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ABSTRACT 

This is a report of an investigation of a system in which 

water waves are generated and propagated in a turbulent flow 

field. The growth of wind wave spectra and the decay of mono¬ 

chromatic waves are considered. 

For the monochromatic waves it is found that the presence 

of turbulence in the water can greatly increase the rate of 

wave energy dissipation and that the data can be fitted by an 

equation with an eddy viscosity term proportional to the wave 

height, the phase speed of the waves, and the intensity of 

the larger scale turbulence. 

The growth of wind waves on turbulent water is found to 

be faster than in still water; however, the maximum wave height 

obtained in turbulent water is always significantly lower than 

the maximum height in still water. The wave energy spectra 

at the longer fetches in turbulent water show more wave energy 

at low frequency and less at high frequency than those for 

still water. Thus the presence of turbulence in the water 

alters the rate of transfer of energy from the wind to the 

waves, the maximum height allowed and the distribution of the 

wave energy among the various frequencies. 
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A constant in exponential regression equation (ft.) 
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D rate of wave energy dissipation per unit area (lbs /sec3) 
m 

DB rate of wave energy dissipation per unit area in 
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Dd rate of wave energy dissipation per unit area in 

Dobrokinoskii'3 equation 

Dm rate of wave energy dissipation per unit area 

measured by experiment 

E hot-film anemometer output (volts) 

Eo hot-film anemometer output in still water (volts) 

e natural log base (dimensionless) 

F length of fetch (ft.) 

f frequency of waves (sec 1 = Hertz) 

2 
g gravitational acceleration (ft./sec. ) 

h wave height (ft.) 

hi incident wave height (ft.) 

hi+Ûx attenuated wave height (ft.) 

Eg coefficient proportional to rate of energy dissipation in 

Bowden's equation (dimensionless) 
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L wave length (ft.) 

S constwit in anemometer calibration equation (dimensionless) 

T wave period (sec.) 

^t incremental time between digitized data points (sec.) 

U horizon »1 velocity of flow (ft./sec.) 

U freestream wind velocity (ft./sec.) 
o 

X horizontal distance (ft.) 

£X incremental horizontal distance (ft.) 

5 wave steepness = h/L (dimensionless) 

K von Karman's constant = 0.4 (dimensionless) 

2 
V kinematic viscosity of water (ft. /sec.) 

TT 3.142 (dimensionless) 

a standard deviation of K (dimensionless) 
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1. INTRODUCTION 

In this chapter some qualitative observations which 

motivated this study are described. Because the interaction of 

waves and turbulence is a complex phenomenon with many aspects, 

it is necessary to place some limits on the study. These 

limits are defined in a positive way by stating what we wish 

to study, and in a negative way by listing some of the aspects 

which have been placed outside the scope of this study because 

they have already been treated by others or because they appear 

particularly intractable. 

1.1 Wind Waves in Open Channels 

When the resistance of a flow over mud deposits was studied 

in the outdoor 1000 ft. recirculating flume at the Richmond 

Field Station of the University of California in Berkeley, an 

interesting phenomenon was observed. The flume was fully ex¬ 

posed to the local winds which were usually blowing in the 

longitudinal direction of the flume. Over the length of 1000 

ft. considerable wave action resulted both in the main channel 

and in the parallel return channel. As soon as the pump was 

started and the water in the two channels started to flow, the 

wave action practically disappeared in both channels. 

The fact that the waves did not develop in either the 

main flume or the return channel proved that it was not the 

change of the wind speed with respect to the water that caused 
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the change of the wind speed with respect to the water that 

caused the change, because in one channel this relative wind 

speed increased while it decreased in the other. Observation 

of the flow conditions showed that the wind actually created 

along the full length of both flumes the little ripples which 

always are the first indication of wave generation by wind. 

While in still water these ripples grow into waves did not 

grow, but remained always about the same. It was concluded 

from this observation that the flow or probably its turbulence 

interfered to prevent the growth of the waves beyond a certain 

size. 

These open channel observations raised the following 

questions : 

1) Is it actually the turbulence which interferes with 

the waves (taking energy from the waves faster than 

the wind puts energy into the waves)? 

2) Does the turbulence interfere with the oreation of 

waves by inhibiting the transfer of energy from 

the wind to the waves? 

3) How important are the scale and the intensity of the 

turbulence in determining the size of waves which 

finally develops in the turbulent water? 

1.2 Sea and Swell in the Turbulent Wake of a Ship 

Observations were made of turbulent tug-boat wakes in 

San Francisco Bay from a sail boat moving through the wakes. 

It appeared that the long, low amplitude swell was unaffected 
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by the wake, but shorter and steeper waves were almost com¬ 

pletely eliminated. However, wind waves up to a few inches long 

soon appear in the wake. For several minutes the wake will per¬ 

sist with the very short wind waves and the long period swell, 

but with very little evidence of waves of intermediate length. 

Refraction may play a role in the attenuation of waves 

in the locality of the wake if we consider the wake as a jet. 

Barber, 1969, points this out as well as the possibility that 

a ship with two screws whose blades are outward turning (as 

they reach their upper position such blades move outwards 

away from the center line of the ship) will cause water to 

rise along the center of the track and pass outwards near the 

sea surface. This pattern is like that created by pneumatic 

and hydraulic breakwaters. One might attribute all or most of 

the wave attenuation in a wake to refraction or the action of 

the surface current. There are however aspects which it does 

not seem to explain. One is the persistence of the wake. 

Barber, 1969, mentions this and an observation of a smooth 

ship wake in a large lake 10 minutes after the passing of a 

ship. Several of the above mentioned observations in San 

Francisco Bay were made when the direction of the wind and 

wave advance were at almost right angles to path of the ship 

and its wake. Here the jet driven backward from the propellers 

was essentially parallel to the oncoming wave crests. Under 

such conditions there would be no change in the height or length 

of the waves due to refraction by the jet current (see Johnson, 



1947, or Wiegel, 1964, pp. 170-172 for refraction by currents 

for various angles of wave approach). 

4 

These observations of wakes in San Francisco Bay raised 

questions similar to t^.ose raised about wind waves in the 

open-channel. 

1) Can turbulence be an important factor in causing the 

smoothing of the sea in a ship's wake? 

2) Why do long waves pass through the wake relatively 

unaffected? 

3) Why do very short wind waves and very long swell 

appear together in a wake while the waves of inter¬ 

mediate length seem to disappear? 

1.3 The Scope of This Study 

The main purpose of this study is to determine what effects 

turbulence has on water waves and on their generation by wind. 

The relative importance of intensity and scale of turbulent 

energy in wave attenuation is also investigated. 

Because of the experimental difficulties and the expense 

of data reduction it was not possible to study the three-di¬ 

mensional characteristics of the various turbulent flow fields. 

The study is primarily concerned With time and space- 

averaged effects. For example, a statement saying that waves 

are attenuated a certain percent by a certain turbulent flow 

field means that after traveling a certain distance, in a 

certain time, the average wave height declined the stated 
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percent. This should not be interpreted as ruling out the 

possibility of a wave being amplified as the instantaneous 

result of a wave - turbulence interaction. 

Although turbulence in nature is generally associated 

with rivers, ocean currents and other flows of non-zero mean, 

this study concentrates on turbulent flow fields with a mean 

velocity of zero. This was done because of the difficulty of 

separating the effect on the waves of turbulence from the 

effects of a shear in the mean flow. This difficulty comes 

in turn from the fact that it is impossible to generate a 

turbulent flow, in a laboratory flume, with non-zero 

mean velocity which is uniform throughout the cross 

section. 

As will be seen in the next section there have been 

several theoretical studies of the scattering of waves by tur¬ 

bulence. In these studies large scale turbulence is shown 

to be capable of redirecting wave energy by refracting and 

reflecting the waves. Because it has been well studied before, 

and because it could obscure other aspects of wave - turbulence 

interference an attempt was made to eliminate or at least 

minimize scattering in these experiments. In summary this 

study is concerned with a system which is non-conservative 

with respect to wave energy; whereas, the studies of scattering 

assume a closed system in which the total wave energy is 

conserved. 
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2. LITERATURE SURVEY 

2.1 Theoretical Papers 

The attenuation of waves moving across a deep turbulent 

liquid was considered by Phillips, 1959, assuming that the 

turbulence itself is not generating waves. He suggested two 

types of interaction which would cause attenuation of the in¬ 

cident waves; eddy viscosity interaction and scattering. Where 

characteristic scales of turbulent motion are of the seme order 

as the wavelengths scattering will occur, and that, for turbulent 

conditions prevailing in the open ocean, attenuation is 

primarily due to scattering for waves of length greater than 

3 meters. In either case the waves will decay exponentially 

and the problem is to predict the correct value of the exponent. 

Although only the scattering problem is solved in this paper, 

Phillips argues that a major difference between eddy viscosity 

interaction and scattering is that the wave steepness should 

be of much greater importance in eddy viscosity interaction than 

it is in scattering. 

The scattering of waves by irregularities in the medium 

has been studied for electromagnetic, acoustic and elastic waves 

as well as for surface gravity waves. A general method to 

determine the average solution of a linear wave equation with 

random coefficients was presented by Keller, 1964. 

Later Howe, 1971, solved the same problem by an alternative 

method and applied this method to a problem involving surface 



gravity waves. He found that the effect of inhomogeneities 

in a fluid with surface waves is to gradually randomize an 

initially coherent wave field. These inhomogeneities could 

be in the fluid depth (bottom topography) or in the velocity 

field (turbulence). He derives equations in which the 

attenuation of the coherent wave field appears to be due to 

a psuedo-viscosity , and speaks of the energy of the coherent 

wave field being "absorbed" by the medium. Actually he assumes 

that total wave energy is conserved and the energy losses from 

the coherent (incident) wave field appear as gains in the random 

wave field. 

Several authors have proposed methods of calculating an 

eddy viscosity to be used in determining the loss of wave 

energy due to turbulence generated by the motion of the wave 

itself. Dobrokinoskii, 1947, used Prandtl - von Karman turbulence 

theory and trochoidal wave theory to obtain an expression for 

the kinematic turbulent viscosity , which is a function of 

the wave parameters and the depth. At the surface this ex¬ 

pression is as follows: 

2 2 
w _ TTH h 2.2.3 

nd - -8- T (1 - " 6 > (2.11) 

where, h is the height; T the period, 6 is the wave steepness 

h/L; L is the wavelength; and h is the von Karman constant 

equal to 0.4. 
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Bowden, 1950, on the basis of dimensional analysis, 

proposed that the kinematic viscosity in the wave dissipation 

equation be replaced by an eddy viscosity term, N , (due to 
B 

turbulence generated by wave motion) as follows: 

K Lh 
NB = —— = K Ch (2.12) 

where ; L is the length ; h the height ; T the period ; and C the 

celerity of the wave. K is a nondimensional constant to be 

determined empirically; Bowden suggests that a K of the order 

-5 
of 5 X 10 would account for observed rate of decay of ocean 

swell. He also suggests that eddy viscosity may limit the 

steepness of wind waves which have grown so long that they 

travel at a speed approaching that of the wind. 

Groen, 1954, proposed that an eddy viscosity proportional 

to the "4/3 power" of the wavelength he used to explain the decay 

of ocean swell in turbulence generated independently of the wave 

motion. The idea of using a "4/3 power" rule came from the work 

of Richardson, 1926, who found that the coefficient of diffu¬ 

sion applicable to dispersion of particles in the atmosphere 

was proportioned to the "4/3 power" of the distance separating 

the particles. Richardson and Stommel, 1948, also found that 

a "4/3 power" rule could apply to diffusion in the ocean. He 

also states that externally generated turbulence not only causes 

attenuation of waves, but is also responsible, through selec¬ 

tive damping, for the increase in period of ocean swell that 
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has been found to increase with distance traveled. Groen is 

concerned with the effects of external turbulence (existing 

independently of the wave motion and due to wind influences 

or currents in the sea) on waves; whereas, Dobrokinoskii and 

Bowden are primarily concerned with turbulence generated by 

the motion of the waves. This distinction seems somewhat 

academic because a wave may encounter turbulence generated 

internally by the previous passage of another wave. 

A theory to explain the damping of waves by intense tur¬ 

bulence, such as that found in the wake of s ship, is given by 

Boyev, 1971. He assumes that the only turbulence which is 

important in damping of waves :s that having the following 

properties : 

1) The turbulence must be "long”, i.e. having fluctu¬ 

ations whose scale is longer than the wavelength of 

the surface waves. 

2) The turbulence must also be "fast" having fluctuations 

with a frequency greater than the frequency of the 

surface waves. 

3) Only "long" and "fast" fluctuations in the 

vertical direction result in loss of total wave energy. 

In deep water only the upper layer of water (of depth equal to 

the wavelength) participates in the wave motion. According to 

this theory the "long-fast-vertical" turbulence acts like an 

elevator. This elevator takes wave energy down below the wave 

layer where it cannot aid wave motion. On the upward trip 
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the elevator brings turbulent energy which does not compensate 

for the wave energy taken down; therefore, this elevator action 

results in a downward flow of wave energy. 

The horizontal motions of the turbulence are assumed to 

cause a redistribution (scattering) of wave energy but not 

any net gain or loss in total wave energy. This neglect of 

the effect of horizontal components of turbulence is one of 

the major weaknesses of this theory. The horizontal components 

of Boyev's "long" and "fast" turbulence could deform the 

surface waves enough to cause breaking or spilling. Also in 

water of depth less than or equal to the depth of the wave layer 

no long vertical turbulent components could exist, so, Boyev's 

theory would predict no significant attenuation by turbulence. 

Accurate measurements could perhaps be made to compare the wake 

of a ship in shallow water with the wake in deep water to test 

this theory (stereo nhotography would be one method of obtain¬ 

ing the necessary wave data). At this time no qualitative 

observations, such as those mentioned in the Introduction, 

have been found to give any indication of a decrease in damp¬ 

ing by a ship’s wake when the ship enters shallower water. 

2.2_Experimental Studies 

In a discussion of experiments with pneumatic breakwaters 

Kurihara, 1958, suggests that one factor causing attenuation 

might be turbulence. He found that as the scale of his experi¬ 

ments increased the efficiency of the larger scale pneumatic 
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breakwaters was greater than that obtained by Froude Law 

extrapolation from the smaller scale tests. He gives two 

equations for pneumatic breakwater power requirements of 

attenuation - one for the case where eddy viscosity is negligible 

and another for the case where eddy viscosity is important. On 

the basis of these equations and his data he concluded that 

the greater efficiency of the larger scale pneumatic breakwaters 

is due to greater eddy viscosity in the larger scale experiments. 

Dobrokinoskii and Kontoboitseva, 1966, studied the dissi¬ 

pation of wave energy in a wave flume in order to test the 

theory of Dobrokinoskii (1947) and to compare it with other 

theories such as that given by Bowden, 1950. The turbulence was 

generated by the motion of the waves and not from any external 

source. Interestingly both the theories agree well with the 

experimental results, although the theoretical equations 

(given above in Section 2.1) are different. 

Paquin, 1962, performed an experiment in which he passed 

mechanically generated waves (of frequencies 1.2 to 12.3 Hertz) 

through a zone of turbulence in a wave flume. The turbulence 

was generated by bscillating a false-bottom grid up and down. 

He found that the waves were attenuated more in the turbulent 

water than in still water, but his data had considerable scatter. 

He does not mention the cause of this scatter but if we consider 

the method of wave generation, the frequencies generated and 

the width of his flume, it seems likely that cross waves were 

present in his flume. The problem of cross waves is discussed 
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in Chapter 5 of this report and a comparison is made between 

Paquin's data and ours. Paquin also placed a hot-film anemometer 

into the turbulent zone and shows spectra of velocity fluctu¬ 

ations. Because the mean flow with respect to the anemometer 

was zero, it is impossible to determine the scales of the 

velocity fluctuations from his data. 

An experimental wake was created by Savitsky, 1970, in 

order to study wave attenuation. He towed a grid through a 

wave tank and then propagated waves into the wake. It was 

found that the towed grid set up a current and that this 

current refracted the waves in such a manner that they were 

lower in the wake and higher away from the wake. No appreciable 

attenuation could be attributed to the turbulence. Several 

factors may have accentuated the effects of refraction over 

those of eddy viscosity: 

1) The angle at which the waves approached the wake 

was that which would maximize refraction; i.e. the 

waves were traveling in the same direction as the 

towed grid. 

2) The scale and intensity of the turbulence was probably 

very small relative to that of the vaves. Although 

no turbulence measurements are reported the grid 

was made of wooden slates ranging in width from 0.80 

to 1.60 inches as compared to waves ranging in length 

from 3 to 8 feet. 

3) The waves studied were all very low (not steep) and 
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as has been noted in some of the theories (and will 

be further discussed in Chapter 5) the wave height 

is an important factor in attenuation by turbulence. 
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3. WAVES IN FLOWING WATER 

In this chapter some measurements and photographs of waves 

in flowing water are given. As was stated in the Introduction 

the overall study concentrates on waves in turbulent flow fields 

with a mean velocity of zero; however, some wave measurements 

were taken in turbulent flowing water with a nonzero mean 

velocity. The purpose of these measurements was to quantitatively 

verify some of the qualitative observations which motivated the 

study and to gain further insight into the problem. 

3.1 Wind Waves in Flowing Water 

Wave gages (resistance type) were placed in the outdoor 1000 

ft. recirculating flume at the Richmond Field Station of the 

University of California (see Fig. 3,11 for details of the flume 

and location of instruments). The flume was filled to a depth of 

1.2 ft. and waves were generated in the flume by the local winds. 

Wave records were made with no flow in the flume, then the wave 

recorder was stopped briefly while the pump was turned on and the 

pump speed increased gradually up to that required to give a 

velocity of 1 ft/sec. in the channel containing the wave gages. 

When the pump was up to the required speed and the velocity in the 

flume appeared to be the same everywhere, the wave recorder was 

turned on again. During the entire procedure the wind speed was 

recorded by an anemometer on the roof of the pump house. The flow 

velocity was measured by timing the speed of a dye patch injected 

into the flume. 
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FIG. 3.11 OUTDOOR 1000 FT. FLUME 
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Records were obtained, in the above manner, during fairly 

steady wind for the following conditions: 

1. Negligible wind coming from the SW at an angle of 45° 

to the long axis of the flume. 

2. Wind of approximately 13 ft/sec. in the same direction 

as the flow. 

The records under the first condition were taken to see if 

the turbulent flow alone was creating waves large enough to 

modify the wind waves. This disturbance of the water surface by 

the flow was found to be negligibly small. 

Records for the second condition show that in the turbulent 

flow the growth of wind waves is considerably altered. Portions 

of the records are shown in Fig. 3.12. Figures 3.13 and 3.14 are 

photographs of the flume during test conditions. A 200 sec. 

portion of the wave records for 600 ft. fetch for both still and 

flowing water was digitized with a 0.1 sec. digitizing interval 

With available computer programs for spectral analysis (see 

Appendix A) the distribution of wave energy as a function of 

frequency was obtained. Figures 3.15 and 3.16 show spectra of 

wind-wave energy without flow and with turbulent flow for two 

different values of frequency band-width (0.05 Hertz and 0.25 

Hertz). In the absence of turbulent flow the wind wave spectrum 

has a strong peak at 1.50 Hertz. This corresponds to a wave of 

period 0.67 seconds and a wavelength of 2.3 ft. 

When the turbulent flow is present the spectrum of water sur 

face fluctuations in the vicinity of 1.5 Hertz has a value of 
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Waves in Still Water 

Waves in Flowing Water 

FIGURE 3.12 SAMPLE WAVE RECORDS 
(Vertical Scale = 0.004 ft«/nunî 
Horizontal Scale =0.1 sec/mm; 
Wind Speed = 13 ft./sec; 

Fetch = 600 ft.) 
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only 5 to 10 percent of that for wind waves in the absence of 

turbulent flow. The frequency of a wave recorded in still 

water or in flowing water will remain the same provided that 

the gage is fixed (see Barber, 1969 for a discussion of this 

and Sawaragi, 1967 for experimental varification). 

Several factors could be causing this significant reduc¬ 

tion in wave energy. Because the wind and flowing water are 

going in the same direction, the wind speed relative to the 

water surface has been reduced as a result of the flow, but 

this reduction is only about 8%. Therefore it would not cause 

a 90 to 95 percent decrease in wave energy. Because the de¬ 

cline in relative wind speed cannot be expected to produce a 

reduction of 90 to 95 percent in the wave spectrum it seems 

that there must be another important factor effecting wind 

wave growth, and that could be the turbulence. 

So far only that portion of the (Figs. 3.15 and 3.16) 

spectrum in the vicinity of 1.5 Hertz has been discussed. For 

frequencies near zero and up to 0.9 Hertz there is much more 

energy present in the flowing water. This is apparently due 

to very long period oscillations set up in the flume when the 

pump was turned on. For frequencies greater than 2.5 Hertz the 

spectrum shows 3 times as much wave energy in the turbulent 

flowing water as in the non-flowing water. This Indicates 

that very short wind waves can exist and grow in turbulent 

water, but apparently as they grow longer they reach a length 

beyond which their growth is greatly inhibited. 
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Additional photographs of the outdoor flume under various 

wind and flow conditions are shown in Figs. 3.17, 3.18, and 

3.19. Figure 3.17 shows the water surface near the be¬ 

ginning of the generating area. Figure 3.18 was taken from 

the window of the pump house with the camera facing into the 

wind. When flow is present three zones can be seen in the 

picture: 1) in the foreground the turbulent water leaving 

the pumps is creating strong surface fluctuations 2) in the 

middleground the water surface is greatly smoothed by the 

turbulence 3) in the background, where the turbulence is not 

so strong, short waves roughen the water surface. The second 

and third zones can also be seen in the same channel (the left 

channel) of Fig. 3.19, taken from the roof of the pump ,'ouse. 

3.2 Mechanically Generated Waves in a Recirculating Flume 

Waves in flowing water were studied in the laboratory by 

placing a permeable paddle (dense screen), mechanical wave 

generator in a 2-ft-wide recirculating flume. The bottom of 

the flume was covered with corrugated plastic roofing sheets 

in order to obtain a fairly intense turbulence in slowly 

flowing water. 

Waves from the generator were recorded at stations up¬ 

stream from the wave generator both in still water and in 

turbulent water. Although it was noted that the shorter and 

steeper waves were attenuated more rapidly than the longer and 

less steep waves, the presence of standing cross waves in 
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tho flume madejrít impossible to obtain reliable data. These 

cross waves iiay have been generated by the wave generator or 

they may «ïve resulted from the presence of shear in the mean 

flow, ^aturally, the distribution of mean velocity cannot be 

unifodan because the velocity must go to zero at the bottom 

anc’^at the side walls. If most of the shear is near the 

bottom (i.e., if the velocity distribution is almost uniform 

in the upper part of the flow cross section), where the orbi¬ 

tal velocities of the waves are fairly small, we can expect 

that the nonuniformity of the mean velocity will not have a 

large effect on the waves. Because the bottom of the flume 

is much rougher than the walls (corrugated roofing sheets on 

the bottom versus glass walls), the shear zone will be thicker 

at the bottom than at the walls, but both these shear zones 

can affect the attenuation of the waves in a way which is 

difficult to predict quantitatively. The reduced flow velo¬ 

city near the side walls permits the waves to proceed faster 

at the wall (when the waves are traveling in a direction 

opposite to the flow) than in the center of the flume, bending 

the crests in such fashion that some of the wave energy is 

diverted from the wall towards the center of the flume. Cross 

components of the waves can be created in this process that 

result in standing waves across the channel. In this way, 

wave energy is diverted from the progressive wave under study 

by a process independent of the flow turbulence and makes the 

proper assessment of the latter effect impossible. Also, the 
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measurement of the wave heights is almost impossible due to 

their strong three-dimensionality. To test if this three- 

dimensionality could be eliminated by using a different wave 

generator, a plunger-type wave generator was built and tested, 

but in flowing water the wave crests were bent and the waves 

became three-dimensional. 

The presence of three-dimensional waves raises the 

question of how many wave gages are needed to define the wave 

surface. The electric field around our wave probes was large 

enough to prevent the close placing of probes without getting 

interaction. Thus, when two probes were within about 1 ft of 

each other, moving one probe up or down in the water would 

generate a signal on the other. This interaction could be 

alleviated by reducing the size of probes and thus reducing 

the size of the electric field ; however, the overall number 

of probes and their requisite electronic equipment must be 

greatly increased if accurate measurements of three-dimen¬ 

sional waves are to be made. Obviously, the time and expense 

of data reduction is also greatly increased in the study of 

three-dimensional waves. It was decided, therefore, to change 

to a system in which turbulence is applied without systematic 

uni-directional flow. Such a system was built and the wave 

attenuation results are presented in the next chapter along 

with a more thorough discussion of cross waves. 
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4, A TURBUTjENT flow field with a mean velocity of zero 

4.1 Turbulence Generators 

In order to study the effect on waves of turbulence alone 

(without any effects of a mean shear flow) two turbulence gener¬ 

ators were built and tested. 

The first turbulence generator consisted of a rough false 

bottom which was driven back and forth on skids by means of 

cables attached to a compressed air piston. Figure 4.11 shows 

photographs of the piston and the false bottom roughened with 

plastic corrugated sheeting. The turbulence thus generated was 

found to be effective in increasing the rate of attenuation of 

waves, but it had one serious drawback. It created a standing 

surface wave that was so high that the wave recorders would be 

driven off scale unless the sensitivity was greatly reduced. I 

The wave made by the turbulence generator could be separated 

from the waves whose attenuation we wished to study be means of 

spectral analysis, because the waves were far apart on the 

frequency scale. However, if the sensitivity was reduced to 

keep the recorders on scale, the signal made by the waves under 

study became too small to detect accurately. Furthermore, the 

orbital velocities of the standing wave were also large relative 

to the velocities of the turbulent fluctuations making it 

difficult to define the turbulence spectrum accurately. In 

other words the spectra of velocity fluctuations for identical 

experiments were not sufficiently reproducible. Therefore, a 
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new turbulence generator was designed with the aim of reducing 

the size of the unwanted surface wave and improving the re¬ 

producibility of the spectra of velocity fluctuations. 

The second turbulence generator had a series of paddles 

attached to two 25-ft-long rode running lengthwise along the 

bottom of the 1-foot flume. The rode and attached paddles 

are rotated back and forth to produce turbulence. This design 

was successful in that it produced a much smaller surface wave 

and the spectra of velocity fluctuations were more nearly 

reproducible than was the case with the first turbulence 

generator. The design drawing is shown in Fig. 4.12 and 

photographs of the turbulence generator and its motor drive are 

shown in Fig. 4.13 and 4.14. 

4.2 Calibration System for the Hot-Film Anemometer 

The first calibrations of the hot-film anemometer were 

made in calibrators employing nozzles. Here a jet with measured 

discharge flows through the nozzle into a large body of water. 

The hot-film anemometer is placed at the center of the mouth of 

the nozzle. The velocity is calculated from the discharge, 

the cross sectional area of the nozzle, and the velocity dis¬ 

tribution. The velocity distribution may be calculated or taken 

from data published by the nozzle manufacturer. The water is 

filtered and deaerated by passing it through a low pressure 

chamber or by heating it and then cooling it immediately prior 

to running the calibration. Several potential sources of error 



i 

í 

I 

1 ■ —^ 

F
i
g
u
r
e
 
4
.
1
2
 

p
a
d
d
le
 t

y
p
e
 t

u
rb

u
le

n
c
e
 
g
e
n
e
ra

to
r 



FlRure 4,13 Turbulence Generator Paddles 
in the Flume



Figure 4.14 Motor Drive for the Paddle 
Type Turbulence Generator
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in the calibration system are as follows: 

1. Errors can be made in measuring or calculating the 

discharge. In one test we found that the calibrator 

was leaking and only part of the measured discharge 

was passing through the nozzle. 

2. An error can be made in attempting to place the hot- 

film anemometer at the exact center of the nozzle 

mouth. 

3. Errors can be made regarding the velocity distribution 

at the mouth c f the nozzle. Previously published data 

for the nozzle may be missinterpreted or in the case 

of calculation on theoretical grounds so«© of the 

assumptions may be incorrect or only approximately 

correct. 

4. Sometimes the water in which the measurements are to 

be taken is of different temperature or purity from 

that in the nozzle calibrator. Corrections can be 

mad© for temperature differences, but contamination of 

the probe by impurities in the water may invalidate 

the calibration entirely. 

Many of the problems and potential sources of error 

encountered in the us« of a nozzle-type calibrator were eliminated 

in our final calibration system. In this system, the probe I» 

towed by a constant •pe#d electric motor through »till water. 

A gear box (s«e PI*. 4.211 made »peed changes possible. The 

velocity can to# obtained directly by ¡»«»«ring the distance and 
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travel time between two points. The following four towing 

speeds were used to determine the calibration equation: 

0.210, 0.360, 0.757, 1.30-all In fee. per second. 

The probe was clamped to a carriage (see Figs, 4.22 and 

4.23) which rolls on an aluminum track suspended above the flume. 

This carriage was pulled by a taut steel cable running on 

pulleys driven by the constant speed electric motor. 

The voltage output from the hot-film anemometer was connec¬ 

ted to an analog to digital converter which recorded it, at 

intervals of 0.008S3 seconds, as a binary number on a magnetic 

tape. This tape was then read by the computer which computed 

the average value for each run. To obtain the calibration 

equation, (E2 - was plotted versus U on log - log paper; 

where 1J is the towing speed in ft./sec. , E{} is the average 

value of the anemometer output when the towing speed is zero, 

and E Is the average value of the anemometer output when the 

towing speed is equal to U. The calibration curve will appear 

as a straight line In such a plot. Figure 4.24 shows such a 

calibration curve. The general form of the calibration equa¬ 

tion is then: 

U » 

, 2 2, 
where S i* the slope of the line when log (■ - E ) !■ the 

Hmf 

ordinate und log U is the abucis»«, ana where € is a constant 

which is determined by »ubrtltuting the U and E coordinate* of 

any point on the line into the équation and solving for C. 
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Figure 4.23 Towing Carriage for the 
Hot-Film Anemometer
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FIG. 4.24 HOT-FILM ANEMOMETER CALIBRATION CURVE 
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The equation for the calibration curve shown in Fig. 4.24 is 

thus found to be: 

^2.30 
- 520,000 

2,679,000. 

In order to minimize contamination of the hot-film anemo¬ 

meter by particulate matter in the water a 10 micron cartridge 

type filter with a flow capacity of 50 gal./min. was installed 

in the flume. Though the filter pump was not turned on when data 

was being taken the water in the flume was circulated through 

the filter continuously during the night prior to taking data. 

All of the hot-film data was taken with a quartz coated 

cylindrical probe manufactured by Thermal Systems Incorporated. 

In order to minimize bubble formation on the probe, without 

employing a deaeration system, we used the low overheat ratio 

of 3%. 

4.3 Analysis and Interpretation of Hot-Film Anemometer Data 

After calibration, the hot-film probe was towed at 1.30 

ft./sec. at a depth of 4.5 inches below the surface through the 

water made turbulent by the paddle type generator. The paddles 

were driven at three different rates (0.57, 0.92 and 1.52 cycles/ 

sec.) to produce what will hereafter be called "Turbulence A 

"Turbulence b" and "Turbulence c". 

Just as in the calibration records the analog to digital 

converter recorded the velocity digitally at intervals of 

0.00426 seconds on the magnetic tape. The records were each 
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12 seconds long in which time the probe traveled 15.6 feet. 

By performing spectral analysis on the data we can get the 

distribution of turbulent energy as a function of frequency 

up to the Nyquist frequency, 1/2 &t . 

In our data At is 0.00426 second; therefore the Nyquist 

frequency is 117 Hertz. We can also make a geometric inter¬ 

pretation of the velocity spectra because we know that the probe 

is passing through the water at 1.30 ft./sec. This speed is 

much higher than the velocity of the turbulent fluctuations; 

therefore there are no reversals of flow direction only changes 

in the magnitude of the velocity. Turbulent energy in the spec¬ 

trum at any given frequency means that the probe is detecting 

a pattern whose scale in feet in the direction the probe is 

traveling is equal to 1.30/f where f is the frequency in Hertz. 

Although no measurements of turbulence were attempted in the 

plane perpendicular to the longitudinal axis of the channel, 

we know that away from the paddles the turbulence will be 

relatively isotropic. Because the flume is 1.0 ft. wide no 

isotropic turbulence could exist at scales greater than 1.0 ft. 

i.e. no isotropic turbulent energy at frequencies less than 

0.8 Hertz. 

Figure 4.31 shows spectra obtained from towing the probe 

through still water and through Turbulence A. Ideally there 

should be negligible energy in the spectrum for a tow through 

calm water, yet several areas of considerable energy appear; 
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one at about 14 Hertz, and another larger one at 50 to 60 

Hertz. These peaks are practically identical in all the spectra 

of data taken at 1.30 ft./sec. towing speed. Spectra of the 

calibration tows at 0.360 and 0.757 ft./sec. through still 

water seem to show less energy in these peaks (see Fig. 4.32). 

These peaks could be due to a vibration of the carriage or 

probe support which is more violent at high speeds or possibly 

to electronic noise. For some reason the spectra obtained in 

turbulent water seem to have slightly less energy in these 

peaks. Fortunately this background pattern is consistent and 

most of the turbulent energy effective in the damping of the 

waves is found at frequencies lower than these peaks i.e. at 

frequencies less than 14 Hertz and length scales greater than 

about 1 inch. 

Figure 4.33 is another spectrum of Turbulence A. Figure 

4.34 shows two spectra of Turbulence B and Fig. 4.35 shows 

two spectra of Turbulence C. For Turbulence A, B and C the 

two available spectra are averaged and these average spectra 

are shown in Fig. 4.36 along with the background spectrum for 

still water. In this Figure the abscissa is shown both as a 

frequency and as a length. 

Because the type of turbulence present makes a big 

difference on the rate of wave damping (as will be shown in 

Chapter V) we will compare the spectra for Turbulences A, B and 

C as percentages of each other. Figure 4.37 shows the spectra 
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FIG. 4,36 VELOCITY SPECTRA FOR ALL CONDITIONS 
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as (Mjpcenta cif the »i»ctni» for Turbulence A. For turbulence 

of length greater than 3 or 4 Inchon {lois than 4 or S cycles/ 

sec,} B and C are much greater than A. In Turbulence A waves 

attenuate about 3 times faster than In still, water, but in 

Turbulence B & C wav«» attenuate »liuost § times «« fast nil in 

still inter. 

One question to be answered Is why Turbulences B and € 

are about equally effective In damping waves. In Fig. 4,37 

it cun to© seen that far frequencies greater than 5,0 cycles/ 

sec. spectrum L is generally greater than spectrum B, This I» 

even more dramatically demonstrated in Fig. 4.38 where the 

spectra are shown a» percentages of spectrum B. Yet another 

way of comparing; the spectra la to intégrité the area under 

then - this anta is directly proportional to the turbulent; 

energy. Eh:tween 5 and 20 Werte E) ha# 6,% more energy than A, 

and in thin range C has 37.% more energy than A. Clearly this 

portion of the spec I rum (length scales of from 3 inches to less 

tlmn 1 Inch) is not nearly os important in determining the 

effect of the turbulence on the waves na is the portion of 

the spectra representing scales larger than 3 inches. 
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5. MONOCHROMATIC WAVES IN A TURBULENT FLOW FIELD 

In Chapter 4 the generation and measurement of a turbulent 

flow field with a mean velocity of zero was described. In this 

chapter the effects of such a turbulent flow field on ncchanl- 

cally generated wave trains are described. In the first attempts 

to study such wave train» several serious difficulties arose. 

These problems and their solution are discussed first and then 

the experimental results are presented. All of the experiment* 

reported in this chapter were performed in a flume 1 foot wide, 

100 feet long with a water depth of approximately 2 foot. 

The first experiments were performed In the 1-ft flume 

containing the rough false bottom driven back and forth to 

generate turbulence. A rough corrugated sheet lying close to 

and parallel with the bottom of the flume was agitated back 

and forth along the bottom by mean«' of a cable drive driven by 

a pneumatic piston above the flume. The turbulence generated 

by this Bean» then diffuses up through water ami along the flume. 

Figur«! 4.11 shows this turbulence generator and the piston cable 

drive, and the data shown in Fig. 5.21 wore obtained using this 

type of turbulence generator. For the reason» given in Chapter 4 

this turbulence generator was later replaced with the paddle- 

type turbukmee generator shown in Figs. 4.12 and 4.13. Except 

for the data shown in Pig. 5.21, all of the data presented in 

thin chapter were taken In the flume equipped with the paddle- 

type turbulence generator. 



The waves were generated by a plunger-type wave generator 

which had been built previously for the 1-ft flume. The plunger 

is shaped like a triangular wedge and the entire wave generator 

can be moved along the top of the flume to any desired location. 

Figure 5.11 shows the plunger in position in the flume and 

removed for better view. 

5.1 The Attenuation of Waves by a Surface lilni 

In the initial experiments it was found that if the wave 

length »»a very long compared to the scale of the turbulence, 

then little or no attenuation could be detected by our »ave 

gages. The largest scale of turbulence »as lifted by the sine 

of the paddles and the »Idth of the flume; therefore, In order 

to determine the effects of turbulence on »aves shorter than 

the scale of the turbulence, it became necessary to generate 

very short »aves. Such very short gravity «aves can bo rapidly 

damped by a surface film and It »as found that very soon after 

filling the »ave flume »1th clean »ater a surface film developed 

which did greatly attenuate the waves »e «Ished to study. 

Eventually it »as discovered that this surface film »as caused 

by the leaching of chemicals from the paint (Inertol brand) 

covering the steel part, of the flume (the only non-steel sec¬ 

tion of the 100 foot long flume is the glass walled center 

section 20 feet long). 

The surface tension «a. measured »1th a tensiometer for 

various »aters »1th and »ithout surface films. The surface 
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tension was about 15 dynes/cm less when the Inertol film was 

fully developed than it was in clean water. It should be 

noted that a fully developed surface film often causes less 

damping than a partially developed one. In other words a 

small change in surface tension may cause more damping than a 

larger change. This was already noted by Davies, 1962, and by 

Garrett, 1967. For this reason the ordinary platinum wire 

tensiometer is not sufficiently sensitive to be of use in 

determining whether or not the surface is clean enough for 

short waves. In fact the rate of damping of a short wave is 

a more sensitive measurement of surface tension than the stan¬ 

dard tensiometer. Davies, 1962, states that the main cause of 

damping of short waves is due to the "reversals in the surface 

stress as the wave pass, caused by the marked compressional 

elastic behavior of surface films"; only at frequencies much 

higher than gravity waves is the surface viscosity important 

in causing damping. 

Various attempts were made to clean the surface. Skimming 

the surface with a double layer of clean cheese cloth tied 

to a wooden float effectively removed the film, but a new film 

developed so rapidly that there was not enough time to perform 

experiments before the film developed sufficiently to affect 

the results. Complete removal of this paint was found to be 

prohibitively costly; therefore, some covering which would 

prevent the leaching of the surface film agent was sought. 

Small scale tests showed that a covering of clear acrylic 
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was very effective in containing the surface film agent, but 

later it was found that the acrylic covering did not wear well. 

Finally the flume was lined with polyethylene sheeting and the 

surface was skimmed at regular intervals of about 20 minutes. 

This kept the surface clean enough that no significant wave 

damping was caused by the surface film and yet allowed adequate 

time between skimmings to perform the experiments. 

5.2 The Problem of Cross Waves 

In the generating of waves with lengths close to or shorter 

than the width of the flume it was found that in addition to 

the wave progressing down the long axis of the flume there were 

also present cross components causing a variation of wave 

height (measured at various points) across the width of the 

flume. This pattern appeared as soon as the wave generator was 

turned on; therefore, it could not be caused by any reflections 

from the ends of the flume. Figure 5.21 shows some of the data 

taken (with a single wave probe at each station) when cross 

waves were present. The presence of cross waves makes it very 

difficult to get reproducible data because the cross components 

may increase the wave height near the center of the flume at one 

point and further along these components may decrease the wave 

height near the center and increase it near the walls. This 

pattern may be stationary or it may move along the flume. 

Lin and Howard, 1960, showed both theoretically and ex¬ 

perimentally that cross waves could be generated by interactions 
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FIG. 5.21 ATTENUATION OF WAVES BY TURBULENCE 



IÍ1WH«! 

59 

between a wave generator and reflected waves in a very short 

flume. As previously stated the cross waves in our flume 

appeared immediately when the wave generator was turned on , 

furthermore, the end of the flume was 50 feet away and equipped 

with a rubberized hair wave energy absorber, so reflections 

would be negligible even if enough time had elapsed for the 

wave to travel to the end and back. 

Recently, Mahony, 1971, applied the theory of resonant 

interactions to cross waves in a channel of infinite length. 

He found that when the primary waves are shorter than the width 

of the channel, cross waves of a frequency, of half that of the 

wave generator may appear. Although viscous dissipation is 

neglected in Mahony's analysis, he notes that the growth rate 

of the cross waves must exceed the decay rate; therefore, there 

is a minimum amplitude of wave-generator motion below which 

cross waves will not be generated Furthermore, he argues that 

this minimum amplitude will be significantly greater for an 

infinitely long channel than for a short, closed-end channel, 

but this seems to contradict his other statement that cross 

waves originate in the field close to the wave maker - how the 

end of the channel being moved from 20 feet to 200 feet, or to 

infinity can affect the field close to the wave maker to re¬ 

quire a larger amplitude of excitation as the end is moved away 

from the wave generator is iiot clear. One should keep in mind 

that the cross waves we observed appeared immediately - not after 

reflections could alter the flow. 
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Mahony could find no resonant interaction which would 

transfer energy from the primary waves to the cross waves 

in the absence of a wave maker; also he notes that "cross 

waves do not appear to have been observed in naturally generated 

wave systems." All of this supports Mahony's theory that 

cross waves originate in the field close to the wave generator; 

but cross waves can be seen in wind waves generated in a wind- 

wave tunnel in the laboratory. Perhaps this would not be 

considered "naturally generated". In any case many questions 

regarding the generation, propagation, and dissipation of cross 

waves remain to be answered. Mahony has shown how a pure cross 

wave mode may be generated in the forced field close to the 

wave generator. How such a pure cross wave mode can propagate 

energy down the channel is not clear. It may even be that 

viscous effects at the side walls enable cross waves to obtain 

energy from the primary progressive waves. 

We found that if the amplitude of the wave generator was 

continually increased, eventually waves with crests normal to 

the face of the plunger would form. The same thing happened if 

the amplitude was fixed and the frequency was increased con¬ 

tinuously - eventually these waves would appear. Once these 

waves formed the wave generator no longer produced the progressive 

waves. Tatsumo, Inoue and Okabe, 1969, reported such waves 

appearing with crests radial to a vertically oscillating cylinder. 

As in the case of the cross waves studied by Mahony, 1971, the 
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frequency of these waves is one half that of the motion of the 

wave generator. Thus we find: 1) At low enough amplitude or 

frequency pure progressive waves are generated. 2) At inter¬ 

mediate amplitude or frequencies progressive waves and cross 

waves propagate together. 3) At high amplitudes or frequencies 

the cross waves dominate and they do not seem to propogate away 

from the wave generator. 

There is no easy way to avoid cross waves in our system. 

Mahony, 1971, states that there is no simple way to avoid 

generating cross waves unless one could invent a wave generator 

with no bulk mobement of the fluid and no surface displacement, 

liiere fore we built six-pronged resistance probes to average 

the wave height across the width of the flume. A drawing of 

this probe is shown in Fig. 5.22. This averaging of the wave 

height served the purpose of reducing scatter sufficiently to 

enable the pattern of the wave damping to be clearly seen. 

This idea that the cross components can be averaged away 

assumes that the interaction of the progressive waves and the 

cross waves is not a major factor in determining the rate of 

attenuation of the progressive waves either in calm or in 

turbulent water. 

Mahony, 1971, does not discuss the effect of changing the 

width of the flume. Many model studies are performed in wide 

basins with waves very much shorter than the width and appar¬ 

ently the cross waves do not modify the progressive waves enough 

to create a problem. Either they are not generated or they are 
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damped out before they can travel across the width of the basin. 

5,:s Analysis and Intorpretation of the Wave Date 

Various wave records were taken in the 1-ft flume, both 

with and without turbulence. The waves generated by the 

plunger travel past four wave gages spaced 6 feet apart and 

were recorded as analog signals on a chart recorder. At the 

same time, these analog signals were sampled for a period of 

18 sec. at a rate of 58.6 samples/sec/wave gage by the digitizer, 

converted to binary numbers and recorded on magnetic tape. 

Figure 5.31 shows the mechanical drive for the wave generator, 

the chart recorder, the amplifiers and the analog-to-digital 

converter. Spectral analysis (using a Fast-Fourier Program see 

Appendix B) of this digital data then separated the low-fre¬ 

quency surface disturbances caused by the turbulence generator 

from the short, higher frequency waves generated by the wave 

generator. The wave height is then directly proportional to the 

square root of area under the spectral spike found at the 

frequency of the wave generator. This wave height data for 

the various frequencies is given in Appendix C. 

Even with the use of the multi-pronged averaging probes 

there was considerable scatter in the data, and for wave lengths 

between one and two times the width of the flume the wave height 

either decreased only slightly with distance or even showed an 

apparent increase. Therefore, only the data for waves shorter 

than the width of the flume is included in the analysis below. 
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The four wave gages were located above and exactly spanning 

the turbulence generator at x » 8, 14, 20, and 26 feet where x 

is the distance away from the wave generator. In the first 

analysis h (11), the value of the wave height at x = 11 ft; was 

estimated to be the average of the values at x = 8 ft. and x = 

14 ft. and h(23) was estimated to be the value at x = 23 ft. 

by averaging h(20) and h(26). Then h(ll) is the incident wave 

height and h (23) is the attenuated wave height after traveling 

a distance of 12 feet. 

These values of wave height were analyzed in various ways 

to see the dependence on parameters such as wave length, wave 

celerity, wave height, etc. Because both the wave height and 

the speed appeared to be important parameters, the proposal 

of Bowden, 1950, that the kinematic viscosity in the wave dissi¬ 

pation equation be replaced by an eddy viscosity term, propor¬ 

tional to the product of the wave height and the celerity was 

followed. The rate of dissipation by molecular viscosity as 

given by Lamb, 1932 (p. 623) is: 

D = 2P vk3 c2 h2 (5.31) 

where; D is the rate of wave energy dissipation per unit area, 

P is the density of water, k is the wave number eciual to 2n/L, 

L is the wave length, and v is kinematic viscosity. When v 

is replaced by c h : 

D = K 2P k3 c3 h3 
B B 

(5.32) 
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where : K is some constant to be determined. 
R 

Using the values obtained from the flume data of the 

incident and the attenuated wave heights: 

p8 Qt j 
2 

5 Cr i+Ûx G 

2£* 
(5.33) 

where: D„ is the measured rate of wave energy dissipation 
M 

pe r unit area, g is the acceleration due to gravity, h is the 

incident wave height, h. , . is the attenuated wave height 
i+fix 

after the wave has traveled a distance ¿x , and is the 

group velocity of the wave equal to half the phase speed for 

deep-water gravity waves. 

The values of Dg (assuming Kß = 1) and for the 

ex per ? riments in still and turbulent water are plotted in Fig. 

5.32. Although considerable scatter is present, it is clear 

that the turbulence greatly increases the rate of wave energy 

dissipation. One reason that the data is not spread very 

evenly over the whole range of dissipation rates in Fig. 5.32 

is that in turbulent water the steeper waves were greatly 

attenuated before they could travel,to the first gage; therefore, 

there is more data for low amplitude waves in turbulent water 

than there is in still water. 

The value of K in Eq. 5.32 is equal to: 
B 

on , 3 3 , 3 2 P k c h 

(5.34) 



P
R

E
D

IC
TE

D
 

R
A

TE
 

O
F 

W
AV

E 
E

N
E

R
G

Y
 

D
IS

S
IP

A
T

IO
N
 

PE
R
 U

N
IT
 A

R
E

A
 

67 

FIG. 5.32 ATTENUATION OF MONOCHROMATIC WAVES 
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The average value, K , and the standard deviation, o , for 
B KB 

the points plotted in Fig. 5.32 are shown in Table 5.31. 

TABLE 5.31 

Condition 

of 

Water 
ÏÏB 

0 
KB 

°KB in 

Kb per¬ 
cent 

Number 

of points 

in sample 

XB 

ÏL for 

still 

Still 

Water 
4.98X10-3 1.19xl0“3 24% 13 1. 

Turbulence 

A 
12.4xl0"3 4.08xl0"3 33% 8 2.5 

Turbulence 

B 
28.8x10“3 9.91xlO"3 34% 13 5.8 

Turbulence 

C 
31.4 xio“3 16.7 xlO-3 55% 8 6.1 

The wave height data was also analyzed in another way using 

exponential regression. If the waves decay exponentially 

then: 

* h(x) = A eBX (5.35) 

where: A and B are constants calculated by the least squares 

method and e is the natural log base. The value of A, B and the 

wave heights calculated from the above equation are given in 

Appendix C. As before the incident wave was taken to be h(ll) 

and the attenuated wave to be h(23); these values were then 

used in Eqs. 5.32 and 5.33 to calculate the ra«te of wave energy 

dissipation. The results are plotted in Fig. 5.33. This 
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figure is very similar to Fig. 5.32. The same pattern of 

increased rate of energy dissipation for the various turbulent 

conditions is seen; however, there is no marked improvement in 

the scatter. 

Previously in the survey of literature (Chapter 2) the 

experiments of Paquin, 1962, were mentioned. His data was 

used to calculate and D„ by Eqs. 5.32 and 5.33. The 
B M 

results are plotted in Fig. 5.34, although the rate of atten¬ 

uation is generally greater in the turbulent water the scatter 

is very great. Paquin measured the wave heights at only two 

points and many of the waves were shorter than the width of the 

flume; therefore, it seems likely that he had cross waves in 

the flume. His wave gages were far enough apart that the wave 

height was always less at the second gage, so he probably did 

not suspect cross waves. Furthermore, cross waves of low ampli¬ 

tude are not easily noticed by eye when they are superimposed 

on a progressive wave train. 

Another proposal mentioned in Chapter 2 is that of 

Dobrokinoskii, 1947. He proposed replacing the kinematic 

viscosity in Eq. 5.31 by the following expression: 

N„ = 
2 u2 TT H h 

18 T 
(1 - TT 62)3 (5.36) 

where: T is the wave period, 6 is the wave steepness equal 

to h/L, and h is the Von Karman constant equal to 0.4. Doing 
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this gives: 

2 
r ^ 3 2 2,, 2 p2,3 2 h TT -, ,- o-v 

Djj = Kp {2 P k c h (1-TT 6) H “Ygi (5.37) 

A dIot of D versus D. is shown in Fig. 5.35. This can be 
r D M 

compared to Fig. 5.32. In view of the difference between 

Eqs. 5.32 and 5.37, there is remarkable similarity between 

the two graphs; however, there is greater scatter and separa¬ 

tion of the different turbulence conditions in Fig. 5.35. 

If one compares the eddy viscosity terms (Nß and N^) 

proposed by Bowden and Dobrokinoskii, (Eqs. 2.12 and 2.11 or 

5.36) they have in common that the eddy viscosity is inversely 

proportional to the period T; however, Nß is directly propor- 

2 2 2. 3 
tional to L and h, whereas is proportional to h (1 - tt 6 ) 

If the wave steepness, 6 , is small is approximately pro- 

o 
portional to h /T; in other words, Np is approximately propor¬ 

tional to N 6 . Therefore, for data not having a great range 
B 

of values for 6, either Bowden's or Dobrokinoskii's eddy 

viscosity may appear to fit the data equally well. 

In summary we find that monochromatic waves of high 

frequency and height are dissipated the fastest and long, low 

waves are dissipated the slowest. Furthermore, a short period 

gravity wave losing energy at the same rate as a long period 

wave will disappear much sooner because the short wave is 

transmitting energy at a much slower rate (the wave energy 
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FIG. 5.35 ATTENUATION OF MONOCHROMATIC WAVES 
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being transmitted at rate equal to the group velocity). This 

confirms some of the observations of ship wakes mentioned in 

Chapter 1 and answers some of the questions raised there. 

Turbulence is an important factor in attenuating waves, 

especially waves of high frequency and height. The rate of 

attenuation of waves in Turbulence B and C was very nearly 

equal; although, the intensity of turbulence in Turbulence C 

was found (Chapter 4) to be greater overall and particularly 

for turbulent fluctuations of a scale less than 4 inches. 

This implies that the scale of turbulence is an important factor, 

but if the scale of the turbulence is much smaller than the 

wave length an increase in turbulent intensity does not cause 

a significant increase in the rate of wave attenuation. The 

intensity of turbulent fluctuations is an important factor if 

the scale is large enough to be comparable to the length of the 

waves. This is shown by the significant increase in rate of 

wave energy dissipation when the data for Turbulence B and C 

are compared to those of Turbulence A-keeping in mind that 

the intensities of turbulent fluctuations for scales of motion 

longer than 4 inches were found (Chapter 4) to be much greater 

in Turbulence B and C than in A. 

One question which merits further study is: What becomes 

of the energy lost by a wave moving in turbulent water? In 

some instances very small increases in wave energy developed 

in the side band frequencies adjacent to the spectral peak of 

the monochromatic wave after passing through the turbulent zone; 
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however, these increases could only account for a very small 

fraction of the loss to the incident monochromatic wave. 

Although we have no direct evidence as yet, some of the wave 

energy no doubt adds to the turbulent energy. If this is so, 

it could be the explanation to the remarkable persistance of 

wakes. 

Our results conflict with the theory of Boyev, 1971. His 

theory shows turbulence will cause attenuation only when the 

velocities of the turbulence are greater than the oribital 

velocities of the particles in the wave. Clearly higher 

(i.e. steeper) waves have higher orbital velocities and there¬ 

fore should be less affected by the turbulence (or perhaps we 

should say that a smaller percentage of the particles in the 

turbulence will be traveling faster than the particles in 

the orbital wave motion.) Our study indicates that the steeper 

wave will lose energy faster than a less steep wave of the same 

length. 

Some of the questions which motivated this study but which 

have not yet been answered concern wind waves. This is the 

subject of the next chapter. 
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6. WIND WAVES IN A TURBULENT FLOW FIELD 

In this chapter the results of experiments in which air 

was blown over turbulent water to produce wind waves are 

described. Three turbulent conditions (A, B, and C) were 

generated by the paddle type generator described in Chapter 4. 

All of the experiments were performed in the 1-ft. flume 

with a still water depth of 2-ft. The four single wire (re¬ 

sistance type) wave gages were located above and exactly 

spanning the turbulence generator at F = 5, 11, 17 and 23 feet, 

where F is the fetch length. Although the first five feet of 

fetch was not directly above the turbulence generator, we assume 

that the turbulence diffuses along the flume sufficiently that 

for the entire fetch the wind was blowing over turbulent water. 

At F = 0 the air entered at the flume from the top and was 

turned to the horizontal by metal vanes. At the far end of 

the flume (F = 65 ft.) the waves broke on a beach of metal 

shavings covered by rubberized hair. The mean free-stream 

wind speed was recorded by means of a nitot tube at F = 52 ft. 

The wave gages were recorded on a chart recorder and simul¬ 

taneously digitized at the rate of 29.3 samples/sec/wave gage. 

In each of the digitized recording was begun 5 seconds after 

the start of the wind and all the records continued for a 

period of 100 seconds. Spectral analysis (see Appendix A 

for computer program) of the digital data was done for a 

frequency resolution of 0.299 Hz. 
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6.1 Wind Wave Theory and Definition of Terms 

At the present time no wave prediction model exists which 

is sufficiently accurate under all wind and wave conditions, 

however, much progress has been made in this direction and at 

least the overall pattern of wave growth can be described 
> 

qualitatively. Figure 6.11 shows a typical growth curve as 

proposed by Barnett and Sutherland, 1968. When the wind first 

blows over the water the wave height grows linearly for some 

distance; this is followed by a range of exponential growth. 

Further along the growth rate drops off and a maximum height 

is reached which is greater than the eventual equilibrium 

this is termed overshoot . Some of the data presented by 

Barnett and Sutherland, 1968, show a decline in wave height 

to below the equilibrium value following the overshoot this 

is termed "undershoot" — and because it occurs at a longer 

fetch than overshoot, not as much data is available to esta¬ 

blish it as a general rule. As more data becomes available 

for long fetches it may even be found that the wave height 

oscillates somewhat about the equilibrium — repeatedly 

overshooting and undershooting. An accurate definition of a 

growth curve such as Fig. 6.11 requires at each increment of 

fetch a wave record long enough to calculate the spectrum with 

a narrow confidence band. With this in mind, it is easy to 

see that a maximum or a minimum such as occurs in overshoot or 

undershoot could be missed if the wave gages are too few or 

improperly spaced. 
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FIG. 6.11 WAVE HEIGHT GROWTH CURVE 

(FOR A PARTICULAR FREQUENCY AND 

WIND SPEED) 
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Various theories have been developed to predict the wave- 

growth curve. Phillips, 1957, developed a theory which predicts 

a linear growth under certain conditions. Miles, 1957, and 

Phillips, 1966, published theories for the exponential portion 

of the growth curve assuming that the waves perturb the wind. 

These theories do not accurately predict measured data (see 

Sutherland, 1968, for a comparison of measured and predicted 

growth) and they require a great deal of knowledge of the wind 

conditions. For example the resonance theory of Phillips 

requires one to know the three dimensional spectrum of an 

atmospheric pressure fluctuations plus a turbulent scaling 

factor. 

Hasselmann, 1962, has developed a nonlinear wave-wave inter¬ 

action theory. When such energy transfer between waves is 

coupled with Phillips' and Miles' theories prediction is greatly 

improved. One of the problems with the nonlinear interaction 

theory is that it assumes that the wave-wave interactions are 

conservative. In an experimental study, Mitsuyasu, 1968, found 

that : 

"The dissipation mechanism remained unsolved, because 

the conservation of wave energy which should be a conse¬ 

quence of wave-wave interaction was not satisfied in the 

measured rate of energy transfer.' 

6.2 Effects of Turbulence on the Growth of Wind Waves 

Before describing the differences between wave growth in 

still and in turbulent water it is necessary to be sure that the 
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cause of the noted differences is in fact the presence of 

externally generated turbulence. As was mentioned in Chapter 4, 

an undesirable feature of our system of generating turbulence 

is the long low wave it produces. Phillips, 1966, states that 

there is no energy transfer between coexisting waves of 

different lengths as long as the wave lengths are not close 

to being equal. Certainly a monochromatic wave can encounter 

another monochromatic wave of significantly different length 

without transfer of energy; however, wind waves have some 

energy spread over a wide range of wavelengths and in addition 

to the possible wave-wave interaction the presence of the long 

wave might affect the air flow above. Mitsuyasu, 1966, studied 

a system of wind waves co-existent with longer oscillatory 

waves. He found that there will be no change in the wind 

wave spectrum as long as the steepness of the long regular 

waves is small. Table 6.11 shows the frequencies and steep¬ 

nesses of the long waves made by the turbulence generator in 

the wind wave experiments. 

TABLE 6.11 

Turbulence Condition 
Frequency of Turbulence 

Generator and Wave 

Average Steepness 

h/L 

A 

B 

C 

0.57 cycles/sec. 

0.92 cycles/sec. 

1.52 cycles/sec. 

.00019 

.00082 

.00076 

In view of the very low steepness of the long turbulence 

generator waves, as shown in Table 6.11, and in view of 
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Mitsuyasu's results, we assume that these long, low waves 

do not significantly affect the growth of the wind waves. 

Wave records were obtained for conditions of. 1) Still 

Water; 2) Turbulence A; 3) Turbulence B; 4) Turbulence C; 

for freestream wind velocities of 18 and 23 ft./sec. Spectra 

of wave heights for these are shown in Figs. 6.21 through 

6.28. One of the clearest differences between the spectra 

in still and turbulent water is that the peak of the spectrum 

is at a lower frequency for the turbulent water. Also 

Turbulence C’s spectral peak is at a lower frequency than B’s 

and B's is at a lower frequency than A's. 

in order to develop a wave growth curve like Fig. 6.11, one 

plots the spectral values for a single frequency versus the 

fetch. This has been done in Figs. 6.29 through 6.33 for fre¬ 

quencies 4.5, 6.0, 7.5, 9.0, and 10.5 Hz. 

The only growth curve plotted which shows linear growth 

is that of frequency 4.5 Hz for the lower wind speed in Fig. 

6.29. Sutherland, 1968, also found that he obtained linear 

growth only in the lower frequencies. All the other curves 

show exponential growth and at least some indication of over¬ 

shoot. in most of the cases the exponential growth is higher 

when turbulence is present. 

When overshoot takes place as in the 7.5 and 9.0 Hz 

curves (Figs. 6.31 and 6.32), it takes place at a lower fetch 

than in still water. Furthermore, Turbulence C has overshoot 
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FIG. 6.29 WIND WAVES GROWTH CURVES (4.5 Hertz) 
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FIG. 6.30 WIND WAVES GROWTH CURVES ( 6.0 Hertz ) 
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FIG. 6.31 WIND WAVES GROWTH CURVES (7.5 Hertz) 
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FIG. 6.32 WIND WAVES GROWTH CURVES (9.0 Hertz) 
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F16. 6.33 WIND WAVES GROWTH CURVES (10.5 Hertz) 
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at a lower fetch than Turbulence B, and B has it at a lower 

fetch than A. The maximum value of these growth curves also 

follows a pattern — arranged from highest to lowest in still 

water, Turbulence A, B, and C. 

Whether or not the equilibrium values are also less than 

the still water is not clear, because fetch (roughly equal to 

the length of the turbulence generator) is not long enough to 

allow equilibrium to be reached. The growth curves for 10.5 

Hz (Fig. 6.33) are much more erratic — Sutherland, 1968, also 

found this to be the case for his higher frequency growth 

curves. 

What is the explanation of these results? In the initial 

stages the turbulence may roughen the water surface and thus 

increase the wind drag; however, this does not seem sufficient 

to explain the shift of spectral peaks to lower frequencies 

and the decreased overshoot. The theory of wave-wave inter¬ 

actions predicts that an infinitesimal lower frequency wave 

receives energy from a finite wave of slightly higher frequency. 

Apparently turbulence aids in this transfer. 

One possible way in which this could be is that for the 

waves studied here the turbulence had components whose scale 

was close to that of the wave lengths; this turbulence could 
I 

generate very small yet finitely high waves of the right length 

to receive energy of nonlinear wave-wave interaction with well 

developed waves of higher frequency. 
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The spectra of surface disturbances cauaed by the turbulence 

in the absence of wind are shown in Figs. 6.34 through 6.36. 

Note that the scale has been magnified by a factor of 200 times 

the scale of Figs. 6.21 - 6.28. These spectra shows that 

the surface disturbances Increase from Turbulence A to R to 

C. These surface fluctuations are in part due to the turbu¬ 

lence, but higher harmonies of the previously mentiored long 

wa/e and mechanical vibrations from the turbulence generator 

may also be present. 

In order to show more clearly and concisely the pattern 

of wave growth a normalized curve can be drawn. To normalize, 

the fetch is divided by the wavelength and the power spectral 

density is divided by the maximum power spectral density 

achieved in overshoot in non-turbulent water. Of course, such 

a curve can only be drawn for those frequencies which clearly 

exhibit overshoot at fetches where data is available (this rules 

out low frequency waves) and for which an accurate estimation 

of the maximum power spectral density can be made (this rules 

out high frequency waves where the specing of the wave gages 

is large in terms of the wavelength). These conditions are 

adequately fulfilled only at the higher wind speed of 23 ft./ 

sec. in the frequency range 6.6 to 8.1 Hz. Hie normalized 

growth curve for these conditions is shown in Fig. 6.37 and from 

this curve the following conclusions can be drawn: 1) By the 
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tlMi- exponential growth la achieved the waves In turbulent 

water are higher than those found In Initially cala water and 

In general those waves In turbulence C are higher than those 

ln B which In turn are higher than those In A ; 2) The waves In 

turbulent water tend to overshoot sooner than those in still 

water; 3) The maximum wave height achieved In overshoot is 

auch less In turbulent water than In still water; 4) Por the 

ranges of fetches observed hero the wave height after overshoot 

remained lower In the turbulent water than In the still water 

and the waves in Turbulence C remained lower than those ln B 

which in turn remaired lower than those In A. 

One outstanding difference between the results for mono¬ 

chromatic wave attenuation and those for growth of wind waves 

Is that the rate of wave energy dissipation In Turbulence B 

and C was found (Fig. 5.32) to be roughly equal; whereas, the 

wind wave growth curves (such as those shown in Pig. 6.34) show 

that the effects of Turbulence C differ from those of B by at 

least as much as the effects of Turbulence B differ from those 

of A. One reason for this may be the difference in wave lengths. 

The wave lengths represented in Pig. 6.37 are all very short — 

between 1 and 2 inches long, but the monochromatic waves shown 

In Pig. 5.32 range In length from 2 to 8 inches. Turbulence C 

was found to have higher intensity than B for length scales 

lower than 3 Inches (Figs. 4.37 and 4.38). It nay well be that 

monochromatic wave data for shorter waves wofuld show a greater 
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difíiTfjncc in th«.1 rate of «ave attenuation between Turbulence B 

and C; and data for longer wind waves night show less difference 

In growth curves between Turbulence B and C. 

Another possible reason for the greater differentiation of 

results between Turbulence B and C nay be that the water surface 

fluctuations caused by the turbulence and the mechanical vibra¬ 

tions fron the turbulence generators were significantly greater 

for Turbulence C than for A or B (as shown In Pigs. 6.34 - 6.36). 

It riay be that the water surface fluctuations are more Important 

In the transfer of energy fron wind to water and from one wave 

length to another, and that monochromatic waves are not affected 

as much by the surface fluctuations. 

Comparison of the growth curves In turbulent and still 

water shows the differences that are noted above. The exact 

nechanlsn bringing about these differences cannot be proved at 

this point; however, sone suggestions can be made. The Increase 

In the Initial growth rate of the high frequency waves In turbu¬ 

lence nay be a result of the turbulence rooghenlng the water 

surface; In this case the growth curve In turbulent water might 

be described as being like that of still water growth curve 

for a longer fetch. In the case of the lower frequency com¬ 

ponents of the waves, which receive energy fron the higher 

fr«H)uency components, the Increased rate of growth In turbulence 

strongly suggests that the presence of turbulence enhances the 

transfer of energy to the longer waves by wave-wave interaction. 
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In this regard, the findings of the Joint North Sea Wave Project 

(conducted in 1968 and 1969) reported by Rurnett, 1972, should 

be noted. It was concluded that on the average 60-70% of the 

wave growth was due nonlinear wave-wave interactions. Barnett 

further states that: 

"The steep forward face of the spectrun is in essence 

maintained by the wave-wavj mechanism. In the mid-frequency 

range of the spectrum, the wave-wave transfer (and perhaps 

other dissipative mechanisms) overcomes all atmospheric 

input. The net result is a loss of energy in this frequency 

range. This behavior explains the overshoot effort pre¬ 

viously discussed by Barnett and Sutherland (1968). At 

relatively high frequencies the wave-wave mechanism Joins 

forces with the atmospheric growth mechanism. These posi¬ 

tive Inputs are balanced by some unknown dissipative 

mechanism (wave breaking)." 

% 

If the steep forward face of the wind wave spectra obtained in 

turbulent water is in fact maintained by wave-wave interactions, 

then the hypothesis of enhanced transfer of wave energy by wave- 

wave Interaction ih the turbulent water can help explain both the 

increased growth of lower frequency components and the lowering 

of the maximum height obtained in overshoot in turbulent water. 

If one attributes all of the lowering of the maximum height 

obtained in overshoot in turbulent water to Increased dissipa¬ 

tion, then there would be less energy at high frequency to pass 

on to lower frequency. 
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On« of the qualitative obuérvatlone which motivated this 

study was that short wind waves appear In the turbulent wake of 

a ship soon after the ship passes, and that for several minutes 

the wake persists with the very short wind waves and the very 

long period swell, but with little evidence of waves of inter¬ 

mediate length. From the work on monochromatic waves, it Is 

clear that the shortest and highest waves coming Into the tur¬ 

bulent wake will be attenuated the fastest. Ulis explains why 

of all the Incoming waves only the long low amplitude waves 

pass through the wake without significant loss of ew .gy. In 

this chapter it has been shown that the presence of turbulence 

In the water results in faster growth Initially when compared 

to growth in still water and that the maximum height is attained 

sooner but its value is less than it would be in still water. 

The apparent scarcity of waves of intermediate length in the wake 

may be explained In the following manner. The turbulence will 

cause the intermediate-length waves to gain energy faster 

from the short waves, but the intermediate-length waves will also 

Interact and pass energy onto the longer waves which were not as 

drastically attenuated on encountering the turbulence. In 

this respect our experiment in the laboratory la quite differ- 

ent from the situation in the wake of the ship. In the ship 

wake a whole spectrum of wind waves encounters turbulence and 

the higher frequency side is initially attenuated, then the 

spectrum is redeveloped starting at the high frequency side. 



This redevelopment cannot take place instantaneously and so for 

some time the spectrum will have two overlapping peaks - the 

remains of the incident spectrum at low frequency forming one 

peak and the new spectral peak at 1 igh frequency growing up¬ 

ward and toward the lower frequency peak. In the laboratory 

experiment there was a steep spectral spike representing the 

long low wave made by the turbulence generator isolated by a 

band of near-zero wave energy from the spectral peak represent¬ 

ing the growing wind waves. Because the sloping side bands of 

the spectral peaks did not overlap there was no wave inter¬ 

action resulting in energy exchange between them. 

Hie fetch In this study was too short to allow waves 

longer than the scales of turbulent motions present to develop; 

therefore, one can only speculate what would happen in such a 

case. In discussing the effets of surface films on wind 

waves, Davies, 1962, notes that the damping of the short waves 

by surface films will lower the wind drag on the longer waves. 

However, if the long waves are close to breaking the damping 

of the short waves reduces the disturbances acting on the 

longer waves and thus reduces the chances of breaking. 

Perhaps small scale turbulence could have similar effects on 

long wind waves. 

None of the wave theories predicts the overshoot phenomenon 

however, the theory of wave-wave interactions does provide 
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the idea that the energy lost by one frequency in overshoot is 

partially transmitted to lower frequencies. However, it seems 

clear that wave-wave interactions are not conservative and 

less conservative for interactions as the steepness of the 

interacting waves increases. Even in the absence of exter¬ 

nally generated turbulence, wind waves could become sufficiently 

steep to interact in a manner that produces turbulence. 

Thus it seems that it may be necessary to study the effects 

of turbulence created in the generation area in order to 

understand the growth oí wind waves. Both the transfer of 

energy from wind to waves and the transfer of energy from one 

wave length to another may be affected by this turbulence. 
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7. CONCLUSIONS AND SUGGESTIONS FOR FURTHER STUDY 

7.1 Turbulence and Monochromatic Waves 

The rate of dissipation of wave energy by turbulence can be 

represented by the equation: 

DB =KB2Pk3 c3 h3 

where K depends on the scale of turbulence, the intensity 
B 

of turbulence, and on the length of the waves, K was found 
B 

to be from 3 to 6 times greater in the turbulent flow fields 

studied; however, for very long waves K was the same in 
B 

still and in turbulent water. For scales of turbulent motion 

comparable to or greater than the length of the waves a signi¬ 

ficant increase in the intensity of turbulence will cause 

a significant increase in the rate of wave energy dissipation. 

For scales of turbulent motion smaller than the length of the 

waves a significant increase in the intensity of turbulence 

did not result in a comparable increase in the role of wave 

energy dissipation. 

An area for further study is to define K for the transi- 
B 

tion range between very long waves unaffected by small scale 

turbulence and the short waves significantly attenuated by 

turbulence. The more difficult problem of tracing the energy 

lost by the monochromatic wave should also be studied. 



103 

7.2 Wind Waves and Turbulence 

The presence of turbulence in the water has several very 

definite effects on the growth of wind waves. The following 

effects in particular were noted: 

1. In the linear and exponential portions of the growth 

curve the waves were higher in the turbulent water. 

2. Overshoot generally occurs at a shorter fetch in the 

turbulent water. 

3. The maximum wave height achieved in overshoot in 

turbulence is as little as one half that achieved 

in still water. 

4. After overshoot the waves remained lower in the 

turbulent water than in the still water. 

5. In general the above effects appeared to be roughly 

proportional to the intensity of the turbulence of 

a scale comparable to the length of the waves. 

6. The wave energy spectra at the longer fetches in 

turbulent water show more wave energy at low frequency 

and less at high frequency than those for still water. 

The effects of turbulence on wind wave growth appears to 

be a very promising area for further research. The fetch in 

this study was too short to allow waves to attain the equili¬ 

brium height or to develop longer than the scales of turbulent 

motion present. This can be done by lengthening the turbulence 

generator and/or decreasing the scale of turbulence generated. 
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In order to accurately locate and measure the maximum in over¬ 

shoot , one needs many wave gages closely spaced. 

Another problem which could be studied in light of the 

findings presented above is that of non-conservative wave-wave 

interactions. Do the wind waves create turbulence (by non¬ 

conservative wave-wave interactions, whitecapping, breaking, 

etc.) which in turn effects the rate of viscous dissipation 

and the rate of energy transfer from wind to waves and the rate 

of transfer of energy from the shorter to the longer waves? 

What conditions and what wave parameters determine whether or 

not wave interactions are conservative with respect to wave 

energy or not? 

Some progress has been made in this study on the effects 

of turbulence on monochromatic waves. Because of the possi¬ 

bility of greater wave-wave interactions when waves of many 

frequencies are present, the effects of turbulence on a de¬ 

caying polychromatic spectrum should also be studied. 
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»r I fPfffNT «PQ« I i TO o/'« 
P4|N^ * 
FGO*A? I IMI I 
PQINî >«>o 
f-N©MAfl • I • »» H I A©| t *r l©Pul ^r roi|©|f© T© AnciF O©©/ ✓ I 
0^ 400 f • 1 * N 
P*îNÎ «00* «IM 
f OR*A* I ■« « I 
'ONT TN'*P 
Afc'«\ ro«»©»©^« 

Nt.N»l 

*Nf.tf • '•l*!'*»?*«»»«'*« /rtlATtNt 
fiMOI >0» M • lO»l * t «isn 
n^fN»" T»»ir 
rt' » |. ],*? 
J"1 . j - » 
*N'.irj| • rLOATlJ«!) • «Nrxr 
Taihji • roii AH<%crji i 

ro» »©▼© -»4 
r At »©♦© ** ^ 

ro« •©▼©*» 
r O* •© ▼ © ' ^ 



112 

("ONT TNI I* 
ONr « 1.N 
U**t 1 I 
'.OTOl i 
StN«- T^nir 

11 "O 6 j. 1, N? 
JM1 . J - i 
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1 ’ |F ( TORT*'» .F“}, » I »•.N rr 
POINT 1 

PRINT <np 
TOP F30m*t I <1, >*hT»nLF or iiN*,*«OOTmFO 

m n r . i. Mi 

ti*t-t 
W*P.O 
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N>**X( JI*TXPIK«T t 

T(|1 »(U*t#0»*tONF»*IN*t >1/»N 
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00 1 ! • i,NN 
AllN'l ,AHMl*v I I 1 

! CONTTRiir 
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