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ABSTRACT 

The objective of this study was to survey and compile informa-

tion and experience obtained by the authors with respect to simulation 

of atmospheric motions by wind-tunnel flows. These notes are re-

stricted to atmospheric phenomena. in the lower 1000 m of the atmos-

phere as determined by the interests of the staff and the capabilities 

of the wind tunnels associated with the Fluid Dynamics and Diffusion 

Laboratory at Colorado State University. 
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SIMULATION OF ATMOSPHERIC MOTION 

BY WIND- TUNNEL FLOWS 

1. INTRODUCTION 

Atmospheric phenomena considered for simulation in this paper 

are limited to mean-wind distribution, temperature distribution, tur-

bulence, and turbulent diffusion in the lower 1000 m of the atmosphere. 

This is not meant to imply that wind tunnels may not be used for 

simulation of other atmospheric phenomena such as water-drop and 

hail-stone formation and growth and other aspects of cloud physics- -

vertical-flow wind tunnels in laboratories at Obninsk, USSR and 

Davos, Switzerland have been constructed for such studies. Low-

density wind tunnels have also been constructed for the purpose of 

studying local flow characteristics in rarefied atmosphere. There-

fore, restriction to the atmospheric phenomena stated is a choice 

determined by interests of the staff and capabilities of the wind tunnels 

associated with the Fluid Dynamics and Diffusion Laboratory at 

Colorado State University. 

The question of how well atmospheric-surface-layer flows 

may be simulated in the laboratory is of vital significance from both 

an applied and a theoretical point of view. A well-established 
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capability for modeling mean-flow and turbulence characteristics is of 

importance in many civilian as well as military applications. Within 

the lower 1000 m of the atmosphere urban complexes and topographic 

features profoundly affect the "wind" and hence air-pollution potentials, 

chemical and biological warfare tactics, communication by micro-

wave systems, dispersion of unguided missiles, forces on stationary 

structures and aircraft, agricultural efficiencies, and the comfort of 

man and animals. In many regions the geometrical and thermal com -

plexities are such that laboratory modeling offers the only hope for 

obtaining sufficient information to deal intelligently with the wind-

controlled features of varied activities near the surface of the earth. 

Furthermore, control of air flow, geometric boundary conditions and 

thermal boundary conditions in the laboratory permit creation of sys-

tematically varied flows. In such flows fundamental studies can be 

made of turbulence structure, three-dimensional boundary layers, flow 

separation, and thermal and roughness effects which are useful in 

checking existing theoretical flow models and in developing new theo-

retical models. 

Only by a constant effort to compare actual field data with 

laboratory data can there be established a reliable basis for determin-

ing the degree of simulation achieved for a particular model. Once 

this basis is firmly established, the necessary criteria for modeling 

unknown or new flow conditions to obtain specific flow characteristics 
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to a satisfactory degree of accuracy can be stated. When this state of 

knowledge is reached, the need for expensive field studies will be 

minimized as will be the time required to obtain pertinent design or 

operational data. 

As in the art of modeling hydraulic structures and rivers, very 

seldom will it be possible to faithfully simulate all aspects of a par-

ticular flow system in the laboratory. However, this incompleteness 

of the hydraulic model has not detracted greatly from its practical 

usefulness. In attempting to simulate the atmospheric surface layer 

the same willingness to compromise with complete similitude must 

exist. However, the compromise must not be made blindly but with 

some knowledge of the magnitude of error introduced into the system. 

The primary purpose of this paper is to develop such a capability, to 

the extent possible with existing field and laboratory experience, by 

indicating the dominate scaling parameters for mean flow and for 

turbulence structures on scales which may vary from the micro- to 

the meso-range. Suggestions for the studies needed to complete this 

framework will be made in areas where such knowledge is deficient. 
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2. GENERAL SIMILARITY CONSIDERATIONS 

For complete flow similarity in two systems of different length 

scales, geometrical, dynamical, and thermal similarity must be 

achieved. Geometrical similarity is a requirement easily realized by 

using undistorted scale models of the prototype geometry. On the 

other hand, strict dynamical and thermal similarity as required by 

identity of the equations of motion and energy for the two systems can 

be achieved only in rare cases. Therefore, at the outset one must be 

prepared to relax the requirement for complete dynamical and thermal 

similarity and attempt to achieve the best approximatiop. Some approx-

imations of a general nature are discussed in the following paragraphs. 

Including the major forces encountered in the atmosphere, the 

equations of motion in a reference system rotating with angular velocity 

n may be written in the following form for laminar flow: 

au 
( 2-1) at 

The dependent and independent variables may be expressed in dimen-

sionless form using the following scaling quantities: 

n. U. 
P'=~2 tV I 

g. 
n~ 

1 -1 
t' = 

x 1 p' ...£.. = 0--'!I~ =v-, L'xi = 1> gi = = 
l V' go 

J 

Po 0 Po 
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Accordingly, a dimensionless expression convenient for inspectional 

analysis of the system is found to be the following: 

v2 [a"Q.' + U'. 0 1 u•J + n v (Zn' x U') + r? 2 L [n_' x (n_' x _r')] = L 8t' - V - o - - o 

V 2 1 fj." fj. I V 
- - ( - \J' P') o --1 g (g')+ v (0'2 _U') 

L p' V "o 't' o - L2 V 

or multiplying by L/ V 2
: 

au 1 [ a;;- + "QI ·v I "QI + ( 2 QI x "QI) R 0 + Q.' x (~I x ~I) J = 

where 

Ro = v 
Ln 

0 

1 1 fj.·"' 1 D' pr_ _g' _1_ + _ 01 2 U' 
p' V ~ 't' Re V -r 

Re = VL and Fr 2 = 
y2 

g L (b.'t f't ) 
0 0 0 

v 

(2-2) 

For complete dynamic similarity the dimensionless parameters Ro , 

Re, and Fr (Rossby, Reynolds, and Froude numbers, respectively) 

would have to be the same for both the model and the prototype. 

The Rossby number Ro in Eq. 2 is formed by the ratio 

Ro Accordingly Ro may be interpreted as a ratio of 

inertial forces for unit mass- - a reference inertial force due to 

rotation of the system (Coriolis' force) divided into a reference 
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inertial force due either to unsteadiness or nonuniformity of the 

velocity field. When this ratio is large rotational effects on the flow 

system are small compared to effects of unsteadiness or nonuniformity 

of the flow field. The Reynolds number Re is formed by the ratio: 

Re 
µ (V/L) 1/L It may also be interpreted as a ratio of forces 

for unit mass. In this case the ratio is that of a reference inertial 

force divided by a reference viscous shear force. When Re is large 

the inertial forces are large relative to the viscous forces. The 

Froude number Fr 2 is defined by the ratio Thus, Fr 2 

is the ratio of a reference inertial force divided by a reference body 

force produced by differences in specific weight. A large value of Fr 

implies that inertial forces are large relative to the forces produced 

by differences in specific weight. In meteorological applications for 

small vertical distances, the specific weight differences arise primar-

ily from temperature differences so that we may express ~y as 
Yo 

~T 

T 
0 

for such flows. Thus, Fr 2 = 
-(VIL) 2 

g 
~ (~T) 
T L 

0 

which is clearly 

related to a parameter commonly known as the Richardson number 

Ri = 

when written in lmlk form or across a layer of finite ihickness. 
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The Rossby number Ro can in general be eliminated from the 

requirements for similarity if the typical prototype length L in the 

horizontal plane is less than 150 km. In such cases, the Rossby 

number is of order 10 - 1 ; and convective or local accelerations are 

found to dominate the Coriolis acceleration; hence, the approximation 

introduced by a wind-tunnel Rossby number of order 1 o+ 4 (unless the 

wind tunnel were subjected to a rotation in addition to that of the 

earth) does not produce large differences in flow patterns between 

model and prototype. Therefore, the error introduced by unequal 

Rossby numbers is small if flow over distances less than 150 km is 

being simulated. This conclusion is valid also for turbulent flow. 

The Reynolds number Re imposes a strong limitation on 

model similitude for any laminar prototype flows since the model 

-3 -4 Reynolds number will be of order 1 O to 10 that for the prototype. 

This would mean that viscous forces in the model flow are more 

dominant than in the corresponding prototype flow. However, turbu-

lent prototype flows- -the prototype flow regime of paramount practical 

significance- -offer greater possibilities for Reynolds-number simi-

larity as will be discussed in a later section. 

Froude-number equality or near equality can be achieved in 

the model and the prototype. However, special provisions for creat-

ing density stratification--heating or cooling of the wind-tunnel floor 
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or ceiling- -must be made. Furthermore, thermal similitude as 

governed by the energy equation is necessary; at least in an approxi-

mate sense, if the Froude number is to be an adequate expression of 

the internal density stratification. An appropriate form of the conser-

vation of thermal energy for a nonturbulent fluid is 

8 ( C pT) 
v 

8t 

( 2-3) 

Neglecting contributions or losses of energy by proccesses described 

by terms in the bracket; i. e., pressure work, dissipation, and expan-

sion work, and introducing the non-dimensional variables 

x. 
t' = tL x' = --1 u~ = 

V ' j L ' J 

k' = k 
k 

0 

, T' = 

U. Cv 
_J_ cv'= v , Ccf, 

v 0 

T 
.6T 

gives the following approximate non-dimensional statement for con-

servation of energy: 

8 ( c I p I T ') 8 ( c I p I TI u ~ ) 
v v J 1 _1 __ 8 (k'oT')--' 0 + ~x.' - y Pr at I u Re ax .1 ax~ 

( 2-4) 
J J J 



k Here Pr = c µ 
p 
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is the Prandtl number, 
c 

y = C p is the ratio of 
v 

specific heat at constant pressure and at constant volume. Thus, if 

convection of thermal energy and conduction of thermal energy dom-

inate the thermal energy transfer the Prandtl number and y should 

be equal for the model and the prototype. This presents no difficulty 

if air is the fluid in both instances. 

Modeling of turbulent atmospheric-surface-layer flows is of 

greatest practical interest; therefore, the equations of motion should 

be written for this flow regime and similarity criteria sought by using 

the inspectional analysis technique. A useful form for our discussion 

is 

u. - - 1 - 6y 
~ + 2 §] x u + §] x (~ x £) =- p 7 p - y g_ + 

0 

v \) 2 u - y . \} uu ( 2-5) 

Introducing a constant eddy diffusivity K , so that 

- - 2 -- "j· uu = K\1 u \ -- y - for convenience of estimating relative orders of 

magnitude, the following equation results: 

( 2-6) 

The corresponding non-dimensional form is, upon discarding terms 
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involving the Rossby number, the following: 

U'. D' U' = - .!. \1' pr - _1_ !J.y' g' + _1_\7, 2 U' +-1- u7' 2 U' 
- V - p' Fr 2 y' - Re v - (Re)t V -

( 2-7) 

where (Re)t = VL 
K 

is a turbulent Reynolds number. Since K 
v 

is of order 1 o3 we note that for turbulent flow the effective Reynolds 

number is about 1 0 - 3 times smaller than for a laminar flow. This 

opens the possibility of achieving similarity for the gross mean 

characteristics of turbulent natural flows over topographical features 
L 

by a laminar laboratory flow- -when the scale ratio L p = 10 3 , 
m 

(Re) = (Ret) . This type of similarity was applied by M .. A.be 1 
m p 

in wind-tunnel studies of flow and cloud formation over Mt. Fuji. 

Chopra and Hubert 2 analyzed Karman vortex streets in the wake of 

islands on the basis of this type of similarity. 

On the other hand, when the flow is over sharp-edged geometry, 

mean flow patterns are independent of the Reynolds number if the 

Reynolds number exceeds a lower limit which is dependent upon the 

geometrical form. In such instances a value of 1 o3 for the ratio 

(Re) I (Re) may not introduce significant error in the modeled p m 

mean-flow patterns. However, considerable caution must be exercised 

in comparing turbulence statistics in such a model with prototype tur-

bulence. The model study of winds around the Rock of Gibralter3 and 

the wind-tunnel model study of winds at Candlestick Ball Park 4 are 

examples of this type of modeling. 
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The consideration of similarity in the turbulence structure 

may begin with the equation for balance if turbulent kinetic energy 

1 -- 1 .E__ .E__ u 
per unit mass: e = Z (UiUi) = Z (U~ + U~ + U~). When the turbu-

lence field is steady and the only effect of the temperature field is to 

produce a neutral buoyancy force, the following equation- - Lumley 

5 6 and Panofsky (p. 69) or Townsend (p. 26)--expresses this balance. 

(FT aeu .e 8pu .e 
( aui r ae ' J • 

u..e = -2 uiu ,e 
1 - 2 - 2 - -- - 2-- v 

ax.£ ax ..e 8 x ,e ax,e ax. 
J 

+ _[_ u. e 6 13 
( 2-8) 

T 1 
0 

When attention is confined to a region near the solid boundary 

( 0-10 m in the atmosphere or the lower 1
1
0 th of the boundary-layer 

thickness excluding the viscous wall layer near smooth boundaries, 

in laboratory flows) a near equality is found between energy transfer 

from the mean flow and energy dissipation; i. e. , 

( 
au. I 2 

- -2v --1 1 ax. i J . 

In dimensionless form this becomes 

= 
au~ . 2 

(ax~) 
J 

u' u' 1 3 

au' 1 1 
ax' Re 

3 

where the Reynolds number is taken to have the significant form 

( 2-9) 

( 2- 1 0) 
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Re = v 

At higher elevations in a plane homogeneous flow the dominate 

terms of the turbulent energy equation appear to be work done by 

buoyancy forces, turbulent transport of turbulent energy and dissipa:-

tion or 

- 2 v ( aui )2 = 
ax. 

J 
0 

In dimensionless form, the appropriate equation is 

ae'u' 2 r1r Ri u' e' 2 3 0 - - -- = 
3 ax' Re ax' 3 ~ 

where 

Ri _g_ D. T (L) and Re VL 
= vz = T v 

0 

( 2- 11 )' 

( 2-12) 

In this case the reference length L is probably most significant when 

taken as the boundary distance x 3 . 

For complete similarity not only must the various dimension-

less parameters be the same for both model and prototype, but, in 

addition, the boundary conditions must be the same. This latter 

requirement not only demands geometric similarity of the lower 

boundary--which is easily realized--but also similarity in upstream 

conditions and in conditions at the upper boundary. 



Upstream 
Conditions 

{
~ (0, y, z) 
p (0, y, z) 
p ( 0, y, z) 

z 

13 

Upper Boundary 

Lower Boundary 

{

Q (x, y, H) 
p (x, y, H) 
p (x, y, H) 

H 

The upstream conditions may be matched rather precisely by 

setting the model at varying distances from the leading edge of the 

boundary layer in the wind-tunnel test section. The velocity and 

density distributions that may be obtained in the tunnel are, however, 

all similar to one another. The upper boundary conditions can only be 

matched if the study of the prototype is restricted to the lower layers 

of the atmosphere, say about half the height of the troposphere, 

primarily because the increase in stability d~3 (in p) cannot be 

reproduced in the present wind tunnel, for this would require a sudden 

increase in the temperature gradient. Further development of labora-

tory facilities, for example superposition of thermal gradient by heated 

grids across the test section entrance, is needed to give more versa-

tili ty in this type of modeling. 
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To completely simulate prototype boundary conditions the 

distribution of temperature over the lower boundary must be similar 

aP in both flows, and, finally, the pressure gradient ax must be ad-

justed to essentially zero in the wind tunnel. 
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3. SCALE CHARACTERISTICS OF METEOROLOGICAL 

WIND-TUNNEL FLOWS 

The Fluid Dynamics and Diffusion Laboratory at Colorado 

State University currently contains two wind tunnels suitable for 

meteorological research. The first is a large micrometeorological 

wind tunnel constructed by Colorado State University for the U.S. 

7 Army under Contract DA-36-039-SC-80371 . This tunnel features a 

test section of 27 m length and a nominal cross-sectional area of 

1. 8 m by 1. 8 m which can be adjusted for establishing negative and 

positive pressure gradients. A large contraction ratio of 9: 1 in con-

junction with a set of 4 damping screens yields an ambient turbulence 

level of about 0. 1 % . 

The tunnel can be used for either closed or open loop operation. 

Test-section air velocities range from about 0 to 37 mps and the am-

bient temperature of the air can be varied from o° C to 85° C at medium 

speeds. The humidity of the ambient air can be controlled. 

The tunnel has a 12. 2 m section of the test-section floor which 

can be heated or cooled to permit temperature differences between the 

cold plate and hot air of 65° C and the hot plate and cold air of more 

than 105° C. 
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A carriage system is available which permits remote place-

ment of probes. Instrumentation associated with the facility consists 

of a complete system for sensing, analyzing and recording turbulence 

statistics and mean value of velocity, temperature and concentration 

(mean values only). 

The second facility is a low-speed tunnel with a test section of 

9 m length and a nominal cross-sectional area of 1. 8 m by 1. 8 m. 

This tunnel compliments the longer tunnel in that it allows the pursuit 

of less complex programs in an economical manner. The performance 

characteristics of the two tunnels are summarized in Table 1. 

An idea of the range in boundary layer parameters measured 

in the Army Meteorological Wind Tunnel can be obtained by considering 

the variation of the classical descriptors for a specific velocity under 

different wall boundary conditions. For flows with neutral stability 

conditions (i.e. no temperature gradient) Figs.(1), (2), and (3) contains 

typical values of boundary layer parameters measured along the center 

line of the wind tunnel. A smooth surface exists along the complete 

tunnel length for Fig. ( 1). For Fig. (2) a plastic, flexible roughness 

was placed on the surface for the first seven meters, after which the 

surface was smooth. For Fig. (3) a gravel surface with rocks up to 

approximately 2. 5 cm in diameter was placed behind the flexible rough-

ness. As was expected the roughness increases the boundary thickness 

to nearly three times that of the smooth case. 



Characteristic 

1 . Di mens ions 
Test-Section length 
Test-section area 
Contraction ratio 
Length of temperature 

controlled boundary 

2. Wind-tunnel drive 
Total power 
Type of drive 
Speed control: coarse 

Speed control: fine 

3. Temperatures 
Ambient air temperature 
Temp. of controlled boundary 

4. Velocities 
Mean velocities 
Boundary layers 
Turbulence level 

5. Pressures 

6. Humidity 

Army Meteorological 
Wind Tunnel 

27 m 
3. 4 m 2 

9. 1 

12 m 

200 kw 
4-blade propeller 
Ward-Leonard DC control 

pitch control 

5° C to 95° C 
5° C to 205° C 

approx. O mps to 3 7 mps 
up to 50 cm 
low (about 0. 1 percent) 

adjustable gradients 

controlled from approx. 20% 
to 80 % relative humidity under 
average ambient conditions. 

Low-Speed 
Wind Tunnel 

9. 2 m 
3. 4 m 2 

9. 1 

3. 1 m 

75 hp 
16-blade axial fan 
single-speed induction 

motor 
pitch control 

not controlled 
ambient to 95 ° C 

approx. 1 mps to 27 mps 
up to 20 cm 
low (about 0. 5 percent) 

not controlled 

not controlled 

TABLE 1. Performance Characteristics of the Meteorological and Low-Speed Wind Tunnels 

~ 

-.J 
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Figures (4) and (5) display the large-scale sizes of the 

average turbulent eddies measured in the wind-bunnel boundary for a 

neutral flow. 

Flows for stable and unstable boundary conditions will vary 

appreciably from those of the neutral case. Figure ( 6) displays the 

variation of velocity and thermal boundary layer thicknesses for the 

constant temperature wall case. The details of the turbulent structure 

in such flows are currently being studied. The distribution of the 

Richardson number under several conditions are displayed in Fig. 

(7) and Fig. (8). 



19 

4. SIMILITUDE OF MEAN-FLOW CHARACTERISTICS 

FOR SMALL SCALE ATMOSPHERIC MOTIONS 

The wind tunnel is a research tool which has proved its useful-

ness for aerodynamic research on countless occasions. In meteor-

ology, however, the wind tunnel has often been disregarded as a fluid-

flow analog because of the difficulties in modeling Coriolis effects 

and temperature stratifications. However, if turbulent shear flows 

near the earth's surface are considered, then the Coriolis effect is 

not important, and under many circumstances the stratification of the 

air flow is of no consequence; hence even conventional wind-tunnel in-

stallations might find their place as useful 11 analog computers 11 for 

micrometeorological studies. For a large number of meteorological 

cases, the effect of stratification cannot be ignored; in these cases it 

is usually necessary to employ wind-tunnel installations specifically 

designed to reproduce magnitudes of stability and stratification as 

found in the atmosphere. 

4. 1. Modeling of the Neutral Boundary Layer 

As is well known, boundary layers in the wind tunnel are 

modeled by using the boundary-layer thickness o as the length scale, 

and the velocity V in the wind tunnel outside of the boundary layer 
a 

as the reference velocity. Unfortunately, these two parameters do 



20 

not have a well defined counter part in the atmosphere. However, 

another set of parameters used in aerodynamics can be used to des-

cribe wind profiles in the atmospheric boundary layer. These para-

meters are the shear velocity u':' and roughness height z . 
0 

The 

shear velocity u':' is obtained from the wall shear stress T through 
0 

the relation u':' = (T / p) 1 / 2 
0 

where p is the density of the air. 

In the field, the parameters u':' and z are determined from a 
0 

measured velocity profile by assuming the profile to be described by 

the logarithmic law of Prandtl: 

u1 1 ln z 
= -

u':' k z 
( 4-1) 

0 

where k is the "universal" constant of Karman, which is generally 

assumed to be about 0. 4. From Eq. (4 -1), 

determined if the wind velocities U 1 at two different elevations z 

are known. Values of z obtained in this manner have been tabu-
o 

lated by meteorologists for different field conditions. (See Ref. 8). 

Equation ( 4-1) is based on results obtained for the flow along 

a flat plate in the wind tunnel. Clearly, for the case of a flat plate 

with zero pressure gradient, velocity profiles are scaled by Eq. ( 4-1} 

if z is used to scale the length, and if u':' is used to scale the 
0 

velocity. 
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The value of z is well defined in the wind tunnel through the 
0 

use of the equivalent sand roughness (Ref. 9). Therefore, a given 

z of the natural conditions can be scaled down to an equivalent sand 
0 

roughness in the wind tunnel. Difficulties will, however, arise if a 

sand roughness is not suitable to represent the boundary of the atmos-

pheric situation, but in general it is a simple matter of arranging, by 

trial and error, model roughness elements to define a usable surface. 

It is not difficult to obtain a suitable shear velocity u':' 

Since the shear velocity can be written 

where cf is the local friction coefficient, it becomes possible to 

establish a desired u':' by either varying the mean velocity U or a 

the friction coefficient cf . For a given mean velocity U , the a 

friction coefficient depends only on the distance from the wind-tunnel 

entrance, or on the boundary-layer thickness, 6 , and on the vis-

cosity, v , of the air. Changes of cf with 6 and with v are 

small, however, and the most effective modeling is obtained by ad-

justing the mean velocity, provided that cf for the model and for 

the natural situation are about of the same magnitude. Only in rare 

cases will it be necessary to improve the relationship by artificially 

thickening the boundary layer. 
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Both u~:' and z are parameters depending on local condi-o 

tions. If they change rapidly along the boundary then the local veloc-

ity profile cannot be expected to scale according to Eq. ( 4-1) even if 

the parameters u~:' and z are known. 
0 

The velocity distribution 

will reflect an average effect of local values of u~:' and z over 
0 

some area upwind of the point considered, which will increase for 

velocities at increasing distances from the ground. 

In the meteorological wind tunnel at the Colorado State Uni-

versity Fluid Dynamics and Diffusion Laboratory a typical program 

of study of the atmospheric boundary layer has involved modeling the 

flow above tall crops (Ref. 10). The closest approximation to uniform 

boundary conditions over the region considered is probably found in 

and above man planted crops, where the uniformity of plant density and 

plant growth rate assures a reasonably uniform surface configuration. 

Meteorologists since Rossby and Montgomery ( 1935) have used 

a modified logarithmic law to describe the mean velocity distributions 

over large crops, 

= 1 
k 

ln ( z-d ) 
z 

0 

where d is an experimental translation distance for the vertical 

( 4-2) 

co-ordinate. Plate and Quraishi (Ref. 10) successfully reproduced 

this flow in a scaled system in the wind tunnel using arrays of flexible 
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plastic strips and wooden pegs to simulate the crop geometry and 

roughness characteristics. They were able to closely fit wind-tunnel 

data for non-dimensional velocity profiles above the model crops to 

Eq. ( 4-2), (see Fig. 9), and to find remarkable correspondence to 

field data for wind profiles within the model canopy, (see Fig. 10) . 

A study by Plate and Lin (Ref. 11) of the velocity field over a 

two-dimensional model hill indicates that there do exist model laws 

which permit scaling of natural boundary-layer flows which are non-

uniform due to obstructions in a wind-tunnel environment. No con-

clusions can be drawn as yet, however, for the important flow in the 

standing eddy regions directly downstream of a given model. 

The authors concluded that, for two-dimensional obstructions, 

modeling of atmospheric flows can be achieved under the conditions 

that: 

a. The velocity distribution in the undisturbed boundary 

layer be similar for model and prototype. This condition is easily 

met in practical cases, since the wall law, Eq. ( 4-1) holds both in 

the wind tunnel and in nature. 

b. The drag coefficient of the model hill is the same as that 

of the natural obstacle. A wide range of drag coefficients can be 

obtained by varying the stream-lining of the model hill. 

c. The ratio h/ z must be the same for both wind tunnel 
0 

and prototype. 
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d. The contribution of the drag integral term in the momen-

tum equation must be the same for model and prototype. For rough 

boundaries where cf is essentially a constant this implies that the 

horizontal scale should be given by 

(x ) = 
m 

When (cf)m = (cf)p then the horizontal scale is the same as the 

vertical scale. 

e. The disturbed velocity profiles downstream from the 

( 4-3) 

obstruction are similar for both model and prototype, with the same 

scaling parameters for the distributions as for the undisturbed veloc-

ity distribution. 

f. The momentum equation with boundary-layer restrictions 

must be valid. This will only be true for distances downstream of the 

model position that ground shear is zero. This distance appears to 

be of the order of 30 · h . 

4. 2. Modeling of the Stratified Boundary Layer 

The mean velocity distribution in a thermally stratified bound-

ary layer has been investigated by scientists working in heat transfer 

and in micrometeorology. The former generally assume that the 

effect of thermal stratification on the velocity distribution law is neg-

ligible, i. e., that the profile for neutral stability is the same as that 
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for stratified flow. Micrometeorologists, on the other hand, have 

realized that for a sufficiently large stability number the effect of the 

stratification can no longer be ignored, and a number of equations 

have been proposed in which the thermal influence on the velocity dis-

tribution is considered. Large stability numbers (Richardson numbers} 

occur almost regularly in nature, while those obtained in the labora-

tory in conventional wind-tunnel installations are generally small. 

Therefore, the literature on heat transfer and the literature on ther-

mally stratified atmospheric boundary layers have developed along 

different lines. 

Modeling of the thermally stratified atmospheric boundary 

layer in a wind tunnel has been an area of continued effort in the Fluid 

Dynamics and Diffusion Laboratory at Colorado State University. It 

has been found that when the Richardson number is adjusted to corres-

pond to values found in nature the thermal stratification will also 

affect the profile shape in the laboratory. Subsequent data and analysis 

were able to demonstrate the validity of velocity distribution laws 

which were developed for the atmosphere, but which had only been 

checked against the relatively uncertain data obtained with the fluc-

tuating winds of natural conditions. On the basis of this investigation, 

it was found that the logarithmic-linear law of Manin and Obukhov 

( 1954) is in the best· agreement with the experimental data. 
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The Richardson number has been used in the meteorological 

literature for different purposes. In its original derivation by 

Richardson ( 1926) it denoted a local energy parameter signifying the 

influence of buoyancy in enhancing or darpping turbulent motion in a 

thermally stratified flow. It has also been used, however, as a gross 

parameter which describes the state of the atmospheric layer with 

respect to stability. It is in this connection that the Richardson num-

ber is used as a modeling parameter, and Batchelor ( 1953) has shown 

that a Richardson number modeling is sufficient to model the thermally 

stratified atmospheric surface layer, under some fairly general 

conditions. 

Micrometeorologists generally work in layers where the 

Richardson number assumes values large enough (of positive or nega-

tive magnitude) to make it impossible to ignore the effect of buoyancy. 

Therefore, wind tunnel work which is meaningful for atmospheric 

conditions must be conducted at Richardson numbers equivalent to 

those found in the atmosphere. Instead of utilizing the flux Richardson 

number it is usually more convenient to calculate the gradient 

Richardson number which is easy to measure. They are related by 

the ratio of Kh to Km , the exchange coefficients for heat and 

momentum, respectively. 

u3 e 
R = _g_ 

f T u u (au I az ) 
0 1 3 1 

Kh Kh g (aT/az) 
R-·Ri=K·T(au;a ) 2 

m m o 1 z 
( 4-4) 
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Often the assumption is made that Kh/Km = constant; however, 

recent measurements would indicate that the ratio depends on the dis-

tance from the ground. When this elementary assumption is made it 

is found that the Richardson number for logarithmic distributions of 

temperature and velocity is a linear function of height. The height 

dependency of the Richards on number indicates that a different type 

of stability may be found for different distances from the wall. For a 

boundary layer which is in an equilibrium layer in its neutrally strati-

fied state, the stable regime in which buoyancy tends to reduce tur-

bulent energy has positive Richardson numbers above some critical 

value. For negative Richardson numbers, the flow becomes unstable, 

the buoyancy supports the turbulence for values less than a certain 

critical magnitude. 

Batchelor ( 1953) has shown that near a rough boundary similarity 

of mean velocities in a thermally stratified flow depends on a Richard-

son number only. Clearly, this Richardson number cannot be a local 

value, but must be chosen to represent gross features of the fluid 

motion and of the temperature field. In micrometeorology the stability 

parameter is calculated from values of temperature and velocity at 

different elevations, and since the elevations are to be scaled, it 

becomes necessary to define a stability parameter, independent of 

elevation, which has the same value for the wind tunnel flow as the 

quantity based of different elevations for the atmosphere. As was 
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mentioned previously, the conventional formulation of the Richardson 

stability parameter is a function of the distance from the wall, and 

thus, cannot be used to describe the flow field everywhere. 

A constant parameter which describes the thermal stratifica-

tion effects across the entire surface layer is the length L introduced 

by Monin and Obukhov ( 1954), which is defined by: 

L = g k H 
( 4-5) 

The length L is based on the absolute average temperature T , and 

on the average heat flux H . It is readily seen that this quantity 

assumes the significance of a scaling parameter if there exists a 

possibility to uniquely define both the average temperature T and 

the average heat flux. Plate and Lin (Ref. 11) derived a formulation 

for the quantity L which depends only on the gross parameters of 

the wind tunnel conditions; it has the form: 

2kg 

(T + T ) w a 
(T - T ) 

o a 

6 1 /m 

(-f) ( 4-6) L = 

where c5 T and o are the thermal and velocity boundary-layer thick-

nesses, respectively; and m is the integer in a power-law descrip-

tion of the temperature and velocity profiles. The Monin-Obukhov 

stability length L is frequently used by meteorologists to character-

ize the condition of thermal stratification in the atmospheric boundary 
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layer. Equation ( 4-6) above provides a convenient method to scale a 

given stability situation to wind-tunnel flows. 

The logarithmic linear law was devised by Monin and Obukhov 

( 1954) to describe the mean velocity variation of atmospheric wind 

profiles under various conditions of stratification. It may be written 

as: 

z = u~:' (ln z 
0 

z 
+a -) L 

( 4-7) 

where a is an empirical constant and the other parameters have 

their usual meaning. Empirical results for the value of a from 

meteorological data are available. Most recent investigations result-

ed in values of a between 1 and 6 for unstable conditions 

(Panofsky and Lumley, 1964), and in a value of a-::::' 7 (McVehil, 1964) 

for stable conditions. For the data of a study of thermally stratified 

flow in the wind-tunnel of the Fluid Dynamics and Diffusion Laboratory 

at Colorado State University a value of a = 7 was found to best repre-

sent stably stratified air flow. For unstable air flow, a = 2 appear-

ed to be satisfactory. The agreement of the wind-tunnel data with the 

logarithmic -linear law is documented in Figs. ( 11, 1 2, and 13). 

The assumptions used by Monin and Obkuhov to develop the 

logarithmic linear law, Eq. ( 4-7) require that the shear stress and 

heat flux through the similarity region remain constant. In wind 

tunnel flows these requirements are only approximated in regions 
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close to the wall; hence, rates of turbulent diffusion and velocity pro-

files implied by the similarity theory should not be utilized for 

z/ 6 > 0. 4. (i z) The velocity profiles in the outer nine-tenths of the 

neutral boundary in the Army Meteorological Wind Tunnel have been 

noted to consistently agree with velocity-defect relations such as that 

derived by Coles 9 · 

The various modeling criteria outlined in the preceding para-

graphs have been applied to studies carried out in the Fluid Dynamics 

and Diffusion Laboratory at Colorado State University. These pro-

grams have included the study of wind abatement about Candlestick 

Ball Park, San Francisco, California 4 ; evaporation studies of Lake 

Hefner, Oklahoma 13 ; force distribution over the proposed World 

Trade Center, New York City 14; and wind perturbations around a 

meteorological tower at White Sands Missile Range, New Mexico 15 . 

Figure 14 gives a comparison of prototype and model 

( 1 :800 scale) flow pattern over Candlestick Ball Park. Generally, the 

mean flows are in excellent agreement. 
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5. SIMILITUDE OF MEAN FLOW CHARACTERISTICS 

FOR MESO-SCALE ATMOSPHERIC MOTIONS 

5. 1. Motion Over Topographical Surfaces 

Generally speaking, wind problems such as are encoutered in 

flows over large topographical features of the earth may be classified 

under the broad heading of "Terrain Aerodynamics". Terrain 

aerodynamics may be described as a study, laboratory and/ or field, 

of the effect oflocal topography on the wind distribution and the contri-

bution of the terrain to the local turbulence or gustiness. In general, 

of course, terrain features must be limited to prototype lengths less 

than 150 km if it is to be assumed that convective or local accelerations 

dominate the Coriolis forces in a model study. 

One of the earliest scale ( 1: 50, 000) model experiments for 

this type of study was carried out in Japan by Abe (Ref. 1) in 1928 

with a model of Mount Fujiyama. The contours of Fujiyama being 

quite smooth, the flow pattern was affected to a large degree by the 

local Reynolds number which was approximately 50, 000 times smaller 

than in the prototype. Thus, the model flow patterns obtained were 

not even qualitatively close to that observed in actual field tests. On 

the other hand, Reynolds number effects have less influence on flow 

over rough, craggy terrain; therefore, true mean flow patterns can 
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be obtained from the wind tunnel air flow over a scale model of such 

terrain . 

For atmospheric flows over rough sharp edged topographical 

features viscous effects no longer dynamically govern the flow; hence 

the appropriate equation of motion would take the form suggested by 

Euler for potential flow: 

( 5-1) 

Coriolis accelerations are assumed negligible and are eliminated 

above. The dependent and independent variables may be expressed 

in dimensionless form using the following scaling quantities: 

u~ 
1 

U. 
1 p 

pr= v, ~p, 

x. g. ~ 
x' = 1 g'. 1 y' = __:J_ i L' i-g, o yo 

( 5-2) 

Accordingly, a dimensionless expression which emphasizes important 

scaling parameters is the following 

U' ·\) U' Eu \! pt - 1 g' ~y' ( 5-3) = - -
2 Fr 2 y' 

where 

~p 

Fr 2 
y2 

Eu = 
pV 2 /2 

and 
gL(~y /y ) 

0 0 

Hence for dynamic similarity of flows over sharp edged topographical 
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features the dimensionless parameters Eu and Fr (Euler and 

Froude numbers) would have to be the same for both the model and 

the prototype. 

The Euler number Eu normally only requires geometric simi-

larity between model and prototype. This assures general similarity 

of the gross wind directions and distributions of vortices, eddies, and 

vertical currents. It can not be expected that the actual strength and 

rapidity of fluid motions would be found on the model, however, 

such measurements must usually be made in the field on the prototype. 

An example of a successful study of terrain aerodynamics in 

the laboratory was that performed in 1929 at the National Physical 

Laboratory of Great Britain (Ref. 3), on the 1:5000- scale model of the 

Rock of Gibraltar in a low-speed wind tunnel. This study was insti-

gated in order to determine the types and distribution of possible dis-

turbances before a full scale field study was begun. 

In the model investigation two methods were used to determine 

the wind patterns caused by the Rock. In the first, an extensive grid 

of some 8 00 "flags", two-inch silk fibers spaced at regular lateral 

and vertical intervals, was fixed with the wind tunnel. These flags 

were observed for range and violence of movement and for prevailing 

wind direction in pitch and yaw. In the second method, long streamers 

of fine wool fibers were placed in various critical positions, and a 
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record of streamline patterns was made. The wind speed used was 

about 25 feet per second, and the wind direction was varied from 

northeast through east to southeast. It was found that wind directions 

and the distribution of vortices and vertical currents obtained with the 

model agreed closely with those occur:ringin nature at Gibraltar. In 

the case of features of the wind such as the actual intensitiy of gusti-

ness and the rapidity of changes in direction and gustiness, the 

modeled flow was not in good agreement with the prototype flow, 

Although the wind tunnel study was limited to providing wind 

from one direction and at one strength at a time over the Gibraltar 

model there were only 24 cases of discordance out of 360 plottings of 

test balloons over the prototype. When the balloons repeated each 

other, and their results could be averaged, the agreement was very 

good. Before tbe model work began it was predicted on theoretical 

grounds that large scale eddies would develop and break away from the 

Rock with a period of something like 3 minutes in a steadywind. An 

inverted half cylinder lain prone with its axis across the wind is a 

known case in model form; eddies form in lee of its ridge and at a 

given stage of development, or after a given time interval, they break 

off and travel down wind to make a way for their successors to form. 

The Rock is more bluff than a half cylinder, but the period relation -

ship was expected to hold approximately. Field observations of cloud 

behavior above Glbraltar revealed a period of approximately 4-5 

minutes. 
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Similar satisfactory results have been obtained in the Fluid 

Dynamics and Diffusion Laboratory at Colorado State University while 

modeling various terrain features. A wind tunnel study of a 1: 12, 000 

scale model of Point Arguello area in California was made to estimate 

the mean flow and diffusion characteristics of toxic gases which might 

be released in the vicinity of missile launch sites on the U.S. Naval 

Missile Facility. Similarity in flow patterns between model and proto-

type was established for inversion flows approaching from the north-

west. (See Ref. 22). This study differed from the Rock of Gibraltar 

study in that the flow was not dominated by the geometry. Accordingly, 

to obtain the best simulation of mean flows, the idea of Abe was used 

in which Reynolds numbers were composed on the basis of a molecu-

lar and turbulent viscosity for model and prototype respectively. 

Using such a comparison the flow over the Point Arguello model was 

essentially laminar. The study was considered to be exploratory in 

nature. No attempt had been made in previous studies to model wind 

patterns using such a small scale model with the exception of Abe's 

effort. For terrain modeling purposes, neither a wind tunnel capable 

of creating flow with a density gradient nor adequate field data for 

comparison of inversion flow results had been available until develop-

ment of the Army meteorological wind tunnel. 

Model-prototype wind-flow similarity for the Point Arguello 

study was assured through the following elements: 
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a. Geometrical similarity- -a 1: 12, 000 scale model of Point 

Arguello was provided. 

b. Similarity of the mean wind distribution (vertical) 

approaching the land mass- -the log-linear velocity distribution 

measured in atmospheric flows was duplicated by portions of the wind 

tunnel boundary layer. This was accomplished in spite of the stabiliz-

ing effect of the inversion structure because of the log velocity distri-

bution developed upstream from the chilled plate. 

c. Similarity of the mean-temperature distribution (inversion) 

approaching the land mass - -a cooled floor on the wind tunnel achieved 

values of the Richardson number greater than 0. 25. This assured 

the existence of a region of stable stratification or inversion. 

Comparison of wind tunnel and prototype data established at 

least a qualitative similarity in the structure of the temperature field 

over the Point Arguello area. Comparison of the surface flow direc-

tions and smoke traces for neutral and inversion flows established 

an excellent agreement in wind flow patterns over the Point Arguello 

area for flows approaching from the northwest. (Fig. 15). 

A 1: 6200 scale model of San Nicolas Island off the California 

coast line has also been studied under conditions of inversion flow in 

the Meteorlogical Wind Tunnel. (See Ref. 23). Visualization proce-

dures, including colored indicator paints and titanium tetrachloride 

smoke, were used to determine characteristic flow patterns over the 
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island with wind orientation to the island of 315°. (Figures 16 and 17). 

Diffusion of toxic rocket exhaust products were simulated by the release 

of controlled amounts of helium. Concentration profiles of the helium 

plume were measured at various distances downwind of the island 

model. Similar flow patterns were observed from model to prototype, 

and pictures of eddying smoke in the lee edge of the island model 

duplicated eddy characteristics apparent in equivalent pictures taken 

over the prototype. (See Figs. 1 7 and 18). 

From the brief review of "terrain aerodynamics" given above,. 

it is seen that several scale model studies of the wind pattern over 

terrain models with scale ratios in the range of 1: 5000 to 1: 50, 000 

have been conducted in the past - most of these have been partially 

successful. In general, modeling of flow over "sharp" isolated topogra-

phic features has yielded satisfactory results, since, for these cases, 

the flow patterns are independent of Reynolds number when this 

number exceeds some lower limit. In such cases a turbulent atmos-

phere flow is simulated by a turbulent laboratory flow. When the scale 

ratio becomes smaller than about 1: 5000 and the terrain features are 

not isolated but form a hill-valley complex, the flow pattern depends 

strongly on the Reynolds number. For these cases, a laminar labora-

tory flow can be used to simulate the turbulent atmospheric flow. 

Using a molecular Reynolds number for comparison with a turbulent 

viscosity Reynolds number gives a near equality at the small scales 

currently used because of the restrictions imposed by wind tunnel size. 
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5. 2. Meso-Scale Atmospheric Motions 

Recent data provided by weather satellites have revealed 

another example of how atmospheric phenomena may be related to 

fluid properties studied in the laboratory. (Ref. 2). The properties 

of meso-scale eddies in the wake of islands were investigated in the 

light of their apparent resemblance to the Karman vortex-street 

pattern. By use of the theoretical results from drag theory and the 

observed quantities such as cross-stream diameter of the obstacle, 

wind speed, and the dimensions of the pattern, estimates were made 

for the shedding of eddy pairs, the lateral and longtudinal spacing 

between the vortices and the lifetime of the eddies and drag on the 

island. These estimates for the various characteristic parameters 

of the eddy pattern were in good agreement with their corresponding 

values in the laboratory experiments where stable vortex sheets 

become discernible. 

5. 3. Simulation of Mountain Lee-Waves 

The restoring force in the production of atmospheric gravity 

waves is provided by the earth's gravity, as their name indicates. 

But it should be stressed that the presence of gravity is not sufficient 

to generate waves because the restoring or buoyancy force only 

appears in a fluid if the latter is non-homogeneous (or stratified), for 

otherwise a parcel of fluid is in a state of indifferent equilibrium at 

any location and never tends to return to its original position. 
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In order to simulate atmospheric gravity waves in a wind tun-

nel, the modeling apparatus· must possess the capability of introducing 

enough stratification in the air to reproduce a ratio of inertial to 

gravity forces - embodied in the Froude number - of the same order 

of magnitude as occurs in the natural atmosphere. Similarity in 

boundary conditions must also be satisfied. 

In addition to these requirements, the problem is further comp-

Heated by the fact that in the prototype viscosity and thermal conduc-

tivity have a negligible effect whereas: on the scale of wind tunnel 

experiments they cannot be disregarded. 

It shall first be shown that the proper conditions of stratifi-

cation and velocity can be attained in the wind tunnel at Colorado 

State University, for if these conditions were out of reach any further 

considerations would be in vain. Next we shall attempt to show that 

under certain restrictions viscosity and thermal diffusivity do not 

radically affect the wave pattern in the wind tunnel. 

5. 3. 1. Modeling of Mountain Lee-Waves 

Governing equations - If we disregard viscosity and molecular 

diffusion for the time being, the energy equation reduces to the adia-

batic equation. 

oP 
U. n 

l uX. 
l 

= c 2 U .£..e.. 
i ax. 

l 

( 5-4) 
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If in addition the scale of the atmospheric motion is not large, 

say of the order of 1 km or less - both prototype and model flow are 

incompressible, the mach number V / C being without doubt very 

small, then 

~ = U. i:i 
1 uX. 

1 

0 ( 5-5) 

In other words, the energy equation reduces to equation of in-

compressibility, and in this case does not introduce any similaritude 

requirement. 

The non-dimensional momentum equation for inviscid motion 

is (see Eq. 1-2). 

8U' 
at' 

1 
+ U' . \/ "Q' = - p I 

1 \/pt+ 
V Fr 2 

~y' g' 
y' ( 5-6) 

in which the only non-dimensional parameter is the Froude number 

The main requirement for simulating gravity waves is there-

fore, to obtain a Froude number for the model (Fr) M of the same 

order as the one existing in the prototype flow (Fr)p , i.e. 

( 5-7) 
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is a measure of the stability or degree of stratification 

~p is the difference in density of an air parcel, which 
0 

initially was at level 1 and is brought to level 2, with the new sur-

rounding medium at level 2. Since in a normal atmosphere the lapse 

rate 

8T 
a z 

= - a 

is small, typically 10-
2 0c/ m ' the temperature change due to 

( 5-8) 

adiabatic heating or cooling must be taken into account because of the 

difference in pressure between level 1 and 2. If the amplitude of the 

vertical displacement is of the order of the height of the mountain L , 

we have then 

where 

~p 
0 

a a 

= L 

= ...L. c p 

n -a a 
T = L er ( 5-9) 

is the adiabatic lapse rate. In meteorology er is commonly called 

the stability. The Froude number can, therefore, also be written 

V Ve T Fr - -- L g( a. a - a. l -
v ( 5-10) L-F 
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Perturbation equation - The governing differential equation 

for mountain lee-waves obtained by classical perturbation theory is 

(see Ref. 24 p. 51): 

where: 

1I2 
w1 = (L) w 

Po 

f ( z) er g s + -uz u 

u 

s er+ g/c 2 

au -- -dz 

(5-11) 

is the modified vertical 
perturbation velocity 

1 8 2 + 1 dS 
4 2 dz 

1 
u 

is the undisturbed hori-
zontal velocity 

By making the differential equation dimensionless, we obtain 

o 2 w' + L 2 f(z) w' = 0 v 1 1 
( 5-12) 

For rigorous similarity it would be necessary for the function 

L 2 f(z) to be identical in the prototype and the model. But for 

approximate similarity it will be sufficient to match a characteristic 

numerical value of L 2 f (z) . The dominant term f (z) is the first one, 

so that 

f(z) ~ ~~ (5-13) 
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and a characteristic value of L 2 f (z)- sometimes called the Lyru 

parameter in mountain lee-wave theory - is therefore 

( 5 -14) 

We find thus the Froude number again. 

L~xact differential eq_uation - The same result is, of course, 

found when the exact partial differential equation governing the air 

flow over a mountain is considered rather than the perturbation equa-

tion. This equation in non-dimensional form is (see Ref. 25) 

y2 y~ + ~ [(v~~) 2 
- 1] :y~ (ln p' u~ "i- y2 ~~2 p' ~y~ (y~ - y') = 0 

(5-15) 

where y' is the altitude of a particle far upstream and y' its 
0 

altitude at any position, U' is the horizontal velocity distribution 
0 

far upstream. The curves y' (x, y) = constant are streamlines. 
0 

From this equation it can be seen that rigorous similarity 

requires identical velocity and density distributions upwind of the 

barrier and the same numerical value of the parameter g~ in the v 
prototype and the model. The coefficient : , ( ln U' 2 p ') being small 

yo o 

in general and for moderate variations of U' , approximate similarity 
0 

only requires the matching of the parameter: 
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gL 1 tj_p' gL/:),,p/p 
V 2 p' (dyT'J0: V 2 

0 

(5-16) 

which is 1 / Fr 2 
• 

Modeling requirements - The equality of the Froude numbers 

in the prototype (index P) and the model (index M) 

yields 

hence 

We have C = 9. 89 x 10 2 m 2 sec - 2 0c - 1 
p 

g = 9.89 -2 m sec 

-2 
a = 10 °c/ m a 

( 5 -1 7) 

(5-18) 

-2 For a typical stratified atmosphere a r::::; 0. 6 x 1 O 0c / m . 

Hence for T = 270 °R 

() = p 

a - a 
a P ,,....._, 1. 5 x 10- 5 

Tp 
-1 

m 
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In the wind tunnel at Colorado State University a temperature 

difference of about 100 °F can be maintained across the air between the 

floor and the center of the tunnel. If the temperature boundary layer 

is one foot thick and the average temperature 30 ° C i 

100° F 
,__,~ 

7 ft -1.8x10 2 °C/m 

the minus sign indicates the temperature increases with increasing 

height, hence 

a - a -1 o M 0. 6 crM = ~ m 
TM 

Thus 

crM 
4 x 104 

= 
er p 

Suppose a mountain 1 km high is being modeled. If the 

stratified layer in the tunnel is 0. 3 m thick, the model height should not 

exceed 1 / 3 of this height. Then 

LM = 4 in 10- 1 m 

and then 

LM 
10- 4 

= 
LP 

which yields 
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= 

Field observations have shown that mountain lee-waves 

generally occur for wind speeds ranging between 7 and 20 m/ sec 

(see Ref. 24 p. 48 and p. 55): 

7 m/sec < VP < 20 m/sec (5-19) 

This requires then that 

14 cm/ sec < V M < 40 cm/ sec ( 5- 20) 

These velocities although extremely small and difficult to 

measure can be obtained in the wind tunnel at Colorado State Univer-

sity. The corresponding Froude numbers are 

0. 6 < Fr< 1. 6 (5-21) 

Boundary conditions - The upstream boundary conditions for 

the model can approximately be matched to those of the prototype; 

however, since the velocity and temperature distributions are produc-

ed naturally by the boundary layer development these profiles have 

definite shapes which cannot easily be changed. 

The lower boundary condition can easily be satisfied by con-

structing a model geometrically similar to the prototype. 
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The matching of the upper boundary conditions presents the 

greatest difficulty. The atmosphere, indeed, is non-homogeneous 

throughout and presents even a strong increase in stability from the 

troposphere on up. In the wind tunnel, the fluid above the stably 

stratified layer is homogeneous, i. e., the stability is zero. The in-

crease in stability at the troposphere could thus only be simulated by 

heating the air at a certain height from the tunnel floor above the 

ambient temperature, a provision which does not exist in the wind 

tunnel at Colorado State University. 

However, if the mountain lee-wave phenomena is only consi-

dered in the lower layers of the atmosphere, it can intuitively be 

assumed that the effect of the troposphere is small. The modeling of 

gravity waves should, therefore, be restricted to those generated by 

mountains at most a few kilometers high. Waves produced by a 

mountain range rising 1 km above the flatlands - a height one tenth 

that of the troposphere - may be satisfactorily simulated in a wind 

tunnel. 

5.3. 2, Influence of Viscosity and Thermal Conductivity 

The scale of atmospheric motions and hence the magnitude of 

the Reynolds number are so large as to render the viscous and 

diffusive terms in the equations of motion negligible, except in a thin 

layer close to the ground. The scale of the model, on the contrary, 
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is such that these molecular effects cannot be neglected. The question, 

therefore, arises whether viscous and diffusion effects in the model 

will distort the wave pattern to an extent such that it will retain little 

in common with the atmospheric waves. 

To answer this question rigorously, one must solve the equa-

tions of motion with identical boundary conditions for a real fluid on 

one hand and for a non·-viscous, non-diffusive fluid on the other hand, 

and to compare the two solutions. This would be a formidable task 

owing to the prodigious complexity of the equations of motions which 

today have only been solved either when the buoyancy forces are neg-

ligible (forced convection) or when the driving force is solely produced 

by buoyancy (free convection) and this for particular boundary 

conditions. 

In the absence of complete solutions to the problem, we may 

compare results of homogeneous viscous-diffusive flow and of non-

homogeneous non-viscous non-diffusive flows, keeping in mind that 

owing to the non-linearity of the equations of motion the effects of 

non-homogenity and those of viscosity-diffusivity are not simply 

additive. But we may compare the order of magnitudes of these 

effects in the model. 

First, let us calculate the wave length of the mountain wave 

generated by the model (see Ref . 24 p. 55) 



-1 0.6 m 
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and 

( 5- 2 2) 

0. 3 m/sec. 

Next let us consider a laminar boundary layer. The thickness 

of the boundary layer is given by (see Ref. 9) 

0 = c (~) 1/2 x 1/2 v (5-23) 

where C is a numerical constant (C .-...-5. 2) and x is the distance 

from the leading edge of the flat plate over which the boundary layer 

is being created. A small change in boundary-layer thickness occurs 

then over the distance ~ x such that 

~o 1 ~ x 
= 

2 x 

A change in boundary-layer thickness of 10% requires thus a 

distance 

6x = 2 ('6o)x = x 
0 0 

( 5- 24) 

Hence the farther from the leading edge, the larger the dis -

tance required to produce a given relative increase in boundary layer 

thickness. Thus at a distance of 20 m ("'-' 60 ft) from the entrance 
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of the test section, which has a total length of 26 m (,........, 80 ft) in the 

wind tunnel at Colorado State University, a boundary layer increase 

of 10% will require a distance ~ x of 4 m. 

This distance of 4 m corresponds to approximately 5 wave 

lengths as computed above. Since the Prandtl number for air is of 

the order of one, the temperature layer varies in similar fashion as 

the boundary layer. 

If, therefore, the gravity waves are tested far downstream 

from the entrance of the test section, it may be concluded that viscosity 

and thermal diffusivity exert a minor influence on the wave pattern. 

This results can also be arrived at by comparing the vertical 

velocities due to mountain waves on one hand and due to boundary 

layer build-up on the other hand. From continuity the latter velocity 

W is related to the free stream velocity V by B, L, 

C' V!:::i.o = Wl::i.x 

where C' is a constant depending on the velocity distribution 

(C'~3/10). 

Then 
WBL 
v 

C' !:::i.o = 
l::i.x 

C' 
2 x = C' 

2 

Since the vertical velocities W MW in mountain lee-waves 

are of the same order of magnitude as the horizontal velocities: 



WMW~ V 

we have 
WBL 
WMW,,....., 

C' 
2 

Thus for air and x = 20 m , 

WBL -4 
r-...1 2 x 10 

WMW 
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v 0.3m/sec 

At a distance of 20 m from the entrance of the test section and for 

a free stream velocity of 0. 3 m/sec, which are required for the simu-

lation of mountain lee-waves in the wind tunnel, the vertical velocity 

due to the increase in boundary layer thickness is at least one 

thousand times smaller than the vertical velocity due to the mountain 

waves. 

It may, therefore, be concluded that far enough from the 

entrance of the test section, say about 20 m, the effects of viscosity 

and thermal diffusivity are small compared to the effect of gravity 

provided the velocity and density stratification ar~ adequate. 
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6. SIMILITUDE OF TURBULENCE CHARACTERISTICS FOR 

MICRO-SCALE ATMOSPHERIC MOTIONS--TURBULENCE 

The modeling of the turbulent structure in a surface layer 

appears to be divided into two parts. First, the large-scale character 

of the turbulence appears to be directly related to the surface-layer 

roughness. The small-scale character of the turbulence has been found 

to scale directly with the turbulent dissipation. The small scale tur-

bulence motion will be discussed first, since it appears to be well 

understood. Flows with neutral thermal structures will be considered 

and then will be followed by a discussion of certain features of ther-

mally stable and unstable turbulent flow. 

6. 1. Small-Scale Turbulence (neutral thermal structure) 

The concept of local isotropy, first proposed by Kolmogoroff, 

(Ref. 27) requires that the small.:..scale turbulence become spherically 

symmetrical at sufficiently large Reynolds numbers. Local isotropy 

leads to the requirement that the spectral energy distribution of the 

small scale motion is given by the relation 

f(k) = 
1/ 4 5/ 4 

E V 

7 
F(k/k ) 

s 

where v is the kinematic viscosity, and k = s 

1/4 -3 (EV ) 

( 6-1) 

The total 
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dissipation of turbulent energy per unit mass is E • It now appears 

that F is a universal function, which may be determined from 

measurements. The term u 2 f(k) may be written ~ 1T u; , where 

U is the local mean velocity and u; is the mean square turbulent 

velocity at the frequency f . Thus, the small-scale turbulent 

motions, can be determined once U and E are specified. 

Figure 19 shows the universal nature of the function F for 

both atmospheric and wind-tunnel flow, as well as flow in water. 

Measurements in the wind tunnel indicate that F is independent of 

surface roughness, (Fig. 20 a, b, and c.) There is a minimum length 

of boundary layer development required before the turbulence becomes 

similar. Measurements in the Army wind tunnel appear to indicate 

similarity at distances greater than 8 m from the entrance. Explora-

tion of the first 8 m of the tunnel will be made in the future. 

The data available from atmospheric measurements is limited 

in extent, so it is difficult to establish definite numerical scales for 

the turbulent dissipation. Table 2 lists the value of dissipation 

reported by Pond, Stewart and Burling, (Ref 28), for wind over waves. 

The values of dissipation obtained in the wind tunnel are also listed in 

the table. The scaling factor 
Ewind tunnel 
E atmosphere 

, for the turbulent dissi-

pation ranges from 2 to 2350. The smooth-plate, ,wind-tunnel case is 

probably the closest to the atmospheric measurements, so the scaling 
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TABLE 2. Magnitudes of Turbulent Dissipation for Atmospheric 
and Laboratory Flow Conditions 

Turbulent 
Dissipation 
cm 2 /sec3 

87 

95 

90 

80 

o. 003 to 1 

43, 200 to 186 

3 2, 500 to 5, 580 

211, OOOto 1, 860 

Flow 
Conditions 

Atmospheric 

wind 

over 
water 

Ocean water 

Army wind tunnel 

Smooth surface 

Army wind tunnel 
7. 5 meters 
Flexible roughness 
then smooth surface 

Army wind tunnel 
7. 5 meters flexible 
roughness then 
Gravel roughness 

Height 

1m 

above 
water 

7. 5 m 
below water 

surface 

1. 3 to 51 
cm 

1. 3 to 51 
cm 

1. 3 to 51 
cm 

Source 

Ref. 28 

Ref. 30 

Ref. 31 

unpub. 

unpub. 
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range might be from 2 to 48 O . Table 3 lists the values of F (k/k ) s 

versus k/k , which are an average of the data given in Fig. 20 a, b, s 

and c. 

TABLE 3. Average Values for Universal Spectral Energy Distribution 
Function Obtained from Meteorological Wind Tunnel Data 

k 
k s 

3. 98 x 10- 3 

6. 30 " 
-2 1. 00 x 10 

1. 58 " 
2. 51 " 
3. 98 " 
6. 31 " 

-1 1. 00 x 10 

1. 58 " 
2. 51 " 
3.98 " 
6. 31 " 
1. 0 x 10 0 

F(-) 
k s 

3 9. 32 x 10 

4. 57 

2. 14 
2 

8. 90 x 10 

4. 27 

1. 90 

" 
" 

1 
7. 34 x 10 

2. 92 II 

1. 33 " 
0 1. 85 x 10 
-1 

7. 46 x 10 
-2 

6. 82 x 10 
-3 7. 40 x 10 

The scaling of the turbulent dissipation from the wind tunnel to 

the atmosphere wil! require further knowledge about both types of flow. 

As Table 2 shows, there is a fairly wide variation in E . Present 

measurements in the Army wind tunnel indicate the quantity E is 
u2 

a function of only the vertical location in the boundary layer and not 

of horizontal distance along a flow. 
E Figure 21 shows values of -=-
u 2 
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measured over three different types of surface roughness. There is a 

slight variation of E due to surface roughness, but, with the ex-
u 2 

ception of the inner viscous region, the variation of E from the 
u2 

12 m to the 22 m station is within the scatter of the measurements. 

For modeling purposes, it would appear that E could be represent-
u 2 

ed by one universal curve in vertical distance. 

6. 2. Large-Scale Turbulence (neutral thermal conditions) 

The large scale structure of the turbulence is by no means as 

well understood as the small scale. In general, it appears that the 

large scale structure will be closely related to the "local" surface 

conditions. The value u 2 should be mainly determined by the large 

eddies, so that the results of Fig. 21 indicate a possible interrelation 

between the small and large structure. The large-scale motion is 

usually characterized by a scale or wave length. By plotting a curve 

u2 
of f F(n) uz versus k, 

27r where F(n) ::; U f(k) , a dominate wave length 

may be defined. Figure 22 a, b, and c is a typical plot of the smooth-
2 

surface spectra measurements in the form of f F(n) tfi- versus k. 
2 

The peak value of f F(n) ~ is assumed to correspond to a dominate uz 
wave length which is employed to characterize the large-scale turbu-

lence. Figure 23 shows a typical curve obtained for the spectrum of 

atmospheric turbulence, (Ref. 29). The wave length for the average 

curve of Fig. 23 corr es ponds to a turbulent scale length of approx-

imately 650 meters. The curves of Fig. 22 a, b, and c give scale 
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lengths of from 12-21 cm. This gives a range of modeling factors of 

from 500 to 2900 for the flows in the wind tunnel. The effect of a 

rough surface is to increase the tunnel scale and reduce the modeling 

factor. The effect of free-stream velocity is to change the scale 

directly with velocity. 

6. 3. Small-Scale Turbulence (stable and unstable thermal conditions) 

In thermally stratified shear flow, modeling of the turbulent 

structure appears to depend on Richardson number Ri which is a 

function of the Monin-Obukhov similarity length scale L, height from 

the wall z , and a parameter f3 in the following way: 

z 
L 

1 
1 + f3 z 

L 

The turbulent intensity of the vertical velocity component measured 

in the field as well as in the wind tunnel has been shown to be a func-

tion of Richardson number only, provided that the corresponding wall-

distance Reynolds numbers are comparable. Figure 24 shows the 

dependence of dimensionless, turbulent intensity of the vertical velo-

city component, both field and wind tunnel data, upon the Richardson 

number. The disagreement at 150 cm/ sec is a result of relatively 

larger viscous forces modifying the turbulence. Therefore, both a 

Richardson number, and Reynolds number are scale factors. 
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For the neutral flow with high Reynolds numbers, local 

isotropy can be expected to occur and the turbulent energy spectrum 

will have a large frequency range following the 5 / 3 power law. For 

the stable flow, a tendency toward the -11/5 power law as suggested 

by Bolgiano, (Ref. 32) is seen. No isotropy was observed in the un-

stable and neutral flows with low Reynolds numbers. However, the 

turbulent energy in the lower frequency range contributes most of the 

turbulent energy so that Richardson number in the wind tunnel is an 

order of magnitude smaller than that in the field. This is proved to 

be the case as shown in Fig. 24, where the Reynolds number for the 

wind tunnel data at 300 cm/ sec is about two orders of magnitude 

smaller than that estimated from the field data, (Ref. 33). 

Experimental turbulence data from the Army wind tunnel and 

the atmosphere show interesting similarities, however, much effort 

is still necessary to establish with certainty the proper length scale 

or scales relating laboratory and atmospheric flows under all thermal 

and roughness conditions. 
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7. SIMILARITY CRITERIA FOR TURBULENT DIFFUSION 

As is well known, turbulent diffusion is a phenomenon which 

disperses matter, heat etc., through eddy motion. Generally the 

motion of the atmospheric eddies, which are composed of a range of 

sizes in the atmospheric surface layer, are produced by various mech-

anisms which may be classified conveniently as follows':~: 

1) eddy motion of a large scale ... , which has mainly a scale 

associated with perturbations related to such motions as 

a cyclone, an anticyclone, and front; 

2) eddy motion of a meso-scale ... , which has a scale 

created by disturbances such as a tornado and thunder-

storm cells; 

3) eddy motion of a local scale ... , which is produced by 

obstructions such as local hills or mountains; 

4) eddy motion of a micro-scale ... , which is created by 

roughness (which is a smaller scale than a local scale, 

for example) including woodland, canopies of vegetation 

and small protuberances of the surface, etc., of the 

earth's surface. 

~:: they are mixed with each other and there is no distinct identification 
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The above- mentioned eddies are maintained through the supply 

of energy from wind shear and buoyancy. All eddies contribute to the 

dispersion of matter or heat injected in the atmospheric flow. Thus, 

the scale of eddies for a wide range in atmospheric diffusion needs to 

be taken into consideration. It may be said, however, that much 

attention is directed to the scale smaller than the local scale for the 

study in a wind tunnel, at least quantitatively up to the present. This 

means that there is no ·variation of mean wind direction. Usually the 

variation of mean wind direction may often be created by the meso 

or large scale eddy motion. 

Behavior of a smoke plume under the variation of the mean 

wind direction is sometimes called a meandering phenomena, which 

makes a complex problem for study. As of this time, there is not 

enough information on it. Therefore, the discussion of similarity 

criteria for turbulent diffusion, which follows, excludes the meandering 

phenomena. 

So far many studies of turbulent diffusion have been confined 

to flows having neutral stratification. However, ordinarily neutral 

stratification occurs but twice daily in the lowest 100 m during transi-

tion between prevailing day-time regimes of negative and night-time 

regimes of positive stability. It is, therefore, of considerable prac-

tical interest to assess the influence exerted upon the turbulent diffu-

sion process by conditions of fluid stability other than those of neutral 

stratification. 
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7. 1. Small-Scale Diffusion 

For non-neutral stratification it may be shown (Batchelor 1953) 34 

that dynamical similarity of flows, with gemetrically similar boundary 

conditions, is defined quantitatively by the three scale V , L , () 

referring to velocity variation, length, and potential temperature- -

V, L /v (Reynolds number), ge, L /(T V 2 (Richardson number), and 

k 
c µ 

p 
(Prandtl number). For flows of essentially the same gas (for 

instance the air in the present case) the Prandtl number does not vary 

and experience for shear flows of high Reynolds number shows that 

viscosity has no effect on the scale components of the motion which 

contains nearly all the energy that might contribute effectively to tur-

bulent diffusion. Thus, it follows that similarity depends only on the 

scale Richardson number. Thus, it is required that a length scale be 

sought which is related to the Richardson number for similarity of 

turbulent diffusion. Current practice utilizes a length scale incor-

porating a stability length L which is a unique function of Ri by 

means of z/L , here z is the height above the surface and/ or denotes 

the characteristic height of the phenomena. 

Thus, similarity criteria of turbulent diffusion requires the 

following conditions: 

1) for gemoetrical similarity of boundaries, where M and 

P denote, respectively, the model and the prototype 
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where z is the roughness height. 
0 

( 7 -1) 

2) for similarity of flow, profiles of mean wind speed and of 

mean temperature, respectively 

f(z/L) M = f( z/L)p , and 8 (z/L)M = 8 (z/L)p ( 7 -2) 

in which f and ¢ denote universal functions. 

3) for characteristic height of the diffusion phenomena, for 

example, the boundaries of the smoke plume 

( 7 -3) 

4) for similarity at downwind locations 

(Cx/L)M = (Cx/L)p (7 -4) 

where C is a constant and x is the distance downwind 

from a source. 

Besides the requirement of similarity between the vertical 

profiles of mean velocity for the model and prototype various investi-

gators have determined additional requirements which are necessary 

for diffusion similarity. Inoue 16 was able to show that when diffu-

sion occurs within a velocity profile which is logarithmic, the para-

meters h/ z and h/ L must both be equal for the model and prototype 
0 
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for similarity of the diffusion field. The parameters h/ z represents 
0 

the ratio of source height to the roughness length z 
0 

which in turn is 

a measure of the scale of turbulence at ground level. 35 Cermak ( 1963) 

using the concept of Lagrangian similarity was able to relate certain 

statistical characteristics of the steady-state diffusion process by 

functional relationships to the similarity parameters h/ z , z / L 
0 0 

and Cx/ L for flow over plane surfaces. The mean velocity profiles 

were taken to be the logarithmic form for neutral flow and an experi-

mental function as proposed by Swinbank for the non-neutral flows. 

Characteristic of the diffusion process thus related to flow character-

istic were the exponents of the downwind distance x giving the down-

wind variation of the maximum mean ground-level concentrations 

C(x, o, o) , plume width b(x, -, o) and plume height h (x, o, -) 
p 

Thus, one has functional forms for 

(~ 
z 

::) C(x, o, o) f 1 
0 

= L 

f2 ( z: ' z ;x) b(x, -, o) 0 
= L 

0 

f3 ( :0 ' 
z 

~i h (x, o, -) 0 
= p L J z 

0 

For the forms given by Cermak to be valid the range of Cx z 
0 

( 7-5) 

, as 

well as h/ z , must be restricted to the lower level of the boundary 
0 

layer where the velocity profiles are of the form selected for analysis. 
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This usually restricts consideration to diffusion fields in the region 

0 :::_ z / o < 0. 4 where S is the momentum-boundary-layer thickness. 

Immediately, this restriction shows the importance of creating thick 

turbulent boundary layers for laboratory simulation of atmospheric 

diffusion. 12 Cermak ( 196 3) compared laboratory data and atmospher-

ic data on diffusion which met the height limitations and formed good 

agreement. These comparisons are exemplified by Fig. 25 which 

is essentially confined to neutral thermal stratification. 

Thus, the basic length scale ratio occurring in turbulent diffu-

sion similarity considerations is that of 

(z ) model 
0 

( z ) prototype 
0 

Unfortunately, the values of z are difficult to determine 
0 

accurately in both the atmospheric and the laboratory. Hence, another 

form of reference length is desirable. Recalling that z represents 
0 

a typical scale of turbulence, a length scale could also be determined 

by using a ratio of an integral scale of turbulence for the two flows. 

More laboratory and field data on turbulence are needed to study this 

concept. 

To illustrate application of the foregoing concepts, consider 

the possibilities of simulating turbulent diffusion over a flat region 

of terrain where vegetation produces a roughness length of 10 cm. 
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A surface of roughness length 0. 1 mm is placed upon the meteoro-

logical wind-tunnel floor. If a wind-speed of 3 m/sec is chosen for 

the wind tunnel, the boundary layer will be turbulent and, from the 

data in Chapter 3, the boundary-layer thickness should be about 2/ 3 m 

over the last 6 m of the test-section floor. Accordingly, for a point or 

line source placed at ground level in the wind tunnel about 6 m from 

the downstream end of the test section, simulation of the atmospheric 

diffusion field will be possible within the 6 m distance. The plume 

dimensions measured in the wind tunnel could be scaled up to proto-

type values by multi plying model values by 

( z ) prototype 
0 

(z ) model 
0 

= 10 
0.01 = 1000 

the downwind distance of 6 m in the wind tunnel would correspond to 

6000 m in the field. If thermal stratification effects were to be 

studied, model values of the stability length L(model) must be 

related to the prototype stability length by 

(z ) model 
L L 0 = 

(model) (prototype) (z ) prototype 0 

L 
= 

(prototype) 
1000 

Remembering the definition of L , such a relatively small value of 

L for the model implies that the heat transfer rate between the air and 
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ground surface (aluminum plate in wind tunnel) must be about 1000 

times larger for the model than for the prototype. Such a difference 

in heat transfer rates is possible with the existing facility. 

7. 2. Meso-Scale Diffusion 

Simulation of meso-scale diffusion using existing sizes of wind 

tunnels requires greater approximation and a different point of view 

than that for the small-scale simulation. Working at scales from 

1: 5000 to 1: 50, 000 implies that the Reynolds numbers, in the usual 

sense, will have the same ratios. However, mean-flow similarity 

can be closely achieved, as discussed earlier in Chapter 5, if a 

laminar flow model is compared with turbulent flow in the prototype. 

The question which now remains is how to interpret diffusion 

characteristics in the laminar-flow model in terms of the turbulent-

flow prototype. In cases where the surface over which the flow 

occurs is irregular, composed of hills and valleys, dispersion of a 

passive additive to the atmosphere may be controlled primarily by 

strong spatial variation in connective transport by the mean motion. 

Especially in flows with strong stable thermal stratification is this 

mode of dispersion expected to be dominant. The significance of this 

possibility may be recognized most readily by examining the turbulent 

diffusion equation 

ac 
at + U. 

1 

ac a = ax. ax. 
1 1 

u.c 
1 

( 7 -6) 
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When the mean flow is steady, a convective dominated transport sys-

tern would then be described by 

U. 
1 

ac 
ax. 

1 

= 0 ( 7 -7) 

Accordingly, the non-dimensional form for this conservation of mass 

statement is merely 

U'. 
1 

ac' 
ax'. 

1 

0 

This implies, since no coefficients of scale factors enter the equation, 

the only conditions necessary for similarity of the concentration field 

is that of geometrical similarity and mean velocity similarity which 

must be attained by meeting the conditions for dynamic similarity. 

Much work remains to establish the extent to which the foregoing 

arguments can be exploited for practical applications. The only known 

study of this nature is the exploratory work on simulation of mean 

winds and diffusion for strong inversions over Point Arguello, California, 

in which a 1: 12,000 scale model was employed (Ref. 22). In this work 

a stably stratified laminar flow over the laboratory model yielded, as 

stated in Chapter 5, mean wind patterns which simulated actual wind 

patterns in their general character. Therefore, if convective spreading 

controls the dispersion of contaminants, reasonable agreement between 

diffusion in the Point Arguello model and prototype should be found. 



68 

An attempt to check the diffusion characteristic in the laboratory 

and field was made for the Point Arguello study. Helium was released 

as a laboratory tracer in Hondo Canyon at the location where fluorescent 

partacles were released in the field. Figure 15 shows a comparison 

of the trajectory for the tracer in the laboratory and field. Excellent 

agreement exists for this particular characteristic. In Fig. 26, a 

comparison is made of the way in which concentration levels decrease 

with distance from the source. Unfortunately, the field data show con-

siderable scatter which does not permit drawing a strong conclusion 

on similarity of the two diffusion fields. However, a significant 

feature associated with the data is that the decrease in concentration 

with distance downwind from the source is nearly the same in both 

cases. The distances associated with the model were scaled up by a 

factor of 12, 000 to yield a comparison with the prototype. 

Although the type of similarity considered in this section 

appears to be based on radical simplifications, the results obtained 

to date are sufficiently satisfactory to warrant further research on 

this modeling concept. Satisfactory modeling techniques of this 

nature have great potential for the study of practical dispersion 

problems. 
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Fig. 16 Typical ammonia trace on San Nicolas Island model as 
mounted in meteorological wind tunnel 

Fig. 1 7 Titanium - tetrachloride smoke trails in wake of 
San Nicolas Island model 
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Fig. 18 Smoke patterns over San Nicolas Island prototype 
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