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Summary 

Sediment Pick-Up in Combined Wave Current Flow 

Data Report 

Report SR 364 
November 1993 

This report presents the experimental methods used in, and tabulates the data 
obtained from, experiments in the Pulsating Water Tunnel at HR. They were 
made over an immobile gravel rough bed, to investigate the hydrodynamics of 
wave-current boundary-layer interaction, and over a fine sand bed, to 
investigate the pick-up, suspension and transport of sediment by combined 
waves and currents. 

Detailed tabulations of the data are obtainable from HR on diskette for a small 
handling charge. 
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Notation 

A0 Amplitude of near-bed oscillatory water motion 
D Grain diameter 
Elp Kinematic turbulent kinetic energy 
1<, Nikuradse equivalent roughness = 30z0 
Re Grain Reynolds number = u.D/v 
RE Wave Reynolds number = A0Uofv 
T Wave period 
U0 Orbital velocity amplitude outside the wave boundary layer 
x Horizontal coordinate direction 
y Transverse coordinate direction 
z Vertical coordinate direction 
z0 Bed roughness length 

Jl Coefficient of molecular viscosity 
v Kinematic viscosity J.!lp 
p Water density 

Velocity and sediment concentration 

u 
u' 

Instantaneous horizontal velocity 
Turbulent horizontal velocity 
Time-averaged (mean) horizontal velocity 
Time-averaged (mean) horizontal velocity at height z=a 
Ensemble-averaged (mean) hori�ontal velocity, including the cycle­
averaged component. 
Ensemble-averaged (mean) horizontal velocity, having removed the 
cycle-averaged component. 
Cycle-averaged (mean) horizontal velocity 
Cycle-averaged (mean) horizontal velocity at height z=a 
(Italicised subscript) Ensemble-averaged horizontal turbulent velocity, 
that is, the standard deviation about the ensemble-averaged mean, 

Ou=ll.i12 
Time-averaged horizontal turbulent velocity, t

J
at 

1
:s, the standard 

deviation about the time-averaged mean, cru= (u ) 

The same notation is applied for transverse (v) and vertical (w) components 
of velocity and sediment concentration (c). 

Commonly used functions and symbols 

-u' w' Reynolds stress 

c'u' Horizontal Reynolds flux 
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Notation Continued 

c'v' Transverse Reynolds flux 

c'w' Vertical Reynolds flux 

Overbar x denotes time-averaging. 

Curly overbar x denotes ensemble-averaging. 

Angle brackets <X> denote cycle-averaging of the ensemble-averaged values. 

ox denotes the standard deviation of the series x. 

a x denotes the standard deviation of the series X, that is values ot x at a 
particular phase. 
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1 Introduction 
···--···----

A series of experiments was performed in the Pulsating Water Tunnel (PWT) 
at Hydraulics Research, Wallingford (Figure 1 ). The PWT comprises a closed 
horizontal loop made of aluminium sheets reinforced by a welded steel frame. 
The test section is 0.5m wide, 2.3m high and 9m long. A piston connected to 
a paddle produces the wave motion, while a pump connected across the 
piston chamber adds a steady current. For these experiments, the piston was 
driven by a BBC micro-computer programmed to generate nominally sinusoidal 
oscillations. 

The experiments were divided into two phases. Firstly, the velocity field in 
isolation was investigated in current, wave and collinearly combined wave­
current flow. Secondly, the combined velocity and sediment concentration 
fields were investigated in similar flow conditions. 

Further details and interpretations of the data were given by Murray (1992). 

----··--·�····�---···· ----· --····--------

2 Experimental set-up 

Phase 1 : An artificial bed, comprising gravel glued onto plywood sheets, was 
installed along the length of the test-section, to generate rough-turbulent flow. 
The gravel had been sieved between 7.94mm and 12.7mm sieves. When 
attached to the sheets, the gravel tended to lie flat, and bed slightly into the 
glue. The heights of 495 grains above the plywood base were measured, and 
the average projection of the gravel above the plywood sheets, D=7.2mm, was 
taken as the appropriate bed reference level. The velocity field was measured 
using a Sensordata MINI LAB ultrasonic current meter (USCM). This measures 
three components of velocity, u, v and w, in the x, y, and z directions. In 
measuring the horizontal velocities, acoustic signals are transmitted through 
a 60mm "v" shaped path, thereby averaging over 30mm in the appropriate 
horizontal direction and over 26mm in the vertical. The vertical velocity is 
derived via a direct 40mm path. The USCM was supported by a steel pole 
and aligned (by eye) in the PWT such that the x-axis is positive in the direction 
of the time-averaged bed shear stress or (for waves in isolation), along the 
direction of the maximum velocity amplitude. The z-axis is perpendicular to 
the bed, and the y-axis is orthogonal in a right-handed sense. A winch 
attached to the pole, enabled vertical movement of the instrument and 
determination of the height above the bed to an accuracy of 0.5mm. 

At the beginning of each test, the USCM was lowered until the midpoint of the 
probe was 34.2mm above the plywood (measured using vernier callipers), that 
is 27mm above the bed reference level. This was the lowest measurement 
level; further measurements were obtained at higher levels. The levels were 
initially spaced 5mm apart, then at 1 Omm and finally at 50mm intervals (up to 
627mm). 

Phase 2 : A well sorted fine sand was used for the mobile bed tests. The bed 
material had a median diameter 050 = 0.145mm, and 035 = 0.128mm, 
065 = 0.160mm. Pumped samples of the sand suspended by the combination 
of a large current and a large wave (see test parameters for mobile beds) 
exhibited similar grain size distributions at different heights above the bed 
(Figure 2). The median grain size D=0.124mm at a height of 5mm was taken 
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as representative of the suspended sediment. This grain size corresponds to 
a critical friction velocity, u.c, equal to 12.2mms·1 (according to the Shields's 
curve modified by Miller et al., 1977) and to a settling velocity of 12mms·1 

(Hallermeier, 1981 ). Suspended sediment concentration was measured using 
an optical backscatter (OBS) probe (5cm length, 1.8cm width, and 1.5cm 
depth). The distance of the (mobile) bed from the instruments was recorded 
by a miniature ultra-sonic (US) acoustic transducer (2cm diameter x 1cm} to 
a resolution of 0.25mm. 

The test section was covered in fine sand to a depth of 200mm. The 
instruments were supported by the pole used in Phase 1, but modified near 
the bed by an extension comprising two prongs. The USCM was attached to 
one prong and the OBS sediment probe and the US bed detector to the other. 
The support prongs were the same distance from each other as from the 
sidewalls. Flow disturbance involving one instrument interfering with the other, 
and also effects due to the sidewalls, were thus minimized. The USCM was 
aligned by eye, as in Phase 1, and the measurement face of the OBS probe 
was directed across the channel. 

At the beginning of each experiment, the sand bed was smoothed by a few 
large amplitude wave oscillations and the mean bed level was noted. The 
wave and/or steady current flows were turned on to the test settings, and the 
bed allowed to develop into an equilibrium state. When ripples developed, 
they attained steady state three-dimensional forms after about one hour, while 
sheet flows moulded the bed in a matter of minutes. The instruments were 
then moved to each desired pole height, and time-series of velocities and 
sediment concentration were measured. In the case of rippled beds, 
instrument height was referred to the mean bed level that would have resulted 
from smoothing out the ripples. This could only be measured at the beginning 
and end of each test (after applying several large amplitude wave oscillations}. 
Any variation in the mean bed level was assumed to have occurred linearly 
with time, and the instrument heights associated with each time-series were 
corrected accordingly. 

Sheet flows were associated with flat beds or nearly flat beds (rolling grain 
ripples have heights of several millimetres). In such cases, the local bed level 
was the same as the mean bed level, thereby facilitating use of the ultra-sonic 
transducer. Clear detection of the bed occurred at least once every wave 
period during phases of low sediment concentration. A frequent correction of 
the bed position was particularly important in these tests because the sheet 
flows generated by wave-current combinations led to rapid erosion of the bed. 
(The PWT was unable to recirculate sediment because downstream of the test 
section, the larger cross-sectional area led to sediment deposition.) Finally, 
when the instruments were close to the bed, the OBS generated some bed 
scour. In these cases, the mean bed level was used as a reference and not 
the bottom of the scour pit. 

The temperature at the top of the tunnel ranged from 13C to 16C with 
associated viscosities between 1.20 and 1.11 mm2s·1• The mean values of 15C 
and 1 . 15mm2s'1 were taken to apply throughout. 
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- �-·····--------------------------

3 Data sampling and method of analysis 
--····· -----·-----

At each measurement level, the analogue velocity signals were sampled at 
1 00 equally spaced phase-angles for 100 wave-cycles in the Phase 1 
experiments and for 50 wave-cycles in Phase 2. Sampling was initiated in 
each wave-cycle by a +1- zero-crossing in the piston position. For current 
alone tests, sampling proceeded at 1OHz for 16.67 minutes. The signals were 
filtered at the Nyquist frequency, amplified to use the full range of the 
analogue-digital converter (preventing loss of precision), converted into a 12 
bit digital number, and stored in a personal computer. The test parameters are 
shown in Tables 1 and 2. 

The data was processed off line on a main frame computer. By applying a 
Reynolds decomposition, the steady flow velocity data was split into a time­
averaged component (denoted by a capital letter with an overbar) a!ld an 
ins.!_antaneol_§ turbulent component (lower case letter primed) : U=U+u ', 
v=V+v ', W=W+w '. Because the measurement axes were only approximately 
aligned, the data was then...ro�ted such that u represented the velocity along 
the mean streamline, and V=W=O. 

The mean quantities U, V, and W, the turbulent variations cru, av, and aw, 
where 0 ""� , the kinematic turbulent kinetic en ergy, 

E'lp ,Ji:jT'Z +VTZ +w'2} and the kinematic Reynolds stresses 2 
-u1 w1, -v' w7, -u' v' were derived. 

The sediment concentra�n values were also split into a time-averaged mean 
and turbulent values, c=C+c '. The turbulent variation, 00, and the Reynolds 
fluxes, '2Ti', C'v", c1 w' were calculated. 

Using the time-averaged concentration and velocity, the sediment flux UC was 
then calculated. 

When a wave was present (both in isolation and when combined with a 
current), the velocities were split into a periodic, ensemble-averaged 
component obtained at each phase-angle by averaging over 1 00 (or 50) wave­
cycles (denoted by a capital letter), and an instantaneous turbulent component 
(denoted by a prime), such that U=U+u ', V=V+v ', W=W+w '. At each of the 

100 phase-angles, the standard deviations Ou, av. aw. where , au=J�12 , 
the kinematic turbulent kinetic energy, E/p =..:.(�12 + "V12 + -;,-2) , and the 

--- --- --- 2 
Reynolds stresses, -u' w', -v' w', -u' v' , were calculated. 

In each case involving waves, parameters were further averaged over the 1 00 
phase-angles, and such cycle-averaged values are denoted by angle brackets. 

The same procedure has been followed for the sediment concentration data; 
here c=C+c ', where C is the ensemble-averaged mean sediment 
concentration. At each phase-angle, the turbulent concentration, crc, and 
Reynolds fluxes, i?u', c1v', c1w' , were calculated. Cycle-averaged 
values were also calculated. 

Sediment fluxes were calculated for the combined flow tests. Three fluxes 
were derived. Firstly, the "current flux" that arises from the product of the 
cycle-averaged velocity and cycle-averaged sediment concentration, that is 
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<U><C>. Secondly, the "total flux" due to the ensemble-averaged sediment 
and concentration variations, that is <UC>. Thirdly, the difference 
<U><C> - <UC> is the flux due to the periodic variations only and is termed 
the "wave-flux". 

4 The organization of the data 

All of the time-averaged (or cycle-averaged) data, and the ensemble-averaged 
data is available on four diskettes. For a test"** ", the ten time-averaged (or 
cycle-averaged) flow parameters are contained in a single file named • **. 
cv.dat ". When measured, the five time-averaged (or cycle-averaged) 
sediment parameters are in a file " **-cc.dat 11 and the six time-averaged (or 
cycle-averaged) flux parameters are in a file 11 **-fl.dat ". Missing data items 
are indicated by 999.999. Ensemble-averaged values of each parameter at 
the highest eight vertical levels are contained in the following data files : 

11 **-u1.dat " 
" **-v1.dat " 
" ** -w1 .dat " 
" **-su1.dat " 

" **-sv1.dat " 
" **-sw1.dat " 
" **-e1.dat " 
" **-uw1.dat " 
11 **-vw1.dat 11 

11 **-uv1.dat " 

mean horizontal velocity component 
mean transverse velocity component 
mean vertical velocity component 
turbulent horizontal velocity 
turbulent transverse velocity 
turbulent vertical velocity 
kinematic turbulent kinetic ene_I.9Y 
kinematic Reynolds stress, -1.11 w' 

kinematic Reynolds stress, -v' w' 

kinematic Reynolds stress, -1.1'v' 

and when suspended sediments were measured : 

11 **-c1.dat 11 

" **-sc1.dat " 
" **-cu1.dat " 
" **-cv1.dat 11 

" **-cw1.dat " 

mean suspended sediment 
turbulent suspended sediment 
horizontal Reynolds flux 
transverse Reynolds flux 
vertical Reynolds flux 

Values at the lower levels are in data files, for example, • **-u2.dat ", 
" **-u3.dat 11 and " **-u4.dat ". In these files, missing data items are indicated 
by 9999.0. 

Tables are presented of all of the time-averaged (or cycle-averaged) 
parameters, with an example of an ensemble-averaged data file. The phase 
1 (fixed bed) tests are presented first starting with current alone tests, followed 
by the wave alone and the combined wave-current tests. Tables of the phase 
2 (mobile bed tests) follow. Finally, the important derived parameters, that is 
z0, u., and the vertical and cycle-averaged sediment fluxes, are summarized 
in a concluding table. 

The data is also presented graphically. The phase 1 tests are shown first. 
Vertical profiles (Figures 3 to 7) of a selection of the time-averaged (or cycle­
averaged) flow parameters _<!_r:!_d time-series of the ensemble-averaged 
properties (U. cru, Elp. and -1.11 w' ) are shown for all tests (Figures 8 to 17), 
followed by time-series of all the ensemble-averaged properties for an example 
test (Figures 18 to 20). The same information is shown for the Phase 2 
experimental tests (Figures 21 to 45); in these cases time-averaged (or cycle-
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averaged) mean sediment concentration profiles and time-series of the 

ensemble-averaged properties (C, O'c, c1u' and cJW' ) are also shown. 

5 Conclusions ------···----�-- ---------------------
Researchers wishing to use this data may take values from the printed tables 
or obtain it in digital form. Copies of the four 3%" diskettes containing the 

tabulated data in ASCII format are available for a small handling charge from 
HR Wallingford. Contact R L Soulsby in the first instance. Further 

experimental details and interpretations were given by Murray (1992) and 
Murray et al (1991 ) . 
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Table 1 Test parameters for fixed bed experiments. 

Tes t  

Cl 

C2 

Wl 

W2 

W3 

WCl 

WC2 

WC3 

WC4 

WC5 

WC6 

WC7 

u,..lmms"' ) 

167 

5 7 0  

1 8 1  

1 6 1  

1 4 0  

6 0 3  

6 1 8  

6 0 9  

182 

T ( sl 

10 

10 

1 0  

1 0  

1 0  

1 0  

10 

1 0  

1 0  

5 

3 6 6 

7 5 8  

1127 

3 5 0  

7 4 2  

1 0 4 9  

3 6 6 

7 2 6  

1 1 4 0  

7 2 0  

A0 ( mm )  

5 8 3  

1 2 0 6  

17 9 4  

5 57 

1 1 8 1  

1670 

5 8 3  

1 1 5 5  

1 8 1 4  

573 

3 1  

64 

9 4  

2 9  

62 

88 

31 

61 

9 6  

3 0  

RB ( or Re ) 

( 141 . 4 3 )  

( 2 0 3 . 9 9 )  

1 . 8 6x105 

7 . 9 5 xlO' 

1 .  7 6x10' 

1 . 7 0 x10' 

7 .  62xlO' 

1 . 52xl O '  

1 . 8 6 xlO' 

7 . 2 9x10' 

1 .  80xlo' 

3 .  59x1 05 

Note: For oscillatory f lows , k.=3 0z0 where z0, the bed roughness length, is 0 . 6 3 3mm .  Bere the intercept 
of the near-bed portion of instantaneous velocity profiles was calculated at phas e s  in the wave-cycle 
that exhibited a well deve loped logarithmic layer, and the averaged value has been u s ed for z0• For a 
water t emperature that was typically 15",  the kinemat ic viscosity, v was taken equal to 1 . 1 5mm•s·• . 

Table 2 Test parameters for mobile bed experiments. 

Test 0300 (mms·• ) T ( s  l u. ( mms-1) A0 ( mm )  A0/k. 

CSl 1 5 9  

CS2 3 8 6 ( a2=0.2l 

WSl 10 4 1 1  6 5 4  8 . 9 6 

WS2 1 0  1 0 1 9  1 6 2 2  2 2 . 5 0 

WCSl 17 5 ( 0",=0 . 3) 10 413 657 8 .  7 4  

WCS2 1 8 9  ( <!.,=9 . 1 ) 1 0  1 0 9 2  17 3 8  17 . 9 6 

WCS3 3 8 9 ( CT12=7 . 9 )  10 4 0 6  6 4 6  16 . 0 0 

WCS4 3 80 ( a,.=ll . 7 )  1 0  1 1 0 0  17 5 1  10 . 4 1 

RB ( or Re ) 

( 1.2 5 )  

( 1 . 5 6 )  

2 .  3 4xlO' 

1 . 4 4xlo' 

2 .  3 6x10' 

1 .  6 5 x1 0' 

2 . 2 8xlO' 

1 .  67x10' 

Notes The relative roughne s s ,  A0/k0, was calculated using Grant and Madsen ' s  ( 1 9 8 2 ) formula for movable 
bed roughness . cr. is the s tandard deviat ion of the current veloc ity, which aris es f rom r e s e t t ing the 
current n time s ,  and V=1 . 1 5mm

2
s·• .  

Test Bed Condition 

CSl No s ediment transport 

CS2 3 D  ripples 

WS1 3D ripple s  

WS2 Sheet f l ow over large-scale 2D ripples 

WSC1 3D ripples 

WSC2 Sheet flow over f lat bed 

WSC3 Sheet f low over rolling-grain ripples 

WSC4 Sheet flow over f lat bed 

-u 

Ripple wavelength 
(mm) 

100 

100 

1 6 0 0  

1 0 0  

1 0 0  

Ripple height 
( mm ) 

1 5  

1 5  

1 50-2 0 0  

-u 

). ?• ;; X I 
016 

' 
v 
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Table 3 Test C 1  (small current in isolation): Time-averaged flow 
parameters 

' cl-cv . dat' 
TEST Cl - Fixed bed, sma l l  current 
D50=7 . 2mm 

U at 300mm above bed =167mm/s 
Water temp . =15 degrees, kinematic viscosity =1 . 15mmE2/s 

TIME-AVERAGED VELOCITY DATA 

- -
z u V w s igU sigv sigw E/rho -u ' w' -v ' w ' -u'v' 
mm mm/s mm/s mm/s mm/8 mm/s mm/s (mm/s)E2(mm/s)E2 ( mm/s)E2 ( mm/s)E2 

6 2 7 . 0  17 6 . 7 9  0 . 00 0.00 1 5 . 6 1 20 . 8 2 12 . 11 411.83 27 . 20 10 . 2 3 7 8 . 4 8 
327 . 0  167 . 40 0 . 00 0 . 00 13 . 20 10 . 6 4 11 . 38 208 . 51 -36 . 7 1  -4 . 60 32 . 7 2  
2 7 7 . 0  181 . 84 0 . 00 0.00 1 2 . 8 5 12.20 10 . 7 8  2 15.09 -22.7 9  -12 . 2 2 38 . 97 
2 2 7 . 0  184.94 0 . 00 0 . 00 1 2 . 2 8  23 . 8 2 9 . 71 406 . 2 6  -16 . 87 -14 . 36 3 . 7 0 
177 . 0  189 . 8 6 o.oo o.oo 10 . 4 2 2 0 . 7 4  7 . 8 8 300 . 4 5 - 2 . 2 6 - 23 . 8 9 19.55 
127 . 0  191.48 0 . 00 0.00 9 . 8 9  2 1 . 06 6 . 36 2 90 . 9 5 6 . 36 -11 . 41 2 0 . 7 5 
117.0 191 . 80 0 . 00 o.oo 10 . 3 4  9 . 2 3  6.14 114.92 6 . 6 2 - 5.08 23 . 87 
107 . 0  191 . 36 o.oo o.oo 10 . 3 8  8 . 8 5  5 . 9 9 111 . 01 8 . 8 9 - 4 . 6 8  2 2 .16 

9 7 .0 189 . 60 0 . 00 o.oo 11 . 5 2 9 . 02 5 .  7 1  123 . 2 9 7 . 80 - 2 . 6 2 2 6 . 6 9 
8 7 . 0  190 . 02 0 . 00 0.00 12.73 10 . 7 4 5 . 23 1 5 2 . 4 4 10 . 53 - 2 . 19 2 3 . 5 6  
7 7.0 187 . 4 2  o.oo o.oo 14 . 2 8 7 . 38 5 . 27 143 . 13 14 . 2 2  -2.4 8 2 2 . 64 
7 2 . 0  187.7 8 o.oo o.oo 13.73 7 . 81 5 . 18 138 . 18 14.13 -3 . 37 2 4 . 11 
67.0 186 . 38 o.oo o.oo 14 . 8 9 10 . 8 8 5.52 185 . 2 5 19 . 00 -7 . 46 2 8 . 5 9 
6 2 . 0  1 8 6 . 01 0 . 00 o.oo 14 . 6 2 a. 7 1  5 . 47 1 5 9 . 84 11 . 31 - 2 . 4 9 2 0 . 87 
57 . 0  180 . 20 o.oo o.oo 16 . 43 2 9.21 5.96 57 9 . 35 19 . 85 -18 . 4 6  4 9 . 53 
52.0 177 . 39 0.00 o.oo 1 5 . 9 9 2 8 . 7 4  5 . 7 8  5 5 7 . 5 5 1 8 . 92 -17.71 6 4 . 62 
47 . 0  1 7 2 . 5 6 0 . 00 0 . 00 1 6 . 74 13.23 5 . 9 6 2 4 5.38 17 . 2 5  -12 . 90 4 1 . 2 9 
4 2 . 0  167 . 02 o.oo o.oo 1 6 . 14 9 . 33 5 . 9 5 191 . 50 18.31 -10 . 09 2 9 . 6 6 
37 . 0  1 5 9 . 6 5 0.00 0 . 00 17.16 10 . 15 5 . 97 2 1 6 . 59 14.42 -14.98 32 . 62 
32 . 0  14 8 . 7 8  0 . 00 0 . 00 16.53 9 . 5 6 6 . 0 5  200 . 67 14 . 53 -13 . 8 2 2 6 . 36 
2 7 .0 138 . 87 o.oo o.oo 17 . 82 11 . 38 6 . 07 2 4 1.97 17 . 5 8 -18 . 06 1 8 . 41 

Table 4 Test C2 (large current in isolation): 

parameters 
Time-averaged flow 

'c2 - cv . dat' 
TEST C2 Fixed bed, large current 
D50=7 . 2mm 
-
U at 300mm above bed = 5 7 0mm/s 
Water t emp .  =15 degree s, kinematic viscos ity =1.15mmE2/s 

TIME-AVERAGED VELOCITY DATA 

z u V w s igU sigv s igw E/rho -u ' w '  -v ' w' -u'v' 
mm mm/s mm/s mm/s llliii/S mm/ mm/s (mm/s ) E2(mm/s ) E2(mm/s)E2(mm/s)E2 

327 . 0  5 7 2 . 2 1 -12 . 5 9 0 . 00 3 5 . 4 5 2 9. 5 6  30.54 1531 . 2 7  -18 . 80 2 4 . 6 2 337 . 35 
2 77 .0 5 8 5 . 06 -18 . 38 0.00 32 . 3 8  2 3 . 39 2 8 . 54 1205 . 2 2 -10 . 11 - 1 . 5 6  1 8 8 . 4 7  
2 2 7 . 0  5 89 . 8 8  -i9 . 57 o.oo 2 7 . 87 2 8 . 17 2 5 . 7 8 1117.46 2 . 38 - 83 . 36 9 7 . 4 4  
177.0 5 9 8 . 09 -31.35 o.oo 2 6 . 06 17 . 4 6  2 1.87 731 . 23 9 . 07 -47 . 8 5 9 5 . 71 
127.0 603.11 -38 . 51 o.oo 2 3 . 42 2 6 . 8 6 1 6 . 98 7 7 9 .0 4  46.00 -44 . 9 7 103 . 7 2  
117 . 0  6 01 . 9 5  - 53 . 88 0 . 00 2 3 . 98 17.35 15.70 5 61 . 2 2 63 . 37 -11 . 87 93 . 2 8 
107.0 5 9 8 . 09 - 6 6. 9 5  0 . 00 2 5 . 2 9 1 6 . 8 2 1 5 . 31 57 8 . 43 8 9 . 57 - 2 7 .14 102 . 09 

9 7 . 0  5 94.7 6 - 7 7 . 7 8 0.00 2 7 . 40 2 0.00 14.42 67 9 . 0 8  120.60 -12 . 39 87.10 
8 7 . 0  5 8 6 . 06 -100 . 42 o.oo 30.30 1 8 . 4 9  14 . 01 7 2 8 . 2 6  159.88 -15.07 9 4 . 23 
7 7 . 0  57 6 . 4 5  -105 . 8 5 o.oo 34 . 70 1 9 . 91 14 . 16 900 . 4 9 203 . 20 - 2 3.05 93 . 7 4 
7 2 . 0  570 . 8 9 -108.90 o.oo 34.86 2 0 . 6 5 13 . 8 5 916.7 9 183 . 6 9 - 2 8 . 7 8  120 . 89 
6 7 . 0  5 6 7 . 52 -115 . 37 o.oo 37.11 2 1 . 93 14 . 4 8 1033 . 6 4 2 2 4 . 9 6 -34 . 42 9 8 . 6 5 
6 2 . 0  5 60 . 2 2 -127 . 63 0 . 00 38 . 6 4 27.47 14 . 30 12 2 6 . 40 2 20 . 02 -50.21 83.23 
57 .o 5 5 5 . 2 8 - 12 6 . 90 o.oo 40 . 12 2 9.44 1 5.04 1351.22 2 2 3.17 - 8 4 . 1 6  149 . 47 
5 2 . 0  547.43 -122 . 23 0 . 00 4 2 . 4 8  27 . 39 1 5 . 00 1389 . 6 8 2 5 6 . 9 7 -7 6.61 105 . 41 
47.0 538 . 8 9  -120.04 0 . 00 4 4 . 53 30 . 05 1 5 . 23 1 5 59.19 2 61 . 66 - 9 7 . 9 5  165 . 43 
4 2 . 0  5 2 4 . 2 7 - 80 . 2 8 o.oo 4 5.70 27.10 16.02 1539 . 8 2 2 6 8 . 13 -7 7 . 1 9  1 53 . 67 
37 . 0  518 . 43 - 6 9 . 53 0.00 4 6 . 36 2 8 . 47 1 5 . 6 7 1602 . 60 2 42.26 -110 . 7 7  207 . 19 
32 . 0  504.62 - 60 . 38 o.oo 4 6 . 4 7 2 9 . 04 1 5 . 87 162 7 . 43 2 2 9.50 -136 . 32 168 . 82 
2 7 . 0  4 91.87 - 80 . 67 0 . 00 47.23 2 7 . 7 1 14 . 93 1610 . 6 6 145 . 7 9  -114 . 06 1 51 . 7 9  

SR 364 29i1Q'93 



Table 5 Test W1 (small wave alone): Cycle-averaged flow parameters 

' w1 -cv . dat ' 
TEST W1 - Fixed bed, small wave 
D 5 0 =7 . 2mm 
T=10 s ,  U0=3 6 6mm/ s ,  A0 = 5 8 3 mm  
Water temp . = 1 5  degrees , kinematic viscos ity = 1 . 15mmE2 /s 

CYCLE -AVERAGED VELOCITY DATA 

z <U> <V> <W> < S igU> < s igV> < S igW> < E / rho> < -u ' w ' > < -V ' W ' > < -U ' V ' > 
mm mm/a mm/a mm / s  mm/ s mm/a mm/a ( mm/ s}E2 ( mm/ s}E2 ( mm/ s}E2 ( mm/ s ) E2 

327 . 0  1 5 . 7 1  - 2 . 92 2 . 6 4 5 . 34 3 . 65 3 . 03 26 . 3 4 1.56 - 2 . 3 0  0 . 3 6  
277 . 0  14 . 82 - 4 . 22 2 . 0 0 5 . 5 1 3 . 97 2 . 7 9  27 . 8 5 1 . 0 1 - 1 . 5 6 2 . 12 
227 . 0  1 5 . 24 - 1 . 7 7 1 . 4 3 5 . 4 3 3 .  7 8  2 . 84 26 . 9 9 0 . 7 9 -2 . 28 2 . 1 9 
177 . o  4 . 4 8 2 . 5 1 1 . 6 3 6 . 04 8 . 54 3 . 1 1 6 9 . 3 7 0 . 7 6 - 3 . 1 1 1 . 3 6 
127 .o 3 . 42 0 . 4 9 1 . 3 1 6 . 24 4 . 72 3 . 3 9  3 8 . 6 4 0 . 07 -4.40 - 1 . 6 9 
117 . 0  4.71 1 . 4 3 1 . 8 0 6 . 4 8 7 . 32 3 . 3 8 6 0 . 6 6 0 . 72 - 2 . 95 o. 7 1  
107 . 0  3 . 99 o. 8 3  1 .  9 8  6.76 20 . 1 0 3 . 4 4  244 . 7 1  1 . 07 - 5 . 3 6 4 . 22 

9 7 . 0  3 . 84 - 1 . 23 1 . 5 7 6 . 82 2 5 . 13 3 . 4 4  3 6 4 . 1 1 - 0 . 50 - 4 . 46 - 0 . 3 2  
87 . 0  3 . 8 0 0 . 26 1 . 20 7 . 21 27 .04 3 . 54 4 1 9 . 4 8 - 0 . 7 3 -7 . 50 4 . 28 
7 7 . 0  4 . 16 - 0 . 3 3 1 . 80 6 . 9 9 22 . 9 3 3 . 6 3  3 16 . 6 4 - 0 . 4 6 -7 . 91 - 4 . 9 5 
72 .o 3 .  7 5  0 . 4 9 2 . 51 6 . 8 8 1 8 . 7 8  3 . 6 0 222 . 7 9  1 . 1 5 - 4 . 24 9 . 4 1 
67 .o 3 . 9 9 - 0 . 6 8 2 . 3 8  7 . 12 27 . 19 3 . 7 3  4 12 . 9 9 -0 . 22 - 7 . 8 1 4 . 27 
62 . 0  3 . 4 1 0 . 3 4 1 . 9 0 7 . 07 12 . 17 3 . 7 9  1 1 1 . 27 0 . 7 6  - 3 . 13 - 1 . 10 
57 . 0  3 . 82 1 . 63 2 . 0 8 7 . 6 8  1 1 . 8 0 3 . 97 1 1 1 . 3 2 0 . 7 5  -3 . 7 6 1.84 
5 2 . 0  3 . 92 1 . 0 0 2 . 4 5 8 . 0 5 13 . 13 4 . 02 1 3 6 . 5 1 0 . 9 0  - 5 . 3 6 5 . 28 
47 .o 4 . 7 5  1 . 5 4 2 . 16 9 . 4 3 1 1 . 9 4 4 . 4 5  13 0 . 7 8  0 . 0 1 -6 . 62 - 4 . 4 0 
4 2 . 0 4 . 18 1 . 08 2 . 1 1 9 . 9 4 5 . 6 9 4 . 7 3  8 1 . 0 8  3 . 5 1  - 4 . 25 3 . 26 
37 . 0  4 . 0 5 1 . 4 0 1 . 32 10 . 9 0 7 . 10 5 . 0 5 103 . 6 0 -0 . 7 3  - 5 . 02 3 . 7 3  
3 2 . 0 3 . 72 3 . 4 1  1 . 8 9 12 . 02 1 6 . 07 6 . 3 8 243 . 4 0 5 . 29 - 7 . 3 8 1 1 . 84 
27 . 0  4 . 43 3 . 4 6 0 . 28 12 . 9 6 13 . 10 5 . 9 8 21 1 . 1 0 -0 . 6 9  - 3 . 67 3 . 92 

Table 6 Test W2 (medium wave alone): Cycle-averaged flow parameters 

'w2-cv . dat • 
TEST W2 - Fixed bed, medium wave 
D 5 0 = 7 . 2mm 
T=10s, U0=7 5 8mm / s, A0=1206mm 
Water temp . =15 degrees , kinematic viscosity = 1 . 15mmE2/ s 

CYCLE -AVERAGED VELOCITY DATA 

z <U> <V> <W> < s igU> < s igV> < s igW> < E / rho> < -U ' W1 >  < -V ' W' >  < -U ' V '  > 
mm mm / s  mm / s  mm/s mm/ s mm/s mm / s  ( mm/ s) E2 (mm/ s}E2 ( mm / s ) E 2 ( mm/ s ) E2 

3 27 . 0  3 . 9 5 3 . 65 - 11 . 09 8 . 3 3 5 . 87 4 . 1 8 6 8 . 4 1 0 . 00 -7 . 4 8  0 . 92 
27 7 . 0  5 . 7 2  3 . 4 0  - 12 . 3 3  8 . 6 8 5 .  7 1  4 . 27 7 1 . 27 - 2 . 27 - 5 . 56 3 . 18 
227 . 0  7 . 3 1  2 . 52 - 1 3 . 05 9 . 07 5 . 7 9  4.64 7 8 . 6 0 0 . 13 - 7 . 28 4 . 9 4 
177 .o 1 6 . 46 9 . 97 - 1 1 . 6 1 10 . 8 9 6 . 4 0  5 . 8 8 120 . 7 5  - 1 4 . 72 - 1 1 . 6 8 4 . 4 5 
127 .o 1 9 . 05 5 . 4 4  - 9 . 17 1 1 . 62 22 . 1 5 6 . 7 9  3 5 9 . 0 8 - 8 . 6 6 - 3 1 . 3 5  - 1 . 9 4 
117 . 0  14 . 10 0 . 8 3 -9 . 26 12 . 29 7 . 4 5 7 . 17 1 4 5 . 3 3 - 8 . 6 4 - 13 . 88 - 0 . 92 
1 07 . 0  1 4 . 7 5  1 . 5 3 -7 . 18 13 . 5 8 7 .7 1  7 . 53 1 6 8 . 77 3 . 26 - 1 0 . 46 - 4 . 62 

97 .o 1 5 . 28 2 . 29 - 6 . 69 14.72 8 . 11 8 . 20 1 9 2 . 1 0  9 . 9 4 - 12 . 27 - 6 . 63 
97 .o 1 5 . 03 4 . 3 5  - 5 . 42 16 . 8 0 9 . 1 8 9 . 59 232 . 96 20 . 7 8  - 12.77 -2 . 64 
77 . 0  1 6 . 11 4 . 4 5 - 4 . 4 2 1 8 . 10 1 0 . 1 1 9 . 3 0 27 9 . 14 23 . 8 5 - 1 6.34 - 4 . 24 
7 2 . 0 16 . 9 6 5 . 67 -4 . 0 4 19 . 7 8  1 1 . 23 9 . 8 8  3 3 0 . 42 27 . 7 8  - 1 6 . 7 8  - 1 . 4 3 
67 .o 17 . 62 7 . 23 -4 . 3 3 20 . 27 10 . 57 1 0 . 11 3 3 3 . 4 9 1 8 . 7 7 - 17 . 34 -12 . 15 
6 2 . 0 17 . 85 9 . 02 -3 . 9 0 2 1 . 3 5 1 1 . 0 1 1 0 . 6 6 3 6 9 . 8 3 3 0 . 23 -22 . 18 -2 . 5 8 
57 .o 1 8 . 19 10 . 12 -3 . 8 1 22 . 4 3  1 1 . 5 6  1 0 . 5 6 4 0 0 . 22 20 . 7 3  - 1 9 . 77 - 13 . 1 0 
5 2 . 0  1 6 . 6 5  1 1 . 17 - 4 . 16 23 . 5 4 1 1 . 9 6 10 . 7 4 4 3 8 . 4 8 3 7 . 12 -23 . 4 9 3 . 4 2  
4 7 . 0  1 5 . 34 1 1 . 10 - 4 . 22 26 . 7 6 1 2 . 94 1 1 . 23 5 6 2 . 49 4 6 . 32 -26 . 6 3 13 . 5 7 
4 2 . 0 12 . 0 3 1 1 . 10 -3 . 7 7 26 . 52 1 3 . 44 1 1 . 6 1  5 6 5 . 87 29 . 57 - 3 4 . 20 22 . 12 
3 7 . 0  1 0 . 54 7 . 0 9  -3 . 7 9  27 . 93 4 8 . 1 6 1 1 . 94 1 7 1 4 . 25 20 . 9 6 - 6 0 . 8 0 29 . 46 
3 2 . 0 2 . 5 8  1 . 4 3 -7 . 4 5 3 0 . 7 5  1 5 . 5 3 1 1 . 96 7 5 0 . 10 1 5 . 0 8 - 4 4 . 9 0 1 1 . 0 3 
27 . 0  0 . 14 1 . 04 - 8 . 24 3 2 . 1 6  16 . 3 9 1 1 . 3 3  90 3 . 3 1 3 0 . 9 6 - 3 9 . 54 3 2 . 9 3  
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Table 7 Test W3 (large wave alone): Cycle-averaged flow parameters 

' w3-cv . dat ' 
TEST W3 Fixed bed, large wave 
D5 0=7 . 2mm 
T=10s, U0=1127mm/ s ,  A0=179 4mm 
Water t emp. = 1 5  degre es, kinematic viscosity =1 . 1SmmE 2 / s  

CYCLE-AVERAGED VELOCITY DATA 

z <U> <V> <W> < s igU> < s igV> < s igW> < B /rho> <-U ' W '> <-V ' W ' > <-U ' V ' >  
mm mm/s mm/ s mm / s  mm / s  mm/ s mm/ s  (mm/s ) B2 (mm/s ) B2 ( mm/s ) E2 ( mm/ s ) E2 

3 2 6 . 8  9 . 08 -5 . 6 1 -23 . 9 4 12 . 9 0 3 2 . 3 1 9 . 5 5  7 2 7 . 2 5  5 . 1 3 -6 . 6 4 -49 . 9 0  
2 7 6 . 7  8 . 5 6 -5 . 7 1  -2 3 . 4 6  14 . 0 3 3 3 . 61 9 . 5 6 7 8 0 . 92 9 . 7 9  -16.04 -7 5 . 7 0  
2 2 6 . 7  7 . 3 5 -6 . 2 0 -2 3 . 5 8 1 5 . 1 5 1 5 . 7 1  9 . 7 9  3 2 7 . 3 6 1 0 . 8 8 -15.17 -15 . 0 9 
177 .o 3 . 54 -7 . 7 6  -2 0 . 1 5 1 5.41 15.84 10 . 3 0 3 2 6 . 3 3 12 . 7 2  -17.77 -3 . 8 0 
127 . 0  1 . 3 4 -12 . 7 2  -15.76 1 8 . 87 16 . 8 2 12 . 37 4 1 4 . 5 9 2 0 . 2 3 -22.3 1 0 . 6 0 
117 . 0  0 . 6 4  -1 0 . 4 8 -13 . 5 8 2 1 . 9 3 13 . 3 9 13 . 05 4 3 4 . 58 2 1 . 9 0 -18.58 -16 . 2 6 
107 . 0  -1 . 07 -11 . 54 -11 . 7 6  2 2 . 2 3 1 3 . 1 2 13 . 7 8 4 5 0 . 9 3 3 6 . 9 4 -14.04 -11 . 15 

97 . 0  0 . 7 1  -1 1 . 6 9  -10 . 6 9 2 3 . 9 3  1 5 . 7 8  1 4 . 42 5 4 8 . 9 9 3 8 . 7 4  -1 9 . 56 -15 . 3 5 
8 7 . 0  0.44 -9.10 -9 . 0 2 2 6. 5 1  1 4 . 44 15 . 67 6 2 6 . 27 4 6 . 07 -14 . 7 7 -17 . 4 8 
77.0 0.3 1 -8 . 2 9 -8.82 2 8 . 4 3  16.22 16.98 7 54 . 01 2 1 . 4 1 -2 4 . 3 2  -2 . 2 8 
72.0 -9 . 18 -1 0 . 4 9 -13 . 4 1 2 9 . 4 5  16.56 17 . 4 7 8 0 3 . 0 5 7 0 . 4 4 -4 6 . 2 1  2 . 6 0  
67.0 -8 . 81 -1 1 . 7 0 -14 . 3 9 3 0.3 8 17 . 88 17 . 2 0 8 5 0 . 44 3 5 . 9 7 -46 . 7 5 7 . 7 3  
62 . 0  -13 . 04 -17 . 9 9 -15 . 0 5 3 1 . 8 2 2 9 . 2 9 17 . 6 1 1 2 0 5 . 77 5 1 . 4 6  -71.89 14 . 6 5 
57 . 0  -15 . 5 3 -16 . 83 -15 . 4 9  3 4 . 3 4 2 9 . 20 17 . 9 1 1 3 0 0 . 7 9  4 0 . 62 -7 9 . 9 0  4 0 . 0 1 
52 . 0  -19 . 7 2 -13 . 57 -15.53 3 6. 8 9  2 9.45 1 8 . 88 1444 . 7 2  4 6 . 3 3 -117 . 4 8  4 . 52 
4 7 . 0  -22 . 3 3 -17 . 3 4 -16 . 9 4 3 8 . 5 1 4 7 . 8 8 1 8 . 32 2 2 7 5 . 80 3 5.56 -122.47 0 . 97 
4 2 . 0  -25 . 7 8 -9 . 2 9  -18.3 5 41.7 2 2 3 . 7 1 18.98 147 9.56 34 . 6 5 -105 . 04 5 7 . 7 0  
37 . 0  -29 . 3 9  -9 . 7 3 -19 . 5 5 4 3 . 1 3 4 3 . 9 4 19 . 4 7 2 2 8 2 . 6 4 4 1 . 6 8  -2 2 0 . 86 1 3 9 . 4 2 
3 2.0 -1 . 7 1  -9 . 2 6 -14 . so 4 6 . 0 5 2 5 . 7 2 19 . 7 5  17 8 8 . 7 5  38.90 -127.81 8 8.92 
2 7 . 0  -6 . 3 6 -7 . 2 9 -16 . 8 1 4 6.77 2 5. 6 8  19 . 1 3 1 8 0 7 . 3 9  -17 . 6 6 -1 3 9 . 89 5 5 . 5 7 

Table 8 Test WC1 (small current + small wave): Cycle-averaged flow 
parameters 

• wc1-cv . dat ' 
TEST WC1 - Fixed bed, small current + sma.ll wave 
D 5 0 =7 . 2mm 
Time-av U ( current only) at 3 00mm above bed =181mm/s 
T=10s, U0=3 5 0mm/ s, A0=557mm 
Water temp . = 1 5  degrees, kinemat ic viscosity =1 . 1SmmE2 /s 

CYCLE-AVERAGED VELOCITY DATA 

z <U> <V> <W> <s igU> < s igV> < s igW> < E / rho> <-U ' W ' >  <-V ' W ' >  < -U ' V ' >  
mm mm/s mm/s mm / s  mm/s mm/s mm/ s (mm/s ) B2 ( mm / s ) B2 ( mm / s ) B2 ( mm/ s ) B2 

6 2 7 . 0  1 9 8.7 1 3 6. 4 0  0 . 00 1 3 . 9 9 12 . 14 10 . 4 6  2 3 5 . 7 8 0 . 3 0 0 . 22 7 6 . 0 6  
3 2 7 . 0  1 9 9 . 9 3  9 . 6 8  0 . 00 13 . 9 0 13.67 9 . 16 2 4 3 . 1 6 -4 . 2 9  -9 . 1 1 7 6 . 0 8 
277 .o 1 9 9 . 9 5  3 4 . 7 3 0 . 0 0 13 . 0 0 9 . 8 8  8 . 8 9 1 8 1 . 14 -9 . 12 -11 . 52 5 4 . 3 4 
2 2 7 . 0  2 0 2 . 22 3 3 . 1 0 o.oo 12.60 9 . 0 8 8 . 2 6 1 6 2 . 7 1  -2 1 . 47 -6 . 6 0 3 9 . 07 
177 .o 2 0 3 . 2 6  3 6 . 1 6  0 . 00 11 . 9 0  1 7 . 77 8.03 2 80 . 9 1 -3 . 9 9 -14 . 14 2 6 . 2 5  
127 . 0  1 9 6 . 01 6 2 . 6 1 0 . 00 13 . 9 9 4 3 . 0 0 8 . 4 0  1 0 7 0 . 3 4 2 5 . 83 -24 . 57 92 . 8 1 
117 .o 1 9 3 . 4 5  4 5 . 3 4 o.oo 14 . 7 2 3 8 . 3 1 8 . 4 0 8 9 5 . 4 6 32.67 -24 . 51 4 7 . 7 0  
107 . 0  1 8 7 . 3 8  2 8 . 3 6  0.00 17 . 4 8  9 . 3 9 8 . 9 0 2 4 6 . 3 3 4 4 . 8 1 -14 . 4 1  3 9 . 7 4  

9 7  .o 1 8 0 . 9 0 6 2 . 5 8 0 . 00 17 . 67 7 8 . 2 4 9 . 2 3 3 2 9 4 . 5 8 4 4 . 9 4 -46 . 7 2 1 9 3 . 17 
8 7 . 0  17 5 . 5 1 3 6 . 4 5 0 . 0 0 1 8 . 4 2 4 9 . 7 4 9 . 2 3 1 47 5 . 6 2 4 5 . 11 -59 . 2 4 1 2 0 . 8 8 
7 7 . 0  167 . 4 2  2 4 . 88 o.oo 19 . 6 7 4 1 . 9 0 9 . 6 5 1 1 5 9 . 5 5 41 . 9 9 -65 . 09 1 0 9 . 40 
7 2 . 0  1 6 1 . 0 8 2 2 . 87 0 . 0 0 2 1 . 2 4 3 5 . 7 6 9 . 4 8 9 4 9 . 8 2 54 . 4 6  -39 . 6 3 143 . 7 9  
67 .o 1 5 2 . 5 6 2 0 . 7 4  0 . 0 0  2 0 . 9 5 42.73 9.56 1 2 1 6 . 2 4 4 0 . 6 0 -7 0 . 7 7 1 2 4 . 8 2 
6 2 . 0  1 4 8 . 6 6 1 5.60 0 . 00 2 0 . 8 5 1 8 . 2 5  9 . 6 2 4 5 3.08 3 5 . 7 0 - 3 8 . 03 7 5 . 3 6 
57 .o 1 4 3 . 03 1 9 . 0 9 0 . 00 2 0 . 8 6 4 4 . 87 9 . 4 2 1 2 9 6 . 5 5 3 1 . 5 4 -80 . 68 12 9 . 7 9  
5 2 . 0  1 3 5 . 0 5 1 7 . 10 0 . 00 2 1 . 6 4 5 9 . 9 8 9 . 52 2 1 3 3.49 2 7 . 0 0 -125 . 3 1 1 8 9 . 8 1 
4 7 . 0  12 9 . 9 7 1 2 . 02 o.oo 2 2 . 47 3 8 . 7 9 9 . 3 0 1 0 7 8 . 6 1 13 . 62 -77 . 2 6  1 6 3 . 6 5 
4 2 . 0  1 2 4 . 04 1 0 . 3 3 0 . 00 2 2 . 0 5  2 6 . 0 0 8 . 93 6 5 1 . 07 12 . 8 9 -2 9 . 52 100 . 1 9 
3 7 . 0  12 1 . 0 3 7 . 22 o.oo 2 2 . 7 7 2 5.07 9 . 44 6 5 8.2 1 13 . 3 3 -4 0 . 7 0  1 1 5 . 7 4  
3 2 . 0 119 . 2 3 6 . 51 0.00 2 2 . 15 17 . 2 3 8 . 86 4 7 2 . 7 9  -3 . 0 9 -32 . 9 9 78 . 08 
2 7 . 0  113 . 1 6 6 . 80 0 . 00 2 2 . 52 14 . 8 0 8 . 6 3 4 4 0 . 14 -2 5 . 8 9  -24 . 04 6 5 . 8 9  
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Table 9 Test WC2 (small current+ medium wave): Cycle-averaged flow 

parameters 

•wc2-cv.dat• 
TEST WC2 - Fixed bed, small current + medium wave 
D50=7 . 2mm 
Time-av U ( current only ) at 3 00mm above bed =161mm/s 
T=10 s ,  U0=742 mm/ s ,  A0=1 1 8 1mm 
Water temp . =15 degrees , kinematic viscos ity = 1 . 15mmB2 / s  

CYCLE-AVERAGED VELOCITY DATA 

z <U> <V> <W> <SigU> <SigV> < s igW> <E / rho> <-U'W'> <-V'W ' >  <-u'v'> 
mm mm/s mm/s mm/s mm/s mm/s mm/s ( mm / s ) E2 ( mm/ s ) B2 ( mm / s ) E2 ( mm/ s ) E2 

627 . 0  2 0 7.65 o.oo o.oo 12.73 14 . 3 1 1 1 . 8 3 2 6 6 . 7 8  - 1 6 . 89 - 1 0 . 12 5 0 . 65 
3 2 7 . 0  2 1 9 . 2 1 o.oo 0 . 0 0 15 . 49 12 . 8 8 1 2 . 3 0 2 9 2 . 94 1 0 . 41 -41 . 85 -3 . 0 6 
2 7 7 . 0  2 0 6 . 9 6 2 3 . 48 o.oo 14 . 6 9 14 . 45 1 1 . 6 9  2 9 5 . 42 5 . 44 -48 . 9 2 0 . 2 6  
2 2 7 . 0  2 0 7 . 7 7 o.oo 0 . 00 13 . 1 1 1 0 . 9 1 1 1 . 02 2 1 7 . 02 6 . 8 8 -52 . 7 6  2 0 . 83 
1 7 7 . 0  2 02 . 6 0 0 . 0 0 0 . 0 0 14 . 7 9 1 1 . 75 1 1 . 3 0  253 . 9 3 19.24 -59 . 35 2 8 . 7 6 
1 2 7 . 0  184.84 0 . 00 0 . 0 0 1 8 . 9 3 13 . 0 8  1 1 . 9 1 3 5 8 . 52 54 . 9 0 -62 . 7 6  6 3 . 2 3  
117.0 1 8 1 . 3 8 o.oo 0 . 00 2 0 . 6 1 1 3 . 82 12 . 46 4 14 . 0 6 7 0 . 3 0 -6 6 . 3 9 7 4 . 9 8  
1 0 7 . 0  175 . 3 9 0 . 00 0.00 2 1 . 2 6 1 3 . 9 3 1 1 . 91 42 1 . 8 6 6 0 . 07 -58 . 45 9 5 . 52 

9 7 . 0  1 6 6 . 7 3 2 0 . 7 8 0 . 0 0 2 2 . 7 6  1 8 . 27 12 . 37 543.62 8 6 . 47 -7 3 . 85 7 7 . 44 
8 7 . 0  1 6 3 . 04 0 . 00 0 . 00 2 4 . 19 15 . 35 1 3 . 14 542 . 6 3 7 8 . 3 6  -7 6 . 7 8  8 7 . 8 1  
7 7 . 0  153 . 93 o.oo 0 . 00 2 3 . 57 15 . 82 1 3 . 05 5 3 6 . 7 6  7 5 . 75 -7 1 . 64 6 8 . 85 
7 2 . 0  152 . 0 6 0 . 00 0 . 00 25 . 64 15 . 24 1 3 . 0 8 5 7 9 . 74 67 . 52 - 7 3 . 51 64.3 6 
67 . 0  150 . 57 0 . 00 0 . 0 0 24 . 55 1 6 . 0 8 1 2 . 48 554 . 92 5 0 . 10 -58 . 14 3 8 . 59 
62 . 0  144 . 2 6  0 . 0 0 0 . 00 25 . 81 15 . 25 12 . 94 59 0 . 7 4 27 . 3 1 - 6 0 . 2 9  7 7 . 77 
57 . 0  143 . 64 o.oo 0 . 00 2 7 . 0 2 15 . 42 12 . 8 8 6 3 1 . 7 4 2 2 . 6 7 - 6 1.3 6 8 3 . 13 
52 . 0  13 8 . 8 6 -0 . 54 0 . 0 0 2 8 . 84 60 . 6 0 1 3 . 0 1 2 42 2 . 3 4 4 . 03 -154 . 15 1 0 1 . 3 9 
47 . 0  1 3 2 . 73 o.oo 0 . 0 0 3 1 . 13 1 6 . 3 8 13 . 51 8 1 9 . 0 1 -64 . 3 4 -50 . 8 6 7 0 . 25 
42 . 0  1 2 9 . 2 6  -7 . 44 0.00 2 9 . 45 65.10 13 . 6 8 2 7 8 6 . 1 1 -3 6 . 1 9 -197 . 7 2 1 2 3 . 60 
3 7 . 0  123 . 7 2 -3.97 o.oo 3 2 . 0 6 5 6 . 9 8 13 . 62 2 3 6 6 . 2 9 - 7 9 . 24 -177 . 9 0 7 3 . 7 6  
3 2 . 0  116 . 62 -9.41 0 . 0 0 3 3 . 2 9 62 . 74 1 3 . 84 2 7 6 5 . 83 - 1 1 1 . 6 8 - 17 4 . 1 8 1 0 9 . 7 9  
2 7 . 0  1 05 . 58 -15 . 13 0 . 00 3 4 . 52 7 4 . 04 14 . 02 3 67 1 . 12 -154 . 27 -241.7 8 9 5 . 2 1 

Table 10 Test _WC3 (small current + large wave): Cycle-averaged 
flow parameters 

•wc3-cv . dat' 
TEST WC3 - Fixed bed, small current + large wave 
D50=7 . 2mm 
Time-av U ( current only ) at 3 0 0mm above bed =140mm / s  
T=10s ,  U0=1049mm/ s ,  A0= 1 6 7 0mm 
Water temp . =15 degrees , kinematic viscosity = 1 . 15mmB 2 / s  

CYCLE-AVERAGED VELOCITY DATA 

z 
mm 

3 2 7 . 0  
2 7 7 . 0  
2 2 7 . 0  
177 . 0  
127 . 0  
117.0 
1 0 7 . 0  

9 7 . 0  
8 7 . 0  
7 7 . 0  
7 2 . 0  
6 7 . 0  
6 2 . 0  
57 . 0  
52 . 0  
47 . 0  
42 . 0  
3 7 . 0  
3 2 . 0  
2 7 . 0  

<U> 
mm/s 

1 84 . 29 
172 . 3 6 
1 7 0 . 92 
1 64 . 7 1 
1 6 2 . 3 9 
1 6 0 . 59 
157 . 62 
153 . 87 
147 . 9 3 
157 . 7 9 
151 . 24 
152.87 
148 . 77 
146 . 7 9 
144 . 03 
1 7 7 . 95 
12 8.2 3 
125.44 
125 . 97 
1 1 0 . 7 8 

<V> 
mm / s  
-1 . 0 8 

-3 1 . 2 0 
-41 . 7 7 
-42.64 
-40 . 85 
-40 . 65 
-3 3 . 4 0  
-34 . 7 7 
-12 . 7 8  
-40 . 3 2 
-2 2 . 1 1 
- 1 8 . 6 0 
- 2 0 . 02 
-15 . 53 
- 1 7 . 07 
-58.13 

- 6 . 08 
- 8 . 7 3  

-12 . 9 0 
-5 . 7 2 

<W> 
mm / s  

o.oo 

o.oo 

o.oo 

o.oo 

0 . 0 0 
0 . 00 
0 . 00 
0 . 00 
0.00 
o.oo 

0 . 0 0 
o.oo 

o.oo 

0 . 0 0 
o.oo 

o.oo 

o.oo 

o.oo 

0 . 00 
0 . 0 0 

<s igU> 
mm / s  
3 1 . 7 7 
3 3 . 32 
3 2 . 0 9 
3 1 . 52 
3 1 . 58 
3 1 . 46 
3 2 . 84 
3 4 . 98 
3 8 . 9 3 
42 . 7 8 
43 . 6 3 
43 . 80 
46 . 82 
47 . 95 
48 . 0 1 
45.7 1 
5 1 . 54 
55 . 2 1  
54 . 9 0  
5 4 . 9 8  

<SigV> 
mm/s 
42 . 8 7 
3 6 . 2 9 
3 3 . 93 
3 8 . 3 3  
3 7 . 0 1  
34.49 
3 4 . 9 4  
3 5 . 65 
3 3 . 9 0 
42 . 40 
3 6 . 8 0 
3 7 . 6 3 
3 6 . 41 
35 . 95 
3 3 . 83 
3 5 . 82 
3 3 . 7 2 
3 5 . 99 
3 9 . 2 6 
3 6 . 99 

< sigW> <E /rho> <-U'W'> <-V'W'> <-U ' V'> 
mm / s  ( mm / s ) B2 ( mm / s ) E2 ( mm/ s ) B2 ( mm / s ) B2 
2 9 . 2 2 2 0 8 8 . 87 - 6 0 . 50 -1 0 0 . 7 4 - 1 3 9 . 9 9  
2 8 . 18 17 6 6 . 75 -1 8 6 . 67 -159 . 3 4 -159 . 6 3 
2 6 . 9 6 159 1 . 9 9 -75 . 04 -240 . 04 -272 . 2 8 
2 3 . 9 0 1 6 8 4 . 9 0 - 13 9 . 5 6  -416.00 -417 . 85 
2 1 . 47 1571 . 03 -49.67 -355 . 0 6 -327 . 3 8  
2 2 . 18 147 9 . 6 9 -2 8 . 2 1 - 3 44 . 11 - 1 8 3 . 6 0 
2 0 . 47 148 3 . 17 - 1 3 . 35 - 3 15 . 53 - 8 9 . 9 0 
2 0 . 44 1 62 1 . 6 8 -11 . 62 - 3 14 . 8 1 - 6 2 . 64 
19.64 1 6 8 3 . 3 1 2 1 . 6 3 - 1 7 7 . 6 1 5 7 . 8 6 
2 1 . 59 2 355 . 08 -34.27 -3 6 3 . 27 2 65 . 7 7 
1 8 . 8 9  2 045 . 3 0 4 1 . 3 8 -2 1 0 . 9 0 2 3 8.7 0 
1 9 . 2 2  2 0 9 2 . 3 1 -3 9 . 7 1  - 19 7 . 3 6 146 . 51 
2 0 . 8 0 2 2 0 2 .45 -12 . 55 -2 2 0 . 0 0 250 . 7 1 
2 0.2 0 2 2 65 . 9 6  -92 . 55 - 1 9 6. 7 1  7 6 . 7 7 
1 9.83 2 14 0 . 2 8  -7 1.77 -149 . 6 1  343 . 0 7 
2 1 . 6 6 2 157.62 -245 . 7 1 - 2 0 3 .42 2 16.52 
2 1 . 2 9  2 3 92.72 -2 02.62 - 1 8 5 . 2 8  4 0 . 0 0 
2 1 . 85 2 7 3 8.49 -27 9 . 82 - 1 8 8 . 8 9  3 5 6 . 94 
2 0 . 60 2 7 85.8 4  -2 6 1 . 44 - 1 85 . 03 541 . 17 
2 0 . 91 2 7 4 3 . 25 -3 6 3 .9 8 -184 . 46 3 14 . 24 
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Table 1 1  Test WC4 (large current + small wave): Cycle-averaged 
flow parameters �����������������-��-········---

•wc4-cv . dat ' 
TEST WC4 - Fixed bed, large current + small wave 
D50=7 . 2mm 
Time-av U ( current only) at 3 00mm above bed =603mm/ s 
T=10s, U0= 3 6 6mm/s, A0=583mm 
Water temp. =15 degrees, kinematic viscos ity =1.15mmE 2 / s  

CYCLE-AVERAGED VELOCITY DATA 

z <U> <V> <W> <s igU> <s igV> <S igW> <E / rho> <-U'W'> < -V'W'> < -U1V1> 
mm mm / s  mm / s  mm / s  lllZII/ S mm / s  mm / s  (mm/ s)B2 (mm/s)B2 ( mm/ s)B2 ( mm/ s )B 2  

6 2 7 .0 653 .64 o.oo o.oo 4 8 . 67 3 9 . 1 0  3 4.55 2 5 8 1 . 84 414.90 65.46 8 2 8 . 2 1  
3 2 7 . 0  647 . 52 o.oo 0.00 3 9.2 3 3 3 . 6 9 3 1 . 3 9 1 87 7 . 57 -2 0.2 6 10.87 592 . 2 1  
2 7 7 . 0  6 65.97 o.oo o.oo 3 6.11 2 8.15 2 8. 6 8  150 6.49 -56.7 9 -19.8 1 3 8 8 . 63 
2 2 7. 0  67 2.7 8 o.oo o.oo 3 1.56 24.54 2 6 . 7 9  1 19 4. 3 1  3 0 . 65 -33.24 274 . 89 
1 7 7  .o 6 83.7 0 14 . 53 o.oo 2 9.59 4 9 . 25 2 3.2 6 1 9 6 7 .49 6 6.93 -102.04 3 54 . 9 0 
1 2 7  .o 6 7 8.7 3 o.oo o.oo 3 0. 3 1  24 . 2 0  2 0.07 1 0 0 9.47 1 6 9 . 64 -51 . 8 9 2 1 1.95 
1 17 . 0  6 7 8.51 o.oo o.oo 3 1 . 43 2 5 . 60 1 9 . 3 9  1 0 7 5 . 18 1 6 6.7 0 -37 . 4 6  2 2 2 . 7 6  
1 0 7 .0 6 7 0.7 1 o.oo o.oo 35 . 45 25.65 19.2 3 1 2 3 0 . 57 2 8 7 .43 -47 . 6 2 1 85 . 7 9 

9 7 . 0  6 64.2 6 0 . 00 0.00 3 8.18 25.27 19.07 1 3 1 6 . 52 3 0 3 . 0 1  -49 . 2 7  1 9 9.03 
87.0 658.9 1 0.00 o.oo 3 9. 2 6  2 6 . 8 6 19.60 142 6 . 7 2 346.24 -77.60 2 2 1.37 
77.0 645.56 o.oo 0.00 44.13 2 8 . 9 1 1 9 . 2 9  17 07.3 8 353 . 53 -7 6.69 2 8 6 . 47 
7 2 . 0  6 3 6.52 o.oo o.oo 46.30 2 9 . 9 2 1 9 . 83 1 852 . 3 9  3 93.25 -107 . 6 1 2 9 6 . 3 4 
6 7 .0 6 2 7 .6 4  8 . 2 7 0 . 00 48.88 47 . 7 8  19.95 2 6 8 0 . 7 3 3 7 0 . 7 0  -183.11 452.71 
62.0 6 2 2 . 0 3  o.oo o.oo 49.44 2 8 . 11 19.97 1941.2 3 403.22 -121.96 2 7 5 . 87 
57 .o 6 04 . 9 2 5.28 o.oo 51.51 59.50 2 0.18 3427.69 423.55 -257.85 640.96 
52 . 0  6 0 1 . 2 4 o.oo o.oo 53 . 50 3 3 . 17 2 0. 1 6  2 2 8 1.02 404.43 -159 . 5 1  3 6 2 . 45 
47 . 0  583 . 82 0.00 0 . 00 57.97 32.24 2 1 . 00 252 7 .4 1  433 . 2 8  -180.84 3 2 8.41 
42 . 0  57 6.40 o.oo 0.00 61.02 3 0.62 2 0.84 2 6 2 9 . 9 6 47 9 . 69 -177.46 544.3 1  
3 7.0 5 6 3 . 03 o.oo o.oo 61.7 0 3 1 . 65 2 0. 8 0  2 7 2 3.55 3 9!'1.94 - 2 0 8 . 13 452 . 07 
3 2.0 53 8 . 6 8 o.oo 0 . 00 6 2 . 56 3 2 . 8 3  2 0. 3 3  2 7 5 8 . 44 358 . 05 -200 . 41 431.00 
2 7 .0 518.8 3 o.oo o.oo 6 3 . 42 35.40 19.65 2 9 10 . 2 3  2 6 1.7 1 -224.83 3 6 9.7 3 

Table 1 2  WC5 (large current+ medium wave): Cycle-averaged flow 
parameters 

•wc5-cv.dat • 
TEST WC5 - Fixed bed, large current + medium wave 
D50=7.2mm 
Time-av u ( current only) at 3 0 0mm above bed = 6 1 8mm/s 
T=10s, U0=7 2 6mm/s , A0=1 155mm 
Water temp. =15 degrees, kinematic viscosity =1.15mmE2 / s  

CYCLE-AVERAGED VELOCITY DATA 

z <U> <V> <W> < sigU> < SigV> <S igW> <E / rho> <-U'W'> <-V'W'> <-U1V1> 
mm mm / s  mm / s  mm / s  mm / s  mm / s  mm / s  ( mm / s)E2 (mm/ s)B2 (mm/ s)B2 (mm/ s)B2 

627 .o 651.46 0.00 0.00 42 . 10 3 7 . 52 3 0. 8 8  2 14 9 . 69 252 . 8 1 12 . 7 8  560 . 3 9  
3 2 7 . 0  6 6 9 . 6 9 o.oo 0.00 43 . 2 0 58 . 0 1 2 8.51 3 134.03 7 4 . 9 1 -2 0 9 . 13 8 3 7 . 8 2 
2 7 7  .o 652 . 97 0 . 00 0 . 0 0 3 9.13 2 9. 9 1  2 7.05 1 6 6 3.33 6 3.64 -3 9 . 43 3 6 6.76 
227.0 657 . 0 8  0.00 0 . 00 3 3.76 2 7 . 3 8  24 . 87 12 94.00 8 1 . 7 6  - 6 6.25 2 03 .5 1  
177.0 658.16 0.00 0 . 00 3 4 . 83 2 8 . 25 25.6 0 1418 . 56 2 11 . 17 -55.40 2 65 . 3 6  
127.0 640.05 o.oo 0 . 00 40 . 74 3 2.51 24.95 1 8 10 . 12 415 . 0 8 -50.87 2 8 3 . 7 7  
117 . 0  6 3 1 . 87 0.00 0 . 00 43 . 2 8 3 3. 0 7  2 6 . 58 2 048.66 480 . 2 2 -151.29 346.8 1 
107.0 6 2 7 . 3 9 0.00 0 . 00 45.02 3 3. 8 8  25.83 2 1 18.72 540 . 7 6  -176 . 93 3 6 2 . 3 9  

9 7 .0 6 2 2 . 1 1  0 . 0 0 o.oo 47 . 25 3 3 . 3 0  25 . 3 1 2 1 94.00 523.35 -12 1. 8 2  2 2 1.23 
8 7 . 0  6 10.6 1 0.00 0 . 0 0 52.05 3 6. 9 8  2 6.06 2 67 6.09 5 1 6 . 48 -18 0.45 3 67 . 3 0 
7 7 . 0  595. 67 0.00 0.0 0 55.75 3 5 . 48 27.03 2 8 75 . 3 9 653 .8 1 -207 . 94 3 9 0 . 3 2 
7 2 .0 5 9 1 . 3 2 0 . 0 0 0 . 0 0 55.90 37.07 2 6 . 42 2 87 2. 0 9  62 0.8 1 -17 8.57 3 25 . 51 
6 7 . 0  581.86 0.00 0.00 59.49 3 6.10 2 6.46 3 05 0 . 3 6  5 9 9 . 3 9 -244 . 05 458.05 
6 2 . 0  57 6.84 0.00 0.00 5 9 . 3 0  3 6 . 41 2 6. 3 3  3 0 6 8 . 3 0 6 68 . 6 7  - 1 8 9 . 6 7  444 . 34 
57 . 0  57 1 . 2 7 0.00 0.00 62 . 6 1 3 8. 8 1  2 6 . 25 3 4 0 6.51 6 19.51 -256.41 5 6 6 . 8 6 
52 . 0  555.86 0 . 0 0 0.0 0 62 . 88 40 . 0 2 2 6 . 48 3494.65 6 0 0 . 96 -281 . 13 486 . 13 
47 . 0  5 3 6.22 - 3 8 . 6 1 0.00 62 . 18 67 . 6 8 2 6.13 4 89 8 . 95 515.80 -49 3 .7 2  8 6 6.46 
42 . 0  525.77 -50 . 9 3 o.oo 67 . 3 2  7 6. 3 6  25.73 5956 . 25 549.12 -53 3 . 49 9 9 9 . 9 9  
3 7 . 0  513 . 13 0 . 0 0 0.00 6 3 . 65 42.51 25.37 3559 . 0 9 446 . 67 - 3 2 4 . 03 3 60.32 
3 2 . 0  497 . 6 9  -48.16 0 . 00 6 4 . 7 2  8 6 . 87 24.86 6585 . 34 413 . 6 0 - 6 6 3 . 0 9  9 9 9. 9 9  
2 7 . 0  472 . 48 -44.14 o.oo 6 6.43 9 1.46 24.75 7 16 3 . 0 6  3 6 0 . 43 -707 . 94 9 9 9 . 9 9 
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Table 13 WC6 {large current + large wa ve): Cycle-averaged flow 
parameters 

' wc6 -cv . dat ' 
TEST WC6 - Fixed bed, large current + large wave 
D 5 0 =7 . 2 mrn 
Time-av U (current only } at 3 00 mm  above bed =609mm/s 
T=10s , U 0 = 1 1 4 0 mm/ s ,  A0=18 14mm 
Water t emp. =15 degre e s ,  kinematic viscosity =1.1 5mmE 2 / s  

CYCLE -AVERAGED VELOCITY DATA 

z <U> <V> <W> < s igU> < s igV> < s igW> < E /rho> < -U ' W ' > < - V ' W ' > < -U ' V ' >  
mm mrn / s  mrn / s  mm / s  mm/s mm/s mm / s  ( mm/ s ) B2 (mm/ s}E2 ( mm/ s}B2 ( mm/ s }B2 

627.0 6 4 8 . 9 7  o . oo 0.00 4 1 . 80 4 6 . 7 2 4 0 . 5 8 2 9 6 8 . 0 3 4 . 3 1 3 0 7 . 2 8 4 60.57 
3 2 7 . 0  6 8 8 . 4 9  o. oo 0 . 0 0 4 6 . 5 6 4 9.05 3 9.4 5 3 3 5 6 . 67 1 4 8 . 17 - 3 06.97 2 5 2 . 7 6  
277 . 0  6 4 1 . 7 5 o .oo o.oo 4 5.2 9 4 2 . 98 3 4 . 93 2 7 6 3 . 8 1 12 0.72 -2 2 4.83 3 10.72 
2 2 7 . 0  642.03 o.oo 0.0 0 4 8 . 4 9 4 2 . 1 8 3 6 . 3 8 2 96 8 . 4 5  2 6 6.03 -2 7 5 . 60 2 1 1 . 8 1 
177 . 0  6 2 8 . 6 0 0.00 0.00 4 5 . 12 3 7 . 2 8  3 3 . 8 2 2 44 9 . 3 2 4 0 0 . 67 -15 1.3 6 1 3 0 . 6 9 
127 . 0  6 1 0 . 4 5 0.00 0.00 5 1 . 2 0  3 8 . 7 5 3 2 . 7 4  2 9 0 6 . 6 2 7 00.40 -1 8 5 . 4 8  3 6 . 8 4 
117.0 6 0 8 . 1 9  0.00 0 . 0 0 5 0 . 8 5  3 9.96 3 1.20 2 8 5 2 . 67 5 3 8 . 47 - 1 9 8 . 8 6 -12 . 5 9 
107 . 0  5 9 8 . 0 4 0.00 0.00 5 6 . 2 6 4 2 . 2 7 3 1 . 5 5 3 3 4 7 . 37 6 7 2 . 3 5 -2 7 3 . 6 0 3 1 . 3 8 

97 . 0  5 84 . 8 0 o .oo 0 . 0 0 53.42 42.53 3 1.7 4 3 2 0 4 . 6 9 5 9 5 . 4 0 -263 . 7 9  -2 8 ' 8 9  
87 . 0  5 7 9.2 0 0 . 0 0 o . oo 5 9 . 2 9  42.7 1 3 0 . 68 3 5 8 2 . 4 4 7 3 1. 9 5  - 3 4 6.54 - 5 9 . 3 8 
7 7 . 0  562 . 7 4 0.00 o .oo 6 3 . 2 5  4 6 . 3 7 3 0 . 7 8  4 0 6 4 . 4 6 7 3 5 . 8 1 - 3 2 4 . 70 - 9 0 . 60 
7 2 . 0  5 6 4 . 10 0 . 00 o .oo 62 . 4 0 4 6 . 15 3 0 . 80 3 9 6 4 . 0 6 7 15 . 4 2 - 4 1 6 . 3 2 -1 3 1 . 83 
67.0 5 5 4 . 3 9  o . oo 0 . 0 0 61.7 3 4 6 . 4 8 3 0 . 00 3 9 3 9. 8 4  6 9 8 . 18 - 3 8 1 . 6 9 - 9 3 . 4 6  
62 . 0  5 4 8 . 3 3 0 . 0 0 o . oo 6 5 . 7 5 47.87 2 9. 9 0  4 3 8 2 . 7 4 6 6 4 . 6 2 - 45 2 . 8 4  - 13 5 . 54 
57 . 0  5 3 6 . 54 o . oo o . oo 69.51 5 0 . 8 5  2 9.05 4 7 3 9 . 16 6 0 3 . 3 9 -42 1 . 50 - 1 9 8.71 
52 . 0  5 3 1 . 6 5 6 0 . 60 o .oo 6 6 . 9 8 8 9 . 56 2 8 . 7 5  7 4 5 0 . 7 3  5 3 5 . 9 2 - 6 9 1 . 02 - 6 5 6 . 3 4 
4 7 . 0  514 . 1 0 5 6 . 1 5 o . oo 6 9. 5 7  8 3 . 87 2 9 . 10 7 1 13.41 5 8 6 . 12 - 63 9 . 4 1 -4 6 5 . 10 
42 . 0  50 8 . 2 0 4 6 . 7 8 0 . 0 0 7 1.77 7 9.2 6 2 7 . 8 4  6 8 6 9 . 0 5 4 3 2.2 5 - 6 1 7 . 47 - 2 9 5 . 52 
37.0 4 8 8 . 9 3 5 5 . 6 2 o.oo 7 2 . 03 87 . 8 6 27.65 7 6 9 6.43 2 88 . 2 6 - 87 1 . 78 - 4 9 5 . 8 1 
3 2 .0 4 7 4 . 5 8  5 0 . 51 o. oo 7 2 . 15 8 6 . 9 6 27.21 7 5 8 7 . 4 8 2 50.54 - 7 4 5 . 43 - 4 8 2.77 
27.0 4 5 5 . 2 2  0.00 0.00 7 7 .74 5 4 . 0 2 2 5. 8 9  54 2 9 . 34 1 5 1.47 - 5 5 0 . 01 1 1 5 . 9 8  

Table 14 Te_st WC7 (small current +  5s wave): Cycle-a veraged flow 
parameters 

• wc7 -cv . dat ' 
TEST WC7 - Fixed bed, small current + S s  wave 
D 5 0 =7 . 2 mm 
Time-av U ( current only) a t  3 00mm above bed =182mm / s  
T=5s, U0=7 2 0mm/ s ,  A0=57 3mm 
Water t emp .  =15 degree s , kinematic viscosity =1.1 5mmE2 /s 

CYCLE -AVERAGED VELOCITY DATA 

z <U> <V> <W> < s igU> < s igV> < S igW> < B / rho> < -U ' W ' >  < -V ' W ' > < -U ' V ' > 
mm mm/s mrn/s mrn / s  mm/s mm/s mm/s ( mm / s ) E2 ( mm/ s ) E 2 ( mm/ s ) E2 ( mm / s ) B 2 

6 2 7 . 0  2 3 0.42 7 6 . 7 7  0 . 0 0 17 . os 3 4.08 1 0 . 57 8 0 5 . 7 3 2 0.92 -9 3 . 96 2 8 3 . 10 
3 2 7.0 2 32.86 2.73 0 . 0 0  16.2 4 12.06 9 . 67 2 63 . 5 5 5 .4 6  -3 5 . 10 1 11.86 
2 77.0 2 4 0 . 12 5 . 7 3  0 . 0 0 14 . 7 5  1 1 . 3 4 9 . 42 2 2 8 . 6 3 8.3 6  - 3 4.27 8 4 . 7 7  
2 2 7 . 0  2 3 9 . 1 1 1 0 . 8 6  0 . 00 13 . 8 6 1 4 . 7 3  8 . 11 2 5 1 . 1 9 15.22 - 2 8 . 87 9 7 . 9 8  
1 7 7 . 0  2 2 9 . 8 7 2 0.02 0 . 0 0  1 6 . 5 9  12 . 3 8  8 . 4 0  2 6 3 . 0 6 5 1 . 14 - 2 9 . 22 9 0 . 6 4 
127.0 2 2 4 . 94 2 6 . 14 0 . 0 0 16 . 4 0 11.02 8 . 4 5  2 4 2 . 2 9 48.54 - 2 2 .17 7 8. 9 7  
1 17 .o 2 1 9 . 03 2 9. 8 8  0 . 0 0  18.3 0 1 1 . 40 8 . 83 2 8 4. 9 1  52 . 8 7 -2 5 . 5 0 8 7 .7 1  
107 .o 2 10 . 4 8 3 4 . 7 5  0 . 0 0  2 0 . 6 1 12 . 04 9.32 3 4 4 . 8 3 6 1 . 09 -22.67 9 7 . 2 3 

97.0 1 9 8 . 8 4 3 9. 4 9  0.00 2 1 . 4 1 23.26 9 . 52 5 6 4 . 07 6 5 . 7 1 - 3 9 . 6 0 1 1 3 . 2 9  
8 7 . 0  1 8 8 . 2 4 4 0 . 2 5 0 .0 0  2 3 . 0 1 16.2 8 9.65 4 6 3 . 3 8 7 0.3 0 - 4 5 . 2 1 1 0 8 . 9 1 
7 7 . 0  1 7 6 .7 4  44.85 0.0 0 22.46 1 9 . 9 4 9 . 99 5 2 7 . 8 6  6 5. 1 1  - 4 7 . 8 0 1 1 8 . 6 5 
7 2 . 0  1 7 3 . 2 2 4 5.86 0 . 0 0 2 2 . 2 0  1 8 . 93 1 0 . 10 5 16 . 6 9 6 1.21 - 5 4 . 3 1 9 7 . 6 8  
67.0 162 . 60 4 9 . 7 0 0.00 2 4 . 3 0 16 . 15 1 0 . 2 0  5 0 8 . 81 62.77 -6 1 . 10 1 1 6 . 4 6  
62.0 1 5 5 . 2 3 6 9 . 15 0 . 0 0 2 4 . 07 3 7 . 4 2 10.11 1 1 0 0.87 7 1 . 4 4 - 1 1 2 . 6 1 2 2 4 . 6 8 
5 7 . 0  1 5 1 . 3 3  8 6 . 6 9 0 . 0 0 2 5.05 5 3 . 5 0 10.17 1 9 0 1 . 2 1  5 1 . 7 2 - 1 3 4 . 7 1 3 67 . 8 4  
5 2 .0 1 3 9 . 8 5  7 3 . 09 0 . 0 0 2 4 . 3 9  2 9 . 9 6 9 . 85 8 4 2 . 7 2  5 0 . 2 2 -66 . 60 1 9 3.7 5 
4 7 .0 13 0 . 91 6 9 , 8 5 o.oo 2 5 . 6 0 2 9.81 9.7 5 8 8 2 . 2 7 4 3 . 51 - 7 4.32 1 8 2 . 3 9  
4 2 . 0  12 3 . 92 6 4 . 12 0 . 0 0  2 6 . 2 4  3 6. 6 8  10.2 3 1 12 0.17 1 9 . 6 5 - 6 9 . 7 5 2 1 2 . 4 1 
3 7 .0 1 1 4 . 4 8 63 . 57 0 . 0 0  27 . 1 4 2 5 . 99 9.33 8 0 1. 9 4  2 2 . 6 8 - 4 8 . 91 1 9 3 . 4 9 
3 2 . 0  1 0 3 . 4 1  6 5 . 6 0 0.00 27.4 6 2 8 . 98 9 . 15 9 0 9 . 67 - 2 4 . 5 2 - 5 8.43 1 3 0.2 1 
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Table 15 Test W3 (large wave alone): An example of an ensemble� 

averaged data file 

' w3 -u1 . dat • 
TEST W 3  - Fixed bed, large wave 
D50=7 . 2mm 
T=10 s , U 0 =1 127mm/ s .  A0=17 9 4mm 
Water t emp . =15 degre e s , kinematic viscos i ty = 1 . 15mmE2 / s  

ENSEMBLE -AVERAGED U -VBLOCITY COMPONENT ( mm/ s )  

phase z =3 2 6 . 8 z=27 6 . 7  z=22 6 . 7  z =177 . 0  z = 1 2 7 . 0  z =117 . 0  Z = 1 0 7 . 0  Z= 9 7 . 0  
in pi z in mm 

0 . 02 2 2 8 . 65 2 12 . 02 1 5 3 . 7 6  12 9 . 2 4 1 0 2 . 8 4 9 0 . 86 6 0 . 82 5 3 . 9 8 
0 . 0 4 3 14 . 04 3 04 . 9 1 2 4 4 . 9 9 2 2 6 . 54 2 0 0 . 9 2 1 8 6 . 05 1 5 5 . 6 5  1 5 1 . 64 
0 . 0 6 3 8 6 . 99 3 8 2 . 2 4 3 2 4 . 3 4 3 0 9 . 4 9 2 8 7 . 4 6 2 7 1 . 4 8  2 4 1 . 4 4 2 3 9 . 5 5 
0 . 0 8 4 5 8 . 66 4 50 . 8 2 3 9 6 . 18 3 8 4 . 55 3 66 . 14 3 4 9 . 6 3  3 2 3 . 11 3 1 7 . 5 5 
0 . 1 0 5 2 8 . 0 6 5 1 7 . 8 2 4 6 6 . 43 4 51 . 8 2 4 3 8 . 0 8 4 2 2 . 4 2 4 01 . 53 3 8 9 . 2 9 
0 . 1 2 5 9 1 . 3 3 5 8 1 . 57 53 5 . 3 4 5 1 6 . 47 5 0 2 . 18 4 8 3 . 7 2  4 7 2 . 2 0 4 5 6 . 48 
0 . 14 6 56 . 8 8 6 5 1 . 7 5 6 0 9 . 0 6  5 8 5 . 04 57 0 . 2 3  547 . 08 5 4 0 . 3 0  5 2 3 . 3 3 
0 . 16 7 2 5 . 2 5 7 2 1 . 9 6 6 8 2 . 8 3 6 6 0 . 27 6 4 2 . 6 0 6 1 8 . 4 6 6 1 5 . 34 5 9 6 . 4 1 
0 . 18 7 9 3 . 4 8 7 9 1 . 6 3 7 5 8 . 4 3 7 3 5 . 4 0 7 2 2 . 37 6 9 7 . 93 6 9 3 . 52 6 7 4 . 19 
0 . 2 0 8 5 8 . 94 8 5 9 . 9 5 8 3 3 . 11 815 . 1 1 8 0 3 . 3 9  7 8 0 . 2 8 7 7 7 . 53 7 5 4 . 9 9 
0 . 2 2 9 1 8 . 67 9 2 4 . 2 7 8 9 5 . 2 9 8 8 6 . 2 7 8 7 6 . 27 8 6 0 . 3 8  8 5 5 . 9 6 83 5 . 5 1 
0 . 2 4 9 6 6 . 5 2 9 7 5 . 9 5 945 . 6 4 9 4 0 . 3 4 9 3 5 . 9 4 9 2 6 . 10 9 2 0 . 7 4  8 9 9 . 4 8 
0 . 2 6 1 0 0 5 . 3 5 1 0 1 6 . 7 0  9 8 9 . 12 9 8 6 . 2 8  9 8 3 . 8 3 97 9 . 23 9 7 2 . 4 3 9 5 7 . 7 4 
0 . 2 8 1 03 1 . 8 3 1 0 4 9 . 15 1 0 2 2 . 2 1  1 0 2 3 . 66 1 02 5 . 4 7 102 1 . 03 1 0 1 3 . 0 1 1 00 5 . 4 6 
0 . 3 0  1 0 5 2 . 6 8 1 07 6 . 62 1 0 5 1 . 7 4 1 05 6 . 4 0 1 0 5 8 . 0 5  1 0 5 4 . 3 8 1 0 4 6 . 9 4 10 4 1 . 40 
0 . 3 2 1 0 67 . 9 0 1 0 9 6 . 3 5 1 0 7 3 . 3 3 1 07 9 . 3 6 1 0 8 3 . 10 1 0 8 0 . 7 7  1 07 6 . 42 1 0 6 9 . 16 
0 . 3 4 1 0 8 1 . 7 5 1 10 7 . 6 0 1087 . 7 2 1 0 9 9 . 1 5 1 1 0 4 . 0 3 1 102 . 18 1 1 0 1 . 57 10 9 3 . 3 8 
0 . 3 6 1 0 8 6 . 7 4  1113 . 4 8  109 9 . 7 6 1 1 1 5 . 53 1 1 1 9 . 3 0 1 117 . 4 0 1 1 2 2 . 15 1114 . 54 
0 . 3 8 1 0 9 1 . 0 2 1 12 1 . 8 3 1 1 0 9 . 7 1  1 12 7 . 37 1 1 3 4 . 7 1  1 1 3 4 . 3 2 1 1 3 8 . 61 11 3 5 . 7 2 
0 . 40 1 0 9 4 . 4 4 1 12 8 . 7 9  1118 . 9 4 1 1 3 6 . 3 1  1 1 4 8 . 8 5 1 15 1 . 3 9  1 1 5 5 . 4 3 1150 . 8 3 
0 . 4 2 1 0 9 5 . 65 1 13 6 . 37 1 13 1 . 8 8  1 14 6 . 8 8 1 1 6 3 . 7 2  1172 . 2 1  117 4 . 4 6 1 1 6 8 . 7 7  
0 . 4 4 1 0 9 8 . 4 6 1142 . 4 5  1 13 8 . 22 1 1 5 5 . 7 4  1 17 5 . 4 9  1 18 8 . 3 5  1 1 9 0 . 15 1187 . 8 5 
0 . 4 6 1 0 9 5 . 3 3 1 1 4 4 . 2 8 1 13 8 . 52 1 1 6 6 . 0 0 1 1 87 . 07 1 2 0 1 . 42 1 2 0 5 . 7 4  1 2 0 4 . 9 0 
0 . 4 8 1 0 9 3 . 6 0 1 13 9 . 0 5 1137 . 7 6  1 17 0 . 4 8 1 1 9 6 . 3 8  1 2 12 . 84 12 1 9 . 59 12 18 . 1 2 
0 . 50 1 0 8 9 . 2 7 1 1 3 3 . 4 8 1141 . 1 6 1 17 3 . 9 9 1 2 0 1 . 2 2 1 2 2 2 . 6 9 12 3 3 . 0 8 1 2 2 7 . 5 3 
o. 5 2  1 0 8 2 . 3 1  1 1 2 8 . 05 1 1 4 5 . 3 0 1 17 6 . 54 1 2 0 7 . 7 1  1 2 2 4 . 7 4  1 2 3 7 . 3 1 1 2 3 4 . 0 3 
0 . 5 4 1 0 7 2 . 2 5  1 12 5 . 6 8 114 5 . 0 8 1 17 4 . 6 8 1 2 14 . 4 2 1 2 2 5 . 69 12 3 9 . 5 2 1 2 3 8 . 8 5 
0 . 5 6 1 0 6 3 . 7 2  1 12 3 . 7 4  1 13 8 . 5 0 1163 . 4 3 1 2 12 . 2 9  12 2 1 . 40 1 2 3 8 . 17 12 3 8 . 2 0 
0 . 5 8 1 0 5 6 . 13 1113 . 0 6 1122 . 9 0 1 14 6 . 0 8 1 1 9 1 . 44 1 2 0 0 . 10 1 2 1 8 . 3 2 12 2 5 . 12 
0 . 60 1 0 4 0 . 6 1 1 0 87 . 0 8  1 0 9 6 . 6 3 1118 . 2 6  1 1 5 3 . 7 0 1 1 6 6 . 19 1 18 0 . 7 8 1 19 0 . 27 
0 . 62 1 0 0 9 . 17 1 0 5 5 . 2 5  1 0 6 3 . 3 4 1 0 8 4 . 15 1 1 1 3 . 6 9 1 12 7 . 5 8 1 13 9 . 9 0 1147 . 2 8  
0 . 6 4 9 7 4 . 9 4 1 0 2 0 . 03 1027 . 6 8 1 0 4 8 . 12 1 0 7 3 . 4 9 1 0 9 2 . 3 0  1102 . 04 1 1 0 5 . 7 9  
0 . 6 6 9 3 9 . 0 5 9 7 5 . 4 5  9 9 2 . 3 5 1 0 14 . 13 104 0 . 3 7 1 0 5 5 . 4 9 1 0 6 9 . 6 6 1 0 7 2 . 9 7 
0 . 6 8 8 8 5 . 3 9  9 2 6 . 8 1 9 5 0 . 5 5 975 . 7 6 1 0 0 0 . 0 4 1 0 1 5 . 3 0 10 3 1 . 97 1 0 3 7 . 7 4  
0 . 7 0  8 1 9 . 9 9 874 . 1 4 897 . 04 9 3 1 . 3 2 9 5 3 . 8 3 97 1 . 42 9 8 9 . 0 6 1 0 0 0 . 6 8 
0 . 7 2  7 5 9 . 5 2 8 0 7 . 7 4 8 2 9 . 7 0  8 67 . 5 6  8 9 1 . 6 9 9 14 . 4 0 9 3 3 . 1 8 9 4 7 . 8 6 
0 . 7 4 6 9 8 . 3 2 7 3 1 . 3 8  7 6 0 . 2 9  7 9 8 . 64 8 2 6 . 2 3 8 4 6 . 9 6 8 6 6 . 06 8 8 8 . 1 9 
0 .  7 6  6 3 4 . 3 5  6 5 7 . 0 6 6 8 5 . 9 8  7 18 . 03 7 5 4 . 8 9 7 7 2 . 19 7 9 4 . 7 8  8 2 1 . 6 3 
0 . 7 8 57 1 . 1 9 5 9 6 . 6 9 6 2 2 . 8 8 6 4 9 . 2 8  6 8 5 . 0 3 7 0 3 , 67 7 2 6 . 8 8 7 5 6 . 2 3 
0 . 8 0 5 1 2 . 51 5 3 9 . 6 2 55 5 . 07 5 8 6 . 8 8 6 1 8 . 5 3 6 3 7 . 9 3 6 5 8 . 77 6 8 4 . 8 9 
0 . 82 4 5 8 . 3 6 4 7 7 . 3 2 4 8 9 . 7 0  52 2 . 47 5 5 3 . 6 0 5 7 2 . 2 8 5 9 2 . 60 6 1 5 . 7 2  
0 . 84 3 9 7 . 5 8 4 12 . 6 5 4 2 3 . 6 8 4 5 4 . 9 6 4 8 3 . 84 5 0 3 . 2 4 5 2 5 . 82 5 4 6 . 00 
0 . 8 6 3 2 9 . 4 9 3 4 6 . 8 1 3 5 0 . 0 6 3 83 . 7 6  4 1 3 . 7 5  4 3 2 . 10 4 6 0 . 63 4 7 7 . 7 9  
0 . 8 8 2 5 8 . 0 3 2 7 6 . 9 6 2 7 4 . 83 3 1 2 . 3 9  3 3 8 . 8 8 3 6 1 . 3 8  3 8 8 . 3 2 4 1 1 . 8 1 
0 . 9 0 1 8 4 . 7 5  2 0 5 . 9 1 2 0 3 . 1 8 2 3 9 . 1 0 2 6 0 . 3 2 2 8 6 . 12 3 13 . 72 3 4 1 . 5 5 
0 . 9 2 1 0 9 . 7 3  13 6 . 3 7 1 3 1 . 04 162 . 5 8 17 8 . 6 9 2 0 9 . 3 2 2 3 7 . 95 2 6 3 . 4 5 
0 . 9 4 3 5 . 4 6  6 2 . 0 9 57 . 3 9 8 8 . 7 2  1 0 1 . 9 1  13 2 . 4 6  1 6 1 . 7 8  1 8 1 . 6 8 
0 . 9 6 - 3 4 . 87 - 9 . 6 4 - 16 . 40 1 5 . 5 0 3 2 . 0 9 5 8 . 63 8 6 . 9 8 1 0 1 . 96 
0 . 9 8 - 1 11 . 3 6  - 8 8 . 7 2 - 9 3 . 5 6 - 5 7 . 7 8 - 3 6 . 8 6 - 1 1 . 7 5  1 6 . 40 2 9 . 0 9 
1 . 0 0  -197 . 57 - 17 7 . 6 1 -183 . 8 5 - 1 4 8 . 13 - 1 18 . 9 9 - 97 . 2 1  - 6 6 . 02 - 5 1 . 3 3 
1 . 0 2 - 27 6 . 72 - 2 54 . 9 4 - 2 6 9 . 9 9 - 2 3 4 . 3 9 - 2 0 7 . 3 7 - 1 8 6 . 2 8  - 1 5 4 . 09 - 1 4 1 . 3 4 
1 . 0 4 - 3 4 7 . 6 8 - 3 3 0 . 9 0 - 3 4 5 . 8 9 - 3 1 4 . 1 6 - 2 8 8 . 4 3  - 2 6 9 . 57 - 2 3 8 . 06 - 22 5 . 22 
1 . 0 6 -414 . 4 1  - 3 9 4 . 5 4 - 4 0 9 . 5 4 - 3 8 3 . 8 5 - 3 5 6 . 8 9 - 3 3 7 . 7 1  - 3 12 . 3 7 -2 9 5 . 3 9 
1 . 0 8 - 4 7 4 . 3 1  - 4 5 4 . 4 2 - 4 6 8 . 04 - 4 4 9 . 9 0 - 4 2 7 . 14 - 4 0 1 . 7 2  - 3 8 3 . 3 6 - 3 6 0 . 97 
1 . 10 - 5 3 0 . 5 9 - 5 1 3 . 03 - 5 2 7 . 0 5 - 5 12 . 8 9 - 4 9 1 . 83 - 4 6 3 . 64 - 4 4 7 . 43 - 4 2 1 . 54 
1 . 12 - 5 8 5 . 7 2  - 5 7 3 . 1 6 - 5 9 1 . 9 9 - 5 8 0 . 8 2 - 5 5 3 . 5 3 - 53 0 . 9 3 - 5 0 8 . 8 5 - 4 8 3 . 03 
1 . 14 - 6 4 3 . 9 5 - 6 3 3 . 7 0  - 650 . 3 2  - 6 4 0 . 24 - 6 1 2 . 8 5 - 6 0 1 . 9 0 - 5 6 9 . 65 - 5 4 6 . 60 
1 . 16 -702 . 0 0 -6 9 4 . 6 8 - 7 0 8 . 7 5  - 6 9 9 . 9 8  - 6 8 3 . 8 1 - 6 7 0 . 4 5  - 6 3 4 . 67 - 6 1 1 . 5 5 
1 . 1 8 - 7 6 2 . 02 - 7 5 7 . 14 - 7 67 . 2 6  - 7 6 0 . 3 2  - 7 5 3 . 7 4  -73 5 . 8 5 - 7 0 3 . 0 1 - 6 8 7 . 67 
1 . 2 0 - 8 18 . 7 4  - 8 17 . 0 3 ·  - 8 3 2 . 02 - 8 2 7 . 2 1  - 8 1 8 . 7 5  - 8 0 0 . 57 - 77 6 . 94 - 7 6 5 . 16 
1 . 22 - 87 4 . 1 1 - 8 6 8 . 4 7 - 8 9 1 . 8 1 - 88 4 . 07 - 8 7 7 . 42 - 8 62 . 0 8 - 8 4 6 . 7 2 - 8 3 4 . 6 5 
1 . 2 4 - 9 1 8 . 3 4 - 9 13 . 3 9  - 9 4 3 . 4 8 - 93 0 . 2 8  - 9 2 9 . 6 9 - 9 1 6 . 6 3 - 90 2 . 9 8 - 8 8 9 . 4 8  
1 . 2 6 - 9 5 5 . 5 4 - 9 5 5 . 3 5  - 9 8 5 . 87 - 9 7 3 . 2 3 - 97 1 . 1 8 - 96 0 . 14 - 9 4 9 . 13 -9 3 5 . 7 0 
1 . 2 8 - 9 8 8 . 5 9 - 9 8 9 . 67 - 1 02 0 . 6 2 - 1 0 0 9 . 57 - 1 0 0 6 . 1 0 - 9 9 5 . 5 9 - 9 8 5 . 3 3 - 9 7 3 . 05 
1 . 3 0  - 1 0 1 9 . 24 - 1 02 1 . 9 1 -104 9 . 5 6 -1044 . 5 3 - 1 0 3 7 . 6 8 - 1 02 4 . 9 8 - 1 0 1 9 . 6 8 - 1 0 0 7 . 97 
1 . 3 2  - 1 03 6 . 1 5 - 1 03 9 . 8 9 -1075 . 2 1 -107 1 . 02 - 1 0 62 . 5 6 - 1 0 5 1 . 09 - 1 0 4 5 . 34 -10 3 5 . 2 6  
1 . 3 4 - 1 0 5 0 . 0 8 - 1 0 5 4 . 3 1 -1094 . 6 8 - 10 9 0 . 87 - 1 0 8 4 . 6 0  - 1 07 6 . 16 - 1 0 6 8 . 61 - 1 0 5 6 . 7 6  
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Table 15 Continued 

1 . 3 6 - 1 0 5 7 . 4 8 - 1 0 6 3 . 9 1 - 1 10 9 . 6 3 - 1 1 0 5 . 9 9 - 1 1 0 3 . 50 - 1 0 9 4 . 5 4 - 1 0 8 8 . 0 1 - 1 07 5 . 5 3 

1 . 3 8 - 1 07 0 . 0 0 - 1 0 7 7 . 2 0 - 1 12 3 . 13 -11 2 5 . 16 -1119 . 5 9 -1116 . 1 0 - 1 1 1 0 . 2 0 - 1 0 9 7 . 5 4 

1 . 4 0 - 1 0 8 0 . 4 6 - 1 0 9 2 . 7 3  - 1 13 9 . 8 9 -11 4 1 . 0 2 -1142 . 17 - 1 1 3 6 . 4 2  -11 3 3 . 4 0 - 1 12 1 . 8 9 

1 . 42 - 1 0 9 8 . 5 3 -1112 . 0 7 - 1 1 5 8 . 0 6 -1167 . 8 0 - 1 1 67 . 7 6 -11 6 6 . 1 1 - 1 15 9 . 0 8 - 1 1 5 2 . 7 2  

1 . 4 4 - 1 1 0 2 . 18 - 1 12 6 . 6 1 - 1 17 9 . 0 8 -1192 . 62 -1 187 . 2 3  - 1 18 8 . 47 - 1 1 8 2 . 6 3 - 1 17 9 . 0 2 

1 . 4 6 - 1111 . 9 8  - 1 13 6 . 7 9 - 1199 . 6 4 - 1 2 1 1 . 88 - 1 2 0 6 . 7 8 - 1 2 1 0 . 4 3 -12 0 5 . 0 7 - 1 19 8 . 03 

1 . 4 8 - 1 1 1 6 . 92 - 1 1 4 3 . 50 - 1 2 0 6 . 3 3 - 12 17 . 13 - 1 2 1 9 . 6 1 - 1 2 2 3 . 2 6 - 1 2 1 8 . 7 4  - 12 1 5 . 81 

1 . 5 0 - 1114 . 2 4 - 1 1 4 6 . 4 0  - 1 2 0 6 . 7 5  - 1 22 0 . 3 8 - 12 2 6 . 07 - 1 2 2 8 . 77 - 1 2 2 7 . 2 2 - 1 22 5 . 5 9 

1 . 52 - 1 1 0 6 . 3 2 - 1 13 9 . 9 3 - 1 19 6 . 8 4 - 1 2 1 4 . 44 - 1 2 2 2 . 16 - 12 2 8 . 54 - 1 2 2 9 . 2 7 -12 2 8 . 8 8 

1 . 5 4 - 1 0 9 4 . 7 6 - 1 1 2 7 . 4 6 -1184 . 02 - 12 0 6 . 29 -12 14 . 9 4 - 1 22 1 . 8 2 -1 2 2 3 . 67 - 1 2 2 3 . 5 5 

1 . 5 6 - 1 0 7 7 . 18 - 1 1 0 8 . 2 9  - 1 1 6 8 . 16 -119 1 . 1 6 - 11 9 7 . 9 6 - 1 2 0 8 . 80 - 1 2 1 4 . 4 3 - 1 2 13 . 98 

1 . 58 - 1 0 5 1 . 9 0  - 1 0 8 9 . 5 1 - 1 1 5 0 . 03 -117 5 . 9 2 - 1 1 8 4 . 0 6  - 1 1 9 6 . 5 6 - 1 2 0 3 . 0 5 - 1 2 0 0 . 8 3 

1 . 60 - 1 0 3 3 . 3 5 - 1 0 6 8 . 3 7 - 113 0 . 5 8 - 1154 . 91 -11 6 3 . 2 0 - 1 1 7 9 . 9 3 - 1 1 8 6 . 97 - 1 1 8 7 . 19 

1 . 6 2 - 1 0 0 9 . 17 - 1 0 4 6 . 2 6 - 1 1 0 6 . 15 - 1 1 2 4 . 90 -1144 . 09 - 1 1 5 8 . 9 5 - 1 1 6 7 . 3 5  - 1 1 6 8 . 13 

1 . 64 - 9 7 9 . 7 8 - 1 0 1 4 . 5 1 - 1 07 1 . 7 0  - 1 0 9 3 . 5 5 - 1 118 . 1 0 - 1 12 6 . 5 8 - 1 1 3 8 . 9 9 - 1 1 4 2 . 0 6 

1 . 6 6 - 9 4 8 . 7 0  - 9 7 8 . 7 4 - 1 0 3 6 . 7 5  - 1 0 5 9 . 0 6 - 1 0 8 5 . 6 0  - 1 0 9 2 . 7 5 - 1 1 0 4 . 89 - 1 10 9 . 4 9 

1 . 6 8 - 9 0 9 . 8 4 - 94 1 . 42 - 1 0 0 0 . 2 9 - 1 0 2 2 . 55 - 1 0 4 6 . 7 7 - 1 0 57 . 7 3  - 10 6 5 . 19 - 1 0 7 2 . 0 0 

1 .  7 0  - 8 6 1 . 7 6  - 8 9 6 . 5 1 - 9 5 4 . 6 8 - 9 8 2 . 44 - 1 0 0 4 . 7 1  - 1 0 1 8 . 2 0 - 1 0 2 5 . 4 6 - 1 0 3 6 . 3 3 

1 . 7 2 - 8 0 2 . 27 - 8 3 5 . 3 7 - 9 0 1 . 7 4  -9 3 1 . 7 3 - 9 5 5 . 4 4 - 97 1 . 7 9  - 9 8 2 . 2 3 - 9 9 4 . 3 7 

1 . 7 4 - 7 4 0 . 32 -7 7 9 . 5 8 - 8 52 . 0 5 -877 . 2 3 - 9 0 4 . 57 - 9 2 1 . 6 9 - 9 3 2 . 2 5  - 9 4 5 . 0 4 

1 .  7 6  - 6 7 6 . 9 3 - 7 17 . 10 - 7 9 7 . 6 6 - 8 1 6 . 97 - 8 4 9 . 8 8 - 8 67 . 32 - 87 3 . 4 2 - 8 9 4 . 4 8  

1 . 7 8  - 6 2 2 . 7 7 - 6 5 3 . 8 4 -741 . 47 -7 57 . 7 3 - 7 9 2 . 4 5 - 8 1 1 . 3 3 - 8 1 6 . 62 - 8 3 6 . 0 1 

1 . 8 0 - 56 9 . 3 2 - 5 9 1 . 6 6 -677 . 13 - 6 9 0 . 6 9 - 7 2 4 . 2 3  -7 4 5 . 3 2 - 7 5 1 . 4 3 - 7 7 7 . 08 

1 . 82 - 5 0 8 . 58 - 52 6 . 4 2 - 6 0 5 . 9 9 - 6 17 . 0 7 - 6 54 . 6 2 - 6 7 5 . 5 6 - 6 8 8 . 7 1  - 7 1 1 . 7 4 

1 . 84 - 4 3 8 . 0 2 - 4 6 1 . 2 0 -5 3 1 . 1 6 -547 . 6 3 - 5 7 7 . 0 1 - 6 0 3 . 0 5 - 6 18 . 5 8 - 6 3 6 . 94 

1 . 8 6 - 3 7 2 . 2 7 - 3 9 8 . 27 - 4 6 1 . 19 - 4 8 2 . 4 9 - 5 0 4 . 9 1 - 5 2 8 . 4 0 - 5 4 6 . 5 3 - 5 6 0 . 7 5  

1 . 88 - 3 0 5 . 69 - 3 3 0 . 4 2 - 3 9 1 . 6 5 - 4 12 . 5 4 - 4 3 9 . 17 - 4 5 2 . 04 - 4 7 2 . 7 2  - 4 8 5 . 9 7 

1 . 90 - 2 3 5 . 62 - 2 6 1 . 2 2 - 3 1 5 . 6 5 - 3 40 . 16 - 3 6 6 . 2 6 - 3 7 9 . 97 - 3 9 9 . 2 3 - 4 07 . 2 2  

1 . 92 - 1 6 3 . 0 5 -187 . 9 1 -2 3 9 . 6 4 - 2 64 . 2 0 - 2 9 0 . 7 8  - 3 0 1 . 9 3 - 32 4 . 6 6 - 3 2 8 . 9 2 

1 . 9 4 - 9 6 . 12 - 117 . 7 8  - 1 6 5 . 9 5 - 1 9 0 . 9 9 - 2 17 . 62 - 22 6 . 61 - 2 5 3 . 2 6 - 2 5 4 . 3 7 

1 . 9 6 - 2 7 . 7 4 - 5 1 . 3 3 - 9 6 . 57 - 12 0 . 7 7 -147 . 2 9 -155 . 07 - 17 9 . 2 9  - 1 8 3 . 9 4 

1 . 9 8 47 . 94 2 0 . 7 4 - 2 2 . 7 2 - 4 9 . 7 7 -74 . 7 8  -84 . 4 3 - 1 0 7 . 6 5 - 1 1 1 . 10 

2 . 00 1 3 7 . 2 5  11 1 . 6 8 6 0 . 54 3 2 . 6 6 9 . 2 3 -2 . 8 0 - 2 8 . 9 4 - 3 1 . 4 4 
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Table 1 6  Test CS 1 (small current alone): 
parameters 

' cs 1 -cv. dat '  
TEST CS1 - Mobile bed, small current 
D50= 0 . 1 2 4mm, no sediment transport 

U at 3 00mm above bed =159mm/ s 
Water temp . =15 degrees , kinematic viscosity =1 . 15mmE2 / s  

CYCLE -AVERAGED VELOCITY DATA 

- - -
z u V w s igu s igv s igw E / rho -U ' W '  -V ' W '  

Time-averaged flow 

-u ' v' 
mm mm/11 mm/ s mm/11 mm/s mm/11 mm/s ( mm / 11 ) E2 (mm/ s ) E2 (mm/11 ) E2 ( mm/ s ) B2 

6 2 6 . 5  152 . 88 - 0.42 0 . 3 7 3 . 7 7  3.95 4 . 07 3 6 0 . 9 1 6 3 . 9 8  -56 . 3 8  6 0.40 
3 2 6 . 5  157 . 5 1  - 0 . 2 3 0 . 44 3 . 6 1  3 . 47 3 . 87 2 7 0 . 16 8 . 8 0 - 3 9 . 3 2 1 6 . 64 
2 7 6 . 5  1 6 1.7 4 0 . 4 6  0 . 0 0 3 . 55 3 . 2 8  3 . 7 6  2 37 . 8 1  6 . 47 - 3 8 . 84 1 6 . 72 
2 2 6.5 165.66 - 0 . 08 - 0.0 6 3.43 3 . 3 1 3 . 67 2 1 9 . 59 - 9 . 15 - 3 2 . 03 1 . 59 
17 6 . 5  17 1.3 1 0 . 09 - 0 . 17 3 . 11 3 . 04 3 . 3 9 155 . 53 -3 . 17 -27 . 06 13 . 09 
12 6 . 5 1 7 6 . 8 2  - 0 . 2 5  o.oo 3 . 14 2 . 8 6 3 . 17 1 3 2 . 2 6  - 8 . 67 - 17 . 3 3  12 . 35 
116 . 5  1 8 1 . 3 7 - 0 . 11 - 0 . 05 2 . 9 1 2 . 7 8  3 . 02 1 0 7 . 54 - 0 . 87 - 9 . 8 1 9 . 9 3 
1 0 6 . 5  17 9 . 7 2  0 . 04 0 . 05 3 . 05 2 . 8 9 3 . 11 125 . 13 - 2 . 8 1 - 10 . 9 8 12 . 44 

9 6 . 5  174 . 6 1 0 . 0 6 0 . 0 3 2 . 9 0 2 . 84 2 . 9 6 10 6.24 - 1 . 27 - 10.59 6 . 97 
8 6.5 1 8 1 . 7 9  0 . 3 0 0 . 04 2 . 9 8 2 . 7 2  2 . 7 7 9 6.34 4.18 -3.74 8 . 56 
7 6 . 5  1 8 2 . 63 - 0 . 2 0  - 0 . 10 2 . 84 2 . 87 2 . 62 9 0 . 42 5 . 07 - 3 . 8 3  6 . 5 3  
7 1 . 5  1 84 . 3 8 0.07 0.10 2 . 85 2 .  7 5  2 . 56 8 3 . 05 1 . 9 0 -5 . 62 8 . 2 1  
6 6 . 5  1 8 3 . 8 0 0 . 2 1  0 . 0 2 2 . 94 2 . 8 8 2 . 55 9 3 . 18 7 . 57 1 . 81 3 . 77 
6 1 . 5  1 7 8 . 93 - 0 . 12 0 . 19 3 . 00 2 . 85 2 . 53 9 3 . 58 8.83 -2 . 54 15 . 60 
56 . 5  1 8 1 . 7 3  - 0 . 2 0  - 0 . 07 3 . 13 2 . 85 2 . 56 1 0 2 . 56 7 . 7 1 - 1 . 00 1 0 . 84 
5 1 . 5  1 6 0 . 82 -0.12 0 . 02 9 9 9 . 9 9 9 9 9 . 9 9 9 9 9 . 9 9 9 9 9 . 9 9 9 9 9 . 9 9 9 9 9 . 9 9  9 9 9 . 9 9 
4 6 . 5  174 . 8 6 0 . 07 0 . 12 3 . 1 1 2 . 94 2 . 42 1 0 1 . 51 14 . 7 9  -4 . 2 2 1 9 . 6 2 
41.5 17 3 . 3 6  0 . 12 - 0 . 03 3 . 24 2 . 97 2 . 3 3  1 0 8 . 35 11 . 84 -5 . 15 2 2 . 87 
3 6 . 5  17 1 . 58 - 0.40 - 0 . 04 3 . 3 1 2 . 85 2 . 3 1 1 0 7 . 3 0 14 . 8 9 -3 . 2 8  12 . 00 
3 1 . 5  158 . 8 6 - 0 . 37 0 . 2 0  3 . 8 0  2 . 9 6  2.2 1 154 . 9 2 1 1 . 40 2.3 1 - 9 . 8 8 
2 6 . 5  159 . 18 -0 . 09 - 0 . 02 3 .2 5  2 . 9 0  2 . 24 1 0 3 . 7 3  12 . 44 -2 . 74 1 . 7 2  
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Table 1 7  Test CS2 (large current alone): 
parameters 

Time-averaged flow 

' c s 2 -cv . dat ' 
TEST CS2 - Mobile bed , large current 
D 5 0 =0 . 12 4mm, ripple wavelength and height = 100mm x 15mm 

U at 3 0 0mm above bed = 3 8 6mm/s 
Water t e mp .  = 1 5  degrees , kinematic viscosity =1 . 1 5mmE2 / s  

CYCLE -AVERAGED VELOCITY DATA 

z u V w s igu sigv sigw E / rho - u ' w '  -v ' w '  -u ' v '  
mm 11111!/ S  mm / s  mm / s  mm / s  mm / s  mm / s  (mm/s ) E2 ( mm/ s ) E2 ( mm/ s ) E2 ( mm / s ) E2 

3 15 . 5  3 8 4 . 6 1 - 0 . 2 0  0 . 51 5 . 11 4 . 46 4 . 9 8 8 4 5 . 6 5  - 2 5 . 2 8 - 8 5 . 8 9 107 . 8 6  
2 68 . 5  3 91 . 2 8  - 0 . 06 - 0 . 13 4 . 9 6 4 . 2 8  5 . 0 4 7 9 1 . 47 - 2 . 0 4 - 9 8 . 5 5 8 7 . 4 6 
2 17 . 5  3 9 6 . 3 8 0 . 3 3 -0 . 5 5 4 . 5 6 4 . 04 4 . 63 57 8 . 6 3 2 . 61 - 3 9 . 94 7 1 . 8 5 
1 64 . 5  4 0 0 . 7 1  - 0 . 4 1  0 . 2 2 4 . 2 2 3 . 87 4 . 24 4 3 2 . 16 - 2 7 . 3 3 - 2 9 . 8 2 5 4 . 5 8 
1 13 . 5  3 9 9 . 3 3  - 0 . 12 0 . 3 0 4 . 4 6 3 . 9 8 3 . 9 4 4 4 3 . 0 9 6 5 . 6 9 4 . 55 7 7 . 2 7 
1 0 2 . 0  3 8 8 . 5 9 - 0 . 3 8  0 . 4 4 5 . 2 3 4 . 13 3 . 9 8 6 4 5 . 3 0 1 9 2 . 5 9 - 1 2 . 1 3 8 0 . 0 1 

9 1 . 5  3 7 9 . 4 7 - 0 . 2 2 - 0 . 2 2  5 . 5 8 4 . 2 5  4 . 04 7 8 0 . 0 8 2 3 4 . 16 - 1 9 . 6 3 8 4 . 5 8 
8 0 . 5  3 6 8 . 53 0 . 1 0 - 0 . 02 5 . 8 5 4 . 41 4 . 09 914 . 2 1 2 1 6 . 1 5 -2 8 . 6 0 1 2 9 . 8 3 
6 9 . 5  3 6 5 . 4 5 - 0 . 0 9 - 0 . 1 0 5 . 9 2 4 . 4 8 4 . 0 6 9 5 2 . 2 9 2 3 5 . 5 6 - 4 8 . 8 9 2 07 . 5 9 
58 . 5  3 4 4 . 17 0 . 27 - 0 . 14 5 . 8 9 4 . 6 6 4 . 0 1 9 67 . 10 1 9 5 . 6 9 - 9 0 . 5 7 121 . 3 6 
5 2 . 5  3 1 3 . 3 8 - 0 . 3 6 0 . 1 8 6 . 10 4 . 87 4 . 2 1 1 1 2 8 . 8 5 2 4 2 . 4 5 - 12 3 . 7 5 8 1 . 3 1 
4 6 . 5  2 9 7 . 44 0 . 4 7 0 . 5 6 5 . 8 3 4 . 9 0 4 . 23 1 0 2 8 . 2 9  1 9 2 . 7 6  - 1 4 4 . 1 2 1 8 9 . 7 5  
4 1 . 0  2 9 7 . 51 0 . 3 6 0 . 17 5 . 7 9 4 . 9 6 4 . 15 1011 . 8 5 1 8 8 . 2 1 - 1 5 1 . 04 2 5 8 . 9 3 
3 5 . 0  3 0 9 . 7 3 -0 . 47 0 . 07 5 . 8 6 4 . 7 8  4 . 19 1 0 0 6 . 44 14 1 . 1 4 - 1 1 8 . 7 5  1 3 8 . 4 8  
2 9 . 0  2 8 1 . 5 5 - 0 . 51 - 0 . 4 4 5 . 8 4 4 . 8 0 4 . 23 1 0 0 7 . 2 7 1 1 8 . 4 2 - 1 5 1 . 2 5  9 3 . 6 6 
2 3 . 0  2 8 3 . 16 0 . 3 3 0 . 7 7  5 .  7 0  4 . 77 4 . 3 3  9 6 2 . 2 4  164 . 3 5  - 1 6 8 . 08 - 0 . 6 7 
17 . 0  2 8 8 . 3 6 0 . 7 4  0 . 5 4 5 . 5 2 4 . 59 4 . 47 8 8 6 . 11 1 1 8 . 9 6 - 1 8 9 . 9 1 8 3 . 9 1 
1 1 . 5  2 7 4 . 8 6 -0 . 12 - 0 . 4 1  5 .  7 2  4 . 67 4 . 2 9 9 4 0 . 3 8  112 . 6 6 - 1 7 3 . 22 1 1 8 . 9 2  

' c s 2 - c c . dat ' 
CYCLE - AVERAGED CONCENTRATION DATA ' c s 2 - f l . dat ' 

CYCLE -AVERAGED F LUX DATA 

When tag=1, measurements were only made of sediment 
concentration s . Ensembl e - averaged veloc ities were 
calculated at each pha s e ,  by a s suming a logarithmic 
decay in velocity between the value at the lowest 
measurement level and z ero velocity at z O . 

z c s igC c ' u '  c ' v '  c ' w '  z <U> Tag < C >  < U > < C >  <UC > < UC > - <U > < C >  
mm kg/mE3 kg /mE3 kg/mE2skg/mE2skg/mE2s mm m/s kg/mE3 kg/mE2s kg /mE2s kg /mE2s 

3 1 5 . 5  0 . 0 1 8  0 . 0 0 7  - 0 . 0 1 8  0 . 003 0 . 00 7  3 1 5 . 5  0 . 3 84 6 2  0 0 . 0 1 8 0 0  0 . 0 0 6 9 2  0 . 0 0 0 0 0 · 0 . 0 0 0 0 0  
2 6 8 . 5  0 . 02 5  0 . 0 0 6  - 0 . 017 - 0 . 0 01 0 . 0 0 5  2 6 8 . 5  0 . 3 9 1 2 8  0 0 . 02 5 2 6  0 . 0 0 9 8 8 0 . 0 00 0 0  o.ooooo 
2 17 . 5  0 . 0 2 3  0 . 00 6  - 0 . 0 0 4  - 0 . 0 01 0 . 0 0 6  217 . s  0 . 3 9 6 3 8  0 0 . 0 2 3 3 8  0 . 0 0 9 2 7  0 . 0 0 0 0 0  0 . 0 0 0 0 0  
1 6 4 . 5  0 . 0 1 6  0 . 0 0 6  -0 . 010 - 0 . 0 02 0 . 003 1 6 4 . 5  0 . 4 0 0 7 1  0 0 . 0 1 6 2 8  0 . 0 0 6 5 2  0 . 0 0 0 0 0  0 . 0 0 0 0 0  
1 1 3 . 5  0 . 02 0  0 . 0 1 2  0 . 0 0 1  0 . 0 10 0 . 0 0 3  11 3 . 5  0 . 3 9 9 3 3  0 0 . 0 2 0 2 2  0 . 0 0 8 07 0 . 0 0 0 0 0  0 . 0 00 0 0  
1 0 2 . 0  0 . 03 0  0 . 02 1  0 . 0 08 0 . 0 22 0 . 0 06 102 . 0  0 . 3 8 8 5 9  0 0 . 0 2 9 8 3  0 . 0 1 1 5 9  0 . 0 0 0 0 0  0 . 0 0 0 0 0  

9 1 . 5  0 . 0 4 5  0 . 0 3 3  0 . 0 13 0 . 07 2  0 . 0 0 3  9 1 . 5  0 . 3 7 9 4 7  0 0 . 04 4 8 9  0 . 0 1 7 0 3  0 . 0 0 0 0 0  0 . 0 0 0 0 0  
8 0 . 5  0 . 0 3 6  0 . 02 4  0 . 0 2 6  0 . 067 - 0 . 0 17 8 0 . 5  0 . 3 6 8 5 3  0 0 . 03 5 9 9  0 . 0 1 3 2 6  0 . 0 0 0 0 0  0 . 0 0 0 0 0  
6 9 . 5  0 . 0 4 8  0 . 03 2  - 0 . 1 0 6  0 . 1 3 6  0 . 0 0 3  6 9 . 5  0 . 3 65 4 5  0 0 . 047 8 3  0 . 0 1 7 4 8  0 . 0 0 0 0 0  0 . 0 0 0 0 0  
58 . 5  0 . 0 8 2  0 . 04 0  - 0 . 0 0 3  0 . 14 3  0 . 03 1  5 8 . 5  0 . 34 4 1 7  0 0 . 0 8 2 4 5  0 . 02 8 3 8  0 . 0 00 0 0  0 . 0 0 0 0 0  
52 . 5  0 . 07 2  0 . 0 3 0  0 . 0 9 2  0 . 1 04 - 0 . 017 5 2 . 5  0 . 3 1 3 3 8  0 0 . 07 2 4 3  0 . 02 2 7 0  0 . 0 0 0 0 0 0 . 0 0 0 0 0  
4 6 . 5  0 . 1 0 5  0 . 04 9  - 0 . 02 4  0 . 07 8  0 . 00 6  4 6 . 5  0 . 2 97 4 4  0 0 . 1 0 4 8 6  0 . 0 3 11 9  0 . 0 0 0 0 0  0 . 0 0 0 0 0  
4 1 . 0  0 . 1 1 0  0 . 0 3 4  - 0 . 0 3 4  0 . 110 0 . 00 8  4 1 . 0  0 . 2 9 7 5 1  0 0 . 11017 0 . 0 3 2 7 8  0 . 0 0 0 0 0  0 . 0 0 0 0 0  
3 5 . 0  0 . 1 9 4  0 . 0 6 4  - 0 . 0 8 5  0 . 1 57 0 . 03 8  3 5 . 0  0 . 3 0 9 7 3  0 0 . 1 9 3 8 4 0 . 0 6 0 04 0 . 0 0 0 0 0  0 . 0 0 0 0 0  
2 9 . 0  0 . 3 1 7  0 . 04 5  - 0 . 07 2  0 . 04 2  0 . 007 2 9 . 0  0 . 2 8 1 5 5  0 0 . 3 1 6 9 0  0 . 0 8 9 2 2  0 . 0 0 000 o.ooooo 
2 3 . 0  0 . 3 7 8  0 . 0 6 1  0 . 0 58 0 . 02 8  - 0 . 02 5  2 3 . 0  0 . 2 8 3 1 6  0 0 . 3 7 7 8 5  0 . 1 0 6 9 9  0 . 0 0 0 0 0  0 . 0 0 0 0 0  
17 . 0  0 . 47 6  0 . 0 8 6  0 . 2 2 7  - 0 . 05 5  -0 . 1 1 0  17 . o  0 . 2 8 8 3 6  0 0 . 47 6 0 6  0 . 1 3 7 27 0 . 0 0 0 0 0  0 . 0 0 0 0 0  
1 1 . 5  0 . 7 1 5  0 . 0 9 9  - 0 . 07 6  0 . 0 8 9  0 . 2 01 1 1 . 5  0 . 27 4 8 6  0 0 . 7 1 5 3 9  0 . 19 6 6 3  0 . 0 0 0 0 0  0 . 0 0 0 0 0  
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Table 18 Test WS1 (small wave alone): 
parameters 

Cycle-averaged flov. 

TBST WS1 - Mobile bed, small wave 
D50=0 . 1 2 4mm, ripple wavelength and height = 1 00rnm x 1 5rnm 
T=1 0 s ,  U 0 = 4 11mm/ s ,  A0=6 54mm 
Water t emp .  = 1 5  degrees , kinematic viscosity =1 . 1 5mmB2 / s  

CYCLB -AVBRAGBD VBLOCrTY DATA 

z < U >  <V> <W> < s igU> < S igV> < s igW> < B / rho> < -U ' W ' >  < -V ' W ' >  < -U ' V ' > 
mm mm / s  rnm/s mm/s mm/s mm / s  mm / s  ( mm/ s ) B2 ( mm/ s ) B2 ( mm/s ) B2 ( mm/ s ) B 2 

5 9 9 . 9  - 5 . 2 8  2 . 8 2 0 . 5 9 9 . 2 5 8 . 2 1  8 . 6 9 12 1 . 7 4  5 . 4 5  1 0 . 0 3 - 8 . 2 5  
3 01 . 0  - 5 . 0 4 - 8 . 2 3 - 2 . 3 8  6 . 41 5 . 9 5 6 . 62 6 5 . 22 2 . 3 5 - 8 . 0 9 - 0 . 04 
2 57 . 6  -7 . 3 9 - 8 . 0 0 - 3 . 4 4 6 . 48 6 . 11 5 . 5 8 5 8 . 72 2 . 3 7 -7 . 5 6 - 2 . 2 6  
2 08 . 6  - 3 . 19 -7 . 4 6  - 4 . 5 0 14 . 9 7 6 . 07 5 . 9 0 1 6 3 . 3 3 - 1 2 . 3 4 - 6 . 14 - 4 . 2 4 
1 5 9 . 7  1 . 2 9  -7 . 0 9  - 3 . 80 6 . 5 4 5 . 85 5 . 57 5 7 . 5 8 - 0 . 08 - 4 . 52 7 . 3 8 
1 11 . 9  5 . 0 3 -4 . 8 2 - 5 . 6 9 9 . 1 3 7 . 3 3 7 . 02 9 8 . 58 1 . 2 6 - 4 . 05 - 2 . 7 3  
1 02 . 9  3 . 9 6 - 6 . 52 - 4 . 2 0 1 0 . 42 8 . 3 4 7 . 5 6 12 5 . 2 9  5 . 2 4  - 0 . 19 - 2 . 5 8 

9 3 . 9  3 . 3 3 - 5 . 2 0  -4 . 6 9 1 0 . 3 4 7 . 9 9 7 . 8 1 1 2 3 . 27 - 5 . 01 - 4 . 6 1 - 8 . 12 
8 5 . 0  2 . 14 -4 . 6 5  -4 . 5 4 9 . 7 9  7 . 5 8 7 . 4 1  1 0 7 . 3 9  - 1 . 7 3 - 2 . 0 8 - 1 . 2 1  
7 6 . 0  - 1 . 3 9  -3 . 2 9  - 6 . 4 4 8 . 8 3 7 . 3 0 7 . 4 2 9 6 . 13 - 1 . 9 3 - 3 . 9 6 1 . 12 
6 7 . 1  - 6 . 7 9  - 1 . 6 1 . - 5 . 8 5 9 . 5 6 7 . 3 4  6 . 7 0 9 9 . 57 - 1 . 7 9  - 4 . 6 2 - 0 . 10 
6 0 . 8  7 . 6 5 -3 . 3 7 - 9 . 3 9 12 . 6 5 1 0 . 85 1 0 . 3 6 2 0 5 . 87 - 6 . 13 - 4 . 6 8 2 . 5 2 
5 4 . 4  - 1 3 . 2 1 - 0 . 5 8 - 10 . 2 0 14 . 6 5  1 0 . 2 2 9 . 82 2 2 4 . 9 1 9 . 5 8  2 . 9 8 - 5 . 8 2 
4 6 . 9  -3 . 3 5 - 0 . 2 9 - 5 . 18 14 . 17 1 0 . 4 4 9 . 07 2 1 5 . 2 8 3 . 5 3 - 9 . 8 1 -2 . 3 7 
4 3 . 3  - 1 4 . 2 6  3 . 3 5 - 1 8 . 6 1 1 6 . 0 5  1 1 . 6 5  1 1 . 02 2 7 7 . 4 4 - 1 0 . 4 0  - 9 . 2 0 3 4 . 2 2  
3 5 . 2  - 1 . 7 1  - 0 . 7 1  -7 . 2 7 1 5 . 3 3 1 0 . 5 9 9 . 97 2 42 . 82 6 . 9 7 - 1 0 . 4 6 3 0 . 2 3 
3 2 . 2  - 6 . 1 8 6 . 02 - 19 . 8 0  1 6 . 8 8 1 1 . 2 3 1 1 . 4 9 2 8 9 . 9 1 - 1 6 . 8 1 - 1 5 . 7 7  17 . 72 
2 5 . 7  - 8 . 5 5 4 . 6 7 - 12 . 0 3 15 . 4 4 1 1 . 2 8  1 0 . 2 3  2 5 9 . 27 3 5 . 5 8 -2 1 . 9 6 1 0 . 04 
1 8 . 6  - 1 . 4 0  5 . 4 1 - 5 . 1 0 2 2 . 8 0 17 . 2 6 14 . 4 3 5 6 7 . 5 3 2 6 . 7 5 - 2 8 . 15 -3 0 . 4 7 
13 . 5  1 8 . 8 5 5 . 17 - 13 . 2 2 2 3 . 50 1 6 . 87 14 . 2 3 5 6 4 . 6 5  2 4 . 5 4 - 3 6 . 8 1 1 . 8 6 

7 . 4  - 0 . 7 3  1 .  7 7  - 1 5 . 7 3  2 3 . 8 6 1 5 . 9 0 1 1 . 62 5 17 . 27 - 3 8 . 4 3 - 3 7 . 02 - 3 6 . 9 1 

•ws1-cc . da t ' 
CYCLB -AVBRAGBD CONCBNTRATrON DATA 

z < C >  < S igC> < C 1 U ' >  < C ' V ' > <C ' W ' > 
mm kg/mB3 kg/mB3 kg/mE2s kg/mB 2 s  kg/mE2s 

5 9 9 . 9  0 . 0 02 0 . 0 0 3  0 . 0 0 1  0 . 00 0  0 . 0 0 1  
3 0 1 . 0  0 . 0 0 8  0 . 0 0 4  0 . 00 1  0 . 0 0 1  - 0 . 0 0 2  
2 57 . 6  0 . 01 0  0 . 0 0 5  0 . 00 3  0 . 0 0 5  0 . 0 0 1  
2 0 8 . 6  0 . 0 17 0 . 0 0 8  0 . 0 0 2  0 . 0 03 0 . 00 2  
1 5 9 . 7  0 . 04 7  0 . 02 5  - 0 . 0 0 9  0 . 0 0 3  0 . 0 0 6  
1 1 1 . 9  0 . 15 5  0 . 08 1  0 . 0 16 0 . 00 1  0 . 0 14 
102 . 9  0 . 14 7  0 . 07 2  0 . 00 3  - 0 . 0 3 7  0 . 02 7  

9 3 . 9  0 . 17 3  0 . 0 8 5  0 . 0 2 0  0 . 03 0  0 . 02 3  
8 5 . 0  0 . 15 6  0 . 06 9  - 0 . 0 02 0 . 00 6  0 . 0 1 1  
7 6 . 0  0 . 18 5  0 . 07 9  0 . 0 0 9  0 . 0 4 7  - 0 . 03 1  
6 7 . 1  0 . 2 0 6  0 . 0 7 4  0 . 017 0 . 0 2 0  - 0 . 0 0 9  
6 0 . 8  0 . 6 1 2  0 . 2 0 1  - 0 . 02 7  0 . 00 5  - 0 . 2 2 9  
54 . 4  0 . 4 1 5  0 . 19 5  0 . 03 3  0 . 00 0  - 0 . 11 1  
4 6 . 9  0 . 5 8 5  0 . 2 17 - 0 . 0 1 0  0 . 0 5 7  - 0 . 0 6 1  
4 3 . 3  0 . 5 52 0 . 22 9  0 . 19 7  - 0 . 02 1  0 . 0 8 7  
3 5 . 2  0 . 62 5  0 . 2 47 - 0 . 14 3  0 . 00 3  0 . 0 5 0  
3 2 . 2  0 . 7 4 8  0 . 3 2 3  0 . 12 9  0 . 1 0 6  - 0 . 2 8 1  
2 5 . 7  0 . 7 6 5  0 . 2 5 0  0 . 13 6  - 0 . 0 0 4  0 . 00 6  
1 8 . 6  1 . 2 2 1  0 . 3 7 0  0 . 0 8 7  0 . 2 9 2  - 0 . 0 3 8  
1 3 . 5  1 . 6 7 7  0 . 5 1 0  1 . 02 2  0 . 12 8  - 0 . 3 3 9  

7 . 4  2 . 12 0  0 . 3 8 2 1 . 0 1 8  0 . 4 8 8  - 0 . 1 9 8  
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Table 1 9  Test WS2 {large wave alone): 
parameters 

Cycle-averaged flo w  

' w s2 -cv . dat ' 
TEST WS2 - Mobile bed, large wave 
D50=0.12 4mm ,  sheet flow above ripples of wave length approximately 1600mm and height 1 5 0 - 2 00mm 
T=10 s ,  U0=1019mm/ s ,  A0=1622mm 
Water t emp . =15 degrees , kinemati c  viscosity = 1 . 15mmE 2 / s  

CYCLE -AVERAGED VELOCITY DATA 

z <0> <V> <W> < S igU> < s igV> < s igW> <B/rho> < -U ' W ' > < -V ' W ' > < -U ' V ' >  
mm mm / s  mm/s mm/s mm/s 't11111/ 8  mm / s  ( mm/ s ) B2 ( mm/ s ) B2 ( mm/s ) B2 (mm/s ) B2 

609.5 -11 . 70 6 9 . 70 -31 . 19 14 . 53 11 . 38 11 . 07 2 67 . 9 9  20.7 6 -23 . 84 - 2 7 . 1 9  
318.5 -11 . 9 2 63. 5 8  -33.92 12 . 45 10 . 05 10.38 2 02 . 16 6 . 4 9 - 2 9 . 5 6 - 7 . 98 
2 19 . 5  -15 . 9 1  63 . 94 -32 . 4 2  12 . 60 9 . 82 9 . 4 5  190.01 5.59 - 2 5 . 39 -11 . 77 
170 . 5  -13 . 91 6 5 . 72 -30 . 43 13 . 42 10 . 08 9 . 9 1 2 0 5 . 50 - 0 . 90 -32 . 66 - 1 9 . 5 5 
1 2 2 . 0  -14.11 6 8 . 4 6 -30 . 0 1  15 . 03 10 . 58 9 . 17 2 2 2 . 85 1 . 2 8 -19 . 14 -17 . 27 
114.9 - 13 . 85 6 7 . 6 1  - 2 9 . 9 1 14 . 43 10 . 39 8 . 81 2 10.9 9 3 . 8 9 - 2 4 . 37 - 7 . 17 
108 . 9  - 1 6 . 84 6 8.81 - 2 9 . 5 9 14 . 92 10 . 7 5  9 . 36 2 2 9.50 1 .  7 5  - 24.86 - 2 1 . 8 5  

98.5 -15 . 5 9 7 1 . 02 - 2 9.64 16 . 54 11 . 19 8 . 87 2 57.85 - 8 . 7 7  - 2 5.12 - 2 2 . 99 
85.7 -13 . 93 7 0 . 39 -30.43 15 . 44 11 . 2 8 8 . 39 235 . 3 2  6 .  9 0  - 2 9.07 - 2 7 . 01 
7 6.3 - 14 . 15 70.87 - 2 9 . 2 9 15 . 9 8 10 . 58 8.09 2 36.22 -8.11 - 2 7 . 60 -18 . 13 
70.6 -12 . 01 7 1 . 2 5  -28.52 17.15 11.12 7 . 8 1  2 63.63 -15 . 43 -23 . 66 - 2 8 . 84 
6 8 . 3  -4 . 00 71 . 7 9  -27 . 6 8 18 . 19 10 . 98 7 .90 2 8 2.37 - 6 . 34 -2 5 . 70 - 2 6 . 05 
5 9 . 4  1.11 71 . 38 - 2 7 . 5 4 18.17 10 . 7 0  7 . 83 270.54 -7 . 7 6  -20.82 -19 . 59 
5 4 . 1  2 . 8 5 73 . 20 - 2 5 . 23 18 . 44 10 . 4 9 7 . 4 5  2 80 . 08 -1 . 35 -19 . 31 - 13 . 35 
50 . 4  2 . 33 73 . 14 -2 5 . 08 19 . 7 9  . 10.7 5 7 .40 306 . 1 6 - 1 7 .37 - 1 5 . 36 -18.74 
4 4 . 5  10 . 18 7 4 . 7 2 - 2 4 . 14 18 . 52 10 . 6 6 7.78 281.59 -1 . 4 8 -17 . 70 -19 . 54 
38.1 2 1.23 78 . 43 - 23 . 6 9 19 . 23 10 . 13 6 . 87 2 7 2 . 54 -9 . 5 2 -15 . 24 - 4 . 61 
32 . 5  9.20 7 5 . 7 9 -23 . 60 1 8 . 6 9 9 . 8 9 6 . 9 2 2 6 6 . 94 -13 . 7 2  -12 . 95 - 2 4 . 68 
28 . 6  1 2 . 63 7 6 . 2 6  - 24.35 19 . 90 10 . 81 7 . 00 305 . 84 - 9 . 85 -15 . 2 7  -34 . 90 
2 4 . 8  14.70 7 9 . 01 - 2 5 . 61 19 . 28 10.29 6.37 2 6 9.2 9 0 . 0 6  - 6 . 6 6  - 2 2 . 0 9  
2 1 . 3  10 . 7 8 7 8 . 40 - 2 7 . 15 20 . 35 10 . 2 5  7 .5 2  316.93 -32 . 2 9 -8 . 90 -34 . 53 
2 0 . 7  900.00 900 . 00 900 . 00 900 . 00 900.00 900 . 00 900.00 9 9 9 . 9 9 9 9 9 . 99 9 9 9 . 9 9  
15 . 0  9.01 7 4 . 17 -32 . 52 20 . 55 11 . 38 6 . 6 5 319.29 0 . 01 - 7 . 93 - 2 9 . 28 
13 . 3  9 99.99 9 9 9 . 99 999 . 9 9 999.99 9 9 9 . 9 9 9 9 9 . 99 9 99 . 9 9 9 9 9 . 9 9 9 9 9 . 9 9 9 9 9 . 9 9 

9 . 0  999.99 999.99 9 99.99 999.99 9 9 9 . 99 9 99 . 99 9 9 9 . 9 9 9 9 9 . 9 9 999 . 99 9 9 9 . 9 9 
4 . 3  9 9 9 . 9 9 9 9 9 . 9 9 999 . 9 9 9 9 9 . 9 9  9 9 9 . 9 9 999.99 9 9 9 . 9 9 9 9 9. 9 9  9 9 9.99 9 9 9 . 9 9 

' w s 2 - c c . dat ' 
CYCLE -AVERAGED CONCENTRATION DATA 

z < C >  < s igC> <C'U ' > < C'V' > < C 1 W 1 > 
mm kg/mE3 kg/mE3 kg/mE2 s kg /mE2s kg /mE2 s 

609.5 0.120 0 . 02 1  o . ooo 0.008 -0 . 01 6  
318 . 5  0.162 0 . 035 -0 . 04 2  0 . 02 2  0.02 5 
2 19 . 5  0 . 2 5 5  0 . 057 -0 . 007 0 . 00 5  0 . 023 
170.5 0 . 336 0 . 08 5  0.032 0 . 05 2  -0 . 001 
122.0 0 . 57 3  0 . 1 5 7  0.02 1 0.173 0 . 00 5  
1 1 4 . 9  0 . 5 9 5  0 . 1 5 5  0.034 0 . 151 -0 . 037 
108 . 9  0 . 603 0 . 17 5  0 . 012 0 . 204 0 . 143 

9 8 . 5  0 .  7 7 8  0.220 0 . 235 0 . 0 5 7  0 . 114 
8 5 . 7  0. 8 4 5  0 . 2 2 7  0 . 2 20 0.2 2 5  0.104 
7 6 . 3  0 . 87 3  0.236 - 0 . 051 0 . 2 31 0.08 6  
70.6 0.909 0 . 2 5 9  -0.082 0 . 2 2 9  - 0 . 05 7  
68 . 3  1 . 04 2  0.2 63 0 . 2 92 0 . 14 4  0 . 032 
5 9 . 4  1 . 204 0 . 2 9 4  0.183 0 . 2 9 5  0 . 120 
5 4 . 1  1 . 341 0.338 0 . 509 0 . 2 0 1  0 . 188 
50.4 1 .  4 9 8  0 . 36 9  -0 . 099 0.152 -0 . 04 4  
4 4 . 5  1 .  5 9 9  0.396 0 . 330 0.37 5  0 . 10 1  
38 . 1  1 . 9 90 0 . 4 8 1  0 . 2 6 4  - 0 . 1 1 6  0 . 003 
32 . 5  2 . 32 9  0 . 5 4 7  0 . 06 9  0 . 117 0 . 2 14 
2 8 . 6  2 . 7 52 0 . 6 1 6  0 . 1 4 6  - 0 . 007 0 . 103 
2 4. 8  3 . 1 5 6  0 . 6 6 9  -0 . 02 2  0.4 16 0 . 02 9  
21.3 3 . 1 1 4  0 . 6 7 4  0.342 0 . 333 -0 . 012 
20 . 7  2 .  8 7 1  0.6 5 4  9 9 9.990 9 9 9 . 990 999 . 9 9 0  
15 . 0  3 . 8 4 2  0 . 7 35 0 . 057 0 . 053 - 0 . 5 2 7  
13 . 3  4 . 33 3  0 . 823 999 . 9 90 999 . 990 9 9 9 . 9 9 0  

9 . 0 4 . 7 7 8  0 . 8 5 1  9 9 9 . 9 90 9 9 9 . 990 9 9 9 . 9 9 0  
4 . 3 6 . 839 1 . 132 9 9 9 . 9 90 9 9 9 . 9 90 9 9 9 . 9 9 0  
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Table 20 Test :'NS2::�:fla.tg:tLJN.aw-alane# 
parameters 

Cycle-averaged flow 

' wc s 1 - c:v . dat ' 
TBST WCS1 - Mobile bed, small current + small wave 
D 5 0 = 0 . 1 2 4 mm ,  ripple wavelength and height = 100mm x 1 5 mm  
Time -av u ( c urrent only) at 3 0 0mm above bed =17 5mm/s 
'1'=10 s ,  U0=4 1 3 mm/ s ,  A0=6 57mm 
Water temp . =15 degrees , kinematic viscosity =1 . 15mmE2 / s  

CYCLB-AVERAGBD VELOCITY DATA 

z <tJ> <V> <W> <s igtl'> < s igV> <sigW> <B/rho> < -U ' W ' >  < -V ' W ' >  < -u • v' > 
mm mm / s  mm/s mm/ s mm/s mm / s  mm/s (mm/ s ) B2 (mm/ s ) B2 (mm/s ) B2 ( mm/ s ) B2 

5 9 7 . 4  1 8 8 . 09 - 0 . 10 0 . 5 7 1 3 . 65 12 . 24 16 . 2 9  3 0 9 . 94 3 . 01 - 6 3 . 04 1 . 6 6 
2 9 9 . 8  2 1 0 . 04 0 . 7 9  - 0 . 08 13 . 47 12 . 13 14 . 3 4 2 8 0 . 6 2 - 5 0 . 6 6  - 6 0 . 2 2 - 4 . 1 3 
2 52 . 2 2 1 5 . 6 8 0 . 2 3 - 0 . 52 1 3 . 10 1 0 . 24 12 . 5 9 2 2 9 . 54 - 4 0 . 07 - 3 5 . 33 - 8 . 8 4 
2 0 4 . 5  2 2 0 . 94 - 0 . 19 0 . 4 9  12 . 60 1 0 . 8 2 12 . 40 2 3 0 . 2 2 - 2 1 . 2 1  -37 . 7 5  - 1 1 . 84 
1 5 6 . 9  2 2 1 . 8 0 - 0 . 03 0 . 2 1  12 . 7 5  10 . 35 1 0 , 8 9 2 0 4 . 27 2 . 1 5  -27 . 7 8  6 . 7 7  
1 0 9 . 3  2 1 0 . 4 0  - 0 . 08 o . o s  1 5 . 5 5 1 2 . 40 11 . 64 277 . 2 7 2 8 . 7 8  - 2 9 . 8 4 5 0 . 13 
1 01 . 6  1 9 6 . 11 - 0 . 4 0 0 . 50 2 1 . 13 1 3 . 68 13 . 24 4 2 5 . 62 5 8 . 8 0 -22 . 4 8  6 8 . 8 6 

94 . 0  1 9 5 . 4 2 - 0 . 14 - 0 . 0 5 2 2 . 3 8 14 . 82 14 . 2 6 4 7 9 . 5 8 62 . 66 - 4 . 10 1 6 . 82 
8 6 . 4  1 8 8 . 0 7 - 0 . 3 2 0 . 4 6 2 1 . 37 1 4 . 1 5 13 . 13 4 32 . 2 1  5 3 . 0 5 - 2 9 . 3 8  2 9 . 3 3  
7 8 . 8  17 5 . 8 8 - 0 . 4 4 - 0 . 2 3 2 2 . 72 1 5 . 1 5 1 2 . 9 6 4 7 3 . 4 7 57 . 2 5  - 5 2 . 8 8 6 0 . 3 6  
7 1 . 1  1 6 7 . 8 5  - 0 . 3 2 - 0 . 2 8  2 0 . 8 1  1 5 . 40 12 . 3 4 4 3 4 . 7 5  6 1 . 4 1  -2 5 . 0 9 5 4 . 53 
6 9 . 6  144 . 5 0 0 . 0 2 - 0 . 17 2 2 . 98 1 5 . 5 0 12 . 2 8  4 7 8 . 7 1  4 4 . 0 1 -27 . 3 1 1 6 . 8 5 
63 . 7  1 3 8 . 4 8 - 0 . 7 4  o . os 2 3 . 15 1 6 . 2 9  13 . 0 0 5 06 . 9 8 14 . 17 -27 . 1 1 4 7 . 6 9 
6 3 . 6  1 5 1 . 9 1 0 . 3 3 0 . 4 3  22 . 7 6 1 6 . 3 4 13 . 2 5 510 . 3 8  4 6 . 3 3 - 5 9 . 1 6 3 6 . 4 5  
6 3 . 5  1 5 8 . 9 0 - 0 . 4 5 0 . 37 2 4 . 16 1 6 . 4 1 13 . 7 1  5 41 . 8 8 3 1 . 87 -72 . 7 9  3 0 . 00 
5 9 . 5  1 4 2 . 1 2 - 0 . 3 5  - 0 . 11 2 4 . 56 1 6 . 2 8  15 . 4 4 5 8 5 . 13 5 0 . 62 - 5 2 . 7 9  2 4 . 8 6 
5 7 . 8  1 3 9 . 7 3  0 . 2 9  - 0 . 02 2 3 . 2 8 1 5 . 10 12 . 64 4 92 . 7 4 3 4 . 4 1 -17 . 9 6 8 0 . 66 
5 1 . 8  1 3 2 . 8 1 - 0 . 5 8 - 0 . 17 2 2 . 4 6 1 5 . 53 13 . 07 47 8 . 0 1 2 3 . 16 - 3 9 . 8 7 5 5 . 3 2  
4 5 . 9  1 3 7 . 8 4 - 0 . 3 9  0 . 67 2 3 . 7 0  1 5 . 3 0  14 . 5 6 5 4 3 . 2 4 17 . 17 - 2 5 . 5 1 7 7 . 22 
4 0 . 0  1 1 9 . 19 - 0 . 3 6 0 . 5 9 2 2 . 3 1  1 5 . 7 4  13 . 18 4 8 9 . 12 2 8 . 82 - 5 5 . 0 8 3 7 . 4 6  
3 5 . 1  1 4 4 . 64 - 0 . 17 - 0 . 2 4 2 6 . 64 17 . 2 0  14 . 5 2 6 5 3 . 0 5 3 0 . 5 6 - 4 0 . 62 8 6 . 07 
3 4 . 1  1 1 9 . 3 3 0 . 0 6 - 0 . 17 2 4 . 9 2 1 5 . 63 13 . 4 9  5 5 3 . 3 4 2 4 . 16 - 3 8 . 9 0 4 4 . 67 
2 8 . 2  1 2 1 . 9 6  - 0 . 5 8 - 0 . 19 2 1 . 90 1 5 . 4 9 14 . 7 2  4 9 7 . 2 6  2 9 . 02 - 4 8 . 8 8 3 0 . 9 8 
2 2 . 3  1 0 7 . 9 1 - 0 . 06 - 0 . 8 1 2 4 . 7 5 1 5 . 96 14 . 3 9 5 5 8 . 3 8  -15 . 3 5  - 4 4 . 6 7  1 1 . 5 4  
16 . 4  8 7 . 8 6 - 0 . 14 - 1 . 1 0 2 7 . 50 19 . 17 16 . 52 747 . 5 1 - 4 8 . 3 3 - 8 0 . 3 5  - 3 1 . 5 7  

' wcs1- cc . dat ' 
CYCLE-AVERAGED CONCENTRATION DATA ' wc s 1 -f l . dat ' 

CYCLE-AVERAGED FLUX DATA 

When tag= 1 ,  measurements were only made o f  sediment 
concentrations . Ensemble-averaged veloci t i e s  were 
calculated at each phas e ,  by as suming a logarithmic 
decay in velocity between the value at the lowest 
measurement level and zero velocity at z O . 

z <C> < s igC> <C 1 U 1 >  <C ' V ' >  <C ' W' >  
mm kg /mB3 kg/mB3 kg/mB2skg/mB2 skg/mB2s z <U> Tag <C> <U><C> <UC> <UC > - <U><C> 

5 97 . 4  - 0 . 0 0 1  0 . 0 0 4  - 0 . 0 0 1  0 . 0 02 0 . 00 8  mm m/s kg /mB3 kg/mB 2 s  kg/mB2 s kg/mB 2 s  
2 9 9 . 8  0 . 00 0  0 . 00 5  0 . 0 0 3  - 0 . 0 0 1  0 . 01 1  597 . 4  0 . 1 8 8 0 9  0 - 0 . 0 0 0 9 7  - 0 . 0 0 0 1 8  - 0 . 0 0 0 1 4  0 . 0 0 0 0 4  
2 5 2 . 2  - 0 . 0 0 2  0 . 00 4  0 . 0 0 6  0 . 0 0 1  0 . 00 8  2 9 9 . 8  0 .  2 1004 0 - 0 . 00 0 4 8  - 0 . 0 0 0 10 - 0 . 0 0 0 2 4  - 0 . 0 0 0 13 
2 04 . 5  - 0 . 00 3  0 . 00 5  0 . 0 0 3  0 . 0 0 2  0 . 00 4  2 52 . 2  0 . 2 1 5 6 8  0 - 0 . 00 1 5 5  - 0 . 0 0 0 3 3  - 0 . 0 0 0 3 2  0 . 0 00 0 1  
1 5 6 . 9  0 . 0 0 2  0 . 0 1 0  0 . 0 1 0  0 . 0 1 1  0 . 00 0  2 04 . 5  0 . 2 2 0 9 4  0 - 0 . 0 0 2 7 4  - 0 . 0 0 0 6 1  - 0 . 0 0 0 6 6  - 0 . 0 0 0 0 5  
1 0 9 . 3  0 . 0 5 4  0 . 0 62 0 . 0 5 9  0 . 02 5  0 . 03 3  156 . 9  0 . 2 2 1 8 0  0 0 . 0 0 2 4 0  0 . 0 0 0 5 3  0 . 0 0 0 6 5  0 . 0 0 0 12 
1 0 1 . 6  0 . 0 3 9  0 . 057 0 . 0 5 0  0 . 08 8  0 . 02 3  109 . 3  0 . 2 10 4 0  0 0 . 0 5 4 4 3  0 . 0 114 5 0 . 0 0 5 8 8  - o . 0 0 5 57 

9 4 . 0  0 . 08 7  0 . 0 9 2 0 . 07 1  0 . 2 0 6  - 0 . 0 8 4  1 0 1 . 6  0 . 1 9 61 1  0 0 . 03 8 5 5  0 . 0 0 7 5 6  0 . 0 0 2 5 8  - 0 . 0 0 4 9 9  
8 6 . 4  0 . 0 6 2  0 . 07 5  - 0 . 0 8 9  - 0 . 0 6 6  - 0 . 0 9 8  94 . 0  0 . 19 5 4 2  0 0 . 0 8 6 8 5  0 . 0 1 6 9 7  0 . 00 6 4 5  - 0 . 0 1 0 5 3  
7 8 . 8  0 . 13 3  0 . 10 9  0 . 06 0  0 . 1 6 8  0 . 0:.1 0  8 6 . 4  0 . 1. 8 8 0 7  0 0 . 0 6 1 6 9  O . O l .l 6 0  0 . 0 0 0 9 7  - 0 . 0 1. 0 6 4  
7 1 . 1  0 . 14 4  0 . 1 0 7  0 . 0 8 4  0 . 07 9  - 0 . 0 3 3  7 8 . 8  0 . 17 5 8 8  0 0 . 13 2 6 8  0 . 0 2 3 3 4  0 . 0 0 1 3 5  - 0 . 0 2 1 9 8  
6 9 . 6  0 . 1 9 8  0 . 12 3  0 . 2 6 5  0 . 1 8 7  0 . 0 8 0  7 1 . 1  0 . 16 7 8 5  0 0 . 14 3 7 5  0 . 02 4 1 3  0 . 0 0 1 8 9  - 0 . 0 2 2 2 4  
6 3 . 7  0 . 2 27 0 . 12 9  0 . 14 8  0 . 097 -0 . 0 9 5  6 9 . 6  0 . 14 4 5 0  0 0 . 19 8 2 3  0 . 02 8 64 0 . 0 0 3 4 9  - 0 . 0 2 5 16 
6 3 . 6  0 . 3 5 9  0 . 18 3  -0 . 14 8  0 . 3 7 4  - 0 . 0 2 6  63 . 7  0 . 13 8 4 8  0 0 . 2 2 6 6 1  0 . 03 1 3 8  0 . 0 0 2 4 4  - 0 . 0 :.1 8 9 4  
6 3 . 5  0 . 2 5 8  0 . 1 6 5  -0 . 116 - 0 . 0 2 8 0 . 0 9 7 6 3 . 6  0 . 1 5 1 9 1  0 0 .  3 5 9 3 1.  0 . 0 5 4 5 8  0 . 0 1. 2 2 7  - 0 . 0 4 2 3 1 

5 9 . 5  0 . 3 4 6  0 . 17 8  0 . 8 3 6 -0 . 02 9  0 . 08 6  63 . 5  0 . 1 5 8 9 0  0 0 . 2 5 7 9 1  0 . 0 4 0 9 8  0 . 0 0 13 6  - 0 . 0 3 9 6 2  

5 7 . 8  0 . 3 0 1  0 . 17 5  - 0 . 3 8 0  0 . 2 7 9  - 0 . 0 0 2  59 . 5 0 . 14 2 1 2  0 0 . 3 4 6 2 3  0 . 0 4 9 2 1  0 . 0 2 2 6 2  - 0 . 0 2 6 5 9 

5 1 . 8  0 . 4 2 6  0 . 2 3 8  0 . 0 0 8  0 . 1 3 9  0 . 14 3  5 7 . 8  0 . 1 3 9 7 3  0 0 . 3 0 0 9 6  0 . 0 4 2 0 5  0 . 0 1. 3 0 3  - 0 . 0 2 9 0 2  

4 5 . 9 0 . 3 9 6  0 . 19 9  0 . 449 0 . 3 0 9  - 0 . 097 5 1 . 8  0 . 13 2 81 0 0 . 4 2 5 6 0  0 . 0 5 6 5 2  0 . 0 1 5 6 1  - 0 . 0 4 0 9 1  

4 0 . 0  0 . 3 0 5  0 . 12 8 0 . 0 97 0 . 2 1 5  0 . 0 0 0  4 5 . 9  0 . 1 3 7 8 4  0 0 . 3 9 5 9 2  0 . 0 5 4 5 7  0 . 0 0 6 7 3  - 0 . 0 4 7 8 5  

3 5 . 1  0 .  7 4 0  0 . 3 2 8  1 .  0 3 3  0 . 14 5  - 0 . 1 1 2  4 0 . 0  0 . 11 9 19 0 0 . 3 0 5 2 0 0 . 0 3 6 3 8  0 . 0 0 9 0 5  - 0 . 0 2 7 3 3  

3 4 . 1  0 . 4 2 0  0 . 17 9  0 . 3 13 o .  3 1 9  0 . 14 5  3 5 . 1  0 . 1 4 4 64 0 0 . 7 3 9 7 0  0 . 1 0 6 9 9  0 . 0 4 4 7 6 - 0 . 0 6 2 2 3  

2 8 . 2 0 . 5 7 6  0 . 2 3 1  0 . 0 8 5  - 0 . 1 6 6  - 0 . 4 3 0  3 4 . 1  0 . 1 1 9 3 3  0 0 .  4 1 9 9 4  0 . 0 5 0 1 1  0 . 0 1 7 0 9  - 0 . 0 3 3 0 2 

2 2 . 3 0 . 6 4 6  0 . 2 6 9  0 . 10 6  0 . 0 1 6  0 . 4 1 9 2 8 . 2  0 . 1 2 1 9 6  0 0 . 57 6 4 0  0 . 07 0 3 0  0 . 0 2 5 1 0  - 0 . 0 4 5 2 0  

1 6 . 4  0 . 8 5 9 0 . 3 12 0 . 57 6  0 .  7 1 3 0 . 2 9 4  2 2 . 3  0 . 1 07 9 1  0 0 . 6 4 5 8 8  0 . 0 6 9 6 9  0 . 0 3 3 0 9  - 0 . 0 3 6 6 0  

16 . 4 0 . 0 8 7 8 6  0 0 . 8 5 9 4 5  0 . 0 7 5 5 1  0 . 0 3 1 5 6  - 0 . 0 4 3 9 5  

S A  364 29/1 (1193 



Table 21  Test WCS2 (small current + large wave): Cycle-averaged 
flow parameters 

• wc s 2 - cv . dat ' 
TBST WCS2 - Mobile bed, small current + large wave 
D50=0 . 124 mm ,  sheet f low above rolling grain ripples 
Time-av u ( current only) at 3 0 0mm above bed =189mm/ s 
T=10 s ,  U 0 = 1 0 9 2mrn/ s ,  A0=17 3 8mrn 
Water t emp . = 1 5  degre e s ,  kinemat ic viscosity • 1 . 15mmB2 / s  

CYCLB-AVERAGBD VELOCITY DATA 

z <U> <V> <W> < S igU> <sigV> < s igW> <B/rho> <-U ' W ' > < -V ' W ' > < -U 1 V ' >  

mm mm / s 1111'11/ S  mm/ s mm/ s 1111'11/ S  1111'11/ S  (mm/s ) B2 (mm/ s ) B2 (mrn/ s ) B2 ( mm/ s ) B2 
607 . 5  2 0 5 . 13 0 . 41 1 . 10 2 8 . 94 2 1 . 7 6  3 1 . 5 5  1215 . 6 3 - 2 07 . 3 1 2 0 . 15 7 9 . 50 
3 18 . 5  2 2 2 . 3 8 0 . 02 0 . 9 7 2 5 . 14 2 2 . 6 4 2 4 . 3 1 9 2 5 . 07 - 1 0 3 . 5 3 -114 . 0 9 - 117 . 44 
2 7 1 . 7  2 2 4 . 5 5 0 . 8 2 0 . 41 2 2 . 9 5 1 9 . 7 5  2 4 . 3 9 8 0 3 . 2 0 - 1 5 1 . 2 3 - 96 . 1 1 - 9 2 . 14 
2 2 2 . 7  2 2 9 . 03 - 1 . 07 - 0 . 9 4 2 0 . 4 8 17 . 54 2 0 . 0 1 6 0 3 . 2 6 - 1 02 . 12 - 4 7 . 6 0 -2 5 . 00 
17 4 . 0  2 3 0 . 9 0 - 0 . 9 3 - 0 . 7 9  1 8 . 9 4 2 0 . 28 17 . 7 3  5 6 8 . 64 - 6 3 . 7 2  - 8 9 . 92 - 3 7 . 18 
1 3 2 . 1  2 3 5 . 47 0 . 9 6 - 1 . 4 3 2 1 . 98 2 2 . 3 4 19 . 1 4 7 10 . 2 4 -103 . 0 8 5 8 . 87 2 3 . 4 6 
1 2 2 . 8  2 3 3 . 3 8  - 0 . 4 3 - 0 . 4 6 2 4 . 07 2 0 . 9 5 15 . 9 2 6 7 6 . 04 - 7 0 . 5 1 - 3 8 . 12 - 8 5 . 3 0  
1 1 4 . 0  2 3 0 . 4 3 - 0 . 2 3  o.ss 2 1 . 01 1 8 . 9 3 14 . 7 3 5 4 2 . 38 - 3 0 . 83 - 2 0 . 10 - 24 . 92 

9 9 . 6  2 2 1 . 4 8 0 . 3 5 0 . 13 2 7 . 9 9 2 0 . 4 6 15 . 3 5 7 53 . 3 5  -81 . 47 - 4 5 . 9 3 - 8 1 . 7 6  
8 7 . 7  2 11 . 5 6 6 . 6 5 0 . 2 3  2 1 . 77 17 . 07 13 . 0 3 4 9 9 . 07 - 2 9 . 02 - 2 0 . 6 3 - 3 9 . 2 1  
7 6 . 6  2 0 9 . 2 5  - 0 . 7 8  0 . 2 3 2 5 . 16 2 0 . 08 1 1 . 9 8 6 1 4 . 3 4  - 3 . 13 - 4 2 . 9 4 - 1 6 9 . 47 
7 0 . 2  2 2 0 . 6 2 0 . 0 5 - 0 . 2 9 2 0 . 6 1 17 . 02 1 0 . 2 3 4 3 8 . 3 5  - 2 6 . 7 0  - 4 4 . 87 - 6 4 . 9 6 
6 6 . 7  2 2 2 . 2 0 - 0 . 0 5 -1 . 4 4 2 0 . 6 2 2 0 . 2 4 9 . 0 5 4 7 4 . 51 -14 . 9 8 - 2 5 . 2 1 - 8 6 . 1 5 
6 1 . 5  2 0 1 . 2 1 0 . 8 4 - 2 . 19 2 2 . 0 9 1 6 . 04 11 . 5 9 457 . 8 0 -23 . 0 6 0 . 6 4  - 5 2 . 2 1 
5 1 . 9  1 9 5 . 7 0 - 0 . 2 1  - 0 . 0 8 2 3 . 47 1 6 . 94 9 . 3 8 4 9 1 . 4 8  8 . 64 - 2 2 . 2 2  -103 . 0 2 
4 6 . 9  18 4 . 2 7 - 0 . 5 8 0 . 5 0 2 2 . 8 0 1 5 . 57 9 . 59 4 6 8 . 7 2 - 14 . 3 9 - 1 8 . 47 - 5 0 . 57 
4 1 . 4 1 6 4 . 2 8  3 .  07 0 . 2 1  2 1 . 8 3 1 5 . 89 7 . 8 5  4 2 3 . 5 3 - 3 8 . 4 6 - 2 7 . 07 - 5 0 . 2 1 
3 6 . 7  17 4 . 2 2 0 . 11 - 0 . 14 2 4 . 58 17 . 0 9  8 . 0 9 507 . 67 5 . 5 3 1 1 . 5 9 - 3 7 . 07 
2 8 . 3  1 5 5 . 5 4 0 . 0 5 - 1 . 3 3  2 2 . 7 9  2 3 . 07 8 . 10 5 8 6 . 4 0 - 8 3 . 7 2  3 8 . 3 4 - 3 5 . 16 
2 4 . 2  1 4 2 . 6 9  0 . 6 5 - 2 . 6 4 2 4 . 07 2 3 . 14 27 . 87 1071 . 16 - 9 6 . 5 0 - 3 0 0 . 7 9  4 8 . 6 1 
12 . 7  9 9 9 . 9 9 9 9 ! L 9 9 9 9 9 . 9 9 9 9 9 . 9 9 9 9 9 . 9 9 9 9 9 . 99 9 9 9 . 9 9 9 9 9 . 9 9 9 9 9 . 9 9 9 9 9 . 9 9 
1 0 . 0  9 9 9 . 9 9 9 9 ! L 9 9  9 9 9 . 9 9 9 9 9 . 9 9  9 9 9 . 9 9 9 9 9 . 99 9 9 9 . 9 9 9 9 9 . 9 9 9 9 9 . 9 9  9 9 9 . 9 9 

5 . 9  9 9 9 . 9 9 9 9 9 . 9 9 9 9 9 . 9 9 9 9 9 . 9 9 9 9 9 . 9 9 9 9 9 . 9 9 9 9 9 . 9 9 9 9 9 . 9 9 9 9 9 . 9 9 9 9 9 . 9 9 
3 . 0  9 9 9 . 9 9 9 9 9 . 9 9 9 9 9 . 9 9 9 9 9 . 9 9 9 9 9 . 9 9 9 9 9 . 9 9  9 9 9 . 9 9 9 9 9 . 9 9 9 99 . 9 9 9 9 9 . 9 9 
0 . 5  9 9 9 . 9 9 9 9 9 . 9 9 9 9 9 . 9 9 9 9 9 . 9 9 9 9 9 . 9 9 9 9 9 . 9 9 9 9 9 . 9 9 9 9 9 . 9 9 9 9 9 . 9 9 9 9 9 . 9 9 

• wc s 2 -cc . dat ' •wcs2 - f l . dat ' 
CYCLE-AVERAGED CONCENTRATION DATA CYCLE -AVERAGED FLUX DATA 

When tag = 1 ,  measurements were only made of s e diment 
concentrations . Ensembl e - averaged veloc i t i e s  were 
calculated at each phase ,  by as suming a logarithmic 
decay in ve locity between the value a t  the lowes t  
measurement level and zero velocity a t  z O .  

z < C >  < s igC > <C ' U ' > < C ' V ' >  < C ' W ' > z <U> Tag <C > < U > < C >  < UC >  < UC > - < U > < C >  
mm kg/mB3 kg/mE3 kg/mE2skg /rnE2skg/rnE2 s mm m/s kg/mB3 kg/mB 2 s  kg/mB 2 s  kg/rnE2s 

607 . 5  0 . 3 9 8  0 . 12 7  0 . 7 2 0  0 . 0 6 3  1 . 3 6 4  607 . 5  0 . 2 0 513 0 0 . 3 97 8 6  0 . 0 8 1 6 1  0 . 09 0 5 8  0 . 0 0 8 97 
3 18 . 5  0 . 43 8  0 . 09 5  0 . 001 0 . 42 0  0 . 3 5 0  3 1 8 . 5  0 . 2 2 2 3 8  0 0 . 4 3 8 4 3  0 . 0 9 7 5 0  0 . 0 9 9 2 5  0 . 0 0 1 7 5  
2 7 1 . 7  0 . 4 9 1  0 . 11 8  - 0 . 15 1  0 . 4 9 9  0 . 2 4 7  271 . 7  0 . 2 2 4 5 6  0 0 . 4 9 1 1 3  0 . 11 0 2 9  0 . 11 0 8 3  o.oooss 
2 2 2 . 7  0 . 6 2 0  0 . 1 1 6  0 . 0 5 8  0 . 4 10 - 0 . 2 2 8  2 2 2 . 7  0 . 2 2 903 0 0 . 6 1 9 6 4  0 . 14 1 9 1  0 . 14 3 4 7  0 . 0 0 1 5 6  
17 4 . 0  0 . 6 8 0  0 . 15 5  -0 . 019 0 . 6 7 2  - 0 . 1 9 5  174 . 0  0 . 2 3 0 9 0  0 0 . 6 7 9 6 6  0 . 1 5 6 9 3  0 . 1 5 9 5 7  0 . 0 0 2 6 4  
1 3 2 . 1  0 . 5 3 7  0 . 1 8 7  0 . 2 5 9  1 . 07 7  - 0 . 17 0  1 3 2 . 1  0 . 2 3 5 4 7  0 0 . 5 3 6 5 9  0 . 1 2 6 3 5  0 . 13 1 8 9  0 . 0 0 5 5 4  
1 2 2 . 8  0 . 5 9 4  0 . 2 1 4  0 . 12 5  0 .  7 5 3  0 . 2 57 1 2 2 . 8  0 . 2 3 3 3 8  0 0 . 5 9 3 6 4  0 . 1 3 8 5 4  0 . 14 5 0 7  0 . 0 0 6 5 2  
114 . 0  0 . 6 9 5  0 . 2 4 3  0 . 02 5  1 . 07 6  0 . 0 3 1  114 . 0  0 . 2 3 0 4 3  0 0 . 6 9 5 4 6  0 . 1 6 0 2 5  0 . 17 4 2 8  0 . 0 1 4 0 2  

9 9 . 6  0 . 8 0 2  0 . 3 2 9  0 . 3 9 8  2 . 07 0  -0 . 04 3  9 9 . 6  0 . 2 2 1 4 8  0 0 . 8 0 1 8 4  0 . 17 7 5 9  0 . 19 4 4 3  0 . 0 1 6 8 4  
87 . 7  0 . 9 6 6  0 . 2 9 9  1 . 2 5 3  1 . 3 8 7  0 . 155 87 . 7  0 . 2 1 1 5 6  0 0 . 9 6 6 1 5  0 . 2 0 4 4 0  0 . 2 3 2 7 2  0 . 0 2 8 3 2  
7 6 . 6  1 . 0 6 1  0 . 3 8 6 2 . 12 6  2 . 5 1 9  -0 . 0 9 1  7 6 . 6  0 . 2 0 9 2 5  0 1 . 0 6 1 1 4  0 . 2 2 2 0 5  0 . 2 12 6 1  - 0 . 0 0 9 4 3  
7 0 . 2  1 . 47 6  0 . 3 8 9  1 .  7 8 3 2 . 2 4 0  0 . 14 6  7 0 . 2  0 . 2 2 0 6 2  0 1 . 4 7 6 1 6 0 . 3 2 5 6 8  0 . 3 2 2 0 9  - 0 . 0 0 3 5 8  
6 6 . 7  1 . 9 3 3  0 . 52 7  1 . 67 9  2 . 02 5  - 0 . 02 9  66 . 7  0 . 2 2 2 2 0  0 1 .  9 3 3 4 4  0 . 42 9 6 1  0 . 3 9 5 4 4  - 0 . 0 3 4 17 
6 1 . 5  1 .  5 12 0 . 3 9 0  1 . 7 3 6  0 .  87 3 0 . 0 8 6  6 1 . 5  0 . 2 0 1 2 1  0 1 . 5 1 17 8  0 . 3 0 4 18 0 . 2 6 4 3 1  - 0 . 0 3 9 8 6  
5 1 . 9  1 . 5 9 6  0 . 57 4  2 . 9 6 9  1 . 2 7 8  0 . 37 1  5 1 . 9  0 . 1 9 5 7 0  0 1 . 5 9 6 3 0  0 . 3 1 2 4 0  0 . 1 3 1 8 6  - 0 . 1 8 0 5 4  
4 6 . 9  1 . 7 5 4  0 . 617 3 . 1 83 0 . 1 2 3  0 . 067 4 6 . 9  0 . 1 8 4 2 7  0 1 . 7 5 3 9 8  0 . 3 2 3 2 0  0 . 07 2 2 4  - 0 . 2 5 0 9 6  
4 1 . 4  2 . 0 3 0  0 . 6 6 3 1 .  5 3 2  1 .  5 0 1  0 . 4 7 4  4 1 . 4  0 . 1 6 4 2 8  0 2 . 0 3 0 0 4  0 . 3 3 3 4 9  0 . 0 3 5 2 7  - 0 . 2 9 8 2 2  
3 6 . 7  2 . 5 2 1  0 . 7 8 6  2 . 3 3 2  1 . 3 32 0 . 3 0 0  3 6 . 7  0 . 17 4 2 2  0 2 . 5 2 1 3 7  0 . 4 3 9 2 8  0 . 0 6 2 3 5  - 0 . 37 6 9 3  
2 8 . 3  3 .  7 7 3  1 . 010 4 . 4 84 2 . 8 51 0 . 8 5 1  2 8 . 3  0 . 1 5 5 54 0 3 . 7 7 2 7 9  0 . 5 8 6 8 0  -0 . 0 1 5 8 5  - 0 . 6 0 2 6 5  
2 4 . 2  4 . 3 1 3  1 . 13 5  o .  741 0 . 07 4  - 1 . 0 5 3  2 4 . 2  0 . 1 4 2 6 9  0 4 . 3 1 2 6 0  0 . 6 1 5 3 5  0 . 0 4 0 9 6  - 0 . 5 7 4 3 8  
12 . 7  7 . 8 9 6  2 . 8 1 3  9 9 9 . 9 9 0  9 9 9 . 9 9 0 9 9 9 . 9 9 0  12 . 7  0 . 1 2 1 83 1 7 . 8 9 6 4 9  0 . 9 6 2 0 4 0 . 6 4 3 2 9  - 0 . 3 1 8 7 5  
10 . 0  6 . 7 2 8  1 . 3 3 2  9 9 9 . 9 9 0  9 9 9 . 9 9 0 9 9 9 . 9 9 0  10 . 0  0 . 11411 1 6 . 7 2 7 8 4  0 . 7 6 7 7 3  0 . 5 6 5 2 8  - 0 . 2 0 2 4 4  

5 . 9  8 . 7 5 4 1 .  7 9 7  9 9 9 . 9 9 0  9 9 9 . 9 9 0 9 9 9 . 9 9 0  5 . 9  0 . 0 97 0 4  1 8 . 7 5 4 0 8  0 . 84 9 4 6  0 . 8 8 3 2 0  0 . 0 3 3 7 4  
3 . 0  10 . 3 3 8  1 .  8 2 8  9 9 9 . 9 9 0  9 9 9 . 9 9 0 9 9 9 . 9 9 0  3 . 0  0 . 0 7 5 02 1 10 . 3 3 7 9 2  0 . 7 7 5 6 0  0 . 9 5 1 3 8  0 . 17 5 7 8  
0 . 5  1 4 . 9 5 2  2 . 1 80 9 9 9 . 9 9 0  9 9 9 . 9 9 0 9 9 9 . 9 9 0  0 . 5  0 . 0 1 7 9 6  1 14 . 9 5 16 8  0 . 2 6 8 5 3 0 . 4 0 1 4 5  0 . 1 3 2 9 2  

SR 3&! 29-' l 01 '33 



Table 22 Test WCS3 {large current + small wave): Cycle-averaged 
flow parameters 

• wc s 3 -cv . dat • 
TEST WCS3 - Mobile bed, large current + small wave 
D 5 0 = 0 . 124mm, sheet f low above a f lat bed 
Time - av U ( current only) at 3 00mm above bed = 3 8 9mm/s 
T= 1 0 s , U0 = 4 0 6mm/ s ,  A0=646mm 
Water temp . = 1 5  degree s ,  kinematic viscosity •1 . 15mmB2 / s  

CYCLE-AVERAGED VELOCITY DATA 

z <U> <V> <W> <S igU> < s igV> < SigW> <B /rho> < -U 'W ' >  < -V ' W ' > < -u ' v ' > 
mm mm / s  mm / s  mm/s mm/s mm/s mm/s (mm/s ) B2 (mm/ s ) E2 ( mm/ s ) E2 ( mm/ s ) B2 

62 0 . 0  3 9 3 . 3 0 0 . 7 5  0 . 08 2 8 . 27 2 7 . 16 2 9 . 43 124 3 . 7 6  8 0 . 12 - 7 1 . 5 3 2 8 9 . 77 
3 2 2 . 5  4 2 0 . 2 5 0 . 4 0 0 . 69 2 5 . 92 2 0 . 0 5 2 5 . 6 6 8 8 3 . 3 2 3 1 . 83 -172 . 5 6 9 5 . 7 3  
2 7 1 . 3  4 2 9 . 9 8 0 . 2 4  - 0 . 4 1 2 2 . 82 1 9 . 15 2 3 . 0 2 7 2 2 . 17 4 4 . 94 -7 5 . 7 7 1 1 8 . 18 
2 1 8 . 8  4 4 2 . 4 1  - 0 . 2 0 - 0 . 03 2 1 . 10 17 . 3 9 2 2 . 9 9 6 6 1 . 19 2 3 . 3 0 - 10 6 . 9 9 1 0 0 . 7 4  
1 6 5 . 8  4 3 8 . 4 2 -0 . 3 9 - 0 . 0 9 1 8 . 8 9 1 6 . 2 4  2 0 . 17 5 2 4 . 4 5  3 7 . 9 8 -4 9 . 22 6 8 . 0 4 
1 1 8 . 5  4 4 3 . 4 4 -0 . 0 7 0 . 09 1 6 . 9 0 1 5 . 3 3 1 5 . 9 2 3 9 6 . 05 1 9 . 12 6 . 9 4 6 6 . 4 0  
1 11 . 5  4 3 8 . 0 1 0 . 08 0 . 47 1 6 . 2 9 14 . 9 7 1 6 . 67 3 9 3 . 2 2 1 6 . 18 -22 . 0 7 6 1 . 98 

9 7 . 1  4 4 6 . 2 5  0 . 3 1 0 . 1 8  1 6 . 2 1 1 5 . 47 15 . 2 5 3 7 9 . 01 5 3 . 5 0 -7 . 0 9 5 8 . 2 9  
8 8 . 8  4 4 3 . 2 2 0 . 7 0 - 0 . 9 9 17 . 4 3 1 5 . 2 9  14 . 52 3 8 5 . 60 3 7 . 14 - 4 . 8 9  5 5 . 74 
7 5 . 8  4 4 6 . 7 6 0 . 2 2  0 . 1 8 1 6 . 7 1  1 5 . 07 13 . 7 1  3 5 8 . 63 2 6 . 6 4 - 5 . 57 4 6 . 7 1  
7 1 . 4  4 4 2 . 1 5 - 0 . 6 8 0 . 3 9 17 . 63 1 5 . 3 6 13 . 14 3 7 4 . 62 4 2 . 41 - 1 1 . 6 5 6 0 . 3 2 
6 4 . 7  4 5 0 . 0 3 - 0 . 11 0 . 06 1 9 . 2 5 16 . 16 12 . 7 1  4 16 . 6 9 6 6 . 2 8  6 . 2 8 52 . 4 1  
5 8 . 2  4 4 1 . 4 5 - 0 . 01 - 0 . 0 1 2 1 . 3 4  1 6 . 94 12 . 6 3 4 7 1 . 2 6 5 4 . 3 6  - 0 . 2 1 5 7 . 8 1 
52 . 5  4 3 4 . 4 1 - 0 . 02 0 . 14 2 0 . 2 2 . 17 . 11 12 . 4 0 4 5 6 . 52 4 8 . 0 9 16 . 1 6 7 4 . 46 
4 8 . 5  4 3 0 . 0 5 0 . 08 - 0 . 16 2 0 . 10 16 . 64 1 1 . 7 1  4 2 5 . 62 4 3 . 9 7 12 . 51 6 5 . 13 
4 3 . 1  4 3 1 . 5 4 1 . 0 1 - 0 . 2 3 2 5 . 7 0 1 8 . 5 3 1 1 . 8 8 6 12 . 6 3 9 5 . 0 6 - 2 . 7 5  1 2 9 . 2 7 
3 4 . 3  3 9 8 . 9 2 - 0 . 01 - 0 . 17 2 8 . 68 2 0 . 3 9 12 . 07 7 1 6 . 53 8 6 . 0 3 1 2 . 3 0  1 5 7 . 5 1 
3 0 . 9  3 7 3 . 5 9 0 . 51 - 0 . 0 2 3 0 . 7 8 2 1 . 7 0  13 . 3 6 842 . 4 3 8 5 . 92 - 1 8 . 4 5  1 1 9 . 0 8 
2 7 . 8  4 0 7 . 5 4 -0 . 9 3 - 0 . 3 9  2 8 . 83 2 0 . 63 1 1 . 57 7 4 0 . 37 6 3 . 2 9  - 16 . 6 1 2 11 . 4 9 
2 2 . 3  3 5 6 . 9 0 0 . 17 0 . 3 2 3 5 . 2 7 2 0 . 03 1 3 . 3 1  9 6 3 . 17 2 9 . 4 1  - 2 0 . 88 2 10 . 9 8 
1 8 . 4  3 67 . 4 8 - 1 . 10 - 0 . 02 3 0 . 06 2 0 . 7 0 11 . 3 1  7 7 2 . 10 2 0 . 3 5 - 2 3 . 6 9 1 6 5 . 4 4 
1 6 . 4  9 9 9 . 9 9 9 9 9 . 9 9 9 9 9 . 9 9 9 9 9 . 9 9 9 9 9 . 99 9 9 9 . 9 9 9 9 9 . 99 9 9 9 . 9 9 9 9 9 . 9 9 9 9 9 . 9 9 
1 5 . 3  3 52 . 3 9 1 . 4 4 1 . 5 0 3 1 . 1 1 2 0 . 8 6 22 . 6 0 1 0 1 0 . 87 - 6 8 . 9 0 4 3 . 6 0 1 2 0 . 2 1  
1 1 . 3  9 9 9 . 9 9 9 9 9 . 9 9 9 9 9 . 9 9 9 9 9 . 9 9 9 9 9 . 99 9 9 9 . 9 9 9 9 9 . 99 9 9 9 . 9 9 9 9 9 . 9 9 9 9 9 . 9 9 

9 . 3  9 9 9 . 9 9 9 9 9 . 9 9 9 9 9 . 9 9 9 9 9 . 9 9 9 9 9 . 99 9 9 9 . 9 9 9 9 9 . 99 9 9 9 . 9 9 9 9 9 . 9 9 9 9 9 . 9 9  

' wc s 3 -cc . da.t • ' wcs 3 - f l . dat ' 
CYCLE-AVERAGED CONCENTRATION DATA CYCLE-AVERAGED FLUX DATA 

When tag=l , measurements were only made o f  s ediment 
concentrat ions . Ensemble -averaged veloci t i e s  were 
calculated at each phas e ,  by as suming a logarithmic 
decay in veloc ity between the value a t  the lowest 
measurement level and z e ro velocity at z O . 

z <C > < s igC> < C ' U 1 > <C ' V 1 > < C ' W '  > z <U> Tag < C >  < U > < C >  <tiC> < UC > - <U > < C >  
mm kg/mB3 kg/mB3 kg /mB2skg /mE2skg/mE2s mm m / s  kg /mB 3  kg / mB 2 s  kg / mB 2 s  kg/mB2s 

6 2 0 . 0  0 . 0 3 7  0 . 0 12 - 0 . 02 7  0 . 0 3 9  0 . 06 9  6 2 0 . 0  0 . 3 9 3 3 0  0 0 . 0 3 7 4 5  0 . 0 1 4 7 3  0 .  0 1 4 4 4  - 0 . 0 0 0 2 9  
3 2 2 . 5  0 . 0 4 6  0 . 0 2 0  - 0 . 0 5 7  0 . 03 2  0 . 02 6  3 2 2 . 5  0 . 4 2 0 2 5  0 0 , 0 4 6 2 2 0 . 0 1 9 4 2  O . O H 2 9  - 0 . 0 0 0 1 4  
2 7 1 . 3  0 . 07 3  0 . 04 1  - 0 . 0 6 2  0 . 02 1  0 . 0 1 5  2 7 1 . 3  0 . 4 2 9 9 8  0 0 . 07 2 7 3  0 . 0 3 127 0 . 0 3 1 1 2  - 0 . 00 0 1 5  
2 1 8 . 8  0 . 0 4 6  0 . 02 5  -0 . 064 0 . 02 1  0 . 00 9  2 1 8 . 8  0 . 4 4 2 4 1  0 0 . 0 4 5 8 1  0 . 0 2 0 2 7  0 . 0 1 9 3 6  -0 . 0 0 0 9 0  
1 6 5 . 8  0 . 0 6 2  0 . 03 5  0 . 0 0 4  0 . 02 9  0 . 01 6  1 6 5 . 8  0 . 4 3 8 42 0 0 . 0 6 2 1 3  0 . 0 2 7 2 4  0 . 02 6 9 7 - 0 . 0 0 0 27 
1 1 8 . 5  0 . 0 3 6  0 . 0 1 6  -0 . 0 0 5  0 . 02 4  -0 . 010 1 1 8 . 5  0 . 4 4 3 4 4  0 0 . 0 3 5 9 9  0 . 0 1 5 9 6  0 . 0 1 5 5 8  - 0 . 0 0 0 3 8  
1 1 1 . 5  0 . 0 5 2  0 . 0 1 4  -0 . 02 1  0 . 0 1 5  - 0 . 014 1 11 . 5  0 . 4 3 8 01 0 0 . 0 5 1 7 9  0 . 0 2 2 6 8  0 .  0 2 2 4 4  - 0 . 0 0 0 2 4  

9 7 . 1  0 . 0 5 5  0 . 0 12 - 0 . 0 1 5  0 . 0 1 8  -0 . 001 9 7 . 1  0 . 4 4 6 2 5  0 0 . 0 5 5 0 2  0 . 0 2 4 5 5  0 . 0 2 4 2 0  -0 . 0 0 0 3 5  
8 8 . 8  0 . 1 1 1  0 . 0 6 1  0 . 12 7  0 . 0 4 4  - 0 . 0 4 6  8 8 . 8  0 . 4 4 3 2 2  0 0 . 11112 0 . 0 4 9 2 5  0 . 04 8 57 -0 . 0 0 0 6 8  
7 5 . 8  0 . 12 2  0 . 042 - 0 . 02 7  0 . 0 6 0  - 0 . 002 7 5 . 8  0 . 4 4 6 7 6  0 0 . 1 2 2 3 6  0 . 0 5 4 6 6  0 . 0 5 4:11 2 - 0 . 0 0 0 4 4  
7 1 . 4  0 . 1 1 5  0 . 0 3 0  0 . 0 4 5  0 . 0 09 0 , 00 1  7 1 . 4  0 . 4 4 2 1 5  0 0 . 11 4 5 1  0 . 0 5 0 6 3  0 . 04 9 2 6  - 0 . 0 0 13 7  
6 4 . 7  0 . 1 3 0  0 . 03 6  - 0 . 0 3 1  0 . 0 5 5  -0 . 02 4  64 . 7  0 . 4 5 0 0 3  0 0 . 1 3 0 3 4  0 . 0 5 8 6 6  0 . 0 5 6 8 4  -0 . 0 0 1 8 2  
5 8 . 2  0 . 1 3 8  0 . 04 3  -0 . 0 2 3  0 . 0 5 8  - 0 . 006 5 8 . 2  0 . 4 4 1 4 5  0 0 . 13 7 9 0  0 . 0 6 0 8 7  0 . 0 5 9 9 0 - 0 . 0 0 0 9 8  
52 . 5  0 . 1 4 2  0 . 0 60 0 . 0 6 9  0 . 0 0 9  0 . 05 6  52 . 5  0 . 4 3 4 4 1  0 0 . 1 4 1 9 8  0 . 0 6 1 6 8  0 . 0 5 9 9 4  - 0 . 0 0 17 4  
4 8 . 5  0 .  2 14 0 . 0 4 1  - 0 . 0 5 7  0 . 14 5  - 0 . 04 6  4 8 . 5  0 . 4 3 0 0 5  0 0 . 2 1 4 3 2  0 . 0 9 2 17 0 . 0 9 0 3 3  - 0 . 0 0 1 8 3  
4 3 . 1 0 . 2 7 0  0 . 0 5 1  - 0 . 0 1 8  0 . 2 5 4  0 . 006 4 3 . 1  0 . 4 3 1 5 4  0 0 . 2 6 9 8 5  0 . 1164 5 0 . 1 1 2 9 0  - 0 . 0 0 3 5 4  
3 4 . 3  0 . 3 4 4  0 . 0 5 3  0 . 042 0 . 2 6 5  -0 . 0 5 5  3 4 . 3  0 . 3 9 8 9 2  0 0 . 3 4 4 2 8  0 . 1 3 7 3 4  0 . 1 3 4 9 5  - 0 . 0 0 2 3 9  
3 0 . 9  0 . 3 6 6  0 . 07 8  - 0 . 0 21 0 . 2 7 3  -0 . 1 2 6  3 0 . 9  0 . 37 3 5 9 0 0 . 3 6 5 5 6 0 . 1 3 6 5 7  0 . 1 3 07 2  -0 . 0 0 5 8 5  
2 7 . 8  0 . 4 3 1  0 . 0 6 6  - 0 . 1 2 3  0 . 3 1 3  - 0 . 047 27 . 8  0 . 4 0 7 5 4  0 0 . 4 3 0 8 0 0 . 17 5 5 7 0 . 1 6 9 9 5  -0 . 0 0 5 6 2 
2 2 . 3  0 . 5 6 9  0 . 13 1  - 1 . 1 0 0  0 . 27 9  - 0 . 04 3  22 . 3  0 . 3 5 6 9 0  0 0 . 5 6 8 5 3  0 . 2 0 2 9 1  0 . 1 9 3 6 0  - 0 . 0 0 9 3 1  
1 8 . 4  0 . 5 7 6  0 . 07 6  - 0 . 0 12 0 . 1 54 -0 . 0 6 2  1 8 . 4  0 . 3 6 7 4 8  0 0 . 57 6 3 3  0 . 2 117 9 0 . 2 0 8 8 8  - 0 . 00 2 9 1  
16 . 4  0 .  9 1 1  0 . 2 2 3  9 9 9 . 9 9 0  9 9 9 . 9 9 0 9 9 9 . 9 90 16 . 4  0 . 3 5 8 1 1  1 0 . 9 11 2 1  0 . 3 2 6 3 1  0 . 2 9 0 5 4  -0 . 0 3 5 7 7  
15 . 3  0 . 7 7 0  0 . 1 12 - 0 . 0 40 0 . 3 7 2  - 0 . 4 02 1 5 . 3  0 . 3 5 2 3 9  0 0 .  7 7 0 10 0 . 2 7 1 3 8  0 . 2 6 3 3 7  - 0 . 00 80 0  
11 . 3  1 . 3 0 6  0 . 5 4 1  9 9 9 . 9 9 0  9 9 9 . 9 9 0 9 9 9 . 9 9 0  1 1 . 3  0 . 3 2 7 4 4  1 1 . 3 0 617 0 . 4 2 7 6 9  0 . 4 0 2 8 6  - 0 . 0 2 4 8 2  

9 . 3  1 .  5 1 7  0 . 2 0 6  9 9 9 . 9 9 0  9 9 9 . 9 9 0 9 9 9 . 9 9 0  9 . 3  0 . 3 1 1 3 9  1 1 .  5 1 6 6 8  0 .  4 7 2 2 8  0 . 4 6 9 2 6  - 0 . 0 0 3 0 3  
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Table 23 Test WCS4 (large current + large wave): Cycle-averaged 
flow parameters 

' wcs4 -cv . dat ' 
TEST WCS4 - Mob i le bed, large current + large wave 
D50=0 . 124mm, sheet f low above a flat bed 

.. ------------·-�------

Time - av U ( current only) at 3 0 0mm above bed =3 8 0mm / s  
T=l O s ,  U 0 = 1 1 0 0mm/ s ,  A0=17 5 1mm 
Water temp . =15 degre e s ,  kinemat ic viscosity =1 . 1 5mmE2 / s  

CYCLE -AVERAGED VELOCITY DATA 

z <U> <V> <W> < s igU> <s igV> < S igW> < E / rho> < -U ' W ' > < - V 1 W ' > < -U ' V 1 > 
mm mm / s  mm / s  mm / s  mm / s  mm / s  mm / s  ( mm/ s ) E2 ( mm/ s ) E2 ( mm / s ) E2 ( mm/ s ) B2 

6 11 . 5  4 52 . 7 0  0 . 4 1 1 . 10 3 1 . 16 2 5 . 15 3 1 . 9 9 1 3 9 4 . 4 0 -167 . 5 3 - 1 3 3 . 84 6 5 . 4 0 
3 16 . 5  4 7 0 . 50 0 . 02 0 .  9 7  2 6 . 19 2 5 . 7 8  2 6 . 67 1 1 5 6 . 2 2 - 5 3 . 7 5  - 1 4 3 . 54 8 . 0 9 
2 64 . 5  4 6 9 . 3 9  0 . 82 0 . 4 1 3 0 . 07 2 3 . 1 8 2 6 . 2 8 1 1 8 3 . 2 7 - 13 4 . 9 1 - 8 2 . 2 1  7 . 5 6 
2 2 1 . 5  4 6 6 . 3 6  - 1 . 07 -0 . 9 4 2 6 . 43 2 4 . 5 2 2 4 . 9 3  1 0 5 1 . 0 5 - 5 8 . 6 9 - 1 0 . 3 9 5 1 . 8 1 
1 7 1 . 5  4 7 1 . 53 - 0 . 9 3 - 0 . 7 9  2 7 . 2 6 2 2 . 7 0  2 3 . 4 5  977 . 8 7 3 1 . 1 5 - 9 2 . 8 9 2 5 . 0 6 
133 . 5  4 4 1 . 0 9 0 . 9 6 - 1 . 4 3  2 8 . 6 1  2 3 . 12 2 0 . 5 3 9 9 5 . 2 3 - 2 5 . 2 8  - 17 . 3 9  8 4 . 2 3 
1 2 0 . 0  4 5 0 . 6 3 -0 . 4 3 - 0 . 4 6 2 5 . 3 7 2 0 . 6 9 2 0 . 7 1 8 12 . 97 - 4 0 . 9 7 - 6 2 . 6 0 1 5 . 4 1 
1 0 8 . 5  4 5 1 . 9 7 - 0 . 2 3 0 . 5 5 2 7 . 0 9 2 5 . 57 2 0 . 16 9 5 8 . 8 4 - 6 5 . 7 8  - 1 2 . 0 5 5 1 . 7 2  

97 . o  4 5 4 . 7  5 0 . 3 5  0 . 13 3 1 . 3 0  2 2 . 14 2 1 . 03 1 0 2 7 . 0 1 4 3 . 2 2 - 5 5 . 7 0 4 0 . 2 3 
8 5 . 4  4 4 9 . 4 8  6 . 6 5 0 . 2 3 2 7 . 3 8  3 6 . 17 1 9 . 03 1 2 9 5 . 8 5 - 1 3 . 4 3 - 1 7 6 . 6 8 1 6 2 . 1 9 
7 3 . 3  4 3 0 . 5 0 - 0 . 7 8 0 . 2 3  27 . 8 8 2 8 . 03 1 6 . 58 9 6 6 . 63 9 0 . 0 2 - 2 5 . 22 3 . 7 7 
6 8 . 8  4 3 0 . 5 4  0 . 0 5 - 0 . 2 9  2 8 . 7 0  2 1 . 6 1 1 6 . 7 6  8 5 1 . 8 1 1 0 4 . 4 8 - 9 6 . 13 7 7 . 9 6 
6 2 . 4  4 3 7 , 69 - 0 . 0 5 - 1 . 4 4 3 1 . 16 2 4 . 7 8  18 . 44 1 0 1 4 . 8 6 2 1 0 . 04 3 . 4 8  - 3 3 . 0 4 
57 . 5  4 2 8 . 6 7 0 . 8 4 - 2 . 1 9 2 8 . 2 9 2 5 . 0 9 17 . 59 9 1 0 . 4 4 5 . 2 0 - 5 . 40 0 . 9 8 
5 0 . 0  4 0 9 . 59 - 0 . 21 - 0 . 0 8 2 9 . 4 3 2 3 . 2 8 13 . 80 8 5 8 . 46 3 4 . 5 8 - 9 6 . 2 0 - 1 0 . 1 2 
47 . 0  4 0 6 . 53 - 0 . 5 8 0 . 5 0 3 0 . 3 0  2 3 . 8 0 13 . 12 8 7 7 . 52 4 6 . 2 7 -3 6 . 4 9  18 . 9 1 
3 8 . 4  3 8 5 . 13 3 . 07 0 . 2 1  3 4 . 0 8 2 8 . 7 2 1 5 . 00 1 17 8 . 8 3 107 . 60 - 9 8 . 57 3 4 6 . 9 2 
3 3 . 6  3 8 3 . 62 0 . 11 - 0 . 14 3 0 . 64 2 3 . 9 4 13 . 65 8 9 9 . 4 6  5 . 2 8  1 0 . 74 6 8 . 94 
2 9 . 4  3 8 0 . 62 0 . 0 5 - 1 . 3 3  3 1 . 5 6 2 1 . 1 8 13 . 7 5  8 8 1 . 3 0 - 1 0 . 4 1 - 2 7 . 60 - 1 0 . 2 7 
2 3 . 2  3 4 1 . 7 7 0 . 6 5 -2 . 6 4 3 5 . 5 3 2 2 . 7 0 13 . 98 1 0 57 . 92 - 6 . 7 4  17 . 2 3 1 5 8 . 2 6 
1 8 . 3  3 2 0 . 0 0 4 . 62 - 5 . 9 7 3 6 . 2 0  27 . 07 2 4 . 7 0  1 5 8 7 . 2 7 - 2 0 8 . 4 0  3 5 4 . 33 2 8 9 . 3 0 
12 . 2  3 0 3 . 6 5 13 . 7 6  - 4 2 . 8 5 9 9 9 . 9 9 9 9 9 . 9 9 9 9 9 . 9 9 9 9 9 . 9 9 9 9 9 . 9 9 9 9 9 . 9 9 9 9 9 . 9 9 
1 1 . 9  9 9 9 . 99 9 9 9 . 9 9 9 9 9 . 9 9 9 9 9 . 9 9 9 9 9 . 9 9 9 9 9 . 99 9 9 9 . 9 9 9 9 9 . 9 9 9 9 9 . 9 9 9 9 9 . 9 9 

6 . 7  9 9 9 . 9 9 9 9 9 . 99 9 9 9 . 9 9  9 9 9 . 9 9 9 9 9 . 9 9 9 9 9 . 99 9 9 9 . 9 9 9 9 9 . 9 9 9 9 9 . 9 9  9 9 9 . 9 9 
0 . 5  9 9 9 . 9 9 9 9 9 . 9 9 9 9 9 . 9 9 9 9 9 . 9 9 9 9 9 . 9 9  9 9 9 . 99 9 9 9 . 9 9 9 9 9 . 9 9 9 9 9 . 9 9 9 9 9 . 9 9 

• wcs 4 - c c . dat ' ' wc s 4 - f l . dat ' 
CYCLE -AVERAGED CONCENTRATION DATA CYCLE-AVERAGED F LUX DATA 

When tag=1, measurement s  were only made of sediment 
concentration s . Ensemble-averaged velocities were 
calculated at each pha s e ,  by as suming a logarithmic 
decay in velocity between the value at the lowest 
meas urement level and zero velocity at z o .  

z <C> < s igC> < C 1 U 1 >  <C ' V 1 > <C ' W ' >  z <U> Tag <C> < U > < C >  <UC > < UC > - < U><C> 
mm kg /mE3 kg/mE3 kg/mB2skg /mB2 skg/mB2s mm m/s kg/mB3 kg/m.E2s kg/mE2s kg /mE2 s 

6 11 . 5  0 . 6 4 4  0 . 12 1  - 0 . 57 2  0 . 57 7  0 . 3 01 6 11 . 5  0 . 4 5 2 7 0  0 0 . 6 4 3 7 8  0 .  2 9 14 4  0 . 2 7 6 4 8  - 0 . 0 1 4 9 5  
3 16 . 5  0 . 6 7 5  0 . 12 0  - 0 . 103 0 . 4 2 8  0 . 3 2 3  3 1 6 . 5  0 . 47 0 5 0  0 0 . 6 7 4 7 4  0 . 3 1 7 4 7  0 . 2 9 2 0 5  - 0 . 0 2 5 4 1  
2 64 . 5  0 . 6 8 0  0 . 1 6 1  - 0 . 14 5  0 . 2 95 0 . 3 9 8  2 6 4 . 5  0 . 4 6 9 3 9  0 0 . 67 9 9 5  0 . 3 1 9 1 6  0 . 3 0 0 1 5  - 0 . 0 1 9 0 1  
2 2 1 . 5  0 . 7 6 9  0 . 14 3  - 0 . 6 2 9  0 . 3 1 0  0 . 4 1 1  2 2 1 . 5  0 . 4 6 6 3 6  0 0 . 7 6 8 5 4  0 . 3 5 8 4 1  0 . 3 4 4 6 9  - 0 . 0 1 3 7 2  
1 7 1 . 5  0 . 9 1 7  0 . 2 0 6  - 0 . 7 9 3  0 . 7 1 9  0 . 3 9 2  17 1 . 5  0 . 47 1 5 3  0 0 . 9 1 6 7 9  0 . 4 3 2 2 9  0 . 4 2 15 3  - 0 . 0 1 0 7 6  
13 3 . 5  0 . 87 5  0 . 2 3 7  - 1 . 1 8 9  1 . 17 6  -0 . 2 17 133 . 5  0 . 4 4 1 0 9  0 0 . 8 7 4 8 8  0 . 3 8 5 9 1  0 . 4 0 172 0 . 0 15 8 1  
12 0 . 0  1 . 1 5 3  0 . 28 8  - 1 . 2 94 1 . 12 2  - 0 . 2 2 4  1 2 0 . 0  0 . 4 5 0 6 3  0 1 . 1 5 2 5 6  0 . 5 1 9 3 8  0 . 5 2 8 4 9  0 . 0 0 9 1 1  
1 0 8 . 5  1 . 0 3 5  0 . 3 6 9  - 0 . 7 0 0  2 . 12 5  - 0 . 3 2 4  1 0 8 . 5  0 . 4 5 1 9 8  0 1 . 0 3 52 3  0 . 4 6 7 9 0  0 . 4 8 1 8 6  0 . 0 1 3 9 6  

9 7 . 0  1 . 2 0 6  0 . 40 9  - 0 . 9 5 8  1 . 8 77 - 0 . 23 9  9 7 . 0  0 . 4 54 7 5  0 1 . 2 0 6 3 9  0 . 5 4 8 6 0  0 . 5 4 0 4 7  - 0 . 0 0 8 13 
8 5 . 4  1 . 5 1 1  0 . 4 8 9  - 0 . 7 6 7  0 . 4 7 9  - 1 . 087 8 5 . 4  0 . 44 9 4 8  0 l .  5 1 1 3 4  0 . 6 7 9 3 2  0 . 6 1 0 9 4  - 0 . 0 6 8 3 8  
7 3 . 3  1 . 6 7 1  0 . 6 0 9  0 . 3 2 0  2 . 8 6 6  - 0 . 0 9 0  7 3 . 3  0 . 43 0 5 0  0 1 . 67 0 53 0 .  7 19 17 0 . 5 7 1 0 6  - 0 . 14 8 1 1  
6 8 . 8  l .  7 2 6  0 . 68 2  0 . 9 9 1  3 . 1 2 1  0 . 2 9 7  6 8 . 8  0 . 43 0 5 4  0 1 . 7 2 6 3 1  0 . 7 4 3 2 4  0 . 5 4 4 12 - 0 . 1 9 9 12 
6 2 . 4  1 . 8 8 7  0 . 7 3 7  - 0 . 5 2 3  1 . 3 3 6  0 . 6 10 6 2 . 4  0 . 4 3 7 6 9  0 1 . 8 8 7 1 6  0 . 82 59 9  0 . 5 7 9 2 1  - 0 . 2 4 6 7 8  
57 . 5  2 . 0 27 o. 774 - 0 . 17 1  2 . 7 4 8  -0 . 0 5 5  57 . 5  0 . 4 2 8 6 7  0 2 . 0 2 6 5 6  0 . 8 6 8 7 4  0 . 52 19 0  - 0 . 3 4 6 8 3  
5 0 . 0  3 . 3 5 9  1 . 2 2 9  1 . 12 0  1 . 0 9 3  0 . 09 1  5 0 . 0  0 . 4 0 9 5 9  0 3 . 3 59 0 6  l .  3 7 5 8 4  0 . 8 0 3 2 3  - 0 . 5 7 2 6 2  
47 . 0  2 . 9 7 6  1 . 10 9  2 . 4 8 2  3 . 6 3 4  - 0 . 09 3  4 7 . 0  0 . 4 0 6 5 3  0 2 .  9 7 5 57 1 . 2 0 9 67 0 . 5 5 1 5 9  -0 . 6 5 8 0 8  
3 8 . 4  3 . 2 2 8  1 . 0 9 3  0 . 3 3 7  2 . 5 5 0  1 . 3 0 1  3 8 . 4  0 . 3 85 1 3  0 3 . 22 7 9 9  l .  2 4 3 2 1  0 . 4 4 9 7 3  - 0 . 7 9 3 4 8  
3 3 . 6  3 . 6 8 2  1 . 22 1  - 0 . 6 7 4  1 . 01 0  - 0 . 3 4 5  3 3 . 6  0 . 3 8 3 6 2  0 3 . 6 8 1 9 3  1 .  4 12 4 7  0 . 4 3 9 7 3  - 0 . 9 7 2 7 4  
2 9 . 4  4 . 9 3 8  1 . 47 2  3 . 4 7 8  l .  7 1 8  - 0 . 3 8 1  2 9 . 4  0 . 3 80 6 2  0 4 . 9 3 82 9  1 . 8 7 9 5 9 0 . 7 1 6 8 6  - 1 . 1 6 2 7 3  
2 3 . 2  5 . 7 8 3  1 . 6 4 8  0 . 4 9 9  6 . 2 2 9  - 1 . 0 0 5  2 3 . 2  0 . 3 4 1 7 7  0 5 . 7 83 0 8 1 . 97 6 4 5  0 . 6 5 5 4 5  - 1 . 3 2 1 0 1  
1 8 . 3  7 . 0 6 3  2 . 04 8  1 . 6 5 1  9 . 5 2 4  0 . 8 1 9  1 8 . 3  0 . 3 2 0 00 0 7 . 0 6 3 4 8  2 . 2 6 0 2 9  1 . 0 7 1 4 8  - 1 . 1 8 8 8 1  
1 2 . 2  8 . 4 2 8  2 . 3 2 9  9 9 9 . 9 9 0  9 9 9 . 9 9 0 9 9 9 . 9 9 0  1 2 . 2  0 . 3 03 6 5  0 8 . 4 2 7 5 8  2 . 5 5 9 07 1 . 4 5 54 8  - 1 . 103 5 9  
1 1 . 9  8 . 3 0 2  2 . 22 7  9 9 9 . 9 9 0  9 9 9 . 9 9 0 9 9 9 . 9 9 0  1 1 . 9  0 . 3 0 1 6 4  1 8 . 3 02 3 7  2 . 5 0 4 3 3  1 . 5 3 1 3 6  - 0 . 9 7 2 9 6  

6 . 7  9 . 3 8 7  2 . 3 0 4  9 9 9 . 9 9 0  9 9 9 . 9 9 0 9 9 9 . 9 9 0  6 . 7  0 . 2 5 5 2 9  1 9 . 3 8 6 8 3  2 . 3 9 6 3 3  2 . 0 0 503 - 0 . 3 91 2 9  
0 . 5  1 6 . 3 7 8  7 . 76 0  9 9 9 . 9 9 0  9 9 9 . 9 9 0 9 9 9 . 9 9 0  0 . 5  0 . 0 4 5 2 0  1 1 6 . 3 7 7 8 1  0 . 7 4 0 2 0  l .  0 7 6 2 5  0 . 3 3 60 6  
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Table 24 Test WCS2 (small current+ large wave): An example of 
an ensemble-averaged data file 

' wc s 4 -u3 . dat ' 
TEST WCS4 Mobile bed, large current + large wave 
D 5 0 = 0  . 124mm, sheet f low above a f lat bed 
Time -av U ( current only) a t  3 0 0 mm  above bed =3 8 0mm/s 
T=10 s , U 0 = 1 1 0 0mm/ s ,  A0=17 5 1mm 
Water temp . = 1 5  degre e s , kinemat ic visco s ity = 1 . 15mmE2 / s  

ENSEMBLE-AVERAGED U -VELOCITY COMPONENT ( mm/ s )  

phase z= 3 8 . 4  Z =  3 3 . 6  Z =  2 9 . 4  Z= 2 3 . 2  z= 1 8 . 3  Z= 12 . 2  Z= 1 1 . 9  z =  6 . 7  
in p i  z in mm 

0 . 0 2 3 4 3 . 8 9  3 5 4 . 0 9 3 57 . 12 3 5 4 . 7 5 3 4 1 . 2 0 3 4 4 . 12 9 9 9 9 . 00 9 9 9 9 . 00 
0 . 0 4 4 16 . 6 9 4 3 1 . 5 7 4 3 7 . 9 5 4 3 3 . 58 4 2 4 . 2 8 4 2 3 . 16 9 9 9 9 . 00 9 9 9 9 . 00 
0 . 0 6 4 8 9 . 10 5 0 6 . 9 8 5 1 9 . 18 5 10 . 90 5 0 4 . 55 4 9 9 . 51 9 9 9 9 . 00 9 9 9 9 . 00 
0 . 0 8 57 0 . 97 5 8 7 . 4 2  6 0 5 . 19 5 9 3 . 52 5 87 . 55 5 8 1 . 10 9 9 9 9 . 00 9 9 9 9 . 00 
0 . 1 0 6 4 6 . 8 3  6 6 4 . 7 4 6 8 3 . 6 9 6 6 8 . 5 2 6 6 6 . 73 6 5 7 . 50 9 9 9 9 . 00 9 9 9 9 . 00 
0 . 12 7 2 4 . 9 9 7 4 2 . 0 8 7 5 8 . 2 9  7 4 3 . 08 7 4 1 . 9 1 7 3 1 . 4 5  9 9 9 9 . 00 9 9 9 9 . 00 
0 . 1 4  7 9 7 . 19 8 0 6 . 7 3  8 2 4 . 8 5 8 0 8 . 3 9 8 06 . 02 7 9 8 . 14 9 9 9 9 . 00 9 9 9 9 . 0 0 
0 . 16 8 59 . 8 5 8 6 8 . 2 7 8 8 9 . 47 8 6 9 . 0 5 8 6 7 . 7 1 8 5 9 . 40 9 9 9 9 . 0 0 9 9 9 9 . 0 0 
0 . 1 8 9 17 . 81 9 2 4 . 8 3 9 4 7 . 7 6  9 2 4 . 4 4 9 2 2 . 61 9 14 . 92 9 9 9 9 . 0 0 9 9 9 9 . 0 0 
0 . 2 0 97 1 . 9 0 9 7 8 . 8 8 1 00 1 . 9 8 9 7 7 . 52 9 7 6 . 61 9 6 8 . 3 8  9 9 9 9 . 0 0 9 9 9 9 . 0 0 
0 . 2 2  1 02 1 . 0 5 1 03 0 . 04 1 0 5 7 . 8 6 1 02 9 . 91 10 3 1 . 3 6 1023 . 2 9  9 9 9 9 . 0 0 9 9 9 9 . 0 0 
0 . 2 4 1 0 7 3 . 7 3  1 0 8 4 . 4 6  1 1 17 . 7 8  1 0 8 5 . 54 1 0 9 2 . 3 1  1077 . 9 3 9 9 9 9 . 0 0 9 9 9 9 . 0 0 
0 . 2 6  1 12 8 . 16 1142 . 4 8  1177 . 3 9 1 1 4 1 . 3 1  1 1 5 1 . 3 7 1 1 3 0 . 2 9  9 9 9 9 . 0 0 9 9 9 9 . 0 0 
0 . 2 8  1 18 5 . 12 1 1 9 9 . 2 5 1 2 3 7 . 3 7 1 1 9 9 . 7 0 1207 . 5 5 1179 . 9 3 9 9 9 9 . 0 0 9 9 9 9 . 0 0 
0 . 3 0 12 3 8 . 27 1 2 5 1 . 1 5 1 2 9 4 . 0 1 12 5 5 . 62 1 2 6 1 . 4 8 122 5 . 64 9 9 9 9 . 0 0 9 9 9 9 . 0 0 
0 . 3 2 1 2 9 1 . 6 9 1 2 9 7 . 67 1 3 4 6 . 3 5  1 3 0 8 . 2 7 13 10 . 3 4  1264 . 8 9 9 9 9 9 . 0 0 9 9 9 9 . 0 0 
0 . 3 4  1 3 4 3 . 6 6 1 3 4 4 . 1 1 1 3 9 1 . 3 3 1 3 5 2 . 7 2 1 3 5 0 . 4 4 1 2 9 9 . 17 9 9 9 9 . 0 0 9 9 9 9 . 0 0 
0 . 3 6  1 3 9 2 . 18 1 3 9 3 . 4 2  14 3 1 . 4 3 13 93 . 6 1 1 3 9 0 . 2 4  1 3 3 5 . 13 9 9 9 9 . 0 0 9 9 9 9 . 0 0 
0 . 3 8  14 3 6 . 2 9  1 4 4 1 . 5 0 1 4 7 0 . 0 5 14 3 5 . 63 142 9 . 11 1 37 0 . 7 6  9 9 9 9 . 0 0 9 9 9 9 . 0 0 
0 . 4 0  14 7 3 . 3 7 1 4 8 4 . 0 2 1 5 0 4 . 2 2 14 6 8 . 9 3 14 6 0 . 7 1  1 4 0 3 . 9 9 9 9 9 9 . 0 0 9 9 9 9 . 00 
0 . 4 2 1 5 0 3 . 9 7 1 5 14 . 1 0 1 5 3 6 . 2 9  1 4 92 . 7 8  1483 . 9 6 1 4 2 2 . 84 9 9 9 9 . 0 0 9 9 9 9 . 0 0 
0 . 4 4  1 5 2 6 . 6 9 1 5 3 4 . 2 4 1 5 6 0 . 4 0 1 5 1 0 . 8 1 1 4 9 8 . 9 1 1 43 2 . 93 9 9 9 9 . 0 0 9 9 9 9 . 0 0 
0 . 4 6  1 5 3 9 . 5 6 1 5 4 8 . 8 6 1 5 7 4 . 19 1 5 2 3 . 7 6  1504 . 3 4 1442 . 32 9 9 9 9 . 0 0 9 9 9 9 . 00 
0 . 4 8 1542 . 7 8  1 5 5 5 . 4 2 1 5 8 1 . 5 6 1 5 3 0 . 2 5 1 5 0 5 . 5 9 1 4 5 1 . 84 9 9 9 9 . 00 9 9 9 9 . 00 
0 . 5 0 1542 . 2 2  1 5 5 2 . 3 9 1 5 8 4 . 6 0 1 52 9 . 3 0 1 5 0 1 . 7 6  1 43 6 . 4 5 9 9 9 9 . 00 9 9 9 9 . 00 
0 . 52 1540 . 07 1 5 4 5 . 57 1 5 8 2 . 84 1524 . 07 14 9 1 . 6 6 1 43 0 . 08 9 9 9 9 . 00 9 9 9 9 . 00 
0 . 54 1 53 5 . 3 8 1 5 4 2 . 5 8 1 57 9 . 3 6 1 5 1 5 . 3 3 1478 . 3 0 1 42 8 . 5 8 9 9 9 9 . 00 9 9 9 9 . 00 
0 . 5 6 1 5 2 8 . 1 5 1 5 3 6 . 3 3 1 5 7 1 . 9 5 1 5 0 2 . 0 0 1 4 6 0 . 4 6  1 37 5 . 3 3 9 9 9 9 . 00 9 9 9 9 . 00 
0 . 5 8 1 51 6 . 1 0 1 5 2 3 . 63 1 5 6 1 . 8 7 148 8 . 4 2 1440 . 9 5 1 41 8 . 0 8 9 9 9 9 . 00 9 9 9 9 . 00 
0 . 6 0  1 5 0 7 . 5 6 1 5 12 . 8 5 1 5 5 1 . 54 147 5 . 3 3  1416 . 62 1 3 67 . 5 5 9 9 9 9 . 00 9 9 9 9 . 00 
0 . 62 14 9 1 . 0 8  1 4 9 9 . 3 1 1 5 3 3 . 62 1453 . 4 8 1 3 9 3 . 87 1 3 4 8 . 2 5  9 9 9 9 . 00 9 9 9 9 . 00 
0 . 64 14 67 . 3 1  147 8 . 13 1 5 0 6 . 8 6 1425 . 0 1 1 3 5 9 . 0 3 1 3 3 0 . 64 9 9 9 9 . 00 9 9 9 9 . 00 
0 . 6 6 14 2 7 . 47 1 4 4 8 . 6 6 147 0 . 2 9 1 3 8 3 . 0 3 1 3 1 3 . 5 3 1 3 9 8 . 5 2 9 9 9 9 . 0 0 9 9 9 9 . 00 
0 . 6 8  1 3 84 . 7 8  1 4 0 9 . 2 6  1427 . 1 8 13 3 5 . 0 5 12 6 9 . 7 9  1 3 3 5 . 87 9 9 9 9 . 00 9 9 9 9 . 00 
0 . 7 0  1 3 3 3 . 3 7 1 3 5 3 . 8 1 13 6 9 . 9 3 1274 . 7 3  12 2 0 . 5 1 1 2 2 0 . 3 6  9 9 9 9 . 00 9 9 9 9 . 0 0 
0 . 7 2  1 27 9 . 2 8 13 0 1 . 0 6 1 3 1 1 . 6 3 1216 . 2 0 1167 . 3 4 1 1 5 2 . 5 0 9 9 9 9 . 00 9 9 9 9 . 00 
0 . 7 4  1 2 1 9 . 6 0 1 2 3 6 . 4 3 12 4 5 . 9 6 1157 . 0 1 1113 . 5 3 1 1 10 . 0 9 9 9 9 9 . 00 9 9 9 9 . 0 0 
0 . 7 6  1 1 6 6 . 67 1 1 7 2 . 8 0 1 18 5 . 5 5 1106 . 64 1 0 6 0 . 7 3 1 0 5 3 . 97 9 9 9 9 . 00 9 9 9 9 . 0 0 
0 . 7 8  1110 . 7 5  1 113 . 1 9 1 1 2 6 . 8 8 1 0 5 0 . 5 2 1 0 17 . 4 1 927 . 37 9 9 9 9 . 00 9 9 9 9 . 00 
0 . 8 0 1 0 5 8 . 2 3 1 0 5 8 . 3 5 1 0 7 3 . 6 9 1000 . 4 7 9 7 1 . 77 9 4 7 . 37 9 9 9 9 . 00 9 9 9 9 . 0 0 
0 . 8 2 1 0 0 9 . 15 1 0 1 0 . 5 3 1 0 1 8 . 87 9 5 0 . 4 3 9 3 0 . 8 8 92 9 . 52 9 9 9 9 . 00 9 9 9 9 . 00 
0 . 8 4 9 6 2 . 7 7  9 63 . 2 4 9 64 . 9 4 8 9 7 . 8 3 8 8 0 . 4 4 8 4 8 . 91 9 9 9 9 . 00 9 9 9 9 . 00 
0 . 8 6  9 1 2 . 8 7 9 1 3 . 57 9 P 8 . 94 842 . 67 8 1 9 . 5 0 7 68 . 03 9 9 9 9 . 00 9 9 9 9 . 0 0 
0 . 8 8 8 5 6 . 6 5  8 5 7 . 9 0 8 5 1 . 2 9  7 8 0 . 4 0 7 3 5 . 53 6 6 9 . 4 9 9 9 9 9 . 00 9 9 9 9 . 00 
0 . 9 0 7 9 4 . 80 7 9 6 . 12 7 8 5 . 8 9 7 1 2 . 9 5 6 7 6 . 9 8 6 2 0 . 01 9 9 9 9 . 00 9 9 9 9 . 00 
0 . 9 2 7 2 9 . 62 7 2 9 . 5 5  7 14 . 7 7 6 4 5 . 6 8 6 04 . 0 6 5 16 . 93 9 9 9 9 . 00 9 9 9 9 . 0 0 
0 . 9 4 6 5 4 . 82 6 4 8 . 58 6 3 4 . 14 57 0 . 2 9 5 3 8 . 0 6 4 3 3 . 5 6 9 9 9 9 . 0 0 9 9 9 9 . 0 0 
0 . 9 6  5 7 3 . 53 5 7 2 . 5 0  5 57 . 9 5 5 0 3 . 15 4 6 7 . 43 3 7 4 . 84 9 9 9 9 . 0 0 9 9 9 9 . 0 0 
0 . 9 8 4 9 2 . 43 5 0 0 . 57 4 8 3 . 6 0 4 3 1 . 9 5 3 97 . 64 3 16 . 2 8  9 9 9 9 . 0 0 9 9 9 9 . 0 0 
1 . 0 0 4 1 8 . 7 8  4 2 5 . 2 1 4 0 7 . 6 1 3 57 . 5 9  3 3 0 . 7 1  2 7 5 . 4 5  9 9 9 9 . 0 0 9 9 9 9 . 0 0 
1 . 02 3 4 9 . 47 3 5 3 . 4 9 3 4 1 . 2 0 2 9 1 . 5 0 2 7 1 . 7 3 2 0 3 . 5 1 9 9 9 9 . 0 0 9 9 9 9 . 0 0 
1 . 04 2 8 6 . 57 2 8 6 . 3 8  2 6 7 . 6 0 2 2 6 . 0 6 2 1 6 . 2 6 1 6 1 . 0 2 9 9 9 9 . 0 0 9 9 9 9 . 0 0 
1 . 0 6 2 2 3 . 87 2 2 3 . 10 2 0 3 . 43 164 . 67 1 5 0 . 0 8 9 9 . 13 9 9 9 9 . 0 0 9 9 9 9 . 0 0 
1 . 0 8 1 6 1 . 3 9  1 6 2 . 4 1  1 4 3 . 9 9 103 . 82 90 . 2 9  52 . 8 3 9 9 9 9 . 0 0 9 9 9 9 . 0 0 
1 . 10 1 0 2 . 5 5 1 0 0 . 9 6 8 2 . 7 4  44 . 0 6 2 9 . 3 6 5 . 2 2 9 9 9 9 . 0 0 9 9 9 9 . 0 0 
1 . 12 4 3 . 5 2 3 9 . 08 17 . 8 1 - 17 . 4 8  -43 . 4 8 - 85 . 93 9 9 9 9 . 0 0 9 9 9 9 . 0 0 
1 . 14 -17 . 10 - 2 3 . 8 1 - 5 4 . 87 - 9 0 . 9 3 - 1 1 0 . 41 - 15 1 . 04 9 9 9 9 . 0 0 9 9 9 9 . 00 
1 . 16 -77 . 9 4 - 8 7 . 2 9  - 12 9 . 0 8 - 1 6 9 . 0 2 -183 . 24 - 2 0 6 . 3 2  9 9 9 9 . 0 0 9 9 9 9 . 00 
1 . 18 - 14 1 . 5 0 - 15 2 . 7 8  - 1 9 5 . 5 6 - 2 4 3 . 0 1 '- 2 5 9 . 7 0  - 2 8 1 . 7 1  9 9 9 9 . 00 9 9 9 9 . 00 
1 . 2 0  - 2 0 6 . 5 0 - 2 17 . 4 5  - 2 6 5 . 4 5 - 3 10 . 5 6 - 3 2 9 . 8 6 - 3 4 3 . 5 1 9 9 9 9 . 00 9 9 9 9 . 00 
1 . 2 2 - 2 5 9 . 0 9 - 2 7 9 . 67 - 3 2 9 . 19 - 3 7 3 . 8 4 - 3 8 9 , 6 0 - 4 0 7 . 7 4  9 9 9 9 . 00 9 9 9 9 . 00 
1 . 2 4 - 3 10 . 4 0 - 3 3 7 . 57 - 3 8 1 . 3 9  - 4 3 2 . 5 4 -447 . 0 5 - 4 6 5 . 7 0  9 99 9 . 00 9 99 9 . 00 
1 . 2 6 - 3 5 9 . 3 3 - 3 93 . 97 - 4 3 7 . 7 5 - 4 8 1 . 7 9  - 4 9 4 . 7 5  - 5 15 . 3 3 9 9 9 9 . 00 9 9 9 9 . 00 
1 . 2 8 - 4 0 2 . 3 5  - 4 4 0 . 1 6 - 4 82 . 5 5 - 52 8 . 04 - 5 3 7 . 55 - 5 5 6 . 68 9 9 9 9 . 0 0 9 99 9 . 00 
1 . 3 0 - 4 4 3 . 9 5  - 47 8 . 0 8 - 51 9 . 7 7 - 5 6 9 . 02 - 5 8 2 . 7 6 - 5 9 1 . 7 3  9 9 9 9 . 0 0 9 9 9 9 . 00 
1 . 3 2 - 4 8 7 . 3 4 - 5 14 . 62 - 5 5 8 . 9 3 - 5 9 6 . 47 - 6 2 4 . 50 - 6 18 . 7 2 9 9 9 9 . 0 0 9 9 9 9 . 00 
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Table 24 Continued 

1 . 34 - 5 2 8 . 4 2 - 5 5 1 . 5 8 - 5 9 6 . 4 3 
1 . 3 6  - 5 6 6 . 2 9  - 5 8 8 . 18 - 6 3 2 . 61 
1 . 3 8 - 6 07 . 09 - 6 2 7 . 82 - 6 6 4 . 6 0 
1 . 40 - 6 3 4 . 9 6  - 6 57 . 87 - 6 9 5 . 3 0 
1 . 4 2 - 6 6 3 . 3 8  - 67 9 . 8 8 - 7 2 3 . 7 2  
1 . 44 - 6 8 8 . 14 - 7 0 4 . 2 9 - 7 4 0 . 7 3  
1 . 4 6 - 7 0 3 . 67 -7 2 4 . 5 5 - 7 52 . 6 5 
1 . 48 - 7 1 6 . 6 9 - 7 3 5 . 5 0 -7 58 . 6 2 
l .  5 0  -7 2 3 . 42 - 7 4 2 . 8 9 - 7 6 6 . 3 0 
1 . 5 2 - 7 2 4 . 07 -7 3 9 . 81 - 7 6 4 . 9 5 
1 . 54 - 7 2 6 . 7 8  -7 3 9 . 4 8 - 7 6 0 . 6 4 
1 . 5 6 -7 2 3 . 14 - 7 3 6 . 2 6 - 7 5 5 . 5 5 
1 . 5 8 - 7 2 2 . 3 9 - 7 3 5 . 7 0  - 7 5 4 . 4 0 
1 . 6 0 - 7 1 3 . 77 - 7 2 7 . 3 8 - 7 4 3 . 8 6 
1 . 6 2 - 7 0 0 . 9 1 -714 . 8 3  -7 3 3 . 0 9 
1 . 64 - 6 7 7 . 85 - 6 8 8 . 4 2  - 7 11 . 3 1 
1 . 6 6 - 6 5 1 . 2 4 - 6 5 9 . 5 6 - 6 8 2 . 2 3 
1 . 6 8 - 6 17 . 2 8 - 6 2 1 . 6 5 - 6 4 5 . 86 
l .  7 0  - 5 7 4 . 7 9 - 5 8 0 . 7 1  - 6 0 8 . 3 6 
1 . 7 2  - 5 2 6 . 6 0 - 5 3 5 . 7 4 - 5 5 9 . 94 
1 . 7 4  - 47 8 . 3 7 - 4 9 2 . 3 3 - 5 14 . 2 5  
1 . 7 6  - 4 2 9 . 4 8 - 4 4 3 . 9 9 - 4 6 1 . 8 6 
l. 7 8  - 3 81 . 0 0 - 3 9 4 . 9 5 - 4 0 7 . 6 3 
1 . 8 0 - 3 2 9 . 8 3 - 3 3 7 . 1 8 - 3 4 8 . 54 
1 . 8 2  - 2 7 4 . 0 6 - 2 8 0 . 7 7  - 2 90 . 9 8 
1 . 8 4 - 2 1 3 . 7 2 - 2 2 0 . 7 3 - 2 3 0 . 81 
l .  8 6  - 1 6 0 . 4 1  - 1 6 4 . 57 - 1 7 3 . 2 0 
1 . 8 8 - 1 0 2 . 4 4 - 1 0 6 . 0 3 - 1 1 4 . 2 2 
1 . 9 0 - 4 9 . 2 5  - 5 3 . 16 - 5 9 . 3 6  
l .  9 2  1 0 . 11 8 . 7 6 0 . 1 1 
l .  94 7 6 . 94 7 4 . 6 9 6 6 . 5 2 
1 . 9 6 1 4 3 . 6 9 143 . 45 1 3 8 . 47 
1 . 9 8 2 0 6 . 9 9 2 1 0 . 4 6 2 07 . 9 0 
2 . 0 0 2 7 3 . 9 3  2 8 2 . 2 3 2 8 0 . 7 7 

- 6 2 3 . 3 5 
- 6 5 5 . 8 6 
- 6 8 8 . 2 3 
- 7 13 . 9 3 
- 7 3 6 . 9 5 
- 7 5 4 . 5 2 
- 7 6 9 . 7 1 
-7 7 8 . 6 6 
- 7 8 8 . 9 9 
-7 8 9 . 3 1 
-7 8 8 . 47 
- 7 7 9 . 6 1 
- 7 7 3 . 2 0  
- 7 6 3 . 4 3 
-7 5 3 . 04 
- 7 3 0 . 1 5 
- 7 0 3 . 3 2 
- 6 64 . 9 5 
- 62 4 . 3 2 
- 5 7 3 . 8 7 
- 5 2 6 . 8 4 
- 4 7 5 . 2 5 
- 4 2 3 . 14 
- 3 6 4 . 6 7 
- 3 0 7 . 2 9 
- 2 4 6 . 42 
- 1 8 9 . 8 8 
- 1 2 9 . 3 5 

-7 5 . 0 9 
- 1 9 . 9 6 

4 3 . 11 
1 18 . 3 1 
1 9 2 . 67 
2 7 4 . 6 4 

. ----------��--------��-- . �--�----------·-

- 6 5 4 . 52 - 6 4 9 . 1 6 9 99 9 . 0 0 9 9 9 9 . 0 0 
- 6 8 4 . 6 8 - 6 7 9 . 9 3 9 9 9 9 . 0 0 9 9 9 9 . 0 0 
-72 0 . 2 6  - 7 0 6 . 06 9 9 9 9 . 0 0 9 9 9 9 . 0 0 
-747 . 3 8  - 7 2 6 . 68 9 9 9 9 . 0 0 9 9 9 9 . 0 0 
-7 7 3 . 8 5 - 7 4 6 . 4 9 9 9 9 9 . 0 0 9 9 9 9 . 0 0 
- 7 9 1 . 9 3 - 7 6 3 . 01 9 9 9 9 . 0 0 9 9 9 9 . 0 0 
- 8 0 3 . 13 -776 . 3 8  9 9 9 9 . 00 9 9 9 9 . 0 0  
- 8 1 0 . 0 9 - 7 84 . 2 9  9 9 9 9 . 0 0 9 9 9 9 . 0 0 
- 8 1 2 . 4 8 - 7 9 0 . 19 9 9 9 9 . 0 0 9 9 9 9 . 0 0 
- 8 11 . 0 5 - 7 8 9 . 3 8 9 9 9 9 . 0 0 9 9 9 9 . 0 0 
- 8 0 9 . 6 0 - 7 8 7 . 4 5  9 9 9 9 . 00 9 9 9 9 . 0 0 
- 8 0 3 . 2 5  - 7 8 1 . 1 3 9 9 9 9 . 0 0 9 9 9 9 . 0 0 
- 8 0 2 . 10 -7 7 8 . 2 8  9 9 9 9 . 0 0 9 9 9 9 . 0 0 
- 7 8 8 . 0 0 - 7 6 9 . 23 9 9 9 9 . 0 0 9 9 9 9 . 0 0 
-7 7 1 .  6 9  - 7 5 5 . 5 0 9 9 9 9 . 00 9 9 9 9 . 0 0 
-746 . 0 3  -727 . 3 6  9 9 9 9 . 0 0 9 9 9 9 . 0 0 
-72 0 . 0 3 - 7 0 2 . 5 9 9 9 9 9 . 0 0 9 9 9 9 . 0 0 
- 6 8 6 . 3 9  - 6 67 . 7 4  9 9 9 9 . 0 0 9 9 9 9 . 0 0 
- 64 9 . 4 1  - 6 2 7 . 6 8 9 9 9 9 . 0 0 9 9 9 9 . 0 0 
- 6 0 3 . 13 - 5 8 1 . 2 9 9 9 9 9 . 0 0 9 9 9 9 . 0 0 
- 5 5 4 . 2 5  - 5 3 3 . 8 4 9 9 9 9 . 0 0 9 9 9 9 . 0 0 
- 4 9 5 . 4 1 - 4 8 0 . 4 6 9 9 9 9 . 0 0 9 9 9 9 . 0 0 
- 4 4 1 . 6 2 - 4 2 7 . 9 2 9 9 9 9 . 00 9 9 9 9 . 0 0 
- 3 8 2 . 62 - 3 7 0 . 9 4 9 9 9 9 . 00 9 9 9 9 . 0 0 
- 3 2 1 . 82 - 3 13 . 7 7  9 9 9 9 . 0 0 9 9 9 9 . 0 0 
- 2 5 9 . 17 - 2 5 1 . 16 9 9 9 9 . 0 0 9 9 9 9 . 0 0 
- 2 0 3 . 4 1  - 1 9 5 . 5 1 9 9 9 9 . 0 0 9 9 9 9 . 0 0 
-144 . 4 8  - 1 3 8 . 5 0 9 9 9 9 . 0 0 9 9 9 9 . 0 0 

- 9 0 . 4 8 - 8 3 . 9 2 9 9 9 9 . 0 0 9 9 9 9 . 0 0 
- 3 2 . 9 5 - 2 6 . 52 9 9 9 9 . 0 0 9 9 9 9 . 0 0 

3 1 . 2 5  3 8 . 4 2 9 9 9 9 . 0 0 9 9 9 9 . 0 0 
1 0 8 . 41 1 1 4 . 3 0  9 9 9 9 . 0 0 9 9 9 9 . 0 0 
183 . 0 5 1 8 8 . 8 4 9 9 9 9 . 0 0 9 9 9 9 . 0 0 
2 6 1 . 9 9 2 6 6 . 3 1 9 9 9 9 . 0 0 9 9 9 9 . 0 0 

� 
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Table 25 Derived parameters from selected tests 

' dparams . dat ' 
IMPORTANT DERIVED PARAMETERS 

Values of zO and time - av ( u * )  are derived from a logarithmic f it to the 
cycle -averaged velocity dat a .  Where the cyc le-averaged velocities exhibit 
a segment e d  pro f i le ( du e  to the presence of rippl es ) , values are derived 
for the n e ar-bed region , ( a ) , and the overlying region , ( b ) . 
The cyc l e - averaged f luxe s  integrated through the bottom 3 0 0mm of the f low , 
Q ,  are shown . 

Test zO t ime - av ( u  * )  
mm mm/s 

C l  2 . 2 6 2 2 . 5 9 
C2 0 . 0 5 3 1 . 2 8  

CSl 0 . 11 2  1 1 . 55 
WCS1 ( a )  3 . 1 2 3  2 0 . 58 
WCSl ( b )  1 4 . 6 77 4 1 . 86 
WCS3 0 . 2 12 3 1 . 7 8 

CS2 ( a )  0 . 0 0 8  1 4 . 5 0 
CS2 ( b l  3 . 3 10 4 6 . 08 
WCS2 1 .  7 92 2 2 . 28 
WCS4 0 . 2 8 6  3 1 . 7 4  

Q ( current l 
jg /ms 

0 . 0  

4 . 4 5 8  
17 . 3 2 6  

6 . 9 86 

7 0 . 3 7 2  
2 0 2 . 715 

Q (periodi c )  
�g/ms 

0 . 0  

- 3 . 0 17 
- 0 . 4 42 

o . o  

- 1 6 . 4 7 9  
- 5 2 . 5 3 4  

Q ( ne t l 
"ig lms 

0 . 0  

1 . 4 4 1  
1 6 . 8 8 3  

6 . 9 8 6  

5 3 . 8 9 3  
1 5 0 . 181 

' tf U ' ' r· � � "" ' I i 
! ' 
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Fig 1 Photograph and schematic diagram of the Pulsating 
Water Tunnel at Hydraulics Research, Wallingford. 



Fig 2 
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The grain size distributions of pumped samples 
suspended by the combination · of a large current and 
large wave, extracted at heights of (a) 5mm and (b) 55mm 
above the bed. 
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Fig 4 
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d ifferent heights above the bed. See caption for Fig 29. 
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