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Abstract

The general flow structure over transverse aeolian dunes is now well documented through both field studies and wind tunnel
experiments. Research on windward (stoss) slopes of dunes is extensive and has recently been complemented by research on th
lee-side flow structure. However, a number of technical deficiencies in wind tunnel instrumentation and a lack of detailed resolution
in and appropriate turbulence instrumentation for field research have resulted in an incomplete quantified characterisation of the
flow structure over aeolian dunes. This study applies a two-dimensional numerical model with an RNG-medifi@dbulence
model to simulate the time-averaged flow field over an idealized aeolian dune. The model is successfully validated with wind tunnel
experimental data. Results indicate that the model accurately predicts the flow patterns over the dune, producing regions of flow
stagnation at the toe, acceleration up the stoss slope and a region of flow separation and reversal in the lee. Further developmen
and application of this model will allow examination of flow-form interaction, the testing of more complex isolated dune morpho-
logies, and characterisation of flow over multiple dunes.
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This paper applies Parabolic Hyperbolic Or Elliptic patterns has dominated recent dune literature (see
Numerical Integration Code Series (PHEONICS) sup- reviews by Nickling and McKenna Neuman, 1999;
plied by Concentration Heat & Momentum Ltd., Bakery Wiggs, 200). The research focus on the dynamics of
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sediment dynamics in the turbulent lee-side eddies
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Research concerning secondary flow regimes governingsmall number of field sites investigated and by the lim-
dune-flow interactions and the existence of a dynamic ited dune geometries that have been experimented upon
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reverse eddy. This has resulted in a lack of quantifi-
cation, and thus deficient understanding, of the flow
structure in the dune lee.

Whilst physical experimentation has provided us with
a substantial insight into a number of flow-form interac-
tions (e.g., flow acceleration, crestal separation, re-circu-
lation, re-attachment, flow recovery, etc.), questions
remain as to the sensitivity, structure, and dynamic func-
tion of these interactions with changing dune geometry.
An adaptable and rapid method by which our under-
standing of flow patterns can be further improved
involves numerical modelling of the flow field over dif-
ferent dune geometries. Previous attempts to model the
turbulent boundary layer over isolated dunes (eg.,
Howard et a., 1977, Wippermann and Gross, 1986;
Stam, 1997) have been hampered by the lack of detailed
empirical data against which the models could be vali-
dated. Furthermore, the models used to calculate flow
structure over dune forms often have had severe limi-
tations. For example, Stam (1997) applied an analytical
flow model based on a boundary-layer model (e.g., Jack-
son and Hunt, 1975), which is unable to solve the
reversed flow in lee-side eddies often present over dune
forms. This limits the calculation of flow structures to
low angle dunes where lee-side eddies are not present.
Stam (1997) noted that numerical techniques are
required to successfully simulate flows over a greater
range of dune forms.

With the recent proliferation of field and wind tunnel
data concerning dune processes it is now appropriate to
apply new refinements in numerical calculations of flow
fields over bedforms using computational fluid dynamics
(CFD) to provide new insight into dune flow dynamics
and related sand transport mechanisms.

This paper represents the first stage in applying a
numericad CFD code (PHOENICS™ 3.4) to generate
flow field patterns over dunes and validates the simulated
flow field against wind tunnel derived experimental data
(from Walker and Nickling, 2002b). This validation will
serve as the basis for further examination of the variation
in the flow field around both isolated and closely-spaced
dunes of differing geometries in forthcoming papers.

2. Computational fluid dynamics (CFD)

In the last few years, there has been a proliferation
of the use of two and three-dimensional CFD in fluvial
geomorphology and hydrology (see Bates and Lane,
1998). These models enable an improved simulation of
important fluid processes thereby providing prediction
fields that enhance insight into the spatial distribution
and sedimentological significance of these processes.
CFD modelling offers a new methodology that is comp-
lementary to traditional field and laboratory approaches.
These models provide details of the flow field that are

often difficult to measure and offer controlled conditions
in which certain aspects of the experimental set up can
be varied rapidly. For example, Hodskinson and Fergu-
son (1998) applied a three-dimensional numerical model
to investigate and identify the controls on flow separ-
ation at the concave bank of river meander bends. Brad-
brook et al. (1998) applied a similar model to ascertain
the controls on secondary circulation in simpleriver con-
fluence geometries. Numerical flow modelling has aso
been applied to investigate flow fields over sub-aqueous
sand dunes (Y oon and Patel, 1996) with reasonable vali-
dation to experimental flume data.

3. The numerical model
3.1. Background and solution details

This paper employs the code PHOENICS™ 3.4,
which is one of severa commercially available CFD pro-
grams. The model used in this study solves the elliptic
form of the Reynolds-averaged Navier—Stokes equations
in two dimensions with afinite volume method (see Ver-
steeg and Malalasekera, 1995). In CFD simulations, sca
lar values are stored at the cell centres, but vector values
are stored at the centres of the cell faces, necessitating
the use of interpolation assumptions. The interpolation
scheme applied to simulations in this paper is hybrid-
upwind, where central differences between cells are used
for the calculations where diffusion dominates and
upwind differences are used where convection is high,
with the Peclet filter set equal to 2. The hybrid-upwind
scheme is only first order accurate and can suffer from
numerical diffusion when flow is highly skewed relative
to the grid. Nevertheless, it is more stable than higher
order schemes and investigations analogous to this
present one have indicated that errors due to the interp-
olation scheme are not likely to be significant
(Waterson, 1994).

The pressure and momentum equations are coupled
though the SIMPLEST algorithm [a variation of SIM-
PLE (Pantaankar and Spalding, 1972)] where pressure
and velocity fields are iteratively calculated until conti-
nuity errors in mass and momentum are adequately
small. In this study, numerical convergence required that
mass and momentum flux residuals reduced to 0.01% of
theinlet flux and that pressure values at a reference point
above the dune crest were changing by less than 0.1%
per iteration.

Owing to current computational limits, the simulation
of al turbulent motionsin acomplex flow field is infeas-
ible. This is due to the necessity of all grid cells in the
domain being smaller than the smallest turbulent motion
and that time stepsin an unsteady calculation are smaller
than the fastest turbulent motion. Therefore, Reynolds
averaging is applied where variables are split into a mean
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Table 1
Constants for both the standard and the RNG modified «-e turbu-
lence models

Cy Ce 1 Ce2 ()-K O'E

Standard «-€ 0.090 1.44 192 1.00 1.30
RNG modified  0.084 1.42 1.68 0.72 0.72

value and a superimposed random variation. This intro-
duces a number of new terms (the Reynolds shear
stresses) into the Navier—Stokes equations. To calculate
these stresses the use of semi-empirical turbulence mod-
els is required. These models thus represent the effect
of turbulent momentum transfer on the mean flow field,
producing a time-averaged solution in which turbulent
effects are accounted for. In this study, the two-equation
k-¢ model, modified by renormalization group theory
(Yakhot et a., 1992), is applied. This turbulence model
has modified constants from the standard two-equation
k-e model (Table 1) and is recommended for simulating
flows with significant mean strain and shear. For
example, it has been shown to perform better in the pre-
diction of sheared and re-circulating flows over back-
ward facing steps (e.g., Bradbrook et a., 1998).

3.2. Boundary conditions

Mass flux values must be specified for each grid cell
in the upstream inflow, providing an incoming velocity
profile for the model. In order to simulate upwind effects
of the dune (eg. pressure stagnation and flow
deceleration), a profile had to be specified far enough
upstream of the dune. However, the laboratory experi-
ment had been carried out for its own purposes and a
comparable velocity profile was not available far enough
upstream of the dune (Fig. 1). In order to solve this prob-
lem a series of plane-bed model runs were conducted to
determine an incoming velocity profile that produced a
profile that closely matched the measured plane-bed pro-
file at the point of dune intersection (Fig. 2). This calcu-
lated incoming profile was then used in all model runs
with the dune inserted.

At the outlet profile, the pressure is fixed at zero for
all cells and calculated pressure values in the domain are
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Fig. 1. Dune form and the positions of validation points.

751
70 4
65
60
55 4
50 4
454
404
35
30
254
204
15 5
101
5 4

........ Modelled profile
Measured profile

Height (cm)

8 9 10 1 12 13 14
Velocity magnitude (m/s)

Fig. 2. Comparison of modelled and measured incoming windspeed
profiles in plane bed profiles at the location of the dune toe.

defined relative to this. Consequently, the outlet had to
be far enough away from the effects of the negative
pressure zone in the dune lee to stop inflow at the outlet.

In the cell at the fluid—solid interface, it was necessary
to prescribe conditions for the velocity and turbulence
parameters. For this purpose, the universal ‘Law of the
Wall' (1) was applied in the bottom cell in the domain.

u, In(EZ")
Ui = 1)
u, = \7/p 2
Z"=uZlu ©)

where u, is the shear velocity, Z* is the non-dimensional
wall node distance, « is the von Karman constant (0.4),
U, is velocity parallel to the wall, 7 is bed shear stress,
p is fluid density, Z is the normal distance to the wall,
u is the laminar viscosity, and E is the roughness para-
meter which in all models was set equal to 9.0 for the
case of a smooth boundary.

The form of the dune had to be represented within the
model and this could be done in one of two main ways:
boundary fitted co-ordinates or a porosity treatment. In
CFD modelling objects are traditionally represented by
boundary fitted co-ordinates, where the computational
grid is deformed around objects and they are thus outside
the computed domain. This poses mgor problems for
the representation of a dune-like form, as the grid has
to be highly deformed and horizontal gridlines at the
crest of the dune meet at high angles causing large
amounts of numerical diffusion and problems obtaining
a converged solution. The dune can also be represented
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in a Cartesian grid through the application of porosity
type treatments where cells are within the solution
domain but are blocked out to stop flow though them.
For instance, if the centre of a cell fals inside a solid,
the entire cell is taken to be solid while if it fallsin the
fluid, the entire cell is open to flow. This approach poses
difficulties as sloping or curved surfaces are represented
in a‘stair-case’ fashion. To resolve this issue, finer grid
volumes can be used to increase the grid density near a
surface, and thus improve the resolution. Nevertheless,
such a representation is often inadequate and results in
unacceptable loss of pressure and produces spurious pre-
dictions close to the boundary. However, recent devel op-
ments (Spalding and Zhang, 1996; Yang et a., 1997a,b)
provide an alternative to the ‘stair-case’ method called
the ‘cut-cell’ technique where intersections of the
geometry with the grid lines are determined and the areas
and volumes of partially blocked cells are calculated.
The equation formulation is then modified to account for
the local non-orthogonal intersection, resulting in sig-
nificantly enhanced predictions. This ensures a higher
degree of precision in representing the true geometry of
the boundary of contact between the fluid and solid and
thereby increases the accuracy of simulated near-surface
flow dynamics. The ‘cut-cell’ approach was applied in
all smulations in this study.

4, Model validation and verification
4.1. Model validation

In order to ascertain the capabilities of the model it
was initially used to predict the measured flow velocities
for the wind tunnel experiment of Walker and Nickling
(2002b). The experiment was conducted in the sediment
transport wind tunnel in the Department of Geography,
University of Guelph. The wind tunnel was of re-circul-
ating design and was 8.0 m long by 0.92 m wide by 0.76
m high. A smooth plywood dune, based on a simplified
two-dimensional profile of a field dune (at 1:18 scale)
investigated by Waker (1999), was constructed and
placed in the tunnel 7.0 m from the leading edge of the
tunnel (Table 2). The model occupied the full width of

Table 2
Dune experimental details

Dimension Measurement
Dune height 0.08 m

Total base length 0.72 m

Lee base length 0.16 m
Stoss base length 0.56 m
Aspect ratio 0.143

Lee slope angle 27.0°

Stoss slope angle 7.6°

the working section and was orientated with the crestline
transverse to the flow direction.

A constant freestream velocity (u.,) of 13 m s~ was
maintained and was measured at 0.4 m (5 h) above the
bed and downwind of the dune, using a pitot tube and
digitally monitored pressure transducer. Point measure-
ments were taken using a TSIO IFA 300 constant tem-
perature hot-film anemometer (cross-probe) system. The
probe was attached to a TSl-engineered 90° elbow on a
probe extension that entered the working section though
a self-sealing groove cut into the dune model. All points
sampled were approximately 7 m from the inlet bell to
ensure fully developed boundary layer conditions. A
total of 735 points were sampled in twenty vertical pro-
files spanning 0.9 m of the tunnel and reaching a
maximum height of 0.25 m, with additional measure-
ments taken in a 0.5 cm grid in the lee of the dune (Fig.
1). Measurements were sampled at a frequency of 100
Hz for 10.24 s and yielded instantaneous horizontal (U)
and vertical (V) velocities, Reynolds stress (RS), stream-
line angle (¢) and turbulent moment statistics. The direc-
tional response limits of this type of probe are + 30° and
readings are also dubious at turbulence intensity values
above 40% (Mertati and Adrian, 1984; Wright, 1998),
meaning that the probe was unable to resolve regions of
reversed flow.

To enhance characterization of flow in the separation
cell, flow visualization was employed over the model
using an array of streamer masts. Masts were inserted
into the wind tunnel model from above with nylon thread
attached at regular intervals, permitting investigation of
the qualitative flow pattern, the extent of the lee separ-
ation cell, and the point of reattachment (Fig. 3).

A CFD model was constructed which matched the
dimensions of the wind tunnel experiment. Model vali-
dation was based on 415 predicted points within the
model domain, which coincided with the locations of
measurements taken in the wind tunnel (Fig. 1). The
downstream velocity component shows good agreement
between modelled and measured values with a high cor-
relation coefficient (r = 0.98) and the 1:1 line in close
agreement, particularly for higher velocity values (Table
3; Fig. 4a). However, there is a significant zone of dis-
agreement for the lower velocities such that predicted
velocities are negative whilst measured values are posi-
tive. These points are from the lee separation zone
where, due to design limitations, the wind tunnel meas-
uring probe was unable to resolve the highly turbulent
and negative velocities. Qualitative comparison of the
flow patterns indicated by visualization streamers (Fig.
3) and the predictions from the numerical model (Fig.
5a) reveal that the numerical model is correctly simulat-
ing the reverse velocities that are clearly present in
this region.

Although dlightly weaker, the agreement between
measured and predicted values of vertical velocity
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Fig. 3. Flow streamer deployment used for flow visualization in the
wind tunnel study of Walker and Nickling (2002b).

(Table 3; Fig. 4b) is still relatively high (r = 0.83),
especially as the range of values is low and most points
are clustered close to the origin. Although agreement is
generaly good there is considerable disagreement in
three distinct areas. (1) a vertical line of points where
the model predicts very high positive values in compari-
son with the slightly negative measured values; (2) a
group of points in the bottom left of the graph where
the measured values are more negative than the predicted
and; (3) a small group of points extending toward the
top right between the line of best fit and the 1:1 line.
Thefirst group of pointsis explained by the high positive
vertical velocities that are predicted by the model flow-
ing up the lee of the dune in the separation zone but are
not correctly measured by the probe (Fig. 5b). The
second area are points within the flow re-attachment
region, where the model predicts lower velocities over-
all, perhaps due to energy dissipation through high turbu-

Table 3

s
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Predicted downstream velocity (m/s)

____________________________
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(b) Measured downstream velocity (m/s)

o
[5,]
1

o
[¢,] o
1 L

Predicted vertical velocity (m/s)
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2 45 1 05 0 05 1 15 2 25
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Fig. 4. Comparison of modelled to measured velocities (a) stream-
wise (U) and (b) vertical (V).

Linear regression results between predicted and measured variables for all vaidation points (n = 415) and for &l points excluding those within

the dune lee separation zone (212)

Variable b Coefficient Correlation Coefficient
Streamwise velocity (all points) 141 0.98
Vertical velocity (all points) 1.03 0.83
Streamwise velocity (excluding separation zone) 1.29 0.95
Vertical velocity (excluding separation zone) 1.03 0.88
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lence intensities that would again compromise the
measurement probe’s performance. Finaly, the third
area of disagreement is due to the model dightly over
predicting the stoss side vertical velocity components
(Fig. 5), perhaps due to the small differences in the
incoming velocity profile between the wind tunnel and
the numerical model (Fig. 2).

Although there are some notable differences between
the measured and modelled results, they are primarily
due to the limitations of the measuring instrument rather
than that of the numerical model. In regions were the
instrument is known to perform well the match is very
good. Indeed removal of the validation points in the lee
re-circulation zone improves the relationships (Table 3),
with a considerable increase in the vertical velocity cor-
relation and athough there is dight decline in the stre-
amwise velocity correlation, there is a significant move-
ment of the regression line towards that of equality.
Furthermore, qualitative assessment of the predicted
flow patterns and the indications given by the streamers
(Fig. 3) confirm the presence and extent of the separation
zone, which is successfully simulated by the numerical
model. It is therefore suggested that the performance of
the numerical model is satisfactory for both the investi-
gation of the mean flow structures over the dune, parti-
cularly in the lee, and for future experiments where dif-
ferent aspects of dune form and spacing can be
investigated.

4.2. Model verification

The main variable investigated for verification is the
sensitivity of the solution to the grid resolution. As grid
resolution increases the accuracy of the solution is
increased although computational time is also signifi-
cantly increased. Simulations using four different uni-
form grid resolutions were run (Table 4). The results of
the grid sensitivity analysis indicated that there was little
difference between grid resolutions of 0.5-2 cm, but that
the accuracy of the solution was reduced in the coarsest
grid resolution of 4 cm (Fig. 6). Thus for computational
reasons, including significantly reduced computing time
and impact on the feasibility of conducting numerous

Table 4

100.0

——P1 - max
500 —=—P1 - min
—— U1 -max
—>—U1-min
—¥—W1 - max
—e— W1 -min
—+— KE -max
—A—EP -max
-50.0 —e— Vel - max
—— Vel - min

% Difference from finest grid
o
s

-100.0

8 4 2 1 05
Grid resolution - cell size (cm)

Fig. 6. Effect of varying grid resolution on key flow predictions.

other simulations for future experiments, a grid resol-
ution of 2 cm was chosen for the vaidation to experi-
mental data. This is the coarsest grid resolution possible
without any significant reductions in model accuracy.

5. Discussion

The model run used for validation against the experi-
mental wind tunnel data was examined to ascertain the
predicted flow structure around the dune. Figs. 7-10
show the pressure (N m~2), streamwise velocity (U, m
s 1), vertical velocity (V, m s™1), and turbulent kinetic
energy (TKE, m? s~?) fields around the dune as predicted
by the model.

Figs. 7 and 8 show that the pressure and streamwise
velocity predicted by the model conform to the expected
pressure gradients over dunes identified in previous
research (see Wiggs, 2001; Walker and Nickling,

—
Pressure (N/m?): -10 0 10 20 30 40 50 60

20 s o 5 1) 10
x/h from dune crest

15 20 25 30

Fig. 7. Modelled pressure field over an idedized, isolated trans-
verse dune.

Dimensions of the four uniformly spaced grid resolutions used in model verification

Grid number Number of cells in each direction Individual grid cell size (m)
X Y z

Grid 1 1960 1 152 0.005

Grid 2 980 1 76 0.010

Grid 3 490 1 38 0.020

Grid 4 245 1 19 0.040

Grid 5 123 1 10 ~0.080
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Streamwise Velocity (mis): 4.8 24 0 24 48 7.2 96 12 144

z/h

[V
2z -5 o 5 & 1 15 20 25 30 35 40 45
x/h from dune crest

Fig. 8. Modelled streamwise velocity (U) field over an idealized, iso-
lated transverse dune.

Vertical
Velocity (m/s)

z/h

-20 -15 -10 5

- 5 10 15 20
x/h from dune crest

Fig. 9. Modelled vertical velocity (V) field over an idealized, isolated
transverse dune.

Turbulent Kinetic
Energy (m3s?)
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»~
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I
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20 s -fo 5
x/h from dune crest

Fig. 10. Modelled turbulent kinetic energy (TKE) field over an ideal-
ized, isolated transverse dune.

2002a). Upwind of and at the toe of the windward slope
velocity is retarded due to an adverse (increasing) press-
ure gradient as the flow approaches the dune body. This
zone of increasing pressure extends approximately two
dune heights both upwind and downwind of the toe itself
and results in a near-surface velocity reduction of about
20%. The magnitude and spatial extent of this velocity
reduction is consistent with published field data of wind-
flow over dunes (Wiggs et ., 1996; McKenna Neuman
et a., 1997). The geomorphologica significance of this
low velocity zone at the toe of dunes has been high-
lighted by Wiggs (1993); Wiggs et a. (1996) and Walker
and Nickling (2002a). Assuming a positive relationship
between mean wind velocity and the capacity of the
wind to transport sediment, this region of low wind velo-
city should become a zone of deposition in high-energy
wind conditions when sand is transported by the
approach flow. Deposition is rarely observed here in the
field. Wiggs et a. (1996) explain the maintenance of
sediment transport through this region as a consequence
of concave streamline curvature resulting in increased

turbulence intensity and Reynolds stresses. This argu-
ment requires the onset of streamline curvature to
coincide with the upwind edge of the adverse pressure
gradient. Vertical flow velocities predicted by the model
and shown in Fig. 9 suggest that there is no upward
movement in the mean streamlines upwind of the dune
toe. Such aresult is in contrast to wind tunnel measure-
ments of streamline angles and vertical velocities
presented by Wiggs et al. (1996). The absence of predic-
tion by the model of concave curvature of streamlines
in the toe region may be due to the relatively low angle
(8°) of, and lack of concavity or convexity in, the wind-
ward slope of the model. Future model runs will investi-
gate the effects of more complex (and realistic) wind-
ward slope morphologiesto investigate this point further.

Nevertheless, there is evidence to support the idea of
increased turbulence intensity in the toe region of the
dune. Fig. 10 shows predicted turbulent kinetic energy
(TKE) over the model dune. TKE isthe sum of predicted
sum of mean squares of the horizontal (U’) and vertical
(V") fluctuating components of the wind flow. The vaue
of TKE in the toe region of the dune is stable whilst the
mean horizontal windflow (U) is predicted to reduce in
this region (Fig. 8). The relative importance of the fluc-
tuating component of the windflow (TKE) must there-
fore increase in this low velocity region. Such an
increase in the relative intensity of turbulent fluctuations
was measured in wind tunnel experiments by Wiggs et
a. (1996) and Walker and Nickling (2002b) and may
help to explain the maintenance of sediment transport in
dune toe region despite an apparent drop in time-aver-
aged velocity and shear stresses.

Downwind of the toe, pressure declines up the wind-
ward slope toward a minimum at the crest as streamlines
are forced to converge (Fig. 7). This results in a pro-
gressive acceleration of flow to a crestal maximum (Fig.
8). The model predicts a near-surface flow acceleration
of approximately 40-50% at the crest when compared
to upwind velocities that, again, corresponds well with
data published by Wiggs et al. (1996) and McKenna
Neuman et al. (1997). Unlike some previous attempts at
modelling flow over sand dunes (e.g., Weng et al., 1991),
the model presented here correctly predicts maximum
wind velocities at the crest of the dune itself (as shown
in Fig. 8). Thisis due to the inability of previous models
to accommodate the highly turbulent flows in the lee-
side separation zone, thereby suppressing the predicted
wind velocities at the crest and producing a streamwise
velocity maximum upwind of the crest itself.

The accelerated flow up the stoss face of the dune is
seen to ‘overshoot’ the dune brink at the severe break
in slope and separates from the surface in the lee (Fig.
8). As noted by Walker and Nickling (2002a) this separ-
ated flow creates a region of negative pressure immedi-
ately to the lee of the dune as shown in Fig. 7. This
results in alow velocity region of reversed flow near the
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surface as shown in Fig. 5. This low velocity reversed
flow accelerates dightly up the lee-side dlip face (Figs.
8 and 9) as noted by Walker and Nickling (2002b). The
time-averaged zone of re-attachment at the surface
occurs at 9.13 h downwind of the dune crest. This down-
wind distance is dlightly larger than the documented
lengths of 4-8 h (Cooke et a., 1993) and 5-10 h sug-
gested by Frank and Kocurek (1996b) and Walker and
Nickling (2002c). Sweet and Kocurek (1990) note that
the pattern of the lee-side secondary airflow pattern is
largely dependent upon the dune geometry and the
model presented here provides an excellent opportunity
for future testing of the point of re-attachment for dune
geometries of markedly differing aspect ratio.

The modelled vertical velocity field (Fig. 9) is similar
to experimental findings of Walker and Nickling
(2002b). Both studies found positive vertical velocities
exist above the stoss slope and over the upper lee slope
reflecting the net upward motion caused by topographic
forcing and streamline deflection over the stoss and by
overshot and accelerated flows due to separation from
the crest respectively. Nevertheless, a difference exists
in the location of the region of greatest upward motion.
This occurs at the mid-point of the stoss slope in the
wind tunnel flow field and close to the dune crest in
the model. This disagreement is likely the product of
limitations in the wind tunnel flow field, namely the lim-
ited sampling grid density of the tunnel experiment with
only 3 profiles on the stoss slope (Fig. 1) and limitations
of the algorithm used to interpolate the wind tunnel flow
field. In both studies, net downward flow occurs beyond
the upper lee slope with the zone of greatest downward
motion at crestal height 6-12 h downstream of the crest,
which is approximately above the flow re-attachment
region. This pattern is remarkably similar to that docu-
mented over scaled symmetrical fluvial dunesin arecent
study by Best and Kostaschuk (2002).

Immediately above the lee-side flow separation
region, the model predicts a zone of highly turbulent air-
flow (TKE up to 5 m%s?, Fig. 10). This turbulent shear
zone in the wake well known in studies of lee-side air-
flow (e.g., Frank and Kocurek, 1996b; Walker and Nic-
kling, 2002b). The predicted expansion of this turbulent
shear zone towards the point of re-attachment followed
by dissipation as an internal boundary layer grows
downwind of the reattachment point is in correspon-
dence with both field and wind tunnel measurements
(e.g., Frank and Kocurek, 1996; Walker and Nickling,
2002b, respectively). Walker and Nickling (2002b) sug-
gest that strong downward velocities in this zone drive
flow re-attachment and subsequent boundary layer re-
development in the lee and propose that the extent of
this zone (and consequent flow reattachment distance) is
dependent on dune size, form, and spacing. The CFD
model will be used to investigate this premise further in
additional experiments.

Full recovery of the airflow structure downwind of the
point of re-attachment is difficult to define but Fig. 8
suggests that it may occur between 40 and 45 h (limited
by the maximum downwind distance of the model calcu-
lation domain). Such a distance exceeds the 10-15 h pre-
dicted by Lancaster (1989) and is closer to the more
recent measurements of 25-30 h by Walker and Nickling
(2002c) and corresponds well with the 30-50 h sug-
gested by McLean and Smith (1986) for sub-aqueous
dunes.

6. Conclusion

The numerical model presented in this study success-
fully predicts the flow structure over an idealized trans-
verse dune and validates extremely well to experimental
wind tunnel measurements. Moreover, the model seems
to correctly simulate the flow in regions of high turbu-
lence and flow reversal, where experimenta limitations
are unable to provide flow information. Thus, the model
provides a complete picture of the flow structure, which
is gpatially much richer than results produced by current
wind tunnel experiments and field studies.

The predicted flow structure has been shown to
broadly correspond with current wind tunnel and field
data from arange of studies. The flexibility of this model
allows testing of a variety of isolated and complex dune
morphologies, which are the subjects of forthcoming

papers.
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