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Water cover 

• Wind 
• Current 
• Waves 
• Tailings 
• Water depth 
• Critical shear 

stress 

• Resuspension 
• Oxidation 
• Pollution 

Presenter
Presentation Notes
The picture was token at Solbec, Quebec, Canada.
The water cover is commonly used by mining industry to deposit mine tailings.
The mine tailings contain reactive sulphide minerals such as pyrite.
If these minerals are exposed to oxygen and moisture, they oxidize and produce acid drainage and release heavy metals.
This significantly threat the environment and human health.
A water cover is highly effective oxygen barrier since oxygen in water has both a low solubility and a low diffusion coefficient.
Wind cause motion in water. Mining company is looking for the minimum depth of water for design, which also satisfy requirements for environmental protection.
A tailings pond is a very complicated system that consists of many ongoing physical and chemical processes. 
However, the major influence that drives the process is wind-induced motion in the water cover.
An understanding of the flow structure in shallow water bodies and mechanisms that drive the flow are of central importance in the design and maintenance of tailings ponds.
The focus of this study is on the flow motions induced by wind



Schematic of Conceptual Tailings Pond 
Hydrodynamics 



Flow field visualization  
for wind speed ug=6.39m/s and water depth h=63.5 mm 

(Deep water wave ) 
 

Surface drift 
u s 

Countercurrent 
flow 

Wind 

Surface drift 
u s 

Countercurrent 
flow 

Wind Wind 



Study of surface shear and waves 
induced countercurrent flow 

• Experimental Study 
• Mathematical modeling 

Classification of waves 
• Deep: h/λ>1/2 
• Intermediate:  

1/20<h/λ<1/2 
• Shallow: h/λ<1/20 
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Presenter
Presentation Notes
Classification of waves:
If the water depth h is 2 times bigger than wavelength, the wave is deep water wave.
If the water depth h is 20 times smaller than wavelength, the wave is shallow water wave.
If the water depth h is in between the two values, the wave is intermediate water wave.
The focus of the study is intermediate water waves.



Field Resuspension Studies 

• Field Studies 
– Heath Steele Upper and Lower Cells near 

Miramichi, New Brunswick 
– Quirke Cell 14, near Elliot Lake, Ontario 
– Falconbridge New Tailings Area, Near 

Sudbury, Ontario 
• Laboratory Studies 

– Wave Tank and Wind-Wave Tank Experiments 
 



Heath Steele 

Presenter
Presentation Notes
Noranda’s Heath Steele lead-zinc-copper mine is located in north-eastern New Brunswick, approximately 50km north of the town of Miramichi.



Lower Cell 
Internal Dam 

Upper Cell 

West End Effluent 
 Discharge 

Presenter
Presentation Notes
The main tailings impoundment is divided by an internal dam into two sections, the upper and lower cells.

This study focuses on the Lower cell which acts as a polishing pond from which the effluent is discharged.

Acidic effluent from the upper cell due to the oxidation of thiosalts is treated at the internal dam with lime prior to entering the lower cell.

The resulting lime treatment sludge is deposited over the tailings in the western portion of the lower cell.





Heath Steele Upper Cell Tailings Pond 
Showing Sediment Trap Locations 

N 



Schematic of sediment trap 

 Side view of sediment trap 

Plan view of sediment trap 

Stainless steel container to hold trap in place 

clear polycarbonate plate 

clear polycarbonate plate 

40 cm 

10 cm 







Wind Measurements 

• Wind Speed 

• Wind Direction 



Wave Measurements 

•   Quirke Cell 14, 0.38 – 1.5 m 
 
•   Heath Steele Upper Cell 
    0.9 –1.2 m      



Time History of Surface Elevation 
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Data Processing 

• Spectral analysis (root mean square approach) 
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•    Hs (significant wave height) 
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Measured and predicted wave heights for 1 m 
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Grain Size Distribution 

Figure 1    Particle size distributions of bed tailings at different stations 
(Heath Steele Upper Cell Pond)
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Side View of Laboratory Annular Flume and 
Ring (Modified from Krishnappan, 1993) 
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Shear Stress and Suspended Tailings 
Concentration Measured in Rotating Flume 
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Plots Showing the Transition from Deep 
Water Wave to Shallow Water Wave 

Conditions in 0.75 m to 2 m Water Depth 

Wind Speed  (m/s)

2 4 6 8 10 12 14 16 18 20

W
at

er
 d

ep
th

 to
 W

av
ele

ng
th

 R
at

io
 (d

/L
)

0.00

0.25

0.50

0.75

1.00

1.25

1.50

1.75

2.00

2.25

2.50

d = 2 m 
d = 0.75 m
d/L = 0.5 

Figure 6  Plots showing transition from deep water wave (d/L >0.5) 
                to shallow water wave (d/L < 0.5) conditions in 0.75 m 
                and 2 m water covers at different wind speeds

   Water depth



Comparison of Predicted Total Bed Shear 
Stress and Measured Shear Stress of Heath 

Steele Mine Tailings under 1 m Water Cover 

Figure 10  Comparison of predicted total bed shear stress under 1-m water cover and 
                 measured critical shear stress of Heath Steele mine tailings
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Predicted Critical Wind Speed for Erosion 
versus Water Cover Depth (Heath Steele) 

Figure 11  Predicted critical wind speed for erosion versus water cover depth 
                 (Heath Steele Mine Upper Cell tailings pond)
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Metals as Tracers : Heath Steele Upper Cell 
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Presenter
Presentation Notes
The flooded tailings deposits at Rio Algom’s Quirke Cell 14, provide an appropriate site to assess the flooding of pyritic tailings which have undergone oxidation prior to flooding.

From the picture, you can see that prior to flooding in 1992, the surface deposits were characterized by wide-spread oxidation.

Prior to flooding, limestone was tilled into the top 15cm of the tailings in order to mitigate acid production.





Cell 14 

Presenter
Presentation Notes
Pyrite rich tailings generated at this site were discharged subaerially to a series of constructed impoundments.

Studies were completed in the early to mid 90’s assessing the various closure strategies for the Quirke tailings. 

Based on feasibility studies the decision was made to flood the Quirke tailings. Cell 14 was the first and flooding was completed by early 1993. 

This is a picture taken after flooding and it appears that water quaility in cell 14 looks good.

At present, a water cover ranging in depth from 0.3 to 3 m is actively maintained over the tailings deposits. 

The water column is characterized by slightly basic pH, ranging between 7.5 and 8.5.

Areas with water depths less than 1.5 m are characterized by sparse vegetation and well defined tailings water interfaces.
In depths greater than 2.5 m, the basin floor hosts dense muskgrass vegeatation.




Solid Tailings Analysis 
Station 1 Station 3 Station 6 

Top 

Oxidized  
tailings 
(medium sand) 

Un-oxidized  
Tailings 
(medium sand) 

Bottom 

Top 

Bottom 

Oxidized  
tailings 
(medium sand) 

Un-oxidized 
Tailings 
(medium sand) 

Intermixed 
fine sand  
and silt 

Bottom 

Oxidized  
tailings  
with organic 
matter (fine to 
medium sand) 

Gypsum and 
calcite (silt) 

Intermixed 
fine sand  
and silt 

0cm 
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0cm 

30cm 
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Presenter
Presentation Notes
Tailings cores taken at shallow depths (Q1, Q3, Q6) revealed the presence of a top layer of oxidized material, underlain by unoxidized tailings.

 



Mineralogical Analysis 

Station   
Number   

  
  

Main   
Mineral   

Sulphide   
Mineral   

Secondary   
Mineral   

Trace or   
Minor   

1   Quartz   
(88 to 95%)   
K - Feldspar   
(1 to 8%)   
Muscovite   
(1 to 3%)   

Pyrite   
(2 to 8%)   

Gypsum   
(2 to 17%)   

  
Calcite   

(1 to 17%)   

Chalcopyrite   
  

Rutile   
  

Illmenite   

3   Quartz   
(65 to 98%)   
K - Fe ldspar   
(3 to 10%)   
Muscovite   
(1 to 4%)   

Pyrite   
(1 to 2%)   

Gypsum   
(1 to 4%)   

Chalcopyrite   
  

Rutile   
  

6   Quartz   
(69 to 91%)   
K - Feldspar   
(3 to 11%)   
Muscovite   
(1 to 8%)   

Pyrite   
(2 to 8%)   

Gypsum   
(4 to 18%)   

  

Chalcopyrite   
  

Rutile   
  

  

Presenter
Presentation Notes
A all stations tailings deposits in cell 14 are dominated by quartz (65 to 95 %), with lesser amounts of muscovite and K-feldspar.

The dominant sulphide mineral in the tailings was pyrite, with amounts varying between 1 and 8 %.

The tailings are also characterized by abundant secondary gypsum and calcite, which occurred at depths below 15 cm.

Other minerals in trace quantities included 
chalcopyrite, (CuFeS2)
Illmenite (FeTiO2)
Rutile (TiO2)
Monazite (Ce, Le,Nd)PO4
Thorite (Th,U)SiO4





SO4 Concentration (mg/L) 
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Presenter
Presentation Notes
Regular monitoring of Quirke Cell 14 surface water started in October 1992, shortly after flooding started.

Since flooding the water quality in the cell has improved rapidly.

Initially, pH, sulphate and dissolved solids were elevated in the water cover, but rapidly decreased to below MOE standards. Apart from seasonal fluctuations, sulphate and TDS have reached a steady state within the water cover. Peak concentrations of sulphate and TDS are observed in the fall, while sharp lows are observed in the spring.







Alkalinity as CaCO3 (mg/L) 
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Presenter
Presentation Notes
pH also appears to have slowly increased in the water cover, with slight lows in spring.



Ra-226 Concentration (Bq/L) 
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Presenter
Presentation Notes
Radium in the water cover was initially very low and has progressively increased above MOE guidelines of 1Bq/L for a grab sample.

In addition, radium activities are highest in the fall months and lowest in the spring.



Seepage Loss Analysis 
• Golders Associates 
• SL=P-E-H 
• Fresh water inflow from Gravel Pit Lake to 

maintain operating elevation of 1310ft 
• Factored Precipitation 0.7 
• Class A pan evaporation of 0.85 
• Dyke 14, two perimeter dams (K1 and K2) 

and an old landfill 
• Seepage for 1993 and 1999 are: 56.1L/sec 

and 40L/sec  

Presenter
Presentation Notes
Since seepage loss in Cell 14 is quite high (on average 40L/sec) and Fick’s first law does not account for seepage, another method of determining solute fluxes to the water column was used.







Fluxes in the Water Cover 
• Fluxes calculated using the method developed by 

Catalan, Yanful and St.Arnaud (1999) for 
Preoxidized Tailings. 
 

• FT = FA + FN 

 
• MW(t2) -MW(t1) = FTΩ.(t2-t1) 

 
 

• FA = -[1/ Ω.(t2-t1)] t1∫
t2

SCW.dt 
 

• FN = 1/ Ω.(t2-t1)[MW(t2) - MW(t1) + t1∫
t2

SCW.dt] 
 
 

Presenter
Presentation Notes
Fluxes based on monthly water quality monitoring data were calculated using the method developed by Catalan, Yanful and St.Arnaud (1999).

The total flux of solutes is defined as the sum of advective flux of solute carried by seepage (FA) and the net flux of solute (FN) to the water cover.

The total flux of solute in the flooded tailings may be estimated as the difference between masses of a given solute (Mw) in the water cover at times t1 and t2 and the area, Ω.

The advective flux out of the water cover is considered negative since seepage removes solutes and it is determined using the seepage rate (S) and the solute concentration in the water cover (Cw) at times t1 and t2.

Combining all three equations the net flux can be found in mass/area/time.





1993 and 1999 Net Flux of SO4
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Presenter
Presentation Notes
The net flux of solutes based on monthly water monitoring data are given:

In 1993, sulphate flux was almost entirely positive, indicating a net release of solute to the water cover. Between March and April there is a negative flux, however this is more likely attributed to dilution of the water cover due to snowmelt.

In 1999, net fluxes to the water cover have decreased to below 1 g/m2/d for the months of may through to october.



Net Yearly Average Flux of SO4
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Predicted bed shear stress 
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Presenter
Presentation Notes
Less shear stress at deeper water cover depths.



critical shear stress 
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Dry mass of suspended sediments at 
different depths 

 
• mass of suspended 

solids decrease with 
increasing water depth. 
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Comparison of D50 of bed and suspended 
tailings 
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• Particle sizes of the 
suspended tailings 
were much finer than 
that of the bed 
tailings. 
 
•Suspended 
tailings for Trip II 
were coarser than 
for Trip I, (stronger 
wind conditions, 
creating higher 
bottom stresses). 

 

Presenter
Presentation Notes
Generally suspended tailings were finer than bed tailings. Stations I and 7,8 had similar particle sizes for both trips. Particle sizes of suspended solids at Station 6 coarser implying transportation.
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Mineralogical composition of bed 
and suspended tailings  

Minerals Chemical composition 
Bed tailings  Suspended tailings 

Quartz SiO 2 90 93 

Mica KAl 2 AlSi 3 O 10 (OH) 2 2.5 1.3 

Calcite CaCO 3 3.5 0.25 

Pyrite FeS 2 1.5 1 

Feldspar KAlSi 3 O 8 3.5 3.9 

Percentage estimation  



Elemental composition of bed and 
suspended tailings 

Station Si Ti Al Fe Mn Mg Ca K P Na Cd Cu Ni Pb Zn S Th U
1 397979 2618 22985 23641 129 3417 1644 18402 626 0 1 57 19 191 21 16563 97 18

Bed tailings

Station Si Ti Al Fe Mn Mg Ca K P Na Cd Cu Ni Pb Zn S Th U
1 310959 2338 29712 78337 1239 2593 1715 19675 393 0 3 234 42 946 484 25880 264 55

Suspended sediments (Trip I)

Station Si Ti Al Fe Mn Mg Ca K P Na Cd Cu Ni Pb Zn S Th U
1 334598 2878 28335 53087 1007 2231 18511 19342 175 0 1 120 45 673 104 10910 262 42

Suspended sediments (Trip II)



New Tailings Area (Upper Terrace) 



Depth of Water Cover vs 
Average Grain Size 
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Total Mass of Collected Material 
with Depth of Water Cover 
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Elemental Analysis 

Nitrogen 
(%) 

Organic 
Carbon (%) 

Sulfur (%) 

Average 
Bed 
Tailings 

0.01 0.17 3.16 

Averaged 
Collected 
Tailings 

0.8 7.47 1.39 



Wave Tank Assembly 

Glass windows

Motor assembly
for wave generation

Drainage
pipes

Innersurface
swimmingpool

liner

1.5 m

0.20 m

1 m

1 m x-direction

z-direction

Presenter
Presentation Notes
Plywood sheets were internally, lined with swimming pool liner.



Photograph 

Presenter
Presentation Notes
This shows complete assembly along with a movable platform for various instruments.
ADV, wave probe, were mounted on the platform.



Tank settings for resuspension experiments 

Parameters Values 
Cylinder diameter 0.20 m 
Wave height (H) 0.07 m 
Wave frequency 0.622 Hz 
Water level (h) 0.35 m 
H/h ratio 0.20 
Wave length (L) 2.70 m 
Celerity (C) 1.76 m/s 

Presenter
Presentation Notes
All these resuspension experiments were carried out with 0.20 m cylinder.
The H/h ratio in the field and laboratory was kept similar. Other parameters were also kept similar.



Oxidation rate from shake flask 

FeS2 + 3.75 O2 + 3.5 H2O → Fe(OH)3 + 2 SO4
2- + 4 H+ 

dt

OdC

.dt

SO
dC

2
753

22
4 −=

−

Shake flask 

Mine 
Tailings 

47 mg SO4
2- L-1 day-1  

220 x 10-9 mole SO4
2- kg-1s-1  

60.73 x 10-10 mole O2 m-2 s-1  

Presenter
Presentation Notes
Rate obtained from shake flask represents the resuspension case.
Thus, it will be utilized in the mathematical modeling.



Diffusion model 
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Presenter
Presentation Notes
This is the case when there is both wave and advection.



Model representing experimental tanks 

Sulphate production 
rate from the wave tank = 

Background 
sulphate 
concentration 

+ 
Sulphate produced 
due to diffusion of 
oxygen into 
submerged tailings 

Sulphate produced 
due to resuspension 
of tailings 

+ 








 −

L
mgSO 2

4

h
KDCt

**
0

8103824.1 ×Τ××
β

α τ
ττ








 −
Τ

×
××

c

c
t

dth
as 010= + + Cb 

Presenter
Presentation Notes
Total sulphate production rate is calculated from this equation.



Sulphate concentration 
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Presenter
Presentation Notes
The model fitting shows a close agreement.



Study of surface shear and waves 
induced countercurrent flow 

• Experimental Study 
• Mathematical modeling 

Classification of waves 
• Deep: h/λ>1/2 
• Intermediate:  

1/20<h/λ<1/2 
• Shallow: h/λ<1/20 
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Presenter
Presentation Notes
Classification of waves:
If the water depth h is 2 times bigger than wavelength, the wave is deep water wave.
If the water depth h is 20 times smaller than wavelength, the wave is shallow water wave.
If the water depth h is in between the two values, the wave is intermediate water wave.
The focus of the study is intermediate water waves.



Experimental study 

Closed-circuit wind-wave tunnel in Boundary Layer Wind Tunnel Laboratory, the 
University of Western Ontario, London, Ontario, Canada 

Controlled  
wind speed,  
water depth, 

Presenter
Presentation Notes
Experimental study was carried out at a close-circuit wind-wave tunnel located in Boundary Layer Wind Tunnel Laboratory, UWO
The wind can be generated in the tunnel.
Under controlled wind speed and water depth, desired waves and current can be achieved.
The glass window make visualization possible.
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Schematic of wind-wave tunnel 

• Wind speed 
• Wave height 
• Pressure 
• Velocity of 

water 
 

Measurements: 

Presenter
Presentation Notes
The tunnel is about 5 m long, 60 cm wide; the wave tank is 20 cm deep, the wind tunnel is 24 cm high.
The measurement section is located 3.5 m from entrain.
The measurements: wind speed was monitored with a pitot tube and wind profile by a hot wire; wave height by a wave meter; pressure by two pressure transducers; the velocity of water by a two-dimensional LDV
Synchronized measurements of all variables were conducted in the experiments.




Objective 

• Describe the impact of surface wind-waves 
on the flow structure; 

• Develop a simple mathematical model to 
describe the flow motions. 
 



Classification of measured waves 

Presenter
Presentation Notes
There are two lines in the figure
Most of the waves generated in the wave-tank are deep water waves.  Only when wind speed higher than 10 m/s, the intermediate water wave can be generated.
The experiments were conducted for three cases: two under intermediate water waves (water depth are 6.35 cm and 10.16 cm) and one under deep water wave (water depth is 6.35 cm)



Water surface and bottom pressure correlation  
versus wind speed 
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Presentation Notes
at low wind speed, water surface and bottom pressure correlations are insignificant, that means the impact of surface waves on the current is insignificant too;
At high wind speed, water surface and bottom pressure correlation are significantly big, that means the impact of surface waves on the current is significant.




Comparison btwn measured and existed model predicted 
mean velocity u in vertical plane 
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Presentation Notes
Under deep water-wave, the time-averaged vertical velocity profile measured by LDV are in excellent agreement with model predicted profile of Wu and Tsanis (1995)
Under intermediate water-wave, the time-averaged vertical velocity profiles were deviated from Wu and Tsanis model (1995) when z/h was greater than 0.5, where the surface waves strongly influence the flow field.
The zero-cross point z0/h =0.67 for deep water waves. Under intermediate water-wave, the zero-cross point was about 0.8.



-0.6
-0.4
-0.2

0
0.2
0.4
0.6
0.8

5 6 7 8 9 10 11 12 13 14 15
(a)

V
el

oc
ity

 (m
/s

)

-3.5
-2.5
-1.5
-0.5
0.5
1.5
2.5
3.5

W
av

e 
he

ig
ht

 (c
m

)

veloc ity  u (m/s)

wave height (cm)

-0.6
-0.4
-0.2

0
0.2
0.4
0.6
0.8

5 6 7 8 9 10 11 12 13 14 15

(b)

V
el

oc
ity

 (m
/s

)

-0.92

-0.90

-0.88

-0.86

-0.84

-0.82

P
re

ss
ur

e 
si

gn
al

(v
ol

t)

veloc ity  u (m/s)

pressure (volt)

-0.2

-0.1

0.0

0.1

0.2

5 6 7 8 9 10 11 12 13 14 15
( c)

V
el

oc
ity

 (m
/s

)

-0.6
-0.4
-0.2
0.0
0.2
0.4
0.6

W
av

e 
he

ig
ht

 (
cm

)

veloc ity  u (m/s)

w ave height (mm)

-0.2

-0.1

0.0

0.1

0.2

5 6 7 8 9 10 11 12 13 14 15

Time (s)

V
el

oc
ity

 (m
/s

)

0.42

0.43

0.44

0.45

0.46

0.47

P
re

ss
ur

e 
si

gn
al

 
(v

ol
t)

veloc ity  u (m/s)

pressure (volt)

Intermediate 
water waves: 
Periodic flow 
motion 

Deep water 
waves: 
Non-periodic 
Flow motion 

u and waves signals 

u and bed pressure signals 

u and waves signals 

u and bed pressure signals 

Presenter
Presentation Notes
To understand the impact of surface waves, let’s review the velocity data, an example at uppermost measurement point.
The solid curve is wave signal the cross symbols are measured velocity
The plots indicate that velocities and side wall pressures varied periodically in phase with the surface waves under intermediate water wave conditions. In contrast, the velocities varied randomly or out of phase with the surface waves under deep-water wave conditions.
When the velocity data vary periodically, the periodic motions cannot be properly analyzed by Reynolds’ decomposition method.



Triple Decomposition Theory 
Hussain and Reynolds (1970) 
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Presentation Notes
Fortunately, the triple decomposition method, proposed by Hussain and Reynolds, can extract the periodic varying information out of the time series.
A time series can decomposed into three components: time-averaged component; coherent component; and random fluctuating component.



Wave, velocity signals and selected triggers 
for a typical experimental record 
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Presentation Notes
The solid curve is wave signal with height H, the red symbol represent triggers and crosses represent velocities measured at uppermost point.
The time interval between two adjacent triggers is one wave period. The period may be divided into a certain number of bins. The velocity signals in a particular bin are summed and then averaged to obtain the phase-averaged velocity in that bin. This is done for all bins. These velocities then plotted for an averaged period to obtain the phase averaged velocity  
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Presentation Notes
The figure shows the phase-averaged velocity profiles with Wu and Tsanis model (1995).
Under deep water-wave conditions, the influences of waves on the velocities are negligible, the velocities in all phase are all most identical. Wu and Tsanis model (1995) are satisfied.
Under intermediate water-wave conditions, the velocity profiles during acceleration and deceleration in a wave period are significantly different. Wu and Tsanis model (1995) are failed to express the periodical velocities measured in experimeriments.
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Presentation Notes
The figure shows the maximum and minimum coherent velocity components in vertical plane.
Under intermediate water-wave, the coherent components are significant. Both vertical and horizontal components have the maximum value at the surface zone and have minimum value at the bottom.
Under deep water-wave condition, the coherent components are negligible.



Phase-averaged velocity <u> varies 
 in a wave period 

 (intermediate water wave conditions) 

Presenter
Presentation Notes
The phase-averaged vertical velocity profile varies at the surface wave frequency in a period.
It is clearly shown the impact of surface waves on the water velocity.
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Presentation Notes
The figure shows random fluctuating components in vertical plane.
Under intermediate water-wave, the random fluctuating components are significantly large than that under deep water-wave conditions. Both vertical and horizontal components have the maximum value at the surface zone and have minimum value at the bottom.



Vector plot in a period for ug=6.39 m/s and h=63.5 mm 
(deep water wave conditions) 
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Under deep water-wave condition, the velocities have a nearly identical profile in all phase bins within a typical period.
The coherent components of the velocity vector are not significant.



Vector plot in a period for ug=15 m/s and h=101.6 mm 
(intermediate water wave condition) 
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Presentation Notes
The phase-averaged velocity vectors show that both of magnitude and directions of velocity were changed in all phase bins.
A well defined vortex is passing the measurement section in every wave period.
The coherent components indicate the oscillatory motions in a period. Under wave crest, the coherent velocities move upward. Under wave trough, the coherent velocities move downward.



Vector and streamline plot in one wavelength for wind 
speed ug=15 m/s and water depth h=101.6 mm 

(intermediate water wave condition) 
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Presentation Notes
Under assumption that the waves and current are fully developed, the wave profile and corresponding flow field should keep the same pattern along the tank centerline. The phase-averaged velocities can be extended to a flow field in space.
The figure shows the the velocity vectors and sectional streamlines in one wavelength for intermediate water wave.
It is evident that a vortex is formed at upper part of the flow moving at the same speed of waves and in the same direction of waves as well.
A countercurrent flow moves quit paralleled at the lower part of the water.
At the upper part of the flow, the fluid oscillates along an arc orbit; in the vicinity of the floor, the fluids oscillates along a horizontal orbit. The oscillation in both directions takes roughly half of the wave period. The magnitude of oscillation is bigger at the upper part of water due to the influence of the waves.
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Mathematical modeling 

• Time-averaged components 
• Coherent components 

Presenter
Presentation Notes
Under intermediate water waves, where the flow structure is strongly influenced by the surface waves, Tsanis model does not accurately describe the resulting time-averaged velocity field. This is due to a significant change in the flow structure near the surface and the presence of coherent orbital structures.
A general model is developed to describe the two major influences of surface waves: (1) the distribution of time-averaged velocity profile; and (2) the generation of the coherent components. Thus, a general model of the form is sought.
Since time-average of the coherent component is zero, the time-averaged velocity and coherent components can be derived independently.



Modeling of time-averaged component 

Boundary conditions Governing equations 

Where:  ∫ = 
h 

dz u 
0 

0 

z=h:  u=us  or   τ=ρu*s
2 

z=0: u=0 

Constrain for countercurrent flow 

0 = 
∂ 
∂ 

z 
w 

0 1 =   
 

 
  
 

 
∂ 
∂ 

∂ 
∂ 

+ 
∂ 
∂ 

− 
z 
u 

z x 
p eff ν 

ρ 

0 1 = 
∂ 
∂ 

− 
z 
p 

ρ 

teff ννν +=

Presenter
Presentation Notes
The domain of interest is a channel-like domain that has a flat lower surface and a flat upper surface located at the mean water depth level, I.e. the waves are not considered explicitly; only the averaged water height.
The flow is assumed to be fully-developed in the stream-wise, x, direction, the time-averaged Navier-Stokes equation can be simplified.
To be consistent with Tsanis, instead of imposing a constant surface velocity, the surface friction velocity is imposed on the upper boundary



Tsanis suggested eddy viscosity (1989): 

Proposed eddy viscosity 
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Modification of eddy viscosity 

Presenter
Presentation Notes
Tsanis (1989) suggested a symmetric, parabolic form of eddy viscosity based on a linear shear stress distribution (with z) and similar lower and upper buffer layers. The resulting model is a double log-law that has zero crossing at z0/h=2/3h.
The present experiments suggest that the zero crossing point changes with the wave condition, I.e. under intermediate water waves, zero crossing was nearer the surface.
To allow for a change in the position of the zero crossing, a skewness factor a  for the eddy viscosity profile was introduced to express the physical changes near the upper surface due to the influence of the waves.



Proposed Model of time-averaged velocity 
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Presentation Notes
The derivation was conducted using Maple 7
Where u*s is water surface friction velocity. To obtain the friction velocity, wind velocity profile was used to obtain air friction velocity and then using the relationship of the two friction velocities proposed by Wu (1979).
Take skewness factor a=0, the proposed model covers Wu & Tsanis (1995) model for deep water wave.
zb and zs are characteristic length of buffer layer at z=0 at bottom and z=h at surface; h is the depth of water, z is vertical distance from bottom.



Comparison btwn proposed-model 
predicted and experimental  
time-averaged u components 
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Modeling of coherent components 

 The water particle orbital velocity in a wave can be obtained 
from the potential flow assumption (i.e. Sorensen, 1993): 
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Where T is wave period, H is wave height, k is wave number and sigma is wave angular frequency



Comparison of model predicted and experimental 
coherent components 

-2.5 

0 

2.5 

0 0.2 0.4 0.6 0.8 1 

t/T 

ve
lo

ci
ty

 n
or

m
al

iz
ed

 b
y 

u 
*s

 

90 

100 

110 

120 

su
rf

ac
e 

el
ev

at
io

n  
h 

+ 
( t 

)  
(m

m
) 

-2.5 

0 

2.5 

0 0.2 0.4 0.6 0.8 1 
t/T 

ve
lo

ci
ty

 n
or

m
al

iz
ed

 b
y 

u 
*s

 

55 

65 

75 

su
rf

ac
e 

el
ev

at
io

n 
 h

 +
 η

 ( t
 ) 

 
(m

m
) 

-2.5 

0 

2.5 

0 0.2 0.4 0.6 0.8 1 

t/T 

ve
lo

ci
ty

 n
or

m
al

iz
ed

 b
y 

u 
*s

 

55 

65 

75 

su
rf

ac
e 

el
ev

at
io

n 
 h 
+ η

 ( t
 ) 

 
(m

m
) 

u orbital velocity w orbital velocity u coherent 
w coherent surface elevation 

(a) h=101.6 mm 

(b) h=63.5 mm 

(c ) h=63.5 mm 

0 
0.1 
0.2 
0.3 
0.4 
0.5 
0.6 
0.7 
0.8 
0.9 

1 

0 0.5 1 1.5 2 2.5 

z/
h u(z) ordital velocity 

w(z):orbital velocity 

u coherent: exp. 

w coherent: exp. 

0 
0.1 
0.2 
0.3 
0.4 
0.5 
0.6 
0.7 
0.8 
0.9 

1 

0 0.5 1 1.5 2 2.5 

z/
h u(z) ordital velocity 

w(z):orbital velocity 

u coherent: exp. 

w coherent: exp. 

0 
0.1 
0.2 
0.3 
0.4 
0.5 
0.6 
0.7 
0.8 
0.9 

1 

0 0.5 1 1.5 2 2.5 

Normalized maximum coherent component 

z/
h u(z) ordital velocity 

w(z):orbital velocity 

u coherent: exp. 

w coherent: exp. 

In
te

rm
ed

ia
te

 w
at

er
 w

av
e 

D
ee

p -
 w

at
er

 w
av

e 

D
ee

p -
 w

at
er

 w
av

e 
In

te
rm

ed
ia

te
 w

at
er

 w
av

e (a) 

(b) 

(c) 

-2.5 

0 

2.5 

0 0.2 0.4 0.6 0.8 1 

t/T 

ve
lo

ci
ty

 n
or

m
al

iz
ed

 b
y 

u 
*s

 

90 

100 

110 

120 

su
rf

ac
e 

el
ev

at
io

n  
h 

+ 
( t 

)  
(m

m
) 

-2.5 

0 

2.5 

0 0.2 0.4 0.6 0.8 1 
t/T 

ve
lo

ci
ty

 n
or

m
al

iz
ed

 b
y 

u 
*s

 

55 

65 

75 

su
rf

ac
e 

el
ev

at
io

n 
 h

 +
 η

 ( t
 ) 

 
(m

m
) 

-2.5 

0 

2.5 

0 0.2 0.4 0.6 0.8 1 

t/T 

ve
lo

ci
ty

 n
or

m
al

iz
ed

 b
y 

u 
*s

 

55 

65 

75 

su
rf

ac
e 

el
ev

at
io

n 
 h 
+ η

 ( t
 ) 

 
(m

m
) 

u orbital velocity w orbital velocity u coherent 
w coherent surface elevation 

(a) h=101.6 mm 

(b) h=63.5 mm 

(c ) h=63.5 mm 

0 
0.1 
0.2 
0.3 
0.4 
0.5 
0.6 
0.7 
0.8 
0.9 

1 

0 0.5 1 1.5 2 2.5 

z/
h u(z) ordital velocity 

w(z):orbital velocity 

u coherent: exp. 

w coherent: exp. 

0 
0.1 
0.2 
0.3 
0.4 
0.5 
0.6 
0.7 
0.8 
0.9 

1 

0 0.5 1 1.5 2 2.5 

z/
h u(z) ordital velocity 

w(z):orbital velocity 

u coherent: exp. 

w coherent: exp. 

0 
0.1 
0.2 
0.3 
0.4 
0.5 
0.6 
0.7 
0.8 
0.9 

1 

0 0.5 1 1.5 2 2.5 

Normalized maximum coherent component 

z/
h u(z) ordital velocity 

w(z):orbital velocity 

u coherent: exp. 

w coherent: exp. 

In
te

rm
ed

ia
te

 w
at

er
 w

av
e 

D
ee

p -
 w

at
er

 w
av

e 

D
ee

p -
 w

at
er

 w
av

e 
In

te
rm

ed
ia

te
 w

at
er

 w
av

e (a) 

(b) 

(c) 

Uppermost point Vertical distribution 

Presenter
Presentation Notes
In a wave period, the coherent components from experiments satisfied linear wave theory predicted water orbital velocities in both horizontal and vertical directions under all wave conditions.
In vertical plane, both maximum coherent velocities satisfy the linear wave theory predicted profiles.
The figure indicate that the linear wave theory can be used to describe the coherent components.
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Summary and Conclusions 

• The influence of wind-generated water-waves on the flow 
field is significant under intermediate water-wave 
conditions, in both the time-averaged and coherent 
structures of the flow. 

• The coherent velocity is closely correlated with surface 
waves and satisfies linear wave theory, which varies 
periodically at the frequency of surface waves. 

• An organized vortex structure is found in the upper parts of 
water under intermediate water-waves conditions, which 
rotates clockwise and travels at the speed of surface waves 
in the direction of the wind. 



Summary and Conclusions 
(continue) 

• The model developed to describe the velocity components 
is seen to be in excellent agreement with the experimental 
data and can recover the results of Tsanis (1989) and Wu 
and Tsanis (1995) for deep-water wave condition. 

• The bed shear stress is found to vary periodically with the 
surface wave frequency under intermediate water waves. 
Thus, the time-averaged shear stress is not sufficient to 
quantify the total shear stress. 
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