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SUMMARY 

A qualitative discussion of the physical nature of 
atmospheric boundary layer flows leads to the conclusion 
that the primary aims in the simulation of these flows in a 
wind tunnel should be to model the relevant scales and 
intensities of turbulence. However, the simulation of the 
variation of mean wind velocity with height is also desirable. 

A system of barriers and vortex generator~ is 
proposed as a means of simulating turbulent and neutral 
atmospheric boundary layers. Experimental measurements of the 
intensities and spectra of turbulence in a small wind tunnel 
using such a system show that good representations of these 
boundary layers can be obtained. 
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LIST OF SYMBOLS 

A universal constant occ~ng in a formula for diffusione 
Normalised power spectral density at frequency n. 
Lagrangian length scale. 
Eulerian length scale. 
Reynolds number. 
Time. 
Friction velocity = ~ 
Longtitudinal velocity component. 
Lateral velocity component. 
Vertical velocity component. 
Voltage output of constant temperature hot wire 
anemometer. 

x Streamwise co-ordinate 0 

X A non-dimensional frequency parameter. 
y Lateral co-ordinate 
Z Vertical co-ordinate. 
Z Roughness length. 

a 

e Energy dissipation per unit mass per unit time. 
~ Tayloris micro-scale of turbulence. 
p Density 0 

T Shear stress. 
v Kinematic viscosity. 
K Von K~rm~nus constant . 

A prime on a velocity component denotes turbulent 
contribution and a bar denotes average with respect to time. 

1. INTRODUCTION 

Many problems currently being studied at C.E.R.La 
require an understanding of the flow processes in natural 
atmospheric winds. As these processes are not easily treated 
theoretically except by rather drastic Simplifications, this 
understanding can only be gained by a considerable amount of 
experimental work. In the Engineering Division weare mainly 
interested in the effects of atmospheric wind on the static 
and dynamic loads on structures, such as chimneys and 
cooling towers, and on the performance of cooling towers. 
The problem of smoke dispersal from chimneys is also being 
studied by Physics Division. 

The type of wind tunnel required for these 
investigations is very different from those in normal aircraft 
practice. icular a er speed range and a longer 
working section are necessary. For these reasons a large wind 
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tunnel is being de;;:dgned by l1archwood Engineering Laboratories 
and a smaller one has been built at C.E.R.L. primarily for 
cooling tower performance investigations. In all the problems 
mentioned above a satisfactory small-scale model of the 
atmospheric wind must be produced in the wind tunnel.' One 
technique id to simulate a long iJtretch of terrain upstream 
of the' model dO that turbulence and the vertical .shear in the 
model 'wind develop naturally, (Jensen, Franck, 1963). However, 
in most cades this implies a prohibitively long wind tunnel if 
the models used are large enough to avoid excessive 
Reynolds Number effects. The atmospheric wind must therefore 
be simulated in the tunnel by some artificial system of 
grids. For example, the shear flow in the natural wind can 
be produced by means of a gttd of rods (Owen, Zienkiewicz 
1957). Turbulence of the'required intensity can be 
produced by means of a coarse grid screen, although this 
does not neces~arily produce the required shear flow. It 
is evident that a complete simulation of the atmospheric 
wind in all respects i3 very difficult, if not 
impossible. 

Before deciding what type of grid .should be used to 
produce the simulated atmospheric wind it is necessary to 
choose what aspects of the natural wind must be accurately 
represented and where some compromise is possible. At present 
the flow processes are not well enough understood to give 
accurate quantitative answers to this question. A general 
qualitative discusdion can however be given and this will 
be the subject of the first part of this note. 

The second part of the note is concerned with a 
physical description of the flow processes in the atmospheric 
wind and a discussion of how best to realise these at a 
reduced scale in the wind tunnel. 0ystems of grids have been 
examined with the objective of producing a reasonable approxi
mation to the atmospheric boundary layer flow within about 
two or three boundary layer heights from the start of the 
working section. The roughne:3s of the terrain will be dimulated 
along the length of the working section. The lengths of the 
working sections of the Marchwood wind tunnel and of the C.E.R.L. 
low~peed wind tunnel have both been designed on this basis~ 
A system of grids and vortex generators is proposed based on 
the discussion in the first part of this note; phYdically 
the flow procesiJes behind thi.s system are an accelerated 
version of the flow processes in a naturally developing 
boundary layer. 

Finally in the third part of thid note the 
experimental meauurementd made in the ;Jimulated boundary 
layer are presented and discussed. Ad thid experimental work 
has shown up deficiencies in the equipment uded for the 
analysiJ of the turbulence, the requirements of such 
equipment are discussed. 

2. Dl~CUSSION OF PROBLEMS INVESTIGATED AT C.E.R.L. 

2.1 Description of the Atmospheric Wind 

The flow of the atmospheric wind over the earth's 
durface 1.3 dimilar in many reJpect~3 to the flow in a 
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turbulent boundary layer on a flat plate. In most cases of 
practical interest the earth~s surface is aerodynamically 
rough so that the effect of viscosity on the flow as a whole 
can be neglected. In this case the flow is entirely determined 
by the geometry of the obstacles on the earthUs surface. For 
the regions which are not close to an individual obstacle 
the flow is statistically determined by the distribution of the 
roughness length, Zo,which is a measure of the average height 
of the roughness elements. Provided that the Reynolds number 
is not reduced so much that the surface is no longer 
aerodynamically rough, the flow in the earthVs boundary layer 
can be simulated in a model provided geometrical similarity 
is preserved and the roughness length, Zo,is reduced in 
proportion to the geometric scaleo This is the model law 
proposed by Jensen and Franck (1963). The disadvantage of 
this approach to the simulation of the atmospheric wind is 
that a prohibitive wind tunnel length is required for the 
development of the boundary layer. 

It is worth noting that the flow in the boundary 
layer on a flat plate differs in two main reBpects from the 
atmospheric wind. In the natural wind the direction of the 
mean flow usually varies with height, and it has been suggested 
that this could effect the dispersion of pollutant in the 
atmosphere (Tyldesley, Wallington 1965). No such such change 
of direction is present in the flat plate boundary layer flow. 
It is difficult to see how this effect can be modelled in a 
wind tunnel and the problem will be ignored for the time 
being. The second main difference is that the buoyancy 
effects due to potential temperature gradients cause an 
increase or decrease in the turbulence intenSity depending on 
whether the flow is unstable or stable. This is obviously of 
great importance in the problem of the dispersal of pollutant. 
Davenport (1963) has suggested that in high winds a neutral 
atmosphere is obtained. Restricting the problem to the simulation 
of the neutral atmosphere is therefore justified in the study 
of static and dynamic loads on structures. Simulation of the 
neutral atmosphere is an essential step towards the complete 
simulation of stable and unstable atmospheres and i t:.is there
fore worthwhile discussing the problem of dispersal of 
pollutant in the neutral atmosphere. 

In the case of a neutral atmosphere in which the 
change in direction of the wind with altitude is ignored the 
problem is to produce a thick9 rough wall, turbulent boundary 
layer in the shortest possible streamwise· distance. Even with 
these restrictions a complete simulation will be possible only 
if the boundary layer is allowed to develop naturally as it 
flows over a rough floor with the roughness length scaled as 
the geometric scale. The shear flow in the atmosphere can be 
simulated by various forms of shear grids and high turbulence 
intensities can be produced by means of coarse grid screenso 
The question is whether the turbulence intenSity and the 
shear flow can be simulated at the same time. As this is 
likely to prove difficult it is important to decide what 
properties of the flow must be simulated accurately and 
where some compromise can be made. 

The structure of the atmospheric wind is extremely 
complex and in prinCiple an i.nfinite number of parameters are 
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required for a complete description of the flow. An adequate 
description of flow would probably require a knowledge of the 
following parameters: 

(1) 

(2) 
function 

(3 ) 

(4) 
scale) . 

Mean velocity distribution as a function of altitude 

IntenSity of each component of turbulence as a 
of altitude. 

Integral scales of turbulence. 

Micro-scales of turbulence (energy dissipation 

(5) Correlations between comE.Qnents of turbulence, 
particularly the Reynolds stress, uWo 

(6) The spectra of turbulence. 

The scales of turbulence and the spectra of turbulence are to 
some extent a different description of the same thing. In 
some problems it is more convenient to work in terms of the 
spectrum and in others in terms of scales of turbulence. As 
the turbulence spectra are more easily measured than the scales 
of turbulence the discussion will be mainly in terms of the 
spectra. 

The main problems to be studied are: 

(1) Dynamic loads. 

(2) Static loads o 

(3) Pollutant dispersal. 

(4) Cooling tower performance. 

It is not the intention of this note to discuss buoyancy 
scaling and the modelling of the dynamic characteristics of 
structure~ The discussion is concerned only with the effect 
of the structure of the atmospheric wind on each of the 
stated problems. 

2 c 2 pynaE!,~ects~~Structures 

The requirements for modelling the atmospheric 
wind are very stringent in this case. Not only must the 
intenSity of each component of turbulence, particularly in 
the direction of the wind, be representative of the 
corresponding ensities of turbulence in the atmosphere 
but the spectra of turbulence must also be similar to the 
spectra in the atmosphere. Por particularly simple 
structures with few modes of vibration and low damping it is 
sufficismt that the spectrum be represented at frequencies 
near to the natural frequencies. However, the natural 
frequencies of the model may not always be known and it is 
advantageous to have a model atmospheric wind which has the 
correct spectral energy content at all frequencies. The 
same atmosphe c simulation can then be used for a wide range 
of dynamic models. 
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The spectral content of the simulated atmospheric 
wind should therefore be accurately repreaented with regard to: 

(a) Frequencies of the order of the resonant frequencies 
of the structure. 

(b) Scales of the order of the length scale of the 
structure. 

(c) Frequencies of the order of the Strouhal frequency 
of the structure. 

The third requirement ensures that the energy content is 
simulated at frequencies where the aerodynamic admittance of 
the structure is high. These requirements imply that the 
energy spectrum of the atmospheric wind must be simulated for 
full-scale frequencies in the region of 1/10 to 10 pz and for 
eddy scales of the order of 10 to 1000 ft. At frequbncies 
very much lower than these the changes can be thought of as 
quasi-steady and these frequencies need not be simulated. In 
almost all cases the micro-scale, or energy dissipation 
scale, of turbulence will be far too small to affect the 
structure. In the model, however, the energy oissipation 
scale will be larger compared with the size of the structure 
and if it is too large the flow may be affected by viscosity, 
espeCially if the model has small but important details of 
the order of the micr~ale of turbulence. 

An estimate of the micro-scale of turbulence in the 
model can be obtained by considering the energy balance. In 
the region close to the ground the production and dissipation 
of turbulent energy are almost equal (Townsend 1961). The energy 
production depends on the shear stre3s and the veloCity gradient: 

= 
U 3 

* t<:Z 

This represenis the energy extracted from the mean flow to 
produce turbulent energy at low wave numbers. This will be 
passed by inertial interactions to the high wave numbers where 
it id dissipated by Viscosity. As the turbulence tends to 
isotropy at high wave numbers the energy dissipation is given 
by: 

Now if the roughness length, ZQ' is scaled correctly and the 
turbulence structure is fully developed: 

j u ' 2 ,U* will be the same in the model and full 
u max u max 

flows (Jensen, Franck 1963). 



7. 

Equating the dissipation and production we have 

= 

where the suffix m refers to the model, FS to full scale. 

The requirement that the micro-scale of turbulence 
should be small compared with the details of the model is 
therefore a minimum Reynolds number requirement. This is 
already determined by the requirement for rough wall flow. 

Very little work has been done on the effect of the 
wind shear 'on the dynamic loads on structures. Work by Baines 
on static loads (Baines 1963) has shown that the'incident 
vorticity in th~ wind wraps round the structure to form trailing 
vortices. The~e produce downward flows at the face of the 
building and significant changes in local pressures are obtained 
although the effect on overall load is not so large. It is 
therefore reasonable to expect that effects of at least the 
same order are present in the local dynamic loads. 

The con,cludion must therefore be that in the dtudy 
of dynamic loads the primary aims should be to produce turbulence 
with the correct intensity and the correct energy content in 
the middle ra.nge offrequencie-s. There is no need to :3imulate 
the very low frequency end of the :3pectrum or the very high 
frequency end which corredponds to the viscous dissipation 
region. Simulation of the velocity profile is desirable if it 
can be done without compromi:3ing the turbulence structure. 

2.3 static Loads on structures 

The static load is simply the time-mean of 
the dynamic load; it is conceivable that the turbulence 
could affect-the time-mean load; for example, in flow 
around a sphere or cylinder where turbulence in the free 
stream affects the transition from laminar to turbulent 
flow in the boundary layer. This could happen in tests 
on a model cooling tower if one is forced to carry out . 
the experiment at too Iowa Reynolds number. Normally this 
situation will have to be avoided and it is an open question 
whether the turbulence can affect the static loads at high 
Reynolds numbers. 

The effec~ of wind shear on static loads has however 
been shown to be of importance. In contrast with the 
situation in dynamiC tests, it is probably more important to 
model the shear flow than the turbulence structure. 

In many cases, however, results of great accuracy 
are not needed from static tests and an indication of order 
of magnitude effects is all that is required, a test in a 
uniform stream may then be satisfactory. It is not usual·
practice to deaign structures with small safety margins on 
the basis of static loads alone, but if the safety margin is 
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small then a check on the dynamic loads is essential. In view 
of this it is doubtful whether static loadings present a real 
problem in simulating the earthOs boundary layer. 

2.4 Dispersal of Pollutant 

This is not a problem that has been studied 
extensively by the Engineering Division. Currently, Physics 
Division are responsible for work in this field. Both the 
Marchwood wind tunnel and the low-speed wind tunnel at C.EftReL. 
have been designed with this problem in mind. 

Although TaylorVs work (Taylor 1920) applies strictly 
to isotropic turbulence, the ideas introduced are useful for 
a description of the effect of various parameters on the 
dispersion. TaylorVs main result is that the mean square 
dispersion [Yn 12 is given by 

::: JT J"t 2(V"'2) 

o 0 

R~ d~ dt 

where V is the turbulence velocity fluctuation in the direction 
y and ~ is the Lagrangian" correlation coefficient between the 
velocit1es V' (t) and V' (t+~). In isotropic turbulence the 
above quantities are not a function of position; in the real 
atmosphere this is no longer true. Similar results to the 
above are obtained for each direction. 

In the initial stages Rp will be close to unity 
and the plume dispersal depends on the intensity of 
turbulence. After a large time interval the correlation R~ 
will tend to zero. If the integral converges, a length 
scale 

::: ~ f 00 R d~ 
~y . f" 

0'> 

can be defined and the plume dispersal then depends on the 
Lagrangian length scale 11. The corresponding quantity in the 
Eulerian description of the flow is 

12 ::: J 00 By dy 

o 

where Ry is the correlation coefficient between the 
turbulence velocity at points separated by a distance y. 
There is no known exact relation between 11 and 12 but 
Taylor has suggested that they can be assumed proportional. 

If this so, the model atmosphere must have the 
same intensity of turbulence in each direction as the real 
atmosphere and the integral scale of turbulence, 12' must be 
reduced as the geometric scale of the model is reduced. 



Ad it is easier to measure the frequency spectrum 
the above results can be put into terms of the Lagrangian 
spectrum using the Fourier transform (Pasquill 196~). 

This gives 

v 

where F(n) LJ the normaltzed eneTgy content at frequency n. 
For dmall times the ""hole spectrum contrtbutes equally and 
the dispersion depends only ott the intensity but for larger 
times the lower frequencies become more stgnificant. In the 
limit only p(o) contributes to Yn and:B'(o) i..; the counterpart 
of 11 and 12 in this formulation. 

The Lagrangian spectrum is not easily measured but 
it· is reasonable to a~3sume that if the Eulerian spectra of 
the model and the real atmosphere are similar, then the 
Lagrangian spectra will also l:e similar. 

Another effect which may be important has been 
suggested by Scriven (1965). A plume will lose buoyancy by 
mixing with the colder air surrounding it. This mixing 
process will depend on the turbulent energy at scales rather 
smaller than the plume diameter. The turbulence at Gcales of 
the order of the plume diameter and above will tend to bre~k 
the plume into puffs which will lose buoyancy more rapidly as 
they are subjected to three-dimensional mixing instead of two
dimensional. The eddy scales responsible for these processes 

11 be of the same order as those of interest in the study 
of dynamic loads on structures. 

It is not easy to assess the effects of the mean 
velocity distribution on the concentration of the pollutant. 
Cermak (1965) has applied the concept of Lagrangian similarity 
to the flow field as a means of determining the effect of the 
veloci ty profile on the ground level concentration. 'rhe dteps 
Ieading up to the final redult will not be repeated here but 
Cermak finds that the maximum ground concentration is 
approximately proportional to 

1 
2 r; 

Z f (~ ) 
o 

where Z is the mean plume height and 20 the roughness length. 
The function f in fact the velocity profile. In most cases 
the mean plum~ height wiI1 be in B region wh~re the wind speed 
is close to the gradient wind speed. The velocity profile 
will therefore not have a very greAt effect on the ground 
l;:;vel concentrat.ion. 11he po at which the maximum ground 
level concentration occurs Is also affected by the velocity 
pro 1(C! 

1 f f (.~ 
b 0 

con:] ta 
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where b is a universal constanto As this is an integral form, 
the position of maximum ground level concentration is not 
greatly affected by the form of the function f but only on the 
displacement thickness of the earth~s boundary layer. For the 
purpose of plume diffusion studies there is therefore no need 
for an accurate simulation of the velocity profile. 

2.5 Effects of the Wind on Cooling Tower Performance 

The main problems here are 

(1) Re-entrainment of warm air. 

(2) Effect of the external flow on the internal flow. 

(3) Change of plume buoyancy due to turbulent mixing. 

These problems are closely related to those which have 
already been discussed. The re-entrainment problem is essentially 
a near-field version of the plume dispersal problem. In this 
case,however, the turbulence generated in the wake of the cooling 
tower is probably more significant than the atmospheric 
turbulence and therefore the requirement for modelling the 
turbulence can be relaxed. However, the effect of turbulence 
on the buoyancy cannot be neglected. 

The effect of the trailing vortices produced by the 
shear in the incident wind will clearly affect the re-entrai~ant 
problem and may also be significant in the effect of the external 
flow on the internal flow. 

2.6 Summary of Atmospheric Wind Simulation Requirements 

The most difficult modelling problem occurs in the 
study of plume dispersal. A great length of working section 
is needed downstream of the chimney to observe the flow; this 
means that only a relatively short upstream fetch is available 
for the development of the flows. In the case of plume 
dispersal problems, correct modelling of the lateral and vertical 
turbulence intensities and of the spectra of each component is 
required, partioularly at the low frequency end of the spectrum. 
Modelling the shear in the incident wind is of minor importance 
in this case. 

For the study of dynamic loads on structures the 
spectrum and intenSity of turbulence must be modelled, 
particularly the horizontal component in the direction of the 
wind. The middle range of frequencies is in this case the 
most important. Modelling the shear flow is desirable but 
secondary to the requirement for the correct turbulence 
structure. In the case of dynamic loads and other near 
field problems, a greater length of wind tunnel is available 
for flow development as the model can be placed towards the 
rear of the working section. 

The requirements for cooling tower performance 
studies are similar to those for dynamic load problems, with 
perhaps a slight change of emphasis, but again the model can 
be placed towards the rear of the working section. 
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The static load problem is, in general, less 
important than the above and if a satisfactory simulation of 
dynamic loads can be obtained the static loads can easily be 
obtained as a special caseo 

It is concluded from the above that the main effort 
should be directed towards the production of the required 
structure of turbulence. If this is achieved, then~ in those 
cases where the shear flow is Significant, it can be allowed 
to develop naturally as a result of the shear stresses se·t up 
by the turbulence. 

3. FLOW PROCESSES IN THE ATMOSPHERIC WIND 

In this section the flow processes in the 
atmospheric wind 9 or, with the approximations accepted 
earlier, a rough wall boundary layer on a flat plate, are 
discussed. Probably the best approach is to consider the 
energy balance within the boundary layero 

Turbulent energy is produced by the action of the 
Reynolds stresses on the velocity gradient in the mean flow. 
Thi~ of course, extracts energy from the mean flow and the 
production of turbulence tends to be at low wave numbers. 
Inertial interaction among the turbulent eddies causes the 
energy to be passed from low wave numbers to high wave 
numbers 0 Eventually the eddies at the highest wave numbers 
are diSSipated by viscosity to produce heat. If the Reynolds 
number is high enough the amount of viscous dissipation 
depends on the energy transferred to the high wave numbers by 
inertial action and not on the viscosity itself. 

In the natural boundary layer most of the 
production of turbulence takes place in the region close to 
the ground and this is partly diSSipated and partly diffused out 
i.nto the regi.on away from the ground 0 The energy production 
and dissipation are almost equal so that the energy diffused 
out is the ~mall difference of two large quantities 0 

To date most approaches to the production of a 
shear flow have relied on local energy extraction from the 
mean flow. The amount of turbulent energy production is 
limited by the energy difference between the original uniform 
flow and. the required mean velocity at that level. ]1urther
more much of this energy will be dissipated, firstly by 
inertial interaction and finally by viscosity, and we can 
have virtually no control over this process o Compared with a 
natural boundary layer the intensity of turbulence in the 
outer part of the artificial boundary layer is likely to be 
too low unless there i.s some mechanism for the transfer of 
the excess turbulent energy at near ground level to the 
outer regi.on. This energy transfer will occur naturally but 
the process will be too slow for our purposes and some 
artificial mixing must be added c. The mixing must extend 
over the \"Ih01e boundary layer and the scale Of the turbulence 
produced by the mixing process must be as large as possibleo 

It follows that we must rely for the majority of 
the turbu.lence prod ion on the regtons close to the ground 
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this is the region where most of the energy is extracted from 
the mean flow. Some production at higher levels may be 
possible but the exchange between mean flow energy and 
turbulent energy prevents the production of sufficient energy 
at this level without producing an excessive velocity defect 
in the mean wind. 

Once the artificial boundary layer has been 
produced the turbulence will decay, particularly at the low 
frequency end of the spectrum which will have its energy 
passed to higher frequencies, unless there is some mechanism 
for the continued production of turbulence ~s the flow proceeds 
downstream. In the natural boundary layer this is provided 
by the action of the Reynolds stresses on the mean velocity 
profile. The production is 

(per unit mass per unit time) 

From this relationship it is clear why most of the production 
is concentrated close to the ground. It is also evident that 
the continued production of turbulence requires the Reynolds 
stresses and the velooity profile to be simulated. 

This does not mean that an accurate velocity 
profile and shear stress distribution are needed in the 
initial stages; it is sufficient tnat both T and. du should 
be of the required order of magnitude in the regio~olose to 
the ground. Furthermore if the Reynolds stresses are simulated 
in the artifical boundary layer the flow will eventually tend 
to the required natural boundary layer flow. 

Several methods have been published for the 
simulation of the shear flow in a wind tunnel. These include 
a grid of rods (Owen, Zienkiewicz 1957), a curved gauge screen 
(Baines 1963) and a grid of flat plates (Strom 1962). None 
of these methods were intended to simulate the turbulence 
properties of'the atmosphere. If the requirement for high 
intenSity turbulence is to be met, supplimentary turbulence 
generators will be needed. These cannot be placed upstream 
of the grid as the turbulence will be damped during its 
passage through the grid. Nor can they be placed downstream 
as this would destroy the velocity profile. The only 
possibility of modifying any of the above systems is to 
place the turbulence generators onto the grid elements 
themselves; a grid of flat plates is the most convenient in 
this respect. This is the approach followed by Lloyd as 
part of a C.~.G.B. research contract at Bristol UniverSity. 
In order to achieve a reasonable velocity profile apprOXimately 
ten plates will be required and initially the scale of 
turbulence will be of the order of the plate spacing. There 
would be some subsequent interaction to produce larger 
scales of turbulence but, as there is no mechanism for the 
production of large Reynolds stresses, one would not expect 
this process to proceed rapidly. In view of this the 
turbulence production will be relatively small (compared 
with a natural boundary layer) and there would be a net 
decay of turbulence. This is probably not serious in itself 



but the lack of turbulence production implies a deficiency of 
energy at the low frequency end of the spectrum which is so 
important in plume studieso It was therefore decided not to 
follow this approach for the simulation of the atmosphere in 
the C.EoR,L, low speed wind ttmnelo Instead it was decided 
to concentrate on the production of high ensity 
turbulence with large Reynolds stresses and to allow the 
velocity profile to develop naturally as a result. This 
does require a comparat ly large upstream fetch but in those 
cases where the velocity profi.le is important the model can 
be placed towards the rear of the working section. 

The system adopted was a simple barrier or Hwalll! 
of appropriate height placed on the floor of the tunnel 
followed by a set of vortex generators with their 
incidences in alternate d ctions. This produces large 
Reynolds stresses and a.hlO gives the required mixing. As 
the vortex generators are at alternate incidences the total 
stream-wise vorticity is zero (strictly there may be a small 
net vorticity if the incidences are unequal) but there is 
considerable stream-wise vorticity local regions. As 
this pattern of flow is consistent th Townsend U s description 
of the flow in a natural boundary layer (Townsend 1957) and 
the flow processes are consistent with the requirements set 
out above, this system appeared promisingo 

The height of the boundary layer developed by this 
system will be fractionally greater than th~ height of the 
vortex generators. An dea of the height of the wall can be 
calculated, as the momentum thickness of the required boundary 
layeI' is related to the total system drag by an equation 
which is very similar to Von Karm.§.n~s momentum integral 
equa tion c]lor a seventh root velocity profile it is found 
that the wall hetght should be about 1/10 of the boundary 
layer thickness. The vortex generators were chosen rather 
arbitrartly as 45 0 deltas; a reasonably low aspect ratio is 
required so that the vorti.ces separate from the leading 
edgeo Exoiic planforms like ogee or gothics could be used 
but there no need for a stable vortex pattern~ in fact 
a too stable vortex pattern would be a disadvantage. Some 
control over the Reyncld9 s sses can probably be obtained 
by adj1)~sting the vortex generator incidence and presumably 
the vortex or spacing has some effect on the scales 
of turbulenceo As a sing poi the vortex generator spacing 
was chosen equal to height 0 This s arbitrary but seemed 
plaus leo 

One d sadvantage 
tially thB turbulence s 

1at d ction; 
a too stab positiono As 
behind the wall they will 
stream and 1 ft 
strength and position 

e c T 3 11 
direction. 

T 
t :res 

present approach is that 
will not be homogeneous 

vortices may tend to take up 
vortex generators are placed 

j e cted to a non--uniform 
tuate thus causing the 

ling vo iCity to 
non~homogeniety the 

of sent approach is 
p_ocesses which occur in a 
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natural boundary layer. The difference between the natural 
boundary layer and the artificial one is that in the former 
the turbulence production is gradual whereas in the present 
case most of the turbulent energy is produced rapidly in the 
region close to the wall. The stream-wise vorticity which 
develops gradually in the natural boundary layer is suddenly 
introduced by the vortex generators thus producing the large 
Reynolds stresses. From this point on the two flows are 
qualitatively similar and will develop in a similar manner. 

4. EXPERIMENTAL WORK 

At the outset of this work a suitable wind tunnel 
was not available at C.E.R.L. A small wind tunnel, which 
had been designed for qualitative demonstrations of the effect 
of wind on stranded condu~tors, was therefore adapted for the 
purpose by fitting a 1 ft working section. Unfortunately the 
lateral and vertical turbulence intensities in this tunnel are 
very large and this makes the comparison of the effects of a 
change in vortex generator configuration virtually impossible. 
The results presented in this section should therefore be 
interpreted cautiously and much more work is needed in a 
tunnel with a reasonably low turbulence level before final 
conclusions can be reached. 

4.1 Preliminary Measurements 

The preliminary measurements were confined to the 
longitudinal component of turbulence and the mean velocity 
profile as the equipment necessary for the measurement of 
lateral and vertical turbulence was not available at that time. 

Six vortex generators at ~lternate incidences of 50 
were spaced equally across the 1 ft2 duct. A i-inch square 
bar was u:3ed as the "wall" which was placed 1 in. in front of 
the 2 in. high vortex generators. To simUlate the roughness 
of the ground the floor of the duct behind the vortex 
generators was covered with corrugate~ cardboard with a peak
to-peak amplitude of about 1/8 in. Two measuring stations 
were provided with the probe wire at j~ in. and 18t in. 
respectively from the trailing edge of the vortex generators. 

A DISA 55A~5 miniature hot-wire probe was used for 
the turbulence and mean velocity mea,3urements in conjunction 
with a DISA 55A01 constant temperature hot wire anemometer. 

The velocity profiles at the forward measuring 
station for vortex generator settings of ± 50 and the wall 
heights of t in. and ~ in. are :3hown in Pig. 1. Due to the 
non-linear response of the hot-wire anemometer a small error 
in reading the D.C. voltmeter gives rise to a large error in 
the velOCity. Furthermore the instrument needle was rather 
unsteady as the meter time constant was quite low. The 
experimental points show considerable scatter particularly 
in the upper part of the boundary layer. 

With the i in. wall a reaJonable velocity profile is 
obtained although, surprisingly, the momentum defect i3 
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where n L;; the frequency and V 10 the velocity III H;et per 
second at the 10-metre reference height. In the present case 
the free stream velocity is 50 ft/sec. and with a seventh root 
profile, V10 would be 30 ft/sec. approximately. Allowing for 
a scale factor of about 1/6000 between model and full scale 
X = 1 corresponds to a frequency of approximately 50 Hz. 

In spite of the enormous scatter, the frequency. 
Bpectrum in the model atm03phere3eems to agree reasonably 
well with that of Davenport (1963). The departure from 
Davenport's formula may be due to the reBponde of the hot wire 
anemometer which begins to falloff at a frequency of about 
2 KHz for a wind spe.ed of about 30 ft/sec. Also, as the 
Reynolds number is quite small, some viscous dissipation may 
affect the results. 

Harris (1963) has proposed an alternative formula 

nF(n) x 

for the spectral density. At high frequencies this formula 
is virtually the same ad Davenport's but for X<1 Harris' 
formula gives a greater spectral dendity. The present results 
are not accurate-enough to chose between the two, and full
scale measurements to establish the lower frequency components 
are required. For problems in the dynamics of structures the 
difference between the two proposed spectra may not be of 
importance as the structural frequencies .tend to lie in the 
region X>1 where they agree. For plume dispersal problems the 
low frequencies are all important and it is essential to resolve 

s difference. 

In order to check that the profile 1:.1 maintained as 
it proceedJ down the tunnel measurements were made at the 
re9rward mea3uring Jtation 15 in. further downstream. The 
V(~ oei ty profile i'.3 shown in l!'ig. 4 while the turbulence 
Jf:njiel is dhown in Pig. 5. An examination of the velocity 
profile shows that it has scarcely changed since the forward 
measuring station. 

Compared with the ~tirbulence levels at the forward 
maa:Juring station the inten3i ty had been reduced in the region 
close to the wall and increased in the outer half of the 
bound·ary layer. Compared with natural boundary layers, the 
turbulence inten3ity in the upper half of the boundary layer at 

forward meaduring station is too low (neglecting the 
spurious free stream turbulence). 

Ad the redults of these preliminary tests were quite 
promiSing it wa3 decided to go ahead with measurements of the 
lateral and vertical turbulence intensity and spectra. In 

problems, these are of greater importance than the 
longitudinal turbulence. 
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considerably greater than that for a seventh root profile. 
This was later found to be a spurious effect due to non
linearitye With a i-inch wall the momentum defect is, as 
expected, considerably greater but the velocity profile does 
not resemble a reasonable boundary layer profile and a 
greater downstream distance would be required to obtain the 
required velocity profile. 

The turbulence intensity is shown in Fig. 2 for each 
of the two preceding cases. The turbulence intensity is 
presented as a percentage of the free stream velocity, not the 
local velocity, as this gives a clearer picture of what happens 
in the region close to the ground. The percentage local turbu
lence was calculated from the formula: 

~ 

J~'~ w % turbulence = 100 --- = 100 V 
ulocal rms V2_V 2 

o 

where Vrms is the root mean square voltage output of the 
constant temperature anemometer, V is the mean output voltage 
and Vo is the output voltage at zero wind velocity. 

This formula is justified only if the intensity is 
small and the characteristics of hot wire anemometer can be 
assumed locally linear. In the present case the r.m.s. 
turbulence level in the wall region is of the order of 30% for 
the case of the i-in. wall and 60% for the i-in. wall. The 
peak-to-peak excursions in velocity must be considerably 
greater than this and it is clear that considerable errors must 
be present in these measurements. 

The high free stream turbulence level (2i% approximate} 
would not be a disadvantage in an actual model test as the model 
would in most cases be well immersed in the boundary layer. 
In these tests it is an irritation as we wish to measure the 
effect 9f the vortex generators in this region and the effect 
of small changes is lost in the general background turbulence. 

The longitudinal spectrum of turbulence was measured 
at a height of 5 mme As the height of the earthUs boundary 
layer is of the order of 1000 ft the present flow is a model 
of the earthVs boundary layer with a scale of about 1/6000 and 
the 5 mm height corresponds to about 100 ft full-scale. 

The spectrum is shown, to an arbitrary scale, in 
Fig. 3 where the line shown is DavenportUs proposed spectrum: 

nF(n) 

with the constant scaled for best fit. In the above 
proportionality 

x = 4000 ~to 
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4.2 Lateral and Vertical Turbulence Measurements 

4.2.1 Descript~on of equipment 

In some problems, particularly plume studies, the 
lateral and vertical turbulence components are of greater 
importance than the longitudinal component. The next stage 
in the investigation was to measure the lateral and vertical 
intensity of turbulence and the shear stress. A DISA 55A32 
cross-wire probe was used in conjunction with two DISA 55A01 
constant temperature anemometers. Several measurements were 
made with this equipment using a DISA 55A06 correlator to 
process the signals from the two wires. The intensities of 
lateral and vertical turbulence could be measured with 
reasonable accuracy with this equipment, provided the two 
wires of the cross wire probe were well matched. Spectra 
of turbulence were also measured but the large scatter made 
interpretation of results difficult. 

To overcome this difficulty a P.A.C.E. TR.10 was 
used. This equipment consists of interchangeable summing 
amplifiers,·integrators, multipliers and adjustable function 
generators. By squaring and integrating the output of the 
wave analyse~, more accurate spectra could be obtained. 

It was then realised that the output of the hot-~ire 
anemometers could be linearized ~o that a voltage proportional 
to the velocity is obtained. By adjusting the final output 
gain of each lineariser, the sensitivity of the two wires can 
be equalized. This removes a possible source of error in 
measuring vertical and lateral turbulence. A schematic 
diagram of the linearizer used in the experiment.is· shown in 
Fig. 6. Amplifier A1 is a buffer which is required because 
the multiplier has a low input impedance. The V.D.F.G. 
(Variable Diode Function Generator) is adjusted to suit the 
particular hot wire anemometer, in most cases a 2.2 power 
law gives good results and it is seldom necessary to re-adjust 
the functioR generator when the hot wire is changed. The 
only adjustments required in normal operation are to ad just . 
the potentiometer P1to give zero output for zero flow velOCity 
and to equalise the outputs of each linearizer by adjusting 
the final gain. The diagram is only schematic; in actual use 
the functions of some of the amplifiers can be combined and 
the linearizer can be made to work with only three amplifiers. 

The dynamic performance of the linearizer was 
checked with a 1 volt r.m.s. sine wave superimpooed on an 
8 volt D. C. input. ThL3 respresents about 80% turbulence. 
At a frequency of 4 KHz no signal distortion was visible on an 
oscilloscope and no ch~ng~ of amplitude or phase could be 
be seen. Distortion of the signal was first noticed at 6 KHz. 
and the output was3-dB down at about 15 KHz w'ith about 450 
phase shift. With the input signal at 0.5 volt r.m.s. no 
distortion of the signal was visible at all fr~quencies up to 
150 KHz and the 3-dB point was at a frequency of about 30 KHz. 
The performance of the two linearizers was identical in all 
respects at all frequencies, as far as can be ascertained 
from a visual examination of oscilloscope traces. This is 
important as lateral velocity is obtained from the 
difference of the two linearizer outputs. 
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The linearizers can therefore be used with confidence 
at frequencies up to 1 KHz and, for moderate turbulence levels, 
reasonable results can be obtained at frequencies up to 10 KHz. 
This performance is adequate for all work envisaged at C.E.R.L. 
but would not be adequate for work in thin boundary layers or 
in the mixing region of a small jet. 

Fig. 7 shows a typical calibration curve for a DISA 
55A32 probe. With the probe in a stream with a turbulence 
level of about 30% (r,m.s.) the following quantities were 
measured: 

(1) Maximum and minimum velocity in 5-minute interval. 

(2) Mean velocity using a linearizer, a low-pass filter 
and a digital voltmeter. 

(3) Mean voltage of output of non-linear hot-wire 
anemometer. 

.. Due to non-linearity the average voltage corresponds 
to a velocity nearly 20% lower than the true mean velocity. n 
In a highly turbulent flow a linearized hot wire anemometer is 
therefore essential for accurate velocity measurements. At 
very low speeds where a pitot-static tube is insensitive, the 
linearized hot-wire anemometer may be the only instrument 
which can be used. Such cases will arise in plume and re
entrainment problems where buoyancy scaling dictates the use 
of a very low tunnel speed. 

The other advantages of using a linearizer are that: 

(1) Wire inequalities can be compensated. 

(2) Analysis of the results is very much easier. 

(3) Except where very high accuracy is needed, the wires 
need not be calibrated. 

(4) For very low velocities the effects of natural 
conveotion on the output can be compensated by adjustment of 
the function generator. 

(5) The higher velocities can be measured more accurately. 

As all of the results obtained for lateral, vertical 
and longitudinal quantities have since been repeated with 
linearized hot wire anemometers the earlier non-linearized 
results will not be presented. The results are the same in 
both cases except in the region close to the wall where the 
high turbulence intensity causes discrepancies, particularly 
in the mean velocity profile. 

Unfortunately most of the amplifiers available were 
used in forming the two linearizer channels, the necessary 
sum and difference units and the multiplier for the 
correlation. This left insufficient equipment to set up an 
integrator f·or an r.m.s. meter. However, the r.m.s. meters on 
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the DISA correlator and on the Fenlow S.A.2 wave analyser 
have a barely adequate time constant for the present purpose. 
This will not be true in the case of measurements in the low
speed wind tunnel where the scale will be about 10 times as 
great and the velocity lower. 

4.3 Experimental Results 

4.3.1 Intensity of turbulence 

The longitudinal, lateral and vertical turbulence 
intensities are shown in Fig. 8. The high fre~ stream 
turbulence level is unfortunate and it would not be 
profitable to make a comprehensive set of measurements in 
this tunnel. Most of the energy in the free stream turbulence 
is at frequencies ~round 300 Hz. This is about equal to the 
blade frequency of the fan which is upstream of the working 
dection. A more comprehensive series of tests will be carried 
out in the low-speed wind tunnel. For the time being it is 
assumed that the free stream turbulence can be subtracted out 
to give results which will be indicative of those pertinent 
to a low free stream turbulence. 

The turbulence intensity, with the free stream level 
subtracted out, at the forward measuring station (3 in. behind 
the vortex generators) is shown in Fig. 10. The longitudinal 
turbulence measured with the cross-wire probe is in agreement 
with the measurements made earlier with the single probe. 
The relative intenSity of the three components of turbulence 
is typical of natural boundary layer measurements~ e .• g. 
Klebanoff 's' data which are quoted by Schlichting (1960). As 
noted before, there is a deficit of turbulent energy in the 
outer half of the boundary layer. It is felt that although 
these conditions are likely to prevail they can be reduced by: 

(a) Producing the maximum possible mixing. 

(b) Ailowing the profile to develop naturally until 
the turbulent energy balance is righted. 

An attempt at turbulent energy production in the oute~ half 
of the bound'ary layer would extract too much energy from the 
mean flow and create an unrepresentative velocity profile. 
In some cases this may be allowable and some compromise in 
this direction could then be made. 

The velocity profile at the forward measuring station 
is shown in Fig~ 9. The two runs were made on separate 
occasions firstly with the probe cross wires vertical and 
secondly with the cross wires horizontal. The results are 
consistent and show that reasonable seventh root profile has 
been obtained. There is dome departure from the required 
profile in the upper part of the boundary layer. 

A 1/8 in. diameter rod was placed at a height of 
25 mm in order to find how much turbulence was produced. 
The velocity defect in the outer half of the boundary layer 
is, as expected, considerably increased (Fig. 11) and this 
is accompanied by a uignifieant change in the turbulent intensity 



20. 

at heights above the rod (Fig. 12). Surprisingly there seems 
to be a reduction of turbulent intensity at heights less than 
25 mm. The vorticity shed from the lower side of the rod is 
of opposite sign to that shed by the wall and some 
cancellation may have occurred by their interaction. 

The vertical turbulence intensity (Fig0 13) follows 
the same pattern but here the results are less reliable as 
the:: intensities are smaller and the free stream level much 
higher. 

The addition of the small rod therefore improves 
the turbulence representation of a natural boundary layer 
but the choice of the rod diameter is clearly a compromise 
between an adequate turbulence intensity and an excessive 
velocity defect in the mean flow. Given time, the mean 
velocity profile and the turbulence intensity will sort 
themselves out by the action of the Reynolds stresses. 
Probably the best approach is to err on the side of 
excessive velocity defect. 

4.3.2 The Reynolds stresses 

The importance of the Reynolds stresses in 
ensuring the correct downstream develop~ent of the 
boundary layer has been pointed out in the earlier discussion. 
These are not easy to measure but the results presented here 
are believed to be accurate enough to draw qualitative 
conclusions (Fig. 14). The multiplier used in these 
measurements is not accurate at low input levels so that the 
correlations in the free stream are not quite zero. The 
correlation coefficient is also affected by errors in wire 
angle. Roughly an error of 10 on one wire gives a spurious 
correlation coefficient of 0.04. 

With the 1/8 in. rod in position the Reynolds 
stresses are lower near the floor and higher in the outer 
half of the b®undary layer. This is consistent with the 
longitudinal and vertical turbulence levels and the correlation 
coefficients are very similar for both cases at a value of 
about 0.4. This is typical of turbulent boundary layers such 
as LauferUs (1950) measurements in channel flow. The 
"plateau" in the shear stress distrtbution at heights from 
20 mm to 35 mm is not unexpected and at an earlier stage 
there would have been a peak in the distribution at a height 
a little greater than that of the rod. 

4.3.3 The turbulence spectra 

In the earlier measurements a Muirhead D-489-G wave 
analyser was used. This is not entirely suitable for 
turbulence measurements as a separate r.m.so meter with a 
large time constant is neededo Also the frequency range does 
not extend to low enough frequencies. A Fenlow S.Ao2 wave 
analyser was therefore used subsequently. This allows analysis 
at frequencies down to 0.3 cis without speed changing on a 
tape recorder. The meter time constant of 15 sec. is adequate 
for the higher bandwidths. For accurate results at the lower 
frequencies a separate rom.s. system is required. During 
these tests such a system could not be provided as the 
equipment has been used to linearize the Signal. For future 
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tests in the low-speed wind tunnel the necessary equipment 
will be available. As a result the spectra shown here still 
show considerable scatter but not enough to significantly 
alter the conclusions drawn from them. 

The experimental turbulence spectra are shown in 
Fig. 15. The two sets of data are for the linearized and un
linearized hot wire anemometers. They are in good agreement 
over most of the range but the scatter on the linearized 
results is quite large. It should be noted that these spectra 
are of the total turbulence and that the free stream 
contribution has not been subtracted. This makes no serious 
difference to the longitudinal spectra as the free stream 
intensity is small compared with the total. This is not 
true for the vertical and lateral turbulence. The free 
stream turbulence has considerable energy at around 300 HZ 
which happens to be the fan blade frequency. Due to the 
complicated process of energy exchange within the spectrum 
subtracting out the energy at each frequency would serve 
little purpose. 

The two curves shown with the lon~itudinal spectrum 
are the spectra proposed by Davenport (1963) and H~rris (1963). 
The ordinate has been adjusted to give a reasonable fit with 
the experimental data and the frequency scale has ueen 
adjusted in accordance with a reduced scale of 1:8000 which 
seems to provide a better fit than the 1:6000 used in the 
preliminary tests. There is some deficiency of energy at 
the higher frequencies, as was remarked upon in Section 4.1 
on the preliminary measurements. In the middle range of 
frequencies, 30 Hz to 200 Hz,the measured spectrum agrees 
reasonably well with Davenport 9 s proposed spectrum. At 
frequencies lower than this, however, the spectrum appears 
to approach that proposed by Harris (1963). The result 
cannot be explained by scatter in the data as Davenport 9 s 
spectrum has an energy of about 1/5 of Harris 9 at a 
frequency of 10 Hz. 

It is suggested that Harris 9 spectrum is nearer the 
truth at low frequency and that the model boundary layer produced 
by the vortex generators is a little deficient in the energy 
level in the middle range of frequencies compared with the 
natural atmospheric boundary layer. 

Turbulent energy production by the Reynolds stresses 
acting on the mean flow should increase the energy level at 
low frequenc;ies, relative to the high-frequency components 
as the flow proceeds down the tunnel. Indeed the fact that 
there is a significant energy level at low frequencies 
suggests that this process has already started. 

It is difficult to make a meaningful comparison 
of the vertical turbulence with the spectrum proposed by 
Panofsky, because of the large free stream turbulence. 
PanofskyVs spectrum (quoted by Davenport 1963) is shown 
to the same vertical ordinate. As this is a function of 
the non-dimensional group nz/U there is no free parameter in 
fitting this curve. At frequencies around 300 Hz, where 
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there i3 considerable energy in the free stream, the measured 
spectrum is well above Panofsky's. At lower frequencies 
however, where the free stream turbulence is small there is 
fair agreement. There is therefore a prospect that reduced 
free stream turbulence would bring the ;;.,pectra into much 
better agreement. 

There is not much to be said about the lateral 
spectrum except that it lies between the other two in a 
plausible manner. . 

The results of the measurements at the forward 
measuring station show that the proposed system 

(a) Produces high turbulence intensity 

(b) Significant energy'content at low frequency 

(c) Longitudinal, lateral and vertical turbulence 
intensities in roughly the desired proportiond. 

(d) A reasonable approximat~on to the velocity profile 

(e) High Reynolds stresses. 

The main fault in the propoied system appears to be that the 
turbulence intenSity is too low in the outer half of the 
boundary layer and too high in the region close to the ground. 
The addition of an extra rod at about half the boundary layer 
height improves the situation but the velocity profile is 
distorted. In most cases it will be possible to find a suitable 
compromise. 

Further work is needed in a reasonably low turbulence 
tunnel to establish the true vertical and lateral spectra and 
also tests at a higher Reynolds number are needed to find 
whether the d~screpancy in the energy at high frequency is due 
to the viscous dissipation. It i;3 also necessary to 'find out 
how far downstream of the vortex generators the flow becomes 
homogeneous in the lateral direction and how long it takes 
for the mixing process to develop the required turbulence 
intenSity in the outer half of the boundary layer. A 
systematic examination of the effect of such variables as 
vortex generator spacing and incidence would also be 
adva~tageous. Most of these studies were not worthwhile in 
the wind tunnel used for the preliminary tests reported here 
in view of the excessive free stream turbulence. This wind 
tunnel was never intended for precise work and was used in 
the present investigation as it was the only tunnel readily 
available. 

The remaining problem is whether the dubsequent 
development of the model boundary layer follows the required 
pattern. 

Measurements were taken at the rearward measuring 
dtation which i8 1 ft (about 6 boundary layer heights) further 
downstream. Ad expected there i3 conJiderable decay of 
turbulenc~ accompanied by transfer of turbulent energy from 



the wall region to the outer part of the boundary layer. 
Some of the energy decay is balanced by the turbulent energy 
production at the rough floor. In the floor region the 
turbulent energy will decay until the tqtal energy production 
balances the decay rate. This decay process operates on the 
total turbulence and subst~acting out the original free- , 
stream turbulence may not be valid. The turbulence measurements 
at the rearward station are shown in Fig. 16. 

The Reynolds stresses at the rearward mel;lsuring. 
station are shown in Fig. 17. They follow the expected 
pattern, being somewhat reduced in the wall region but 
increased in the outer region. It also appears that some 
boundary layer growth has taken place. 

5. CONCLUSIONS 

A new and promising method of simulating the flow 
in the earthVs boundary layer has been developed. For 
boundary layers with moderate shear, such as the seventh 
root profile, the velocity profile can be developed within 
three boundary layer heights by means of a system of a 
barrier combined with a set of vortex generators. Boundary 
layers with much larger shear require a greater distance for 
development. The turbulent energy of all thr~e components is 
som'ewhat greater than that in a natural boundary layer at low 
heights but is deficient in energy in the outer part. The 
situation improves as the flow continues down the tunnel. The 
spectra of turbulence have considerable energy at low 
frequencies and the longitudinal spectrum is in fair agreement 
with those proposed by Davenport (1963) and Harris (1963); at 
very low frequencies the measured spectrum tends to agree more 
with the Harris spectrum. The high intensity of turbulence 
in the free stream makes if difficult to compare the vertical 
spectrum with PanofskyVs results in the real atmosphere. It 
is believed that when the results are repeated in a tunnel with 
lower turbulence better agreement will be obtained. As the 
flow proceeds down the tunnel the mixing action of the vortex 
generators causes an increase of turbulent energy in the outer 
half of the boundary layer and a decrease in the region near 
the ground and the developed flow is a good approximation to 
the natural boundary layer. 
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