formation of the laminar air 

boundary layers in the condition of zero pressure gradient over a flat plate (the Blasius 

profile) and over a w ater surface (the Lock profile). The Blasius profile calculated here 

has the accuracy to 4 digits as comparison to the values given by Schlichting (1979) in 

Table 7.1.
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Figure 4-2 Numerical result of the velocity profile in the water.
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Figure 4-3 Velocity distributions close to the air-water interface.
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Different to a solid surface with zero velocity on it, the numerical analysis predicted a 

weak surface current induced by the laminar air flow with a ratio of Uo/Ua«.=2.13 %, 

where Uo is the wind-induced surface current and Uaoc is the air free-stream velocity. This 

small drift appears to bring the whole velocity profile slightly lower than the Blasius 

profile due to the viscosity effect as shown in figure 4-1. In general, the error between 

these two profiles is less than 2%. Lock (1951) studied a general two-layer flow with 

the different upper and lower fluids by solving the coupled Blasius equations using 

the method of asymptotic expansions and numerical integration. For the case of a laminar 

air flow shearing over the still water surface, differences between Lock’s result and the 

present calculation are within 1 %. The small discrepancies may be because the 

values of air and water density and viscosity applied were different, creating a small 

error. In Lock’s calculation, water temperature was 10“C, but the air temperature was not 

given in his paper. The laminar velocity profile developing over the water surface with the 

surface current U(/Uaoo=2.13 % calculated here is named as Lock profile for the present 

study.

Figure 4-2 illustrates the velocity profile in the water. The boundary layer thickness is 

approximately 10 times thicker than that in the air. However, the flow speed is small as 

compared to the free-stream velocity in the air. The maximum water flow velocity is at the 

water surface and is only 2.13 % of the air free-stream velocity. As a consequence, the 

gradient of the velocity profile is considerably less than in the air. This can be seen in 

Figure 4-3 which shows the velocity distribution on both sides near the interface. The 

velocity profile shows continuity of velocity at the interface. Because of large differences 

between the air viscosity and the water viscosity, there is a distinct slope discontinuity at 

the interface to maintain shear stress continuity. The table of numerical results is given in 

Appendix A.

Having presented the velocity profiles over both the rigid and water surface, some 

properties of them are summarized as follows. The boundary layer thickness is defined as 

a point for which the mean velocity is 99 % of the free-stream velocity. With temperature 

given as 16°C in the present calculation, the value is calculated to be 4.91. Thus, the 

boundary layer thickness is
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0 = 4.91 (on a flat plate) (4.8)
V U a„

For the Lock profile, the numerical result (Table A-1) shows that the boundary layer 

thickness is r\  ̂ = 4.85, thus

J
v  X

(on a water surface) (4.9)

The displacement thickness is given by

\
dy (4.10)

From equation (3.16), the displacement thickness can be expressed by the parameter,T]a, 

which is

5, = Ï  [l -  f’ (n. )]dria = -  f(n,i )] (4.11)

where ri ĵ is the point outside the boundary. The value, -  f(riai), is 1.716 and 1.648 

for the flow over a flat plate and a water surface, respectively. Subsequently, the 

displacement thicknesses are

0̂  = 1.716 (on a flat plate) (4.12)

0 i=  1 .648 /-^^  (on a water surface) (4.13)
V Ua„

The displacement thicknesses expressed here were used as a reference parameter of length 

to nondimensionalize all variables relative to space in the Orr-Sommerfeld equation.

The momentum thickness Ô2 is defined by
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8 , =  J
y=0 U a

1 -
U aV U;

11a=0

The numerical result shows

V X
Ô2 = 0 . 6 6 4 1 (on a flat plate) (4.15)

v„x
Ô2 = 0 . 6 6 3 6 (on a water surface) (4.16)

The local shear stress at the wall or at the air-water interface is given by

%(x) = K
v9yjy.0 "'VV.X

(4-17)

They are

x,(x) = 5.882x10-^0». ^
V V„x

(on a flat plate) (4-18)

T„(x) = 5.878x10-^0..
v,x

(on a water surface) (4-19)

where the air viscosity is 1.77x10'^ mVsec. The momentum thickness and the local shear 

stress are almost the same for both the cases of a laminar flow shearing over a flat plate 

and over a water surface.

4.4 Numerical solutions of the Orr-Sommerfeld equations

4.4.1 General solutions and boundary conditions

As derived in Sec. 2.3.1, a general Orr-Sommerfeld equation takes the form

(U * -c*)((|) - k  (!>*) -  U *'■ (j)* = (ik * Reĝ  ((j) -2 k  (j) *" +k (|)*) (4-20)
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Before integrating it, it is necessary to introduce the general solution and the form of 

boundary conditions adapted in the numerical calculation. Since the Orr-Sommerfeld 

equation is a fourth order ordinary equation, there are four independent solutions, which 

can be solved analytically, when the coefficients in the Orr-Sommerfeld equation are 

constants. The four solutions are of exponential form:

(4-21)

R e(p)>0,
where ^   ̂ (4-22)

= k*^+ik*Reg (U *-c*), Re(y) > 0,

Re represents the real part of a complex number. Although the coefficients in the Orr- 

Sommerfeld equation are not constant, they are regarded as constant in a thin slice, namely 

Ay*, according to the assumption of Batchov & Criminale (1967). Solutions (j)*i and (|)*2 

satisfy both the frictionless Rayleigh equation and the viscous Orr-Sommerfeld equation. 

On the other hand, solutions (j)*3 and (])*4 satisfy the Orr-Sommerfeld equation only. For 

this reason, the pair of ({)*i and (|)*2 are called the inviscid mode (represented as ())*p) 

whereas (j)*3 and (j)* 4  are called the viscous mode (represented as ^*y). The general 

solution is the linear combination of inviscid mode and viscous mode which is

(j)* = ai(|) *j +a2(t) *2 *3 *4 (4-23)

where ai, a2, U3 and a4 are coefficients of the linear combination. Since the boundary 

conditions at y* —>00 lead to the vanishing of (|) *̂  and (j)*̂  (equation (3.77) and equation 

(3.121), the solutions (|) *2 , (|) *4 , have to be dropped for the air flow over solid 

surface or for the upper air flow in the air-water system and hence the general solution 

reduces to

(t)*a =aj(l)*ai +a3(l)*a3 (4-24)

in the air flow. Similarly, the solution for the water flow becomes
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<l>*w = a 2 <t> * „ 2  +a4<l'*w 4

because of the vanishing of ({) * ^ , (j) at y—>-°o.

(4-25)

The general solution has to satisfy the boundary conditions at y*=0. Consequently, for a 

solid surface, it becomes

4) *a  ( 0 )  =  a i4 )  * a i ( 0 )  +  a^cj) *33  ( 0 )  =  0

(j) *3 (0) = ai(|) *31 (0) + a3(j) *33 (0) = 0
(4-26)

which can be expressed in a matrix form

' 4 > * a l ( 0 )  4 )* a 3  ( 0 )

4)*al(0) 4)*a3(0)
=  0 (4-27)

and hence the eigenvalue relation is that the determinant must be zero.

4 )\](0 ) 4 )\3(0) 
4>\](0) 4)*a3(0)

=  0 (4-28)

In the coupled air-water flow, the general solution is equation (4-24) in the air and 

equation (4-25) in the water. Substituting them into the four boundary conditions, 

equations (3.117) to (3.120), four linear algebraic equations can be written in a matrix form

" P a l P a3 ~ P w 2 - P w 4

q a l q a 3 ~ q w 2 ~ q w 4 ^ 3

XTal %Ta3 ~ ^ w 2 ^ 2

_ ^ S 3 i ^ S a 3 ~ ^ w 2 _ ^ 4 _

=  0 (4.29)

where the subscript a denotes air, w denotes water , the numerical subscripts denote the 

type of general solution and

x=—,  ̂= —,
M'w Pw
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p = (j) * (0 )

U *' (0)
(0)

^ c * - u * ( 0 )

C *-U  \  y
(j)* (0 ) +  (t)* ( 0 )

s = U*' (0 ) -
c * —U *

(1) * ( 0) +
0 /

,3k*
Re

(()*' ( 0 ) - i
a y

(|)*" (0) 
k * Re

To match the boundary conditions at the air-water interface, the determinant must be zero,

Pal Pa3 “ Pw2 “ Pw4
Qal Qa3 -qw2 -qw4
XTal - K i ŵ4
^Sal ^Sa3 -Sw2 “ Sw4

=  0 (4-30)

4.4.2 The filtered scheme

If the Runge-Kutta method is directly applied to integrate the Orr-Sommerfeld equation, it 

will lead to serious difficulties. This is due to the fact that the solution of the viscous mode 

grows very rapidly in the process of the integration. The so-called “parasitic error” caused 

by digital computation round-off would contaminate the inviscid mode which has a much 

slower growth rate. Consequently, the linear independence of the viscous and inviscid 

mode theoretically exists only at the initial starting point (y*-^±oo). When the integration 

moves forwards, the destruction of the linear independence at the wall or at the air-water 

interface will cause an unsuccessful searching of the eigenvalue. The parasitic error was 

discussed in detail by Gers ting & Jankowski (1972). Major progress in overcoming this 

problem was achieved by Kaplan (1964) and modified by Betchov & Criminale (1967), 

who contrived a filtered scheme to purify the contamination. Kawai (1979) also applied 

this numerical implementation in an air-water flow system, but for the condition of 

turbulent boundary layers on both sides of the interface.
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The principle of the filtered method is that in certain steps of integration values of 

inviscid mode, D“(j)*p, would be contaminated by the viscous mode, D“(l)*y , with the 

relationship

where D=d/dy*, for n = 0, 1, 2, 3; (j)*p is the inviscid solution contaminated by the

viscous solution; À is a scalar value, denoting the parasitic error which is a portion of the 

viscous solution. The key point of the filtered method is to determine the value of À and it 

can be accessed from the coefficients of equation (4.23).

In general, the four coefficients, ai, a], a], and a4 can be separately expressed as a function 

of the zero to third derivatives of the general solution. After inversion, the four 

relationships are written as follows:

at(D°(|)*)= - (({)*" -P(l)*" - y (̂1)*'+PyV )  (4-32)
^ P lP  Y )

,-Py*
a2(D"4)*) = 2^(4* * +P4> * - y> * '-|3 yV )  (4-33)® -((!)*"-t-P(l)*"

gVy*
^3(D>*) =-------------Y-(4) - y4) *' -P"(j)*'+Y|3>*) (4-34)

2 y(p -Y  )

a^(D>*) = -----^(4)* ' +y4>*'' -P 4 * '-Y P 4 * ) (4-35)
2y (P  - y  )

_e-yy*

In the purification scheme, as, is used to determine À in the air flow and is used to 

determine X in the water flow. If symbol A  denotes both functions as and a4 , the value of 

function A  has to vanish when inserting the inviscid solution into it because of the linear 

independence. That is,

A ( D > * p )  = 0 (4-36)

Substituting equation (4-31) into the equation above, the value of X can be determined as
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X = (4-37)
A (D > * J

Finally, the purified solution for the inviscid mode is given by

  A (D > *  )
D”* * = D" è *„------— . (4-38)

P V P A(D”(t)%) ''

4.4.3. Integration procedures

A system of first-order equations was written in the manner analogous to Sec 4.3.1 with 

complex variables in order to integrate the Orr-Sommerfeld equation numerically. A C++ 

program was written to carry out the integration on a Sun Ultra Enterprise 3000. Digital 

values of boundary layer profiles and their second derivatives were stored in 3 different 

arrays for the Blasius profile, the Lock profile in the air, and the Lock profile in the water. 

The air velocity profiles were equally divided into 1200 grids in the range of y*=0 to 

y*=7.26 and the water velocity profile was divided into 6000 equal grids in the range of 

y*=0 to y*=-36.29. Arrays were saved in a separated subroutine which was called by the 

main program to feed data into the Orr-Sommerfeld equation during the integration. The 

profiles and their curvatures are shown in Figures 4-4, 4-5, and 4-6. The Figure in 4-6 

shows that the value of the curvature in the water is significantly smaller.

The integration started at y*=5.5, where it was far away from the edge of the boundary 

layer (boundary layer thickness for Blasius profile is y*=2.85) with constant step 

Ay*=0.01 downwards and all variables were set in double precision. Because there were 

two arbitrary constants in the general solution, two separate computing routines were 

used. In the first integration routine, ai=0, a3=l was chosen. The initial conditions 

become

4)\3(5.5) = e - ' ' \  4)\3(5.5) = Ye-''^
(4.39)

4) *a3 (5.5) = , (]) * ”3 (5.5) =
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Figure 4-4 The Blasius profile and its curvature.
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Figure 4-5 Lock profile and its curvature in the air.

82



0.03

*5 0.02
3O
o

"Oc
CC
* 100U
> 0.013

0.00

-30 -25 -20 -15 0-10 5
y*=y/0 i

Figure 4-6 Lock profile and its curvature in the water.

and only viscous mode, (1) *3 3 , was integrated. The computer proceeded integration to the 

wall or the water surface. At each step, the values of D̂ tj) *33 (N ) , where n = 0, 1, 2, 3, 

and N is the total grid, were stored in different arrays. In the second integration routine, 

the inviscid mode was integrated with the setting of ai=l, as= 0  and the initial conditions 

were

4) *'ai (5.5) = 4) *31 (5.5) =
(4.40)

As mentioned in Sec. 4.4.2, the inviscid mode was contaminated by parasitic errors. 

Equation (4.38) was applied to filter the contamination at each step using the stored values 

of D'’4> *33 (N ) , calculated in the first routine. The second routine also integrated to the 

wall or the water surface and the filtered values of D“4> *31 (N) were stored in arrays.
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Figure 4-7 Numerical integral scheme for the Orr-Sommerfeld on a solid boundary.
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Figure 4-8 Numerical integral scheme for the Orr-Sommerfeld equations on an air-water 
boundary.
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The same integral procedure was applied to the water layer to calculate the values of 

D ° ( ) )  * ^ 2  (N) and D “ (j) * ^ 4  (N ) . To reduce execution time, the starting point in the water 

was set at y*=-15 and integrated upwards to the water surface. Although the point was 

inside the water boundary layer, the error of the eigenvalue was shown to be less than 0 . 2  

% when the starting pint was set as y*=-30 which was the edge of boundary layer. A 

general scheme of integration procedures is shown in Figure 4.7 for a solid boundary and 

Figure 4.8 for the air-water interface.

The value D“(l)*ai(0) and D°(|)*a3(0 ) at the wall for air flow on a flat plate was examined 

using equation ( 4 . 2 8 ) .  On the other hand, four solutions D “ ( j ) * a i ( 0 ) ,  D “ ( ( ) * a 3 ( 0 ) ,  D ° ( j ) * w 2 ( 0 ) ,  

and D “ ( | ) * w 4 ( 0 ) ,  at the interface for the air-water flow were substituted into equation ( 4 . 3 0 )  

to match the boundary conditions. Generally, for a trial value the determinants in equations 

( 4 . 2 8 )  and ( 4 . 3 0 )  are not zero. The search scheme of equation ( 4 . 1 )  was employed to carry 

out the iteration until a desired accuracy is achieved as illustrated in Sec. 4 . 2 .

4.4.4 Numerical results of the Orr-Sommerfeld equations

The Orr-Sommerfeld equation was firstly studied in a laminar flow shearing over a flat 

plate with zero pressure gradient to examine the accuracy of the present model. Curves of 

the constant temporal amplification and the constant spatial amplification for a wide range 

of Reynolds number were presented in figure 4 - 9  and 4 - 1 0 ,  respectively. Data points in 

correspondence with numerical calculations of Kaplan ( 1 9 6 4 )  (interpreted by Carpenter & 

Garrad 1 9 8 5 )  and Carpenter & Garrad ( 1 9 8 5 )  for the temporal growth and Jordinson 

( 1 9 7 0 )  for the spatial growth were also plotted in the figures. It can be seen that the 

present calculations are in good agreement with those obtained by former investigators.

The interesting point of critical Reynolds number. Rent, is typically reported to be 5 2 0 ,  

where k * r  is 0 . 3 0 1  after Jordinson. In the present calculation. Rent is 5 1 9  and k*r is 0 . 3 .  

Carpenter & Garrad ( 1 9 8 5 )  reported values of Recrit=504 and k * r = 0 . 3 1 5 .  The difference, 

explained by Carpenter & Garrad ( 1 9 8 5 )  themselves, was because the mean velocity 

and the curvature of the Blasius profile were fitted by polynomial curves which were 

less accuracy as compared to tabular data integrated directly from the Blasius equation
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profile.
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conducted by Jordinson (1970) and by the present calculation. On the other hand, the 

maximum amplification factor, c*i. max was given to be 0.0196 according to Obremski et 

al. (1969). In the present calculation, this value is as high as 0.0239 which is exactly the 

same as the recent result of Ozgen et al. (1998) who also obtained the value 0.0239. The 

comparisons to former calculations have demonstrated the success and accuracy of the 

present numerical simulation.

Traditionally, the eigenvalue of the Orr-Sommerfeld equation is calculated for the 

temporal growth rate. This may be due to the convenience of having a real wavenumber, 

k * r ,  rather than a complex one to solve the equation by analytical methods. In reality, the 

fluid flow evolution in space is more physically meaningful such as seen in the laminar 

flow transition to a turbulent flow. The recent review article (Bowles 2000) has already 

focused on the spatial growth rates. In the numerical analysis, no difficulties were 

experienced either by setting of real wavenumber to search a eigenvalue of f ( k * r ,  c*, 

Resi)=0 for temporal growth rates or by setting of real frequency to search a eigenvalue of 

f(o*r, k * ,  Resi)=0 for spatial growth rates.

As reviewed in Chapter 2, the previous theoretical study concerning linear instability 

mechanism focused on the temporal amplification using a turbulent log-linear profile 

(Miles 1962, Valenzulea 1977, Kawai 1979, von Gastel et al. 1985 and Wheless & 

Csanady 1993, Saetra 1998). It is interesting to see the differences of the growth rates 

calculated using the turbulent log-linear profile and the present laminar Lock profile. 

Since one of the examples in those turbulent models was calculated at the friction velocity, 

u*, about 0.248 m s '\  according to Kawai's (1979) experiments, it is corresponding to the 

free-stream velocity of about 7.2 m/s. Accordingly, the value was adopted for the present 

calculation. Due to the growth of the laminar boundary layer which causes different 

growth rate with respect to distance, the temporal growth rates were calculated at four 

fetches.

The comparisons are shown in Figure 4-11 and Table 4-1 gives the velocity profiles and 

calculation method used in different authors. The curves show significant differences of 

the growth rates between turbulent and laminar boundary layer. Using the turbulent log- 

linear profile in the air, the excited most unstable waves are predicted in the range of the
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Figure 4-11 Comparison of temporal growth rates between calculations using the
laminar Lock profile and turbulent Log-linear profile.  , Miles (1962)
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Name Air velocity Water velocity Method

Miles Log-linear No water flow Asymptote

Valenzulea Log-linear Log-linear Finite difference

Kawai Log-linear Error function Filtered scheme

Von Gastel et al. Log-linear Exponential Asymptote

Saetra Log-linear Error function Compound matrix

Present Lock profile Filtered scheme

Table 4-1 Velocity profiles and calculation methods used in the previous and present 
predictions.



wavenumber between 400 and 600 m '\ which is corresponding to the wave frequency 

between 15 to 25 Hz. In contrast, using the laminar Lock profile, the temporal growth rate 

falls with increasing downwind distance. Moreover, the most unstable wave occurs at the 

wavenumber decreasing as the fetch increases, generally between 90 and 200 m'^ with the 

corresponding frequency between 5 Hz and 8 Hz when the fetch is between 0.5 and 2.5 

m. The comparison indicates that when an air flow shears over the still water surface, the 

turbulent flow will generate a wave pattern with the dominant frequency greater than a 

laminar flow. Moreover, the turbulent flow gives much larger growth rates further 

downstream.

The primary object of the present model is to examine the spatial amplification in order to 

directly compare with the experimental observations in which the wave height and phase 

velocity were measured at different stations downstream. Figures 4-12 and 4-13 

demonstrate the spatial amplification of water waves with different frequencies sheared by 

a laminar flow, where the free-stream velocity was 3.77 m/s and 2.35 m/s, respectively. It 

is a natural phenomenon that if the wind speed is stronger, more energy will be transferred 

into water waves and hence the wave has larger growth rates. This can be seen from the 

comparison of values of the growth rate, -k*i in Figures 4-12 and 4-13. With the wind 

action of 3.77 m/s, the growth rate is considerably larger than those of acting by 2.35 m/s. 

Generally, the growth rate is a function of distance. Each curve initially increases and then 

decreases. The position of local maximum growth moves downstream as the frequency 

decreases. At a relatively large distance, the growth rate decreases with respect to the 

fetch and the decreasing rate increases significantly when the wave frequency increases. 

The figures also show a trend that the growth rate, -k*, of each frequency will fall to a 

negative value as the wave propagates further downstream. This is clearly shown for a 

weak wind action in Figure 4-13. For example, for the wave frequency of 10 Hz with the 

wind action of 2.35 m/s, the growth rate becomes negative at the distance of x / ôj =157 

which is x=0.42 m in the dimensional form. A negative value indicates the damping of 

wave height even though under wind action. This phenomenon will be discussed further 

in chapter 8.

The local wave height distribution in the streamwise direction can be obtained by 

integrating the local growth rate downstream using equation (3.123). Figures 4-14 and
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Figure 4-15 Theoretical wave height distributions downstream with Uac» = 2.35 m/s.
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0.22

4 Hz
0.20  —

0.18 —
5 Hz

O 0.16 —
6 Hz

7 Hz
0.14 —

8 Hz

10 Hz 
12 Hz0.12  —

0.10

500200 300 400100
x*=x/ô^

Figure 4-17 Theoretical phase velocity distributions downstream with Ua.» = 2.35 m/s.
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4-15 show the wave height distribution. The integration started at the distance of x=0.1 m. 

With the wind action of 3.77 m/s, the wave heights grow significantly. However, for high 

frequency waves of 10 and 12 Hz, the waves decay at the large downwind distance. With 

a weaker wind speed of 2.35 m/s, the wave height growth is smaller and a dramatic decay 

is observed in the high frequency range. The corresponding phase velocities are presented 

in Figures 4-16 and 4-17. Their value increases slightly with the increasing of the 

fetch.

Figures 4-18 and 4-19 explain the relationship between celerity and frequency at a 

same dimensionless distance. The phase velocity decreases continuously in the lower 

part of the frequency and then increases. This trend is similar to water waves without 

wind action as shown in Figure 3-4. As explained in Sec 3.2.1, the minimum phase 

velocity of the water wave without wind action is 13.45 Hz at the condition 

p'^Tk^ / g = 1. However, under a wind action, the minimum phase velocity was shifted to

a higher frequency at about 17 Hz for Ua» = 3.77m/s and about 16 Hz for Ua» = 2.35 m/s. 

The minimum value occurs at the frequency, which increases along with the increase of 

the distance. The phase velocity is influenced not only by the wind-induced surface 

current effect but also the shear effect caused by the velocity profile.
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CHAPTER 5

EXPERIMENTAL APPARATUS AND 

MEASUREMENT TECHNIQUES

5.1 Introduction

To examine the theoretical model developed in Chapter 3 and Chapter 4, a novel 

experiment was designed to measure the boundary layer profile over the water surface and 

the growth of the water waves sheared by a laminar air flow. The essential of this 

experiment is to produce a laminar flow in a relatively simple and economical wind tunnel. 

Preliminary tests were carried out in a walk-in wind tunnel available at the start of the 

project. Novel measurement techniques and measurement skills were also developed and 

practiced in the preliminary tests. Further observations were conducted in a new low 

turbulence wind tunnel, specially designed and built for the tests involving wind-wave 

interaction which provided a longer fetch and zero pressure gradient of the free-stream 

velocity.

In order to avoid the possibility of Kelvin-Helmholtz mechanism which takes place for 

wind speed greater than 6.5 m/s (Wilson et al. 1973), the experiments focused on a 

weak wind speed of lower than 4 m/s. The boundary layers were mainly investigated 

using a specially manufactured total head tube, 0.7 mm external diameter for the 

purpose of measuring the air velocity distribution as close to the interface as possible. To 

match the assumption of linear instability theory, namely, a pre-existing two-dimensional 

sinusoidal water wave on the water surface, a pneumatically-activated diaphragm was 

introduced to generate monochromatic small-scale water waves with frequencies 

between 5 Hz and 12 Hz, which were in the range of gravity-capillary waves. Those 

tiny waves (in some cases with amplitudes of only a few microns) were detected by a 

highly sensitive optimal technique of twin reflected laser beams in conjunction with a 

high-speed video camera. The wind tunnel facilities and measurement techniques and 

instruments are described in the following sections.
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5.2 Preliminary tests in the walk-in wind tunnel

5.2.1 The walk-in wind tunnel

The preliminary tests were carried out in the walk-in wind tunnel designed for flow 

visualization in low speed architectural aerodynamics studies. A sketch of the tunnel is 

shown in Figure 5-1. A bellmouth fairing entry provided an initial uniformity of the air 

flow over the cross-sectional area in the inlet for a suction wind tunnel. The honeycomb 

and smoothing gauze in the entrance were introduced to ensure the parallel air flow and 

breakdown the large scale eddies. This design resulted in a uniformity and steadiness of 

the free-stream velocity to better than 1 % of its mean average value. The cross-section of 

the settling length was rectangular with the ratio of width to height about V2 to 1 (107 

cmx76 cm) which is the standard shape for a general purpose wind tunnel (Bradshaw & 

Pankhurst 1964). The working section was within an observation chamber in which a 

table was constructed. The wind was driven by a single-phase fan with a variable speed 

controller, giving a maximum velocity of 4.5 m/s. For a more detailed description of this 

wind tunnel see Sexton (1968).

5.2.2 Experimental layout

The preliminary tests started with the measurement of the boundary layer profile over a 

solid smooth surface to check if the flow was laminar or not. A flat U.P.V.C. plate, 2.1 m 

long and 1 m wide with a 7° sharpened leading edge, was supported and levelled 32 cm 

above the table. 2.2 m long side-walls were added to enclose the measurement section 

and covered by a flat plate with access ports on it for the Pi tot tube and twin laser beam 

measurements. For the tests to investigate the air-water interaction, a rectangular recess,

1.6 m long, 0.71 m wide, and 1.2 cm deep, positioned 0.3 m from the leading edge, was 

cut into the U.P.V.C. plate to create a wave tank . The upstream meniscus caused 

discontinuity at the solid/water interface presented difficulties in this type of experiment 

which may generate disturbances in the laminar air flow. A thin shim of 0.3 mm in 

thickness attached at the solid/water interface provided an effective means of maintaining 

surface continuity. In addition, water lost due to evaporation was compensated by inflow 

from a water tank outside the measurement section.
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Figure 5-2 The flow condition at the leading edge without and with a louver.

With the plate level, separation was observed to occur at the tip of the leading edge. 

Visualisation of this phenomenon was achieved by placing fine wooden particles close to 

the tip of the leading edge. The return flow caused by the separation bubble blew the 

particles in the opposite direction to the free-stream flow as shown in Figure 5-2(a). The 

separation generated a turbulent boundary layer which made this experiment a complete 

failure. The separation was due to a slightly upward flow stream disturbed by the tip 

because after the plate was adjusted to a small slope upwards, making the plate parallel to 

the air flow eliminated the separation and a laminar flow was successfully produced. 

However, the plate has to be kept level in the case of wind-wave interaction study when 

the recess was filled with water. An alternative method, fixing a louver at the end of the 

side-walls and above the plate, was used to condition the air flow. In this way, the flow 

direction at the tip was forced slightly downwards which can avoid the occurrence of the 

separation as shown in Figure 5-2(b).
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5.2.3 Problems observed in preliminary tests

The preliminary tests identified constraints on the project. Firstly, the length of the wave 

tank was too short, so that the waves were reflected at the end of the tank and the wind- 

induced current formed a circulation on the water surface. Accordingly, the phase velocity 

and the wave height were affected. Secondly, 1.2 cm water depth was not deep enough 

for the development of the Lock profile in the water when the fetch was larger than 21 cm 

under the wind action of 3.75 m/s and the return water flow in the tank changed the 

velocity profile in this shallow water depth. Moreover, for waves with frequencies less 

than 6 Hz, they were not in deep-water conditions. The additional energy dissipation due 

to bottom friction was not assessed in the present numerical model introduced in Chapter 3 

and 4. Thirdly, the wind tunnel created a favourable pressure gradient in which the 

formation of the laminar boundary layer downstream was not a similar solution described 

by the Blasius equations. In this original study, it is better to condition the free-stream 

flow to be uniform, namely, the zero pressure gradient. Thus, the theoretical similar 

solution of Lock (1951) can be used to drive the Orr-Sommerfeld equations and the 

numerical work is also simplified. And finally, a laminar air flow could be maintained only 

up to a Reynolds number Rex = =2.5 x 10  ̂ where Ua«, is the free-stream

velocity; x is the distance from the leading edge. It is about 1 m from the leading edge 

with the wind speed of 3.75 m/s. The fetch under these conditions is unlikely to be long 

enough to observe the process of the wave growth. For these reasons, a new low 

turbulence wind tunnel was designed based on the original walk-in wind tunnel but 

addressing the problems mentioned above.

5-3 The new low turbulence wind tunnel

5.3.1 The reduction of turbulence by honeycomb and meshes

The design of the new wind tunnel was concentrated on maintaining the air flow laminar to 

a Reynolds number, Re%, as high as possible. This requires a low intensity of turbulence in 

the working section. A large ratio of contraction cone together with honeycomb and 

screens upstream of the working section is usually used to reduce the turbulence intensity 

in a modem high-speed wind tunnel in the field of aeronautical study. . For a low-speed
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wind tunnel, it is possible that the combination of a honeycomb and a number of screens 

can effectively reduce the turbulent fluctuations. The degree of turbulence could be 

achieved as low as 0.1 per cent, of the mean velocity, if a sufficient number of fine-mesh 

screens and honeycombs are used (Schlichting 1979).

The principle of reducing the intensity of turbulence using honeycombs and screens is that 

a honeycomb with a large ratio of length to cell diameter suppresses large scale eddies and 

swirls in the incoming flow. However, the honeycomb also creates additional eddies with 

the size equal to the same magnitude as the cell diameter. These eddies, nevertheless, can 

be broken into a large number of small-scale eddies using screens behind the honeycomb. 

The physical explanation for this is that the small-scale eddies decay rapidly and hence the 

turbulence intensity level is reduced. It has been suggested that a honeycomb reduces 

lateral fluctuation more effectively while screens reduce longitudinal turbulence more than 

lateral turbulence (Bradshaw 1970). As a consequence, the combination of a honeycomb 

followed by screens reduces overall turbulence.

The intensity of turbulence in a stream is defined as

where U is the mean velocity of the flow. At a certain distance from the screens or 

honeycombs, the turbulence becomes isotropic and the intensity of turbulence is expressed 

as follows:

T = V u " / U  (5-2)

Taylor (1938) presented a linear relationship to describe the turbulence decay behind a 

honeycomb, that is.

where x is distance downstream; M is the honeycomb diameter; A and C are constants
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which can be determined experimentally. The experiment of Simmons & Salter (1935) 

observed a well-defined straight line between U/u and x/M behind a 0.9x0.9 inch 

honeycomb expressed as

= 5,5+ 1.30—  (5-4)
u M

Measurement of fme-mesh screens in reducing turbulence was obtained by Prandtl 

(Scheiman & Brooks 1981) with a reduction factor f

where K is the pressure-drop coefficient. Dry den & Schubauer (1947) expressed that the 

ratio of the reduction of turbulence was

(5-6)
V l +  K

for a single layer of screen, where subscript 1 denoted the measurement before the screen 

and 2 denoted the measurement after the screen. For n layers of screens in an air-stream, 

the ratio becomes

Accordingly, a number of screens with a small K reduce turbulence more effectively than 

a single screen with a large value of K. Extensive experimental measurements by 

Scheiman & Brooks (1981) concluded that the lateral turbulence reduction agrees with 

Prandtl’s theory 1/(1+K) whereas the longitudinal turbulence agrees with Dry den & 

Schubauer’s theory 1 / Vl + K .

According to Bradshaw & Pankhurst (1964) and Barlow, William & Pope (1999), a 

summary of the considerations of configuration and installation about honeycomb and 

multiple screens for reducing the intensity of turbulence is: 1. Honeycomb is suggested to
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be upstream of screens; 2. to remove large eddies and swirl, honeycomb with the ratio of 

cell length to cell diameter larger than 6 is preferable; 3. Screens should have an open area 

not less than 0.57 otherwise the flow will suffer from an instability due to jet 

coalescence; 4. The distance between the screen should be larger than 500 wire 

diameters or 30 mesh size so that the eddies produced by the upstream screen have 

enough space to damp out.

Following these instructions described above, a hexagonal honeycomb of diameter 1 cm 

and length 10 cm was selected. A screen with a larger resistance coefficient K is more 

effective to reduce turbulence. However, it means a smaller open area. Thus, a Nylon 20 

mesh with an open area of 0.58 was used where the aperture of the screen is 1 mm and the 

thread diameter is 0.315 mm. The distances from honeycomb to screen and screen to 

screen were designed as 23 cm and 25 cm respectively, where the latter was larger than 

500 wire diameters.

With the type of honeycomb and screens and layout prescribed above, the intensity of 

turbulence behind the screens in the working section may be theoretically estimated. From 

equation (5-4), the intensity of turbulence 23 cm behind the honeycomb is 2.8 %. The 

resistance coefficient K of the Nylon 20 mesh is estimated to be K=1.6 at 3.6 m/s 

according to Bradshaw & Pankhurst (1964). Using equation (5-6), after 4 layer screens, 

the turbulence intensity is estimated to be about 0.4 %. It is known that on a plate with a 

sharp leading edge, for an air stream with the intensity of turbulence T = 0.5%, the 

transition occurs at the critical Reynolds number (Schlichting 1979, Schlichting & Gersten 

2000)

Rx,™. = ( ^ ) c H .  = 3-5 X10' to 10" (5.8)

Therefore, with the free-stream velocity Uoo=3.75m/s, the laminar flow can be kept at least

1.4 m from the leading edge. Subsequently experimental data has showed that for the 

present design, laminar flow can be maintained to at least 2.7 m from the leading edge 

where Re%=6.80xl0^ in the condition of zero pressure gradient. Details of the results of 

the new wind tunnel tests will be presented in Chapter 8.
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5.3.2 Design and construction of the wind tunnel

For ease of maintenance and refurbishment, the new wind tunnel was built in separate 

modules and then combined together. The tunnel is divided into: 1. Entry section; 2. 

Screen section; 3. Working section; 4. Outlet section; 5. A fan. A schematic figure of the 

new wind tunnel is shown in Figure 5-3. The entry section of the bellmouth is the same as 

used in the walk-in wind tunnel to reduce construction time. A layer of the honeycomb is 

just downstream of the bellmouth inlet. After the honeycomb is a multiple screen section 

with four layers of fine-mesh screens wedged tightly by the tunnel frames.

The rectangular working-section of the tunnel is 6 m in total length made up of 3 separate 

sections, which are 107 cm wide by 76 cm high by 2 m long. The size of the cross section 

is the same as the previous walk in wind tunnel. In each section, two observation windows 

are in the upper part and 2 hatches are in the lower part of the sidewalls. The hatches 

were employed to level the flat plate supported 32 cm above the tunnel floor. An 

adjustable internal roof made of 5 mm thick plywood was suspended to condition the free- 

stream velocity to be constant (zero pressure gradient) with respect to distance in the 

working section. On the roof the longitudinal and spanwise access slots were prepared for 

the Pi tot tube and twin laser beam measurement. The slots were covered by plates to 

prevent additional flow being sucked into the working-sec tion when they were not in use. 

Similar slots were also cut in the internal roof but covered by brush seals. A rail built 

above the roof provided a place to traverse and rigidly support the measurement 

instruments such as the Pitot tube, laser source, paper target, and high-speed video camera.

In the outlet section, a layer of screen and honeycomb was also installed to improve the air 

flow steadiness driven by the fan (Bradshaw 1970). Since the tunnel working section is 

longer than previously and more screens and honeycombs are inserted, the greater 

pressure drop caused the wind velocity in the working section to reduce to be less than 3 

m/s when using the original single-phase fan. As a consequence, a more powerful three 

phase fan manufactured in 1962 was adopted to replace the original one. Because of its 

old age, the fan could not be connected to a modem controller, and only a fixed rotation 

speed was given by the fan. It was therefore decided to adjust the wind speed by altering 

the distance of the fan from the outlet section, with finer adjustment using a louver inside
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Figure 5-4 Photograph of the new wind tunnel.

Figure 5-5 Photograph of the wave tank and the leading edge.
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the outlet section. The gap had the advantage in eliminating the fan vibration, which 

generated disturbances on the water surface. A photograph overview of the new wind 

tunnel is given in figure 5-4.

5.3.3 The water tank and the leading edge

A splitter plate, 107 cm wide by 6.7 cm thick by 5.2 m long, with a carefully profiled 

leading edge, completely spanning the tunnel section was supported 32 cm above the 

tunnel floor at a distance of 80 cm from the last screen. A wave tank 71 cm wide by 5.5 

cm deep by 4.5 m long was built into the plate for the experiments of wind-wave 

interaction. This could be drained or covered with a flat plate depending on users. A 

photograph of the wave tank is shown in Figure 5-5. There are two reasons for the water 

depth of 5.5 cm in the tank. Firstly, the total thickness of the plate is thin enough that the 

blockage of the air flow will not happen in the working section. Conversely, the water is 

deep enough that the water waves with frequencies larger than 3 Hz are deep-water waves 

and the boundary layer sheared by the wind in the water can be fully developed. The side

walls of the tank were made of transparent Acrylic for possible investigation of the water 

flow using a Laser Doppler Anemometer. A rigid brass strip with a very sharp edge 

served as a trailing edge to bridge the water/solid interface for keeping the surface 

continuous at the upstream edge of the water basin.

An absorbing beach 0.45 m in length was placed at the end of the tank to dissipate 

incoming water waves. It was tested using 5 Hz waves that, without the beach, waves 

were reflected from the end of the tank and travelled back at the measurement stations. 

This was clearly observed from the shadows of the waves on the bed of the tank. After 

installing the beach, there were no reflected waves shown by shadows. It was also 

observed from the shadows that the long-crest waves with high frequencies are extremely 

sensitive to surface contamination. A slightly contaminated water surface can dramatically 

damp out the wave amplitude. For this reason, four drainage ports operated by an external 

tap were installed vertically and close to the water surface in the downwind end of the 

tank, allowing the water overflow in order to remove surface contamination before the 

start of the experiments.
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Because the original sharp leading edge used in the walk-in wind tunnel experienced a 

separation at the tip, a smooth curve with an elliptical leading edge was introduced in the 

new tunnel as shown in Figure 5-5. The presentation of Narasimha & Prasad (1994) 

demonstrated that for an ordinary elliptical leading edge, separation is unlikely to occur 

under the restriction that the ratio a/2b is greater than 3.6, where a is the length of the nose 

and 2b is the plate thickness. Thus, the leading edge was constructed as a=25 cm in 

length, and 2b=6.7 cm and the ratio of a/2b is 3.73.

5.3.4 The water balance system

The tests in the new wind tunnel showed that the water evaporation rate was 0.2 mm per 

hour at the wind action of 3.77 m/s at a temperature of 18° C. The time needed to 

measure a whole boundary profile around 30 points was about 50 minutes. Thus, the 

falling of the mean water level gave a systematic error in the measurement of the 

boundary layer profile over the water surface. A constant head water tank suspended 

outside the wind tunnel was connected to supply a continuous small amount of water 

controlled by a rotameter to compensate the water lost due to the evaporation. 

Measurements showed that with this system, the change in water level was reduce to less 

than 0.05 mm in an hour.

5.4 Air velocity measurement

5.4.1 AV-2 anemometer

An accurate AV-2 rotating vane anemometer manufactured by Airflow was utilised to 

measure the free-stream velocity and calibrate the micromanometer. The anemometer 

has a 100 mm diameter rotating vane head and the velocity or volume flow rate in metric 

or imperial units is displayed on a LCD screen. The AV-2 was calibrated by the 

manufacture to be better than ±1% for a reading ±0.01 m/s in the range of 1.0 to 30 m/s 

and 1% for a reading ±0.02 m/s in the range of 0.25 to 1 m/s. Figure 5-6 shows the 

calibration result. The regression line demonstrates that the error measured by the AV-2 

was less than 1 %.
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Figure 5-6 Calibration of the AV-2 anemometer.

Figure 5-7 Diagram of the small total head tube (a) the original design; (b) the modified 
shape to avoid blœkage.
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5.4.2 Boundary layer measurement using pressure tube

The laminar boundary layers over the solid plate and over a water surface were studied 

using pressure tubes. A total head tube with a flat nose of 0.7 mm in outer diameter was 

manufactured in order to measure the velocity distribution in the region close to the 

boundary. It was found that a long straight head of a right angle shape of this diameter 

shown in Figure 5-7(a) produced a stem blockage which gave a significant fluctuation in 

the pressure reading from the micromanometer. To address this problem, the head of the 

small total head tube was modified to a smooth curvature but with the front part straight 

and then soldered to a larger diameter tube in the shape of a right angle. The new shape of 

the head was shown in figure 5-7(b). A N.P.L. (National Physical Laboratory) standard 

modified ellipsoidal Pitot-static tube (Ower & Pankhurst 1977) with 2.3 mm outer 

diameter was also employed for boundary layer profile measurements above the solid plate 

to provide additional information to examine whether the data measured by the small total 

head tube was correct or not.

In the preliminary tests, when using the small total head tube, a static tapping with an 

orifice of 0.5 mm in diameter for the static pressure measurement was drilled on the plate 

with 5 cm to the side-wall and with the same distance from the leading edge as the total 

head tube location. However, it was discovered that the static pressure measured from the 

tapping was smaller than that given by the static holes on the Pitot-static tube. This 

phenomenon is presented in Figure 5-8. It demonstrates a linear correlation of the static 

pressure difference between the Pitot-static holes and the static tapping to the wind 

velocity. The pressure differences were read through the connection of the tubes from the 

static tapping and the Pitot-static tube static pressure outlet port to the micromanometer. 

The velocity at the x-axis in Figure 5-8 was the air flow velocity inside the boundary layer. 

The value was decreased by means of moving the Pitot-static tube downwards to the 

boundary. This is the procedure in the present study to measure the boundary layer 

profile. The result indicates that in the measurement of the velocity profile, the velocity 

error caused by the static pressure was significant.

Figure 5-9 shows the data of a portion of the velocity profiles near the surface of the 

flat plate measured by both the Pitot-static tube and the small total head tube. After the
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Figure 5-8 The relationship of the static pressure difference to the wind velocity inside 

the boundary layer.
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Figure 5-9 Comparison of the velocity profile measured by the Pitot-tube and the 
small total head tube.
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Figure 5-10 The setting o f the total head tube with the Pitot-static tube beside.

Figure 5-11 Micromanometer and PC-30 data acquisition system.
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correction of the static pressure difference for the small total head tube, it was estimated 

that the error due to the static tapping is larger than 60 % in the region close to the 

boundary. The velocity profile measured using the Pitot-static tube as shown in Figure 5-9 

is in good agreement with the Howarth solution after the correction for the viscous effect, 

the velocity gradient effect, and the wall proximity effect (presented in Chapter 6). The 

static pressure read from the Pitot-static tube was concluded to be correct. Thus, for 

boundary layer measurement using the small total head tube, the Pitot-static tube was 

mounted 60 mm to one side of the total head tube to use the static holes in the Pitot-static 

tube head as the static pressure reading. A photograph of this arrangement in the new 

wind tunnel is shown in Figure 5-10. The reason for the incorrect static pressure from the 

static tapping is complex. It may relate to the size of the orifice, the blockage effect, burrs 

on the edge and other factors (Chue 1975).

The pressure tubes were traversed by means of a micrometer screw with a precision of 

0.01 mm displacement. The tube was carefully moved from the free-stream velocity zone 

downwards to the near boundary proximity zone as close as possible. At the lowest point, 

the gap between the probe tips and the boundary was less than 0.2 mm as measuring by a 

travelling telescope in the case of flow over the flat plate, and the micrometer itself when 

the tube continuously moved down until the meniscus touched the tube in the case over the 

water surface.

5.4.3 Micromanometer and data acquisition system

A 3 range sensitive MDC micromanometer corresponding to 1.25, 2.5, and 6.25 mm H2O, 

about 4.5 m/s, 6.3 m/s, and 10 m/s of the F.S.D. (full scale deflection) was connected to 

the pressure tube for the boundary layer and free-stream velocity measurement. The 

micromanometer offered an accuracy of 0.1 % of F.S.D.. An outlet provided for external 

recorders and the output voltage was 0.5 volts for the F.S.D.. A Time Domain Analyser 

JM 1860 with an accuracy of ±1% of the displayed reading was used as a recorder in the 

preliminary tests and a more accurate PC-30 Data Acquisition system with input range 

setting ±5 V, A/D resolution 12 bits was connected to the micromanometer to capture 

the output pressure differential signal. In the experiments, 30 second data with 20 Hz
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Figure 5-12 Calibration of the micromanometer using AV-2 anemometer

grabbing frequency was recorded and the instantaneous values of the air velocity were 

then averaged. A photograph of the micromanometer and PC-30 system is presented in 

Figure 5-11.

Before the measurement, the micromanometer was firstly calibrated using the AV-2 

anem om eter. The m icrom anom eter was connected to the Pitot-static tube and the small 

total head tube respectively. The wind speed was first recorded by the AV-2 with the 

rotating vane head placed 10 cm above the plate and then m easured by the pressure tube 

in the position at the centre of the rotating vane. The results are show n in F igure 5-12. 

It was noticed that at the m inim um  velocity, 0.35 m/s (from  the reading of A V -2), the 

difference to the result of the small total head tube was about 5 %. This indicated that the 

micromanometer in connection with the total head tube was sufficiently accurate to
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measure the velocity very close to the boundary. The lowest point achieved by the small 

total head tube was about 0.5 mm above the boundary (to the centre of the tube nose) 

where the velocity was about 0.5 m/s.

5.5 Water wave generation system

Novel techniques have been developed to give sensitive amplitude and frequency control 

of the mechanically generated two-dimensional small-scale water waves. The waves were 

generated by a pneumatically-activated diaphragm stuck over a brass strip with a recess 8 

mm wide by 2 mm deep by 68 cm long inside. A Perturbation Generator was responsible 

for giving a periodical air pressure to the chamber enclosed by the diaphragm and the 

waves were therefore generated when the brass was immersed in the water. The 

Perturbation Generator was originally structured to trigger 3D spots in the Blasius 

boundary layer in a channel flow (Kalopedis 2001). The generator system contained a 

Ling Dynamic System V201 vibrator which gave a maximum amplitude to the driving arm of 

±2.5 mm. Details of the generator specific action are given by Kalopedis in his PhD 

thesis. A Function Generator FG 6000 producing a sinusoidal signal which was connected 

to an amplifier, and this output voltage triggered the Perturbation Generator. By adjusting 

the frequency in the Function Generator and the amplification in the amplifier, the water 

wave frequency and amplitude can be well-controlled. Photographs of the diaphragm, the 

Perturbation Generator, Amplifier, and Function Generator are shown in Figure 5-13. An 

example of a long-crested water wave of 10 Hz with approximate 0.1 mm wave height 

generated by the diaphragm is presented in Figure 5-14. It shows a very good two-dimensional 

water wave. The water tank in the photograph was the one used in the preliminary tests carried 

out in the walk-in wind tunnel but with the water depth modified from 1.2 cm to 5.5 cm.

5.6 Water wave measurement

5.6.1 Optical technique of reflected twin laser beam

The small-scale water waves were detected by an optical technique using reflected twin 

laser beams. The methodology is that the laser beam reflected by the disturbed water
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Figure 5-13 Wave generation system. Perturbation Generator (left), Function generator 
(right above), Amplifier (right below) and Diaphragm wave generator (front).

Figure 5-14 Two-dimensional waver wave o f 10 Hz generated by the wave generation 
system in a test tank used in the preliminary tests. Wave height: 0.1 mm 
(estimated).
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Figure 5-15 A schematic of the generation and measurement of water waves

surface is directly related to the time series of the wave slope. If two parallel laser beams 

with a known distance between each other are used simultaneously, the phase velocity can 

be determined through the phase shift measured between the displacements of the two 

laser beams. The wave height can then be integrated from the measured wave slopes and 

phase velocity.

The twin laser beam installed above the wind tunnel was inclined to a small angle a  to the 

vertical line. A surface-silvered mirror was set at an angle of 45“-o/2 to the horizontal to 

turn the reflected beams in the direction parallel to the horizontal when the water surface 

was stationary. The laser beams were projected on a sem i-transparent paper screen. 

When the wave generator was operated, the continuous change of the surface slope led to 

a continuous movement of the laser spots on the screen, giving the slopes of the wave 

train. In the experiments, a  was set to 4 degrees. The geometry of the laser beam
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travelling and the wave slopes calculated from the laser spot displacement on the target 

paper will be explained in next chapter. The accuracy of this methodology depends on the 

laser beam travelling distance from the water surface to the target. A longer distance gives 

a more accurate measurement of the wave slope because of the larger displacement of the 

spots on the screen . Nevertheless, the spots will move very fast. As a result, a high

speed video camera was employed to photograph the spot movement and ensure a 

high resolution. A schematic representation of the wave perturbation and 

measurement system is shown in Figure 5-15. 5 cm grids were drawn on the screen 

giving a reference distance for the calculation of the spot displacements. The analysis 

procedure including the digital image and Fourier series analysis for determining the wave 

phase velocity, slope, and wave height from laser spot will be presented in Chapter 6.

5.6.2 Laser source and high-speed video camera

In the preliminary tests, the twin laser beams were generated by two Hilti PLIO lasers with 

the individual power of 0.95 mW and a beam diameter of 5 mm. The distance between 

the two beams was 2.1 cm. A Kodak Motioncorder SR-1000 Colour System, hired from 

Image Diagnostics Ltd, was used to photograph the spot movements. The system, which 

consisted of a camera head and a playback monitor, provided a recording rate from 30 

frames per second up to 10,000 frames per second. 250 frames per second was set in the 

preliminary test. With this frame rate, the memory allowed 1,364 frames, equivalent to

5.4 second, to be recorded with an image resolution of 512x240 pixels. Colour images 

after recording were transmitted to a PC computer and stored on the hard disk through a 

SCSI-2 Interface. Each image took approximately 500 K bytes of disk memory. For a 

single frequency wave test with or without the wind action at three stations in the walk-in 

wind tunnel, more than 2 G bytes of memory were required.

It was observed that the twin laser beams created by Hilti PLIO, after reflection by the 

water surface, gave a low light intensity on the screen. Moreover, for high frequency 

waves of steep slopes, fast movement of the spots further weakened the intensity of 

light. Another problem was that a 5 mm beam diameter was too large to detect the high 

frequency waves because of their short wave length. Similar problem was firstly observed
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by Cox (1958) who measured wave slopes using photocell telescopes. The highest 

frequency wave in the present experiment was 12 Hz with a wave length of 1.9 cm. 

The beam diameter was more than a quarter of the wave length. The scatter of the 

beam due to the slope change within the diameter caused further weak light intensity and 

an uncertainly in the location of the centres of the spots on the target screen. The test 

using 12 Hz waves under wind action showed that with a 250 frame grabbing rate, the 

image only presented the spots having long strip shapes and very weak light where their 

centres were difficult to recognise. The long strip shape may be because the grabbing 

rate not being high enough. However, the colour high-speed video camera in use was not 

sensitive to light. Increasing the frame rate to 500 FPS, the image became dark and no 

spots were captured. It was concluded that the use of a laser beam of weak light intensity, 

large diameter and the colour camera of less sensitive to light was inadequate for the 

observation of high frequency water waves.

To address this problem, a more powerful laser source with a smaller beam diameter 

was used together with a digital monochrome high-speed video camera capable of low- 

light recording in the new experiments in the new wind tunnel. The laser source was a 

Helium-Neon laser, Uniphase Lasers & Fiberoptics Model 1137 with the minimum output 

power 7 mW and a smaller diameter of 0.81 mm. The beam was converted into two 

beams by an integral beam splitter. The spacing between beams was 1.2 cm in 

longitudinal, which was shorter than that in the preliminary test in order to measure the 

phase velocity of the high frequency waves. Not only the longitudinal aperture but a 

spanwise aperture of 1 cm was also set for the purpose to easily distinguish two spots in 

the later image analysis. The two beams were adjusted to be parallel using a rotating 

prism system. The monochrome high-speed video camera, also hired from Image 

Diagnostics Ltd, was a NAC Hi-Dcam. The system was designed for easy of use and 

featured a compact remote camera head and a PC with Windows NT environment. The 

camera was controlled by the PC through the Hi-Dcam PCI board which offered recording 

rates from 60 to 8,000 frames per second. A 500 FPS frame rate was applied in the new 

experiments and 4.2 seconds were allowed to captured the spots for a single data set.

The image resolution was 320x280 pixels and it took a memory of 80 K bytes. A 

total memory in excess of 1 G bytes was required for each wave frequency with or without
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Figure 5-16 Twin laser beam source and mirror.

Figure 5-17 Paper screen and Hi-Dcam high-speed video camera.
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wind action at 7 stations. Data were written to CD-ROM through the internal CD-ROM 

driver in the computer. Figure 5-16 shows a photograph of the new laser source mounted 

on the roof of the wind tunnel and Figure 5-17 is a photograph of the paper screen and the 

Hi-Dcam high-speed video camera. With the new laser source and camera, the spot 

movement was successfully captured at the perturbed highest frequency of 12 Hz under 

the wind action. To make this possible, the light of the spots was enhanced by switching 

off all lights in the laboratory, giving a dark environment, when the experiments were in 

progress. The experimental results and comparison with the theory will be presented in 

Chapter 7 and 8.
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CHAPTER 6

PRO CESSING  OF RAW EXPERIM ENTAL

DATA

6.1 Introduction

In the present experimental study, two particular aspects of the data records require additional 

analysis. First, for the measurement of boundary layer profiles using Pitot tube, accurate 

results can only be achieved after a correction procedure, specially for the region closest to the 

boundary. The empirical formula including the viscous effect, the velocity gradient effect, 

and the wall proximity effect found from MacMillan’s (1954, 1958) experiments were 

employed to correct the raw experimental data measured by the present pressure tubes. The 

second is to calculate the wave slopes represented by the displacements of the two laser 

spots on the target, which were captured by the high-speed video camera. An image 

analysis program was written to decode the image files and identify the centres of the two 

spots. Thus, the wave slopes were obtained through the geometry constituted by the spot 

displacements and the beam travelling distance from the water surface.

Since the purpose of this experiment was to observe the growth process of long-crested 

gravity-capillary water waves acting on by a laminar air flow in a short fetch, the 

mechanism is postulated to be linear as long as the wave train is kept in two-dimensional 

form. The principal component at the diaphragm-generated frequency is of interest. 

Consequently, the corresponding phase velocity, wave slope, and wave height were 

abstracted by means of Fourier analysis.

6.2 Pitot tube corrections

6.2.1 The effect of viscosity

A Pitot tube is a simple instrument to measure the velocity in a fluid flow. When it is 

placed in an incompressible and uniform laminar flow with a density, p, if the viscous 

force is ignored, the velocity u measured by the probe is that at the stagnation point in front
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of the mouth of the tube. In this situation, the Bernoulli equation is applied and the 

relationship between the total pressure, the static pressure and the fluid velocity is 

formulated as follows:

P t= P s+ ^ p u "  (6-1)

where pt is the total pressure; ps is the static pressure. Hence, the velocity is given by the 

difference between the total and static pressure:

u = (6-2)

However, the velocity expressed in the equation above is actually restricted to the inviscid 

flow. For a real flow, the velocity measured by a Pitot tube of very small diameter is 

subject to an error due to viscous effects. The earliest work of Barker (1922) concluded 

that viscous effects became consequential when the Reynolds number Ur/v>30, where 

r is the internal radius of the tube. Extensive work was conducted by MacMillan 

(1954) who illustrated the effect in terms of a pressure coefficient

(6-3)
 ̂ 1 / 2pU

where the value of Cp depends on the shape of the tube’s nose and the Reynolds number 

UR/v, R denoting the external radius. If the Reynolds number is large, the effect of the 

viscosity can be ignored and Cp is equal to 1. That is, equation (6-3) accordingly 

represents the Bernoulli equation. On the other hand, at low Reynolds number, the 

viscous force is significant compared to the inertia force and the value of Cp is greater than 

1. The experimental results of MacMillan (1954) using a Pitot tube with a flat-ended nose 

and the ratio of r/R=0.6 are shown in Figure 6-1, providing the relationship between Cp 

and Reynolds number observed in a uniform free-stream region. A rational function was 

employed to fit the data and used for the present measurement corrections. It shows that, 

with the increase of radius Reynolds number, the Cp asymptotes to 1, indicating that the 

viscosity caused discrepancy decreases along with the increase of the Reynolds number.
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Figure 6-1 The viscous effect observed by MacMillan (1954).

6.2.2 The effects of velocity gradient and wall proximity

It is known that inside the boundary layer, when measuring the velocity profile using the 

Pitot tube, the observation accuracy will be influenced by the presence of the transverse 

shear and of the wall proximity. With these effects, the velocity reading will be higher 

than the true velocity reading at the position of the tube’s geometric centre. The 

explanation for this phenomenon is illustrated in Figure 6-2. If a Pitot tube with an 

external diameter D is aligned with a two-dimensional laminar flow, because of the 

presence of the velocity gradient, the stagnation pressure at the point 1 in the upper part is 

larger than that at the point 2 in the lower part. Consequently, the streamlines deflect 

towards the low pressure side and the tube measures the velocity at a point displaced from 

the region of higher velocity. Figure 6-3 draws a comparison of the measured velocity 

profile and the true velocity profile. The apparent velocity u measured by the Pitot tube is 

plotted against y, the distance from the geometric centre of the tube to the wall. From the
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Figure 6-2 A sketch of a streamline deflection due to the traverse shear and the 
presence of the Pitot tube. (Tavoularis & Szymczak 1989)

y

True velocity

Measured velocity

Ad

Au

U

Figure 6-3 A comparison of measured velocity and true velocity.
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figure, it is observed that the measured velocity profile can be corrected to the true velocity 

profile either by subtracting the velocity error Au or by adding the displacement error Ad.

Young & Mass (1936) suggested that in the absence of a wall, it is convenient to use the 

displacement. Ad, to correct the measurement error. Physically, this distance shifting from 

the geometric centre is the so-called “effective centre” for the Pitot tube. Their results 

showed that for a Pitot tube of external diameter D and internal diameter d, the 

displacement Ad /D was independent of the external diameter and expressed by an 

empirical formula:

—  = 0.13 + 0.08— (6-4)
D D

MacMillan (1954) observed that the displacement is

—  = 0.15 (6-5)
D

for a flat-ended Pitot tube with d/D=0.6. He also found that in the region of y/D>2 the 

displacement was only due to the shear effect. Nevertheless, in the region of y/D<2, an 

additional correction for the wall proximity is required. Figure 6-4 shows the wall 

proximity effect obtained by MacMillan (1954). According to his result, an additional 

value of Au has to be added into the measured velocity in the region of y/D<2 as shown by 

the curve in Figure 6-4.

6.2.3 Corrections for raw experimental data

The small total head tube used in the present boundary layer measurements had a flat- 

ended nose. Its internal and external diameters were 0.42 mm and 0.7 mm respectively, 

giving a ratio of the internal to external diameter d/D=0.6. The shape of the nose and the 

ratio are the same as those tubes used in the MacMillan’s investigation for the Pitot tube 

correction. Accordingly, the velocity profile was corrected using MacMillan’s results 

show in Figure 6-1 for the viscous effect, equation (6-5) for the velocity gradient effect.
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Figure 6-4 The wall proximity effect. (MacMillan 1954)
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Figure 6-5 Corrections for the velocity profile measured by the small total head tube.
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and Figure 6-4 for the wall proximity effect. For the N. P. L standard modified ellipsoidal 

Pitot-static tube with d/D=0.35, no proper reports have been found to correct the 

measured profile. The MacMillan results were thus applied for the Pitot-static tube 

correction and the results of the measured profiles over the flat plate using Pitot tube 

after corrections were in good agreement with the theoretical Howarth solution 

(Chapter 7).

It was noted that MacMillan’s correction method hrstly removed the low Reynolds 

number viscous effect, previously determined in a uniform free-stream. In fact, the 

viscous effect might not be independent of the velocity shear and wall proximity effects, as 

also pointed out by Ower & Pankhurst (1977). In MacMillan’s dimensional analysis, the 

relationship between the displacement and the non-dimensional groups inside the 

boundary layer is

where Ô is the boundary layer thickness; û  is the shear velocity. It may be reasonable

to include the viscous effect in the dimensional analysis given by the following 

equation

However, the error may be insignificant. Figure 6-5 plots a portion of the present 

measurement of the laminar velocity profile in the region near the wall, giving an example 

of the correction procedures using the MacMillan method. It shows a very good 

agreement with the theoretical Howarth solution after the corrections. Finally, since 

MacMillan’s (1954) experiments were carried out in a turbulent pipe flow, the boundary 

layer profile is different from the present laminar profile. Because the result given in 

Figure 6-5 agrees well with the theoretical profile, MacMillan’s correction formula and 

procedures can be applied in the current Blasius type profile.
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6.3 Image analysis of the spot movements

6.3.1 Digital image files and RGB value

The spot movements on the screen photographed by the high-speed video camera were 

saved in digital image files, using the run-length encoding TGA (Targa Image File) with 

the colour map depth 24 bit. TGA has been widely used due to its simple RLE (Run- 

length encoding) compression scheme. The structure of TGA with 24 bit depth is given in 

Appendix B and a detailed explanation of this type of image files is given by Murray & 

Van Ryper (1996). In general, the TGA is a Bitmap format image, that is, the image is 

sampled into an array of pixels of which the (x,y) coordinate presents the address of the 

pixel. The colour shown on the pixel is represented by the three numerical values in the 

form (R,G,B) (Red-Green-Blue) with the range of 0 to 255, presented by 24 bits (3 bytes) 

and stored sequentially in the binary image file. For a monochrome picture, the three 

values are the same and the value is called grey level. (0,0,0), for example, represents 

black and (255,255,255) represents white. The aim of the present image processing is to 

find the coordinate (x, y) of the two spot centres and hence the spot displacements, from 

which the wave slope can be calculated.

An example of a photograph captured by the monochrome Hi-Dcam high-speed video 

camera is shown in Figure 6-6. The two laser spots demonstrate two bright clusters in the 

image. The RGB value decays from the maximum at the centres with white colour to the 

grey colour in the surroundings. To find the centroids, a C++ program was written to 

carry out the image analysis. Following the instruction in Appendix B for the TGA 

structure, the program firstly decoded the TGA file to read the RGB value of every pixel 

encoded in the binary image files. As mentioned before, the value of R, G, and B is equal 

in a monochromatic picture. Any one of these three values, the grey level, can represent 

the light intensity. The decoded grey level was then stored in an array G with the 

coordinate (i, j) representing pixel location. The decoding result is illustrated as a 3D view 

in Figure 6-7. The curves in Figure 6-7 were smoothed by the linear interpolation using 

Surfer 6 software. It shows two distinct peaks with high grey level, representing the 

location of the two laser spots.
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Figure 6-6 Photograph of the spots in the image file.

Figure 6-7 Grey level of the image with two laser spots.
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Figure 6-8 Side view of the Figure 6-7 and a threshold

6.3.2 Thresholding and cluster recognition

Although the experiments were conducted in a dark environment, except for the two 

clusters of high light intensity, Figure 6-7 also shows some noise with the lower grey level. 

This can be seen clearly in the side view of Figure 6-7 as shown in Figure 6-8. The 

existence of this noise initially prevented the program from identifying the two spots. To 

eliminate the noise, a threshold of grey level was given as 50 in the program as shown in 

Figure 6-8. The program scanned the grey level array G sequentially and those elements 

at G(i,j) with a value less than 50 were marked “0”. In the mean time, the program 

marked those pixels with a grey level larger than 50 as “1”. The information of 0 and 1 

was stored in a new array A.

In the array A, the elements marked 1 formed two clusters with each one having N 

adjoining pixels, representing the two laser spots. To recognise these two clusters, a 

backward looking algorithm explained by Sackin (1997), who applied the algorithm to 

detect the particles in a water flow recorded in image files, was used for the present image 

analysis. The C+-i- program scanned the array A starting at coordinate (0, 0). As 

explained in Figure 6-9 (a), once the element (i, j) with the value of 1 was recognised, the 

program checked the adjoining elements above and to the left. If all four elements were 0,
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Figure 6-9 Algorithm of the recognition of clusters.
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Figure 6-10 Two clusters shown by the value 1 and 2 in the array A.
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the element (i, j) was recognised as the start of a new cluster. The first cluster matching 

this condition kept the value 1, but the second one was given the value of 2. Meanwhile, 

the program also examined the four adjoining elements below and to the right. With those 

elements equal to 1, indicating the same cluster, the value 1 or 2 was given as illustrated in 

Figure 6-9 (b). In this way, the two clusters marked by 1 and 2 were detected and 

separated.

However, for a V shape cluster, the program will identify it as two independent clusters. 

This is because the V shape has two edges which matched the definition of a new cluster 

in Figure 6-9 (a). To address this V shape problem, the program scanned the array A 

again. Using the similar algorithm to that explained in Figure 6-9 (b), this time the four 

top and left adjoining pixels around the pixel A(i,j) were re-examined. The program 

checked the elements A(i,j) with values larger than 0. If any one of the four adjoining 

pixels above and to the left had a value larger than 0 but not equal to the value of A(i,j), 

the values of adjoining pixels were changed to the same value as A(i,j). Thus, the V shape 

cluster was recognised as one cluster. Figure 6-10 gives an example of the two separated 

clusters marked by the values 1 and 2 in the array A, identified from the image shown in 

Figure 6.6.

6.3.3 Cluster centroid calculations

Having found the two clusters decoded from the image file, the centroids (Xc, yc) of the 

two clusters can be evaluated using the light intensity weighted method. The formula is 

given as follows:

E i . y .
n=l n=l

1 ' .  E l .
V n=] i=n J

(6-6)

where f  is the light intensity; p denotes the pixel numbers in a cluster. In the program, the 

formula above was written as follows:
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Yc )  =

X O (i,j)(i + 0.5) j}G (i,j)(j + 0.5)
n=l n=]

^ G ( i , j )  S G ( i , j )
V n=l n=l

(6-7)

where i is the pixel address in x-direction; j is the pixel address in y-direction; G(i,j) is the 

grey level array representing the light of intensity and (Xc, yc) denotes the pixel address at 

the centre. The program was designed only to process cases with two separated spots in 

the images. In the analysis of the present data, more than 99 % of the image files were 

successfully recognised and two laser spots were separated by the program. For those 

images with hidden or blurred spots causing program failure, the centre points of the spots 

were checked and digitised manually.

6.4 Wave signal analysis

6.4.1 Wave slope

The discrete data set of centroids (xc, yc) digitised from the successively stored image files 

can be converted to a time series of spot displacements on the screen. The origin point (Xq, 

yo), representing the stationary water surface, was obtained by averaging all the centroid 

points in the data set. As mentioned in Sec. 5.6.1, 5 cm grids were drawn on the paper 

target from which a pixel distance in the image is equal to 0.21 mm. Thus, the actual spot 

displacement on the target was calculated as the difference of (Xc, yc)-(Xo, yo) represented 

by (Xd, yd) times the scale of 0.21 mm. The present study is interested in the principal 

direction of wave propagating. Therefore, only the wave slope in the longitudinal direction 

was accessed.

Figure 6-11 shows the geometry of a laser beam travelling from a laser source, reflected 

by the water surface with a gradient ±0 in x-direction, turned the direction by the mirror, 

and finally projected on the target. The laser beam was inclined an angle, a. The mirror 

was set an angle 45°-a/2 to the horizontal in order to turn the laser beam parallel to

horizontal. From geometry, lines A R , B R , and CR are equal to lines AR , BR , and

CR respectively and the wave slope is given by:
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Figure 6-11 Geometry of the laser beam travelling from the laser source to the target.

0 = —tan ' —  
2 L

(6-8)

where Xd is the displacement in the target; L is the distance of O BR', which is equal to

OBR. The laser beam was set up to be 0^4° in the experiment. Since the angle was 

small, L was measured through the vertical distance from water surface to the mirror 

adding the horizontal distance from mirror to the target.

6.4.2 Fourier analysis for the dominant component

The wave signal grabbed by the high-speed video camera constituted an equally spaced 

time series of a slope record 0n(t). In the wave flume of finite water basin, the wave 

generator and the wind force acting on the water surface produced a water level set-up 

which added an additional slope to the slope signal 0^(t). Thus, before the calculations of 

the wave height and phase velocity, a linear line was fitted to the surface displacement
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using the least square procedure to remove the water set-up (Bendat & Piersol 2000) and 

hence the water level was corrected back to horizontal.

As mentioned before, the present study is focused on the growth and decay of the wave 

height and the corresponding phase velocity at the dominant frequency fo generated 

mechanically by the diaphragm. Subsequently, the time series of the wave slopes 0„(t) 

was separated into its harmonic components using Fourier analysis to obtain the wave 

height and phase velocity at the dominant frequency. Provided 0(t) is a continuous 

periodic function of t, with period T, 0(t) can be expressed by an infinite trigonometric 

series as follows:

e(t) = ao + ^ |^ a , c o s ^ ^  + b , s i n ^ S j  (6-9)

where q is an integer number denoting the qth harmonic component; ao, a ,̂ and bk are 

Fourier coefficients given by

a. = 8(t)dt (6-10)

a 8 ( t ) c o s ^ d t  (6-11)
9 xJ-T/2 X

b = - f  8 ( t ) s in ^ ^ d t  (6-12)
J J - T I 2  X

For the real measured slope record 0^(t) which was sampled into N equal divisions in 

time T,

0 ,(t) = O(nAt) n = l , 2 ,  ,N (6-13)

where the At is the sampling interval, the discrete Fourier series representing On(t) is

0,(t) = a o - l - X ( ^ a ,c o s ^ ^ - l - b ,s in ^ ^ j  (6-14)
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and the Fourier coefficients are given by

= 8  =  0 (6-15)
^  n=l

(6-16)

(6-11)
N t r  N

Equation (6-14) can be written in the form

8.(t) = E \ ( c o s ^ - t )  (6-18)
q=l

where

The data record was therefore described in terms of a combination of sinusoidal 

components with amplitude Aq and phase (j)q. Consequently, the dominant component

generated by the diaphragm at frequency fo had a the corresponding slope amplitude and 

phase velocity described by equations (6-19) and (6-20) and represented by (A), and

(ct))f̂  respectively.

The phase velocity of the principal waves can be evaluated from the phase difference 

between the twin laser beams given by

(# ) f .  =(4>)f,i -(4))f,2 (6-21)

as shown by two out-of phase beams in Figure 6-12. The distance between two 

beams projected on the water surface is termed as As=xi-X2 in the principal direction. For
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Figure 6-12 Phase difference represented by out-of-phase of two laser beams.

a water wave, the phase velocity, C, is the distance. As, divided by the time interval At=ti- 

Î2 during which the wave propagates between these two points, that is

^  X , - X 2 As
tj -  tj At

(6-22)

The time interval At is calculated from the phase difference (A(())f ,̂ given by

(# ) f .At =
2 n t

(6-23)

Substituting equation (6-23) into equation (6-22), the dominant phase velocity is 

represented by the formula as follows:

2jlfoAs

(A<D)f„
(6-24)

The wave height associated with the phase velocity can also be estimated. For a water 

surface elevation Ç(t), the slope is expressed by

dS(t)
dx

= 8(t) (6-25)

137



And the surface elevation is the integration of the wave slope

Ç(t) = Je(t)dx  = Je(t)C dt (6-26)

For a separated sinusoidal component 0(t) is a sinusoidal function with amplitude 

(A)fg and phase velocity , if ignoring the phase term, the wave elevation of the 

dominant component at the frequency fo is

Cf, (0  = J(A)f^ cos(27ifot)dt =  ̂ sin(27ifot) (6-27)
271To

Finally, substituting equation (6-24) into equation (6-27), the wave height is known as

2(A)r As

^  (A4)).

Equation (6-28) for wave height and equation (6-24) for phase velocity are the most 

important directly measured wave parameters in this experiment designing to be compared 

with be the theoretical predictions from linear instability theory. In the comparison of 

measurement and theoretical wave heights, an initial value is required for the integration of 

the predicted spatial growth rate with respect to distance. However, this initial value may 

not be the wave height at the first measurement station because the experimental variations 

may occur in every measurement point. As a consequence, the initial value was 

determined using a least square procedure to fit a theoretical fine to the data points. This 

least square procedure was also used to determine wave attenuation without wind action.
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CHAPTER 7 

THE PRELIM INARY TEST RESULTS

7.1 Introduction

The preliminary tests were carried out in the old walk-in wind tunnel. In spite of the 

simple facility settings, good experimental results were still obtained. The laminar 

boundary layer profiles were measured at a fixed point 1 m from the plate leading edge 

both over the flat plate and the water surface in the condition of a favourable pressure 

gradient. The monochromatic gravity-capillary water waves were generated at 5 and 12 

Hz and measured at three stations downstream, with the distance 37.5, 67.9 and 96.4 cm 

to the leading edge. The twin laser beam travelling distance from the water surface to the 

target was 1.71, 2.01, and 2.27 m respectively. As explained in Sec 5.6.2, the 12 Hz 

wave measurement failed due to the weak power of the laser source and the relative 

insensitivity of the colour high-speed video camera. Only 5 Hz waves were successfully 

observed and presented here. Because the image analysis method to find the centres of the 

two laser spots for the calculation of wave slopes were developed later than the 

preliminary tests, the laser spot centres were digitised manually. The phase velocities and 

wave heights were firstly calculated using a simple zero-crossing method and also 

assessed using Fourier analysis to separate the principal component. A comparison of the 

two methods is given here.

7.2 Laminar boundary layers in a favourable pressure gradient

In the working section enclosed by the walls on the table of the walk-in wind tunnel, the 

free-stream velocity increased along with the distance due to the growth of the boundary 

layer thickness, which reduced the cross sectional area of the fluid flow. Figure 7-1(a) 

shows the free-stream velocity increasing linearly with respect to distance over the flat 

plate as measured by the Pitot-static tube. Measurements of the velocity profile using both 

the total small head tube and Pitot-static tube are shown in Figure 7-1(b). The theoretical 

profile calculated from the Howarth solution described in Sec 3.2.2 with the corresponding
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Figure 7-1 Measurements on the flat plate: (a) The free-stream velocity distribution 
with respect to the distance; (b) Comparison of measurements and theoretical 
boundary layer profiles.
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Figure 7-2 Measurements on the water surface: (a) The free-stream velocity 
distribution with respect to the distance, (b) Comparison of measurements 
and theoretical boundary layer profiles.
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parameter was plotted as solid line in Figure 7-1(b) which lay below the Blasius profile 

in an accelerated flow. An implicit finite difference method (Schetz 1993) was employed 

for solving the boundary layer equations (3.7) and (3.8) directly and the result was also 

plotted in Figure 7-1(b). The difference between these two theoretical lines was small. It 

shows that the experiments are very good agreement with the theoretical value. Since the 

air density and viscosity can affect the dimensionless velocity profile, during the 

measurement, air temperature was measured by a thermometer and atmosphere pressure 

in London area was obtained through the website to correct the value of the air density and 

kinematic air viscosity.

The similar measurement over the water surface is demonstrated in Figure 7-2. The 

observation reveals that the formation of the air boundary layer is no different from the 

Howarth solution over the solid surface. Physically, when a wind blows over a water 

surface, a surface current is generated. The formation of the boundary layer profile will be 

slightly below the Blasius profile due to the moving boundary (Lock 1951, Sec 4.3.2). 

However, the measurement agrees well with the Howarth solution indicating that there 

was no surface current. The reason is because the length of the water tank was short, only

1.5 m long which caused a circulation on the water surface. In the local area of the 

measurement point, the water surface was nearly stationary. This was proved by dropping 

a piece of plastic on the water surface at the measurement position to act as a marker float. 

It may be concluded that on the development of a laminar boundary layer, the air-water 

interface plays a role the same as a solid boundary unless a surface current is generated.

The only previous work, as far as the author has been able to discover, to measure a 

laminar boundary layer over a water surface is that by Gupta, Landahl & Mollo- 

Christensen at MIT in 1968. This study was carried out in a wind tunnel with a water tank 

46 in. X 12 in. x 5.5 in. under the circumstance of a favourable pressure gradient. The 

velocity profiles were examined using a Preston tube with a cross section of 0.005 in by 

0.04 in. Figure 7-3 shows an example of their measurement results at a lower wind speed 

of 3.4 m/s. The difference between the experiment and theory was significant, especially 

in the region close to the boundary. For other two measurements at the stronger wind 

speed of 5.25 m/s and 6.4 m/s, the data showed similar patterns as in Figure 7-3. The 

explanations for the large discrepancy may be as follows. As mentioned by Gupta et al.
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Figure 7-3 Laminar boundary layer profile measured by Gupta, Landahl & Mollo- 
Christensen (1968) at the wind speed of 3.4 m/s.

(1968), the pressure tube reading was not corrected for the viscous, shear and wall 

proximity effects. Besides, the paper did not mention how to measure the static pressure 

which may have led to a larger error near the boundary as explained in Sec 5.4.2. 

Nevertheless, these two factors are unlikely to give rise to so large a disparity. Gupta et al. 

(1968) explained that at the highest free-stream velocity of 6.2 m/s, turbulent bursting was 

occasionally observed in the hot wire anemometer, indicating that the air flow may be in 

transition rather than laminar. Finally, in their experimental settings, a suction was 

introduced in front of and below the leading edge in order to control the boundary layer to 

be laminar. The suction can change the shape of the velocity profile and distribute it below
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the Blasius profile under zero pressure gradient condition (Schlichting 1979). Similarity, 

in Gupta et al.’s measurements, the profiles may be affected by the suction at the 

measurement positions.

7.3 Water wave measurement results

Figure 7-4 shows the measurements of the time series of the slopes and surface elevations 

of the free water waves with diaphragm-generated frequency 5 Hz at three stations. The 

slope and elevation curves without the wind action were regular and sinusoidal. Similar 

figures are shown in Figure 7-5 in which the waves were acted on by a wind speed of 3.75 

m/s. Under the laminar air flow shearing over the water waves, at station 2 and station 3 

the water waves gradually become irregular and grew significantly.

The corresponding wave heights and phase velocities with and without wind action are 

listed in Table 7-1 and 7-2. Table 7-1(a) and 7-2(a) were calculated using zero-crossing 

method. The surface elevations were obtained by means of integrating the wave slope 

using equation (6-26) after calculating the phase velocity using the equation (6-22). Table 

7-1(b) and 7-2(b) were obtained directly from wave slopes using Fourier analysis to 

separate the dominant frequency (equation 6-24 and 6-28). The discrepancy in both wave 

heights and phase velocities calculated using the two methods is less than 5 %. Since the 

error is insignificant, Fourier analysis was adopted to calculate the phase velocity and 

wave height for the later experiments in the new wind tunnel.

It is known that when a free water wave propagates downstream without energy source 

the wave height will decay in a wave flume due to the viscous, side walls and bottom 

dissipation. In the present tests, the water tank was 1.2 cm in depth and 72 cm in width. 

From the equations (3.60) to (3.63), the theoretical exponential decay for the 5 Hz 

wave in the tank is plotted in Figure 7-6. Since the 5 Hz water wave was a shallow water 

wave, the bottom friction contributed the majority of the damping rate. On the other hand, 

with the 72 cm wide tank, the dissipation caused by side walls is insignificant, as shown in 

the figure. The measurement result of the wave heights without the wind action is 

displayed in Figure 7-7. The solid theoretical Une was the solid Une in Figure 7-6 but 

taking the least square fit to the data points. Generally, the damping rate agreed with the
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Figure 7-4 Measurement of water wave slopes and their elevations without wind action, (a) 
surface slopes; (b) surface elevation; Generation frequency: 5 Hz.

(a)

Station Fetch (cm) Wave height (mm) Phase velocity (m/s)

1 7.5/9.Ô 0.077/0.0703 0.283

2 37.9/40.0 0.070/0.0626 0.311

3 66.4/68.5 0.073/0.0631 0.252

(b)

Station Fetch (cm) Wave height (mm) Phase velocity (m/s)

1 7.5/9.6 0.0792/0.0761 0.299

2 37.9/40.0 0.0732/0.0646 0.322

3 66.4/68.5 0.0728/0.0626 0.250

Table 7-1 Wave heights and phase velocities without wind action, (a) calculated from 
Figure 7-4 (b) using zero-crossing method, (b) calculated from Figure 7-4(a) 
using Fourier analysis to separate the dominant frequency.
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Figure 7-5 Measurement of water wave slopes and their elevations with wind action. (Uo 
= 3.75 m/s) (a) surface slopes; (b) surface elevation; Generation frequency: 5 Hz.

(a)

Station Fetch (cm) Wave height (mm) Phase velocity (m/s)

1 7.5/9.Ô 0.079/0.0778 0.288

2 37.9/40.0 0.107/0.0983 0.275

3 66.4/68.5 0.128/0.1370 0.283

(b)

Station Fetch (cm) Wave height (mm) Phase velocity (m/s)

1 7.5/9.6 0.078/0.0752 0.292

2 37.9/40.0 0.1124/0.1066 0.290

3 66.4/68.5 0.120/0.1311 0.274

Table 7-2 Wave heights and phase velocities with 3.75 m/s wind action (a)calculated from 
Figure 7-5 (b) using zero-crossing method; (b) calculated form Figure 7-5(a) using 
Fourier analysis to separate the dominate frequency.
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theoretical total dissipation rate. However, at station 3, the wave height is higher than at 

station 2. This may be due to the effects of the combinations of the reflected waves from 

the end of the tank and the diaphragm-generated comer and cross waves. This side-effects 

not only changed the value of the wave height but also the phase velocity. This can be 

seen from Table 7-1, without wind action, the phase velocity at the last station shows 

considerable variation as compared with the theoretical phase velocity 0.292 m/s.

In contrast. Figure 7-8 shows the normalized wave height with respect to the 

dimensionless distance, showing the growth in wave height under the action of the wind. 

The theoretical line integrated from the spatial growth rate, -ki , solved from the coupled 

Orr-Sommerfeld equations, shows very good agreement with the measurement results. 

Figure 7-9 displays the measured phase velocities. According to the linear stability theory, 

the phase velocity increases with respect to distance and the value is larger than those free 

water waves. However, the measurement shows a contradict result. The phase velocities 

with wind action are smaller than the values without wind action. It was suggested by von 

Gastel et al. (1985) numerical simulation that surface current can strongly affect the phase 

velocity. In the present short tank, a circulation was formed on the water surface which 

may explain the experimental results. In addition, the reflected wave may also change the 

phase velocities. Further discuss will be given in the next chapter together with the new 

measurement results.

However, the paucity of experimental measurements makes it difficult to draw positive 

conclusions that the growth process in the initial stage is dominated by linear instability 

mechanism at the present preliminary test. Moreover, the present numerical model is 

restricted to the conditions with case of zero pressure gradient and no the bottom 

dissipation. Neither hold for the present experimental conditions. Thus, a wind tunnel 

with a longer fetch, zero pressure gradient and deep water condition is necessary. 

Observations of different generated frequency water waves acted on by wind can provide 

more confidence in the testing of linear instability theory because, according to theory, the 

wave growth rates are dependent on wave frequency. Extension of the preliminary tests 

was conducted in the new low turbulence wind tunnel. Measurement results and 

discussion will be given in the next Chapter.
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CHAPTER 8 

THE NEW TEST RESULTS AND DISCUSSION

8.1 Introduction

The previous experimental studies in the walk-in wind tunnel were extended in a new low 

turbulence wind tunnel. There were three major differences from the former tests. First, a 

new built working section provided a longer distance to observe wave evolution. Second, 

the free-stream velocity in the working section was conditioned to be uniform. Finally, the 

depth of the wave tank was increased to 5.5 cm for which the perturbed water waves were 

in deep water. Besides, the wave heights generated in new experiments were smaller than 

those in the preliminary tests in order to maintain the linear instability mechanism as long a 

distance as possible.

Similar to the preliminary tests, the new experiments started with the tests on a flat 

plate. The cross sectional velocity distribution and the boundary layer profile were 

examined first. More attention was concentrated on measuring the laminar air 

velocity profile over the water surface at the wind speed of 3.77 m/s using the small 

total head tube. The behaviour of water waves was observed both with and without 

wind action. The majority of the experiments in terms of water wave growth was 

conducted at the wind speed of 3.77 m/s using five different generated frequencies of 

5, 7, 8 10, and 12 Hz. In addition, 5 and 10 Hz water waves acted on by the wind 

speed of 2.35 m/s were also measured. As explained in Chapter 5, the new powerful 

laser source in conjunction with a monochromatic high-speed video camera was 

employed for the new measurements at seven stations downwind with distance 0.4, 0.9, 

1.2, 1.55, 1.9, 2.2, and 2.5 m from the leading edge respectively. The relative distance 

between the laser source, target paper, and high-speed video camera was rigidly fixed and 

moved coincidentally on the rail over the wind tunnel. The beam travelling distance was 

set to be 1.82 m from the water surface to the target. The methodology of processing the 

raw experimental data illustrated in Chapter 6 was used here to obtain the required 

information of the boundary layer profile and wave celerity and height.
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Figure 8-1 Velocity distribution in the centre line with a distance x=-25 cm. x=0 is 
the tip of the leading edge.

8.2 New wind tunnel testing

8.2.1 Cross section velocity distribution

Since the new wind tunnel was used for the first time in these tests, before the 

measurements over the water surface, the air flow characteristics were examined over the 

flat plate. Figure 8-1 exhibits the velocity distribution at the centre line, 25 cm upstream 

of the leading edge. The steadiness of the free-stream flow was within ±1% . The level 

y=0 was the surface of the flat plate. The figure shows that the velocity slightly decreases 

with the vertical height. This is one of the requirements in the design of the wind tunnel. 

With the louver and honeycomb inserted in the upper part of the plate at the outlet section 

in the rear of the wind tunnel, the air flow at the leading edge was forced to flow slightly 

downwards which avoided separation and kept the flow laminar.

The cross section velocity distributions are shown in Figures 8-2, 8-3 and 8-4 at distances 

0.40, 1.42, and 2.42 m from the leading edge. Five locations in spanwise direction were
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Figure 8-2 Cross section velocity distribution at x=0.40 m. z: the spanwise direction
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Figure 8-3 Cross section velocity distribution at x=1.42 m. z: the spanwise direction
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Figure 8-4 Cross section velocity distribution at x=2.42 m. z: the spanwise direction.

measured using Pitot-static tube. In Figures 8-2 and 8-3, the velocities are uniform below 

y=20 cm at five spanwise stations. Above y=20 cm, the air flow was retarded by the 

suspended plywood, forming another boundary layer in the upper part of the tunnel. In 

this region at the centre line, the velocity distribution is considerably slower than those 

beside it. This was caused by the longitudinal slots covered by brush seal used as the 

assessment ports aligned with the centre line of the tunnel on the plywood. The air flow 

was sucked through the porous brush seals and the velocity beneath them was 

considerably reduced. In figure 8-4 at x=2.42 with the spanwise z=±41 cm, 11.5 cm from 

the tunnel side walls, non-uniformity of the velocity distributions is observed, revealing 

secondary flows caused by the four comers, which slow down the wind velocity. Because 

the designed distance between the water basin and the walls is 17.5 cm, and the water 

waves were measured up to x=2.5 m, generally, the air flow in this observation region 

with the height below 20 cm is uniform. Thus, the new wind tunnel is sufficient for the 

present objectives of the wind-wave interaction study. The continuous development of the 

com er flow further downstream will gradually contaminate the stream wise laminar flow.
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This could be addressed by means of suction slots on the side walls to remove the 

disturbances caused by the comers.

8.2.2 Boundary layer measurement over the flat plate

Before the plywood internal roof was installed into the working section to condition the air 

flow, the boundary layer development over the flat plate was examined in the presence of 

the pressure gradient. The purpose for this measurement was to assess if a laminar air 

flow had been achieved in the new wind tunnel. Due to the affect of the refurbishment of 

Civil and Environmental Engineering Department in Chadwick Building during this time, 

only a quick test was allowed and the velocity profile at four stations was measured. A 

higher wind speed, 5.5 m/s at x=0.5 m, was used to test how long was the distance that 

the laminar boundary layer was able to be kept. The experimental results measured by the 

Pitot-static tube are shown in Figure 8-5. Figure 8-5(a) displays the increase of the free- 

stream velocity with distance along the tunnel, denoting a favourable pressure gradient in 

the working section which is analogous to the preliminary tests. A linear Une was used to 

fit the measurement points to obtain the slope and hence the Howarth parameter x^. 

Figure 8-5(b) shows the measurements of the velocity distributions and the corresponding 

Howarth solution at the same values of x^. At the first three stations, the results are 

consistent with the Howarth solution. However, at the fourth station, x=4.5 m, the 

experimental measurements deviate from the theoretical line. The distribution of the data 

points demonstrates a transition stage. Thus, the laminar flow can be maintained at the 

Reynolds number, Re%, between 1.3 x 10^ and 1.8 x 10^. The value exceeds the traditional 

estimation at which the transition occurs between Rex=3xlO^ to 10^. This is because 

the favourable pressure gradient can greatly reduce the fluctuations inside the boundary 

layer (Schubauer and Skramstad 1947) and the laminar flow is therefore more stable.

A uniform free-stream velocity was achieved after the plywood was inserted in. The level 

was adjusted using the adjusting screws every 30 cm downstream where the velocity was 

monitored using the Pitot-static tube. Figure 8-6(a) shows a uniform velocity distribution 

in the longitudinal direction. To consist with the wind speed used in the preliminary tests, 

the velocity was controlled to be 3.77 m/s. The velocity profiles in the absence of the
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Figure 8-6 (a) Uniform velocity distribution with respect to distance adjusted by
plywood over the flat plate (b) Laminar boundary layer profiles measured 
by the Pitot-static. x: distance from the leading edge.
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pressure gradient is presented in Figure 8-6 (b). The experiments agree well with the 

theoretical Blasius profile. It is found that the whole profile at x=0.35 m is lay above the 

theoretical line. This is probably an error, approximate 0.1 mm, in the measurement of the 

gap between the bottom of the tube and the solid surface using the telescope, shifting the 

whole profile upwards. From the observations over the plate with zero pressure gradient, 

the laminar air flow can be maintained at least to a Reynolds number Re%= 6.8x10^ of 

which the Blasius profile is maintained 2.7 m from the leading edge at the wind speed of 

3.77 m/s. The distance is long enough for the present study of the initiation of the wind- 

wave interaction. This indicates the successful design of the new wind tunnel meeting the 

original requirements that it should be simple and economic.

8.3 Boundary layer measurement over the water surface

Because the wave growth rate calculated from the Orr-Sommerfeld equations is highly 

sensitive to the shape of the boundary layer profile (von Gastel et al. 1985, Morland & 

Saffman 1993) as reviewed in Chapter 2, a precise measurement of the velocity 

distribution developing over the water surface is crucial input to give correct information 

of the characteristics of the boundary layer profile for the present numerical simulation. 

The velocity profiles were measured at 7 stations where the water waves were also 

measured. To explore the air flow as close to the water surface as possible, the small total 

head tube was used instead of the Pitot-static tube.

Figure 8-7(a) shows a uniform free-stream velocity distribution with respect to distance 

with the wave tank full of water. The free-stream velocity did not change with the change 

in boundary from solid to water surface. The measurements of the velocity profiles were 

plotted in Figure 8-7(b) together with the Blasius profile and the Lock profile. The results 

give very good agreement with the theory. Since the difference between the two 

theoretical profiles is less than 2 %, due to experimental variations, it is difficult to judge 

which theoretical line has better agreement with the observations. Nevertheless, if the 

experimental data is examined in detail, it shows a trend that the data points are closer to 

the Lock solution at the lower part where the dimensionless height T| < 1.5. This suggests 

that the wind generated a surface current, which brought the profile lower than the Blasius
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Figure 8-9 Laminar boundary layer profiles over the water surface with the free- 
stream velocity 2.35 m/s measured by the small total head tube, x: distance 
from the leading edge; F: fetch.

profile in the lower part. On the other hand, with rj > 1.5, the data tends to agree better 

with the Blasius solution. In L ock’s theory, the laminar air flow remains uniform until it 

meets the water surface (Figure 3-2). However, in the present wind tunnel experiments, 

due to the solid leading edge and a flat extension area (25 cm in length), the Blasius profile 

was first developed over the flat solid surface (the solid circle in Figure 8-7(b) and then 

sheared over the water basin. Consequently, the upper part of the profile may still keep 

the shape of the Blasius profile. The error between the measurements and the Lock profile 

is small, generally about 3 %. The experiments here are the first to examine a formation of
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the laminar boundary layer over a water surface in absence of pressure gradient and the 

Blasius type profile (the Lock profile) is confirmed. As a result, the theoretical Lock 

profile is considered to be appropriate as the input to Orr-Sommerfeld equation for the 

present laminar numerical model. Figure 8-8 describes the laminar boundary layer growth 

from the solid surface to the water surface in dimensional form at eight measurement 

stations.

Since the experiments on water wave growth were also carried out in a weaker wind speed 

of 2.35 m/s, the velocity profile at this wind speed was measured at the first and last 

stations to ensure that the flow was still laminar. Figure 8-9 plots the experimental results 

which again show good agreement with the theory.

8.4 Water wave measurements

8.4.1 Water wave evolution without wind action - wave attenuation

The evolution of the diaphragm-generated long-crested gravity-capillary waves was 

observed firstly without the wind action. Figures 8-10 to 8-14 display the wave slope 

profiles measured by the twin laser beam with the perturbed frequencies of 5, 7, 8, 10, and 

12 Hz. The two beams gave two independent and out of phase signals. The 

corresponding wave heights, phase differences, and phase velocities in the dominant 

component calculated from Fourier analysis are listed in Tables 8-1 to 8-5. It is seen that 

the phase shift increases with the increase of the wave frequency due to the decrease of the 

wave length.

In Figure 8-10, for 5 Hz waves, at station 1 and 2, the wave profiles are not a good 

sinusoidal form. This is because the diaphragm was installed below the trailing edge of 

the solid/water interface. Water waves were generated with a component propagating 

upstream, and these were broken and reflected by the tip of the sharp trailing edge. These 

reflected waves superimposed on the long-crested wave gave rise to the irregularity of the 

wave profile and it was detected by the great sensitive of the present laser measurement 

technique. As the waves propagated downstream, the irregularity decayed quickly and the 

wave train became a good sinusoidal form as shown at station 5, 6 and 7 in Figure 8-10.
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Figure 8-10 Time series of the water wave slopes at 7 stations without wind 
action, Generation frequency: 5 Hz.

station Fetch
(m)

Wave height 
(mm)

Phase difference 
(degree)

Phase velocity 
(m/s)

1 0.10/0.112 0.0328/0.0327 63.82 0.3385

2 0.40/0.412 0.0279/0.0266 67.22 0.3213

3 0.70/0.712 0.0454/0.0433 63.96 0.3377

4 1.05/1.062 0.0285/0.0282 63.35 0.3409

5 1.40/1.412 0.0283/0.0280 64.92 0.3327

6 1.70/1.712 0.0406/0.0407 60.07 0.3596

7 2.00/2.012 0.0387/0.0402 65.74 0.3286

Table 8-1 Corresponding wave height, phase difference and phase velocity at the
principal component calculated from Figure 8-10.
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Figure 8-11 Time series of the water wave slopes at 7 stations without wind 
action, Generation frequency: 7 Hz.

station Fetch
(m)

Wave height 
(mm)

Phase difference 
(degree)

Phase velocity 
(m/s)

1 0.10/0.112 0.0279/0.0264 104.66 0.2889

2 0.40/0.412 0.0235/0.0263 116.06 0.2606

3 0.70/0.712 0.0267/0.0240 111.66 0.2708

4 1.00/1.062 0.0213/0.0228 114.80 0.2634

5 1.40/1.412 0.0210/0.0186 114.99 0.2630

6 1.70/1.712 0.0160/0.0166 114.57 0.2640

7 2.00/2.012 0.0094/0.0102 114.40 0.2643

Table 8-2 Corresponding wave height, phase difference and phase velocity at the
principal component calculated from Figure 8-11.
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Figure 8-12 Time series of the water wave slopes at 7 stations without wind 
action, Generation frequency: 8 Hz.

station Fetch
(m)

Wave height 
(mm)

Phase difference 
(degree)

Phase velocity 
(m/s)

1 0.10/0.112 0.0161/0.0158 138.82 0.2490

2 0.40/0.412 0.0177/0.0153 125.22 0.2760

3 0.70/0.712 0.0112/0.0091 142.46 0.2426

4 1.00/1.062 0.0089/0.0095 144.75 0.2388

5 1.40/1.412 0.0106/0.0094 131.97 0.2619

6 1.70/1.712 0.0067/0.0080 137.67 0.2510

7 2.00/2.012 0.0054/0.0055 131.67 0.2625

Table 8-3 Corresponding wave height, phase difference and phase velocity at the
principal component calculated from Figure 8-12.
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Figure 8-13 Time series of the water wave slopes at 7 stations without wind 
action, Generation frequency: 10 Hz.

station Fetch
(m)

Wave height 
(mm)

Phase difference 
(degree)

Phase velocity 
(m/s)

1 0.10/0.112 0.0129/0.0127 176.24 0.2451

2 0.40/0.412 0.0093/0.0101 187.54 0.2304

3 0.70/0.712 0.0077/0.0077 187.43 0.2305

4 1.00/1.062 0.0061/0.0062 192.74 0.2241

5 1.40/1.412 0.0040/0.0038 185.71 0.2326

6 1.70/1.712 0.0038/0.0037 182.42 0.2368

7 2.00/2.012 0.0031/0.0031 178.96 0.2414

Table 8-4 Corresponding wave height, phase difference and phase velocity at the
principal component calculated from Figure 8-13.
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Figure 8-14 Time series of the water wave slopes at 7 stations without wind 
action, Generation frequency: 12 Hz.

station Fetch
(m)

Wave height 
(mm)

Phase difference 
(degree)

Phase velocity 
(m/s)

1 0.10/0.112 0.0159/0.0166 219.65 0.2360

2 0.40/0.412 0.0132/0.0122 221.29 0.2343

3 0.70/0.712 0.0083/0.0087 222.75 0.2327

4 1.00/1.062 0.0048/0.0052 224.34 0.2311

5 1.40/1.412 0.0033/0.0035 219.64 0.2360

6 1.70/1.712 0.0021/0.0020 215.15 0.2410

7 2.00/2.012 0.0020/0.0022 226.43 0.2290

Table 8-5 Corresponding wave height, phase difference and phase velocity at the
principal component calculated from Figure 8-14.
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These small disturbances riding on the long-crested waves were not observed in the 

preliminary tests as shown in Figure 7-4. Although the trailing edge was changed from 

the flexible metal shim to rigid sharp brass, the function to bridge the water/solid interface 

of these two materials was basically the same. It was found in the new experiments that 

even for a very slightly contaminated water surface, the small reflected waves damped out 

rapidly. Through the high-speed video camera, the laser spot movement exhibited a 

smooth trace on the monitor at the first station, representing a sinusoidal wave profile. It is 

possible that the water was contaminated in the preliminary tests because fresh water was 

stored in a one litre bucket and then poured into the wave tank. Moreover, the shim was 

attached at water/solid interface using vaseline. An oil film was spread out on the water 

surface around the shim which obviously damped out the small reflected waves. In spite 

of initially corrupted wave form for the 5 Hz waves, the principal component can clearly 

be recognised and can be separated by Fourier analysis. For the higher frequency waves 

from 7 to 12 Hz as displayed in Figures 8-11 to 8-14, the disturbances caused by the 

trailing edge are not as significant as at 5 Hz wave. The slope amplitude generally has a 

good sinusoidal form. A dramatic decrease of slope amplitude is observed for frequencies 

larger than 7 Hz when the waves travel downstream.

Visualisation showed that high frequency waves damped out rapidly, especially with a 

contaminated water surface. For example, with a light projecting on the water surface, the 

shadows of the long-crested waves at 12 Hz on the bed were clearly seen at fetches longer 

than 2 m in a clean water surface environment. In contrast, the shadows were not clearly 

observed or even totally disappeared at short fetches within 0.4 m in the case of slightly 

polluted water surface. This finding was used to judge whether the water in the wave tank 

was clean enough or not during the measurements.

The comparison of wave attenuation between the theoretical exponential decay (equation 

3.65) for a gravity-capillary wave and the experimental results is shown in Figures 8-15 to 

8-19. As in Sec. 7.3, the wave heights were normalised by the wave height at station 1 of 

the first beam measurement. Unlike die preliminary tests in shallow water, where 

dissipation was primarily due to bottom friction, in the new tests, viscous dissipation was 

the major mechanism responsible for the wave attenuation. Side wall friction has a 

secondary effect but there was no contribution from bottom friction because of the deep
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Figure 8-15 Comparison of wave height decay between theory and experiment 
without wind action; Generation frequency: 5 Hz.
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Figure 8-16 Comparison of wave height decay between theory and experiment 
without wind action; Generation frequency: 7 Hz.
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Figure 8-17 Comparison of wave height decay between theory and experiment 
without wind action; Generation frequency: 8 Hz.
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Figure 8-18 Comparison of wave height decay between theory and experiment 
without wind action; Generation frequency: 10 Hz.
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Figure 8-19 Comparison of wave height decay between theory and experiment 
without wind action; Generation frequency: 12 Hz.

water conditions. Figure 8-15 shows the comparison for the 5 Hz waves. Considerable 

scattering about 25% to the theoretical line is observed. As explained in Sec 7.3, this is 

because the vibration of the diaphragm not only generated the two-dimensional waves 

propagating in the streamwise direction, but also produced cross waves travelling in 

spanwise direction and the comer waves propagating about 45° to the axis direction. The 

combination of these three waves led to the observed wave height variation with distance. 

However, the preliminary tests for the same frequency at 5 Hz had less scattering, even 

with the effect of the reflected waves from the end of the wave tank. This may be 

because the shallow water condition and the contaminated water reduced the side- 

effects caused by the cross and comer waves. The scattering is only significant for the 

lower frequency waves at 5 Hz. Figures 8-16 and 8-17 for the 7 Hz and 8 Hz waves 

show less scattering and good agreement with theory. Very good agreement is shown in 

Figures 8-18 and 8-19 for the 10 Hz and 12 Hz waves, indicating nearly no side-effects at 

high frequencies.
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Figure 8-20 Phase velocities at the dominant and higher order components in 
comparison to theoretical values.

The averaged phase velocities at 7 stations listed in Tables 8-1 to 8-5 and normalised by 

the minimum phase velocity at 13.45 Hz are displayed in Figure 8-20. The phase 

velocities at the second and third harmonic components of the dominant mechanical waves 

were separated using Fourier analysis to extend the frequency domain from 12 Hz to 36 

Hz in order to test the existence of the minimum phase velocity due to the balance of the 

gravity force and the surface tension force. The results shown in Figure 8-20 are very 

good and consistent with the theoretical curve.

The experimental results for the monochromatic gravity-capillary water waves evolving 

downstream without wind action demonstrate the very high accuracy of the present 

measurement system. For example, the wave height at 12 Hz is only 16 micron at the first
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station and damped to 2 micron at the last station; these were successfully measured by the 

twin laser beams and precisely detected by the image analysis. The agreement with theory 

for the high frequency waves means that the water was controlled in a very clean 

environment. During the experiments, after finishing the measurement at every station, 

fresh water was supplied into the wave tank for 30 minutes, about 2 mm water 

overflowing through the ports at the end of the wave tank. To keep the water clean is very 

important in the later measurements of wave growth under wind action. If a surfactant 

forms on the water surface, the wave growth rate will be significantly reduced due to 

surface tension gradients caused by the film material (Creamer & Wright 1992 and Saetra 

1998) which was not included in the present numerical model. Because the clean water 

was extremely sensitive to any disturbances, the experiments were carried out at night to 

avoid the noise and hence vibration caused by the building refurbishment.

Laser slope

Wire amplitude

1.25 Sec

Figure 8-21 Comparison of the wire amplitude and the laser slope, for the wind speed of 
4.5 m/s and the fetch of 14.5 m. Wire diameter: 0.075 mm. (Lange et al. 1982)

Traditionally, for small-scale waves, the wave height is measured using a wire gauge. The 

drawbacks are that the meniscus effects at the contact boundary on the wire restrict the 

spatial resolution, especially for high frequency waves (Sturm & Sorrell 1973, Tober, 

Anderson, & Shemdin 1973, Lange et al. 1982). Figure 8-21 demonstrates an example of 

comparison between a wire gauge and a refracted laser beam measurement, reported by
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Lange et al. (1982). The plot illustrates that the optical m ethod has much higher 

sensitivity to tiny ripples. The reflected laser beam used in the present study is even more 

sensitive than the refracted method and, in conjunction with the high-speed video camera, 

high resolution can be achieved. The advantage of the wire gauge m easurem ent is to 

directly assess wave amplitudes rather than slopes. However, with wave height as small 

as only a few microns in the present experiments, the wire gauge is unlikely to be able to 

measure it accurately. With the design of the two adjacent laser beams, the phase velocity 

is obtained directly from the out of phase spot movement and the wave amplitude is 

calculated through the integration of the wave slopes.

8.4.2 W ater wave development with wind action

When a laminar air flow moves over a long-crest water wave, the downstream  water wave 

evolution has been observed to be similar to the process of unstable Tollmien-Schlichting 

waves transition to turbulent flow over a rigid plate, as illustrated in Figure 8-22. Figure 

8-23 gives an example of this phenomenon in which a 12 Hz water wave was acted on by

0  @ @ 0

Figure 8-22 Sketch of laminar-turbulent transition process on a flat plate: (1) 
stable laminar flow; (2) unstable Tollmien-Schlichting waves; (3) three- 

dimensional waves and vortex formation (A-structures); (4) vortex decay; (5) 
formation of turbulent spots; (6) fully turbulent flow (White 1974, Schlichting 
& Gersten 2000).
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(a)

(b)

(c)

Figure 8-23 Evolution o f 12 Hz two-dimensional water wave with an initial wave height 0.2 
mm (estimated) sheared by a laminar air flow with the ffee-stream veloeity of 4.5 m/s in 
a steady state. Fetch (a) 0-0.5 m (b) 0.9-1.4 m (c) 1.8-2.4 m.

174



a laminar wind with free-stream velocity of 4.6 m/s. To clearly visualise wave evolution in 

a short distance, the initial wave height was controlled to be about 0.2 mm.

Figure 8-23(a) shows a two-dimensional wave train with fetch between 0 to 0.5 m. At this 

initial stage, the wave pattern is maintained as two-dimensional. It is similar to the growth of

the two-dimensional ToUmien-Schlichting waves at stage (D in Figure 8-22 in which the wave 

growth rates have been confirmed to be predicted by linear instability theory. The photograph 

shows the long streaks, which appears to be the wind generated Langmuir circulations 

(Melville, Shear & Veron 1998). In Figure 8-23(b) with the fetch between 0.9 and 1.4 m, the 

wave profile is in transition to a three-dimensional form with spanwise variations. This is 

analogous to the breakdown of the Tollmien-Schlichting waves and formation of the three- 

dimensional waves and vortex, A-structures, at stage (D in Figure 8-22. As the water waves 

propagate further downstream. Figure 8-23 (c) shows fully three-dimensional cell-like patterns 

and decay of the wave amplitude. This may be similar to ®  and (D in Figure 8-22 in which A- 

structures break down, wave amplitude decays and turbulent spots occur. At these stages, the 

growth mechanism is non-linear. Since the object of the present experiments is to test linear 

instability theory, it is better to generate a wave with small steepness under a weak wind action 

so the linear growth mechanism can be maintained over a longer distance for the convenience of 

experimental observations. In the new experiments, both the wave heights and wind speeds 

were controlled smaller than the example given in Figure 8-23.

Although the fan-induced vibration on the wind tunnel had been largely eliminated by the 

introduction of a gap between the outlet section of the wind tunnel and the fan, the ambient 

vibration still excited cross waves having a dominant frequency of about 8 to 10 Hz in the 

wave tank filled with clean water. Since their amplitudes were much smaller than the 

diaphragm generated long-crested waves and both of them had small steepness, the non

linear wave-wave interaction was negligible. However, the cross waves gradually grew 

downstream and introduced a component in the streamwise direction due to the wind and 

current interaction. For a distance larger than about 2 m from the leading edge, the long- 

crested waves were gradually contaminated. The growth of the cross waves led to the 

intersections and blurs of the two laser spots. The image analysis program failed to 

identify the spot centres at station 7 at the wind speed of 3.77 m/s.
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Figure 8-24 Time series of the water wave slopes at 6 stations with 3.77m/s wind 
speed; Wave generation frequency; 5 Hz.

station Distance
(m)

Wave height 
(mm)

Phase difference 
(degree)

Phase velocity 
(m/s)

1 0.60/0.612 0.0355/0.0360 61.81 0.3495

2 0.9/0.912 0.0387/0.0369 59.20 0.3649

3 1.20/1.212 0.0796/0.0736 56.06 0.3853

4 1.50/1.562 0.0669/0.0609 57.32 0.3768

5 1.90/1.912 0.0684/0.0658 65.04 0.3518

6 2.20/2.212 0.0925/0.0943 59.47 0.3632

Table 8-6 Corresponding wave height, phase difference and phase velocity at the 
principal frequency calculated from Figure 8-24. (Distance: distance to the 
leading edge.)
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Figure 8-25 Time series of the water wave slopes at 6 stations with 3.77m/s wind 
speed; Wave generation frequency: 7 Hz.

station Distance
(m)

Wave height 
(mm)

Phase difference 
(degree)

Phase velocity 
(m/s)

1 0.60/0.612 0.0298/0.0301 98.85 0.3059

2 0.90/0.912 0.0417/0.0427 96.05 0.3148

3 1.20/1.212 0.0402/0.0399 107.27 0.2819

4 1.50/1.562 0.0652/0.0639 101.27 0.2986

5 1.90/1.912 0.0645/0.0603 90.15 0.3355

6 2.20/2.212 0.0845/0.0916 98.18 0.3080

Table 8-7 Corresponding wave height, phase difference and phase velocity at the
principal frequency calculated from Figure 8-25.
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Figure 8-26 Time series of the water wave slopes at 6 stations with 3.77m/s wind 
speed; Wave generation frequency: 8 Hz.

station Distance
(m)

Wave height 
(mm)

Phase difference 
(degree)

Phase velocity 
(m/s)

1 0.60/0.612 0.0167/0.0176 128.52 0.2689

2 0.90/0.912 0.0242/0.0205 109.04 0.3170

3 1.20/1.212 0.0205/0.0194 122.85 0.2841

4 1.50/1.562 0.0246/0.0257 121.35 0.2848

5 1.90/1.912 0.0375/0.0436 121.65 0.2841

6 2.20/2.212 0.0399/0.03510 106.76 0.3237

Table 8-8 Corresponding wave height, phase difference and phase velocity at the
principal frequency calculated from Figure 8-26.
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Figure 8-27 Time series of the water wave slopes at 6 stations with 3.77m/s wind 
speed; Wave generation frequency: 10 Hz.

station Distance
(m)

Wave height 
(mm)

Phase difference 
(degree)

Phase velocity 
(m/s)

1 0.60/0.612 0.0139/0.0140 164.06 0.2633

2 0.90/0.912 0.0127/0.0138 172.85 0.2499

3 1.20/1.212 0.0165/0.0186 154.60 0.2794

4 1.50/1.562 0.0174/0.0183 152.56 0.2832

5 1.90/1.912 0.0290/0.0295 150.13 0.2719

6 2.20/2.212 0.0042/0.0076 147.23 0.2934

Table 8-9 Corresponding wave height, phase difference and phase velocity at the
principal frequency calculated from Figure 8-27.
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Figure 8-28 Time series of the water wave slopes at 6 stations with 3.77m/s wind 
speed; Wave generation frequency: 12 Hz.

station Distance
(m)

Wave height 
(mm)

Phase difference 
(degree)

Phase velocity 
(m/s)

1 0.60/0.612 0.0175/0.0184 202.21 0.2564

2 0.90/0.912 0.0197/0.0198 200.08 0.2591

3 1.20/1.212 0.0195/0.0233 185.85 0.2789

4 1.50/1.562 0.0204/0.0186 167.82 0.3089

5 1.90/1.912 0.0097/0.0125 197.61 0.2623

6 2.20/2.212 0.0078/0.0042 253.44 0.2045

Table 8-10 Corresponding wave height, phase difference and phase velocity at the
principal frequency calculated from Figure 8-28.
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Figures 8-24 to 8-28 display the wave slope profiles with diaphragm-generated 

frequencies of 5 to 12 Hz under a wind speed of 3.77 m/s. The corresponding wave 

heights, phase differences and phase velocities are listed in Tables 8-6 to 8-10. An 

interesting phenomenon was observed at station 1, where there were seen to be capillary 

waves with very high dominant frequency (estimated about 100 Hz) superimposed on the 

mechanically generated water waves. These very tiny ripples were visualised through the 

distortion of the image of a light strip reflected from the water surface, showing that the 

wave features were basically two-dimensional. Observations through the telescope found 

that at the water/solid interface, the water surface formed a slightly concave shape due to 

the meniscus at the sharp brass trailing edge. By adjusting the water level to be higher 

than the trailing edge, forming a convex curve, the two-dimensional pure capillary waves 

were still found to be excited by the laminar wind. Whether the generation of these tiny 

waves is related to the meniscus caused discontinuity at the water/solid interface or it is a 

natural phenomenon in which the most unstable wave is perturbed firstly around 100 Hz 

requires further investigation.

It is very clear that these waves damp out very quickly. At station 2 with the fetch of 40 

cm, there was no indication of their existence. The tiny high frequency waves were not 

observed in the preliminary tests. As explained before, the water used in the previous 

experiments was not very clean, so, small and high frequency waves were not able to be 

generated.

Figures 8-24 and 8-25 for 5 and 7 Hz waves show amplification of the slope profile with 

downstream distance. The wave train observed from the shadow on the bed of the wave 

tank showed that the waves remained in two-dimensional, revealing in a linear growth 

stage. For the higher frequency waves at 8, 10 and 12 Hz, the wave profiles became 

irregular at station 6 and the slope amplitude decreased as compared with the station 5, as 

seen in Figures 8-26 to 8-28. Because of the ruffled water surface caused by the wind and 

the cross wave contamination, the shadows were not clear enough to judge if the waves 

were still two-dimensional at station 6. Through the Fast Fourier Transformation (FFT), 

the power spectrum showed a spike-like shape and the peak was located at the original 

diaphragm-generated frequency (Appendix C, Figures C-3 to C-5). Despite of the 

irregular wave profile, because the principal frequency was not shifted, the wave growth
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Figure 8-29 Time series of the water wave slopes at 6 stations with 2.35m/s wind 
speed; Wave generation frequency: 5 Hz.

station Fetch
(m)

Wave height 
(mm)

Phase difference 
(degree)

Phase velœity 
(m/s)

1 0.10/0.112 0.0323/0.0310 64.43 0.3353

2 0.40/0.412 0.0303/0.0291 63.04 0.3632

3 0.70/0.712 0.0578/0.0549 58.13 0.3716

4 1.00/1.062 0.0364/0.0399 59.32 0.3641

5 1.40/1.412 0.0582/0.0558 60.31 0.3582

6 1.70/1.712 0.0636/0.0627 59.75 0.3603

7 2.00/2.012 0.0479/0.0549 61.10 0.3535

Table 8-11 Corresponding wave height, phase difference and phase velocity at the
principal component calculated from Figure 8-29
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Figure 8-30 Time series of the water wave slopes at 6 stations with 2.35m/s wind 
speed; Wave generation frequency: 10 Hz.

station Fetch
(m)

Wave height 
(mm)

Phase difference 
(degree)

Phase velocity 
(m/s)

1 0.10/0.112 0.0103/0.0103 171.40 0.2520

2 0.40/0.412 0.0099/0.0105 160.60 0.2690

3 0.70/0.712 0.0060/0.0078 183.24 0.2536

4 1.00/1.062 0.0089/0.0105 151.61 0.2849

5 1.40/1.412 0.0086/0.0091 178.95 0.2414

6 1.70/1.712 0.0046/0.0050 147.13 0.2936

7 2.00/2.012 0.0065/0.0034 119.23 0.3623

Table 8-12 Corresponding wave height, phase difference and phase velocity at the
principal component calculated from Figure 8-30.
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process was still dominated by linear mechanism. This was proved by comparison the 

experimental wave height with the theory prediction, presented in later paragraphs.

Figures 8-29 and 8-30 and tables 8-11 and 8-12 present the measurements at the lower 

wind speed of 2.35 m/s and the corresponding parameters. The wave pattern at 5 Hz in 

Figure 8-29 is analogous to that in Figure 8-24 acted on by a stronger wind speed of 3.77 

m/s. For 10 Hz wave in Figure 8-30, the profiles at station 6 and 7 also show the 

irregularity and the amplitude damps out which is similar to the measurement at the speed 

of 3.77 m/s. The wave profiles appear show the breakdown of the long-crested waves, 

either by non-linear effects or contamination by the cross waves. However, FFT analysis 

shows that the dominant frequency does not shift (Appendix C, Figures C-6 and C-7).

Since the measured phase velocities listed in Tables 8-6 to 8-12 show values 

systematically smaller than the numerical predictions using the Lock profile (figures 

presented later) and, according to von Gastel et al. (1985), the phase velocity is sensitive to 

the wind-induced current, for these two reasons, the phase velocity and the spatial growth 

rate were re-examined assuming different shapes for the velocity profiles. These were

Surface current (Uo/Uac») Coefficient, c, of displacement 
thickness 5i in the air.

2.13% (The Lock profile) 1.6479

1.82% 1.6622

1.22% 1.6796

0.97% 1.6871

0.69% 1.6954

0.36% 1.7051

0.11% 1.7127

0.00% (The Blasius profile) 1.716

Table 8-13 Parameters of the surface current and displacement thickness in the air. 

0i = c ^v , x / U , _
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Figure 8-31 The spatial growth rates calculated from different values of surface 
currents; Wave frequency: 5 Hz; Uao= = 3.77ra/s.
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currents; Wave frequency: 12 Hz; Ua=o = 3.77m/s.
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Figure 8-34 The phase velocity distributions calculated from different values of 
surface currents; Wave frequency: 12 Hz; Uaoo = 3.77 m/s.
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formed by adopting different ratios of the surface current to the free-stream velocity, 

U(/Uaoo, by giving a larger value of viscosity in the lower layer through the integration 

procedures introduced in Sec 4.3.1 The more heavy fluid in the lower layer, the smaller 

the surface current generated by the wind. When the viscosity tends to infinite, there is no 

surface current, resulting in the Blasius profile. Table 8-13 lists the profiles produced for 

the present calculations.

Figures 8-31 and 8-32 give two examples of the calculated growth rate from the coupled 

Orr-Sommerfeld equations for 5 Hz and 12 Hz waves under the wind action of 3.77 m/s. 

With the surface current in the range 2.13% of the free-stream velocity to no current on the 

water surface, distributing the boundary layer from the Lock profile to the Blasius profile, 

the spatial growth rate at 5 Hz wave increases significantly, being a factor of 

approximately two. For the 12 Hz wave, the growth rate increases dramatically for 

distance x/ôi<130 and then greatly reduces for x/0i>130. It appears that the increase of 

boundary layer thickness in the air at the same location gives rise to a considerably large 

growth rate. In contrast, reducing the surface current is the major effect causing the 

growth rate to decrease for high frequency waves as the waves propagate further 

downstream. Consequently, not only the velocity profiles in the air but also the current in 

the water are factors in transferring energy form wind to waves. For high frequency 

waves, the water flow is more important than for low frequency waves. With a 

discrepancy of just 2% between the Lock profile and the Blasius profile, the model 

demonstrates that the water wave growth rate is extremely sensitive to the shape of the 

laminar Blasius type velocity profiles.

The corresponding calculated phase velocities are shown in Figures 8-33 and 8-34. The 

values consistently reduce with the decrease of surface current. It is known in the study of 

wave-current interaction (Jonsson 1990) that the existence of a current increases the phase 

velocity. The phase velocities under the wind action predicted by linear instability theory 

agree this phenomenon due to the wind generated surface current. Moreover, the 

results confirm the von Gastel et al.’s (1985) suggestion that the wind-induced surface 

current strongly affects the phase velocity. It is observed that when the current is 

close to zero, the phase velocities have values smaller than for the free propagating wave 

in the initial stage.
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Figure 8-35 Comparison of the experimental measurements and theoretical predictions 
of wave heights. Wind speed: 3.77 m/s; Wave frequency: 5 Hz.
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Figure 8-36 Comparison of the experimental measurements and theoretical predictions
of wave heights. Wind speed: 3.77 m/s; Wave frequency: 7 Hz.
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Figure 8-37 Comparison of the experimental measurements and theoretical predictions 
of wave heights. Wind speed: 3.77 m/s; Wave frequency: 8 Hz.
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Figure 8-38 Comparison of the experimental measurements and theoretical predictions
of the wave heights. Wind speed: 3.77 m/s; Wave frequency: 10 Hz
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Figure 8-39 Comparison of the experimental measurements and theoretical predictions of 
the wave heights. Wind speed: 3.77 m/s; Wave frequency: 12 Hz

As aforementioned, the spatial growth rate of water waves is extremely sensitive to 

the laminar velocity profile induced by the surface current. Since the wave-induced 

current was not measured in the present experiments and the model shows better 

agreement with the observed phase velocities if Uo/Uaoo=0.69%, two theoretical lines for 

the wave height distributions corresponding to the surface current Uo/Ua«,=2.13%, 

representing the Lock profile, and UcA^ao°=0.69%, were integrated to fit the new 

measurements.

The comparison of wave height growth for the 5 Hz waves acted on by the wind speed of 

3.77m/s is shown in Figure 8-35. The figure reveals that the measurements are in good 

agreement with the theoretical predictions and the agreement is better for the assumed 

surface current with Uo/Uaoo= 0.69%. In addition, the measurements of wave height at the 

same frequency from the preliminary tests are also plotted on the figure, presenting in a 

consistent form with the new measurements. Figures 8-36 to 8-39 shows the comparison
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between the measurements and two theoretical calculations for the wave frequencies from 

7 to 12 Hz. It is noted that as the wave frequency increases from 7 to 12 Hz, the 

experimental measurements show a continuous decrease of growth rate. This trend agrees 

well with the numerical predictions by linear instability theory. Moreover, the measured 

wave heights at different stations downstream are in good agreement with the theoretical 

predictions. Figure 4-11 shows that the most unstable wave with the maximum growth 

rate at distance between x/5i =220 to 440 is predicted between 5 and 7 Hz. This agrees 

with the experimental evidence that the maximum growth rate is observed at 7 Hz in 

Figure 8-36. The two theoretical wave height distributions at 7 and 8 Hz have less 

discrepancy as compared with the 5 Hz wave. However, the discrepancy becomes 

significant again at 10 and 12 Hz wave as shown in Figures 8-38 and 8-39. With a 

weaker surface current, Uo/Uaoo= 0.69%, the prediction demonstrates a faster decay of the 

growth rate. Particularly for the 12 Hz wave, the experimental data also show a distinct 

decay of wave height. A third theoretical Une is given, with Uo/Uaoo=0.00%, denoting the 

Blasius profile in the air, showing the systematic decrease of wave height due to the 

current effect.

Figures 8-40 and 8-41 introduce the comparison at a lower wind speed of 2.35 m/s. The 

experiments are in agreement with the numerical results. Both the measurements and 

theory show that the growth of the water waves at 5 Hz is smaller than that when acted on 

by the strong wind of 3.77 m/s. For 10 Hz, the decay mechanism dominates wave 

evolution and the wave height decreases constantly. A better agreement is suggested with 

the surface current between Uo/Uaoc=0.69% and 2.13%. Although an irregular wave form 

occurs at the last two stations, revealing contamination from cross waves, the 

measurements show that the wave development in the principal direction still follows the 

trend predicted by the linear instability mechanism.

For small-scale water waves acted on by wind, the temporal growth rate was expressed by 

Miles (1962) as follows:

S t = S a + C v  ( 8 - 1 )

where Çt represents the net growth rate; ^  represents the pure wind-induced growth rate;
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Figure 8-40 Comparison of the experimental measurements and theoretical predictions of 
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Figure 8-41 Comparison of the experimental measurements and theoretical predictions of
wave heights. Wind speed: 2.35 m/s; Wave frequency: 10 Hz
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and Çv represents the wave damping rate which is -2Vwk̂  for a deep water wave. 

Mathematically, in linear instability theory, the term ^  is dependent on the boundary layer 

profile. In Miles’ (1962) model, without considering the water flow, the air velocity 

profile is the only factor. For the coupled two-phase flow in the present laminar model, Q 

is a function not only of the velocity distribution in the air but also in the water and the 

wave-induced surface current.

Physically, as explained by previous researchers (Phillips 1977 and von Gastel et al. 

1985), pressure is the dominant force transferring energy from wind to waves through the 

component in phase with the wave slopes. Thus, the wind-induced wave growth rate, ^ , 

is coupled to the wave slope. A high frequency wave with high wave slope obtains more 

energy from the wind, resulting in a higher wind-induced growth rate. Ça , while the 

viscous damping agent, Çv, is also significant. Consequently, high frequency waves can 

abstract a large amount of energy rapidly. However, the total growth rate is positive only 

for a short distance because the damping mechanism becomes dominant as the wave 

propagates further downstream and the total growth rate turns to be negative. This 

explains the theoretical curves and experimental results in Figure 8-39 for the 12 Hz wave. 

Low frequency waves with smaller slopes abstract energy more slowly while the viscous 

damping is much smaller. As a result, the waves keep growing for a longer distance and 

the wave growth rate is at a maximum between 5 and 7 Hz for the wind speed of 3.77 m/s 

as described in Figures 8-35 and 8-36 respectively. The balance between the wind- 

induced growth rate and the viscous damping rate can illustrate the spatial growth rate 

curves in Figure 4-12; that is, why the maximum value of the growth rate decreases and it 

occurs further downwind distance as the decrease of the wave frequency. However, at a 

lower wind speed, this phenomenon may not happen due to the small amount of the energy 

input by the wind which is exceeded by the viscous damping rate particularly for the high 

frequency waves, showing a continuous decay in wave height for both theoretical and 

experimental results as shown Figure 8-41.

Comparison of the theoretical predictions and measured phase velocities for the 5 Hz wave 

acted on by the wind speed of 3.77 m/s is introduced in Figure 8-42 together with the 

preliminary test results. Good agreement is shown between the new measurements and 

the theoretical line with U(/Uaoo=0.69%. With a longer wave tank which allowed the wind-
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Figure 8-42 Comparison of the experimental measurements and theoretical predictions of 
phase velocities. Wind speed: 3.77 m/s; Wave frequency: 5 Hz.
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Figure 8-43 Comparison of the experimental measurements and theoretical prediction
of phase velocities. Wind speed: 3.77 m/s; Wave frequency: 7 Hz
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of phase velocities. Wind speed: 3.77 m/s; Wave frequency: 8 Hz
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velocities. Wind speed: 3.77 m/s; Wave frequency: 10 Hz
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of phase velocities. Wind speed: 2.35 m/s; Wave frequency: 10 Hz

induced current to flow downstream, the phase velocities were higher than those in the 

previous tests in which the short wave tank affected the formation of the surface current in 

the downwind direction. When the value of Uo/Uaoo is close to zero, namely, no surface 

flow, the simulation demonstrates that the phase velocity is smaller than the free water 

wave celerity (Figure 8-33). The preliminary tests in the walk-in wind tunnel show this 

trend. However, with a circulation on the water surface and the influence of reflected 

waves, the phase velocities are significantly smaller than the free propagation water wave. 

The experiments with two different conditions for the surface currents confirm that in the 

wind-wave interaction, the phase velocity is affected by the wind-induced surface current.

The other phase velocities measured at different frequencies and compared with theory are 

shown in Figures 8-43 to 8-46 at the wind speed of 3.77 m/s and in Figures 8-47 to 8-48 

at the wind speed of 2.35 m/s. In general, all new measurements at different frequencies 

show that the phase velocities have a slight tendency to increase with respect to distance. 

This is in agreement with the theoretical calculations. However, the measurements are
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Figure 8-49 Phase velocities under the wind action at the dominant and higher order 
components in comparison to theoretical values.

lower than the predictions using the Lock profile and the discrepancy is about 15 %. 

Good agreement with the theory is found by using the velocity profile with U(/Ua»== 0.69% 

at the water surface.

Figure 8-49 displays the relationship between the phase velocities under the wind action 

with frequency. In the manner analogous to Figure 8-20, the measurement phase 

velocities at higher order components were calculated using Fourier analysis. In order to 

eliminate the experimental variations, symbols plotted in the figure are the average values 

at all the measurement stations. The corresponding theoretical average values are 

represented by solid lines in the figure. The results show that the experiments agree well 

with the trend predicted by the theory with Uo/Ua«>= 0.69% at the water surface.
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Better agreement both in wave heights and phase velocities with the simulations at 

Uo/Uaoo= 0.69% suggests that the wind-induced current in the wave tank may be lower 

than Lock’s prediction of 2.13% of the free-stream velocity. In the theory, the water basin 

is unlimited while in the wind tunnel experiments, the limited boundaries such as side 

walls may reduce the surface flow. Moreover, under the wind action, the set-up of the 

water level may provide an additional resistance to a decrease the surface current due to 

gravity force. These two factors are not considered in Lock’s theory. Nelson et al. (1995) 

formulated a non-similar analytic solution for a laminar air flow shearing over a thin water 

layer on a flat plate. The solution showed that the interface height was proportional to 

and the surface current given by an example of their calculations is only about 0.14% of 

the free-stream velocity. The present experimental lay-out with a deeper water layer is 

different from the situation investigated by Nelson et al. (1995). However, their study 

rises the possibility of a smaller surface current than Lock’s prediction. A further study to 

make accurate measurements of the surface current and a numerical simulation is 

necessary.

Regarding the present numerical model, it is formulated from the coupled Orr- 

Sommerfeld equations which are based on the assumption of parallel flow. In other 

words, the boundary layer does not grow along with distance. This is different from the 

real experimental situation in which the laminar boundary layer grows over the water 

surface. Barry and Ross (1970) introduced a non-parallel flow theory in the investigation 

of the stability of the Blasius flow on a flat plate. With the modified Orr-Sommerfeld 

equation including the terms of the vertical flow, V(x,y) and the derivative of the 

streamwise flow in x axis direction, 9U(x,y) / Ox, the numerical simulation reported a 

reduction of the critical Reynolds number from 520 to 500, giving a better agreement with 

the measurements of Schubauer & Skramstad (1947) and Ross et al. (1970). If the non

parallel theory is extended to the present coupled air-water two-phase flow system, 

whether better agreement both in growth rate and phase velocity can be achieved by using 

the Lock profile, is another subject of the further simulation work.
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CHAPTER 9 

CONCLUSION AND FURTH ER RESEAR CH

The vast majority of previous studies of wind-wave interaction have been carried out in a 

turbulent air flow blowing over a still water surface or over a progressive water wave. To 

simplify the highly complicated turbulent flow, fundamental research of the air-water 

interface stability sheared by a laminar air flow has been carried out numerically and an 

experiment analogous to Tollmien-Schlichting experiment (Schubauer & Skramstad 1947) 

by perturbing the water surface was deigned to test the theory, commencing with an 

investigation of laminar boundary layer development over the flat water surface.

Assuming that the disturbances are small and that there is parallel shear flow, the present 

laminar model solves the Orr-Sommerfeld equations to reveal following:

1. The spatial wave growth rate varies with respect to the downwind distance because of 

the growth of the laminar boundary layer. This is different from a constant exponential 

growth rate sheared by a fully turbulent flow used in previous calculations.

2. The growth rates are dependent on the frequency of externally generated disturbances. 

The maximum value falls and occurs for a shorter fetch for decreasing wave frequency. 

This is explained by the balance of energy transferring from the wind and the dissipation 

mechanism due to viscosity in deep water.

3. The numerical simulation shows that the growth rate is extremely sensitively to the form 

of the laminar Blasius type profile. With the velocity profile modified to allow variation in 

the ratio of the surface current to the free-stream velocity, , from approximately 0

to 2.13%, the growth rate was dramatically changed by a factor of two.

4. The temporal growth rate calculated using the laminar Lock profile shows that the most 

unstable wave is fetch dependent, generally between 5 to 7 Hz. The result is significantly 

different from that using a turbulent log-linear profile. The most unstable wave is 

predicted at about 20 Hz (Figure 4-11).
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5. Regarding the calculated phase velocity under wind action, the value demonstrates a 

slightly increasing trend along with the downwind distance and decreases with reducing 

surface current. The latter agrees with the general physical concept that the current 

increases wave celerity. In addition, the minimum phase velocity increases with the 

increasing of wind speed or surface current.

In terms of experimental work, a simple and economic wind tunnel has been designed and 

built to produce a laminar air flow. Boundary layer profiles were accurately measured 

using a small total head tube and applying corrections for the viscous effect, the velocity 

gradient effect, and the wall proximity effect. A new method using a pneumatically 

vibrated diaphragm was used to generate two-dimensional small-scale waves. The tiny 

waves, as small as only a few microns, were successfully measured by a sensitive 

reflected twin laser beams in conjunction with a high-speed video camera. With the new 

wind tunnel and the novel measurement techniques, it is concluded that

1. It was found that under the low wind speeds of the present study, the intensity of 

turbulence could be sufficiently reduced using a combination of honeycomb and meshes 

without a contraction cone section at the inlet. The laminar air flow is able to be 

maintained at least for the Reynolds number, Rx=6.8xl0^ on the flat plate in the absence of 

a pressure gradient.

2. The boundary layer measurements over the water surface confirm that, with the 

presence of a favourable pressure gradient and without the surface current, the velocity 

distribution agrees well with Howarth’s solution. They also show that, in the absence of a 

pressure gradient, the velocity profile is in good agreement with the theoretical solution by 

Lock (1951).

3. The measurements of long-crested waves without wind action at 5 Hz in a shallow 

water condition and five different frequencies from 5 Hz to 12 Hz in a deep water 

condition show good agreement with the theoretical prediction of exponential decay 

caused by internal viscous, side wall, and bottom dissipation.
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4. For the two-dimensional water waves sheared by a laminar air flow, their evolution 

downstream was observed to be qualitatively similar to the laminar-turbulent transition 

process from Tollmien-Schlichting waves to a chaotic turbulent flow over a flat plate.

5. Quantitative observation of the diaphragm-generated monochromatic waves under light 

wind action shows that the spatial growth of water waves is fetch and frequency 

dependent. At the wind speed of 3.77 m/s, the growth of wave height is larger for the 5 

and 7 Hz waves, and decreases for the 8 and 10 Hz waves, and becomes negative at 12 

Hz at the larger downwind distances. This trend is in good agreement with the prediction 

from linear instability theory. At the lower wind speed of 2.35 m/s, the growth rates are 

lower than those when acted on by the 3.77 m/s wind and are also predicted well by the 

theory.

6. Regarding the measured phase velocities without the wind action, the separated phase 

velocities at the principal component and the second and third order components confirm 

the theoretical curve and the existence of a minimum value, which has been found in the 

present study to occur at Bond number p'^k^T/g=l.

7. Under wind action, considering both the experiments in the preliminary tests and in the 

new tests, the phase velocities show an increase due to the wind-induced surface current. 

The measurements in the new wind tunnel have good agreement with the numerical model 

when the velocity profile is given with the ratio, Uo/Uaoo=0.69% at the interface. 

Moreover, they also demonstrate the existence of the minimum phase velocity which is 

shifted to a higher frequency by the wind effect.

Regarding the experiments, good agreement with theory strongly suggested that the 

growth (decay) process of the small-scale waves at the initial stage sheared by a laminar 

air flow can be explained by linear instability theory. The experiments proved the original 

Miles-Benjamin’s idea, when the profiles used in Benjamin (1959) and Miles (1962) were 

replaced by the Lock profile (Lock 1951).

Since the surface current determines the boundary layer profile on both sides of interface, 

and the growth rate is extremely sensitive to it, further research to improve the knowledge
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of linear instability mechanism requires an accurate measurement of the surface current as 

well as the velocity profile in the water. In addition, the application of the non-parallel 

theory to extend the current parallel two-phase flow model may give more precise 

understanding of the interface stability phenomenon.

In spite of having been studied by previous researchers, it is worth using the present 

methodology to re-examine the development of small-scale water waves under the action 

of a practical turbulent flow. For a fully developed turbulent boundary layer, from 

instability theory, the growth rate is constant with distance and water waves will grow 

(decay) exponentially, depending on their frequency. To achieve a fully developed 

turbulent flow, a much longer wind tunnel is required. To accurately measure the friction 

velocity and thickness of laminar sub-layer is very difficult over a moving and undulated 

boundary. Unfortunately, they are the most important parameters to determine the 

characteristics of air velocity profile used in the Orr-Sommerfeld equation. Starting at a 

flat plate as in the present measurement procedure is useful for understanding the 

development of the turbulent boundary layer in the wind tunnel and it will give certain 

implications for the turbulent boundary layer developing over the water surface.
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11 = y.
Ua.

V o X

APPENDIX A

f =
Ua

0.00 0.00000 0.02133 0.33181
0.20 0.01090 0.08768 0.33167
0.40 0.03507 0.15396 0.33095
0.60 0.07247 0.21999 0.32921
0.80 0.12303 0.28554 0.32604
1.00 0.18663 0.35029 0.32107

1.20 0.26307 0.41383 0.31396
1.40 0.35205 0.47571 0.30448
1.60 0.45321 0.53545 0.29250
1.80 0.56606 0.59254 0.27799
2.00 0.69002 0.64649 0.26109

2.20 0.82441 0.69684 0.24207
2.40 0.96849 0.74320 0.22133
2.60 1.12141 0.78529 0.19938
2.80 1.28231 0.82292 0.17682
3.00 1.45027 0.85602 0.15424

3.20 1.62442 0.88465 0.13227
3.40 1.80385 0.90900 0.11144
3.60 1.98775 0.92934 0.09220
3.80 2.17534 0.94601 0.07487
4.00 2.36593 0.95943 0.05967

4.20 2.55892 0.97002 0.04664
4.40 2.75378 0.97823 0.03576
4.60 2.95008 0.98446 0.02689
4.80 3.14746 0.98910 0.01982
5.00 3.34564 0.99249 0.01433

5.20 3.54439 0.99492 0.01015
5.40 3.74356 0.99663 0.00705
5.60 3.94301 0.99780 0.00480
5.80 4.14265 0.99859 0.00321
6.00 4.34243 0.99911 0.00210

6.20 4.54229 0.99945 0.00134
6.40 4.74220 0.99967 0.00085
6.60 4.94215 0.99980 0.00052
6.80 5.14212 0.99989 0.00031

7.00 5.34210 0.99993 0.00019
7.20 5.54209 0.99996 0.00011
7.40 5.74209 0.99998 0.00006
7.60 5.94208 0.99999 0.00003
7.80 6.14208 0.99999 0.00002

8.00 6.34208 1.00000 0.00001
8.20 6.54208 1.00000 0.00001
8.40 6.74208 1.00000 0.00000
8.60 6.94208 1.00000 0.00000
8.80 7.14208 1.00000 0.00000
9.00 7.34208 1.00000 0.00000

Table A-1 Numerical results of the laminar boundary layer in the air.
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Ti = y,
U a .

V,x
f  =■

U a .

-0.00 -0.00000 0.02133 0.00138
-0.50 -0.01049 0.02064 0.00138
-1.00 -0.02064 0.01995 0.00138
-1.50 -0.03044 0.01926 0.00137
-2.00 -0.03990 0.01858 0.00136
-2.50 -0.04902 0.01791 0.00134

-3.00 -0.05780 0.01724 0.00132
-3.50 -0.06626 0.01658 0.00130
-4.00 -0.07439 0.01594 0.00128
-4.50 -0.08220 0.01530 0.00125
-5.00 -0.08970 0.01468 0.00123

-6.00 -0.10377 0.01348 0.00117
-7.00 -0.11668 0.01234 0.00111
-8.00 -0.12848 0.01127 0.00104
-9.00 -0.13924 0.01026 0.00097
-10.00 -0.14903 0.00932 0.00091

-11.00 -0.15791 0.00845 0.00084
-12.00 -0.16595 0.00764 0.00077
-13.00 -0.17322 0.00690 0.00071
-14.00 -0.17977 0.00622 0.00065
-15.00 -0.18568 0.00560 0.00059

-16.00 -0.19099 0.00503 0.00054
-17.00 -0.19576 0.00452 0.00049
-18.00 -0.20003 0.00405 0.00044
-19.00 -0.20387 0.00362 0.00040
-20.00 -0.20730 0.00324 0.00036

-22.00 -0.21310 0.00259 0.00029
-24.00 -0.21773 0.00206 0.00024
-26.00 -0.22141 0.00163 0.00019
-28.00 -0.22432 0.00129 0.00015
-30.00 -0.22663 0.00102 0.00012

-32.00 -0.22844 0.00080 0.00010
-34.00 -0.22987 0.00063 0.00008
-36.00 -0.23099 0.00049 0.00006
-38.00 -0.23186 0.00038 0.00005
-40.00 -0.23254 0.00030 0.00004

-42.00 -0.23306 0.00023 0.00003
-44.00 -0.23346 0.00017 0.00002
-46.00 -0.23377 0.00013 0.00002
-48.00 -0.23399 0.00010 0.00002
-50.00 -0.23416 0.00007 0.00001

-52.00 -0.23428 0.00005 0.00001
-54.00 -0.23436 0.00003 0.00001
-56.00 -0.23441 0.00002 0.00001
-58.00 -0.23444 0.00001 0.00000
-60.00 -0.23444 0.00000 0.00000

Table A-2 Numerical results of the laminar boundary layer in the water.

214



Table of numerical results of a laminar flow blows over a calm water surface with pa = 

1.215 kgW , Va = 1.458 X10"  ̂ mVsec, and pw = 999.5 kgW , Vw = 1..24xl0~^

mVsec.
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APPENDIX B

The TGA format is a Bitmap file which consists of a header, bitmap data or other 

information. The header has eighteen bytes in length and its structure is expressed as 

follows:

typedef struct_T gaHeader 

{

BYTE Idlength;

BYTE ColourMapType; 

BYTE ImageType; 

WORD CMapStart; 

WORD CMapLength; 

BYTE CMapDepth; 

WORD XOffset;

WORD YOffset;

WORD Width;

WORD Height;

BYTE PixelDepth; 

BYTE ImageDescriptor;

} TGAHEAD;

/* OOh Size of the Image ID field */ 

/* Olh Colour map type */

/* 02h Image type code */

/* 03h Colour map origin */

/* 05h Colour map length */

/* 07h Depth of colour map entries */ 

/* 08h X origin of image */

/* OAh Y origin of image */

/* OCh Width of image */

/* OEh Height of image */

/* lOh Image pixel size */

/* 1 Ih Image descriptor type */

The image data following the header in the TGA of the colour map depth 24 bit used is 

encoded by RLE (Run-length encoding) compression scheme. The compression scheme 

contains two types of encoded data packets. The first type is a run-length packet which is 

used to compress those successive pixels with the same RGB value into a single data 

packet. The run-length packet starts with a single byte denoted as the pixel count. The 

value of the highest bit of this byte is a flag value with the value 1 denoting run-length 

encoded. The value of lower seven bits in the range of 0 to 127 with one plus (1 to 128) 

refers to the multiple runs of the same RGB value. The second type is a non-run length 

packet which is applied when the pixel values in length is too short to use the run-length 

packet. With the value of 0 in the flag bit and the value of following 7 bits represents the 

count of the pixels, the data is encoded in the raw packet format. A schematic explanation 

of this RLE compression is shown in Figure B-1.
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Encoded run-length packet

pixel count N Pixel value, N repeating

flag bit

1 1

1 0-127 Red
0-255

Green
0-255

Blue
0-255

I I I
bit 7 6 0/7 0/7 0/7 0/7

Non run-length packet

pixel count N Pixel value

I I
bit 7 6 0/7 0/7 0/7

Run value N

flag bit 0 0-127 Red Green Blue
0-255 0-255 0-255

(

Blue
0-255

0/7

Figure B-1 24 bit TGA of Run-length encoding packet types
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APPENDX D EXPERIMENTAL DATA OF VELOCITY 
PROFILES

Over the flat plate in the preliminary tests measured by the total head tube.

Experimental condition: x*=-0.0435, x=1.01 m

y(mm) u(m/s) n u/Uaoo

0.5422 0.3470 0.2636 0.0976
0.6422 0.4786 0.3122 0.1346
0.8421 0.5393 0.4095 0.1517
1.0422 0.6689 0.5067 0.1881
1.2422 0.8597 0.604 0.2418
1.6422 1.1207 0.7985 0.3152
2.0422 1.3477 0.9929 0.3790
2.4422 1.5965 1.1874 0.4490
2.8421 1.8350 1.3819 0.5161
3.2422 2.0033 1.5764 0.5634
3.7422 2.2750 1.8195 0.6398
4.2422 2.5004 2.0626 0.7032
4.7422 2.6911 2.3057 0.7568
5.2422 2.8990 2.5489 0.8153
5.7422 3.0297 2.7920 0.8520
6.2422 3.1618 3.0351 0.8892
6.7422 3.2557 3.2782 0.9156
7.2422 3.3405 3.5213 0.9395
7.9422 3.4295 3.8617 0.9645
8.7422 3.4917 4.2506 0.9820
9.7422 3.5285 4.7369 0.9923
10.742 3.5407 5.2231 0.9957
12.242 3.5468 5.9524 0.9974
14.242 3.5528 6.9249 0.9992
17.242 3.5528 8.3835 0.9992
22.242 3.5709 10.8147 1.0042
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Over the flat plate in the preliminary tests measured by the Pi tot-static tube.

Experimental condition: x*=-0.0435, x=1.01 m

y(mm) u(m/s) n uAJa-

1.148 0.8721 0.5648 0.2429
1.248 0.8870 0.6038 0.2470
1.348 0.9324 0.6525 0.2597
1.648 1.1231 0.7985 0.3128
1.848 1.2601 0.8959 0.3510
2.048 1.3789 0.9933 0.3841
2.448 1.6266 1.1881 0.4531
2.848 1.8472 1.3829 0.5145
3.248 2.0632 1.5777 0.5747
3.648 2.2663 1.7724 0.6313
4.048 2.4774 1.9672 0.6901
4.448 2.6308 2.1620 0.7328
4.848 2.7836 2.3568 0.7754
5.348 2.9654 2.6003 0.8260
5.848 3.1157 2.8437 0.8679
6.348 3.2323 3.0872 0.9004
6.848 3.3253 3.3307 0.9263
7.348 3.4029 3.5742 0.9479
7.848 3.4474 3.8176 0.9603
8.448 3.5162 4.1098 0.9795
9.048 3.5409 4.4020 0.9863
9.848 3.5593 4.7915 0.9915
10.848 3.5776 5.2785 0.9966
11.848 3.5836 5.7654 0.9983
12.848 3.5836 6.2524 0.9983
14.848 3.5897 7.2263 1.0000
17.848 3.5897 8.6871 1.0000
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Over the vyater surface in the preliminary tests measured by the total head tube.

Experimental condition: x*=-0.0229, x=1.01 m

y(mm) u(m/s) n U/Uaoo

0.5021 0.3366 0.2524 0.0899
0.5521 0.3747 0.2776 0.1000
0.6021 0.4199 0.3027 0.1121
0.7022 0.5003 0.3530 0.1336
0.8021 0.5669 0.4032 0.1513
0.9022 0.6372 0.4535 0.1701
1.1021 0.7422 0.5541 0.1981
1.3021 0.9250 0.6546 0.2470
1.5022 1.0534 0.7551 0.2812
1.8021 1.2462 0.9059 0.3327
2.1021 1.4579 1.0568 0.3892
2.5022 1.6891 1.2578 0.4509
2.9022 1.9237 1.4589 0.5136
3.3021 2.1476 1.6600 0.5733
3.7022 2.3421 1.8611 0.6253
4.1021 2.5360 2.0622 0.6770
4.5022 2.7162 2.2632 0.7251
5.0022 2.9367 2.5146 0.7840
5.5022 3.1075 2.7659 0.8296
6.0022 3.2429 3.0173 0.8657
6.5022 3.3729 3.2686 0.9004
7.0022 3.4795 3.5200 0.9289
7.7022 3.5890 3.8719 0.9581
8.5022 3.6836 4.2740 0.9834
9.5022 3.7415 4.7767 0.9989
10.5022 3.7701 5.2794 1.0065
12.5022 3.7644 6.2849 1.0050
15.5022 3.7472 7.7930 1.0004
17.5021 3.7530 8.7984 1.0019
20.5021 3.7357 10.306 0.9973
25.5021 3.7415 12.820 0.9989
30.5021 3.7530 15.333 1.0019
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Over the flat plate in the new tests measured by Pi tot-static tube.

Experimental condition: x*=-0.013, x=0.41 m

y(mm) u(m/s) n U / U a -

1.608 2.9903 1.6009 0.5388
1.908 3.3411 1.8983 0.6020
2.508 4.1891 2.4290 0.7548
3.008 4.6659 2.9599 0.8407
3.608 5.1371 3.4907 0.9256
4.208 5.3641 4.0215 0.9665
4.708 5.4634 4.5524 0.9844
5.308 5.5334 5.0832 0.9970
6.408 5.5511 6.1448 1.0002
7.508 5.5511 7.2065 1.0002
9.708 5.5511 9.3298 1.0002
13.08 5.5511 12.514 1.0002
18.08 5.5472 17.823 0.9995

Experimental condition: x*=-0.040, x=0.126 m

y(mm) u(m/s) n U /U a ~

1.658 2.0693 0.9209 0.3605
2.258 2.6622 1.2262 0.4638
2.758 3.3011 1.5315 0.5751
3.858 4.2063 2.1421 0.7328
4.958 4.9163 2.7529 0.8565
6.058 5.3956 3.3635 0.9400
7.158 5.6160 3.9742 0.9784
8.258 5.7050 4.5848 0.9939
10.658 5.7400 5.8061 1.0000
13.758 5.7400 7.6382 1.0000
19.258 5.7400 10.691 1.0000
28.058 5.7400 15.576 1.0000
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Experimental condition: x*=-0.105, x=3.25 m

y(mm) u(m/s) n uAJa-

1.508 1.5664 0.5288 0.2673
2.008 1.9121 0.7042 0.3263
2.508 2.3698 0.8795 0.4044
3.508 3.1122 1.2302 0.5311
4.508 3.8108 1.5809 0.6503
6.508 4.7525 2.2822 0.8110
8.508 5.3138 2.9836 0.9068
10.508 5.7164 3.685 0.9755
12.508 5.7862 4.3863 0.9874
14.508 5.8383 5.0877 0.9963
16.508 5.8383 5.7890 0.9963
21.608 5.8559 7.5424 0.9993
31.608 5.8729 11.0492 1.0022
41.708 5.8559 14.5560 0.9993
61.708 5.8559 21.5697 0.9993

Experimental condition: x*=-0.139, x=4.30 m

y(mm) u(m/s) n U/Ua»

1.808 3.1334 0.5664 0.5003
2.308 3.2538 0.7231 0.5195
3.308 3.8198 1.0364 0.6099
4.308 4.4085 1.3497 0.7039
5.308 4.8458 1.663 0.7737
6.308 5.1693 1.9763 0.8254
7.308 5.3992 2.2896 0.8621
9.308 5.762 2.9162 0.92
11.308 5.9009 3.5428 0.9422
13.308 6.0029 4.1694 0.9585
15.308 6.1033 4.796 0.9745
18.308 6.1693 5.7359 0.9851
21.308 6.2346 6.6758 0.9955
25.308 6.267 7.929 1.0006
30.308 6.267 9.4955 1.0006
35.308 6.283 1 11.062 1.0032
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Over the flat plate in the new tests measured by the small total head tube.

Experimental condition: x*=0.0, x=0.4 m

y(mm) u(m/s) n U/Uaoo

0.6551 0.7091 0.5198 0.1882
0.8551 0.8602 0.6785 0.2282
1.0551 1.0588 0.8372 0.2809
1.3551 1.3274 1.0753 0.3522
1.6552 1.6433 1.3133 0.436
1.9551 1.8444 1.5514 0.4894
2.2552 2.1251 1.7894 0.5639
2.6552 2.463 2.1068 0.6535
3.0551 2.7402 2.4242 0.7271
3.5551 3.0476 2.8209 0.8086
4.0551 3.2747 3.2176 0.8689
4.5551 3.4438 3.6144 0.9138
5.0551 3.5665 4.0111 0.9463
5.5551 3.6398 4.4078 0.9658
6.0551 3.697 4.8046 0.981
6.5551 3.7266 5.2013 0.9888
7.0551 3.7542 5.5981 0.9961
7.5551 3.7509 5.9948 0.9953
8.0552 3.7659 6.3915 0.9992
9.0552 3.7634 7.185 0.9986
10.0552 3.7775 7.9785 1.0023
11.0552 3.7713 8.7719 1.0007
16.0551 3.7835 12.7393 1.0039

Over the water surface in the new tests measured by the small total head tube.

Experimental condition: x*=0.0, x=0.6 m

y(mm) u(m/s) n UVXJaoo

0.4772 0.4306 0.3072 0.1147
0.6772 0.5992 0.436 0.1596
0.9772 0.8024 0.6292 0.2137
1.2772 1.0411 0.8224 0.2773
1.6772 1.3341 1.0799 0.3554
2.0772 1.6427 1.3375 0.4376
2.5772 1.9666 1.6595 0.5239
3.0772 2.2907 1.9814 0.6102
3.5772 2.6035 2.3034 0.6935
4.0772 2.854 2.6253 0.7602
4.5772 3.1153 2.9473 0.8298
5.0772 3.2882 3.2692 0.8759
5.5772 3.436 3.5912 0.9153
6.0772 3.5585 3.9131 0.9479
6.5772 3.6229 4.2351 0.9651
7.0772 3.6723 4.5571 0.9782
7.5772 3.706 4.879 0.9872
8.5772 3.7667 5.5229 1.0034
10.5772 3.7607 6.8107 1.0018
15.5772 3.7828 10.0303 1.0076

227



Experimental condition: x*=0.0, x=0.9 m

y(mm) u(m/s) n U /U a * »

0.6321 0.3703 0.3328 0.0992
0.8322 0.5282 0.4381 0.1415
1.0321 0.7350 0.5435 0.1969
1.2322 0.8508 0.6487 0.2279
1.4322 1.0187 0.7540 0.2728
1.7322 1.1599 0.9120 0.3107
2.0321 1.3681 1.0699 0.3664
2.4322 1.6306 1.2805 0.4367
2.8322 1.8547 1.4911 0.4968
3.2322 2.1198 1.7016 0.5678
3.7322 2.3706 1.9649 0.6350
4.2322 2.5806 2.2282 0.6912
4.7322 2.8046 2.4914 0.7512
5.2322 2.9711 2.7547 0.7958
5.7322 3.1185 3.0178 0.8353
6.2322 3.2541 3.2811 0.8716
6.7322 3.3464 3.5443 0.8963
7.2322 3.4576 3.8076 0.9261
7.7322 3.5084 4.0708 0.9397
8.2322 3.5732 4.3341 0.9571
8.7322 3.6214 4.5973 0.9700
9.2322 3.6517 4.8605 0.9781
9.7322 3.7086 5.1238 0.9933
10.2322 3.6894 5.3870 0.9882
11.2322 3.7480 5.9135 1.0039
12.2322 3.7408 6.4399 1.0019
14.2322 3.7664 7.4930 1.0088

Experimental condition: x*=0.0, x=1.2 m

y(mm) u(m/s) n U / U a ~

0.8972 0.5697 0.4092 0.1515
1.3972 0.7686 0.6373 0.2045
1.0972 0.7396 0.5005 0.1967
1.7971 1.0162 0.8198 0.2703
2.2971 1.3840 1.0479 0.3681
2.7971 1.6840 1.2760 0.4479
3.2971 1.9500 1.5041 0.5187
3.7971 2.2047 1.7321 0.5864
4.2971 2.3942 1.9603 0.6368
4.8972 2.6247 2.2339 0.6981
5.3972 2.8523 2.4621 0.7587
5.8972 3.0212 2.6901 0.8036
6.4972 3.1749 2.9639 0.8445
7.0972 3.2856 3.2375 0.8739
7.6971 3.4004 3.5112 0.9045
8.2971 3.5139 3.7850 0.9347
8.8972 3.5498 4.0587 0.9442
9.5972 3.6460 4.3780 0.9698
10.2971 3.6895 4.6973 0.9813
11.0972 3.7233 5.0623 0.9904
11.8972 3.7499 5.4272 0.9974
12.8972 3.7705 5.8834 1.0029
13.8972 3.7303 6.3395 0.9922
15.8972 3.7518 7.2518 0.9979
17.8972 3.7714 8.1643 1.0031
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Experimental condition: x*=0.0, x=1.55 m

y(mm) u(m/s) n u/Uaoo

0.7071 0.4581 0.2836 0.1224
0.9072 0.5084 0.3638 0.1359
1.1071 0.6358 0.444 0.1699
1.4072 0.7265 0.5644 0.1941
1.8072 0.9513 0.7248 0.2542
2.3072 1.1747 0.9253 0.3139
2.8072 1.4312 1.1259 0.3824
3.6071 1.7862 1.4467 0.4773
4.2071 2.024 1.6874 0.5408
4.8072 2.2417 1.928 0.599
5.4072 2.4706 2.1686 0.6602
6.0071 2.7244 2.4093 0.728
6.6071 2.8998 2.6499 0.7749
7.2071 3.0375 2.8906 0.8116
7.8072 3.1589 3.1312 0.8441
8.6072 3.3453 3.4521 0.8939
9.4072 3.4749 3.7729 0.9285
10.1572 3.5611 4.0737 0.9516
11.2072 3.6355 4.4948 0.9714
12.2072 3.6726 4.8959 0.9814
13.2072 3.7215 5.297 0.9944
14.2072 3.7376 5.6981 0.9987
16.2071 3.7292 6.5002 0.9965
18.2071 3.7648 7.3023 1.006
20.2071 3.7297 8.1045 0.9966

Experimental condition: x*=0.0, x=1.9 m

y(mm) u(m/s) n u/Uaoo

0.5122 0.4657 0.1861 0.1244
0.7122 0.4015 0.2588 0.1072
0.9121 0.573 0.3315 0.153
1.3121 0.704 0.4769 0.188
1.7122 0.8629 0.6222 0.2305
2.2122 1.0692 0.8039 0.2856
2.7122 1.2739 0.9856 0.3402
3.2122 1.456 1.1674 0.3889
3.8121 1.6786 1.3854 0.4483
4.4121 1.9487 1.6035 0.5204
5.0121 2.1291 1.8215 0.5686
5.6122 2.3094 2.0396 0.6168
6.2122 2.5406 2.2576 0.6785
6.8121 2.6845 2.4757 0.717
7.4121 2.8896 2.6937 0.7717
8.0121 2.9906 2.9118 0.7987
8.6122 3.1385 3.1298 0.8382
9.4122 3.3181 3.4205 0.8862
10.2122 3.4356 3.7113 0.9175
11.0122 3.526 4.002 0.9417
12.0122 3.6251 4.3654 0.9682
13.0122 3.6939 4.7288 0.9865
14.0122 3.7139 5.0923 0.9919
17.0121 3.756 6.1825 1.0031
15.0122 3.7381 5.4557 0.9984
21.0121 3.7649 7.6362 1.0055
24.0121 3.744 8.7264 0.9999
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Experimental condition: x*=0.0, x=2.2 m

y(mm) u(m/s) n U/Ua~

0.6222 0.3640 0.2091 0.0970
0.9221 0.5336 0.3100 0.1422
1.4221 0.7847 0.4781 0.2091
2.0221 0.9888 0.6798 0.2635
2.6222 1.2089 0.8815 0.3221
3.2221 1.4393 1.0832 0.3835
3.8221 1.6617 1.2850 0.4428
4.4221 1.8633 1.4867 0.4965
5.0221 1.9976 1.6884 0.5322
5.8221 2.2876 1.9573 0.6095
6.6221 2.4975 2.2262 0.6654
7.4221 2.7766 2.4952 0.7398
8.4221 2.9801 2.8313 0.7940
9.4221 3.2117 3.1675 0.8557
10.4221 3.3349 3.5037 0.8885
11.4221 3.4790 3.8399 0.9269
12.4221 3.5846 4.1760 0.9551
14.4221 3.7185 4.8484 0.9907
15.9221 3.7421 5.3527 0.9970
17.4221 3.7376 5.8569 0.9958
21.4221 3.7447 7.2017 0.9977
24.4221 3.7749 8.2102 1.0058
28.4221 3.7578 9.5549 1.0012
32.4221 3.7623 10.8995 1.0024

Experimental condition: x*=0.0, x=2.5 m

y(mm) u(m/s) n U/Uaoo

0.5772 0.3527 0.1816 0.0937
0.8771 0.5047 0.2759 0.1341
1.1771 0.5969 0.3703 0.1586
1.6771 0.7720 0.5276 0.2051
2.1771 0.9454 0.6849 0.2512
2.7771 1.1976 0.8736 0.3182
3.3771 1.4310 1.0624 0.3802
3.9771 1.6378 1.2511 0.4351
4.5771 1.8082 1.4399 0.4804
5.1771 2.0183 1.6286 0.5362
5.7771 2.1819 1.8174 0.5797
6.5771 2.3791 2.0690 0.6321
7.3771 2.6069 2.3207 0.6926
8.1771 2.8050 2.5723 0.7452
9.1771 3.0640 2.8869 0.8140
10.1771 3.3033 3.2015 0.8776
11.1771 3.4659 3.5161 0.9208
12.1771 3.5182 3.8306 0.9347
13.1771 3.6245 4.1452 0.9629
14.1771 3.6602 4.4598 0.9724
15.1771 3.6908 4.7744 0.9805
17.1771 3.7347 5.4035 0.9922
19.1771 3.7534 6.0327 0.9972
22.1771 3.7619 6.9764 0.9994
25.1771 3.7882 7.9201 1.0064
29.1771 3.7846 9.1785 1.0055
33.1772 3.7613 10.4368 0.9993
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Over the water surface in the new tests measured by the small total head tube.

Experimental condition x*=0.0, x=0,6 m

y(mm) u(m/s) Î1 u/Ua~

0.5622 0.3466 0.2937 0.1452
0.8621 0.4671 0.4504 0.1956
1.1622 0.5936 0.6071 0.2486
1.4621 0.6334 0.7638 0.2653
1.7621 0.7142 0.9205 0.30991
2.1622 0.8652 1.1294 0.3724
2.5622 1.0953 1.3384 0.4587
2.9621 1.2175 1.5473 0.5099
3.4621 1.3921 1.8085 0.583
3.9621 1.6061 2.0697 0.6727
4.5622 1.7951 2.3831 0.7518
5.1622 1.9091 2.6966 0.7996
5.7621 2.0178 3.01 0.8451
6.3621 2.158 3.3234 0.9038
6.9621 2.2053 3.6368 0.9236
7.9621 2.2991 4.1592 0.9629
8.9621 2.3479 4.6816 0.9834
9.9621 2.4093 5.204 0.9908
11.9621 2.4188 6.2487 1.0078
13.9621 2.4186 7.2934 1.0083
15.9621 2.3777 8.3382 0.9958
17.9621 2.3893 9.3829 1.0007
19.9621 2.3639 10.4277 0.9901

Experimental condition x*=0.0, x=2.5 m

y(mm) u(m/s) n U/Ua«

0.4822 0.1671 0.1215 0.0722
0.9822 0.2109 0.2474 0.0911
1.4821 0.3478 0.3734 0.1503
1.9821 0.4594 0.4994 0.1985
2.4822 0.5457 0.6253 0.2358
3.4822 0.7389 0.8773 0.3193
4.4822 0.9475 1.1292 0.4094
5.4822 1.1139 1.3812 0.4814
6.4822 1.2687 1.6331 0.5483
7.4822 1.3842 1.885 0.5982
8.5822 1.5308 2.1622 0.6615
9.9822 1.6936 2.5149 0.7319
11.4822 1.8717 2.8928 0.8088
12.4822 1.9182 3.1447 0.8489
13.4822 2.0221 3.3967 0.8788
14.4822 2.161 3.6486 0.9348
15.4822 2.139 3.9005 0.9293
17.4821 2.2237 4.4044 0.961
18.9821 2.3079 4.7823 0.9973
20.9821 2.2919 5.2862 0.9904
22.9821 2.3182 5.7901 1.0018
24.9821 2.3187 6.2939 1.002
27.9821 2.2873 7.0497 0.9884
29.9821 2.3176 7.5536 1.0015
31.9821 2.3099 8.0575 0.9982
33.9822 2.3329 8.5614 1.0081
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