
CHAPTER THREE 

REYNOLDS   STRESS  IN  SURF  ZONE 

T.   Sakai1"1,   I.   Sandanbata2^   and M.   Uchida3-* 

ABSTRACT 

The on-offshore and the vertical components u, w of the velocity 
in a surf zone on a uniformly sloping beach in a wave tank were mea- 
sured simultaneously with a laser-doppler velocimeter under two condi- 
tions. The time variation of the Reynolds stress -u'w' during one 
wave period is discussed. The Reynolds stress behaves as that in the 
oscillatory pipe flow does. The magnitude of the terms including the 
Reynolds stress terms in the on-offshore momentum equation is esti- 
mated. The Reynolds stress terms does not play any important role in 
the on-offshore momentum transfer during one wave period in the surf 
zone. 

1. INTRODUCTION 

In the 18th Conference on Coastal Engineering, Cape Town, 1982, 
an experimental result on the turbulence generated by wave breaking on 
beaches in wave tanks was presented(Sakai et al.(1982),(6) ). The 
vertical distribution of the turbulent intensity inside the surf zone 
was shown. The effects of the breaker type on this distribution was 
discussed. The variation of the vertical distribution of the turbulent 
intensity during one wave period was also shown. It was explained by 
extending the turbulent wake theory. 

Similar works can be found in Stive(1980)(7) , Flick et al.(1981) 
(2) and Nadaoka et al.(1982) (5). The turbulent intensity is discussed 
there. In oscillatory pipe flow, the turbulence generated by the shear 
on the boundary plays an important role in the momentum transfer(3, 4) 

The Reynolds stress term is balanced with the local acceleration 
term and the pressure gradient term. 

In the surf zone, it is believed that the turbulence generated by 
the wave breaking plays an role in the transfer of heat and material 
such as the sediment and the waste, whether the turbulence generated 
by the wave breaking plays a role in the on-offshore momentum transfer 
during one wave period or not ? Aono et al.(1981)(l) estimated the 
Reynolds stress in a surf zone on a horizontal bed in a wave tank. The 
data, however, are not sufficient to discuss this problem. 
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To answer this question, an experiment under two conditions was 
done in a wave tank. The on-offshore and the vertical components u, w 
of the velocity inside a surf zone on a beach were measured simul- 
taneously with a laser-doppler velocimeter. The turbulence u'. w' 
generated by wave breaking was defined. The Reynolds stress -u'w' was 
estimated. Its time variation during one wave period and its role in 
the on-offshore momentum transfer during one wave period are discuss- 
ed. 

2. EXPERIMENTS 

2.1 Experimental Arrangements 

The experiment was done in a wave tank in Department of Civil 
Engineering, Kyoto University. The length of the tank is 30m, the 
width is 50cm, and the height is 70cm. This wave tank has glass walls 
on both sides in the central part. At the opposite end of the tank to 
a wave generator, a beach was installed. 

A two-component laser-doppler velocimeter(abbreviated as LDV 
hereafter) was used to measure the water particle velocity field in 
the surf zone on the beach. The LDV used was a Spectra Physics Stabi- 
lite 15mW He-Ne laser, with a KANOMAX optical system 8143S and two 
data processors 8015( of the tracker type). This system utilizes the 
polarization of a laser beam in order to measure simultaneously two 
components of the velocity. ^^' 

Since both sides of the wave tank has glass walls, the photo- 
detector and the other optical system used were set separately on both 
sides of the tank. The system was operated in fringe mode with forward 
scatter. Due to limited space beneath the tank, the total optical 
system was installed on a frame hanging over the tank. This frame 
could move in both a vertical and a longitudinal direction. 

The length of the laser tube was 1.0m, and the the length of the 
optical system was 60cm. It made the frame unstable if both the laser 
tube and the optical system were set horizontally in one line normal 
to the tank. The laser tube was, therefore, set vertically, and the 
laser beam was reflected horizontally using a mirror. 

Two wave gauges were used to measure the water level variation in 
the surf zone. 

2.2 Experimental Conditions 

The experiment was done under 2 conditions. The experimental 
conditions of 2 cases are listed in Table 1. i is the beach slope, hi 
is the still water depth in the uniform depth region in front of the 
beach, T is the wave period, h^ is the still water depth at the wave 
breaking point, Hb is the breaking wave height, w is the surf zone 
width. In both cases, the waves broke on the beach, flo/^o is the 
deepwater wave steepness. The breaker types were a spilling breaker 
in case 1 and a plunging breaker in case 2.  Fig.l shows a comparison 
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of the size of the surf zone of two cases. 

2.3 Experimental Procedures 

The measurement of the velocity in case 1 was done in 6 posi- 
tions. The deepest position was located 0.5m shoreward from the break- 
ing point. The distance between the neighbouring positions was 0.5m. 
The thin vertical lines in Fig.l show these positions. In case 2, the 
measurement of the velocity was done in 5 positions. The deepest 
position was located 45cm shoreward from the breaking point. The 
distance between the neighbouring positions was 5cm. The measurement 
in case 2 was done in a rather limited region. In each positions, the 
velocity was measured at about 7 levels from 1cm above the bottom to 
near the wave trough level. 

Table 1     Experimental Conditions 

case i hi 
(cm) 

T 
(sec) 

hb 
(cm) 

Hb 
(cm) 

1 
2 

1/31 
1/20 

35.0 
35.0 

1.17 
1.82 

18.0 
14.0 

12.8 
13.0 

case W 
(cm) Ho /Lo breaker 

type instrument 

1 
2 

530 
275 

0.063 
0.019 

spilling 
plunging 

LDV 
LDV 

^ 
10cm 

Fig.l    Surf Zone of 2 Cases 



REYNOLDS STRESS IN SURF ZONE 45 

3. DATA ANALYSIS 

The outputs from the wave gauges and the LDV were digitized every 
O.Olsec. The digitized data of the water level at the velocity measur- 
ing point, the on-offshore velocity, the vertical velocity and two 
dropout signals for two velocity components were plotted graphically. 
The time length of the plotted data was 48sec in case 1 and 70sec in 
case 2. 

The time intervals in which the signal from the processor of the 
LDV did not drop out were determined.  In these non-dropout intervals, 
the data of the two components of the velocity were moving averaged. 
The time width of this moving averaging was O.lsec in case  1 and 
0.2sec in case 2 (Fig.2). The turbulence( u'and w')  was defined as the 
deviation of the original velocity from this moving averaged velocity 
(Fig.2). 

At every O.Olsec, a cross product of u' and w' can be calculated. 
This quantity with a minus sign may be called "an instantaneous Rey- 
nolds stress". In oscillatory pipe flow, the Reynolds stress is usual- 
ly defined as an ensemble average of this instantaneous Reynolds 
stress at a fixed phase for many waves(3, 4). The Reynolds stress is, 
however, originally defined as a time average of the instantaneous 
Reynolds stress. The Reynolds stress was therefore defined here as a 
moving average of the instataneous Reynolds stress. The time width of 
this moving averaging was O.lsec in case 1 and 0.2sec in case 2. As 
mentioned in the Introduction, here we are interested in the role of 
the turbulence during one wave period. The choice of this time width 
depends on this interest. 

The Reynolds stress defined in this way was obtained every 0.01 
sec in the non-dropout intervals for all waves. Now one wave period 
was divided into 12 sections of O.lsec interval in case 1 and 18 
sections in case 2(In Fig.2, which is only a sketch, one wave period 
is divided into 10 sections.). To see an average trend of the time 
variation of the Reynolds stress, an average value of the Reynolds 
stress values for all waves in each section was calculated. 

4. TIME VARIATION OF REYNOLDS STRESS DURING ONE WAVE PERIOD 

Fig.3 shows an example of the time variation of the Reynolds 
stress during one wave period at several levels in the position 2.0m 
shoreward from the breaking point in case 1. The top figure is an 
averaged wave profile during one wave period. One clear trend is seen 
at the upper two levels. At z = -1.7cm, the Reynolds stress changes 
from negative to positive after the crest phase. At z = -3.2cm, a 
similar change occurs before the crest phase. 

Fig.4 is a different expression of Fig.3, the time variation of 
the vertical distribution of the Reynolds stress. Above mentioned 
trend is seen in the upper region near the crest phase. Aono ,et al. 
(1981)(1) reported a similar time variation of the Reynolds stress 
defined in a different way in a surf zone on a horizontal bed in a 
wave tank, 
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In oscillatory pipe flow, it was found that the Reynolds stress 
takes a maximun when the mean flow velocity decreases(Hayashi et 
al.(1980)(3) and Hino et al.(1980)(4)). It seems that the Reynolds 
stress generated by the wave breaking in surf zone behaves as that in 
the oscillatory pipe flow does. Fig.5 shows an example of the time 
variation of the Reynolds stress in the position 55cm shoreward from 
the breaking point in case 2. The trend seen in Fig.3 is more evident. 

The turbulence in the oscillatory pipe flow is a wall turbulence 
generated by the shear on the boudary. The turbulence in the surf zone 
is rather a free turbulence generated by the instability of the water 
surface. Considering this fact, there is no positive reason why the 
Reynolds stress in the surf zone behaves as that in the oscillatory 
pipe flow does. 
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Fig.2    Definition of Reynolds Stress 
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Fig.3     Time  Variation of Reynolds Stress during One Wave 
Period (Case 1) 
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(-u'w')ra(t) z = -2.6cm 

iTftre—*<0 j ^ otr      o.;o 

z = -3.6cm 

z = -4.6cm 

z = -5.6cm 

z = -6.1cm 

z = -7.2cm 

z = -8.6cm 

z = -9.6cm 

Fig.5    Time Variation of Reynolds Stress during One Wave 
Period(Case 2) 
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5.   REYNOLDS   STRESS  TERM IN ON-OFFSHORE MOMENTUM EQUATION 

5.1 Estimation of Magnitude  of  Terms 

The on-offshore momentum equation is  given as  follows   : 

8u 3u       V 3   ,        -7-7-,       1 

, where t is the time, x  and z are two horizontal coordinates, u and w 
are two velocity components in x  and z directions, p is the density of 
the fluid, p  is the pressure, and -pu'A  and -pu'w'   are two Reynolds 
stresses. 

The magnitude of each term in Eq.(l) at one measuring point in 
case 2 is estimated by using the data obtained in the experiment. 
This point is located 5.5cm below the still water level and 60cm 
shoreward from the breaking point. As explained in 3., the Reynolds 
stress -uV is obtained every O.lsec during one wave period. To 
compare the magnitude of each term in Eq•(1) every O.lsec during one 
wave period, the values of a , w and u' are estimated every O.lsec 
as follows : The values of u and w in each section of O.lsec for all 
waves were averaged, and these averaged values in each section were 
used as u and w in Eq.(l). A root-meen-square value of W value in 
each section for all waves was calculated. This r.m.s. value was used 
as u'z       in Eq.(1). 

The value of the local acceleration term was estimated from a 
difference between the values of u in the neighbouring two sections. 
The value of the gradient in x direction was estimated from a differ- 
ence between the values at this point and at the nearest point in the 
neighbouring offshore position. The phase difference between the 
values at two points was taken into account. The value of the gradient 
in z direction was estimated from a difference between the values at 
this point and at the point 1.0cm below in the same position. The 
value of the pressure gradient term was not able to estimate due to a 
trouble of the wave gauges. 

5.2 Comparison of Magnitude of Terms 

Table 2 shows the result of the calculation. The time origin is 
at the crest phase. It is clear that the local acceleration term is 
large. It is supposed that the local acceleration term is balanced 
with the pressure gradient term which was not able to estimate. In the 
time interval t > 0.65sec(the wave trough phase), however, the local 
acceleration term becomes as small as the other terms. Fig.6 shows the 
time variation of two convection terms and two Reynolds stress terms. 
It is found that two Reynolds terms are smaller than two convection 
terms. Only in 0.5sec < t < l.Osec, two Reynolds stress terms are as 
large as two convection terms. 

For case 1, a simpler comparison of the magnitude of the con- 
vection term u3u/3x and the Reynolds stress term Su'w'/dz was done. 
The selected measuring point is located 4.2cm below the still water 
level and 1.5m shoreward from the breaking point.   The comparison was 



REYNOLDS STRESS IN SURF ZONE 51 

made at an intermediate phase between the zero-up crossing phase and 
the creast phase. At this phase, u % 20cm/sec. 

The distance between this point and the neighbouring point is too 
long to estimate the x gradient. So the value of 3u/3x was estimated 
by using the small amplitude wave theory with the values of the wave 
period of 1.2sec, the still water depth of 15cm and the velocity 
amplitude of 30cm/sec. The estimated value of the convection term 
iidu/dx is 14cm/sec . The Reynolds stress term du'w'/dz is estimated 
4cm/sec , from the difference between the values at this point and at 
the neighbouring point in the same position. The Reynolds stress term 
is small again compared with the convection term. 

Table 2    Comparison of Magnitude of Terms in On-Offshore 
Momentum Equation  during One  Wave Period in Surf 
Zone(Case 2,  5.5cm below still water level and 60cm 
shoreward from breaking point) 

du 
3t 

3u 
Urr- 3x 

du 
dz 

du77 

3x t 
3u 'w' 

dz 
(sec) (c m/sec ) 

-0.25 5.3 1.4 -0.3 0.4 
-0.15 91.8 0.3 9.9 -1.1 0.4 
-0.05 135.8 -5.7 10.5 0.1 0.7 
0.05 49.9 1.3 1.9 0.5 1.1 
0.15 -20.0 8.8 -1.2 1.4 -0.0 
0.25 -56.3 4.4 -6.0 0.9 0.4 
0.35 -52.3 -0.5 0.5 0.7 0.9 
0.45 -58.8 0.5 3.3 0.6 1.3 
0.55 -25.3 3.1 1.2 0.0 -0.2 
0.65 -6.7 3.8 0.4 0.6 -1.1 
0.75 13.4 1.7 -0.1 1.2 0.2 
0.85 -0.3 1.7 0.4 0.1 1.1 
0.95 -4.7 1.8 0.8 0.3 1.4 
1.05 -24.3 2.9 -0.0 0.6 1.3 
1.15 -5.6 0.6 -3.5 0.2 0.7 
1.25 -8.2 -2.1 -9.3 -0.2 0.0 
1.35 -25.6 -1.3 -5.1 0.3 -0.1 
1.45 -12.2   -5.3   0.4 
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Fig.6    Time Variation of Convection Terms and Reynolds 
Stress Terms in On-Offshore Momentum Equation during 
One  Wave Period (Case  2,   5.5cm below still  water level 
and 60cm shoreward from breaking point) 
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6. CONCLUSIONS 

The on-offshore and the vertical components u, w of the velocity 
in a surf zone on a beach were measured simultaneously with a laser- 
doppler velocimeter in a wave tank under two conditions. The time 
variation of the Reynolds stress -u'w' during one wave period and its 
relative importance in the on-offshore momentum equation are discuss- 
ed. The following conclusions are obtained : 
(1) The Reynolds stress -u'w' changes from negative to positive near 
the crest phase. This is similar to the change of the Reynolds stress 
in the oscillatory pipe flow. 
(2) Since the turbulence in the surf zone is a free turbulence gene- 
rated by the instability of the water surface, there is no positive 
reason why the Reynolds stress in the surf zone behaves as that in the 
oscillatory pipe flow. 
(3) The magnitude of the Reynolds stress terms in the on-offshore 
momentum equation during one wave period are small compared with the 
local acceleration term and the convection terms. 
(4) The turbulence generated by wave breaking has no significant role 
in the on-offshore momentum transfer during one wave period in the 
surf zone. 

7. REFERENCES 

1) Aono, T., Oohashi, M. and Hattori, M. : Experimental study on 
turbulence near wave breaking point, Proc. of the 13th Symp. on Turbu- 
lence, 1981, pp. 180-183, 1981(in Japanese). 

2) Flick, R.E., Guza, R.T. and Inman, D.L. : Elevation and velocity 
measurements of laboratory shoaling waves, Jour, of Geophysical Res., 
Vol.86, No.C5, pp.4149-4160, 1981. 

3) Hayashi, T., Oohashi, M. and Takeyasu, S. : Experimental study on 
boudary layer of oscillatory flow, Proc. of the 12th Symp. on Turbu- 
lence, 1980, pp.83-90, 1980(in Japanese). 

4)Hino, M., Kashiwayanagi, M., Nakayama, T.  and Hara, T. : Turbulence 
generation and energy transfer mechanism in oscillatory flow, Res. 
Rep.  No.27, Dept. of Civil Eng., Tech. Univ. of Tokyo, pp.1-66, 1980 
(in Japanese). 

5) Nadaoka, K. and Kondoh, T. : Laboratory measurements of velocity 
field structure in the surf zone by LDV, Coastal Eng. in Japan, Japan 
Soc. of Civil Eng.,  Vol.25, pp.125-146, 1982. 

6) Sakai, T., Inada, Y. and Sandanbata, I. : Turbulence generated by 
wave breaking on beach, Proc. 18th Conf. on Coastal Eng., ASCE, Vol.1, 
pp.3-21, 1982. 

7) Stive, M.J.F. : Velocity and pressure field of spilling breakers, 
Proc. 17th Conf. on Coastal Eng., ASCE, Vol.1, pp.547-566, 1980. 




