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Abstract

Although many turbidity currents propagate over lower boundaries characterized by form roughness, there have been few
experimental and numerical investigations of turbidity current flow over dynamically rough substrates. This research aims to
investigate the influence of roughness height and spacing on sediment entrainment potential, erosion and rate of sedimentation
(deposition). Specific questions include: (i) do lower boundary interactions in the hydraulically smooth vs. rough cases cause
differential turbidity current propagation?, (ii) is any coupling between the flow and substrate one-way or two way?, (iii) in the
latter case, what are the implications for linked flow and substrate evolution?

Accordingly, a numerical study of flow over rough substrates has been undertaken for a wide range of roughness spacings and
Reynolds number. LES and DNS numerical modeling of such a wide range of roughness spacings is problematic due to the
computational resources, the number of cases and the Reynolds number range. Therefore, a RANS (Reynolds Averaged Navier-
Stokes) based turbulence modeling approach is adopted using a commercial CFD code, ANSYS-CFX 14.5. The modeled
scenario is a channel with lower boundary roughness comprising square bars on the bottom wall, oriented transverse to the flow
direction. Initial results suggest turbulence maxima occur when the ratio of object spacing to object width (the pitch ratio) is ~7.
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This value is only weakly dependent on Reynolds number. The decay rate of turbulence enhancement beyond this optimum
spacing is rather low. Further work has examined the influence of the obstacles height on the peak turbulence enhancement of
the flow below the boundary layer, across a range of pitch ratios and Reynolds number conditions. The implications of likely
lower boundary roughness effects for prediction of flow depletion and run-out distance are investigated.
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Introduction

= Although Many turbidity currents propagate over lower boundaries characterized by form roughness, there have been few
experimental and numerical investigations of turbidity current flow over dynamically rough substrates. The rough substrates form
either through erosion to leave a rugose lower boundary, or via the construction of aggradational bed forms.

The surface roughness of the deep-sea floor plays an important role in the turbulence structure of turbidity currents (Meiburg
and Kneller, 2010; Macdonald et al., 2011; Eggenhuisen and McCaffrey, 2012).

Shear flows have major effects on the flow transportation dynamics of turbidity currents. Previous studies suggest an apparent
similarity in the inner and outer layer of the turbidity current respectively to the viscous and inviscid layers of a plane half-channel
turbulent shear flow. Such similarities provide incentives for studying rough channel shear flow in tackling turbidity currents fluid
dynamics problems. Thus, measurements of turbulence quantities such as friction factor and eddy viscosity of plane turbulent

wall jets can provide initial insight on implications for natural turbidity currents. & ’ij'as,:,

Figure 3: Image of flute casts in Catagnola system.

Accordingly, a numerical study of flow over rough substrates has been undertaken for a wide range of roughness spacings and
Reynolds number. The modeled scenario is a channel with lower boundary roughness comprising square bars on the bottom
wall, oriented transverse to the flow direction.
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(iii) Is any coupling between the flow and substrate
one-way or two way? In the latter case, what are the
implications for linked flow and substrate evolution?

Figure 1: Sketch of the TOBI profile and interpretation indicating erosional and sediment | |Figure 2: The typical morphology and dimensions of erosional and depositional features
waves in the proximal Agadir CLTZ (from Wynn et al., 2002). within CLTZ (from Wynn et al., 2002).

Numerical Method
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simulations have been performed using the commercial
code, ANSYS CFX 14.0. This code uses a finite volume
method to solve the Reynold time averaged Navier-
Stokes (RANS) equations by a coupled solver.

Numerous turbulence models were employed for
comparisons against experimental and numerical results
in literature.

= The mathematical equations for steady Reynolds
averaged models are based on conservation of fluid
mass, continuity and momentum as follows:

Continuity:
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Figure 4: Perspective view of the bathymetry of Blake Spur showing bedforms in a linear | | Figure 5: Perspective view of the bathymetry in the Carolina margin showing the oU; — 0
trend (Images taken from CCOM/JHC, The University of New Hampshire, Durham, USA). pattern and dimensions of large-scaled bedforms (Image taken from CCOM/JHC, ox;
The University of New Hampshire, Durham, USA).
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Figure 6: The view of the Alaska Beaufor margin showing the slope-parallel lineated train | |Figure 7: Tidal bed forms directing eastward out of Hervey Bayd in southeast
on the bathymetric bench along margin in Area H (from Engels et al., 2008). Australia across continental shelf and over shelf edge (from Boyd et al., 2014).
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Flow Configuration Case Study A: Variation in roughness Case Study B: Variation in roughness

*Figure 8 displays the computational domain with its elements Spacing elements hEIghtS

co-ordinate system and the roughness element shape.

*The roughness element is in a non-staggered, two-
dimensional transverse square arrangement, with a
cross section k x k, positioned on the lower boundary.

=Periodic boundary conditions are used in the
streamwise direction and a symmetry condition is
applied in the spanwise direction. A no-slip boundary
condition was applied to the upper and lower wall. A
mean pressure gradient is imposed as a source termin
the U-momentum equation.

= The width-to-height ratio w/k was varied from 0.72 to
402.

* The roughness element height is 0.05H, where H is
the full channel height.

= The simulations have been performed for 28 domains
for a range of dp/dx (mean pressure gradient) values.

=Figure 9 shows the computational domain for case

study B. In this case, the roughness element to

channel heightratio, h/His varied. ]
k
}

*The Shear Reynolds number Re,, and the bulk ]
Reynolds number Re;,, respectively are determined as
follows:

Re, = (H/2)u,/v
Reb = (H/Q) Ub/l/

Figure 8: Computational domain and hexahedral grid system of the channel flow with
surface roughness showing the parameters for w/k=9.

H =is the full channel height Figure 9: Geometry and computational grid for the channel flow with rib roughness on
the lower boundary.

. . Figure 9: Plots of the computed velocity
MOdEI Val |dat|0n profiles of various turbulence models on
the centre line of the channel for (a)

. . . : : ‘ /=1, (b) whk=4, (c) whk=8 at Rex
=The Figures 9 (a)-(d) show the streamwise velocity N N 56,000 ((d)) ) ©

profiles normalised by the maximum streamwise [ P \ [ turbulence intensity at w/k=1 (f)
velocity obtained from the turbulence model solutions 6f — BSL Reynolds stress, Res9,664 | j ( ; teu;b:'r?r’:]‘;em'gltegsr:tg ar:u‘r"]’q/’;ii% l"""(*tég";
for wk=1, 4, 8, 9. The velocity profiles are displayed i —K-o SST, Rex9,604 S ' ,.espuns_

H . 4 - K-g, Rex~10,900 4 ) K-g, Re #37,000
for a line located at the centre of the channel in the ; - = - Cui ot al, LES, Re=10,000 T 3 56, Remin.000

cavity from the upper to the lower wall boundaries. Sb W Djenidi et al. Experimental, Re=10,500 L — LRR,Re~37,000
: : : O Okamoto et al. Experimental, Re=38,500

=Overall for all the turbulence models, the velocity
profiles show a reasonable agreementwith previous A N :
numerical and experimental data. The K-&¢ model o. : : : : : 0. : : : : : " K6, Re ~10.200
shows best agreement with available data. The 4F - - -~ Cuietal LES, Re=10,000
normalised turbulence intensity results are more 5
sensitive and show discrepancies. As illustrated in
figure 9 (e)-(f), RANS models show poor prediction of
the turbulence intensities.

=Figure 10 shows the wall pressure drag distribution
along a line positioned at the bottom of the cavity for i i e, Re 56,400

w/k=9. This distance is normalised by the roughness i N g;;nlj:t:jjj_ogxp Res38.500 af O Hanjalic and Launder Exp. Re= 56,000
height k, and K-e¢ model is tested for validation. The , o ;
agreement between the RANS computation and LES Sl Figure 10: The pressure coefficient profile at w/k=9.
is satisfactory. ' ’

*The K-g¢ turbulence model demonstrates a
reasonable prediction in capturing velocity profiles.
Therefore, the predictions of the eddy viscosity must
be reasonably accurate, as the influence of turbulence
on the flow field is largely governed by the eddy
viscosity term. Moreover, turbulent dispersion of heat
and small particles may be modelled using an eddy
diffusivity which is proportional to the eddy viscosity.
Therefore, K-¢ turbulence model has been used to
further examine the characteristics of the roughened
wall flow over a range of aspect ratios.
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Figure 13: Scatter plot of
the area-weighted average
friction factor vs. w/k for a
range of Reynolds
numbers.

Results

Re =44,721 ﬂ-
Re =40,000 (7.0/02199)
Re =34,641 -
*Modelling simulations were performed to study turbulent flow over two-dimensional square roughness Re=25.254
elements for various Reynolds numbers and w/k ratios (Case study A). The streamlines and SR ¥
reattachment length of the averaged two-dimensional velocity field of the results are presented. The
flow is over form-type roughness. Thus, the viscous effect of the wall will be negligible relative to the Exp. DEcay Fit of Avel2]
pressure drag produced by the rib. Finally, to further characterise the bed roughness, flow resistance T i /
and eddy viscosity variation are evaluated. The dependence of these results on the Reynolds number /
§

Pol ial Fitof
Potynomiat tit-of

as a function of width-to-height ratio will be discussed.

*More simulations have been performed to investigate the effect of roughness to channel height ratio,
h/H on the optimal mixing and the flow resistance (Case study B).
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Figure 14: Scatter plot of
the dimensionless eddy
viscosity vs. w/k for a range
of Reynolds numbers.
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Figure 12: (a) The normalised wall shear stress versus the normalised
distance between the adjoining ribs and (b) Graph of the reattachment point
with varying the width-to-height ratio.

Figure 11: Distribution of mean streamlines velocity for (a)
w/k=1, (b) w/k=3, (c) wk =7.

Discussion and conclusions

“pen 0050 *The current results confirm that the optimum spacing of
LS roughness elements to maximise friction and eddy
viscosity within the flow occurs at w/k=7. It is found that
this value is only weakly dependent on Reynolds
number, and the decay rate of mixing and flow
resistance as a function of w/k ratio beyond this optimum

spacing is slow.

*As illustrated in figure 15 (a)-(b), the varying h/H ratio
has no significant effect on the optimal flow resistance

. and turbulent mixing.

Peak (7,0.033)
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v AA %
Peak (6,0.014)
a0t *Figure 13-14 show respectively a linear rate of flow
[ )

® Peak (6,0.007)

PRREE resistance and turbulent mixing up to w/k=7, followed by
an exponential rate of perturbation decay beyond this
critical ratio, with no significant dependence on flow
Reynolds number.
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*The present results are pertinent to analyses of
environmental flows over rough surfaces, here explored
h/H=0.01 with reference to dilute, particulate, density-driven flows
h/H=0.05 e (50025 in deep marine setting (i.e., turbidity currents). Horizontal
Eﬁzg; S velocities within such flows tend to zero near the flow-
B/H=0.3 Eae” ambient fluid interface and at the lower boundary, with
h/H=0.4 % onom an internal velocity maximum beneath which the flow can
V¥ be well approximated as a shear layer.
= Flow over erosional roughness may operate in addition
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