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ABSTRACT 

JEPSEN, R.; ROBERTS, J., and GAILANI, J., 2004. Erosion measureme~Vcs in linear, oscillatory, and comhi~~ed o r  
eeeoo. cillatoly and linear flow regimes. Jorirnal of Constal Research, 20(4), 1096-1101. West Palm Beach (Florida). ISSN 

0749-0208. 

Many contaminated sediments and dredged material mixtures of cohesive and non-cohesive sediments occur in wave- 
dominated el~vironmeilts. 111.-situ analysis is imperative 111 understanding the erosion and transport of these sedinlent~. 
Recent research efforts 11ave developed a flume with unidirectional flow that can measure in-situ sediment erusion 
with depth (SEDflume). However, the flow regime for the SEDflume has limited applicability to wave-dominated 
environments. Therefore, a unique device, called the SEAWOLF flume, was developed and used by Sandia National 
Laboratories to simulate high-shcar stress erosion procenses experienced in coastal waters where wave forci~ig dom- 
inates the system. The SEAWOLF is capable of testing i~r-sit11 or laboraturjr prepared cores. Erosion rates of cohesive 
and non-cohesive sediments prepared in the laboratory wore determined in oscillatory and combined oscillatory und 
linear flow regimes. Results of these tests were compared to results from the unidirectional SEDflume. .4lthough 
maximum shear stresses for oscillatory flows were as high as 7 Pa for the tests, the associated erosion rate for specific 
sediment over the entire wave cycle were comparable to much lower shear stresses found for constant, linear flows. 
For example, sediment exposed to a maximum of 7 Pa over a 15 s period resulted in erosion rates sinular to results 
for a constant linear shear stress of 3.-1 Pa. Analysis of results for all sediments tested led to u determination of values 
for an effective shear stress that relates wave-induced erosion to linear flow induced erosion. 

ADDITIONAL INDEX WORDS: w~oes, sedi~nent, SEDflurne. 

INTRODUCTION developed from measurements under unidirectional flow 
when predicting erosion in wave-dominated environments. 

Sandia National Laboratories (SNL) has designed, con- Modeling results show the SEAWOLF induces shear 
stmcted, and tested a high-shear flume that  superimposes stresses up to 10 P a  for oscillatory flow only, while combir>ed 
an oscillatory flow upon a unidirectional current. The appa- wit], linear flows induces shear stresses over 12 Pa (JEPSEN 
ratus is named the Sediment Erosion Actuated by Wave 0 s -  et al., 2001b). Erosion experiments were performed under a 
cillations and Linear HOW (SEAWOLF) Flume. The self-con- range of unidirectional and oscillatory flow comhillations. 
tained facility can be towed to the field and used in research These experiments confirmed that  for the same instants- 
and mission support investigations of combined current and neous flow rate, the urldeveloped oscillatory flow shear 
wave-induced erosion of in-situ contaminated sediment, stresses are much greater than those generated by fully de- 
dredged material mixtures composed of cohesive and non-co- veloped, unidirectional flow. Finally, effective shear ~ t . ~ e s s c s  
hesive sediments. were determined fi-om erosion tests with known sediment. 

The SEAWOLF is  a significant design modification of the samples used in the unidirectional flume. 
SEDflume (MCNEII, et al ,  1996) that  maintains the ability to 
measure erosion and the variation of erosion ~ 6 t h  depth be- DEVICE DESCRIPTION 
low the sediment-water interface for a wide range of shear 
stresses. However, the SEAWOLF further has the capabilit~y A detailed description ofthe SEAWOLF design, operation, 

to analyze the inlpact ofoscillatory flow 011 erosion rate,   hi^ ROW validation, and modeling is provided in JEPSEN et a!., 

capability remedies shortconlings of erosion rate algorithms (,2001b). The fol lo~lng is a summary of the device description. 
operation and capabilities. 

The SEAWOLF flume channel is similar to the channel and 
03-0003R receiucd and accepted in retrisior~ 9 M C I ~  2003. erosion test section of the SEDflu~ne (MCNEIL ct al.. 1996; 

Sonrlia Nufional Lnhorntori~s LS a multi-program laboratory oper- 
aterl h,v Sandia Corporation. a Luclit12ed Mortiri Cornpn?~.~, for- the ROBERTS and JEPSEN, 2001; JF:PSEN et al., 2001a). The 

United Stales Drl,nrtr,~c,~t of Errergs under corrtrnct DE-ACOd- ~t'-aight, clear ~ o l ~ c a r b o n a t e  flume channel (Figure l a )  is 
94AL85000. m long and has a false bottom a t  the center where a core 
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Stepper 

Figure 1. SEAWULF Schematic: (not to scale). (a) Channel, core, and tank asscn~bly. (11) Motor. hall-scren., ant1 piston asaenlhly for one piston. 
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sample extracted directly from the field site (or created in the 
laboratoly) is placed. A 10 cm diameter core is moved upward 
by the operator such that the sediment surface remains level 
with the bottom of the flume channel during each erosion 
test. There is a sediment t rap a t  each end of the flume chan- 
nel to remove sediments from the system so the test section 
does not experience sediment-laden water from previously 
eroded material. Also, a DeltaForcem magnetic flow meter 
attached directly to one end of the channel was used to pro- 
vide real-time measurements of flow conditions. 

Unidirectional flow in the SEAWOLF test section is con- 
trolled by the operator-specified head difference between 
tanks A and C (Figure la). Oscillatory flow is generated by 
a piston attached a t  each end of the flume channel that work 
in tandem. Piston movement is pre-set by the SEAWOLF op- 
erator. The operator controls a mechanical jack so that the 
sediment surface is kept flush with the flume bottom a s  the 
sediments erode under the specified current and oscillatory 
flow conditions. Erosion rate a t  the specified conditions is de- 
fined a s  the upward movement of the core divided by the time 
duration of the experiment. 

The SEAWOLF permits the operator to conduct erosion 
rate experiments for shear stresses ranging from 0.1 Pa to 10 
P a  for the oscillatory regime, 0.1 to 3 P a  for unidirectional 
flow, and over 12 Pa for the comhined flow regimes. The SEA- 
WOLF is also used to measure the critical shear stress nec- 
essary to initiate erosion using the same methods developed 
for SEDflume (JEPSEN et al.. 2001a). 

Two pistonlcylinder ~r rangements  drive the oscillatory 
flow (Figure lb) while the unidirectional flow is forced by a 
head difference between tanks a t  each end of the flume (Fig- 
ure la).  Water is pumped from Tank B to Tank A to maintain 
the desired head in Tank A. The head in Tank A is greater 
than the head in Tank C. This head diflkrence, All, drives the 
unidirectional flow and can be adjusted between each erosion 
test. Both Tank A and Tank C overflow into Tank B to main- 
tain constant Ah during a n  erosion test. A computer, stepper 
motor, and linear bail-screw arrangement control the piston 
strokes that goverrl the maximum velocity and period of the 
oscillatory flow. In addition, valves a t  each end of the channel 
(Figure l a )  connecting to Tank A or Tank C are used to con- 
trol both the unidirectional flow rates and the backfiow into 
the tanks from the oscillatory flow. Within the test section, 
unidirectional Row rates can range between 0 and 130 lpln 
and the oscillatory peak rates range between 0 and 150 Ipm. 

HYDRODYNAMICS 

Unidirectio~ial Flow 

The relationship between internal turbulent flow and shear 
stress for a hydraulically smootl~ channel has been reported 
exteilsively for a unidirectional flume or internal channel 
(SCHLICHTINC;, 1979, p.611; MCNEIL et al., 1996; JEPSEN el 
al., 2001aj. The transcendental function relating the coeffi- 
cient of resistance to system properties is 

v = kinematic viscosity (nlYs), 
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d = hydraulic diameter (m), 
u, = mean current flow velocity (m/s), 
A = coefficient of resistance (-). 

The shear stress, 7(N/m2), is included in the coefficient of re- 
sistance, A, as  follows 

87 

p = water density (kgIm3). 

Equations (1) and (2) provide a n  implicit relationship for 
shear stress a s  a function of mean velocity. 

The head difference, Ah, between Tanks A and C drives the 
velocity for the unidirectional flow in the channel. Unidirec- 
tional flow velocity is calculated from the Bernoulli equation: 

5-u.' 
P 2 

g = gravity (m/s2), 
h, = head losses (entrance, exit, channel, 90" pipe bends) 

(m2/sY), 
Ah = head difference (m), 

PA,, = Pressure in Tanks A and C (N/m2). 

The pressures, PA and P,., are equal because both tanks are 
open to the atmosphere. Solving for u, in  equation i3) yields, 

11,. = \ / 2 g ~ h  - 2h,. 

Head loss in  the flume is estimated by accounting for flow 
rate, pipe diameter, pipe length, and pipe bends. For exam- 
ple, head difference of 0.45 m results in a n  approximate head 
loss of 4.0 mYsQnd current velocity of 1 mls when the valves 
to the tank (Figure la)  are fully open. Partially clc~sing the 
valves will increase the head loss. Valve adjustment offers 
fine control of the unidirectional flow rates. Although i t  is 
possible to calculate the head loss, it is not necessary for reg- 
ular operatio11 of the flume. The flow meter provides all rel- 
evant flow informalion and this calculation was performed 
only for design purposes. 

Oscillatory Flow 

The pistons attached to the ends of the channel drive the 
oscillatory flow in the channel. The sediment test section in 
the channel expeiiences the equivalent of one piston stroke 
volume across its surface with each piston stroke. The cross- 
sectional area of the piston arrangement is 500 cm2 and that 
of the channel is 20 cm2. The velocity in  the channel from the 
oscillating piston is calculated from conservation of mass 
principles: 

A,V, = A,.V, 

A, = cross-sectio~lal area of piston (n12), 
A< = Cross-sectional area of channel (m3), 
V,, = velocity of piston(s) ( d s ) ,  
V, = channel velocity (m/sj. 

This yields, 
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V, = 25V,. (6) 

hen the two pistons are 180" out of phase, they aid each 
r (one piston is pushing and the other is pulling) and 
ide a preferential pathway for the flow through the chan- 
nd test section rather than forcing flow into the Tank A 

Vtestscction Vc (7) 

ston velocities are controlled by the stepper motor and 

in the test section with no superinlposed unidirectional 
ent are between -1.2 and 1.2 1111s. 
constant;, superimposed, unidirectional current is possi- 

because the head difference between Tanks A and C is 
t constant. The oscillatory forcing by the pistons does not 

the forcing of the superimposed unidirectional current 
se Tank A and C are open to the atmosphere and al- 

ays free to spill excess water into the central resemoir of 
ank B. A pump driven unidirectional current would not al- 
w a reversal of flow direction or maintain a constant uni- 

tional forcing because the pump performance is depen- 
on the downstream head. Ultimately, a constant, super- 

posed unidirectional flow can only be maintained by con- 
stant Ah achieved by the design shown in Figure la .  

FLOW MODELING 

Oscillatory flow regimes a re  never fully developed for the 
periods and amplitudes of interest regarding wave action. 
Furthermore, actual shear stresses are higher than those 
predicted by the fully developed assumptions, due to the larg- 
er velocity gradient in the boundaly layer during dcvelopil~g 
flows (SCHLI(:HTING, 1979, Chapter XV). Because the oscil- 
latory flow is also time-dependent, numerical modeling is 
most appropriate for determining the shear stress time his- 
t.ory. The following summarizes modeling etrorts that are de- 
scribed in more detail in JEPSEN et al. (2001b). 

In addition to the applied shear stresses, there is also a 
need to simulate a variety of wave shapes and periods. For 
each piston, the piston velocity is 

where: 

L : stroke length (up to 0.4 m), 
T = wave period (s), 
u) = angular velocity (27rfl) (radiansls), 

1 = time (s). 
This ylelds a sinusoidally varying flow velocity over the test 
section of 

The amplitude of the wave and maximum piston velocity, V,, 
is Lmm for equation (8). Since the maximum piston velocity, 
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Table 1. Compnriso~l of shenr stmss fur inrioils f lwu condilrorrs. 

Uliidirectional Maxilliuru Total Maximum 
Flow 0l;cillntory Flow" Peak Flow Shonr Stress 

Case (Ipm) (lpm) (Ipm) (Pai 

'!: 15 8 period sinusoidal wave 

V,, is 0.048 m/s (V, = 1.2 mls), the associated maximum wave 
period, 'l: for a 0.4 m maximum stroke length, L, is 26 s. 

Modeling studies investigated the relationship between 
flow velocities and shear stress in the flume channel under 
various wavelcurrent regimes. The aforementioned equations 
for internal channel flow are only applicable to fully devel- 
oped conditions. Under oscillatory forcing, the flow is never 
fully developed and the relationship given by SCHLICHTING 
(1979, p. 611) fbr hydraulically smooth internal flow under- 
estimates the shear stress. To address undeveloped flow con- 
ditions, fine-scale numerical hydrodynamic modeling of SEA- 
WOLF was coilducted to examine the undeveloped flow con- 
ditions. 

The equation describing the flow in the channel is 

V,,, = maximum velocity (mls) 
V,,, = unidirectional velocity (mlsj 

Shear stress calculations were post processed after each 
sinlulation of the transient (oscillatory) flow field. Calcula- 
tions followed the shear stress equation by taking the gra- 
dient of the local ve1ocit.y in the y-direction a t  t.he wall and 
multiplying by the dynamic viscosity. The shear stress equa- 
tion used was 

z l  = local velocity (rids), 
i~ = dynamic viscosity (Irglm-s). 

For oscillatory flow, both u and T are functions of time and 
may be determined a t  any instant during the oscillation. 
Shear stresses calculated for the unidirectional case only 
matched well with those calculated using equations i i )  and 
(2). Tablc 1 comparcs various unidirectional and oscillatory 
flows and their associated maximum shear stresses. 

Interaction of unidirectional and oscillatory flows also af- 
fects shear stress (GRANT and MADSEN, 1976). This process 
was also simulated in the ilumerical calculations. The time 
history of shear stress for Case 5 in Table 1 is provided in 
Figure 2. 

Unidirectional flow rate, cycle period, piston speed, and 
piston displacemenl influence shear stress time history 
through a cycle. Therefore, tl multi-dimen~ionel array for 
wavelcurrent regimes of interest must be based in numerical 
model simulations to relate shear stress to flow conditions. 

Journal of Coastal Rcscnrch, Vol. 20. No. 4. 2004 
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Tal~le  2. Erosio~l. for 310 p n  qrrovlz sanil 

5 10 
Time (s) 

Figure 2. Time hiatniy of shear stress for 83 Ipni unidirectio~ial plus 57  
lpin oscillatoi+,y flow with 15 s pcriod (:Case 5,  Table 1). 

An example of the necessity for this is demonstrated through 
Table 1 where a 140 lpln m,urirnurn flow rate produced three 
different maximum shear stresses dependent on the state of 
boundary layer development (Cases 4, 5, and 6). 

RESULTS 

Quartz Sand 

Erosion tests were performed on a 310 pm quartz sand that 
has been tested extensively in the unidirectional flume. Tests 
were performed under oscillatory flows with maximum rates 
of 23 and 57 lpm with a 15 s period and 69 and 102 Ipm with 
a 12 s period. More detailed data describing these oscillatory 
flow configurations and several other variations are provided 
in JEPSEN et al. (2001b). Table 2 shows the erosion results 
for these configurations. I t  should be noted that  erosion rates 
measured in the unidirectional SEDflume are consistent with 
known erosion rates fbr sands (ROBERTS et  al., 1998) under 
multiple shear stress and grain size conditions. 

For unidirectiollal flow, the equation describing the erosion 
rate as a function of shear stress (JEPSF:N st al., 1997) is 

where A = 1.7X10-2, t n  = 0, and tz = 2.7 fbr 310 p m  quartz 
(ROBERTS and JEPSEN, 2001). Solving equation (12) for shear 
stress, 7, and substituting the values in Table 2 for erosion 
rate, E, yields an effective shear stress for the wave motion. 
Effective shear stress in Table 2 is the shear stress from the 
unidirectional SEDflume that  induces the same erosion rate 
in SEAWOLF. 

Natural Sediments 

Experiments were also performed with sediments from the 
Canaveral Ocean Dredged Material Disposal Site for the com- 
bined unidirectional and oscillatory flow case shown in Fig- 

- 
Average M&rium Effecli\,e Shear 

Flow Flow Peiiod Erosion Hate Stress for R':tyt. 

ure 2. The same sediments (site CDS-2) were tested exten- 
sively using the unidirectional flume (JEPSEN et al., 2001a). 
The sediments were 6 3 9  sand and 378 silt with a median 
grain size of 92 p m  The bulk density was constant for each 
test a t  1.62 g/cm3. The constants derived from the unidirec- 
tional tests for equation (12) are A = 1.22X lo1'), n7 = -66.8, 
and n = 2.71. 

Erosion rates were measured for the superimposed oscil- 
latory and linear flow conditions of Table 1, Case 1, 3, 4, 5 
(Figure 21, and 6. The erosion rates, effective shear stresses, 
and maximum shear stresses fbr each of these cases are 
shown in Table 3. Undeveloped, oscillatory flows can gener- 
ate significantly higher ins ta~~taneous  erosion rates and 
shear stresses than the equivalent unidirectional, fully de- 
veloped flow rates. For example, compare cases 4 and 6 of 
Table 1 and 3. TIowever, the effective shear stress for ihe 
entire wave period can be less than the maximum shear 
stress for the wave and equivalent to the shear stress created 
by a unidirectional flow with velocities equivalent to the Inax- 
imum oscillatory flow rate (Table 3). In addition, for the os- 
cillatory cases, there may be significant times during the 
wave period when the instantaneous shear stress is less than 
the critical shear stress for erosion. For example, the critical 
shear stress for the CDS-2 sediment is 1.0 Pa (JEPSEN e t  al., 
2001a). From Figure 2, there is approximately 3 s or about 
2 0 8  of the period in which the shear stress is below 1.0 Pa. 

The effective shear stress for unsteady wavelcurrcnt con- 
ditions is used to represent an equivalent erosion rate for a 
unidirectional; fully developed flow. Erosion rate is generally 
a functio~l of shear stress to a power greater than one 
(E-T;.'). It  i s  also probable tha t  a portion of t.he wave period 
may include shear stress less than the critical shear stress 
for initiation of erosion. Therefore, effective shear stress i s  
not the same as average shear stress or maxinlum shear 
stress for the wavelcurrent conditioil, but a function of shear 
stress time history and critical shear stress. Nevertheless, 
effective shear stress is the most useful description for bulk 
erosion nleasurements because it is operationally impossible 
to measure cohesive sediment erosion rates for small time 

Tahle 3.  Grosiorr und Shenr Stress for CDS-2 Canacrrcrl Sediment 
- 

Erosion Rate T TEn Tmrr 

Case I c d h )  (Pa, (PR)  (Pa) 
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F,,!j:::,efiods within a wave period. The effective shear stress is 
y.:.... : 

$i%2:idS0 *... ,.,.. .. the simplest and most useh l  measurement for model 
.>>;:;:;,., ,? 
gi;$:j-.;nput. To determine shear stresses a t  discrete times within 
p&y<::::,.,., 
@$&he wave period requires intense numerical computatioils <.:.:.:.. , . -- 
y,:.:::.'. ' . 
E.;: that are beyond the capacity of most large domain sediment 

rosion tests were performed in SEAWO1,F with both 
and and a natural sediment that were well classified 
rectional erosioi~ tests. Results demonstrate the util- 
e SEAWOLF for producing combined oscillatory and 

directional flows a s  a modification to a well-established 
ework for measuring erosion for unidirectional, steady 

Both modeliug and erosion results showed that  the 
slress is much higher in the undeveloped, oscillatory 

regime than for fully developed, unidirf?ctional flow a t  
same flow rate. 
he erosion rates measured in SEAWOLF over a wave- 

can he estimated by arl effective shear stress that  is 
d 'to the equivalent erosion rate from unidirectional 

sts. At present, effective shear stress can only be calculated 
r sediments with known unidirectional, h l ly  developed flow 
nerat.ed erosion rates. Effective shear stress is also specific 
both sediment properties and wavelcurrent conditions. 

Therefore, to develop a robust operation protocol and improve 
the understanding of the erosion processes, more studies 
must be conduct.ed with a variety of sands and sedin~er~ts. 
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