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I. INTRODUCTION 

1.1 Purpose 

The three-year research program is intended to establish the 

foundations for a long-range comprehensive investigation of aero-

collodial dispersion and evolution in the atmospheric-surface-layer 

(ASL) environment through use of simulated ASL flows. It was formulated 

to achieve the following objectives: 

1. Establishment of a set of refe renee data on mean flow and 
turbulence characteristics for the full-range of possible ASL 
simulations in the Neteorological Wind Tunnel (NWT) of the 
Fluid Dynamics and Diffusion Laboratory (FDDL). 

2. Development of dispersion data 
will serve as reference plumes 
colloids on dispersion mechanics. 

for the reference flows that 
to evaluate effects of aero-

3. Design and initiate studies to determine the effects of aero
colloidal particle size and concentration on concentration 
distributions and surface deposition. 

4. Design and develop a capability for research on aerocolloidal 
kinetics in the NWT. 

5. Establish the foundation for a long-range research program on 
plume mechanics. 

The proposed research objectives are further described in specific 

tasks planned for each of the three years. 

1.2 First-Year Tasks 

Initial efforts of the research program were directed to the 

development of reference data for a wide range ASL simulations in the 

MWT. Nean flow, turbulence characteristics and dispersion data were 

investigated and carefully documented. Additionally, the design of 

1 



second-year experiments with aerocolloidal particles was initiated. 

These three first-year objectives are expanded upon in the task des-

criptions which follow: 

Task 1-A: Establish characteristics of meteorological variables for 

simulated ASL's in the MWT that include full range of the wind 

tunnel capability to simulate stable and unstable thermal 

stratification beginning at ground level and elevated inver-

sions. Careful documentation of the mean flow and turbulence 

characteristics is required to provide basic reference flow 

fields for the plwne dispersion studies. 

A. Flow Variables 
1. Lower boundary-- plane 
2. Boundary roughness -- 2 cases (smooth, 1 rough) 
3. Thermal stratification -- 4 cases (neutral, 1 stable, 

1 unstable, 1 elevated inversion) 

B. Measurements (for each combination of flow variables) 
1. Mean velocity and temperature -- 5 vertical profiles; 

along centerline at x = 15,16,17,19, 
22 m from test-section entrance 

2. Turbulence intensities -- 5 vertical profiles; same 
location as for mean velocity and 
temperature 

3. Velocity-velocity correlations (u'w', u'v', v'w') -- 1 
vertical profile, x = 16 m on 
centerline 

4. Velocity power spectra (u', v', w') -- 5 points; x = 16m 
5. Turbulence scales (longitudinal, lateral, vertical) -- 5 

points; x = 16m 

Task 1-B: Develop a set of reference plume characteristics for the 

reference flow fields. The reference plumes are intended 

to provide basic characterization of turbulent diffusion 

by atmospheric turbulence without modifications caused by 

the diffusing material. Reference plumes developed by a 

single source emission at several distinct elevations in 

the simulated ASL, including ground level, are proposed 

for reference documentation. 
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A. Flow Variables: same as Task 1-A 

B. Material Source Variables 
1. Time: steady 
2. Spatial: point; 3 elevations at x = 16m 
3. Material: non-reacting gas, with hydrocarbon tracer, 

neutral buoyancy relative to atmospheric 
density at release elevation 

4. Momentum: near zero 

C. Measurements 
1. Mean concentration of source material: distributions to 

describe cross section of plume at 4 locations downwind of 
source 

Task 1-C: Design experiments to investigate plume mechanics for 

stable aerocolloidal particles in the simulated ASL. 

A plume study to be performed in Year 2 will be designed to include 
the following general specifications --

A. Flow Variables: same as Task 1-A 

B. Material Source Variables: 
1. Time: steady 
2. Spatial: point 
3. Material (tentative): 

C. Heasurements 

monodisperse polystyrene latex 
spheres (0.5 - 5.0 ~m) 

1. Mean concentration distributions in plume 
2. Surface deposition 

1.3 Report Organization 

The MWT was operated in several different configurations to achieve 

the thermal stratifications and boundary roughnesses specified in the 

preceding Tasks 1-A and 1-B. These configurations, as well as descrip-

lions of the test instrumentation and measurement apparatus, are re-

corded in the next section. 

Experiments were conducted to obtain reference data for three 

differing atmospheric stabilities. The results of these experiments are 

discussed in Sections 3.0, 4.0 and 5.0 for neutral, stable and unstable 

flow, respectively. Each section adheres to a similar format. The 
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veLocity profiles obtained above a smooth floor are first described, 

followed by the velocity fields recorded over the rough floor. The 

final part of each section contains a discussion of the measured con-

centration fields for both roughness conditions. Tabula ted data and 

graph:i c comparisons used tn the presentations are contained in tables 

and figtn-es located at the end of each section. 

Section 6.0 contains Conclusions and Commentary from the previously 

discussed experiments. 

The appendices to this report contain development of special topics 

entitled '!Wind-Tunnel Simuluation of Particle-Plumes in the Atmospheric 

Surface Layern and !!Length-Scales Describing the Vertical Diffusion from 

Ground- Leve 1 Sources ' 1
• 
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2.0 EXPERIMENTAL PROCEDURES 

2.1 Wind-Tunnel Configuration 

All experiments were conducted in the MWT at CSU. Design and 

operation of the wind tunnel are described in detail by Cermak (1981). 

Elevation and plan views of the MWT are shown in Figure 2-1. 

Figure 2-2 is a three-dimensional representation of the entrance to 

the MWT test section. All four surfaces immediately preceding the test 

section were lined with gravel. The sawtooth shaped trip which framed 

the entrance was also used as a reference for locating the point source 

within the test section. 

Four evenly spaced 91 em tall spires were placed across Lhe tunnel, 

next to the sawtooth trip, to simulate the desired ABL within the test 

section. Pertinent theories of ABL simulation are discussed in detail 

by Cermak ( 1971, 1982). Figure 2-3 contains a close-up pictorial 

representation of the MWT entrance configuration, while Figure 2-4 

contains a dwonwind view of the entire MWT test section, without 

roughness. 

A portion of the twelve auxiliary cooling plates, which covered one 

third of the floor upwind of the test section, is visible in the photo 

reproduced in Figure 2-5. These plates, which remained in place during 

tests in all three stratifications, have a slightly rougher surface than 

the permanently installed aluminum plates, which make up the next 

12.28 m of tunnel floor. 

A change in the aerodynamic surface roughness, z
0

, from a lower 

value for the 'smooth' case to a higher value for the 'rough' case was 

achieved by the installation of 1.6 em twisted-link chain elements 

placed 21.6 em apart a 1 ong the entire test section of the MWT. The 
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or-igin of the coordinate system used to reference the velocity and 

concentration measurements was established at the location of the 

ground-level point source (16.12 m downwind of the sawtooth trip). 

figure 2-6 shows the arrangement of the roughness chains. 

A schematic drawing summarizing the configuration of the NWT is 

presented in Figure 2-7. This drawing also shows the location of the 

measurement stations which are described in the next sub-section. 

2.2 Test Measurements and Instrumentation 

The neutral boundary layer was simulated in the MWT with existing 

ambient conditions \-Vhereas stratified boundary layers were simulated by 

1·ontrolling the environment in the wind-tunnel. Table 2-1 presents the 

mean velocity and temperature condi lions maintained in the NWT during 

experiments with each of the three stabilities. Free-stream velocity 

and temperature were continuously monitored with a pitot tube and 

thermistor positioned 1.09 m above the floor, and 0.85 m upwind of the 

source (see Figures 2-6 and 2-7). 

To create the stable boundary layer, an ethylene-glycol solution 

1.v·as circulated through the auxiliary cooling plates and the permanent 

aluminum plates to chill the floor, while the air circulating in the 

closed-loop tunnel was heated. 

The unstable boundary layer was simulated by electrically heating 

the aluminum plates and simultaneously, cooling the air circulating in 

the NWT. 

Using the location of the ground-level source as a coordinate 

reference, velocity, turbulence and temperature data for each stability 

and surface roughness condition were measured at downwind d.Lstances of 

0. 2.80 and 6.05 m along the centerline. These measurements were 

6 



obtained with a constant temperature cross-film anemometer, TSI model 

1241-10, and a resistance wire temperature sensor mounted in close 

proximity to each other. Prior to taking data, the sensors were cali-

hrated in a temperature and velocity controlled enclosure. Empirical 

equations were developed to relate anemometer voltage, velocity and 

temperature. Using these equations, an on-line computer permitted 

nearly instantaneous output of the velocity and temperature data 

measured in the MWT. 

Two orientations of the cross-film furnished velocity and turbulence 

data along all three primary axes. Mean and cross-correlation values 

were computed from 600-1000 instantaneous readings per second, recorded 

over a period of 60-120 seconds with sampling rate and duration 

dependent upon the relative stability of test conditions. 

Neutrally buoyant hydrocarbon tracers were released from 0.635 em 

diameter brass tubes (referred to elsewhere, and here, as the point 

sources), located at heights of zs ~ 0, 10.00 and 20.0 em above the 

floor. The effective height of the ground-level source was one-half the 

tube diameter, or approximately 3 mm. 

arrangement of the point sources. 

Figure 2-8 illustrates the 

The tracers (9.98% ethane, 4% C0
2

, 86.0% N
2 

or 5.6% propane, 94.38% 

N2 ) were released through the sources with an exit velocity ~ 88 em/sec 

while being maintained at the average temperature existing at source 

height. 

Tracer concentrations were measured at distances of 0. 85, 1. 95, 

2. 80, 3. 90 and 6. 05 m downwind from the source for a 11 three s tabi 1-

ities. Rapid diffusion in the unstable flow dictated additional 

measurements at 0.45 and 1.35 m. 
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Samples of the tracer were drawn by a near-isokinetic sampling 

sys tern through 1. 59 mm I. D. tubes into a gas chromatograph analyzer. 

The sampling tubes, mounted on a rake, as shown in Figure 2-9, provided 

a grid for measuring diffusion within the tracer plume. Up to 40 five-

minute tracer samples were simultaneously collected by the sampler, 

shown in Figure 2-lOa, for analysis int he Hewlett-Packard gas 

chromatograph (GC), shown in Figure 2-lOb. 

The tracer gas data obtained from the GC analyses wer normalized 

using the equation 

I'l.C. = 

where N.C. = 

X = 

u = 00 

X = 
0 

v = 

xu 
00 

X V 
0 

normalized concentration (m-2) 

measured concentration (ppm) 

free-stream velocity (m/s) 

source strength (ppm) 

volume flowrate 
3 

(m /s). 

(2-1) 

All diffusion data included in this report are in this normalized 

for. 

2.3 Flow Visualization 

Titanium dioxide (Ti0
2

) 'smoke' was released from the point sources 

for each stratification to observe plume behavior and to ascertain the 

normal operation of lthe f"1WT. Plume diffusions for the three stratifi-

cations and three source heights were documented on 16 mm movie film and 

35 mm photos. Representative plumes from a ground-level source for 

;:;table, neutral and unstable atmospheric conditions are presented in 

Figures 2-11 and 2-12. 
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Table 2-1. Temperature and Velocity Conditions in the MWT for Plume 
Mechanics Experiments 

Atmospheric 
Condition Roughness TF T u 

CX> CX> 

(oC) (oC) (m/s) 

smooth 23.2 3.00 

(22.5 to 24.0) (2.88 to 3.06) 

Neutral 
rough 23.5 2.99 

(22.5 to 25.0) (2.91 to 3.05) 

smooth "'-'±1 77.0 2.45 

(75.7 to 79.3) (2.43 to 2.47) 

Stable 
rough "'-"± 1 78.7 2.44 

(73.0 to 80.3) (2.39 to 2.51) 

smooth 157 7.7 2.43 

Unstable (7.4 to 8.4) (2.40 to 2.46) 

rough 146 7.5 2.44 

TF Floor Temperature 

T Mean Free-Stream Temperature 
(X) 

u Mean Free-Stream Velocity 
(X) 

(Range of Values) 
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Gravel Lining 

Figure 2-2. Three-dimensional drawing of sawtooth-roughness 
boundary layer trip at entrance to MWT test-section. 
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Figure 2-3. Close-up photograph of MWT entrance configuration. 

Figure 2-4. Appearance of MWT test-section viewed from entrance. 
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Figure 2-5. Auxiliary cooling plates which covered upwind 
one-third of MWT test-section. 

Figure 2-6. Upwind view of MWT test-section with roughness in place. 
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Figure 2-7. Schematic of MWT configuration and measurement locations. 



Figure 2-8. Point sources located 16.12 m downwind at ground-level, 
10 em, and 20 em heights. 

Figure 2-9. Sampling rake used to measure diffusion patterns. 
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(a) 

(b) 

Figure 2-10. Photographs of (a) the Tracer Sampling System and (b) 
the HP Integrator and Gas Chromatograph 
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STABLE NEUTRAL UNSTABLE 

Figure 2-11. Flow visualization from a ground-level source over a smooth surface 
for three simulated atmospheric conditions. 



STABLE 

NEUTRAL 

UNSTABLE 

Figure 2-12. Flow visualization from a ground-level source over 
a smooth surface for three simulated atmospheric 
conditions. 
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3.0 NEUTRAL FLOW 

3.1 Velocity Field Over the Smooth Floor 

Mean velocity distributions u(z) were measured at distances of 

x = 0. 0, 2. 80 and 6. 05 m with respect to the source. These velocity 

profiles are presented in Figure 3-1 and indicate good horizontal homo-

geneity. However, since the flow transitions from a slightly rough to 

smooth surface, in accordance with Antonia and Luxton's (1972) findings, 

the shear stress in the central region of the boundary layer increases 

while the surface shear stress is reduced. With increasing distance 

from the transition of the surface roughness, the surface shear stress 

gradually increases. These effects can be seen in Figure 3-2 which 

presents the shear stress measurements at distances of x = 0.0, 2.80 and 

6.05 m from the source. 

The average value of the shear VLlocity for this flow in the region 

of interest is estimated from Figure 3-2 to be u·k = 0. 09 m/sec. The 

measured longitudinal turbulence intensity (urms/U) and vertical turbu

lence intensity (w /U) distributions are presented in Figures 3-3 and 
rms 

3-4 for measurements made at distances of x = 0.0, 2.80 and 6.05 m from 

the source. 

From the velocity and turbulence data for neutral flow over the 

smooth floor it may be concluded that the boundary layer developed in 

the wind tunnel was not a perfect model of an ideal neutral boundary 

layer. However, its major characteristics are typical of many real 

neutral atmospheric boundary layers. 

3.2 Velocity Field Over the Rough Floor 

The mean velocity distributions u(z) measured at distances 

of x = 0.0, 2.80 and 6.05 m with respect to the source are presented in 
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Figure 3-5. These velocity profiles also indicate good horizontal 

homogeneity. The transition in surface roughness in this case is 

comparatively smaller than that for the case of flow over the smooth 

surface. Hence distributions of the shear stress at distances of 

x = 0. 0, 2. 80 and 6. 05 m from the source, presented in Figure 3-6 

exhibit the familiar monotonically decreasing behavior throughout the 

central region of the boundary layer. 

The average shear velocity for this flow in the region of interest 

is estimated from Figure 3-6 to be u* = 0.135 m/sec. The longitudinal 

turbulence intensity and vertical turbulence intensity distributions are 

presented in Figures 3-7 and 3-8 for measurements made at distances of 

x = 0.0, 2.80 and 6.05 m from the source. 

Table 3-1 compares some properties of the simulated wind flow in 

the wind tunnel with Robins' (1978) data, and with typical values of 

these properties found in the atmospheric boundary layer. In the table, 

z denotes the roughness length, u;\· the friction velocity, U f the 
o re 

reference velocity, u, v and w the turbulence components in the longi-

tudinal, lateral and vertical directions, and n the exponent of the 

velocity profile: 

-·· U" 

u 
ref 

(3-1) 

The table shows that the present data closely matches Robins' with 

regard to simulation of atmospheric flows in the wind tunnel. 

3.3 Measured Concentration Field 

For the two surface-roughness conditions in the region of interest 

concentration profiles were measured for a continuous point source 

located firstly at ground level and then at a height of 10 em above 
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the surface. The measurements were made at downstream distances of 

x = 0.85, 1.95, 2.80, 3.90 and 6.05 m from the source. The data 

corresponding to the ground-level source were fitted to the empirical 

semi-equation 

c y-dy 2 z s 
cmax(x) 

= exp[(-Qn2)( AY ) ]exp[(-Qn2)(Az) ] 

-2 where the knowns are C: normalized observed concentration, m 

y,z: measuring location, em 

and the unknowns are 

-2 C (x): maximum normalized plume concentration, m max 

(3-2) 

dy: horizontal drift of maximum concentration, em 

Ay: horizontal plume spread constant, em 

Az: vertical plume spread constant, em 

s: vertical plume spread exponent. 

Estimates of the five unknowns in the above equation for the five 

downstream measurement stations are presented in Table 3-2. 

Data collected in the horizontal and vertical planes corresponding 

to the source located at a height of 10 em above the surface were fitted 

to the semi-empirical equations 

c ~2 
cmax(x) 

= exp[(-Qn2)( AY) ] (3-3) 

and 

c z-H 2 z+H 2 
C (x) = exp[(-Qn2)( Az) ]+exp[(-Qn2)( AZ) ] 

max 
(3-4) 

where H is the known source height above the surface. Estimates of the 

four unknowns C (x), dy, Ay and AZ in the above equations for the five 
max 

downstream measurement stations are presented in Table 3-3. 
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Equations for diffusion in the horizontal plane from the ground 

level as well as the elevated sources were based on a Gaussian diffusion 

model. Figures 3-9 and 3-10 show typical horizontal concentration 

profiles, measured as well as predicted by these equations using the 

computed values of the unknowns, downstream from the ground-level and 

eleva ted sources respectively. These figure clearly demonstrate that 

the Gaussian model is suitable for horizontal diffusion. 

Diffusion in the vertical plane is fairly well described by the 

Gaussian model for the case of the elevated source, as can be seen in 

Figure 3-11, but this model fails to accurately describe the diffusion 

in the vertical plane from a ground-level source. Hence for the ground-

level source, diffusion in the vertical plane is described by a non-

Gaussian, variable-exponent model. Figure 3-12 illustrates the 

suitability of an exponential model in the present investigation. 

Non-Gaussian distributions of tracer material were also observed in the 

diffusion experiments of the Prairie Grass Project (Barad and Haugen, 

1959) and the Green Glow program (Barad and Fuquay, 1962). 

Diffusion data in the vertical plane from the elevated source, for 

flow over both surface roughnesses considered, shows that near the 

source the maximum concentration occurs at the height of the source, 

then it rapidly approaches the ground with increasing distance from the 

source. 

Figures 3-13, 3-14, 3-15 and 3-16 show the distributions of h (x), y 

a (x), A. (x), and a (x) for the two source heights and two surface 
y z z 

roughnesses considered. The a (x) and a (x) are standard deviations of 
y z 

the horizontal and vertical plume spreads, respectively. The variation 

of the normalized peak concentrations, with distance downstream from the 
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source, are presented in Figures 3-17 and 3-18, and the variation of the 

normalized ground-level concentration, with distance downstream from the 

source, for the elevated source, is presented in Figure 3-19. 

Figures 3-20 and 3-21 compare the present diffusion data for 

ground-level sources with Robins' data for urban and rural flows. These 

figures show good agreement between the two data sets. Figure 3-22 

compares the vertical plume spread of the present data with Robins' and 

Pasquill's estimates. 

match. 

Once again, the three data sets show a good 
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Table 3-1. Comparison of Simulated and Atmospheric Flows 

Category 0 

(m) 

Present data 

Smooth 0 .. 95 

Rough 0.90 

Robins' data 

Rural 

Urban 

Atmosphere# 

Rural 

Suburban 

Urban 

0.6 

2.0 

600 

600 

600 

z 
0 

(m at 
full 

scale) 

0.01 

0.16 

0.03 

1.3 

0.01-0.07 

1.0-1.5 

1.0-4.0 

#Source: Counihan (1975) 

n 

0.15 

0.25 

0.14 

0.22 

1/7 

1/5 

1/4 

u·kjU 
ref 

0.037 

0.055 

0.045 

0.063 

0.037-0.045 

0.045-0.055 

0.040-0.060 
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u ju·A· 
rms 

2.1 

2.5 

2.4 

2.6 

2.5 

2.5 

2.5 

v /u·k 
rms 

1. 1 

0.8 

2.0 

1.9 

1.9 

1. 9 

w I u•'• 
rms 

1.0 

0.8 

1.2 

1. 4 

1.3 

1.3 

1.3 



Table 3-2. Unknowns for Ground-level Source in Neutral Flow 

Distance Downstream from Source (m) 

Variable X = 0.85 X= 1.95 X = 2.80 X = 3.90 X = 6.05 Roughness 

C (x) 124.02 36.42 19.22 11.85 5.93 Rough max 

(m2) 328.88 73.04 37.34 20.22 9.92 Smooth 

dy 1. 70 2.58 2.43 3.93 4.52 Rough 
-- -- -- -- --

N (em) 0.56 0.36 0.91 -1.06 2.83 Smooth ll1 

A 14.08 21.93 26.60 29.83 36.59 Rough 
y 

(em) 7.56 13.36 17.51 24.09 27.61 Smooth 

A 7.12 13.92 17.61 23.22 32.31 Rough 
z 

(em) 3.32 7.52 10.96 13.60 21.66 Smooth 

s 1.60 1.60 1.52 1.60 1.68 Rough 
-- -- -- -- --

(-) 1. 20 1.31 1.41 1. 39 1. 47 Smooth 



Table 3-3. Unknowns for 10 em Source in Neutral Flow 

Distance Downstream from Source (m) 

Variable X = 0.85 X = 1. 95 X = 2.80 X = 3.90 X = 6.05 Roughness 

Horizontal Profile 

C (x) 58.01 22.21 15.08 9.70 5.19 Rough max 

(m2) 76.96 19.81 13.17 10.34 6.35 Smooth 

dy 0.43 1.15 2.09 2. 15 4.45 Rough 
-- -- -- --

(em) -0.35 -1.30 -0.79 -2.77 1.37 Smooth 

N A 10.16 20.15 26.28 30.53 36.73 Rough 0"1 y 

(em) 8.68 15.92 18.77 25.33 28.51 Smooth 

Vertical Profile 

Cmax(x) 58.46 14. 19 7.98 5.02 2.65 Rough 

(m2) 85.32 11.51 8.11 5.56 3.17 Smooth 

A 6.94 16. 15 20.29 26.00 33.61 Rough z 

(em) 5.54 20.10 21.07 21.64 28.89 Smooth 
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Figure 3-1. Mean velocity profiles, smooth floor. 
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4.0 STABLE FLOW 

4.1 Velocity Field over the Smooth Floor 

Temperature profiles T(z) were measured at distances of x = 0. 0, 

2. 80 and 6. OS m from the source. These profiles are presented in 

Figure 4-1 and show good horizontal homogeneity. 

Mean velocity distributions, u(z), measured at distances of 

x = 0. 0, 2. 80 and 6. OS m from the source are presented in Figure 4-2. 

These profiles also show good horizontal homogeneity, however, they also 

indicate that the flow was not ideal. Such a behavior of the flow 

field, which is typical of real atmospheric flows, can be attributed to 

the step change in surface roughness from rough to smooth, as discussed 

in an earlier section on neutral flows. Under these conditions, the 

selection of idealized parameters such as the shear velocity, ui\-, the 

surface roughness, z
0

, and the Monin-Obukhov length scale, L, is 

affected. 

Shear measurements made at distances of x = 0.0, 2.80 and 6.0S m 

from the source are presented in Figure 4-3. These profiles, too, 

clearly show the effect of flow transition from rough to smooth surface. 

Since stable flows are very strongly affected by the transition in 

surface roughness, the average value of the shear velocity, u*, for this 

flow in the region of interest is estimated by fitting data near the 

surface to the log-linear equation, 

u(z) = ~i·, [Qn(~ ) ] , (4-1) 
0 

where u(z) is the mean velocity at elevation z, k is von Karman's 

constant, and z is the aerodynamic surface roughness. The value of the 
0 

shear velocity thus obtained is u* = 0.11 m/s. 
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From the similarity theory of Monin and Obukhov, which is based on 

the assumption that the flow is plane homogeneous and that vertical 

fluxes are constant, the following velocity, temperature and length 

scales are obtained: 

The shear velocity u*: 

u·k = !. 
(t /p ) 2 

0 0 

The friction temperature T*· 

T* = -H /(p C Ku*) 
0 0 p 

The stability length L: 

H 
L = -u-l•3 I (K _g_ - 0

-) 
T p C 

a o p 

(4-2) 

(4-3) 

(4-4) 

where p is the density, t is the wall shear stress, H is the wall 
0 0 0 

heat flux, and g/T is the stability parameter. 
a 

For stable flow over a smooth surface, the friction temperature is 

estimated from Figure 4-1 to be T* = llC 0
• Combining equations 4-3 and 

4-4, the stability length is expressed as 

(4-5) 

Using the above equation, L is approximately 16 em for this flow. 

Figure 4-4 shows the variation of the point Richardson number with z/L 

in this case. 

Distributions of the longitudinal turbulence intensity (u /U) and 
rms 

the vertical turbulence intensity (w /U), measured at distances of x = 
rms 

0.0, 2.80 and 6.05 m from the source, are presented in Figures 4-5 and 

4-6. 

4.2 Velocity Field over the Rough Floor 

Temperature profiles T(z) measured at distances of x = 0.0, 2.80 

and 6.05 m from the source are presented in Figure 4-7. 
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Mean velocity distributions, u(z), measured at distances of x = 0.0, 

2.80 and 6.05 m from the source are presented in Figure 4-8. These pro-

files show good horizontal homogeneity and resemble profiles for ideal 

flows. As discussed in the section on neutral flow over a rough sur-

face, in this flow, too, the change in surface roughness near the region 

of interest is considerably smaller in comparison to the case of flow 

over the smooth surface. Hence the shear stress profiles presented in 

Figure 4-9 for measurements made at distances of x = 0. 0, 2. 80 and 

6.05 m from the source more closely resemble profiles obtained in ideal 

flows. The average shear velocity for this flow in the region of 

interest is estimated to be u;';- = 0.13 m/s from curve fitting data to 

equation 4-1. 

The friction temperature for this flow is estimated from Figure 4-7 

to be T* = 14C 0
• The stability length is calculated from equation 4-5 

to be L 25 em. Figure 4-10 shows the variation of the point 

Richardson number with z/1 for this flow. 

The longitudinal and vertical turbulence intensity distributions 

are presented in Figures 4-11 and 4-12, respectively, for measurements 

made at distances of x = 0.0, 2.80 and 6.05 m from the source. 

4.3 Measured Concentration Field 

In stable flow, diffusion data were measured for two surface 

roughness conditions, for a continuous point source located at eleva-

t ions of '""'0. 0, 10.0 and 20. 0 em above the floor of the wind tunnel. 

Concentration measurements were made at distances of x = 0. 85, 1. 95, 

2.80, 3.90 and 6.05 m downstream of the source location. Data corres-

ponding to the ground-level source were fitted to the semiempiri ca 1 

equation 3-2 which yielded the five unknowns C (x), d , A , A and s, 
max y y z 
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listed in Table 4-1, for the various measurement distances from the 

source. 

Concentration data corresponding to the two elevated sources were 

fitted to semiempirical equations 3-3 and 3-4. Estimates of the four 

unknowns C (x), d , A and A obtained from these regressions, for the 
max y y z 

five downstream measurement stations, are presented in Tables 4-2 and 

4-3. 

As observed in the neutral case, Figures 4-13, 4-14 and 4-15 

demonstrate the adequacy of the Gaussian model to accurately describe 

lateral diffusion in lhe stable case, regardless of the surface rough-

ness or source height. Figures 4-16 and 4-17 further show the suit-

ability of the same model in describing diffusion (in the vertical 

plane) from elevated sources. Vertical diffusion from the ground level 

source in stable flow, as for the neutral flow, is modelled by a non-

Gaussian, variable exponent model. Figure 4-18 illustrates the 

suitability of this model. 
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Table 4-1. Unknowns for Ground-level Source in Stable Flow 

Distance Downstream from Source (m) 

Variable X = 0.85 X = 1. 95 X = 2.80 X = 3.90 X = 6.05 Roughness 

C (x) max 1307.22 418.89 227.48 122.56 81.36 Rough 

(m2) 3321.90 1343.29 762.24 468. 16 188.49 Smooth 

dy -0.34 0.64 1.44 1.74 1.18 Rough 
lJ1 
w 

(em) 1.16 1. 00 L..83 -3.27 -2.01 Smooth 

A 8.57 12.63 15.93 20.77 26.95 Rough 
y -- -- -- -- -

(em) 4.56 7.90 10.07 11.84 14.77 Smooth 

A 2.91 4.51 5.96 7.68 8.82 Rough 
z 

(em) 1. 11 - 2.29 - 3.95 Smooth 

s 1.80 1.83 1.96 2.09 2.11 Rough 
~ 

(-) 1.32 - 1.69 - 2.07 Smooth 



Table 4-2. Unknowns for 10 em Source in Stable Flow 

Distance Downstream from Source (m) 

Variable X = 0.85 X = 1. 95 X = 2.80 X = 3.90 X = 6.05 Roughness 

Horizontal Profile 

cmax(x) 146.77 83.24 66.51 55.31 39.99 Rough 

(m2) 343.23 120.35 79.37 55.50 38.53 Smooth 

dy -0.07 -0.93 0.22 -0.03 1. 17 Rough 
-- -- -- -- --

(em) -0. 13 -0.78 0.76 -0.39 0.37 Smooth 

\.J1 
~ 

1\ 7.39 10.69 12.29 15.21 20.95 Rough 
y 

(em) 4.15 7.85 10.30 13.08 17.41 Smooth 

Vertical Profile 

cmax(x) 146.45 80.10 62.31 50.17 34.53 Rough 

(m2) 342.34 120.18 78.35 53.93 37.64 Smooth 

A 4.91 6.98 8.31 9.07 10.14 Rough 
z 

(em) - 5.13 5.72 7.22 7.17 Smooth 



Table 4-3. Unknowns for 20 em Source in Stable Flow 

Distance Downstream from Source (m) 

Variable X = 0.85 X = 1. 95 X = 2.80 X = 3.90 X = 6.05 Roughness 

Horizontal Profile 

cmax(x) 91.93 52.61 37.53 27.27 19.91 Rough 
-- -- -- -- --

(m2) 218.83 64.37 37.94 26.08 17.12 Smooth 

dy -0.11 0.16 0.94 0.21 0.69 Rough 
-- -- -- -- -- --

(em) 0.72 1.51 -0.03 -0.47 0.06 Smooth 
l/1 
l/1 

A 7.51 10.30 12.40 14.06 17.53 Rough 
y 

(em) 4.43 8.56 11.03 13.80 17.09 Smooth 

Vertical Profile 

Cmax(x) 90.71 52.48 36.61 26.76 19.63 Rough 

(m2) 216.90 62.96 39.20 26.44 17.30 Smooth 

A 5.59 7. 13 8.40 9.42 11.09 Rough 
z -- -- -- --

(em) 3.58 6.20 8.29 9.61 10.66 Smooth 
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5.0 UNSTABLE FLOW 

5.1 Velocity Field over the Smooth Floor 

Measurements of the temperature profiles at the position of the 

source (x = 0) and at x = 2.80 m and x = 6.05 m, are shown in 

Figure 5-l. 

The measurements reveal an inversion of the temperature gradient at 

a height h above the ground. The height h is slightly increasing in the 

direction of the flow, from h = 0.55 m at x = 0 to h = 0.85 m at x = 

6.05 m. The value h = 0. 75 m, at x = 2.80 m appears to be a repre-

sentative height of the unstable layer for the smooth-floor configura

tion. Using this value, a specific heat flux w'8' = 0.63°K-m/sec and 

an average temperature 8 = 283°K, the representative value of the con

vective velocity is estimated to be approximately w·k = 0.25 m/sec. 

The measured mean velocity distributions u(z) at x = 0, x = 2.80 m 

and x = 6. 05 m are presented in Figure 5-2. A mild horizontal non-

homogeneity is observed indicating, as shown by Antonia and Luxton 

(1972), that the boundary layer as a whole recovers very slowly after a 

rough-to-smooth change in the surface roughness. Nevertheless, both the 

horizontal and the vertical nonhomogeneities in the convective layer are 

mild and the dimensionless distance X = xw·i•j(Uh) in this layer may be 

calculated with sufficient accuracy using the average value U 

= 1.90 m/sec. According to Antonia and Luxton, the shear stress after a 

rough-to-smooth change in the surface roughness, increases throughout 

the central region of a boundary layer instead of monotonically decreas

ing. On the other hand, the surface shear stress is drastically re

duced, then increases at a lower rate, with x. The shear stress mea

surements at x = 0, 2.80 m and 6.05 m which are presented in Figure 5-3 

show similar behavior. 
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The average value of the shear velocity in this region 1s estimated 

from Figure 5-3 to be u·k = 0. 085 m/ sec, which implies that the Monin-

Obukhov length for this flow was on the order of 0.07m and -h/L ~ 10.7. 

The Honin-Obukhov length, L, which is a measure of the thickness of the 

surface layer where the shear stress plays a dominant role, is defined 

as 

3 L = -(u*) 8/k g w'8' (5-1) 

Since in this experiment the shear stresses in the central region of the 

boundary layer were slightly larger than the shear stress at the wall, 

it is plausible that the surface layer extends beyond the above esti-

mated height, or in other words, the effective value of -h/L is smaller. 

The measured normalized vertical velocity fluctuations, w' 2/(w*) 2 , 

are plotted in Figure 5-4. The values for the flow over the smooth 

floor vary between 0.1 to 0.3 and are of the same order of magnitude as 

the field measurements in the Ashchurch and Minnesota experiments (see 

Lamb, 1981, Figure 4.18). 

It may be \oncluded that although the unstable boundary layer 

developed in the wind tunnel over the smooth floor is not a perfect 

model of an ideal CBL, its major characteristics are typical of many 

real convective atmospheric boundary layers. 

5.2 Velocity Field over the Rough Floor 

The temperature distributions for this case are shown in Figure 

5-5. The values of h at the different stations are slightly higher for 

this case and the representative value of h is estimated to be h = 

0.90 m. 
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The mean velocity profiles, shown in Figure 5-6, indicate that the 

horizontal nonhomogeneity of the velocity field in this case is smaller, 

apparently because the relative change in the surface roughness was 

smaller. Distribution of shear stresses at the different stations, 

shown in Figure 5-7, are also more similar. Using these data, the 

average horizontal velocity for this flow is estimated to be U = 1. 70 

m/sec and the average shear velocity is estimated to be v* = 0.115 

m/sec. Thus, the convective velocity scale and the Monin-Obukhov scale 

for the flow over the rough floor are of the order of w-l' = 0. 28 m/ sec 

and L = 0.16 m. One may conclude that the added roughness increased the 

thickness of the surface layer and reduced the convective nature of the 

flow. The ratio -h/L for this case is smaller than six and the vertical 

velocity fluctuations have also decreased, as seen from Figure 5-4. 

5.3 Measured Concentration Field 

Nore than 40 concentration profiles were measured in the study. 

Representative dimensionless vertical concentration profiles, 

- 2 C(x,O,z)Uh /Q plotted versus z/h, are shown in Figures 5-8a through 5-82. 

The concentration profiles, Figures 5-8a,b,c, measured immediately 

downwind from the ground-level source have an approximate Gaussian shape. 

The profiles are, however, better described by the function 

s c = c Co ) e xp [ - rH z I A ) ] , (5-2) 
z 

where ~ = Qn(2) and s is a power smaller than 2. The calculated values 

of s are 1.21, 1.31 and 1.41 and 1.39 at x = 0.45, 0.85, 0.135 and 1.95 

m from the source for a smooth boundary. Figures 5-8d,e,f indicate that 

the maximum concentrations at x = 2.8 m, X = 0.49m, x = 3.9 m, X = 0.68, 

and at x = 6.05 m, X= 1.06, are no longer at ground-level. 
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The heights of the maximum concentration of the vertical profiles 

downwind from the elevated sources, Figure 5-8g, are initially at the 

height of the source, but rapidly approach the ground. Figure 5-8h shows 

for example, that it is impossible to tell whether the concentration 

s 
profile at X= 0.49 and z /h = 0.133 is due to an elevated or a ground-

level source. This pattern is also observed in neutral flow, however, 

the vertical profile at X = 1.06, Figure 5-8i, shows that the position 

of the maximum concentration is beginning to rise above the ground. 

The same pattern is observed for the unstable flow above the rough 

boundary. 

The variation of the measured maximum ground-level concentration 

- 2 C(x,O,O)Uh /Q is plotted in Figure 5-9 for the smooth boundary and in 

Figure 5-10 for the rough boundary. As seen from these figures, the 

ground-level concentrations from an elevated source exceed after a 

certain distance the ground-level concentrations from lower-level 

sources. Comparison with Figure 5-11 shows a very close similarity 

between the calculated and the measured diffusion pattern, and the 

dimensionless concentration values in the two figures are of the same 

order of magnitude, although not identical. Comparison of the rough and 

smooth floors data shows that the increased shear has slightly decreased 

the maximum ground-level concentration 
s 

for the source at z /h = 0.133 

and has slightly modified the values of the dimensionless concentrations 

at different points, however, the basic pattern of diffusion has not 

changed. 

Figures 5-12 and 5-13 show the cross-wind spread of the plume and 

It can be seen that a is 
y 

its dependence on the height of the source. 

larger for ground-level sources, as predicted by Lamb (1979). The 
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measured values of a /h are, however, larger than the calculated values 
y 

(see Lamb, 1981, Figure 5.3). 

Figure 5-14 compares the measured values of the cross-wind spread 

over the smooth floor with the Prairie Grass data and the results of 

Deardorff and Willis (1975) and Lamb (1979). It appears that the wind-

tunnel measurements at small values of xw*/(hU), give larger values of 

a /h. 
y 

However, they are consistent with some Prairie Grass measure-

ments. At larger distances the wind-tunnel data is in better agreement 

with the few available field measurements. 

The difference between the values of a /h for short distances could 
y 

be due to the effect of the surface layer present in the wind-tunnel 

experiment. 
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6.0 CONCLUSIONS AND COMMENTARY 

1'1easurements of mean and turbulent velocities and temperatures over 

smooth and rough floors for stable, neutral and unstable flows in the 

MWT at CSU were found to be similar to those measured in many typical 

boundary layers corresponding to the appropriate stability. 

The wind-tunnel stable boundary layer flows had a Monin-Obukhov 

length-scale of approximately 16 em for the smooth floor and 25 em for 

the rough floor. In the unstable boundary layer, the corresponding 

length scales were 7 em and 16 em respectively. 

Diffusion patterns in the neutral boundary layer from a ground

level source were similar to those found in the Marchwood Engineering 

Laboratory experiments by Robins (1978), and these measurements were 

also in good agreement with Pasquill's diffusion estimates. Diffusion 

data in the vertical plane from the elevated source, for both surface 

roughnesses considered, showed that near the source the maximum con

centration occurred at the height of the source, then it rapidly 

approached the ground with increasing distance from the source. 

In stably stratified turbulent flows, wind-tunnel data showed that 

with increasing distance from the source, vertical diffusion of the gas 

was much less than under neutral stratification. This is easily ex-

plained since increasing vertical displacement in stable flows requires 

a steady input of energy, assuming that the density of the diffusing gas 

remains unchanged. Hence in stable flows, with increasing distance from 

the source, the plume center remains at approximately a constant height, 

equal to the release height of the gas. 

The patterns of diffusion from ground-level and elevated sources in 

unstable flows, for both the smooth floor and the rough floor, were 

94 



similar to that found in the water-tank experiment of Deardorff and 

Willis (1975) and in numerical models. The measurements confirmed the 

predicted rise of plumes from ground-level sources after a travel time 

on the order of 0. 5 hjw·A· and an initial rapid descent of plumes from 

elevated sources. They also showed that after a certain distance from 

the source, ground-level concentrations from an elevated source were 

higher than ground-level concentrations from sources at lower 

elevations. 

The measured cross-wind spreads, a , were found to be in agreement 
y 

with the Prairie Grass measurements. The measurements confirmed the 

numerical predictions, that a is larger for ground-level sources than 
y 

for elevated sources. 

Thus, it may be concluded that the wind-tunnel measurements confirm 

the predicted unique features of diffusion in a CBL, which cannot be 

described by a simple Gaussian model or by a conventional Eulerian type 

mass balance differential equation. They also indicate the CBL diffu-

sion pattern can be found for values of -h/L on the order of 6 which are 

often encountered in the atmosphere. The effect of surface roughness on 

the diffusion pattern is found to be small. 

The work exhibits the value of physical simulations in wind 

tunnels, which can be used to model stratified flows with much more 

complicated boundary conditions as well as diffusion of buoyant and 

negatively buoyant flows in ASL. Such problems cannot easily be 

simulated numerically (Lamb, 1981). 
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A 
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g 
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Iz 
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Vg 

w 
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X 
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z 
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LIST OF SELECTED SYMBOLS 

Definition Dimension 

cross-sectional area of source 

diameter of particles 1 

downward shift of plume 

buoyancy flux 

acceleration due to gravity 

height of source L 

plume rise L 

constant of Equation (3) 

scale of turbulent eddies L 

volumetric discharge rate 1JT-l 

relative fall velocity of particles = Vg/U 

radius of plume at source L 

characteristic response length of particle 

diffusion time 

characteristic mean velocity of air 

mean velocity of air at effective stack height 

volume 

particle fall velocity 

exit velocity of plume 

a right-hand coordinate system with origin at the 
base of the simulated point source 

position of maximum deposition rate of particles 

aerodynamic surface roughness length 

ratio of Lagrangian/Eulerian time scale 

mass density of plume 

100 

L 

T 

1T- 1 

1T- 1 

L3 

1T-l 

1T- 1 

1 

L 

L 



a 
z 

t 

L - length 
T - time 
H - mass 

model length scale 

model velocity scale 

standard deviation of the vertical plume spread L 

particle relaxation time T 
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WIND-TUNNEL SIHULATION OF PARTICLE PLUHES IN THE 
AT.NOSPHERIC SURFACE LAYER 

One of the objectives of the first year's program was to explore 

possible methods of modelling the dispersion of stable aerocolloidal 

particle-plumes in the wind tunnel and to design (on the basis of this 

investigation) the second year's research program (Tasks 2-A and 2-B). 

The results of this investigation are presented herein. 

1. Classification of Heavier-than-Air Particle Plumes 

The following analysis focuses, initially, on steady-state, stable, 

particle-plumes (PP) from ground-level, or elevated sources. Two param-

eters which significantly affect the behavior of such plumes are: the 

relative fall velocity of the individual particles r = V /U, where V 
g g 

is the particle fall velocity and U the characteristic mean velocity 

of the air; and the relative negative buoyancy of the air-particle 

mixture. 

Several types of particle-plumes which can be classified, according to 

these two parameters follow. 

Particle-plumes with both negligible relative particle fall 

velocity and negligible plume buoyancy. The dispersion of 

such PP is identical to that of passive tracer plumes and, as 

shown in previous investigations (Cermak, 1981 and Snyder, 

1981), they can be satisfactorily simulated in meteorological 

wind tunnels. 

Local concentrations of the tracer gas in such 

simulations are proportional to the spatial probability 

density function of particles dispersing from the same source, 
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_,. _,. 

and local flux values cu · ds are proportional to the 
_,. 

probability of particles passing through the area ds. 

This limiting case will be designated as the Passive 

Reference Plume (PRP). Its dispersion characteristics at 

different categories of atmospheric stability and surface 

roughness were simulated in Task 1-B of the project. 

When the concentration of particles is increased, the plume 

may be exposed to buoyancy effects, even though the relative 

fall velocity of the individual particles remains negligible. 

(This study refers only to negatively buoyant plumes, although 

it is theoretically possible to obtain buoyant plumes using 

lighter-than-air particles.) Such plumes behave like nega-

tively buoyant gas plumes and, as shown in previous investiga-

tions by Snyder (1981) and Poreh (1981), they can be fully 

simulated in meteorological wind tunnels by keeping the dimen-

sionless buoyancy flux constant in the model and atmosphere. 

This type of plume is designated as a Buoyant Plume (BP). 

Its dispersion characteristics are scheduled for investigation 

during the second year of the project (Task 2-A). 

It is not easy to produce large buoyancy effects in the 

atmosphere with large concentrations of particles. However, 

they may be produced from a mixture of particles and a carrier 

gas whose density is less than that of air. 

A different limiting case is obtained when the concentration 

of the particles in the plume remains small. However, the 

relative fall velocity of the individual particles is no 

longer negligible. Each particle will experience a gravity 
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force which causes a mean downward motion and an early deposit 

on the ground. No interaction between particles is expected 

in this case and motion of the particles is not expected to 

modify the atmospheric flow. Thus, the time averaged plume 

characteristics are also equal to the ensemble average of a 

single particle dispersion. This type of plume will be 

referred to as a Heavy Particle Plume (HPP). Only monodis-

persed HPP should be investigated and characterized, whereas 

the PRP and the BP could be composed of different size par-

ticles, so long as the relative fall velocity of the largest 

size particles remains negligible. 

When only a small fraction of a polydispersed particle-plume 

has a non-negligible relative fall velocity, that fraction 

will disperse as a HPP, whereas the rest of the particles will 

disperse as a PRP. When the rest of the plume behaves as a 

BP, modifications to the velocity field may occur, partie-

ularly near the source, and the dispersion of that fraction, 

which is affected by the velocity field, will differ from that 

of the HPP. This is called an HPP/BP combination. 

Figure A-1 provides a graphic relationship of the four defined 

particle-plume regimes in terms of relative fall velocity (V /U) and 
g 

3 6 dimensionless buoyancy flux ( F/(xu) x 10 ). 

2. Required Relative Particle Fall Velocities 

The properties of an HPP depend on the relative particle fall 

velocity, r. When r is small, the buoyancy effect, which dis tin-

guishes the HPP from the PRP, will not be detectable. Thus it is of 
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primary interest to estimate the relative fall velocities at which the 

effect can be detected. 

Figure A-2 shows the effect of a 0. 4 G downward shift of a 
z 

Gaussian plume on the vertical concentration distribution. It appears 

from the figure that positive identification of the differences between 

HPP and PRP characteristics require that the downward shift, D, satify 

the inequality 

D > 0.4 a 
z (A-1) 

The downward shift of the plume is expected to be of the order of 

D ~ V • t = V x/U, 
g g 

(A-2) 

where t is the diffusion time and U is the average velocity of the 

plume, taken as the velocity at the height of the source. 

In order to satisfy Eq. 2 it is required that 

r = V /U > 0.4 a /x = 0.4 I . g - z z (A-3) 

The ratio I is a mild function of x. However, for our estimates, an 
z 

average constant value of I may be used for each stability category. 
z 

These values were estimated using modified estimates of a 
z 

(Pasquill, 

1974, p. 375) for z = 10 em at x = 1 km (approximately 1.66 m in the 
0 p 

wind tunnel) and are shown in Table A-1, together with the calculated 

values of r . This table also contains the corresponding fall veloci-

ties and diameters of unit density spheres descending in still air at 

those fall velocities, assuming U = 2.0 m/s. 

The downward motion of the HPP affects the distribution of the 

ground-level concentrations. Stewart (1967) compared his experimental 

data to estimates obtained from the "Classical Theory" and "Statistical 

Theory" methods for predicting the diffusion of particles. The 
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"Classical Theory" appears to predict more accurately the position of 

the maximum deposition rate of particles, x , whereas the "Statistical 
m 

Theory" provies better estimates of the deposition rate. 

Figure A-3, from Stewart (1967), shows the theoretical estimates of 

x /h, where h is the height of the source, for different values of I 
m z 

and r . The figure indicates that the value of r = 0.03 would give a 

10-15 percent decrease of X /h 
m 

for unstable flows (B). A similar 

change would occur for r = 0.015 and 0.01 in neutral and stable flows. 

These results confirm the previous estimates of the minimum relative 

particle fall velocities required for obtaining detectable HPP 

characteristics in wind-tunnel experiments shown in Table A-1. 

3. Criteria for HPP Simulations 

Dispersion in wind-tunnel models requires that the ASL flow is 

correctly simulated. It is evident from the preceding discussion that 

an additional requirement for the simulation of HPP is 

(~g) m =(t) p 
It is usually not difficult to satisfy this requirement. 

(A-4) 

The ratio I 
z 

should also be equal in the model and the atmosphere. This condition is 

satisfied when the ASL is correctly simulated. 

To simulate the dispersion of heavy particles, it is also required 

that the particles' response to the turbulent eddy motion be correctly 

modelled. When a free falling particle encounters a small change in the 

ambient air velocity it will adjust to the new conditions within a time 

of the order of 

t = v /g ' g 
(A-5) 
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which is designated as the particle time. During this time 

the particle will descend a vertical distance of 

2 
s = v /g . 

g 

The length scale, s, may be termed the characteristic 

the particle. 

(A-6) 

length of 

To achieve a similar response of the particles in the model it is 

required that the dimensionless number 

(A-7) 

where Q is a typical scale of the turbulent eddies. The scale of 

eddies in the model is proportional to the linear scale of the model and 

thus it follows that when the model scale is r...
1 

= Q jQ = L /1 , all m p m p 

the velocities in the model should scale as 

= 
u 

m 
u 

p 

'A 1/2 
L 

(A-8) 

This requirement implies a considerable reduction of the model Reynolds 

number, which is scaled down as ). 3/2 
/\'1 . The model Reynolds number may 

not be reduced below a critical value and thus the above requirements 

can be met only in large models, or when simulating high wind speeds. 

At high wind speeds, however, most particle plumes behave as PRP and 

such cases are of no interest in the proposed study. 

Fortunately, when 2 V jgQ becomes very small (namely the response 
g 

length of the particles is small compared to the length of the eddies), 

the dispersion of particles would be approximately equal to that of 

"tagged" fluid particles and independent of particle inertia. Using the 
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analysis of Csanady (1961), as summarized by Pasquill (1974), p. 152, 

Eq. 3.133, it is estimated that when 

v 2 

_lL < 1 "'"'0.16 
g.2 2Tt 

(A-9) 

(where Q is the smallest significant eddy size in the flow), the 

particle's motion will be independent of its inertia and will fully 

respond to the turbulent motion. 

Consider diffusion from an elevated source. The size of the energy 

containing eddies is of the order of h, where h is the height of the 

source above ground. The energy contained in eddies whose size is 

smaller than 0.1 h is small and their effect on the diffusion can be 

neglected. Thus, Eq. A-9 with .2 = 0.1 h, or 

v 2 

_lL < 0.015 
gh 

(A-10) 

is a necessary condition to ensure that the particle inertia is not 

affecting diffusion. 

According to Smith's (1961) analysis on the growth of a cluster of 

particles descending in a turbulent flow, the size of the cluster, a, 

would decrease when the fall velocity V became large, due to the fact 
g 

that the particles were crossing the turbulent eddies. Smith's analysis 

suggests that for large times (see Pasquill, 1974, p. 15, Eq. 3.130), 

the reduction in cluster size for small V /U would be of the order of 
g 

V g 
2

13
21 ( 4 u2

), where 13 is the ratio of the I .. agrangian/Eulerian time 

scales (see Pasquill 1974, p. 135, Eq. 3.89). When 13 = 5 

v 
ug < 0.125 (A-ll) 

and the effect of the fall velocity on a is less than 10 percent. 
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The effect of the fall velocity on continuous PP is expected to be 

smaller than its effect on clusters of particles, but in view of the 

uncertainties in the analysis and the estimate of ~' the requirement of 

Eq. A-ll will be adopted in this analysis. It follows that when both 

Eq. A-9 and A-ll are satisfied, the diffusion of particle plumes is 

independent of inertia and response time and, therefore, Eq. A-8 need 

not be satisfied. However, the limitations imposed per Eqs. A-9 and 

A-11 must be satisfied in both model and atmosphere. 

As evidenced in Figure A-4, many cases of atmospheric HPP will 

satisfy Eq. A-ll and usually also satisfy Eq. A-10, as well. However, 

the simulated HPP will satisfy the latter equation only if the scale of 

the model is not too large. Figure A-4 reveals the dependence of the 

scale reduction factor, l/A
1

, on the relative fall velocity, r, of the 

particles and the wind-tunnel speed, U, at an elevation corresponding to 

a 60 m high prototype source. The figure reveals an inverse relation

ship between r and 1/A.
1

, for a given wind-tunnel velocity. Maximum size 

of the model is, however, limited by the physical dimsnions of the wind 

tunnel. 

The average ABL is typically 600 m high (Robins, 1978). In the MWT 

it is possible to generate a shear layer 1. 2 m thick so that with a 

scale of 1:500, the entire ABL can be modelled. However, it is usually 

sufficient to create a shear layer whose thickness is four times the 

height of the source. Therefore, a minimum scale of 1:200 will suffice 

to model a 60 m tall prototype source in the MWT. This constraint is 

also shown in Figure A-4. In spite of the multiple limitations it 

appears from the figure that a variety of HPP could satisfactorily be 

simulated in the Meteorological Wind Tunnel. 
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4. Negatively Buoyant Particle Plumes 

When the combined density of the air-particle mixture leaving the 

source is larger than that of the ambient air, the plume will descend 

below the source height in exactly the same way as a hot buoyant plume 

would rise above the stack height. 

It is important to examine the conditions at which such a descent 

would be detectable, both in wind-tunnel experiments and in the atmo-

sphere. The effect can be estimated using Briggs ( 1969) plume rise 

equation (see Pasquill, 1974, pp. 242 and 248), 

(A-12) 

where 

2 F = wr g ~p/p = Qg ~p/(rrp) 
0 

(A-13) 

is the buoyancy flux (divided by rr), r - the radius of the initial 
0 

jet, w - the exit velocity and Q - the (volumetric) discharge at the 

origin. 

It is necessary to determine for which conditions 

LlH 
> 0.4 ' a 

z 
(A-14) 

at x = 1.67 m and x = 1000 m, in neutral flows, where a fx is m p z 

approximately 0.04. It follows from Eq. A-14 that the above conditions 

require that 

F -6 
3 

> 0.4 X 10 . 
U X 

Using the values U = 1.5 m/sec and 

-6 4 3 F > 4.0 x 10 m /sec 
m 

whereas for the prototype, 
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(A-15) 

x = 1.67 m, it is found that 
m 

(A-16) 



(A-17) 

By assuming a 6 mm orifice for a source diameter and establishing w and 

U = 1.5 m/sec the source strength, Q = wA becomes 

Q = 42 x 10-6 m3/sec= 0.25 lit/min 

The required density difference in the wind tunnel thus becomes 

~= 
p 

F • rc 
m 

Q • g 
m 

= 0.03 

(A-18) 

(A-19) 

The density ratio of glass/air is approximately 2000. Therefore 

the relative volume fraction of the glass particles is 

~V/V = 15 X 10-6 ' (A-20) 

and only 0.015 cc, or 0.033 gram, of glass need be added to each liter 

of air. 

The linear void ratio of the mixture in this case is 

1 - (~V/V) 1 / 3 = 1- 0.024 = 0.976 (A-21) 

so that the "separation" between particles will be approximately 40 

diameters. 

The above buoyancy flux was calculated for ~Ia = 0.4, which is z 

estimated to be the minimum descent which can accurately be measured in 

the wind tunnel. It would probably require that 

LlH --<0.16 a 
z 

to completely eliminate negative buoyancy effects. 

(A-22) 

Since is 

proportional to F113 , it would be necessary to reduce ~p/p, or F, by 

a factor of 15 to achieve this requirement. Similarly, to increase the 

effect by a factor of m, the buoyancy flux would have to be increased 

by 3 m . 
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In most atmospheric PP, the particles will descend due to their own 

fall velocity and not by modifying the density of the plume. Buoyancy 

effects can also be created by a mixture of particles and a heavier, or 

a lighter, carrier gas. 

5. Conclusions 

The various types of PP are classified according to their relative 

fall velocities and dimensionless buoyancy flux: 

PRP Passive Reference Plume 

BP Buoyant Plumes 

HPP Heavy Particle Plumes 

HPP/BP - Heavy Particle Plume diffusing together with a Buoyant 

Plume. 

All four types of plumes can be simulated in the wind tunnel. The 

simulation of HPP is restricted, however, to a finite range of relative 

fall velocities which depend on the scale of the model and the height of 

the source. 

Figure A-1 schematically describes the regions where the four types 

of plumes occur for neutrally stable flows. 
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Table A-1. Minimum Settling Velocities for HPP 

Stability a /x V /U v (1) 
dl 

(2) 
d0.25 

(3) 
z g g 

Category (at 1 km) (-) em/sec JJffi JJID 

B 0.080 0.032 6.4 47 94 

D 0.038 0.015 3.0 32 64 

E 0.023 0.010 2.0 26 52 

(1) Assuming u = 2.0 m/sec. 
(2) Assuming u = 7.0 m/sec and a unit density sphere. 
(3) Assuming u = 2.0 m/sec and 0.25 gm/cc density. 
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APPENDIX B 

LENGTH-SCALES DESCRIBING THE VERTICAL DIFFUSION 

FROM GROUND-LEVEL SOURCES 

119 



Topic 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

TABLE OF CONTENTS 

Introduction . . . . . . . . . . . . . . . 

Simple Gaussian Model and the Sigma Curves . 

Vertical Distribution of Concentrations 

Vertical Plume Length-Scales . 

Flux Related Length-Scales . 

Improving Concentrations Predictions . 

References . . . . . . . 

120 

Page 

123 

123 

126 

127 

129 

132 

134 



Symbol 

A(s,n) 

B(s,n) 

c 

c max 

CWIC 

LIST OF SELECTED SYMBOLS 

Definition 

function of shape factor and velocity profile 
exponent, defined by equation 39 

function of shape factor and velocity profile 
exponent, defined by equation 41 

Gaussian concentration function 

maximum concentration 

cross-wind integrated concentration 

f(z) dimensionless concentration profile 

h 

1m 

Jm 

Ky 

Kz 

n 

Q 

s 

u 

x,y,z 

z 

ZR 

a(s,n) 

source height 

mth moment of dimensionless concentration profile 

flux related moment 

lateral mass diffusivity 

vertical mass diffusivity 

exponent of velocity profile 

source height 

shape parameter 

shear velocity 

mean velocity 

reference velocity 

a right-hand coordinate system with origin at the 
base of the simulated point source 

centroid of concentration profile 

flux distribution centroid 

reference length 

function of shape factor and velocity profile 
exponent, defined by equation 46 
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Dimension 

ML- 3 

ML- 3 

ML-z 

L 

Lm+l 

1m+2T-1 

L2T-1 

L2T-1 

L 

L 

L 



A 
z 

a 
y 

a 
z 

a zc 

a ze 

L - length 
T - time 
N - mass 

constant (= Qn2 = 0.693) 

height at which C/C = 0.5 max L 

flux standard deviation L 

standard deviation of horizontal plume spread L 

standard deviation of vertical plume spread L 

centroid-centered standard deviation L 

estimated standard deviation L 
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LENGTH-SCALES DESCRIBING THE VERTICAL 
DIFFUSION FROM GROUND-LEVEL SOURCES 

1. Introduction 

The vertical growth of passive plumes diffusing from ground-level 

sources measured in wind-tunnel simulations appears to have a consider-

ably lower rate of growth than that given in widely used predicting 

schemes, like the Pasquill-Gifford (PG) a curves, as demonstrated in 

Figure B-1 taken from Robins (1978). 

It will be shown that part of this difference may be due to the use 

of different length-scales for describing the vertical size, a , of the 
z 

plume. Length-scales used in the literature to describe diffusing plumes 

will be reviewed and correlated analytically, making it possible to 

compare different data sets and to improve predictions of ground-level 

concentrations. 

2. Simple Gaussian Model and the Sigma Curves 

A solution of the diffusion equation for a homogeneous field, 

u ac 
ax 

where the velocity U, and the eddy diffusivities K 
y 

and K 
z 

constants, is the Gaussian concentration function, 

C(x,y,z) = Q 

2n:a a U 
y z 

exp(-

2 
_y_ 

2a 
2 

y 

2 

) exp(- (z - h) 

2a 
2 

z 

) ' 

(B-1) 

are 

(B-2) 

where h is the height of the source, Q is the source strength, a and a 
y z 

are the standard deviations of the concentration profile in the y and z 

direction. The values of a (x) and a (x) in this solution are 
y z 

- ~ 
a = (2K x/U) 2 

y,z y,z 
(B-3) 
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For ground-level sources, with no flux at the ground (z=O), 

C(x,y,z) = Q 

rca a U 
y z 

2 2 
exp(- _y__ ) exp(- 2 

2a 2 2a 2 
y z 

giving a maximum concentration at z=O and y=O. 

cmax(x) = 
Q 

rca a U 
y z 

) ' (B-4) 

(B-5) 

The concentration distribution downwind of an elevated source is given 

by, 

C(x,y,z) = Q 

2rca a U 
y z 

2 2 
exp(- _y __ ) [exp(- (z-h) 

2a 2 2a 2 
y z 

where h is the height of the source. 

(z+h) 2 
) + exp(- )] , (B-6) 

2a 2 
z 

The pioneering field experiments in the British Meteorological 

Office in 1958 (Pasquill, 1974) indicated that neither a nor a follow 
y z 

!, 
the x 2 law (Eq. B-3), and therefore, empirical curves for predicting the 

lateral and vertical spreads of plumes were proposed. Perhaps most 

common are the PG a and a curves which were adopted in Turner's 
y z 

"Workbook of Atmospheric Dispersion Estimates" (1969). Several improved 

curves for different stability categories and surface conditions have 

appeared since (Briggs, 1973), but the so-called Simple Gaussian Model 

(SGM) (Eqs. B-4, B-5 and B-6) remains the basis for calculation of the 

concentration field from the a and a curves. 
y z 

One of the known limitations of the SGM is its use of a constant 

characteristic velocity fi to describe the flow field. In cases of 

elevated sources it is customary to assume that U equals the mean 

velocity at the effective height of the source, 
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U = u(h) , (B-7) 

or the mean velocity through the vertical extent of the plume, (h-2a ) 
z 

< z < (h+2a) (Turner, 1969), which is usually close to u(h). 
z 

No accepted convention has been adopted for ground-level sources. 

Turner (1969) remarks that "the surface wind is most applicable to 

surface or low-level emissions, especially under stable conditions". 

Indeed, the most widely used value is probably that of u at z=10 m, 

which usually appears in meteorological data. However, the value of u 

at z = 2m, and other heights, is also used. Several authors choose a 

characteristic velocity at the "effective height" of the plume in the 

particular experiment or application. In practice only one value of U 

is used in the calculations, even when this recommendation is followed 

(see for example problems 1 and 2 in Turner's workbook). 

Inherent problems make it difficult to measure the vertical 

distribution of the concentration in field experiments and thus the 

vertical plume standard deviation has usually been estimated from 

Eq. B-5, namely: 

(J 
ze = Q 

Jt(J c u 
y max 

(B-8) 

The length-scale obtained in this procedure is denoted by a , rather 
ze 

than a , and will be referred to as the Estimated Standard Deviation to 
z 

distinguish it from the a value obtained by direct calculation of the 
z 

second moment of the actual vertical concentration profile. 

Different values of U will obviously alter the value of a 
ze 

Moreover, since Eqs. B-1 through B-5 are mass-balance equations for a 

uniform flow field, the use of a constant value of U, which does not 
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vary with x, violates the mass-balance equations and large errors could 

occur if a a (x) curve calculated from field data at short distances ze 

were extrapolated to longer distances. 

3. Vertical Distribution of Concentrations 

Wind-tunnel simulation of turbulent diffusion from ground-level 

line sources by Shlien and Corrsin (1976) revealed a deviation in the 

vertical concentration profile from the Gaussian model, as did similar 

studies by Poreh and Cermak (1964). Malhotra and Cermak (1964) also 

found similar deviations in wind-tunnel simulations of diffusion from 

point sources in both neutral and unstable conditions. Their data fit 

the form, 

C(z) = C exp[- ~(z/A )s], max z (B-9) 

where ~ = Qn(2) = 0.693 and A is the height where C/C = 0.5, with a z max 

value of s = 1.4. Similar experiments in neutral flows by Robins (1978) 

fit the same form with s = 1.7. Field observations (Pasquill, 1974, pp. 

204-205) also indicated that Eq. B-9, with s < 2, described the measured 

vertical profile better than the Gaussian curve (s = 2). The Porton 

experiment gave s = 1.15 at x = 100m, whereas the Cardington experi-

ments gave s = 1.5 at x =229m. Both experiments were conducted in a 

neutral atmosphere. The Prairie Grass experiments suggest that s = 1.48 

± .28 at x = 100 m. The higher values of s correlate with fairly 

stable atmospheric conditions. 

Several solutions of the diffusion equation with variable u(z) and 

K
2

(z), reviewed by Pasquill (1974) and Robins (1978), also show 

departures from the Gaussian form. 

Thus, it appears that the concentration field downstream from a 

point source can be described in the form, 
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c = c exp(- y (B-10) max 

or the equivalent form 

C = C exp[-max ~(y/Ay)2] f(z), (B-11) 

where 

f(z) = exp[-
s 

(B-12) ~(z/A) ], z 

with s varying in the range 1 < s < 2. 

4. Vertical Plume Length-Scales 

Various length-scales are used to characterize the vertical size of 

plumes. These are defined using the dimensionless concentration profile 

f(z) = C(z)/C and its moments I , where max m 

(X) 

I = J zm f(z) dz 
m 0 

The one-half peak concentration height, A , is defined by 
z 

(B-13) 

f(A ) = 0.5 . (B-14) 
z 

Similarly, heights corresponding to other fractions of the peak have 

been used, such as the one-tenth peak height. The one-half peak height 

is easier to determine because of the large gradient at that height. 

The standard deviation, a , is the most commonly used vertical 
z 

measure of the plume. It is defined by 

The centroid of the concentration profile, z, is defined as 
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The centroid-centered standard deviation, a is defined as zc' 

a zc 

CX> 
- 2 = f (z-z) f(z) dz /1 0 

0 

and it is related to a by 
z 

2 2 -2 a = a - z 
zc z 

(B-17) 

(B-18) 

The length-scales z and a , according to Shlien and Corrsin, are zc 

important because z is approximately equal to the mean particle dis-

placement perpendicular to the wall, and the second centroid-centered 

moment is approximately equal to the dispersion of the particles around 

the centroid. 

The previously defined Estimated Standard Deviation, a , was 
ze 

calculated from the ground-level concentration (Eq. B-8). A similar 

length-scale is defined by 

h - Q 
- CWIC • u''' (B-19) 

where u* is the shear velocity and CWIC is the Cross-Wind Integrated 

Concentration, defined as 

CWIC = f C(y,O) dy . (B-20) 
-CX> 

Since C(y) is well described by a Gaussian form, it follows that 

CWIC = ,J2n c a max y 

and 

h = .J2/7t (U/ u•'•) a ze 

The advantage of using h, rather than 

(B-21) 

(B-22) 

a , is that the shear velocity 
z 

is clearly defined. However, it is more difficult to determine shear 
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velocity than it is to determine the mean velocity, at an agreed upon 

height, say 10 m. 

Using the vertical concentration profile given by Eq. B-11, the 

four length-scales a
2

, z, a and A can be correlated. 
zc z 

and thus, 

and 

The value 

00 

I = f 
m 0 

= ~-(m+l)/s A m+l s-1 r [(m+l)/s] 
z 

a 
-1/s !: z = ~ (f(3/s)/f(l/s)] 2 

A 
z 

z ~-l/s f(2/s)/f(l/s) - = A 
z 

of a /A can be calculated from 
zc z 

a 
zc 

( A 
a 

z 
A 

z z 

(B-23) 

(B-24) 

(B-25) 

(B-26) 

Table B-1 and Figure B-2 show the dependence of the above ratios on 

the shape parameter, s. 

5. Flux Related Length-Scales 

The length-scales ~(x) and a (x) are related to the concentration 
z 

distribution at the distance x and thus give information on the 

"residing" matter at that position. The moments 

J 
m 

00 

= f 
0 

m 
z u(z) f(z) dz (B-27) 

on the other hand, are related to the distribution of the flux at each 

distance, normal to the mean wind-direction, and may be useful in 

describing the motion of clouds and particles. 
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The 

and 

The moment J
0 

is proportional to the total flux, Q 

u(z) f(z) dz 

flux distribution centroid 

~f = 1 111o 

the flux standard deviation 

!: 
af = (J2 11o) 2 

= Q/(~2n a). 
y 

is given by 

is given by 

(B-28) 

(B-29) 

(B-30) 

To calculate the above moments and length-scales, the vertical velocity 

distribution, u(z), must be known. Two forms of describing this 

distribution are widely used: the Law of the Wall representation, which 

has a sound theoretical basis; and the power-law representation, which 

is often used in practical applications since it is more convenient for 

calculations. Estimates of the power n for various surface and 

stability classes were made by Irwin (1979) and are shown in Table B-2, 

taken from Hanna (1982). 

Using the power law 

(B-31) 

where zR is a convenient reference height within the region described by 

the power law, the various flux related moments become 

J 
m = 

It follows that 

f 
0 

Q 

C ~2n a max y 

m+n 
z 

UR 
= 

f(z) dz = 

-(1+n)/s 
f3 
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I + . m n 

l+n 
A s- 1 f [(l+n)/s] 

z 

(B-32) 

(B-33) 



1 
zf 

f) s (r c 2+n ) 1 r c l+n 
) ] = A s s 

(B-34) 
z 

1 
af 

f) s 3+n l+n l 

= ( r c ) 1 r c ) J ~ 
A s s 

(B-35) 
z 

I 

af 
~ 

r [ (3+n) I s] r (lis) = [(l+n)/s) a r(3ls) r 
z 

(B-36) 

and 

zf r l(2+n)ls] r (1/s) = (21s) r [(l+n)/s) r 
z 

(B-37) 

c 

The dependence of these ratios on s and n is also shown in 

Table B-1 and Figure B-2. Using Eqs. B-24 and B-33, the flux, Q, can be 

written as 

where 

or 

where 

Q = rr A A U C 
y z r max 

A(s,n) = 0.9493 .J21rr f)-( 1+n)ls s-l r[(l+n)ls] , 

Q = 
n 

rr a a UR C (a
2

1zR) B(s,n) , y z max 

B(s,n) = .J27IT s-
1 

r f(l+n)ls] 

[f(3/s) I f(1/s)](l+n)l 2 

The dependence of A(s,n) and B(s,n) on s and n is shown in 

Table B-1 and Figures B-3 and B-4, respectively. 

(B-38) 

(B-39) 

(B-40) 

(B-41) 

The relationship between a 
z 

and a ze 
can be calculated directly 

from Eqs. B-8 and B-40, 

a ze 
a 

z 

a 
z n ) B(s,n) . 

ZR 
(B-42) 

131 



Since 

Eq. B-31, 

where z-u 

- -n 
Uz 

a ze 
a 

z 

is 

a 
z --

a ze 

the 

= ( 

is a constant in a boundary layer satisfying 

B(s,n) , (B-43) 

height where u is being measured, or 

n -1/(l+n) n/(ln) -1/(l+n) z 
)l+n 

z u 
B u 

B = a a (B-44) 
ze ze 

The above relationship clearly reveals that for a given s, n and 

a 
z 

is proportional to a ze 
1/(l+n) 

and thus the rate of growth of 

a 
z 

with x is expected to be smaller than that of 

compatible with the measurements shown in Figure B-1. 

Equation B-43 may also be written in the form 

a a 

a , which is ze 

ze ( z )n -- = a a (B-45) -z zu 

where 
1 

a(s,n) B(s,n) n = (B-46) 

Equation B-45 may be used to determine the height, relative to a ' z 

at which the effective velocity, U, should be measured to ensure that 

a =a . Unfortunately, a(s,n) varies considerably with both s and ze z 

n. For example, a(l.S, 0.15) = 4.42, a(l.S, 0.20) = 6.12 and a(2.0, 

0.2) = 1.69. Thus, it appears that measuring U at a , or at a 
z 

constant fraction of it, will not ensure the above desired equality. 

6. Improving Concentration Predictions 

Given semi-empirical values for a (z) 
z 

for different stability 

categories and surface roughnesses, it is essential to determine whether 
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these values represent the true standard deviation of the plume 

concentration or estimated values obtained from ground-level concentra-

tions and an effective velocity measured at a certain height. 

Ground-level concentrations can be calculated directly from the 

estimated values of a using Eq. B-5. Elevated concentration levels, 
ze 

particularly for z > a should be estimated, however, using Eq. B-9. 
ze 

To carry out such a procedure it is necessary to estimate both n and s. 

Given estimates of a , 
z Eq. B-40 should be used to determine c max 

at ground-level, using the velocity at any reference height, except very 

close to the ground where the power law is not expected to hold. It is 

necessary, of course, to estimate both s and n. The value of n can 

be estimated using Table B-2. No procedure for estimating s is avail-

able, but even a rough estimate of the shape parameter will usually give 

a more accurate prediction than one obtained by the simple Gaussian 

model. 
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Table B-1. 

l. 4 73 
1.189 
1.025 
0. 921 
0.849 
0.798 

1. 473 
1.189 
1.025 
0.921 
0.849 
0.798 

1.473 
1.189 
1.025 
0.921 
0.849 
0.798 

1. 4 73 
1.189 
1.025 
0.921 
0.849 
0.798 

1. 473 
1.189 
1.025 
0. 921 
0.849 
0.798 

1. 473 
1. 1 .'l9 
1.025 
o.n1 
0.849 
0. 798 

1.473 
1.189 
1.025 
0. 921 
0.849 
0.798 

]. 4 73 
1.189 
]. 025 
0.921 
0.849 
0.798 

1.473 
1. 189 
1. 025 
0. 921 
0.849 
0. 798 

1. 085 
0.902 
0.794 
0.725 
0.678 
0.644 

1. 085 
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0.794 
0. 725 
0.678 
0.644 

1.085 
0.902 
0.794 
0.725 
0.678 
0.644 

1.085 
0.902 
0.794 
0. 725 
0.678 
0.644 

1.085 
0.902 
0. 794 
0.725 
0.678 
0.644 

1. 085 
0.902 
0.794 
0.725 
0.678 
0.644 

1.085 
0.902 
0.794 
0.725 
0.678 
0.644 

1. 085 
0.902 
0.794 
0.725 
0.67/l 
0.644 

1. 08S 
0.'!02 
0.794 
0.725 
0.678 
0.644 

Ratios of Different Length-Scales as a Function of s and n 
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1. 225 
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0.944 
0.870 
0.817 

1. 5 70 
1. 260 
1.082 
0.968 
0.891 
0.836 

1.617 
l. 295 
l. 109 
0.991 
0.911 
0.853 

1.665 
l. 329 
l. 136 
1.014 
0.930 
0. 871 

1. 712 
1.363 
1.163 
1. 036 
0.950 
0.888 

1.758 
1.396 
1. 189 
1. 05 7 
0.968 
0.905 

1. 850 
1.462 
1.240 
1.100 
1. 005 
0.937 

1. 941 
1.526 
1.290 
1.141 
1. 040 
0.969 

2.031 
1.589 
1. :13.') 
1. 181 
1.074 
0. 999 

1.134 
0.939 
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0.701 
0.665 
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0. 777 
0. 724 
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1. 011 
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0.799 
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1. 251 
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1. 316 
I . 12 7 
1. 007 
0. 926 
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J. 096 
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Table B-2. Estimates of the Power n in Eq. 31''' by Irwin 
from Hanna (1982) 

Z (m) 
0 Class: A B c D E F 

0.01 0.05 0.06 0.06 0.12 0.34 0.53 

0.10 0.08 0.09 0. 11 0.16 0.32 0.54 

1.00 0.17 0. 17 0.20 0.27 0.38 0.61 

3.00 0.27 0.28 0.31 0.37 0.47 0.69 

-k z < 100 m. 
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Figure B-1. Comparison of Measured Vertical Plume Spread with Pasquill Estimates 
(a. Rural; b. Urban), from Robins (1978) 
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Figure B-3. The Variation of the Function A(s,n) 
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Figure B-4. The Variation of the Function B(s,n) 
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