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THE STRUCTURE OF TURBULENT AIR 
FLOW OVER WA  VY WALL. 

PART2 

By Toshiyuki BANDOU* and Hisashi MITSUYAsut 

The structure of the turbulent shear flow over a solid wave surface 
is investigated experimentally for the sinusoidal wave with height-to-
length ratio H/L = O.l. Mean vertical profile of the wind velocity, 
which has been obtained by averaging the vertical profiles at different 
phases over one-wavelength, shows the logarithmic profile which is 
similar to those over the flat plate. The turbulent intensities 1''2, w'2 and 
the turbulent Reynolds stress一戸forthe wave surface agree with 
those for the flat plate at the same Reynolds number of RexP(= UoXP/ 
v)与 6x 105 if they are normalized with the friction velocity u,, where 
u。isthe mean velocity of the free stream and XP the distance from the 
leading edge of the test plates. The longitudinal distribution of the 
turbulent shear stress along the wave surface shows the occurence of 
the separation of the air flow at the wave crest. The momentum flux 
toward the wave surface is approximated by the turbulent Reynolds 
stress -u'w'in the logarithmic layer because the wave induced 
Reynolds stress-豆瓦 inthis layer is negligible as compared to the 
turbulent Reynolds stress. However, the turbulent Reynolds stress in 

the logarithmic layer is roughly half of the stress元＋声互ax ax 
measured at the wave surface, where P, a and rare the pressure, the 
turbulent normal stress and the turbulent tangential stress acting on the 
wave surface, respectively. 
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tion, wind-wave interaction, wave-induced velocity 
fluctuations, air flow separation, momentum transfer 
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1. Introduction 

This paper is a sequel to. our previos paper Part 1 with the same title 
(Bandou et al. 1988)1). In Part 1, the pressure distribution along the solid wave 
surface under the action of the turbulent wind was measured for a sinusoidal 
wave and a Stokes wave with the height-to-length ratio H/L = 0.1. According 
to the previous study, the pressure distribution along each wave surface was 
described well by the first mode of the pressure distribution with the same wave 
number with that of the each wave surface. Although the amplitude of the first 
mode of the pressure distribution did not change much with the Reynolds 
number, the phase angle gradually increased with the decrease of the Reynolds 
number. This caused the increase of the form drag. 
On the other hand, Zilker & Hanratty (1979)2> and Buckles et al. (1984)3> 
found the existence of the separated region of water flow near the surface of the 
solid waves with the height-to-length ratios H/L = 0.125~0.2. This fact sug-
gests that the phase shift of the first mode of the pressure distribution in our 
previous study is due to the separation of the turbulent air flow near the wave 
surface. 
In order to clarify the structure of turbulent air flow over the wave surface, 
including the separation of the turbulent air flow, we have measured the wind 
velocity over the sinusoidal wave with height-to-length ratio H/L = 0.1, which 
has been used in the previous study. The properties of the air flow studied 
mainly in the present paper include the vertical profiles of the mean wind speed, 
intensities of turbulence, turbulent Reynolds stress, and the wave induced 
Reynolds stress. Special attention is focused on the vertical profiles of the 
various quantities at each phase of the wave surface and the mean profiles 
averaged over one-wavelength. 

2. The experiment 

2.1 Preliminary experiment 
-measurement of the wind over a flat surface— 

The experiment is carried out in a wind wave channel, 0.8 m high, 0.6 m 
wide and 14.6 m long. In a preliminary study, a smooth flat plate is installed 
horizontally near the inlet of the wind wave channel as shown in Fig. 1, and the 
wind over the flat plate is measured in order to obtain the reference data of the 
air flow field in our channel. 
The total system of the measurement of the wind velocity is shown in Fig. 2. 
A pitot-static tube is used to measure mean velocity profiles, and it is also used 
to calibrate a hot wire. The Pitot-static tube is connected to the differencial 
pressure transducer (SOKKEN P90DL) which has sensitivity 7 mm aqFS. The 
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WIND-----O 

Figure 1 Schematic diagram of the wind wave channel and the test section (Unit 
in mm). 

Constant Temparature Anemometer 

Automatic Traverse Mechanism 

Figure 2 Total system of the measurement of wind velocity. 

horizontal and vertical velocities of the turbulent air flow are measured with the 
hot-wire system composed of a X-probe, a constant temparature anemometer 
(Kanomax 1011) and a linearizer (Kanomax 1020). Alignment of the hot-wire 
probe in the channel is done by using a cathetometer. The output of the hot wire 
anemometer is sampled with sampling frequecy of 1 kHz and sampling duration 
of 80 sec and recorded on the FM  data recorder (TEAC R-280). The Pitot-static 
tube and the hot-wire probe are traversed automatically and remotely by means 
of an automatic traverse mechanism which is controlled through a micro-
computer (TEAC PS9000 MODEL216). The accuracy of its horizontal and 
vertical displacements is 0.2 mm. The vertical distribution of the wind is 
measured at the centre of the cross section of the channel, the distance of which 
is XP = 2.85 m from the wind inlet. 
The preliminaly experiment is carried out under the reference wind velocity 
u。=2.94,3.92, 5.90, 7.79(m/s), where Ll。isthe maximum wind velocity at the 
measuring section, and its velocity corresponds roughly to the free stream 
velocity of the wind. Before and after the measurements of the wind, the 
hot-wire is calibrated by using the Pitot-static tube. Vertical profiles of the 
mean velocity, the turbulent intensities and the turbulent Reynolds stress will be 
compared with those obtained by Klebanoff (1954)4>. 

2.2 Measurements of the wind over a solid wave surface 

The turbulent structure over the solid wave surface is measured by replac-
ing the flat plate with a solid wave model of twenty successive sinusoidal waves 
having a wavelength L of 20 cm and a wave hight H of 2 cm. A reference wind 
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speed u。=3.0m/s is used for the measurement. The Reynolds number in the 
present experiment is Ll。Hル与 4000,where Ll。isthe free stream velocity above 
the wave, H the wave height, and II the kinematic viscosity of the air. The 
turbulent air flow over the wave surface is measured with the same measuring 
system which has been used for the measurements of the wind over the flat plate. 
The vertical distribution of the wind velocity is measured at eleven sections with 

2 cm separation distance starting from the windward trough to the leeward 
trough of the 13-th wave. Their distance from the leading edge of the wavy wall 

are Xp = 2.80 ~ 3.00 m. 
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Figure 3 Mean velocity profiles over the smooth and flat plate. 0, the profile 
measured with hot-wire system;●，the profile measured with a Pitot-
static tube. 
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Figure 4 Mean wind profiles normalized in a standard form. O, Re, = 1.9 x 10り
△,Re,= 2.3Xl04;□，Re.= 3.5Xl04;◎，Rea= 4.3Xl0'; 
―,u/u. = 2.5 ln (zu*/v)+5.5. 
(Rea is the Reynolds number based on the mean velocity of free stream, 
u。andthe thickness of the boundary layer; 8 and kinematic viscosity of 
the air, v. The friction velocity u* is obtained by the・profile method.) 



THE STRUCTURE OF TURBULENT AIR FLOW OVER WAVY WALL. PART 2 17 

3. Experimental results 

3.1 Air flow over smooth and flat surface 

The mean velocity profile 

Figure 3 shows the mean velocity profiles over the flat plate, which have 

been measured respectively with the hot-wire system and with the Pitot-static 

tube. Agreement between both profiles is very good. 

Figure 4 shows the mean wind profiles normalized in a standard form. The 
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Figure 5 Vertical distributions of the turbulent intensities normalized by the free 
stream velocity, u勺賃， W勺尻， andthe turbulent Reynolds stress 
nomalized by the friction velocity, -u'w'/u;. 0, Re, = 1.9 x 10';△， 
Re, = 2.3 X 104 ;口， R匂＝ 3.5X 104;◎， Re8 = 4.3 x 10'; -, the data of 
Klebanoff (1954) for Res(= U。8/i;)= 8Xl04. 
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solid line represents a standard formla of the wind profile over the smooth・ flat 
plate 

且 -=_l_ln（血）＋c
U* k u 

， (1) 

where K is von K和m釦'sconstant (=0.4)，ぃthefriction velocity obtained by the 
profile method and C the constant (= 5.5). It can be seen that the wind profile 
over the flat plate in our wind tunnel agree well to the standard profile. 
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Figure 6 Comparison of the friction velocity obtained from the profile method, u* 
with that obtained from the tubulent Reynolds stress in the constant 
stress layer, u,. 
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(a) Cartesian Coordinate 

X/L 

(b) Wave Following Coordinate 

Figure 7 Coordinate systems. 
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The structure of the turbulent air flow 

Figure 5 shows the vertical distribution of the turbulent intensities normal-
ized by the free stream velocity Ll。andthe turbulent Reynolds stress normalized 
by the friction velocity Ur obtained from the value of /二~ in the constant 
stress layer. The solid curve in Fig. 5 represents the data of Klebanoff (1954)4>, 
which has been measured over a smooth flat plate with zero pressure gradient 
in the Reynolds number of Res(= Ll鼻） ＝8 x 104. As can be seen from the 
figures, the present data agree well to the Klebanoff's data. 
Figure 6 shows the comparison of the friction velocity obtained from the 
profile method, u* with that obtained from the tubulent Reynolds stress in the 
constant stress layer, Ur- The former friction velocity is about 25% larger than 
the latter one. We have examined the reason for this difference, but we have not 
obtained the definite conclusion. It should be noted, however, that the similar 
disagreements between the friction velocities measured with two different 
methods have been reported by many authors (Takeuchi et al. (1977)5>, Chen 
(1981)6>, Papadimitrakis et al. (1984)7>). This must be one of the important 
problems to be clarified in future studies. 

3.2 Air flow over the wave surface 

Coordinate systems and no切tionsof measuring quantities 

Two coordinate systems shown in Fig. 7 are used in analysing the air flow 
over the wave surface. One is the Cartesian coordinate system (x, zc); origin of 
the vertical coordinate忍＝ Ois taken at the mean level of the wave surface. 
Another one is the wave following coordinate system (x, zf) which is defined as 

｛ □:c_T/ (刀=-acoskx) (2) 

The latter coordinate system is mainly used for analyzing the air flow near the 
wave surface. Original data of the air flow over the wave surface is taken in the 
wave following coordinate system, and they are transformed into those in the 
Cartesian coordinate when it is needed. 
Various quantities A of the air flow over the wave surface, e.g., u, w, etc., 
are represented as 

A（冗， z,t) = <A〉(x,z) + A'(x, z, t) = A(z) + A(x, z) + A'(x, z, t), 
Here, <A〉(x,z) is the time-averaged quantity defined by 

<A〉(x,z)＝上[rA(x, z, t)dt, 
T Jo 

where T is the measuring time. 
バ(z)is x-average of <A〉,whichis defined by 
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1 [L 
A(z) = ± [L <A〉(x,z)dx, 
where L is the wavelength. 

A(x, z) is the wave induced perturbation defined by 

A(x, z) = <A〉(x,z)-A(z),and 
A'(x, z, t) is the turbulent fluctuation defined by 

A'(x, z, t) = A(x, z, t)-〈A〉(x,z). 

Vertical profile of the wind velocity 

Figure 8 shows the vertical profiles of the horizontal velocities averaged per 

one wavelength both in the Cartesian coordinate and in the wave following 

coordinate. As can be seen from Fig. 8, the two profiles agree well in the region 

kz1 > l.O(z1 > 3.0 cm). It seems that the wind profiles over the wave surface 
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Figure 8 Comparison of the vertical distribution of the horizontal velocity aver-
aged over one-wavelength in the Cartesian coordinate with that in the 
wave following coordinate. -, the profile in the Cartesian coordinate 
system; 0, the profile in the wave-following coorinate system. 
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Figure 9 Comparison of the wind profile averaged over one-wavelength of the 
present data with that of the Kendall's data. 0, present data ;□， 
Kendall's data; -, standatd formula for the wind profile over the 
smooth flat plate. 
(Note : the friction volocity u* is obtained from the profile method.) 
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show the logarithmic one similar to those over the flat plate. 
Figure 9 shows the comparison of the present profile with the Kendall (1970)8> 
's data and with the standard formula for the wind profile over the smooth flat 
plate. The present profile is nearly equal to Kendall's one, though the slopes of 

the sinusoidal waves are different; ak = 0.196 in Kendall's study and ak = 0.314 
in our present study. Owing to the increase of the roughness parameter of the 
surface, the wind profiles over wave surfaces deviate from that over the smooth 

and flat surface. 

Table 1 shows the comparison of the roghness parameter叫＝zexp(-X丑ー））
U* 

and the friction coefficient Cf(=2.0(u./Llが） ofthe wave surface with those of 
the flat plate, where the friction velocity u. is determined from the profile 
method. 

Table 1 Comparison of the roughness parameter Zo, the friction velocity 
obtained from the profile method u. and the wall friction 
coefficient Cf(= 2.0(u./Uo)2) of the flat plate with those of the 
sinusoidal plate at the same Reynolds number Rexp(= U,。ふ／l/）= 6 
XlO尺

Wall 

Flat 
Sine 

Uo(cm/s) 
295 
302 

叫cm) u*(cm/s) 
l.50X10―3 12. 52 
1.19x10・2 14. 70 

cf 
3.6x10-' 
4.8X10―3 

Figure 10 shows the wind profile at each phase of the wave surface in the 
wave following coordinate, where a solid line indicates the vertical wind profile 
averaged over one-wavelength. In the region kzf < 1.0, the wind profile changes 
with the phase of the waves, while in the region kzf > 1.0, it does not change 
with the phase. The change of the wind profiles near the wave surface will be 
discussed later. 

The structure of turbulence over wave suガace

Figure 11 shows the vertical distributions of the turbulent intensities u円
戸 andthe Reynolds stress -z7ul in the two coordinate systems, where the 
continuous curve shows the distributions in the fixed Cartesian coordinate and 
the other symbols are the distributions in the wave-following coordinate. The 

difference between the two profiles is small in a region k之r> l.O(zf > 3.0 cm). 
This property is similar to that of the mean velocity profiles shown in Fig. 8. As 

can be seen from the vertical profile of the Reynolds stress -u'w', the constant 
stress layer exists in the region of kzf = 0.3 ~ 1.5; the region corresponds to the 
logarithmic layer in the mean velocity profile shown in Fig. 8. 

Figure 12 shows the comparison of the vertical distributions of the turbulent 
intensities u'2, w'2 and the turbulent Reynolds stress -u'w'for the wave 

surface with those for the flat surface at the same Reynolds number RexP(= 
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Figure 10 A series of the vertical distribution of time-averaged velocity <u〉at
each phase of the wave surface in the wave following coordinate : 
Solid line of each figure indicates the vertical wind profile averaged 
over one-wavelength. 
(X is the longitudinal distance from the windward trough, L the 
wavelength of the wave surface, U,。themean velocity of the free 
stream and k the wave-numbes of the wave ・surface.) 
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Figure 11 Comparison of the vertical distribution of the turbulent intensities戸，
w'2 and the turbulent Reynolds stress -u'w'in the Cartesian coordi-
nate with that in the wave following coordinate.-,---,-•一， theprofiles 
in the Cartesian coordinate system ;〇，△， □,the profiles in the 
wave-following coorinate system. 
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一方Figure 12 Comparison of the vertical distributions of the turbulent intensities u ・2, 
戸 andthe turbulent Reynolds stress -u'vl for the wave surface with 
those for the flat surface at the same Reynolds number RexP(= Llぷ I
砂与 6Xl05.〇，thedata for the wave surface;△，the data for the flat 
surface. 

Uぷル）与 6X10尺whereXP is the distance from the leading edge of the test 
plates to the measuring station. The values of those properties for the wave 

surface are larger than those for the flat surface. However, if we normalized 
these quantities with the friction velocity u,, which is obtained from the 

Reynolds stress h 五； inthe constant stress layer, the normalized intensities 
and the normalized turbulent Reynolds stress for the wave surface agree fairly 
well with those for the flat surface except for the data near the surface (Fig. 13). 

Figure 14 shows the series of the verical profile of the turbulent intensity 
< u'2 > at each phase of the wave surface in the wave following coordinate 
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Figure 13 Comparison of the vertical distributions of the turbulent intensities u'', 

戸 andthe turbulent Reynolds stress —万normalizedby the friction 
velocity u, for the wave surface with those for the flat surface at the 
same Reynolds number RexP(= U,ふ／11)与 6x 105. O, the data for the 
wave surface ;△，the data for the flat surface. 

system. The profiles of windward side of the wave crest, X/L = 0.1 ~0.5, are not 
much different from the one-wavelength-averaged profile shown in the solid line, 
while the profiles in the leeward side of the wave crest, X/L = 0.6~ 1.0, show 
drastic change. The maximum value of the turbulent intensities near the wave 
surface appears at the phase of X/L = 0. 7, and it moves upward level with the 
increase of the phase of X/L. The similar trend has been also observed in the 
vertical profile of the turbulent intensities < w'2 >. Such property of turbulence 
near the wave surface was pointed out by Buckles et al. (1979)3i. These facts 
suggest that the turbulent mixing region exists at the leeward side of the wave 
crest. 
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Figure 14 A series of the verical distributions of the turbulent intensity <u'2〉at

each phase of the wave surface in the wave following coordinate 

system. The solid symbol indicates the maximum value of the turbulent 
intensity. 
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Figure 15 Longitudinal distributions of the turbulent intensities and the turbulent 

Reynolds stress at the height of忍＝ 0.4cm. 0, (< u'2〉一?)/Ul；△，
（＜w'2〉-戸）／賃； □，（〈-u'w'〉＋u'w'）／Ui.
(Note that the wind blows from the left to the right.) 



26 T. BANDOU and H. MITSUYASU 

ふ2 -3 
*10 
10. 0 

8. 0 
6. 0 
4. 0 
2. 0 

0 ・ B. o 

Zf=O. 4 cm 

4. 0 6. 0 
X/L 

ーこ
上pU名
2 
*10 
-3 

4. 0 
2. 0 
〇.0 
-2. 0 
-4. 0 

• V ~V, 0 __ -1 
*10 

Figure 16 

Figure 17 

Longitudinal distributions of the turbulent normal stressび andthe 
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Figure 15 shows the longitudinal distribution of the intensities of the turbu-

lence and the turbulent Reynolds stress along the height of zf = 0.4 cm. The 
drastic increase of the intensities of the turbulence and the turbulent Reynolds 

stress can be seen at X/L = 0.7. In order to clarify the phenomena of the 

leeward side of the wave crest more in detail, the normal stress 15 and the shear 

stress r of the turbulence acting on the local tangential plane of the wave 

surface are calculated as 
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where μ is the viscosity of the air and 0 the angle between the local tangential 
plane of the wave surface and the horizontal plane. The longitudinal distribu-
tions of a and, along the wave surface are shown in Fig. 16. The values of a 
andてgraduallydecrease with the increase of X/L, until they have the minimum 
values at the leeward side of the wave crest X/L = 0.6. In particular, the 
tangential stressてtakesthe minus value near the phase X/L = 0.6. Then the 
values of a and, drastically increase in a region between X/L = 0.6 and X/L 
= 0.8. These facts suggest that the air flow separates from the wave crest and 
reattaches at its leeward side. The similar phenomena has been also found by 
Zilker & Hanratty (1979)2> and by Buckles et al. (1984)3> in their experiments 
where the turbulent water flow along the sinusoidal waves with the wave 
height-to-length ratio H/L = 0.12~0.2 have been investigated. 

Wave-induced fluctuations of the air flow 

Figure 17 shows the flow pattern near the wave surface. It can be seen that 
the air flows roughly along the wave surface. In order to investigate the effect 
of the wave surface on the mean wind velocity more in detail, we analyze the 
Fourier components of the wave induced velocity fluctuations u and w, namely 

n n 

ii(x) = ~ au;(z) cos (kぷー釦）， iiJ(x)= ~ aw;(z) cos (kぷー如）， （4) 
i =l.  i=l 
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Figure 18 Longitudinal distributions of the wave induced velocity fluctuations ii, 
and w at the height zc = 1.4 cm in the Cartesian coordinate (below) and 
that at the height zf = 0.4 cm in the wave following coodinate (above). 
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Figure 19 Vertical profiles of the first Fourier components of the wave induced 
velocities u and w in the Cartesian coordinate. 0, au1/U,。； △， aw1/U,。;
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where au; and 0u; are the amplitude and the phase of the i-th component of wave 

induced horizontal velocity fluctuation u, and aw, and 0w; are those of wave 
induced vertical velocity fluctuation凪

Figure 18 shows the longitudinal distributions of the wave induced velocity 
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Figure 21 Comparison of the vertical distributions of the intensities of the wave 

induced fluctuations, i礼犀 andthe wave induced Reynolds stress, 
- 1詞， withthose of the intensities of the turbulence, u'2, w'2, and the 
turbulent Reynolds stress, -u'w'. 0, the data for the turbulent prop-
erties:△， the data for the wave induced properties; -, the data for 
the summation of the two. 
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fluctuations u and和bothin the Cartesian coordinate and in the wave following 
coodinate. As seen in this figure, the distributions of the wave induced velocities 
in the Cartesian coordinate are slightly different from the sinusoidal form. The 
amplitudes of the higher harmonics of u and iv are about 20~30% of those of 
first components. On the other hand, the wave induced velocity fluctuations in 
the wave following coordinate show the sinusoidal forms and their higher 
harmonics are less than a few percent of the first components. Therefore the 
wave induced velocities u and w do not show the linear response to the wave 
suface if Cartesian coodinate system is used. 
The vertical profiles of the first Fourier components of the wave induced 
velocity ii and w in the Cartesian coordinate are shown in Fig. 19. The 
amplitudes normalized with Ui。,i. e. aulIu。andaw1/Ui。,shownearly exponential 
decay with the increase of height, and the magnitude of a叫u。isnearly equal to 
that of awi/Ui。.Thephase of the velocity fluctuations of the first components,似
and 0wi, follow approximately to the potential theory except in the region very 
close to the wave surface. 
Figure 20 shows the Fourier components of the wave-induced velocity 
fluctuations analyzed in the wave following coordinate. Phase shift can be 
clearly seen near the wave surface. This may be attributed to the existence of 
the turbulent mixing region caused by the air flow separation discussed previ-
ously. 
Figure 21 shows the comparison of the vertical distributions of the inten-
sitites of the wave-induced fluctuations,豆，盃 andwave-induced Reynolds 
stress, —豆瓦， with those of the intensities of the turbulence, ti'円~ and the 
turbulent Reynolds stress, -u'w'. The wave-induced intensities and the wave 
induced Reynolds stress are smaller than the turbulent intensities and the 
turbulent Reynolds stress except for the wave induced intensityか nearthe 
wave surface. 

Downward flux of the wind momentum 

The downward flux of the wind momentum per one wavelength is obtained 
from three methods. First one is so called the profile method. In this method, 
the momentum flux Mx1 is estimated from the friction velicity u* obtained by 
applying the logarithmic distribution to the mean velocity profile as 

Mx1 = pu!. (5) 

Second one is the direct measurement of the downward flux of the wind 
momentum in the constant stress layer as 

Mx2= -p（元元＋ず翫＋詞）

Since元 isassumed to be zero, above equation reduced to 

Mxz = -p(u'w'＋詞）．
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The vertical profiles of the turbulent Reynolds stress -u'w'and the 

wave-induced Reynolds stress -iiw are shown in Fig. 21. As shown in this 
figure, the wave-induced Reynolds stress,ー万万isnegligible as compared to the 
turbulent Reynolds stressーすす． ThereforeMX2 is approximated by 

Mx2 = -pu'w'. (6) 

Third method is the direct measurements of the pressure P and the shear stress 

て。 alongthe wave surface, namely 

Mxs= P a77 I ~ ax + r。 (7) 

In the present study, however, since we have not measured z;。alongthe wave 
surface, we estimated ro as 

7:o = /J 祝II----=-ax + 7: (8) 

where <J and r are the turbulent normal stress and tangential stress acting on the 

local tangential plane of the wave-following line, which have been estimated 

from the turbulence measured at the height of zf = 0.4 cm. The ratio of the 

Table 2 Downward flux of th e wind moment normalized with puふ

(Note: Cd,= 2.0(u./Uo)2, Cd2 = -2.0u'u!/U:f, Cd3 =（召
+o1; + r)/ ½Pu名）

Cd, 初 1 初 lC必 P I-pu名 G I-pu¢ 
0x 2 3x 2 -r 

Cd3 

4.8X10―3 4.4Xl0―3 6.lXlO―3 l.5X 10―'2.lXlO―3 8.3Xl0―3 

.VH 
＂＂ 
堕 些

L
 

。Figure 22 Budget of the momentum flux in the controll volume between any level 

of the logarithmic layer and the wave surface. (H。=JZH(P 

+p<uu〉)dzat the X/L = 0, H, = 1'"(P+p<uu>)dz at the X/L = 1, 

VH = MxzL at any level of the logarithmic layer, Vi. = Mx,L along the 

wave surface). 
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言pressure contribution P~ to the MX3 is about 70% due to the asymmetric 
叙

distribution of the static pressure which is caused by the air flow separation. 

This ratio is considered to be dependent on the wave slope if we refer to the 
results of Buckles et al. (1984)3>. The momentum fluxes calculated from above 

three methods are given in Table 2, where the momentum fluxes are normalized 

with -puふ Itis shown that Cd2 is nearly equal to Cd1 but about half of Cd3. 
2 
Finally we investigated the momentum budget in the controll volume 

between the wave surface and any level in logarithmic layer, which is shown in 
Fig. 22. 

Curiously, the budget has shown the minus value, though the accuracy of the 

measurement of』j(P+p<uu〉)dzis not as good as the other terms. The 

Kendall (1970)'s data has also shown the difference between P窃―／1pu名andox I 2 
Cd1 in the data for low Reynolds number. These results suggest the existence 
of another contribution to the momentum balance, for example -puw, though 
it is not investigated in the present study. 

4. Conclusions 

The structure of tubulent air flow over the sinusoidal wave with the wave 
height-to-length ratio H/L = 0.1 has been studied under relatively low Reynolds 
number Ll。H/v与 4000. As a preliminary study, turbulent air flow over a flat 
plate has been also studied in the same facilities. The following conclusions can 
be drawn from the present study ; In the preliminary study over the flat plate, 

it is confirmed that the wind profiles follows the standard logarithmic formula 
and the turbulent intensities and the turbulent Reynolds stress agree well to 
those measured by Klebanoff (1954)4>. However, the friction velocity obtained 
from the profile method is about 25% larger than that obtained from the direct 

measurement of the turbulent Reynolds stress, though the reason for it is not 
clear. The experimental result over the sinusoidal wave surface is as follows. 
(i) The mean velocity profile averaged over one wavelength shows the loga-
rithmic profile. However, it did not follow the standard formula for smooth flat 

plate, i. e., u 1 zu* - ＝ -ln(--）＋5.5 b ecause the solid waves increase the roghness 
U* K.  l/ 

parameter of the surface. 
(ii) The values of the turbulent intensities u乃，五,2and the turbulent Reynolds 
stress -u'w'for the wave surface are larger than those for the flat plate at the 
same Reynolds number RexP与 6x 105. However, if we normalize those parame-
ters with the friction velocity Ur which is obtained from the Reynolds stress 

~ in the constant stress layer, the parameters for the wave surface agree 
with those for the flat plate. 
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(iii) Negative value of the turbulent Reynolds stress r has been observed in the 
leeward side of the wave crest. This fact indicates the separation of the air flow 

near the wave crest. 
(iv) Spatial change of the wave induced velocity fluctuations in the wave 
following coordinate can be approximated by the first Fourier component of the 
same wave number with that of the wave surface. In a general sence, the phase 

of the wave induced velocity is nearly equal to that estimated from the potential 
theory, but the phase near the wave surface deviates from that estimated from 
the potential theory. We may say that this fact is also attributed to the air flow 

separation near the wave surface. 
(v) The downward flux of the horizontal momentum of the air flow over the 
wave surface, Mx, has been determined by means of three methods; (1) The 
profile method based on the logarithmic profile, Mx1 = pu;, (2) The direct 
measurement of the turbulent Reynolds stress in the logarithmic layer, Mx2 = 
-pl,(砿， wherethe wave induced Reynolds stress -p豆屈hasbeen negligible in 
the logarithmic layer, (3) The direct measurement of the wind stress acting on 

一
the wave surface, Mx3 = P--＋五． Themomentum fluxes Mx2 and Mx1 have 

函

shown nearly the same values but Mx3 has been about twice as large as the 
former two. This suggests another contribution to the momentum flux such as 

Mxz = -p面．

一
(vi) The the ratio of pressure contribution P~ to the Mx3 is about 70% in our 

み

present study. However, refering to the result of Buckles et al. (1984)3¥ this ratio 

seems to be dependent on the wave slope 
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