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Turbulent oscillatory flow over rough beds 

By J. F. A. SLEATH 
Department of Engineering, University of Cambridge, Trumpington Street, 

Cambridge CB2 lPZ, UK 

(Received 6 August 1986) 

Velocity measurements are presented for turbulent oscillatory flow over rough beds. 
Two components of velocity were measured with a laser-Doppler anemometer and 
the rough beds consisted of a single layer of sand, gravel or pebbles on a flat surface. 
Turbulence intensities showed significant variation during the course of the cycle. 
Maximum turbulence intensity propagated out from the bed at a more or less 
constant velocity for all beds. Variation of time-mean turbulence intensity with 
height was qualitatively similar to that observed in steady flows. Reynolds stress 
showed several interesting features. Near the bed, maximum Reynolds stress was in 
phase with one of the two peaks of turbulence intensity but further out it was in phase 
with the other, i.e. the phase of maximum Reynolds stress showed a 180' phase shift 
at a certain height above the bed. A related effect was seen in the time-mean eddy 
viscosity which was negative near the bed but positive further out. It is suggested 
that these effects are caused by the jets of fluid associated with vortex formation and 
ejection in oscillatory flow over rough beds. Maximum Reynolds stress was also 
significantly less than the horizontal force per unit area of bed obtained from the 
momentum integral. Eddy viscosity and mixing length were found to vary signifi- 
cantly during the course of the cycle. Variation with height of time-mean values of 
these variables showed similar trends, except in the near-bed region, to those 
observed in steady flow but derived values of the Karman constant were significantly 
lower. Non-dimensional defect velocity appeared to show dependence on a/k, as well 
as on y/6 in the outer layer away from the bed, even at high Reynolds numbers. 

1. Introduction 
A great many models have been proposed for turbulent boundary layers in 

oscillatory flow. Amongst others, Jonsson (1963, 1980), Kajiura (1968), Johns (1975, 
1977), Bakker (1974), Brevik (1981) and Fredsoe (1981 b) have investigated purely 
oscillatory boundary layers, and Lundgren (1972), Smith (1977), Bakker & Van 
Doorn (1978), Grant & Madsen (1979), Tanaka & Shuto (1981), Fredsoe (1981a, 1982) 
and Christofferson (1982) have considered the combined effect of waves and currents. 

All of these theoretical models make assumptions about the characteristics of 
turbulence in oscillatory flow. The experimental support for many of these assump- 
tions is weak. Although there have been quite a number of velocity measurements 
in oscillatory boundary layers (e.g. Kalkanis 1957, 1964; Jonsson 1963 ; Horikawa 
& Watanabe 1968; Sleath 1970, 1982; Jonsson & Carlsen 1976; Van Doorn 1981), 
there have been relatively few direct measurements of the turbulence characteristics. 
In this respect, the most significant contributions are those of Kemp & Simons (1982, 
1983) who made one-component velocity measurements for waves and currents and 
Hino et al. (1983) who investigated oscillatory flow over smooth walls. 
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The object of the present paper is to provide more experimental data with which 
to test the hypotheses on which the various models are based. Only pure oscillatory 
flow over rough beds is considered. Although measurements were made over quite 
a wide range of flow conditions, attention is concentrated on the tests with the highest 
Reynolds numbers for which the turbulence was, hopefully, fully developed. The 
question of transition to turbulence will be considered elsewhere. 

2. Experimental arrangement 
The experiments were carried out in an oscillatory-flow water tunnel. This tunnel 

was the same as that described by Du Toit & Sleath (1981) except that the central 
panels of Perspex were replaced by plate glass. The working section was 0.305 m wide, 
0.45 m high and 3.66 m long. The oscillatory flow was maintained close to its resonant 
period of 4.5 s by a paddle in one arm of the tunnel driven by a variable-speed motor 
with feedback control. Because of the linkage mechanism driving the paddle, the 
free-stream flow in the test section was not pure simple harmonic. However, the 
amplitude of the second harmonic was always less than 3 Yo of the fundamental and 
the third harmonic was less than 1 %. 

The velocity distribution in the boundary layer was measured for four different 
rough beds. These consisted of a single layer of sand, gravel or pebbles of median 
diameters 0.20, 1.63, 8.12 and 30.0 mm and standard deviations 0.06,0.52, 3.36 and 
3.02 mm, respectively. The 8.12 mm gravel consisted of granite chippings and was 
very angular whereas the 30.0mm pebbles were rounded. The two sands were 
intermediate in shape between these two extremes. The 30.0 mm pebbles were laid 
directly on the floor of the water tunnel but the other three sediments were glued 
to flat plates. This was achieved by diluting a contact adhesive with petrol. The glue 
was then spread uniformly over the surface of the plate and the sediment poured on 
top. When the glue was dry the excess sediment was tipped off and the plates were 
fixed rigidly to the bottom of the water tunnel. Each rough bed consisted of three 
plates, each of length 1.22m and width 0.30m, laid end to end. The junction 
between pairs of plates was scraped clean of sediment, taped over, covered with glue, 
and then re-sprinkled with a single layer of sediment. The same procedure was 
followed for the screw heads which were countersunk into the plate. 

The velocities were measured with a laser-Doppler anemometer. A 15 mW Helium- 
Neon laser was used in forward-scatter mode with a Malvern Instruments frequency 
shifter. Two velocity components were measured by splitting one of the two beams 
emerging from the frequency shifter with a DISA polarizing beam splitter. This 
provided two beams polarized at 90' to each other and at + 45' and - 45' to the other 
beam from the frequency shifter. Appropriately adjusted polarizing filters on the two 
photomultipliers thus allowed separation of the horizontal and vertical components 
of velocity. It was the need to maintain correct polarization of the three beams that 
led to the replacement of the Perspex panels by plate glass, mentioned above. As with 
the experiments of Du Toit & Sleath (1981) the measuring volume was 0.3 mm wide, 
0.3 mm high and 1.0 mm across the tunnel. The laser, optics and photomultipliers 
were mounted on a milling-machine base which could be traversed vertically and 
horizontally. Output from the photomultipliers was passed through two frequency 
trackers and an analog-to-digital converter directly to a BBC microcomputer. In 
general, a Cambridge Consultants frequency tracker was used for the horizontal 
component of velocity and a DISA tracker for the vertical velocity. Periodic tests 
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were carried out with the trackers the other way round to ensure that they both gave 
the same output. 

As mentioned above, the period of oscillation was close to 4.5 s in all of the tests. 
Consequently a fixed sampling rate was used corresponding to approximately 190 
samples per cycle. This was sufficiently slow to allow direct online determination of 
the turbulence parameters and mean velocities. Sampling was triggered by a phase 
marker attached to the flywheel of the motor driving the paddle. For the rough beds 
consisting of the two sands, 200 cycles were analysed at each measuring point. For 
the gravel and pebble beds only 100 cycles were analysed at each point. This was 
because the rougher bed required measurements at several (usually between four and 
seven) horizontal positions in order to obtain a reasonable average for any given 
vertical position. Most of the results presented below for the two rougher beds 
represent the average for the various horizontal positions. Preliminary tests were 
carried out with the pebble bed to determine the minimum number of cycles required 
for consistent results at any given measuring position. These indicated that for record 
lengths greater than about 50 cycles there was no significant improvement in the 
consistency of the measurements with increase in the number of cycles sampled. 

Because of the limited storage capacity of the BBC microcomputer it was not 
feasible using the above techniques to obtain satisfactory power spectra of the 
velocity fluctuations. Consequently, a number of measurements were made with 
output from the laser-Doppler anemometer recorded directly on magnetic tape using 
a Racal Store 4 analog instrumentation recorder. These recordings were then played 
back into a Hewlett Packard 5420B Digital Signal Analyser to obtain the desired 
spectra. Spectra were obtained at  given phases through the cycle by means of the 
phase marker signal and a variable time delay. Once triggered, 1024 samples were 
taken at  a rate of 3280 Hz. 50 cycles were sampled in this way and the results at each 
phase were averaged to produce the h a 1  spectra. 

The usual test procedure was as follows. The water in the tunnel was adjusted to 
the appropriate level and the motor was set in motion with the desired period and 
amplitude of oscillation. Electronic equipment was also switched on. After 
approximately four hours, when conditions were judged to be steady, water 
temperature and period of oscillation were recorded. Measurements were then made 
at the required positions of the velocity components normal to  the bed and parallel 
to the direction of oscillation. At least one set of measurements was made in the free 
stream, well away from the bed. This was usually the last position to be sampled but, 
for some tests, was sampled at the beginning of the test as well. Finally, water 
temperature and period of oscillation were measured again. 

3. Dimensional analysis 
It will help in the interpretation of the experimental results if we list the relevant 

dimensionless groups. We take the independent variables to be y, the distance 
measured vertically up from the mean crest level of the bed roughness, U,,, the 
amplitude of the fluid velocity outside the boundary layer, a, the orbital amplitude 
of fluid particles outside the boundary layer, k,, the Nikuradse roughness size, v ,  
the kinematic viscosity. Thus, any dependent variable may be expressed as a 
function of 

Y uoa a 
k,’ v ’ k,’ 
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Since the boundary-layer thickness 6 is defined as the value of y at a given value of 
defect velocity divided by Uo we have 

Thus, without loss of generality, we may replace y/k, by y/6. Also, it may be argued 
that outside the viscous sublayer the defect velocity and hence turbulence intensity 
are independent of viscosity. Thus, in this defect layer, 

where u, is the defect velocity, a circumflex denotes amplitude, and an overbar 
denotes a time-mean value. Finally, since the ratio of the amplitude of the friction 
velocity &*to U, is also a function of y/S and a/k, if the constant-stress layer extends 
beyond the viscous sublayer, we may also write 

4. Test conditions 
The test conditions are summarized in table 1. 
The friction coefficient fw is defined as 

+Ll 
f w  = - WJ? (4) 

where 7, is the value of the shear stress 7 at the mean level of the grain crests 
and p is the fluid density. The value off, given in table 1 is that obtained with 7 

defined as 
a(u, - u)  

7 = d v  at dY 

where u, is the value of u outside the boundary layer. The difference between the 
value off, obtained in this way and that given by 2p&%/ Q will be discussed below. 

The roughpess - length k, is taken equal to 2 0  and the friction velocity is 
u* = (-U’w’)e. 

5. Turbulent fluctuations in velocity 
Since the main object of this paper is to investigate the effects of turbulence, we 

shall start with this question and postpone a discussion of the mean-velocity profiles 
until later. 

Figure 1 shows an example of how the root-mean-square fluctuation in the 
horizontal component of velocity varies during the course of the cycle at  various 
heights above the grain crests. Phase is measured relative to maximum negative 
velocity in the free stream. Thus, the free-stream velocity is minimum at Oo, 
maximum at 180°, and zero at  -90’ and +No. For each phase, u’ is the fluctuation 
in velocity relative to the mean of the 200 samples taken at  that phase. 

Figure 2 shows the equivalent records for the root-mean-square fluctuation in the 
vertical velocity. In both figures it is clear that the variation in turbulence intensity 
during the course of the cycle is significant, particularly near the bed. 

The way in which Ti,,,, the mean value of (u’”$ over the whole cycle, varies with 
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Test no. 

1 
2 

3 
4 
5 
6 
7 
8 

9 
10 
11 
12 
13 

14 
15 
16 
17 
18 
19 

Period 
(4 

4.49 
4.49 

4.54 
4.58 
4.48 
4.59 
4.51 
4.52 

4.55 
4.50 
4.50 
4.49 
4.47 

4.60 
4.53 
4.55 
4.56 
4.53 
4.52 

uo 
(m/d 

0.623 
0.417 

0.686 
0.617 
0.490 
0.326 
0.228 
0.113 

0.621 
0.487 
0.178 
0.106 
0.053 

0.712 
0.582 
0.357 
0.097 
0.062 
0.630 

v x  lo8 alk, 4, & f, 
(m”s) (m/s) c* 

0.20 mm sand 
1.10 1112 0.0128 - 0.00452 
1.10 743 0.0047 - 0.00599 

1.63 mm sand 
1.21 161 0.0226 1.73 0.0161 
1.19 138 0.0204 1.66 0.0158 
1.16 115 0.0170 1.79 0.0172 
1.16 72.9 0.0123 1.79 0.0260 
1.13 60.1 0.0059 - 0.0330 

- - 1.14 24.8 - 

8.12 mm gravel 
1.19 27.7 0.0224 1.35 0.0270 
1.17 21.5 0.0182 1.35 0.0381 
1.19 7.87 0.0074 1.35 0.0880 
1.16 4.67 0.0047 - 0.136 
1.16 2.34 0.0020 - - 

30.0 mm pebbles 
1.21 8.69 0.0372 1.61 0.0451 
1.20 6.98 0.0317 1.58 0.0572 
1.19 4.30 0.0141 1.28 0.103 
1.16 1.17 0.0054 - - 
1.13 0.74 0.0025 - - 
1.18 7.69 0.0337 - - 

TABLE 1. Test conditions 

8 
mm 

14.4 
- 

23.5 
23.5 
19.5 
14.7 
9.3 
7.9 

35.4 
34.1 
27.4 
- 
- 

48.6 
48.6 
48.2 
28.2 
15.0 
- 

No. of cycles 
sampled a t  

each position 

200 
200 

200 
200 
200 
200 
200 
200 

100 
100 
100 
100 
100 

100 
100 
100 
100 
100 
100 

height is shown for the four different beds in figure 3. The corresponding results for 
v,,, are given in figure 4. To avoid confusion, and also because the object of the 
present paper is to investigate fully established turbulence, only the three tests with 
the largest Reynolds numbers are shown for the three roughest beds and only the 
largest Reynolds number is shown for the 0.2 mm sand. Once again, y is measured 
from the mean level of the grain crests. It could be argued that y ought really to be 
measured from some mean bed level. For example, Einstein (1950) suggested that 
the origin should be taken 0.350 below the crest level. In  the present case this would 
make little difference to the overall level of scatter shown by the different curves 
although it would, of course, produce a significant shift in origin for the rougher beds. 

The boundary-layer thickness 6 in these figures is that measured from the grain 
crests out to the point at  which the amplitude of the defect velocity is 5 yo of U,. A 
more common definition for the edge of the boundary layer would be the point where 
the defect velocity is 1 % of U,. The defect velocity was obtained in these experiments 
by subtracting the free-stream velocity phase by phase from the velocity at each level. 
Inevitably there was some fluctuation in the period of oscillation between the time 
when the measurements at any given level were made and the time (at the end of 
the test) when the free-stream velocity was recorded. From the duplicate measure- 
ments of free-stream velocity made at the start of a number of the tests it was judged 
that the defect velocity was not reliable when it fell below about 0.03U0. It was for 
this reason that the 5 yo limit was adopted for 6. 

- 
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FIQURE 1. Variation of ( 3 ) i  during the course of the cycle: Test no. 4. 

The measurements in figures 3 and 4 show very similar trends to those observed 
in steady flows. For the bed of 0.2 mm sand, which approximates most closely to a 
smooth bed, both U,,, and V,,, rise to a maximum and then decline with increasing 
distance from the bed. The maximum in Urms occurs closer to the bed than that for 
Vrms as observed for steady flows (see e.g. Klebanoff 1954). The maximum value of 
%,, is also significantly larger than that for V,,,. As bed roughness increases, values 
of arms and isrms also increase for any given y/S as observed for steady flows by Corrsin 
& Kistler (1954). 

Figures 5 and 6 show the magnitude of the fluctuations in (U'2)i and (v'")i during 
the course of a half-cycle. The quantity A(u'")t is the difference between the average 
of the two maxima and the average of the two minima of (3); during the course of 
a cycle, and similarly for A ( P ) i .  The overall trends appear to be much the same as 
those for the mean values of the turbulence intensities. The value of A ( P ) i  rises to 
a maximum and then declines steadily with increasing y/S. For A(U'2)i the initial rise 
is less clear but otherwise the trend is the same. 

In these figures there is considerable scatter between the results for different tests, 
particularly for the roughest bed. This is probably due in part to the difficulty of 
obtaining a true average from point measurements in highly three-dimensional flows. 
Figure 7 shows measurements made at  a fixed height of 3 mm above the grain crests 
for the 30.0 mm pebbles. In this figure x is distance measured horizontally in the 
direction of oscillation from some arbitrary origin. It is clear that there is very 

- 
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FIQURE 2. Variation of (p)i during the couree of the cycle: Test no. 4. 

significant spatial variation in the turbulence intensity at any given height. As 
mentioned above, the results for the two rougher beds in figures 3-6 represent the 
average of measurements at several values of z for each height y. These values of z 
were equally spaced between z = 40 and 130 mm. Clearly a great many measurements 
at each height would be required to obtain a true average. Figure 7 represents the 
worst case from this point of view. The three-dimensionality of the flow was 
significantly less for the 8.12 mm gravel and negligible for the other two beds. 

The variation in velocity with horizontal position shown in figure 7 has several 
causes. One is the variability in the effective bed level because of the random 
arrangement and shape of the pebbles making up the bed. It is clear from figures 3-6 
that an effective variation in y could produce significant change in turbulence 
intensity. This is probably the reason why low Zr,, tends to correlate with high a 
in figure 7 since, in the vicinity of y = 3 mm, a increases while arms decreases with 
distance from the bed. A second cause of variability is the formation of vortices by 
the individual roughness elements. Since vortex formation and ejection are strongly 
dependent on U,,, the intensity of turbulence at a given point might be expected to 
vary from one test to another. 

Another cause for differences between the results for different tests in figures 3-6 
is the effect of relative roughness. Figure 8 shows how the maximum value of the 
various turbulence intensities varies with the roughness parameter a/k,. Following 
the argument outlined in $3, these maximum intensities will, in general, be functions 
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FIQURE 3. Variation with distance from the bed of the mean value of (p)i during the course of 
a cycle. (a) D = 30.0 mm: 0 ,  Test no. 14 (0.712 m/s); 0, Test no. 15 (0.582 m/s); x ,  Test no. 
16 (0.357 m/s). (b) D = 8.12 mm: 0,  Test no. 9 (0.621 m/s); 0 ,  Test no. 10 (0.487 m/s); 0,  Test 
no. 11 (0.178 m/s). (c) D = 1.63 mm: 0, Test no. 3 (0.686 m/s); 0 ,  Test no. 4 (0.617 m/s); 0, Test 
no. 5 (0.490 m/s). (d )  D = 0.20 mm: 0, Test no. 1 (0.623 m/s). The numbers in brackets after the 
Test nos are the values of U,,. 
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I I I 1 
2.0 4.0 

Y l 8  

FIQURE 4. Variation with distance from the bed of the mean value of ( p ) i  during the course of 
a cycle. Symbols as for figure 3. 

01 
0 

of U, a/v as well as alk,. However, at sufficiently large values of U, alv we expect 
Reynolds-number dependence to be negligible. In  fact, the results for the various beds 
do appear to tend towards unique curves in figure 8 at the highest values of U, a/v. 

Figure 8 shows that the peak values of A(u'")* and A(v'a)i remain more or less 
constant with increasing a/k, whereas the peak values of Zrms and V,,, decrease 
steadily (at sufficiently high Reynolds numbers). In other words, the fluctuation in 
turbulence intensity during the course of the cycle becomes less important relative 
to the mean level of turbulence intensity as bed roughness increases. It would also 
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FIGURE 5. Variation with distance from the bed of the magnitude of the fluctuation in (p)i during 

the course of a cycle. Symbols as for figure 3. 

seem that the difference between Urms and Erms also decreases as bed roughness 
increases. This may be because the dampening effect on vertical perturbations in 
velocity becomes less significant when the bed approximates less to a horizontal 
plane. 

It is also interesting to examine the phase at which the turbulence intensity is 
greatest a t  any given height above the bed. This is shown by figure 9 for ( 3 ) k  In 
this figure the same straight line has been drawn through each set of test results. This 
line is that which gave the best fit to the experimental results for the phase of (.‘“)i 
for the bed of 1.63 mm sand. It is included in figure 9 only to facilitate comparison 
between the results for different beds. 
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FIQURE 6. Variation with distance from the bed of the magnitude of the fluctuation in (p)k during 
the course of a cycle. Symbols as for figure 3. 

Very similar results are obtained for the phase at  which (u'a); is maximum. These 
results are not shown here in order to reduce the length of the paper. Although the 
experimental scatter is considerable it would seem that the maximum value of (v'2)t 
occurs at more or less the same time as the maximum of (u'"); and that these maxima 
propagate up from the bed at  more or less the same speed regardless of bed roughness. 
The straight line corresponds to 

-- d(ot' - 2.27 rad, 
d(Y/4 

13 FLM 182 
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FIGURE 7. Variation with horizontal position of the amplitude of u and of the mean values of 
( 3 ) i  and (3)i. Test no. 19 (y = 3 mm). 

where w is the angular frequency of oscillation ( = 2 n / T ,  where T is the period of 
oscillation). Thus 

ws 
upward propagation velocity + - 

2.27 * 

This propagation of the maximum turbulence intensity away from the bed is also 
clearly shown by the turbulence-intensity contours. Figure 10 gives a typical 
example. 

It is of interest to  speculate what triggers the increase in turbulence during each 
half-cycle. Figure 11 shows the phase a t  which maximum turbulence occurs for one 
of the tests with the 1.63 mm sand. Also shown is the phase a t  which the velocity 
is maximum. Various investigators (e.g. Hino et al. 1983) have drawn attention to 
the way in which turbulence intensity increases during the deceleration stage of each 
half-cycle and then decreases when the fluid starts to accelerate again. On that basis 
the maximum turbulence intensity would occur during the quarter-cycle following 
maximum velocity. The results in figure 11 show that this is so for small values of 
y/6 but not when y/6 exceeds about 0.7. It follows that under this hypothesis the 
turbulence would be generated in the region close to the bed and would then 
propagate freely upward. 

Many writers have drawn attention to the instability associated with a point of 
inflexion in the velocity profile. Figure 11 shows the phase a t  which a2u/ay2 = 0. The 
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FIGURE 8. Variation with alk, of the peak values shown by the curves of A ( P ) i ,  A ( P ) k ,  arms 
and Vrms versm height. 

correlation with maximum turbulence intensity is reasonably close, but by no means 
perfect, and extends over a fairly wide range of y/S. Equally good correlation is shown 
with the maximum of the defect velocity but this may be because it is the turbulence 
that drives the defect velocity rather than vice versa. An alternative explanation for 
what produces the fluctuation in turbulence intensity will be put forward in $10. 

Finally, figure 12 shows power spectra for the fluctuations in velocity at  various 
phases in the cycle. Each curve covers a range of phase because, as explained above, 
the sampling takes place over a finite interval of time (0.31 s in each case). These 
spectra are similar to those obtained for smooth beds by Hino et al. (1983) except 

13-2 
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FIQURE 9. Variation with height of the phase of the peak value of (?)*, ( a )  D = 30.0 mm: 0, Test 
no. 14; 0 ,  Test no. 15; x ,  Test no. 16. ( b )  D = 8.02 mm: 0 ,  Test no. 9;  0, Test no. 10; 0,  
Test no. 11.  (c) D = 1.63 mm: 0 ,  Test no. 3; 0, Test no. 4; 0, Test no. 5. ( d )  D = 0.02 mm: 0, 
Test no. 1.  

that there is no significant difference between the acceleration and deceleration parts 
of the cycle. On the whole, the spectra have a slope close to that predicted by the 
-p power law except at  very low frequencies. However, at  these very low frequencies 
the spectrum is dominated by harmonics of the free-stream velocity. It is, of course. 
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FIQURE 10. Contours of intensity of (a) ( p ) i / U o  and (b)  ( p ) i / U o .  Values of ( p ) ! / U o  and ( p ) i / U 0  
are: ----, 0.05; --- , 0.075; -, 0.10: Test no. 4. 
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FIQURE 11.Variationofphasewithheight: +-+,.d; x-x ,a,; O-O,peak(p)t;  U-U,peak 
(P)t; 0-0, a*u/ay* = 0: Test no. 4. 
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FIQURE 12. Power spectra of fluctuations in horizontal component of velocity. U,  = 0.65 m/s, 
T = 4.52 s, D = 30.0 mm. At y = 4 mm: (a) -100.7' < wt < -75.8" (u/U,, = 0.21-0.60); ( b )  

( 0 . 7 0 . 4 0 ) ;  ( e )  58.5' < wt < 83.4" ( 0 . 1 0 . 3 0 ) .  In free stream: (f) -100.7" < wt < -75.8'; (9)  
-60.9' < wt < -36.0' (0.82-1.04); 

-21.1' < wt < 3.8"; (h) 58.5' <wt < 83.4'. 

(c) -21.1' < ot < 3.8' (1.064.90); (d) 18.7' < wt < 43.6' 

possible that the finite measuring volume of the laser-Doppler anemometer might 
distort the spectra obtained. However, the comparisons carried out by Hino et al. 
(1983) showed good agreement between the spectra produced by a similar laser- 
Doppler anemometer and a hot-wire anemometer for frequencies less than about 
200 Hz. 

6. Shear stress 
Figure 13 shows an  example of how the non-dimensionalized Reynolds stress varies 

with time and with distance from the bed. Since the magnitude of the Reynolds stress 
is very small the quality of the signal is not very good. On the whole, however, we 
see a more or less sinusoidal variation in Reynolds stress with time. 

The phase a t  which the maximum occurs varies with height as shown in figure 14. 
These measurements correspond to  the maximum of a running average of eight 
successive samples in order to smooth out high-frequency noise. Each of the four beds 
shows a similar pattern. Very close to the bed the maximum occurs at 0" (the phase 
at which the free-stream velocity has its maximum negative value). Initially, the 
phase lag of the maximum Reynolds stress increases steadily with distance from the 
bed. However, a t  a certain height, figure 14 shows a sudden jump in phase of 
approximately 180". The transition is not, in fact, quite as sudden as this seems to 
imply. I n  figure 13 we see that the 'near-bed' maximum fades gradually into the 
background as the 'far-bed' maximum becomes established. At y = 15 mm, for 
example, both maxima are visible even though the 'far-bed' maximum (at  about 
-80") is larger than the 'near-bed' maximum (at about +80"). Even a t  y = 20 mm 
there is still some trace of the 'near-bed' maximum at a phase of about 90". 

The dashed lines on figure 14 are the same as the solid lines in figure 9. Two dashed 
lines are shown because (u'")t and (v'2)t show two maxima per cycle. Clearly the 
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FIQURE 13. Variation of Reynolds stress with phase and height: Test no. 4. 

maximum of the Reynolds stress occurs a t  almost the same phase as the maxima of 
(3); and (3); although the discrepancy increases with distance from the bed. The 
solid lines in figure 14 (c) are the lines of best fit for the experiments with the 1.63 mm 
sand. The results for the other beds seem to show similar trends but the experimental 
scatter is too great to allow definite conclusions on this point. 

The way in which the amplitude of the Reynolds stress varies with distance from 
the bed is shown in figure 15. The solid curves are intended only as an indication of 
the general trend of the experimental results. As might be expected, the amplitude 
of the Reynolds stress rises to a maximum and then decreases steadily with distance 
from the bed. 

It is interesting to compare these results for Reynolds stress with values of the shear 
stress given by (5), which has been widely used in flows of this sort. Figure 16 shows 
an example of how the magnitude of the shear stress calculated from ( 5 )  varies with 
distance from the bed and figure 17 is an example of how its value at y = 0 varies 
with time. Figure 17 also shows the temporal variation in Reynolds stress for the same 
test at y = 3 mm (where the Reynolds stress is maximum). These figures show two 
interesting features. First, the Reynolds stress and the stress from ( 5 )  are almost 
directly out of phase. This is not unexpected in view of the 180" phase change in the 
Reynolds stress at  larger values of y discussed above. Secondly, the magnitude of the 
stress given by (5) is much larger than that of the Reynolds stress. 
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FIQURE 14. Variation with height of the phase of peak Reynolds stress. Symbols as for figure 9. 

This second point is seen more clearly in figure 18 which shows values of the friction 
coefficient f,, defined by (4), with B, calculated from ( 5 )  and also with f 0  taken as 
the maximum value of the Reynolds stress in figure 15. As usual, we assume that 
the maximum value of the Reynolds stress is equal to the bed stress and that 
the fall in Reynolds stress as y+O is matched by an increase in viscous stress. The 
line drawn through the values for f, based on Reynolds stress in figure 18 

f, = 0.0067 (i) . corresponds to -0.22 
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FIGURE 15. Variation of peak Reynolds stress with height. Symbols as for figure 9. 

We see that the values off, calculated from (5)  are between 5 and 10 times those 
given by the Reynolds stress. 

Many authors have pointed out that (5 )  is inaccurate as a method of measuring 
turbulent stress. Nevertheless, since the values off, calculated from ( 5 )  are in good 
agreement with those of previous investigators, as represented by the empirical curve 
of Kamphuis (1975) and the semi-empirical curve of Jonsson (1963), it was initially 
assumed that the present measurements of Reynolds stress must be incorrect. An 
exhaustive series of checks failed to reveal any malfunction in the equipment or 
software. However, since it was considered just possible that the three laser beams 
might not intersect at exactly the same point, thus reducing the correlation of ur and 
v r ,  it was decided to repeat some of the measurements using the alternative method 
for measuring Reynolds stress outlined by Kemp & Simons (1983). This - -  makes use 
of the fact that the Reynolds stress on a horizontal plane is equal to + ( U ’ ~ - W ~ ~ )  on 
a plane a t  45’ to the horizontal. To avoid all possibility of cross-talk between the 
different velocity components, P and 2112 were measured separately with the third 
laser beam blanked off. In each case output was taken to the Cambridge Consultants 
tracker. The results are shown in figure 18. The new measurements give slightly higher 
values for f, than before. However, the discrepancy is within the bounds of 
experimental error since these new measurements involve the small difference 
between two relatively large quantities. 

This still leaves the reason for the very large difference between the Reynolds stress 
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FIGURE 16. Variation with height of the amplitude of shear stress given by (5): Test no. 4. 
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FIGURE 17. Variation during the course of the cycle of the Reynolds stress ( x - x ) and 
of the stress given by (5) (0-0); Test no. 4, y = 3 mm. 
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FIQIJRE 18. Values of friction coefficient. Shear stress given by (5): x , D = 30.0 mm; +, 8.12 mm; 
0, 1.63 mm; 0 , 0 . 2 0  mm. Shear stress equal to Reynolds stress: @, D = 30.0 mm; $, 8.12 mm; 
0 ,  1.63 mm; ., 0.20 mm. Shear stress obtained using method of Kemp & Simons (1983): 0, 
D = 30.0 mm; a, 1.63 mm. 

and the stress given by (5 )  unclear. It is suggested in Q 10, below, that the reason for 
the discrepancy is that there are significant fluxes of momentum associated with 
vortex ejection at the end of each half-cycle and that the quantity pUV is far from 
small. Equation (5 )  makes no allowance for such an effect and it is also excluded from 
the Reynolds stress if, as here, the fluctuations u’ and d are measured relative to the 
mean velocities T i  and V at each phase. 

7. Eddy viscosity 

involved assumptions about the eddy viscosity e defined by 
Most of the models proposed for flow in turbulent boundary layers of this sort have 

au 
aY 

7 = P E - .  (7) 

Many have assumed the eddy viscosity to be independent of time, for any given 
height. Figure 19 shows a typical example of how the eddy viscosity at two different 
heights actually varies during the course of the cycle. In  this figure E is the mean value 
of E during the cycle and 7 in (7) is the Reynolds stress. The fact that 8 is not constant 
during the cycle has been pointed out by other investigators (e.g. Horikawa & 
Watanabe 1968). In particular, the singularities when au/ay = 0 are hardly surprising 
since the turbulence and hence the Reynolds stress do not instantly disappear as the 
velocity gradient passes through zero. 

Assumptions are also usually made about how the mean value of E during the course 
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FIGURE 19. Variation of eddy viscosity during the course of the cycle: X- x , y = 3.5 mm; 
0-0, 30 mm: Test no. 4. 

of the cycle varies with distance from the bed. For example, Kajiura (1968) assumed 
that for rough beds 

for y < +ks, 
for +ks < y < O.O54,/w, 

Z = const, 

E = K4, y, 
- 

- 
E = const, for y > O.O54,/w. 

Figure 20 shows that there is indeed an intermediate range of heights for which 
E oc 4, y. Similar curves were obtained for the other beds. However, for the present 
measurements the constant of proportionality is significantly different from usually 
accepted values for the Karman constant K :  

- 

For D = 1.63 mm, K = 0.059, 

D = 8.12 mm, K = 0.078, 

D = 30.0 mm, K = 0.078. 

These values of K could be increased to some extent if we were to argue that it is the 
mean value of u, during the course of the half-cycle rather than its amplitude that 
influences the mean eddy viscosity. Measured ratios of a, to U, are given in table 1.  
If we equate E: to a, y rather than to K4, y the values of K become 

For D = 1.63 mm, K = 0.10, 

D = 8.12 mm, K = 0.11, 

D = 30.0 mm, K = 0.13. 

These values of K are still significantly less than the usually quoted figure of 0.4. 
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FIGURE 20. Variation of time-mean eddy viscosity with height: D = 1.63 mm. 0, Test no. 3;  
@, Test no. 4; x , Test no. 5. 

The near-bed variation in E with height is also quite different from that usually 
assumed. For the 1.63 mm sand, E goes firmly negative near the bed and a similar, 
though less pronounced, trend was observed in the results for the 8.12 mm gravel. 
We note, in passing, that Jonsson & Carlsen (1976) found negative values of E very 
close to the bed in their Test no. 2 and that Hunt & Maxey (1978) showed, 
theoretically, that negative eddy viscosity might occur under certain circumstances. 
In  figure 20 the zero for y1 has been taken 0.350 below the mean level of the grain 
crests as suggested by Einstein (1950), to facilitate comparison with the results of 
other investigators. Although the choice of origin made little difference to the overall 
experimental scatter of the plots in terms of y/S discussed above, it does make a 
significant difference for plots in terms of 

Figure 21 shows the non-dimensionalized value of y1 for which E passes through 
zero, i.e. the thickness of the inner layer in which E is negative. We see that the value 
of 4, yl/v ranges from about 180 for the 1.63 mm sand up to about 280 for the 
30.0 mm pebbles. These values of &, yJv are far greater than normally accepted 
values for the thickness of the viscous sublayer in steady flow. This suggests that, 
whatever else is responsible for the unusual behaviour of E, it is not simply a 
viscous-sublayer effect. We note also that the thickness is quite different from the 
value ?$, suggested by Kajiura for the inner layer. For example, for Test no. 3 the 
measured thickness is about 10 mm whereas 4ks is 1.63 mm. Figure 21 also shows 
that the value of U, y,/v is more or less constant at about 5200 for the range of a/k,  
tested. 

Making use of the data given in table 1 and making allowance for the different 
origins for y, we see that the region near the wall in which ii is negative corresponds 
closely to the region in figure 14 in which the phase of maximum Reynolds stress is 
close to 0". Further out, the maximum Reynolds stress shows a 180" phase change 
and E becomes positive. A possible explanation for these effects, based on the way 
in which fluid is thrown up when the vortices behind bed roughness elements are 
ejected at the end of each half-cycle, is put forward in 3 10. 

y. 
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FIGURE 21. The height y1 of the inner layer in which time-mean eddy viscosity is negative: 
@, D=30 .0mm;  $, 8.12mm; 0,  1.63mm. 

At large distances from the bed figure 20 shows that 5 appears to decrease rather 
than remain constant as usually assumed. The constant value suggested by Kajiura 
(1968) in the outer layer is 

O.OSKz'i,Z, g =  
7 w 

- 
whereas Brevik (1981) suggests 

8 = +Kti, 8,. (9) 

If we take 4% = +q f, in these equations, with f, given by Kajiura's (1968) theoretical 
curve, we see that both equations may be expressed in the form 

because the expression given by Jonsson (1980) for his boundary-layer thickness S, 
is of the form 

.= fg). (11) 
k, 

Figure 22 shows the maximum value of E obtained from the results for the various 
rough beds compared with the curves suggested by Brevik and Kajiura. Clearly, the 
measured values of E in the outer layer are significantly less than the suggested values. 
Better agreement would have been obtained if we had calculated $* in (8) and (9) 
from the experimental values based on Reynolds stress rather than Kajiura's (1968) 
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FIGURE 22. Variation with a/ks of the maximum value of time-mean eddy viscosity. 
Symbols as for figure 21. 
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FIQTJRE 23. Variation with height of the time-mean eddy viscosity calculated with shear stress given 
by (5): 0, Test no. 3;  0,  Test no. 4: D = 1.63 mm. 

curve. However, the agreement would still not have been close, with Brevik’s curve 
lying above the measurements and Kajiura’s below. 

So far, our comparisons have been based on the value of eddy viscosity obtained 
from (7) with 7 equal to the Reynolds stress. Figure 23 shows how the mean eddy 
viscosity, averaged over the cycle, varies with height when 7 is obtained from (5 ) .  
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The general trend is for 5 to  increase with y but with significant fluctuations about 
the mean. These fluctuations were larger for the rougher beds. Similar fluctuations 
in shear stress obtained from (5) were found by Jonsson & Carlsen (1976), who 
attributed them to slight inaccuracies in the measurement of free-stream velocity. 
However, even if we consider only the mean trend, the value of K in the relation 
E = KG, y is very different from the usually accepted values. For the results shown 
in figure 23 the dashed lines correspond to K = 0.069, for Test no. 3, K = 0.16, for 
Test no. 4, if &* is based on the shear stress given by (5). 

- 

8. Mixing length 

Bakker (1974) adopted the well-known relation 
Some oscillatory-flow models make use of mixing-length arguments. For example, 

with the mixing length 

Equation (12) may be written 
1 = Ky.  

I = 

Figure 24 shows an example of how the right-hand side of this equation varies during 
the course of the cycle for two different heights above the bed of 1.63 mm sand. 
Comparing with figure 19, which is for the same test conditions, we see that the mixing 
length varies during the course of the cycle in much the same way as the eddy 
viscosity. In  particular, the mixing length also becomes infinite as the velocity 
gradient passes through zero. 

Figure 25 shows how the mean value of the mixing length, defined by (14), varies 
with height for the bed of 1.63 mm sand. The test conditions are the same as for 
figure 20. I n  figure 25 the origin of y is the mean level of the grain crests. Since y 
is plotted directly there would be no change in the experimental scatter if the origin 
were taken 0.350 below the crest level as in figure 20. Once again, the mixing length 
shows similar trends to the eddy viscosity. For the 1.63 mm sand the mixing length 
initially becomes negative and then rises steadily. For the other beds the initial fall 
in mixing length with height is less marked but the trend is similar. 

The conclusions to  be drawn from figure 25 are also similar to those for the eddy 
viscosity. The initial negative region is too large to  be explained away as a viscous 
sublayer. Presumably, its explanation is the same as that for the region of negative 
eddy viscosity mentioned earlier. The subsequent linear increase in mixing length 
with height is in agreement with (13) but, once again, the measured values of K are 
lower than those normally found in steady flow: for D = 1.63 mm, K = 0.14; for 
D = 30.0 mm, K = 0.17. 

9. Ensemble-averaged velocity distribution 
Figures 26 and 27 show typical examples of the way in which the amplitude and 

phase of the mean horizontal component of velocity vary with distance from the bed. 
The word mean is used to indicate the average obtained by superimposing the 200 
cycles sampled a t  each height. 



Turbulent oscillatory $ow over rough beds 395 

1 .o 

0 

- 1.0 
- 90 0 90 180 210 

ut (degrees) 

FIQURE 24. Variation of mixing length during the course of the cycle. Symbols as for figure 19. 
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FIQURE 25. Variation of time-mean mixing length with height. Symbols as for figure 20. 
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FIGURE 26. Variation with height of amplitude of ensemble-averaged horizontal component of 
velocity; D = 1.63 mm. 0, Test no. 3; 8, Test no. 5; 0,  Test no. 7 ;  ---, theoretical solution for 
flat plate. 

The dashed curves represent the theoretical solution for laminar flow above an 
infinite flat plate (Lamb 1932). In addition to the rough-bed tests described here, tests 
have also been made with this anemometer with the bed composed of a sheet of glass. 
These show satisfactory agreement with the theoretical solution but are not 
reproduced in these figures in order to avoid confusion. Examples are, however, given 
in Du Toit & Sleath (1981). 

The experimental profiles in figures 26 and 27 are similar to those obtained by other 
investigators. At low Reynolds numbers the profiles approximate to those for a flat 
plate but as the Reynolds number increases the boundary layer becomes progressively 
thicker. Although it is not very clear in figure 27, it was noticed that the phase 
measurements with this particular bed roughness showed a slight reduction in phase 
lead in the immediate vicinity of the bed. A similar trend was observed by Sleath 
(1970). It should be emphasized, however, that in the present case the measuring 
volume of the laser-Doppler anemometer is too large for any firm conclusion to be 
reached. 

One of the more interesting studies of oscillatory-flow boundary layers is that of 
Jonsson (1980). In order to make a comparison with Jonsson’s work we need to 
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FIGURE 27. Phase variation with height of ensemble-averaged horizontal component of 

velocity. Symbols as for figure 26. 

establish a link between the experimental values for the boundary-layer thickness 
used in this paper and the semi-empirical relation suggested by Jonsson : 

(15) 
308'10g(yl) = 1.20-. a 

Figure 28 shows that (15) gives significantly smaller values for the boundary-layer 
thickness than the measured values in table 1 but that the overall trend is similar 
to that of the experimental results. Figure 28 also includes values for the boundary- 
layer thickness, defined in the same way as for the present measurements, from the 
test results of Sleath (1982). It should be emphasized that Jonsson's definition of 
boundary-layer thickness is different from that used here. For laminar flow, the outer 
edge of his boundary layer corresponds to a defect velocity of amplitude 0.21 U,. It 
is consequently not surprising that his curve should lie below the present 
measurements. 

In  general, we would expect Slk, to be a function of Reynolds number as well as 
a/k, ,  as indicated by (l), except at very high values of U, alv. The results in figure 28 

ks ks 
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FIGURE 28. Variation of boundary-layer thickness with alk,. x , D = 30.0 mm; + , 8.12 mm; 
0, 1.63 mm; 0,  tests of Sleath (1982); ---, (15). 

do show some signs of Reynolds-number dependence for the tests with the two 
coarser beds. 

It is interesting to examine whether the defect velocity outside the viscous sublayer 
is a function of y/6 alone, as found in steady flows, or whether i t  is also a function 
of alk,  as suggested by (3). Figure 29 shows examples of the measured variation in 
defect velocity ud with height. The results in figure 29 ( b )  appear to show that it is not 
permissible to neglect alk,  under the present conditions although the trends in figure 
29(a), which shows the mean curves through the test results of Jonsson (1963) and 
Jonsson & Carlsen (1976), are less clear. The slight difference between these two 
curves may also be due to dependence on alk,. However, the discrepancy between 
these curves and the present results is more probably due to the different bed 
roughness in the two cases. In  Jonsson’s tests the roughness was two-dimensional. 

I n  figure 29 the values of the boundary-layer thickness 6, and the shear velocity 
ul* are those suggested by Jonsson (1980). The difference between the experimental 
results is somewhat reduced if the experimental values of 6 and the shear velocity 
based on the measured Reynolds stress are used. However, there is still a slight, but 
apparently systematic, variation with alk,. 

The results in figure 29 were plotted as log (yJ6,) versus ad/&,, in order to facilitate 
comparison with the measurements presented by Jonsson (1980). These axes make 
it difficult to follow the behaviour at large yl/S where (3) is most likely to be valid. 
Figure 30 shows log (&d/fi*) plotted against y1/6 for the results of Test no. 3 and also 
for the experimental results of Sleath (1982) with the largest Reynolds numbers. The 
agreement between the two sets of results is encouraging although there is a certain 
amount of experimental scatter. The straight line is drawn only as an indication of 
the general trend. 

Sleath (1982) suggested that for large y the amplitude of the defect velocity could 
be expressed as 
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FIQURE 29. Variation of the amplitude of the ensemble-averaged defect velocity with height. (a) 0, 
Test no. 3; 0,  Test no. 4; 0, Test no. 5;  x ,  Test no. 6;  ---, Jonsson (1963); ---, Jonsson & 
Carlsen (1976). (a) 0, Test no. 3; +, Test no. 39; @, Test no. 14; -, (30). 

where u, is the value of the defect velocity at y1 = 0, p = (w /2v ) t  and Xis an empirical 
coefficient which is constant for any given set of test conditions. If it is true that 

it follows from comparison of (16) and (17) that 

Jonsson (1980) suggested that a reasonable approximation to his expression for the 
boundary-layer thickness was 

4 = 0.072 ($ (19) 
kf3 

Substituting in (18) gives 

( uoxo/v,t Oc (iy, 
if we assume k,  cc D.  On the other hand, the experimental results for boundary-layer 
thickness in figure 28 correspond to 

0.07 -=0.27(:) s . 
ks 
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FIGURE 30. Comparison of results for Test no. 3 with results of Sleath (1982). 

Substituting in (18) we obtain 
0.17 X 

(17, D/u)i cc (e) . 

In  fact, Sleath (1982) suggested that at large Reynolds numbers (as here) 

Figure 31 shows that neither (20) nor (22) gives particularly good agreement with 
the experimental results of Sleath (1982) and Kalkanis (1964) for Uo D/u > 800. In 
each equation the constant has been arbitrarily chosen to take the curve through the 
middle of the experimental points. Since Kalkanis' results cover only a rather limited 
range of y1/6 it is possible that the values of X may have been systematically 
underestimated. It is also possible, however, that t id / t i *  is & function of a/k, as well 
as y1/6 and that consequently neither (20) nor (22) is correct. It would only require 
a very small dependence of ?&/ti* on a/k,  to bring (22) into agreement with the 
experimental results. 

It may be noted that Nielsen (1985) suggested the empirical expression 

where, for alk, < 20, 
p =  1.  
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FIQURE 31. Variation of X/( U ,  D/v) i  with alk,; - , (22); ---, (20). 

Comparing the form of (24) and (16), as before, we obtain 

40 1 

0 

If we assume k, K D we obtain 

- const, 
X 

(U0 D/U)t - (27) 

which is of the same form as (23). However, to obtain exact agreement with (23) would 
require k, = 9.9D which is difficult to accept. The reason for the discrepancy is 
probably that Nielsen based his expression for Nikuradse roughness on measurements 
for two-dimensional bed roughness whereas the results in figure 31 are for three- 
dimensional roughness. 

A somewhat similar result is obtained from examination of 4. Comparing (16) and 
(1 7) we have 

Thus 

Figure 32 shows the experimental results of Sleath (1982) and Kalkanis (1964) for 
which Uo D/u > 800. Also shown are the curves for (29) obtained from Jonsson’s 
(1963) expression for the friction factor and from the present experimental curve for 
friction factor based on Reynolds stress shown in figure 18. As before, the constant 
in each case has been arbitrarily chosen. The conclusion is the same as for figure 31 : 
either the value oft&, in Kalkanis’ tests has been systematically overestimated or 
6d/6* is a function of alk, as well as yJS. 

Another question that has received considerable attention is whether oscillatory 
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FIQURE 32. Variation of .Ei,lUo with a/k,. Symbols as for figure 31. 
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FIGURE 33. Examples of the fit of a semi-logarithmic curve to the experimental results for 
Test no. 3. Values of phase are: 0, -90'; X ,  -60'; +, -30'; 83, 0'; a, 30'; 0,60°. 
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FIQURE 34. Range of values of y and wt for which it is possible to fit a semi-logarithmic curve to 
the results for the ensemble-averaged horizontal velocity: D = 1.63 mm. 8, Test no. 3; + , Test 
no. 4; 0, Test no. 5; 0,  Test no. 6. 

boundary layers have an ‘overlap layer’, and consequently a region of logarithmic 
velocity distribution, as in steady flow. The straight line in figure 29(b) is of the form 

We see that although the experimental points for Test no. 3 in figure 29 do follow 
a reasonable straight line over a wide range of y,/S, they do not quite follow (30). 
The results for other tests at lower values of a/k,  show even less good agreement. 
It is not surprising that Test no. 3 should show the closest agreement with the 
steady-flow curve since it has the largest value of a/k,. If ad/& does depend on a/k,  
as well as yJS, we would expect this a/k,  dependence to decrease as a/k, becomes 
large. 

Although the results for the amplitude of the defect velocity do not show close 
agreement with the logarithmic profile, it is possible to fit a logarithmic curve to  the 
instantaneous velocity profiles, at least over a certain range of y and phase. This is 
illustrated in figure 33. The straight lines correspond to the expression suggested by 
Jonsson (1980) : 

U 

The angle $, is the phase of 4 at y = 0, determined directly from the measurements, 
and a,, is calculated from Jonsson’s expression for the friction factor. 

Figure 34 shows the range of y and phase for which it is possible to approximate 
the velocity distribution by (31) for the various tests with the 1.63 mm sand. As might 
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FIGURE 35. Variation with a / D  of the range of y for which it is possible to fit a semi-logarithmic 
curve to the results for horizontal velocity: D = 1.63 mm. 

be expected the range of y and phase over which i t  is possible to detect a logarithmic 
region in the velocity profile increases with increasing Reynolds number. This is 
illustrated by figure 35 which shows how the maximum height to which the 
logarithmic region extends increases with a / D .  Extrapolation of these results back 
to  the axis suggests that  the logarithmic region might disappear altogether a t  
a / D  = 50. This is reasonably close to the value of a /k ,  = 33 suggested by Kajiura 
(1968) for the disappearance of the overlap layer. However, there are a number of 
reasons for treating this result with caution. First, Horikawa & Watanabe (1968) 
suggested that better agreement with Kajiura’s results was shown by a limiting value 
alk, = 115. Secondly, we note in figure 34 that  the greatest extent of the logarithmic 
region occurs before wt = 0 whereas figures 9 and 14 show maximum turbulence after 
wt = 0 for this range of y. Finally, it is clear from figure 33 that an equally good 
straight line might have been drawn through other segments of the velocity profile 
if the constants in (31) had been slightly different. This is, in fact, what was done 
by Hino et al. (1983) who concluded that the maximum extent of the logarithmic 
region occurred after wt = 0, as suggested by the turbulence intensities. 

10. Jets and bursts 
The measurements of Reynolds stress and eddy viscosity showed a number of 

surprising features. It is believed that the explanation for these effects is provided 
by the periodic formation of ‘jets’ or ‘bursts’ in the boundary layer. Several 
investigators have described how vortex formation and ejection in oscillatory flows 
over rough beds can cause fluid to be hurled away from the bed. This produced the 
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FIQURE 36. Variation with height and time of the ensemble-averaged vertical velocity: 
Test no. 4. 

tongues of dye described by Vincent & Ruellan (1957) and Sleath (1970) and the 
surges in velocity measured by Keiller & Sleath (1976) and by George & Sleath (1978). 
In  the laboratory these upward ‘jets ’ of fluid seem to be most clearly defined for sands 
of median diameter about 1 or 2 mm. Coarser roughness produces more strongly 
formed vortices but also more chaotic exchanges of fluid from one layer to another. 

Most observations of jets have been made with laminar flow. However, since they 
are caused by the ejection of vortices at the end of each half-cycle and since vortex 
formation by the bed roughness elements will continue even when the boundary layer 
is turbulent, jet formation is to be expected in turbulent flow too. In  turbulent flow 
it is difficult to distinguish these ‘jets ’ from the turbulent ‘ bursts ’ observed in steady 
flows except that they are associated with individual roughness elements on the bed 
and occur at a specific phase in the cycle. 

Figure 36 shows vertical velocities a t  various heights for one of the tests with the 
1.63 mm sand. Each record represents the average of 200 cycles and consequently 
turbulent fluctuations should have disappeared. If that is the case, the remaining 
fluctuations in vertical velocity must be due to a regular and repeatable effect such 
as the jet formation described above. The existence of multiple peaks in the record 
is presumably due to jets from several different roughness elements being convected 
through the measuring volume by the mean flow. Despite the fact that only a 
single-point measurement was made at each height, and consequently an upward jet 
at one height might not necessarily pass through the measuring volume at another, 
i t  is possible to follow some of the surges in velocity from one level to another as 
indicated by the arrows in figure 36. (The more general upsurges in velocity visible 
in figure 36 for y less than 3 mm are presumably due to local irregularities of the bed.) 

The effect of these jets is to produce a net flux of momentum from one fluid layer 
to another. Figure 37 shows how the spatially averaged product of U and 5 varies 
during the course of the cycle in one of the tests with the 30.0 mm pebbles. The test 
conditions are the same as for figure 7 and the spatial average is the average of the 
measurements at the 29 different horizontal positions indicated in that figure. Even 
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FIGURE 37. Variation during the course of the cycle of the spatially averaged value of UV: 
Test no. 19; y = 3 mm. 

this relatively large number of horizontal measuring points is probably insufficient 
to give an accurate average value for iiV but i t  is clear that there are indeed significant 
net momentum fluxes from one horizontal level to another. For purposes of 
comparison, it may be noted that the value of m/q, averaged over the same 29 
horizontal positions, ranged from 0.0015 to -0.0014 in this test. 

This upward flux of momentum provides a possible explanation for the discrepancy 
between values of f, obtained from the Reynolds-stress measurements and those 
given by (5 ) .  The derivation of (5) assumes that the net flux of momentum (other 
than that due to turbulence) through any large horizontal plane is negligible a t  each 
instant in the cycle. Figure 37 shows that this is not so and that the magnitude of 
the neglected momentum flux is large enough to  explain the discrepancy between 
the Reynolds stress and ( 5 ) .  Why then do the values off, calculated from ( 5 )  for the 
present test data agree with Kamphuis’ (1975) direct measurements of bed shear ? 
The reason is that when the lower boundary of the control volume used to  derive 
(5) coincides with the surface of the bed there is no flux of momentum across it. Thus, 
(5) may be expected to  give an accurate result for the horizontal force exerted by 
the fluid on the bed. However, for a rough bed this force is the sum of the shear stress 
exerted by the fluid and the integrated effect of the pressure gradient in the fluid 
acting over the surface of the bed roughness. The horizontal force due to the pressure 
gradient is far from negligible for rough beds and becomes very much larger than 
the fluid shear stress as a/k,+O (see e.g. Sleath 1984, p. 200). Thus, the agreement 
between (5) and Kamphuis’ measurements of the horizontal force per unit area on 
the bed is not an indication that (5) gives an accurate result for the shear stress in 
the fluid. It might be argued that the quantity pUV associated with the mean flux 
of momentum ought really to be incorporated into the Reynolds stress and that if 
this were done there would be no significant discrepancy between this ‘Reynolds 
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stress' and the value for stress obtained from (5 ) .  The reason why this is unsatisfactory 
is that the quantity piiV cannot be expected to vary with height and time in the same 
way as the Reynolds stress in a steady turbulent flow. Consequently, if this quantity 
were incorporated into the Reynolds stress the problem of modelling oscillatory flows 
would be even more complicated. 

The existence of these jets of fluid also helps to explain the peculiar behaviour of 
the eddy viscosity near the bed. In effect, the flow near the bed is being driven by 
the fluid thrown up as the flow reverses. The Reynolds stress is a mere spectator in 
this process. There is, however, a link between the Reynolds stress and jet formation. 
Although the jets are associated with vortex ejection on flow reversal, and hence 
repeat themselves from cycle to cycle (as shown by the mean-velocity record in 
figure 36), they are not necessarily absolutely identical from one cycle to the next. 
The variations in jet velocity, direction and phase show up as increased values of 
(u'");, (v'")i and &'. This explains why the maxima of (U'2);, (v'"): and occur at  
more or less the same point in the cycle (figures 1, 2, 13) and why this is also the 
phase at  which the fluctuations in the mean vertical velocity are most evident 
(figure 36). 

The fact that, in the near-bed region, the jets are driving both the flow and the 
Reynolds stress explains why the mean eddy viscosity is negative. Further out, where 
the jets are no longer dominant, we would expect the Reynolds stress and eddy 
viscosity to return to the behaviour observed in steady flows. It is interesting to note 
in figure 36 that the vertical fluctuations in mean velocity disappear into the 
background noise at about y = 10 mm which is also, for this test, the height at which 
B once more becomes positive and the maximum Reynolds stress shows the 180' phase 
change. If the above model is correct, it is easy to understand why the thickness of 
the layer in which eddy viscosity is negative is much larger than that of a normal 
viscous sublayer. 

Finally, it may be noted in passing that Sleath (1982) found that in the vicinity 
of the bed jets propagate up at  more or less constant velocity. This would be 
consistent with the more or less constant upward velocity of propagation of the 
maxima of (u'2);, (v'2); and a in figures 9 and 14. 

- 

1 1. Conclusions 
For the range of conditions covered in these experiments the main conclusions are 

as follows : 
(i) Turbulence intensities fluctuate significantly during the course of the cycle. The 

variation has the approximate form of a modulated sine wave with two maxima per 
cycle. Close to the bed the turbulence reaches its maximum intensity as the flow 
decelerates. Further out, peak turbulence diffuses steadily out at  an approximately 
constant velocity. In  this outer region there is no obvious correlation between the 
phase of maximum turbulence intensity and any of the flow parameters. 

(ii) Reynolds stress is significantly smaller than the shear stress evaluated using 
the usual momentum-integral approach. In  particular, the maximum Reynolds stress 
is much less than the mean horizontal force per unit area on the bed. It is suggested 
that this discrepancy is due to the effect of the mean pressure gradient in oscillatory 
flows with rough beds and to the momentum transfers associated with vortex ejection 
on flow reversal. 

(iii) Maximum Reynolds stress occurs at approximately the same phase as one of 
the maxima of turbulence intensity. However, as distance from the bed increases 



408 J .  F. A .  Neath 

another peak, in phase with the second maximum of turbulence intensity, begins to 
appear and eventually dominates the record. 

(iv) Close to the bed the time-mean eddy viscosity a t  any given height is negative. 
This region correlates roughly with the region in which maximum Reynolds stress 
occurs at the first maximum of turbulence intensity rather than the second. It is 
suggested that these effects are also produced by the jets of fluid associated with 
vortex ejection on flow reversal. Further out, time-mean eddy viscosity increases 
steadily with height up to  a maximum and then declines. I n  the region where eddy 
viscosity increases with height the rate of growth is slower than that usually found 
in steady flows. 

(v) Variation of eddy viscosity during the course of the cycle is significant. 
(vi) Variation of mixing length with time and with height is similar to that for eddy 

(vii) Mean-velocity profiles appear to show that, in the outer layer away from the 
viscosity. 

bed, the non-dimensionalized defect velocity is a function of alk ,  as well as of y/6. 
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