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ABSTRACT

An 1nvestigation of the air velocity profile above progressive,
mechanically-generated waves was made 1n the wind and wave facility
at Stanford University. The influence of propagating waves on the
mean velocity profile was sought especially.

Both the 1nstantaneous and mean velocity profiles were obtained
with the use of high response total head and static pressure
probes, i1in conjunction with a wave height gage. Experimental
evidence 1s presented which suggests that the air velocity field
responds to the wave motion.

The dependence of the mean velocity profile on wave frequency
was 1nvestigated experimentally over mechanically generated waves
having a constant amplitude. Also, the dependence of the mean
velocity profile on wave amplitude was 1nvestigated over mechanically-
generated waves with a specified frequency.

The theoretical results suggest that the wave influence 1is
threefold. The first 1s due to the fact that a velocity-measuring
instrument continuously shifts streamlines when measuring the air
velocity above a perturbed water surface. The second 1s due to the
wave-induced perturbation in the air velocity. The third is due
to the interaction between the two effects just described. The
results contribute towards explaining the lack of consistency in
the existing data.

INTRODUCTION

In the study of the aerodynamic drag on the water surface, the
method of attack was to relate the properties of the wind to the
slope of the mean water level, the surface currents, and the waves
generated. The total drag coefficient 1s usually defined
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c, = =, (1)
UZ
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where D is the total drag per unit area at the water surface and

Uy 18 a velocity at height y above the water surface. Keulegan
found that Cp i1ncreases linearly with U, in wind channel experiments
(ref. 1). Results similar to Keulegan's were found by Fitzgerald
in another wind channel and by Van Dorn in a pond (ref. 2 and 3).
The increase in the total drag coefficient was also observed by
Francis, Sibul, and Hidy and Plate under laboratory conditions, and
by Sheppard and Omar in the ocean (ref. 4, 5, 6, and 7). Large
scatter in the total drag coefficient was reported by Keulegan and
by Johnson and Rice under laboratory conditions, and by Hellstrdm
in the field with little evidence that 1t followed any stress law
(ref. 8, 9, and 10). More recently, Kato and Takemura have
reported a decrease in the drag coefficient with increasing U,
(ref. 11).

Munk derived an analytical expression for the total drag at the
water surface based on the Jeffreys sheltering hypothesis and pre-
dicted an increase 1n the total drag coefficient with 1ncreasing
Un (ref. 12). A similar theoretical result was reported recently
by Hino (ref. 13). An expression by Neumann, however, predicts a
decrease 1n the total drag coefficient with increasing U, (ref. 14).
Roll, 1n a review of the studies related to the aerodynamic drag on
the water surface, concluded that the state of knowledge is far
from satisfactory (ref. 15).

The air velocity profile with respect to the mean water level
has been approximated, most commonly, by a logarithmic velocity
distribution given by

U =0t gn L (2)
K Zy
where Ux = [To/pll/z, T¢ is the surface shearing stress, k 1s the

Karmin universal constant, z, 1s the roughness height. The un-
certainty in determining the mean water level accurately leaves
room to adjust the velocity data so that it can be approximated by
a logarithmic distribution, whence values of Ux and zy are obtained.
If the assumption 1s made that 14 = D, then

Y
Cn = |k/%n(30) | (3)
which implies that C, depends on z, and the height y, at which the
reference velocity U, 1s taken. It is natural to expect that z, be
related to the characteristics of the propagating waves at the air-
water surface. Evidence of such dependence was given by Kunishi
for very small amplitude waves (ref. 16). Holmes, however, found
no correlation between zy, and wave characteristics (ref. 17).

The results of previous investigators do not agree on a common
relationship between Ui and z, as shown in Fig. 1. The disa-
greement leaves room to gquestion the valadity of applying a
logaraithmic velocaty distribution to a shear flow over the water
surface. A logarithmic fit was observed by some authors to be
reasonable over a portion of the velocity data only. Thus, the
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conclusions of Kato and Takemura were based on fitting a loga-
rithmic distrabution to the measured velocities close to the
water surface, while the conclusions of Francis were based on
fitting a logarithmic distribution to the measured velocities
away from the water surface (ref. 11 and 18). The aim of the
present study 1s to investigate both experimentally and theoreti-
cally the effect of propagating water waves on the measured mean
velocity profile 1n the air stream above the water surface.

EXPERIMENTAL APPARATUS AND PROCEDURE

The 115-foot-long, 74-1/2-inch-high, and 35-1/2 inch-wide waind
and wave facility at the Stanford Unaversity Hydraulics Laboratory
was used for this study. A description of this facility was given
by Shemdin and Hsu (ref. 19). The facility wave generator is
equipped with an electrohydraulic control system which 1s capable
of generating simple waves ranging in frequency from 0.2 to 4.0
cps. The air intake 1s located 17 feet downstream of the wave
generator plate so that the mechanically generated waves become
fully established before exposure to wind. A suction fan 1is
provided at the downstream end of the channel. The fan 1s driven
by a motor capable of creating a maximum wind speed of 80 fps when
the water level 1s at a nominal depth of 3 feet. The channel has
a steel plate floor, glass walls in the test section, and 1s
closed by 3-foot by 5-foot interchangeable roof plates. The
instruments are mounted on a special 3-foot by 5-foot plate which
can be placed at any station along the channel.

The velocity in the air was measured with total head and static-~
pressure probes, 1n conjunction with a Pace differential pressure
transducer (Model P90D) and a Sanborn 650-1100 series optical-type
recorder. Two types of velocity probes were used:

1. a 1/32-inch O.D. pitot-static probe to obtain time-
average velocities at a point. The probe 1s a standard
shelf i1tem manufactured by United Sensors and Control
Corporation, and has a low cut-off frequency in 1its
response characteristics;

2. a 3/32-inch 0.D. total head and static-pressure probe
to measure the instantaneous fluctuations of air veloci-
ties due to the perturbed water surface. The frequency
response was flat up to about 3 cps, which 1s beyond the
frequency range in the present investigation.

The Pace differential pressure transducer was calibrated with a
Harrison micromanometer. The effect of both temperature and
humidity were taken into account in converting the dynamic head
signal into velocity.

The instantaneous velocities above simple mechanically generated
waves were obtained by simultaneously recording the dynamic head
signal and the water surface elevation. At each fixed position
above the mean water level, a recording was obtained. Recordings
were obtained at different preselected elevations above the mean
water level to adequately describe the instantaneous boundary
layer. The water surface elevation was measured by a capacitance-
type wave height gage. A Nyclad insulated wire, No. 36 HNC, with
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0.006~inch 0.D. was used as a sensor. Adequate linearity was
obtained 1n the relationship between the change i1n the water
surface elevation and the voltage change due to wetting the sensor.

The instantaneous velocity at a fixed position above the crest
of a mechanically-generated wave was obtained by averaging instan-
taneous dynamic head values which correspond in time to the wave
crest. The crest velocity was typically obtained from an average
over ten waves (Z.e., an average of ten crest dynamic head values).
The position of the velocity probe above the wave crest was ob-
tained from the 1nitial position of the probe above the mean water
level and the instantaneous water surface elevation. The crest
velocity profile was obtained by simply graphing the crest veloci-
ties at different elevations above the mean water level with
respect to the wave crest. A velocity profile over the trough
was obtained by a similar procedure.

The mean velocity at any elevation above the mean water level
was obtained by averaging the dynamic head signal at that level.
The mean velocity profile was obtained by graphing the velocity at
different elevations above the mean water level with respect to
the mean water level. The change in the mean water level due to
wind (set-up) was taken into account. The latter was found to
be small.

EXPERIMENTAL RESULTS

The 1nfluence of surface waves on the mean air velocity profile
can be evidenced by comparing: (1) a mean velocity profile over
wind-generated waves to (2) one over a rigid flat plate under
otherwise 1dentical conditions. The wind-and-wave facility offers
a unique possibility for such a comparison since the facility is
enclosed by smooth roof plates. At any station the velocity
profile vertically upward from the mean water level (profile above
water surface) can be compared to the velocity profile vertically
downward from the roof (profile over a ragid flat plate). Such a
comparison at Station 32.5 (32.5 feet from air intake to test
section) 1s shown in Fig. 2. The intake conditions were shown

by Shemdin and Hsu (ref. 19).

Instantaneous velocity profiles were obtained over both the
crest and trough of a mechanically-generated wave having a wave
height of 3.4 inches and a wave frequency of 0.6 cps. Three trough
and three crest profiles were obtained at three different fan
speeds at Station 17.5, The instantaneous profiles are shown in
Fig. 3. The corresponding mean velocity profiles are shown in
Fig. 4. The mean velocity profiles are approximated by logarithmic
distributions by the method of least squares.

Further evidence indicating the influence of waves on the mean
air velocity profile is given by comparing: (1) the mean velocity
profiles over wind-generated waves to (2) those over wind-and-
mechanically-generated waves, under otherwise identical conditions.
The velocity profiles over wind waves only are shown in Fig. 5 for
three fan speeds at Station 57.5. The velocity profiles over
wind-and-mechanically-generated waves are shown in Fig. 6 for the
same fan speeds and at the same station. The velocity profiles in
Figs. 5 and 6 are approximated by logarithmic distributions by the
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method of least squares. The logarithmic distribution i1s seen
reasonable for the velocity profiles in Fig., 6 but not for those
in Fig. 5.

The influence of the waves on the air velocity profile shown
above suggests a more detailed study of the dependence of the air
velocity profile on the amplitude and frequency of waves. For
this purpose a comprehensive study was made of the mean velocity
profile at Station 47.5 so that the geometrical effects of the
air entrance and exit of the wind-wave facility can be minimized.
Two sets of mean velocity profiles were obtained. The first was
over mechanically-generated waves with a constant amplitude and
varying frequency. The second was over mechanically-generated
waves with a constant frequency and varying amplitude. The
frequencies used for the first set were 0.6, 0.75, 1.0, and 1.20
¢cps. The amplitude used for the first set was 2.00 inches. For
each frequency five distinct velocity profiles were obtained at
different fan settings with maximum velocity ranging from 13,0
to 40.0 fps.

The frequency used for the second set of velocity profiles was
0.75 cps. The corresponding amplitudes were 1.1, 2.0, and 3.0
inches. For each amplitude, five distinct velocity profiles were
obtained at different fan settings with the maximum velocities
ranging from 13.0 to 40.0 fps. The velocity profiles of the
second set for amplitudes 1.1 and 3.0 inches are shown in Figs. 7
and 8 respectively.

From the velocity profiles of the first set the customary
relationship between U+ and z, was investigated for each frequency.
The results are shown in Fig. 9. The dependence of z, on wave
frequency was also investigated and the results are shown 1in
Fig. 10. More details on the dependence of Ux and z, on both wave
amplitude and frequency were given by Shemdin (ref. 20). Previous
investigators have attempted to find a relationship between z, and
Ux as suggested by the data in Fig. 1. A dimensionless graph of
gzo/Uﬁ vs. C/Ux 1s a convenient artifice to investigate the
influence of waves on 2z, and Ux. A dimensionless graph which
includes all the acquired data in this study 1s given in Fig. 1l.
The graph 1indicates that C/Ux 1s an important parameter which
influences the relationship between Uz and zo. The relationship
suggested by Charnock (on purely dimensional grounds) 1s also
shown for comparison (ref. 21).

THEORETICAL ANALYSIS

A standard method for measuring the velocity above a perturbed
water surface 1s to measure the time average dynamic head (Z.e.,
the average difference between the total head and static pressure)
at a fixed position of the probe above the mean water level. The
measured dynamic head p at any point in the flow field can be
expressed

T
1
p=%3 [0 u? (x,z,t)dt (4)

where ¢ 1s the elevation of the probe above the instantaneous water
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surface and 1s consequently a function of time t, u 1s the air
velocity at elevation ¢ and station x along the direction of flow,
T is the length of time over which the averaging process 1s con-
sidered, and p 1s the air density. The aim of the present analysis
18 to 1nvestigate the variation of p above the mean water level
when the water surface 1s disturbed by a simple, small~smplitude,
progressive water wave and the undisturbed mean velocity has a
logarithmic profile. The turbulent fluctuation 1s considered

only insofar as they affect the unperturbed mean velocity profile.

The velocity u(g,t) at a station x; can be expressed in terms
of a mean velocity U(z) and a wave-induced perturbation velocity
u’(z,t)

ulg,t) = U(g) + u’(g,t). (5)
The behavior of u’(g,t) was predicted by Miles for a mean velocity
profile given by Eq. (2) (ref. 22). Turbulent fluctuations were

neglected in the flow field above perturbed water surface. The
water surface n was described by

n = a exp ik(x ~ ct), (6)

where a 1s the wave amplitude, k 1s the wave number, and x 1s the
ax1s along which the wave propagates with a phase speed ¢. The
real part of n 1s taken as the actual perturbed surface. The
unperturbed mean velocity profile U(g) was described
= L
U({g) = U; &n zs ! (7)
where U, is Ux/k. The flow field considered by Miles has no upper
bound, and the perturbation velocity was defined (ref. 22).
3
uw'(z,8) = - knuy 22, (8)
4
where ¢ 1s a complex function which satisfies the inviscid Orr-
Sommerfeld equation and the surface condition, and decays as
y + «©, A numerical solution of the boundary value problem
governing ¢ was given by Conte and Miles and their results will be
used 1in thas investigation to predict the dynamic head above the
mean water level (ref. 23).

At an arbitrary station x = 0, the position of a probe fixed in
space at a specified distance y above the mean water surface, can
be expressed 1in terms of i1ts distance to the instantaneous water
surface. The water surface motion 1s periodic at x = 0

n = a cos ket , (9)
sO that

g =y - a cos ket , (10)
as shown schematically in Fig. 12.

The dynamic pressure p at any elevation y above the mean water
level can be obtained by expressing ¢ in terms of y and t in
Eq. (4) and aintegrating wath respect to time. The wave-induced
perturbation velocity may be expressed at x = 0
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u’(z,t) = kalig(g) cos (kect - 8) , (11)
where
g(t) = lé%éél ' (12)
and
- In(9¢/3¢)
6 = tan §;7§$7§ET + T . (13)

The dynamic pressure may then be expressed (it 1s recognized that
the angle between the pitot-static probe and the resultant
velocity vector 1s small above small-amplitude waves)

T
ply) = 5 % I lU(y - a cos kct) + kaU;g(y-a cos kct)cos
0

(kct - 6)|%at , (14)

where g(z) and & are obtained from the numerical solution given by
Conte and Miles (ref. 23). The function g i1s shown typically in
Fig. 13 for a wave number k equal to 0.5 ft-!, and an air
velocity profile specified by U, equal to 3.4 fps and z, equal to
0.05 1n, Conveniently, the function g may be approximated by an
exponential function

g (1) (15)

]
0
—
0]
~
Y
A
fad
o

and
glg) =Cs , T > Gop (16)

where C;, C,, and h are constants. The above approximation 1s
also shown graphically ain Fig. 13.

The dynamic pressure p, given by Eq. (14), may be expanded into
three integrals
p(y) = §—(1 + 11 + 1ID) . (17)

The integral expression I represents the effect of a probe crossing
streamlines above a perturbed surface and 1s given by

. 2
(y a cos kct) at. (18)

%
n Z,

T
I=lJ ui
0

The 1ntegral expression II represents the interaction effect
between crossing streamlines and wave-induced velocity pertur-
bation and 1s given by

2 (T _
II = EE%EL J gn(X___EE%QE_ESE]g(y - a cos kect)cos (kct - 6)dt.
0

(19)
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The integral expression III represents the effect of wave-induced
perturbation on the velocity measurement and 1s given by

2 (T
III = LE%ELL— J g?(y - a cos kct)cos?(ket - 0)dt . (20)
0

The logarlthmlc mean velocity may be expressed in a series to
ol(a/y)*]

U(g) = U; %n ¥— - U,

o (~)cos ket + —(a)2c052 ket + %(;—)%os3 ket

, -1 < < 1. (21)

L B

+ %(3)“cos“ ket + . . .

The dynamic pressure p 1n the region § < [o may be evaluated by
substituting Egs. (15 and 21) into Eq. (l4). The dgnamlc pressure
P 1n the region g < o becomes for a < y to ol (a/y)

n L)2 - [U1 zng—o- u2] (&)?

P=%{I(U1 7

llU](a

3.1 > _
—§[§~U1 Rn%

+ {2¢,kaU? exp(- 2hky) cos e‘%[hka n %; - (%)]

3 (hka)? 1
+§('6—a)‘—) an L - 5(

a 1 2 (&
Zo 3 S - 3 (hka) (§)

Y

- T (3)) + . . b

2
+ |c(ka)2U? expl(~ 2hky)[% + £h§§l (2 + cos 9)
+-‘£§§)—“—(3+2cos 2e)]|} . (22)

In the reglon £ > go the dynamic pressure p becomes for a < y to
0l(a/y)*]

=.g.{

3.v2 11 oy 3y
- 5t znlzf-o— Ti-U,](y) SN l

tn L)2 - o2 m L - ui1(3)?

Zo
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- |xa v c*((§) + %(3)3 + . . .1|cos 6

+ S(ka)?v} ci} . (23)

The apparent ve1001ty which is extracted from the dynamic pressure
1s

- 1/2
Uppp = (2070172 . (24)

The effects of shifting streamlines and wave~induced perturbation
are shown typically in Fig. 14 for the case of an undisturbed
logarithmic distribution with U, equal to 3.4 fps and z, equal to
0.05 inches and a propagating wavy surface with an amplitude of
1.70 inches and a wave number of 0.5 ft—!. It 1s suggested that
the two effects may be compensating. The interaction effect 1is
appreciable, as shown also in Fig. 14,

The above analysis suggests that the measurements of the mean
velocity profile above a perturbed water surface depend upon the
properties of the propagating waves at the surface. Such an
effect has been discounted in the past and thus may constitute the
reason for the existing disagreement between the results of
previous experimental investigators. The expressions developed
for the apparent velocity profile lend themselves readily to
numerical evaluation on the computer, The IBM 7090 was used 1n
the present investigation.

DISCUSSION OF RESULTS

The theoretical and experamental results arrived at in this
investigation can be viewed as two independent sets of results
both aimed at investigating the influence of surface waves on the
mean velocity profile above the surface. Conveniently, the theo-
retical results are discussed first and then the experimental
results are explained in light of the theoretical results.

The theoretical results suggest that when a truly logarithmic
velocity profile exists over an undisturbed surface, the measure-
ment of such a profile by a pitot-static probe over a surface
disturbed by a propagating wave may give a velocity profile which
1s significantly different from the original profile. The
difference between the two profiles 1s seen to be due to three
effects, These are conveniently referred to as the effect of
shifting streamlines, the wave-induced perturbation effect, and
the interaction between these two effects,

The effect of shifting streamlines 1is due to the fact that a
probe fixed in space above a perturbed surface intercepts different
streamlines when the probe 1s over the wave crest, than when 1t is
over the wave trough. This 1s shown schematically in Fig. 12.

This effect 1s analogous to that caused by a probe oscillating 1in
a boundary layer above a fixed flat plate. 1In a turbulent velocity
profile, the effect of shifting streamlines gives a velocity which
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1s less than the true velocity. The effect depends straictly on
the shape of the original velocity profile and the ratio of the
amplitude of the wave to the height of the probe above the mean
water level. The effect 1s 1ndependent of the wave frequency. A
numerical computation of this effect 1s shown in Fig. 14 for the
case of an undisturbed logarithmic velocity profile with U; equal
to 3.4 fps and z, equal to 0.05 inch and a propagating wavy
surfacelwith an amplitude of 1.7 inches and a wave number of

0.5 ft~1'.

The wave-induced perturbation effect is due to the fact that
the 1nstantaneous velocity profile over the crest i1s different
from that over the trough of a perturbed water surface as shown
in Fig. 3. According to Miles this effect depends on glg), 6,
ka, and U;. Thais effect decays rapidly with increasing distance
from the mean water level when compared to the effect of shifting
streamlines.

The interaction between the effect of shifting streamlines and
the wave~-induced effect may either increase or decreased the
measured velocity, depending on the coupling between the wave-
induced effect and the effect of shifting streamlines. Thus a
velocity probe, for example, may gauge a higher velocity over the
crest of a wave due to the wave-induced perturbation effect, even
though the probe is at a velocity region closer to the boundary.

The predicted influence of wave amplitude on the measured
velocity profile 1s shown i1in Fig. 15 for the same undisturbed
velocity profile and wave frequency discussed above. The wave-
induced effect appears to be relatively significant for small-~
amplitude waves and 1s consistent with the rapidly decaying
property of this effect with height above the perturbed surface.
The effect of shifting streamlines becomes dominant for large-~
amplitude waves. The results of Fig. 15 suggest that high values
of both U; and z, will be measured when compared to the corre-~
sponding values of U; and z, of the undisturbed profile. The
overestimate 1increases with increasing amplitude.

The predicted influence of wave frequency on the measured
velocity profile is shown in Fig. 16 for waves having the same
amplitude and the same undisturbed velocaity profile discussed
above. The wave-induced effect decays exponentially upwards from
the mean water level. The decay factor depends directly on the
wave number k. Consequently, the wave-induced effect 1n a high-
frequency wave (large wave number) 1s expected to be smaller than
that for a relatively lower-frequency wave. The effect of
shifting streamlines, however, 1s independent of the wave frequency
as it has already been noted. The 1interaction effect depends on
both wave amplitude and frequency. For the 0.4 and 0.6 cps
waves i1n Fig. 16, the interaction effect 1s of the same order of
magnitude as the effect of shifting streamlines. The interaction
effect 1n these cases 1s also 1n the same direction as that due
to the shifting of streamlines. The two effects add up to a
significant deviation from the undisturbed velocity profile.
Contrary to the above, the interaction effect 1s small compared
to the effect of shifting streamlines for the 1.0 and 1.4 cps
waves in Fig. 16. The wave-induced effect 1s also relatively
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small, so that most of the deviation indicated 1is due to the
effect of shifting streamlines, The results shown in Fig. 16
suggest that at certain frequencies the velocity profile may
deviate significantly from a velocity profile over an undisturbed
water surface.

In conclusion 1t 1s emphasized that the present theoretical
analysis 1s valid only insofar as the water surface 1s perturbed
by a simple propagating wave, and only insofar as the Miles
1nviscid Reynolds stress mechanism remains valid. Recent work
by Bryant suggests that the inviscid Reynolds stress mechanism
underestimates the transfer of energy to waves (ref. 24). No
analytic solution of the wind field was proposed, however, to
replace Miles's solution. The present theoretical analysis can
be extended to any wind flow field 1f 1t can be descraibed
analytically. Within the above restrictions the results of
Figs. 15 and 16 suggest, as a rule of thumb, that the influence
of waves on the measured velocity profile becomes small at an
approximate distance of three amplitudes above the mean water
level.

It 1s to be noted again that the theoretical predictions shown
in Figs. 15 and 16 are for an undisturbed logarithmic profile
which corresponds to a fan speed of 240 rpm. At different fan
speeds, the theoretically predicted wave-influenced velocity
profiles are expected to be different. The different behaviors
indicated in Figs. 10 and 11 for different wind speeds may be
explained in light of the two competing influences and their
interaction, all of which are induced by the presence of waves.

The present 1nvestigation i1n no way gives an answer to the
question of whether the actual velocity profile over a disturbed
surface 1s truly logarithmic. It only suggests that 1f it 1is
logarithmic, then the measured profile by a velocity probe would
deviate from the true velocity profile. The fact that the
velocity profiles over wind-generated waves, shown in Fig. 5,
deviate from a logarithmic distraibution still remains to be
explained. The theoretical results presented in this investigation
predict a deviation from the logarithmic distribution in the
opposite direction from that shown in Fig. 5. The fact that the
measured velocity profiles over mechanically-generated waves shown
in Fig. 6 come closer to the logarithmic distribution, 1s con-
sistent with the theoretical results of this investigation.
Stewart suggested that the velocity profile over a wavy surface
may deviate from a logarithmic distribution in a manner similar to
the profiles shown in Fig. 5 (ref. 25). More recently, however,
Phillips has discounted such a behavior (ref. 26).
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