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Abstract

ABSTRACT

There is a requirement to predict the spatial variation of particle dry deposition following a
nuclear accident. The interaction of landscape features, atmospheric flow and particle dry
deposition has been investigated with this in mind. Wind tunnel studies have been used with
computational fluid dynamics to predict the deposition rate relative to a flat landscape. Good
quantitative agreement was seen for this relative deposition rate. Landscape shapes showed
significant effects on deposition rate, increasing it by a factor of up to 2.1 in some cases. The
effect of turbulence intensity in isolation was also studied, and a weak relationship to dry

deposition was observed.

Computational fluid dynamics used in wind tunnel comparisons were extended to a wide

range of landscape cases. Deposition rates varied spatially around the landscape features. In
general, for hills and ridges, deposition was seen to increase on the windward face (a factor of
1.2 - 1.8), decrease on the leeward face and near wake, and increase in the further wake (a
factor of 1.4 — 2.0), before returning to the flat value. The computational results were applied

to a real landscape with the use of a customised geographical information system. Good

qualitative agreement was seen when compared with a test case.
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CFD - Computational fluid dynamics
CTA - Constant temperature anemometer
DEM - Digital elevation model

DNS - Direct numerical simulation

FB - Fractional bias

GIS - Geographical information system
GRASS -  Geographic Resources Analysis Support System
LES - Large eddy simulation

MDF - Medium density fibreboard

NMSE - Normalised mean square error
RANS - Reynolds averaged Navier Stokes
RNG - Renormalization group (k-€ model)
RSM - Reynolds stress model

TKE - Turbulent kinetic energy

USGS - United States Geological Survey
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GLOSSARY

Aeolian Due to the action of the wind.

Complex topography A region of complex surface features. In this context, used to
describe regions of complex variations of elevation rather than different land use.

More simply, it refers to hills, ridges and valleys, etc.
Katabatic  Air current moving downslope due to cooling effects, especially at night.
Laminar sublayer See viscous sublayer.
Leeward Facing away from the oncoming wind.
Loess Wind blown matenal, of size equivalent to silt and smaller.
Monodisperse Having a uniform size, in reference to particles.

Particle drag The force exerted on a particle by the fluid through which it moves.

Particle dry deposition The transfer of aerosol particles from suspension in the air to a

surface, occurring in the absence of rainfall or fog.
Polydisperse Having a range of sizes, in reference to particles.
Raster A map 1n the form of a regular array of data.

Streamwise In the direction of the bulk flow.

Viscous sublayer The thin layer of a turbulent boundary layer flow, immediately

adjacent to the surface, where viscous forces outweigh inertial forces, ensuring

laminar flow.

Windward Facing towards the oncoming wind.
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coefficient for grid-generated turbulence equation
airborne concentration
Cunningham correction factor

concentration of fluorescein in liquid extract
constant 1n k- model

particle diameter

acceleration due to gravity

hill height

turbulence intensity

turbulent kinetic energy

scale of largest turbulent eddies
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mass of fluorescein
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U mean wind speed

Up initial particle velocity or mean speed for same mass flow through grid,
through an equivalent empty area

Ur  particle terminal velocity

\ instantaneous lateral turbulent velocity

Vv velocity

Var  volume of air

V4 deposition velocity

Viiquia volume of hquid

w instantaneous vertical turbulent velocity

X downwind distance, or model or experimental measurement

Y lateral distance

y dimensionless height from surface

Z vertical height above the surface

Z0 roughness length

o molecular mass diffusivity

€ turbulent dissipation rate

M scale of smallest turbulent eddies

K thermal diffusivity or von Karman constant
1 dynamic (absolute) viscosity

Vv kinematic viscosity

Pp particle density
P fluid density
Cu streamwise turbulent velocity

Qr  angular velocity



Chapter 1: Introduction and Literature Review

1. INTRODUCTION AND LITERATURE REVIEW

1.1. Background

Accidents involving the release of radioactive material into the environment are thankfully

rare. However, they do occur and as history has shown, they can have extremely serious
consequences. Where there is release of material into the atmosphere its spread can be rapid.
Airborne material can cause direct exposure and can also deposit onto crops, pasture and
waterways. Following such an accidental release, contaminated crops and other foods need to
be prevented from entering the food chain, to minimise health effects. Food producing areas
need to be isolated depending on their level of contamination by atmospheric deposition. To
assess the level of contamination sampling is needed. Because of the short timescale involved,

the sampling regime must be limited. To make best use of the limited sampling a sampling

strategy is needed based on judgement of the most likely areas of deposition.

The assessment of the area of most likely deposition is made using expert judgement, based
on a range of information, including the release characteristics, meteorological conditions,
landscape topography and land use. A meteorological model of dispersion will be used to

predict the airborne concentrations due to the spread of the material and such models have
been found to perform reasonably well. However, the amount of material deposited to the
ground is less easily quantified. In the presence of rainfall, deposition is dominated by wet
mechanisms and a reasonable estimate can be made, based on measured rainfall pattemns.
When there is no rainfall, deposition depends solely on the, generally far slower, dry

deposition process. Whilst this has been well studied for uniform surfaces (Nicholson, 1983),
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there 1s little information available on how this process varies with complex topography. In

particular, how landscape features affect the spatial distribution of deposition.

It 1s this problem of how dry deposition varies around landscape features, which this work
addresses. Because the majority of radioactive material of concern is particulate in nature this
work has dealt with the deposition of aerosol material. It is intended that the results of this
work could be incorporated into a partially automated expert system tool, as demonstrated by
Argyraki et al. (1999), aimed at decreasing the probability of missing patches of ground

contamination exceeding a defined threshold level.

The dniving force behind this project 1s the specific case of the transfer of radioactive
pollutants from the atmosphere to the ground. However, the results are valid for a number of
other environmental transfer problems where atmospheric deposition is important, such as
non-radiological chemical incidents, routine discharges and nitrate deposition to sensitive

ecosystems.
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1.2. Project scope

The aim of this project was to investigate the relationship between complex topography and

airborne particle dry deposition, in order to predict landscape areas likely to be affected by
increased or decreased dry particle deposition. Following a review of the existing literature a

series of objectives were drawn up:

e To use computational techniques to model flows and dry particle deposition over

complex topography
e To validate such techniques against experimental scale models

e To extend the computational techniques to a range of cases

e To denive a set of rules describing the relationship between topographic shapes and

particle deposition based on the computational results

e To demonstrate an automated geographical information system (GIS) approach using

these rules

In addition, a better understanding of the physical processes linking landscape topography,

flow characteristics and dry deposition was sought.

The project was not intended to include other influences on particle deposition, such as wet
deposition and the impact of land cover. Whilst these effects are certainly important, and may
dominate the pattern of deposition under certain conditions, their impact is more easily
understood. They can be incorporated into prediction models as an additional layer of

information, describing how deposition will be influenced relative to that of a “baseline’ case.
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1.3. Literature review

1.3.1 Particle dry deposition from the atmosphere

A useful starting point when considering particle dry deposition is the examination of the
physical effects that control the process. Zufall and Davidson (1998) summarnsed the

mechanisms involved in atmospheric dry deposition as follows:

¢ Turbulent diffusion

e Sedimentation

e Brownian diffusion

e Interception

e Inertial forces (impaction)
¢ Electrical migration

¢ Thermophoresis

e Diffusiophoresis

Turbulent diffusion is the transport of particles along a concentration gradient due to the
turbulent motions of the atmospheric flow. It is typically several orders of magnitude larger
than molecular diffusion. Since there is removal of particles at the surface there 1s a net
eradient of decreasing concentration towards the surface. Therefore, turbulent diffusion
causes particles to move towards the surface. Sedimentation occurs because of gravity and its

importance depends on the size of the particle (Jacobson, 1999), becoming increasingly
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important for larger and more dense particles. Brownian diffusion is the motion of particles
due to the thermal energy of the surrounding air, and 1s much weaker than turbulent diffusion
in the bulk flow. It 1s only important where there is little turbulence. For example, within the
viscous sublayer, the part of the boundary layer where viscous forces become dominant and

the velocity scales linearly with height. Brownian diffusion becomes more significant for
smaller particles and 1s most significant for particles much smaller than 100 nm, where

diffusivity tends towards that of true gas molecules.

Interception 1s the process whereby a particle, following a fluid streamline, collides with a
surface element and it can cause particles to be deposited to collecting elements. Impaction is
the process whereby a particle deviates from a fluid streamline because of its inertia, and
collides with a surface element. Inertial impaction can transport moderately sized particles
across the viscous sublayer. Electrical migration and thermophoresis, the movement of small
particles in a temperature gradient, are generally less significant than the other processes
described for atmospheric flows. Diffusiophoresis, the movement of particles along a

concentration gradient in two or more gases, is less significant over land, but will have a

greater influence over a water surface.

The final stage of deposition 1s the interaction with the surface. The nature of this interaction
will determine whether the particle remains attached to the surface or rebounds. Particles

with large kinetic energies are more likely to rebound. The critical velocity above which
bounce occurs is inversely proportional to the particle diameter (Hinds, 1999). Therefore,
small particles have a higher threshold velocity and are less likely to bounce. Once a particle
has attached to the surface, it can be resuspended by drag force from the air above. Particle

size is again an important parameter in this respect, with smaller particles being harder to

dislodge. Hinds (1999) notes that particles less than 10 um are unlikely to be dislodged by
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ordinary air forces. However, when significant amounts of deposited material form layers,
large masses of particles can be dislodged. The presence of other non-contaminated particles,

such as soil particles, can combine with the deposited material and may increase the

likelihood of resuspension<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>