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LABORATORY EXPERIMENTS ON WIND-GENERATED
WAVES

BY
J. R. D. FRANCIS
Imperial College of Science and Technology, London

INTRODUCTION
It has long been known that the study of wind-generated waves on
a water surface is difficult in the laboratory because of the large
"fetch," or distance downwind, needed for the growth of waves large
enough to behave as gravity waves rather than capillary ripples.
Johnson (1948), on the evidence of experiments by Stanton et al.
(1932) and those of his own at Clear Lake, California, concludes that
a channel 311 feet long with a windspeed of 4.5 feet/sec. would reproduce the prototype conditions of a 10 mile fetch with a 40 m. p. h.
wind. This assumes that one fetch and windspeed is a model of any
other fetch, when the windspeeds vary according to the ordinary
model law

where Tis the period of the waves and U is the windspeed, the relation
between Fetch/U2 and T/U being given by an experimental curve that
determines the minimum length of channel. However, in the example
quoted, the prototype windspeed happens to be greater than a possible
critical windspeed to which Munk (1947) 1 drew attention, while the
model windspeed is less. If, as Munk suggests, the existence of this
critical velocity corresponds to two different types of airflow over the
waves, then the model law needs amplifying, for clearly it would not
be justifiable to compare waves generated by one regime of airflow in a
model with prototype waves generated by another. At still lower
speeds there is another difficulty. For instance, referring to the other
example quoted by Johnson (1948), where a 10 mile fetch with 5 m. p. h.
wind is to be represented by a laboratory channel as long as 2,000
fee!, t~en on the precedi~g basis the wind would be only 1.4 feet/sec.,
which 1s less than Jeffreys (1925) minimum windspeed of 3.4 feet/sec.,
and no waves at all would be generated. Hence, indoor experiments
1

However, additional experimental values of wind shear stress published by
Bruch (1940) and Roll (1948), when plotted on the shear stress-windspeed axes in
a similar manner to the evidence quoted by Munk, do not altogether confirm the
existence of the critical velocity.
(120)
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can be done only in channels of practical size when the windspeeds are
greatly exaggerated, possibly even to the point at which they equal
the prototype speeds, but even then the fetch and the dimensions of
the waves must be restricted by some convenient artifice.
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Channel C,.

Dotted lines show outline of tinplate island of Channel C,.

Possibly some of the difficulties in studying the growth of waves
may be avoided by an endless channel in the form of an annulus. If
the wind is always acting circumferentially round the channel, then
the waves should eventually become typical of those at an infinite
fetch in a straight channel of the same cross section. The frictional
effect of the wall remains, of course, and there is a possible disadvantage that the wavelength at any instant may be restricted to an
integral submultiple of the length of the annulus; but the arrangement
is compact, needs little power, and the shape and behavior of the waves
are likely to be similar to those in Nature. The following experiments
define the possibilities of such channels up to a size 6 feet in diameter
and 1 H. P. input. The effect of varying the proportions of the
annulus was investigated and the shape of the waves so formed was
observed.
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DESCRIPTION OF APPARATUS
Three sizes of channels as shown in Figs. 1, 2 and 3, were used in
the present experiments,' and the leading dimensions are given in
Table I.
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TABLE I .

Channel B .

MEASUREMENTS OF APPARATUS

Channel

A

Outer diameter
Inner diameter
Radial width
Outer dia./width
Depth from top of outer cylinder
Depth from top of inner or island cylinder
Depth of water
Height of pltot tube above still water level
Maximum power used
Maximum speed of wind-making paddle

Inches
Inches
Inches
Inches
Inches
Inches
Inches
H. P.
R.P . M .

80
72
4
20
12
12
4 .6
2 .6
1
120

C,
6
4
1
6
8 .7
6 .0
4
1

B
42
30
6
7
40
24 . 3
16
3

¾

¾

5000

5000

½
370

MATERIALS

Channel
A

B
01

o,

C,

6
5 .3
0.35
17
8.7
6.0
4
1

Outer Cylinder

Inner C11linder

Sheet steel with perspex window
Perspex
4 Ii tre glass beaker
4 II tre glass beaker

Sheet steel
Tinplate
1 Ii tre glass beaker
Tinplate
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The windmaker in the case of channel A consisted of a horizontal
steel ring 6 feet in diameter and made of T-section bar mounted
coaxially with the channel and belt-driven by a 1 H.P. moto~. Equally
spaced round the ring were six flat plates 3½ by 4 inches, projecting
3 inches inside the rim of the channel and thus forming paddles to

TO T-BAR RING
RING

SUPPORT
r--_..__.__._A_N_D_ AXI$

Figure 3.

Channel A.

rotate the air within. In the other channels the inner "island" wall
was lower than the outer wall. In the cylindrical space above the
island there was a vertical shaft with a flat paddle which was rotated
inside the outer cylinder by an electric motor, thereby swirling all of
the air within the apparatus, including that in the annular channel.
The airspeed in the two largest channels was measured by Pitot
tube connected to an inclined alcohol-manometer. For the smallest
channel the only available Pitot-static tubes were too large, and these
would have disturbed the air too much; therefore the static pressure
was estimated from the reading of a brass tube of 0.03 inch bore facing
downstream. The total pressure was measured by a similar tube
facing upstream and soldered to the static tube. The arrangement
when calibrated in a wind tunnel gave a pressure difference of 1.21
times the kinetic pressure.
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OBSERVED WA VE-FORMS
Channels A and C2 • The waves made by gradually increasing the
winds to various speeds in the several channels are summarized in
Table II; in channels A and C2 , with diameter-to-width ratios of
20 : 1 and 17 : 1 respectively, the limiting velocities for the occurrence
TABLE

II .
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of any waves at all were 27 .8 feet/sec. and 25.8 feet/sec.; below these
values, waves caused by a suitable stirrer soon died out and a glassy
water surface remained. At and above the limiting velocity, waves
appeared; in the large channel A they were about 27 inches long,
averaging 2.7 inches high with a period of 0.75 seconds. Although they
were not all of exactly the same shape or size, having small wind
ripples superimposed upon the fundamentals, they were of typical
trochoid appearance; in fact, they were complete replicas of sea waves
and will be referred to subsequently as 'rough' waves. The steady
state was reached by the time the initial disturbance had travelled 3
or 4 times round the annulus. The waves in channel C 2, appearing
at 25.8 feet/sec., were naturally smaller, their wavelength being about
¾ inch and their height about 1/10 inch. They moved too fast for
their shape to be seen precisely, but they seemed very regular and not
quite sinusoidal. The windspeed could not be increased further since
the fan motor was already well above its safe limit.

Channels Band C1: 'Smooth' Waves. In channels Band C1, whose
diame~er-to-width ratios were 7 : 1 and 6 : 1 respectively, a more
complicated wave system occurred. The minimum wind velocities
to maintain any waves at all were then 17 feet/sec. and 19 feet/sec.
respectively, and, at lower windspeeds the waves died out if temporarily
generated by hand. In the small channel C 1, above the limiting windspeed, the waves appeared spontaneously and in a few seconds they
spread all round the annulus. The waves, or rather ripples, appeared
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perfectly smooth and nearly regular when viewed by light flashing 10
times a second. ln the larger channel B, above the limitimg airspeed
and up to an airspeed of 26 feet/sec., waves, other than tiny ripples
about ½ inch wavelength, did not appear spontaneously; however,
when the airspeed was between the limiting speed and 24. 7 feet/sec.
and a disturbance was made with a stirrer, a group of low smooth
waves or ripples formed and travelled round the annulus, leaving a
plane mirror-like water surface before and after it. The leading
waves in the group (the downwind ones) appeared nearly sinusoidal in
shape and rather longer in wavelength, but the tail waves (the upwind
ones) were asymmetrical, being very steep on their downwind (forward)
sides and about ½ inch high and 4½ inches long from crest to crest.
They resembled the cross section of sand dunes in the desert (see
Bagnold, 1941: 202). The group of waves appeared to occupy a
constant arc of the annulus for a given windspeed and initial agitation;
then the higher the windspeed the larger was the arc occupied, until
at about 22 feet/sec. the whole annulus had smooth waves in it.
The 'group' velocity of the smooth waves was measured and the
results are given in Table III, the time for a revolution of the sharply
defined upwind end of the train being taken.
TABLE Ill.
Windspeed
(feet/ sec. by Pitol)

GROUP VELOCITY OF SMOOTH WAVES

Group ~elocity
(feet /sec.)

Group welocity

+
Windspeed

17.3
17 . 8
19.4

20 . 6
21.8

0.620
0 . 632
0.672
0 . 725
0 . 772

0 .0359
0.0355
0 .0347
0 . 0352
0 .0354

It will be seen that the group velocity is a nearly constant proportion
of the wind velocity.
Channels B and C1 ; 'Rough' Waves. In both of these channels
there was a second limiting speed above which much larger "rough"
waves appeared if the surface were agitated or if there were smoothsided waves already existent. These second limiting airspeeds were
measured as 24. 7 feet/sec. for channel B and 24.4 feet/sec. for channel
C1 • The waves in channel B at 26 feet/sec. were 3 inches high crest
to trough, period 0.7 seconds, wavelength 27 inches; these valu_es are
near the theoretical maximum steepness. In a large proport10n of
waves the crests were not sharply defined, and so far as could be seen
from outside the channel they had broken water on the downwind
side. This may be the well known white cap phenomenon; but on the
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small scale of the present experiments, and in the absence of the components of sea water which produce white froth, the effect is less
visible. 2 The waves were similar to those produced in channel A.
These waves also appeared spontaneously from a plane surface when
the windspeed exceeded 26 feet/sec., probably due to slight variations
in windspeed; it was noticed sometimes that if the windspeed was
between 24. 7 feet/sec. and 26 feet/sec . rough type waves could be
raised from a plane water surface if the fan was momentarily slowed
down and then accelerated to its previous speed.
VERTICAL PROFILE OF WIND-SPEED
In both channels A and B, when no waves were present (i. e.,
windspeed below the second limiting value, and no disturbance made
by stirrer), it was found that the windspeed at the midradius of the
annulus was constant within ± 3% at all heights more than ¼ inch
above the water surface. The same constancy occurred also when
waves were present, with smooth ones and with rough ones, though
the wind could not then be explored within 2 inches of the surface,
because occasionally an extra large wave filled the Pitot with water.
The constancy suggests that the wind gradient was determined
mainly by the side walls and not by the water surface, and therefore
the measurements do not define whether or not the water was acting
aerodynamically as a smooth or as a rough surface.
EXPERIMENTS IN A CYLINDRICAL TANK
A few tests were made in a circular cylindrical tank without the
island in the middle, the tank being the 42 inch diameter outer cylinder
of channel B, the windmaker the one already described. The arrangement was thus equivalent to an annular channel with diameter/width
ratio of 2.0, and with the air velocity approximately proportional to the
radius. The airspeeds were measured 3 inches from the wall.
No waves or ripples were observed when the airspeed was less than
10.4 feet/sec. With windspeeds greater than this, however, a complicated three dimensional wave system developed which eventually
resolved itself into that predicted by Rayleigh (1876). When the
experiment was continued long enough the water surface again became
plane although slightly disfigured by tiny wind ripples. The plane
was not horizontal, however, but was sometimes steeply inclined,
2
Some further experiments were done in channel A by using a solution of sea salt
instead of the fresh water of other tests. The frothing on the breaking waves was
much more noticeable, and it occurred imm ediately when t he limi ting windspeed
was exceeded.
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rotating round the vertical axis of the cylinder, this causing one crest
and one trough per revolution. This is Rayleigh's first mode of vibration. Waves as much as 10 inches high from trough to crest at the
circumference occurred in the 42 inch cylindrical tank with a windspeed of 20 feet/sec., corresponding to an inclination of the watersurface plane oi 13°.
The same type of phenomenon occurred in the 6 inch diameter
cylinder with a central "island" 2 inches in diameter, thereby forming
a channel with an outer-diameter/width ratio of 3.0 No waves or
ripples could be seen until the wind velocity was 10.4 feet/sec., measured at a point ½ inch from the outer circumference and 1 inch above
water level. Then the same three-dimensional wave system formed as
in the large tank.
AIRFLOW OVER WAVES; THE 'TROUGH EDDIES'
Munk (1947) tentatively suggested that smooth waves at subcritical windspeeds differ from rough waves by the lack of an eddy in
the air lying in the trough between waves, although Jeffreys (1925)
assumed that eddies exist even at the low windspeeds needed to
create any waves. On the other hand, Roll (1948) deduced from
vertical profiles of wind velocity (up to 29.2 feet/sec. at 2 m. height)
that the water surface is aerodynamically smooth and that eddies are
not present; he compares this result with that of Motzfeld (1937),
who found that a solid wave-like surface with sharp crests was aerodynamically rough and had lee eddies.
An effort was made to investigate this point by using a smoke
trail technique, but the rapid movement of the wave crests made
visual observation uncertain. It is also difficult to choose a suitable
smoke, that is, one which is sufficiently dense when injected into a
25 feet/sec. air stream but which contaminates neither water surface
nor container and is not affected by moisture. One possible method
is to use a small vertical jet which is at about still-water level, directed
upwards. The jet is supplied with steam from an external boiler,
and so long as it is covered by the water the steam is condensed.
When a wave trough arrives the jet is uncovered and a puff of steam
is shot out, thus forming a small white cloud of vapor. Subsequent
observation of this cloud should show the direction of the airflow
close to and relative to the wave, thereby disclosing the existence of
an eddy. This was tried, but the steam condensed in the pipe leading
to the jet and blocked it for the short time when the trough passed.
Probably the difficulty could be overcome by more pressure and by
the use of nonmetallic pipe.
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A vertical jet of water which is fed steadily from a ci~tern external
to the channel, and which rises to about½ or¾ w~ve heigh~, was also
tried with some success. When there was no wi_nd _relative_ to ~he
channel the water rose and fell vertically, but any wi~~ m o~e directi~n
or another deflected it. The jet water was made vISible with an acid
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potassium permanganate solution which was bleached by the channel
water having sodium sulphite in solution. The horizontal travel of
the jet was calibrated in the channel against the windspeed by Pitot
tube, the water level having been lowered sufficiently so that the jet
was not washed over by the waves (see Fig. 4) .
At all windspeeds, and with both 'smooth 'and 'rough' waves, the
indicator jet was blown in the downwind direction with a deflection
very little less than that in the free air stream. The greatest discrepancy was at the highest windspeed, with 'rough' type w"aves which
averaged 3 inches from crest to trough, 27 inch wavelength, period
0.7 seconds. The waves were then travelling at about 3.4 feet/sec.,
their steepness ratio was 3/27 = 0.11, and they had the broken water
at the crest as described previously (p. 125). The windspeed at 4
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inches above' still-water level was 25.8 feet/sec. and the jet was deflected in the wave troughs to a position corresponding to a windspeed
of 21 feet/sec. If an eddy relative to the wave had been present, then
the local windspeed reckoned relative to the tank would have been
either reversed or less than 3.4 feet/sec.
Although experiments were not conclusive, they certainly did not
support the much quoted lee-eddy picture. The present waves were
very steep, almost approaching the maximum that is possible, while
natural full 8cale waves are usually only half as steep and in that
respect are correspondingly less likely to have lee-eddies. Perhaps
the answer is to be found at the apex of the crest; if that is cusped, then
the wind must separate and the lee-eddy can hardly be absent. In
the model, surface tension prevents the cusp; in Nature, however, the
waves, seldom tall enough to cusp of themselves, do so only when one
wave overtakes another, and intermittent white-horses then appear,
no doubt accompanied by intermittent lee-eddies. The whole spectrum of the wave frequencies seems involved, and perhaps the smaller
waves are essential for the rapid growth of the larger ones, but the
lee-eddy itself is not an essential part of wind-wave generation; the
driving force remains whether or not the eddy is there, but the magnitude of the force is different, so that, without the eddies,stronger winds
or greater distances are needed to build the waves.
DISCUSSION
Critical wind speeds. In all the present channels it appears that
there is an abrupt change of state of the waves at some limiting velocity in the range 24-27 feet/sec. when the waves become rough and
rippled. This is curiously near Munk's critical velocity of 6.6 m./sec.
(21.7 feet/sec.), which he deduced by assuming a constant windspeed
right down to the discontinuity at the water surface, a condition
similar to that in these channels, where the velocity appears to be
fixed by the side walls and where there is not a pronounced velocity
gradient in the air above the water, as in Nature. Possibly the
present windspeed values are not exact, since the Pitot tubes may
have been sensitive to the curved flow; but the errors would be small,
except possibly in channel C2 where the airflow must have been disturbed by the 0.03 inch bore Pitot tube (0.075 inch outside diameter)
that occupied a large part of the 0.35 inch wide annulus. Also the
secondary currents in the air, causing a component velocity along the
wave crests, may have played a part in the formation of the waves.
The apparent value of the limiting velocity seemed to increase
somewhat with the diameter/width ratio of the channel, suggesting
that side effects were exerting a measurable influence.
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Lowest limiting windspeed. In all the channels, the ~nimum ~dspeed necessary to raise and maintain any waves at all is much higher
than the value of 3.4 feet/sec. as found from observation over the sea.
Inasmuch as the discrepancy is least for the low diameter/width ratio
channels, it is probable that the surface tension and viscosity effects
on the side walls are the cause, though the curving of the channel may
have played a part, for the waves first generated by the wind are
chiefly controlled by surface tension and t end to travel at constant
speed, which is inconsistent with waves whose crests and troughs are
radii to a circular channel.
Beginnings of waves. The evidence of the experiments in channel
B, where an external agitation was required to produce waves when the
wind was increased slowly and continuously to above the limiting
speeds, may show that in Nature the tiny initial ripples_ are started by
irregularities in the wind or by disturbances coming in as old waves
and swell. Both 'wavy' and 'no wave' types of surface persisted for
long periods at the same windspeed; but the 'no wave' surface changed
immediately to the 'rough' type of wave when an external disturbance
was given to the water.
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SUMMARY
Experiments on the generation by wind of waves on a water surface
have been made in channels of rectangular section, annular in plan,
the wind being made by swirling the air above with a rotating paddle.
The channels varied from 6 inches to 6 feet in diameter the ratio of
outer diameter to width up to 20, the input power uJ to 1 H. P.
Some_interesting wave forms were noticed, and there appeared to be
a rad1c~l change of shape from smooth waves to wind-rippled large
w~".es m ~he range 24-26 feet/sec., which is near Munk's proposed
cnt1cal wmdspeed of 21.7 feet/sec. The minimum windspeed to
produce any waves at all was much higher than that observed in
Nature. With care, the windspeed could be gradually increased to
26 feet/sec. without any waves being formed; but the regime at that
speed was unstable and waves were initiated by the slightest irregularity in the airflow.
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The existence of lee eddies in the troughs of the waves was investigated by using a small vertical nozzle that projected a jet of water
upwards when a trough passed. Although the waves were short, slow,
and steep, there was no evidence of the existence of such eddies.
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