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CHAPTER 7.

Conclusions and Further Research

The various Chapters of this Thesis have covered: topographic effects on air flow and the

place of computational fluid dynamics in its modelling; a review of published literature and

related theory; the specification of a finite-volume computer code for predicting boundary-

layer flow and dispersion around topography; turbulence modelling and its application to the

atmospheric boundary layer; the comparison of numerical predictions with laboratory and field

measurements of flow and diffusion in complex terrain.

Whilst much of the material contained here relates to the implementation and assessment of

existing models, a number of original items have been included. A more formal treatment of

Leschziner and Rodi’s (1981) modification to the k-ε turbulence model to allow for mean-

streamline curvature is given, the geometric description in terms of spatial basis vectors

permitting a natural extension to three dimensions. A new "limited-length-scale k-ε model"

is proposed, for flows (such as the atmospheric boundary layer) where the size of turbulent

eddies is limited by some external constraint - for example, stable stratification or the depth

of the turbulent layer. For dispersion calculations, it is shown how a region of analytically

specified concentrations may be imbedded within a finite-volume calculation to avoid the

necessity of focusing a highly refined grid near the source. The analytical concentration

distribution near the source is determined by the exact solution of a diffusion equation, which

avoids the singularity implied by gaussian-plume methods when the mean velocity is small

and along-wind diffusion is significant. Finally, the numerical product of this research - the

computer code SWIFT - has been assessed with respect to a number of hitherto untried

experimental datasets, including the very challenging test case of strongly stratified flow and

dispersion around three-dimensional real topography at Cinder Cone Butte.

Various levels of turbulence modelling have been reviewed. It is demonstrated that the

Coriolis and buoyancy forces occurring in atmospheric flows have strongly anisotropic effects

on the turbulent stresses. The cost and complexity of solving three-dimensional equations for

all second moments - in either their full stress-transport or algebraic stress closure forms - is
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currently prohibitive for complex three-dimensional geometries and has prompted a search for

(problem-specific) enhancements of simpler one- or two-equation turbulence models.

The standard two-equation k-ε model is known to be inadequate in certain flows and

modifications to account for complex strains (streamline curvature and along-wind pressure

gradients) are described. These involve either a multiplying factor in the eddy-viscosity

coefficient linking turbulent stresses to mean strain, so as to enhance or diminish cross-stream

diffusion, or an adjustment to the balance of production and removal terms in the length-

scale-determining (dissipation) equation. Applications suggest that the latter approach (of

modifying the turbulent length scale) has a much greater impact on the overall flow structure

than the former (simplifying an algebraic stress model, which captures turbulence anisotropy).

Although demonstrated in an eddy-viscosity context, this has implications for more complex

second-order closure (Reynolds-stress transport) schemes, where attention has tended to be

focused on modelling the anisotropy-dependent pressure-strain (redistribution) at the expense

of the dissipation (removal) terms.

The strategy of adjusting the balance of production and removal terms in the dissipation

equation has been adopted for atmospheric boundary-layer simulations where the mixing

length is limited by some external constraint such as the depth of the turbulent layer or by

stable stratification. The new model, which simply increases the dissipation production term

as the mixing length approaches its externally-specified maximum, has some similarities to

that proposed by Detering and Etling (1985), but has the advantage of reducing to the

standard form, compatible with the logarithmic mean-velocity profile, near the surface. The

limited-length-scale k-ε model has been successfully applied to predict the mean wind speed

profiles from the Leipzig experiment.

The modelling of a horizontally homogeneous, density stratified, Ekman layer is considered.

In the spirit of Nieuwstadt’s (1984) model of an idealised stable boundary layer, a quasi-

steady state may be simulated in a boundary layer continually cooled from below by solving

for the potential-temperature difference between local height and the ground and transferring

the (constant) cooling rate to the source term. The result is a heat flux which varies linearly

with height up to the boundary-layer depth. The temperature jump at the top of the boundary
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layer is, however, ill-defined. The approach has been combined with the limited-length-scale

k-ε model described above to compute mean wind and temperature profiles measured at the

UK Meteorological Office’s Cardington field site, with moderate success.

The code SWIFT - Stratified WInd Flow over Topography - is a three-dimensional, finite-

volume, incompressible flow solver, using a terrain-following, non-orthogonal coordinate

mesh to compute turbulent flow over arbitrary smooth topography. The code uses a cartesian

velocity decomposition (which allows the curvilinear equations of motion to be framed in

conservative form) and a staggered velocity grid. Provided the mesh distortion from cartesian

is not too great (so that coordinate-wise pressure gradients drive the intermediate velocity

component) this latter arrangement not only eliminates the well-known problem of odd-even

pressure-node decoupling but permits the use of pressure-correction algorithms which are

considerably more efficient than the original SIMPLE scheme. A number of SIMPLE-like

variants have been coded in SWIFT, the most effective of which is SIMPLEX (Raithby and

Schneider, 1988), which obtains a more accurate relationship between velocity and pressure

corrections by solving equations for the connecting coefficients. The solution of the pressure-

correction equation occupies a substantial proportion of the overall computing time and two

schemes - the block-correction method of Patankar (1988) and the anticipated-correction

scheme of Van Doormaal and Raithby (1984) - have been found particularly beneficial in

reducing this overhead, whilst still remaining within the line-iterative matrix solution method

common to TEACH-like codes. The first acceleration technique involves preceding the

directional sweeps by adding block corrections satisfying the integral equations derived by

summing coefficients over the normal directions. In some senses it is a very coarse form of

the multigrid technique. The second method tries to minimise the error involved in the

directional pass through the mesh lines by anticipating the change in variables on lines not

yet updated.

Turbulence modelling and numerical solution have been used in a combined assault on two

test cases of flow and dispersion over complex terrain. The first is the RUSHIL experiment

of Khurshudyan et al. (1981), involving wind-tunnel measurements of (unstratified) flow and

dispersion over two-dimensional model hills. The second is a particular case-study hour of

dispersion in strongly stratified flow at Cinder Cone Butte in Idaho, USA (Lavery et al.,
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1982).

Mean-flow predictions for the RUSHIL experiment were generally in line with the

experimental data, confirming lee-side separation for the steepest hill, but not for that of least

slope. In some respects, the intermediate-slope case was the most challenging, since

intermittent separation was observed in the wind tunnel - a feature not strictly resolvable by

the time-averaged system of equations used here. This had considerable impact on the

concentration distribution since, in the wind tunnel, material was intermittently entrained into

recirculating flow. Variations on a k-ε-turbulence-model theme were made for streamwise

pressure gradients and streamline curvature. The first greatly improved mean-flow predictions

in the separation region. The second had little impact on the mean flow although it produced

slightly better turbulence energy profiles. The turbulent kinetic energy was, however,

generally underpredicted by all turbulence model variants.

Concentration calculations represent more of a challenge for turbulence modelling because

it is the velocity fluctuations which are responsible for relative dispersion and dilution of

plume material. Isotropic eddy-viscosity models (such as k-ε) generally provide a good

representation of the mean flow in simple shear layers because only the shear stresses appear

in the Reynolds-averaged momentum equation. On the other hand, in such flows these models

predict that all normal stresses are equal (to 2k/3), in contradiction of experiment. In the

atmospheric boundary layer, lateral spread generally exceeds that in the vertical because

vertical fluctuations are damped by the ground (and by stable stratification). Lateral spread

may also be a strong function of averaging time. In simulations of plume dispersion in the

RUSHIL experiment the computations underpredicted lateral spread. However, this deficiency

could be offset by normalising on the maximum ground-level concentration in the absence

of the hill, whereby very good agreement for "terrain amplification factors" was obtained. For

the case of steady flow separation the impact of the recirculating-flow region was well-

predicted. However, some deficiencies were observed for the case of intermittent separation,

since the time-averaged flow equations failed to recognise any period of reversed flow.

The Cinder Cone Butte dispersion study represented a very challenging test case because of

the (not unrelated) effects of strong stratification and sensitivity to wind direction. The
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(stability-dependent) limited-length-scale strategy was adopted in the turbulence closure:

without it the k-ε turbulence model created too much diffusion and largely eroded the

approach-flow temperature profile. Although detailed flow measurements were not

documented in the accounts of the field (or laboratory) experiments a number of qualitative

flow features - such as the separated-flow region in the wake - were faithfully reproduced in

the numerical computations.

Conclusions drawn from the flow and dispersion simulations of the Cinder Cone Butte

experiment have important implications for dispersion modelling practice in strongly stratified

flow around topography. Among them we may list the following.

Dividing-streamline concept. Calculations indicate that strong stratification does

compel the fluid at lower levels to move in roughly parallel planes around the

hill. However, the depth of this layer is less than that suggested by the

dividing-streamline height calculated from the approach-flow stability profile.

Computations of streamline behaviour suggest that the concept of a sharp

transition from horizontal potential flow to near-neutral flow above is rather

naive.

Strong vertical wind shear. Very stable density gradients cause significant lateral deviation

near the ground with weaker displacement aloft. In consequence the crosswind profile

through the plume is strongly skewed.

Sensitivity to wind direction. In very stable flow the concentration plume can switch from one

side of a hill to the other for very small changes in wind direction. In consequence the

time-averaged lateral spread can be substantially higher - and ground-level

concentrations much lower - than suggested by the angular variation in the approach-

flow wind direction and the time-averaged mean flow. Although there was very little

prospect of determining this from the full-scale experiments, computations of the

wind-direction dependence on plume dispersion were in very good agreement with the

laboratory towing tank experiments of Snyder and Lawson (1981).
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Plume impingement. For low-level sources the highest ground-level concentrations occur

when the horizontal distance to the hill surface is smallest.

Non-ideal topography. Wind-field calculations demonstrate that strong stability enhances the

lateral asymmetry associated with the detailed shape of the hill, belying the common

practice of idealising topography as simple axisymmetric shapes for dispersion

calculations. The possibility of advection into a three-dimensional recirculation zone

on the lee slope may lead to enhanced ground-level concentrations on that side of the

hill.

Narrow plume assumption. As a combination of the effects listed above the assumption of a

plume of gaussian (or any other specified) profile, with dispersion characteristics

governed by conditions on the plume centreline, is untenable.

Thus concludes a theoretical and numerical study of flow and diffusion around topography.

There is much scope for further work. Although the prediction of flow around three-

dimensional real topography has been demonstrated, it is computationally demanding and the

routine application of the model to real terrain would benefit from further improvement to the

numerics. Multigrid, multiblock and local-mesh-refinement capabilities would all be beneficial

in this respect. Some theoretical discussion of the hydrostatic approximation has been given

here and it would be interesting to incorporate this as an option within SWIFT to investigate

the range of validity of the approximation. In dispersion calculations it has been seen how

isotropic eddy-diffusivity models tend to underestimate lateral dispersion and the inclusion

of an anisotropic eddy-diffusivity tensor for concentration calculations would make a

worthwhile project.

Finally, a perspective. How far have we come with the computational modelling of complex

environmental flows? In his far-sighted book "Weather Prediction By Numerical Processes"

L.F. Richardson (1922) founded the modern science of numerical weather forecasting: albeit
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with a (conservative) estimate of 64000 human computers to solve the discretised equations

for the whole globe. In it he describes his whimsical fantasy of a "forecast factory", which

we make no apologies for quoting in its entirety:

Imagine a large hall like a theatre, except that the circles and galleries go
right round through the space usually occupied by the stage. The walls of this
chamber are painted to form a map of the globe. The ceiling represents the
north-polar regions, England is in the gallery, the tropics in the upper circle,
Australia on the dress circle and the antarctic in the pit. A myriad computers
are at work upon the weather of the part of the map where each sits, but each
computer attends only to one equation or part of an equation. The work of
each region is coordinated by an official of higher rank. Numerous little "night
signs" display the instantaneous values so that neighbouring computers can
read them. Each number is thus displayed in three adjacent zones so as to
maintain communication to the North and South on the map. From the floor
of the pit a tall pillar rises to half the height of the hall. It carries a large
pulpit on its top. In this sits the man in charge of the whole theatre; he is
surrounded by several assistants and messengers. One of his duties is to
maintain a uniform speed of progress in all parts of the globe. In this respect
he is like the conductor of an orchestra in which the instruments are slide-
rules and calculating machines. But instead of waving a baton he turns a beam
of rosy light upon any region which is running ahead of the rest, and a beam
of blue light upon those who are behindhand.

Four senior clerks in the central pulpit are collecting the future weather as
fast as it is being computed, and dispatching it by pneumatic carrier to a quiet
room. There it will be coded and telephoned to the radio transmitting station.

Messengers carry piles of used computer forms down to a storehouse in the
cellar.

In a neighbouring building there is a research department, where they
invent improvements. But there is much experimenting on a small scale before
any change is made in the complex routine of the computing theatre. In a
basement an enthusiast is observing eddies in the liquid lining of a huge
spinning bowl, but so far the arithmetic proves the better way. In another
building are all the usual financial, correspondence and administrative offices
...

But before we indulge in a smug smile at a fantasy long since surpassed -

... Outside are playing fields, houses, mountains and lakes, for it was thought
that those who compute the weather should breathe of it freely.

Maybe Richardson had it right after all!
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