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CHAPTER 1.

Introduction

Topographic effects on air flow are important in many situations. Speed-up and enhanced

fluctuations must be accounted for when assessing wind-energy resources and wind loading

on structures. The transport of airborne pollutants is affected by changes to both mean wind

and turbulence, as is the movement of dust and sand. In forestry and agriculture, concern

about crop damage and fire propagation create a need for wind-field modelling. The forced

vertical displacement of saturated air gives rise to orographic rainfall. At larger scales,

topographic drag forms a substantial part of the momentum budget of the atmosphere and is

a major input to weather forecasting and climate models.

Atmospheric flows are complicated by buoyancy and Coriolis forces. A strong coupling may

exist between these body forces and the flow perturbations due to topography. Stable or

unstable stratification often occurs as a result of differences in temperature between the

surface (heated or cooled by radiation) and the air aloft. Vertical motions are enhanced by

unstable stratification and diminished by stable stratification. In complex terrain stable

stratification results in internal gravity waves and katabatic (downslope) winds. Numerically,

stably stratified flows are harder to handle than neutral flows, since turbulent transport is

smaller (and, in practice, often intermittent), resulting in steeper flow gradients.

Heavy industry is often situated in complex terrain for good socio-economic reasons: an

abundant supply of water, the availability of land unsuitable for agriculture and the need to

minimise the visual impact or environmentally detrimental emissions of the plant. Some

important utilities may be located in mountainous areas for strategic reasons. However,

industry cannot always be remote from the population that it serves and there is an urgent

need for means of assessing the local impact of routine or accidental emissions of airborne

pollution.

The prediction of air flow and/or diffusion in complex terrain may be based on experimental

or theoretical techniques. Experimental measurements can be made at full scale or in the

1 - 1



laboratory, whilst theoretical modelling ranges from empirical formulae to analytical methods

to full numerical solution. Table 1.1 identifies some of the advantages and disadvantages of

each method. A more satisfactory assessment is obtained from a combination of approaches,

rather than a single means in isolation, since each makes some modelling assumption. (In the

case of full-scale experiments this is that a limited number of site-specific measurements can

supply an adequate statistical database on which to build an environmental assessment.) It has

become increasingly common to find one approach being used to validate another.

Table 1.1: Advantages and disadvantages of different approaches to the prediction of
atmospheric boundary-layer flow and diffusion.

Advantages Disadvantages

Experiment Full-scale "Real" flow and geometry.
Public acceptance of results.

Expensive.
Limited resolution.
No control over cases covered.
Site-specific.

Laboratory Complex site investigations
before construction.
Control of flow parameters.
Good resolution.

Truncated domain.
All scale-similarity
requirements cannot be met
simultaneously.

Theory Empirical Cheap and quick.
User-friendly.
Rapid response in
emergency.
Probabilistic risk assessment
with large matrix of cases.

Little or no physics.
Requires extrapolation from
data by which it is calibrated.

Analytical Fairly quick and
inexpensive.
Some physics involved.
Realistic topography.

Approximation and modelling
assumptions necessary.
Idealised input conditions.

Numerical Flexible geometry.
Fully non-linear.
Control of inflow conditions
and output type/location.
Can isolate different physical
effects.

Discrete, truncated domain.
Modelling assumptions
necessary.
Requires large computers for
three-dimensional topography.

In Great Britain and the United States the power-generation utilities have been at the forefront

of experimental investigation into the near-field dispersion of pollution, particularly with
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regard to effects arising from the proximity of large buildings or complex terrain. Research

has been conducted to assess the extent to which wind-tunnel and theoretical modelling can

reproduce the ground-level concentrations arising from tracer-release experiments conducted

at power-station sites. The further development and application of remote-sensing techniques,

such as SODAR and LIDAR, will, undoubtably, increase our knowledge of atmospheric

boundary-layer structure and its effect on diffusing clouds.

Laboratory simulations of atmospheric flow and diffusion have been conducted in wind

tunnels and in water flumes or towing tanks. The increasing importance of pollution-

dispersion assessment as opposed to wind-loading studies has prompted the development of

facilities for simulating density stratification effects (Snyder, 1979, 1990; Rau et al., 1991;

Castro and Robins, 1993). In the wind tunnel (as in the atmosphere) this is achieved by

differential heating (or cooling), whilst in water channels salt concentration can be used to

create density variations.

Empirical models of diffusion - the majority based on some form of gaussian-plume model -

have long been the tools of the trade in environmental impact assessment. They are

invariably used where large numbers of cases have to be considered - for example, in

probabilistic risk assessment. The basic parameters consist of a plume trajectory - typically

a straight line, although, in some cases, modified to account for topographic undulations or

buoyant plume rise - and horizontal and vertical crosswind plume spreads σy and σz, specified

as functions of downwind distance. The rate of plume spread in the horizontal and vertical

depends primarily on atmospheric stability. New models (eg, Hunt et al., 1990), based on a

better understanding of boundary-layer structure and using linearised flow models to compute

trajectories in complex terrain, are beginning to supplant earlier schemes based only on

surface-layer meteorology and empirical adjustments to plume height. However, these are still

fundamentally unsound in highly non-linear regions of the flow - for example, within

separated recirculation zones - and in circumstances where the narrow-plume assumption is

untenable.

Theoretical modelling of flow over topography has proceeded along a number of fronts.

Linearised theory has been applied to boundary-layer flow over low hills (Jackson and Hunt,

1 - 3



1975; Taylor et al., 1983; Beljaars et al., 1987) and to the generation of internal gravity waves

(Smith, 1980; Hunt et al., 1988). Two-dimensional finite-amplitude stratified flows can be

treated by Long’s model (Long, 1952; Yih, 1965), whilst Drazin’s asymptotic theory (Drazin,

1961; Brighton, 1978) provides for horizontal potential flow around three-dimensional hills

in the strongly stratified limit. At intermediate Froude numbers, however, there are substantial

gaps which no analytical theory has managed to fill.

Recent increases in computer power mean that numerical prediction of flow in complex

terrain is now viable: examples include finite-volume calculations for the Askervein hill

(Raithby et al., 1987) and Steptoe Butte (Dawson et al., 1991). A later Chapter of this Thesis

will describe the numerical prediction of stably stratified flow and dispersion around Cinder

Cone Butte, an isolated hill in Idaho. Computational fluid dynamics is being used extensively

to identify specific effects such as severe downslope wind storms and high-drag states,

associated with the breaking of topographically-forced non-linear gravity waves (Bacmeister

and Pierrehumbert, 1988), and conditions for upwind stagnation in highly stratified flows

around three-dimensional hills (Smolarkiewicz and Rotunno, 1990). The last has more than

a passing relevance to the dispersion of pollution because it represents a circumstance in

which a plume of material may impinge directly upon the surface.

Numerical modelling cannot be dissociated from underlying turbulence models, particularly

where it is required to compute pollutant dispersion as well as the mean flow field. Second-

order closure has been reviewed by Launder (1989) and Hanjalic (1994). However, the

resources required to undertake fully three-dimensional computations for real terrain often

make it necessary to resort to lower-order closures, the commonest being eddy-viscosity

models. These must be "optimised" for each type of flow, but it is possible to modify them

to admit specific effects, such as streamline curvature, guided by a general picture of

turbulence structure over hills provided by experiment (Mickle et al., 1988) and higher-order

closure (Zeman and Jensen, 1987).

Having indicated situations where topographic effects are important, summarised the practical

means of modelling them and identified areas where numerical modelling would be beneficial,
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the structure of this Thesis may now be outlined.

The primary aims and objectives of this research are:

• to evaluate and/or develop turbulence models for the prediction of neutral and stably

stratified atmospheric boundary-layer flow and dispersion over complex terrain;

• to develop a computer code for the prediction of the same around arbitrary

topography;

• to evaluate the performance of this numerical tool in relation to existing experimental

databases.

It is in the very nature of research that the original aims and objectives invariably change -

at least in emphasis - throughout the duration of a project. That the key objectives above have

been met will, nonetheless, be apparent in the work that follows.

Chapter 2 provides an extensive review of published literature and background theory with

regard to the measurement and modelling of flow and dispersion around topography.

Additional material more directly related to turbulence modelling practice and, in particular,

its application to the atmospheric boundary layer, is reserved to the appropriate later Chapters

(4 and 5).

The major product of this research is the computer code SWIFT - a rather contrived acronym

for Stratified WInd Flow over Topography. The work involved extending an original two-

dimensional, laminar, cartesian-geometry code to one capable of computing three-dimensional

flows, with various turbulence models and a terrain-fitting curvilinear coordinate system for

the incorporation of arbitrary (smooth) topography. The numerical methods embodied in

SWIFT are described in Chapter 3.

Turbulence modelling is reviewed in Chapter 4 and the extent to which second- and lower-

order closures can model the anisotropic forcing present in atmospheric flows is examined.

Modifications to eddy-viscosity models to account for mean-streamline curvature and

streamwise pressure gradients in two-dimensional flows are extended naturally to three

dimensions. Both features are invariably met in flow over obstacles.
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Chapter 5 deals specifically with turbulence modelling in the atmospheric boundary layer.

After a review of similarity approaches for the surface layer and stable boundary layers a new

variant of the k-ε turbulence model is presented, for circumstances where the mixing length

is limited by some non-local constraint - for example, the boundary-layer depth or a stability

length scale.

In Chapter 6 the SWIFT code is appraised with respect to two experimental databases for

flow and dispersion over hills. The first - the "Russian Hill" study of Khurshudyan et al.

(1981) - is a wind-tunnel study of neutrally stratified flow and diffusion over a series of two-

dimensional hills with different slopes. The second test case is the field study of the United

States Environmental Protection Agency at Cinder Cone Butte in Idaho (Lavery et al., 1982),

where tracer experiments were conducted with upwind sources in highly stable flow.

Chapter 7 summarises the findings of the research and the performance of the theoretical

models and computational tools. It also makes recommendations of areas for future study.
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