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ESDU DATA ITEMS

Data Items provide validated information in engineering design and analysis for use by, or under the supervision
of, professionally qualified engineers. The data are founded on an evaluation of all the relevant information, both
published and unpublished, and are invariably supported by original work of ESDU staff engineers or consultants.
The whole process is subject to independent review for which crucial support is provided by industrial companies,
government research laboratories, universities and others from around the world through the participation of some
of their leading experts on ESDU Technical Committees. This process ensures that the results of much valuable
work (theoretical, experimental and operational), which may not be widely available or in a readily usable form, can
be communicated concisely and accurately to the engineering community.

We are constantly striving to develop new work and review data already issued. Any comments arising out of your
use of our data, or any suggestions for new topics or information that might lead to improvements, will help us to
provide a better service.

THE PREPARATION OF THIS DATA ITEM
The work on this particular Data Item was monitored and guided by the Wind Engineering Panel. This Panel, which

took over the work on wind engineering previously monitored by the Fluid Mechanics Steering Group, first met in
1979 and now has the following membership:

ESDU Copyright material. For current status contact ESDU.

Chairman

Mr T.V. Lawson — Bristol University

Members

Mr C.W. Brown — Freeman Fox Ltd

Prof. J.E. Cermak’ — Colorado State University, USA

Dr N.J. Cook — Building Research Establishment

Mr D.D. Croft — Ove Arup and Partners

Prof. A.G. Davenport” — University of Western Ontario, Canada
Dr D.M. Deaves — Atkins Research and Development

Dr A.R. Flint — Flint and Neill

Prof. D.H. Freeston" — Auckland University, New Zealand

Mr R.I. Harris — Cranfield Institute of Technology

Prof. K.C. Mehta" — Inst. for Disaster Research, Texas Tech. Univ., USA
Mr R.H. Melling — Racal Antennas Ltd

Dr W. Moores — Meteorological Office

Dr G.A. Mowatt — Earl and Wright Ltd

Mr J.R.C. Pedersen — Independent

Mr C. Scrutton — Independent

Mr R.E. Whitbread — British Maritime Technology Ltd

Mr G. Wiskin — British Broadcasting Corporation.

Corresponding Members

The technical work involved in the assessment of the available information and the construction and subsequent
development of the Data Item was undertaken by

Mr N. Thompson — Group Head, Wind Engineering

The person with overall responsibility for the work in this subject area is Mr N. Thompson, Head of Wind Engineering

Group.
Document Sharing Hub
Copyright Engineering Sciences Data Unit
Provided by IHS Markit under license with ESDU Licensee=/, User=,
No reproduction or networking permitted without license from IHS Not for Resale,

Full document details: ESDU 86010 E 1991


http://www.avadocuments.com/doc/esdu-86010-e-1991
http://www.avadocuments.com/doc/esdu-86010-e-1991

ESDU Copyright material. For current status contact ESDU.

ESDU 86010

CHARACTERISTICSOF ATMOSPHERIC TURBULENCE NEAR THE GROUND
PART I11: VARIATIONSIN SPACE AND TIME FOR STRONG WINDS (NEUTRAL

ATMOSPHERE)
CONTENTS
1 NOTATION AND UNITS
2. BACKGROUND AND SUMMARY OF DATA PRESENTED
21 Purpose and Applicability
22 Basis of the Data Presented
2.2.1 Sourcesof data and uncertainty
3. INPUT DATA
4, JOINT-PROBABILITY DENSITY
5. CROSS-CORRELATION FUNCTIONS
51 Analytical Expressionsfor the Cross-correlation Functions
5.1.1 Zero-lag cross-correlations
6. LENGTH SCALESOF TURBULENCE
6.1 Principal Length Scales
6.2 Compound Length Scales
7. CROSS-SPECTRAL DENSITY AND COHERENCE FUNCTIONS
7.1 Coherence Functions
7.1.1 Separationsin along-wind direction
7.1.2 Separationsnormal towind direction
7.2 Co-coherence, Quad-coherence Functions; Phase Angle
7.2.1 Phaseanglefor horizontal separations
7.2.2 Phaseanglefor vertical separations
8. REFERENCES AND DERIVATION

Page

A DWW

ol

10
11

12
13

13 ;‘;
14
15
15 -
15

17

APPENDIX A DERIVATION OF INTEGRAL LENGTH SCALESOF TURBULENCE AND
COHERENCE FUNCTIONS

Al

A2.

INTEGRAL LENGTH SCALES
A1l Derivation of Length Scalesfrom Turbulence Data
Al2 Corrédation of Length Scale Data

DERIVATION OF COHERENCE FUNCTIONS
A2.1 Comparison with the Simple Exponential M odel

Copyright Engineering Sciences Data Unit
Provided by IHS Markit under license with ESDU Licensee=/, User=,
No reproduction or networking permitted without license from IHS Not for Resale,

Full document details: ESDU 86010 E 1991

20
20
20

21
23

Documents

Document Sharing Hub


http://www.avadocuments.com/doc/esdu-86010-e-1991
http://www.avadocuments.com/doc/esdu-86010-e-1991

ESDU 86010

CHARACTERISTICSOF ATMOSPHERIC TURBULENCE NEAR THE GROUND
Part I11: variationsin space and time for strong winds (neutral atmosphere)

1. NOTATION" AND UNITS
S British
a; decay constant in exponent of Equation (7.5) for y,; (Ar)
Cilr.rity, cross-covariance function; time averaged value of product ~ m?/s? ft?/s?
Cjilar} i{r; t}-i{r;t+t}
= f longitudinal correlation function, see Equation (5.5)
[a
7 g lateral correlation function, see Equation (5.6)
E h gradient height, i.e. height of upper edge of Earth's m ft
§ boundary layer; see Section 3
§ ' {r; t}, i_ general value of gust component at pointr or r' and timet m/s ft/s
2 st wherei,j=u,vorw
?, " general length scale of i-component of turbulencein m ft
= ' direction of r (see Section 6)
(S)
o) Y4 principal longitudinal length scales of turbulence m ft
" ur v w measured along r = x, y or z axis respectively
= (see Section 6)
(O]
‘é n frequency Hz Hz
£ P{i,j}, joint-probability and joint-probability density functions ’/m? SIft?
% pii,j} respectively (see Section 4)
S P,{I, I'yn}, co-spectral density function, in-phase component of m?/s ft?/s
é PijtAr} Si{Ar}
- Q;i{r, r'y n},  quad-spectral density function, out-of-phase component of m?/s ft?/s
QjitAr} S{Ar}
r;r position vectors denoting points (x, y, 2) and (X, Y', Z) m ft
respectively
Ff longitudinal non-dimensional separation when Ar isin

direction of i-component; Ar/ rLi

* For notational convenience, the dependency of the various cross-correlation and cross-spectral functions on the relative spatial location
of the paints (x, y, z) and (X, ¥, Z) is denoted by Ar; in practice the various functions are also dependent on z,, = ¥z + 7). Also, the
functional dependenceon T or nisdropped from the notation used in the main text.
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VZ

VlO

X, Y, Z

AX, Ay, Az

N1
0 {Ar}; 6

piitr.rits,
pi;tATr}
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lateral non-dimensional separati on when Ar isnormal to
direction of i-component; Ar/(2'L,)

distance separating pointsr and r'; (Ax2+ Ay2+ AZ2) 72

equivalent separation distaqce for non-zero time lag;
((TV,+ AX)2 + Ay2 + AZ%) 72

component of Ar, resolved in direction in which gust
component i is acting

single point spectral density function
cross-spectral density function

time

fluctuating or gust components of wind speed along X, y
and z axes respectively

average of hourly-mean wind speed at pointsr and r';
V=V, az=2z,

hourly-mean wind speed at height z over the site

V,at z= 10 m over site

system of rectangular cartesian co-ordinates with x-axis
defined in direction of mean wind and z-axis vertical

X=X, y-y, z-7
equivalent longitudina separation equal to x—x' +V 1t
effective height above ground level obstructions

mean effective height; ¥2(z + Z)

surface roughness parameter of site

s7 (ar Ji1s; - Syl

coherence function;

generalised non-dimensional separation parameter given
by Equation (7.10) for isotropic turbulence (see footnote
to Section 2.2)

transformed value of n given by Equation (7.12) for
non-isotropic turbulence

phase shift or lag angle (see Section 7.2)

cross-correlation function; C;;{Ar}/(c;c";)
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p;i{Ar; 0} zero-lag cross-correlation function
P {Ar} sym symmetrical or even part of cross-correlation function

Pii LAT } antisym  aNti-symmetrical part of cross-correlation function

o standard deviation of u-, v- or w- component for averaging m/s ft/s
time — O over period — 1hr

T incremental time lag S s

b tAT Y by eddy slope, 0,;{Ar}/(2rnAr/V ) rad rad

Suffixes

i, ] refer to u-, v- or w- component
r refersto direction of separation between pointsr and r'

A prime (') denotes avaue at the point r' or (X, Y, Z).

2. BACKGROUND AND SUMMARY OF DATA PRESENTED
2.1 Purpose and Applicability

The fluctuating wind may be considered to be composed of a mean value on which is superimposed
turbulence comprising fluctuating gust velocitiesin different directions. The properties of the mean wind
speed (variation with height, surface roughness and averaging time) are dealt with in Items 82026, 84011
and 83045. Thedefinitionsof the statistical terms used to describe the properties of atmospheric turbulence
and other background information are given in Item 74030 . Data giving the properties of turbulence in
the atmospheric boundary layer measured at single points in space (probability densities, variances,
autocorrelation and spectral density functions) are given in Item 85020° .

Thepurposeof thisltemisto provideameansof determining thestatistical propertiesdescribing therelation
between the same gust components (u, v or w) measured at different pointsin space. Data are presented
for heights throughout the atmospheric boundary layer for strong winds (V,45>10 m/s) or neutra
atmosphere conditions.

ESDU Copyright material. For current status contact ESDU.

Themain applicationisto structures (either aircraft or ground-based) of sufficient size that the non-uniform
variation of gusts acting at different points causes a reduction in the maximum fluctuating loading. This
is due to the incomplete correlation of gust properties over the structure at a particular instant or at a
particular frequency. The same effect may also induce asignificant fluctuating torque even when the mean
torqueiszero. Proceduresusing these datafor estimating al ong-wind loading dueto buffeting by turbulence
are described in Item 76001 (Superseded by Items 87035 and 88019).

In general, the statistical quantities that describe these properties in the amplitude, time and frequency

domains are:
M joint-probability densities,
(i) cross-correlation functions,

(iii) cross-spectral densities or coherence functions.
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The data presented in this Item describe the relation between the same gust components measured at
different pointsin space. The casesconsideredincludeall three components (u, v and w) at points separated
in the three principal directions (X, y, z) but guidance is given on extending the data to apply to points
separated in any general direction.

2.2 Basis of the Data Presented

Ingeneral, reliable datafor cross-correlations or coherence functionsfor strong winds (neutral atmosphere)
are sparsely reported in theliterature and many of these show considerable variationsfrom each other dueto

(1) inadequate data processing in some cases, particularly those data with trends,
(i) non-standard conditions, e.g. non-neutral atmospheric stability and non-uniform terrain.

Because of this, the data presented inthis|tem are based on theoretical model s, modified to takeinto account
the deviations from the theory as obtained from those data that have been assessed to be the most reliable.
Inthisway theeffect of parameterssuch asterrain roughness, mean wind speed and height abovethe ground
can be taken into account systematically. Additionaly, extrapolation of the model to situations where no
measured data are available can be made with more confidence, particularly for the high wind speeds
appropriate to design conditions.

General expressions for the cross-correlation functions, derived from the modified von Karman model
described in Item 85020, are given in Section 5. The corresponding Fourier transform of these relations,
to provide cross-spectral density functions (or in normalised form, the coherence functions) cannot be
obtained in convenient analytical form. Because of this a separate model is developed, again based on the
theoretical von Karman equations for isotropic* turbulence but modified empirically to account for the
significant departure from isotropy near the ground. Thismodel is described in Section 7.

Thetheoretical equations on which the models are based are complicated expressions and for convenience
they have been fitted with simpler expressions with little loss in accuracy.

Integral length scales of turbulence are required in estimating both cross-correlation and coherence data
and equations for them are given in Section 6. These are based on measured data and are consistent with
the concepts of similarity theory and theoretical relationships which enable length scales to be expressed
in terms of the standard deviation (o;) and hourly-mean wind speed. In practiceit is possibleto relate all
length scalesto XLu by simple expressions dependent on z/h.

ESDU Copyright material. For current status contact ESDU.

2.2.1 Sourcesof data and uncertainty

The majority of available measurements (summarised in Table 2.1) are for relatively smooth terrains
although some data for built-up areas are available in Derivations 6 and 16. Measurements at points with
vertical separations are limited to heights below about 180 m and measurements with lateral separations
are limited to heights below about 60 m. Furthermore there are comparatively few detailed measurements
in strong winds (neutral atmosphere) and in particular it must be emphasised that no measurements are
available for the high wind speeds associated with design conditions (V,,>20 m/s). However, despite
the limitations of the available data, the theoretical basis of the models adopted lends confidence in
extrapolating to conditions that are different from those for which the applicability of the model has been
confirmed. Thus, the datain this Item may be used for wind speeds up to design conditions, for heights up
to at least 300 m and, tentatively, for surface roughnesses corresponding to 0.0001 m <z,<0.7 m.

" For isotropic turbulence the statistical properties do not change when the reference co-ordinate axes are rotated, i.e. the properties are
independent of direction in the turbulencefield. Thisonly occursin the layer above that containing the taller ground-based structures.
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Itisnot possibleto assess precisely the accuracy of the data presented in this Item although by taking +25%
on rLi an estimate can be made of the uncertainty of the various functions that would be obtained under
conditions of ideal processing and stationarity.

TABLE 2.1 Summary of Principal Data Considered

Derivation No. Velocity | Separation Height range of Terrain
(see Section 8) | Components Ar measurements (m)
8 u; v AZ 15-155 summary of several sources
(open country, brush woods,
desert brush)
9,10, 16 u; w Ay 20, 40 island; coastal waters and
u Az 30-150 open country
12 u; v Ay 3-18 short grass
12 u; v Az 17-182 open country
15, 17 u; v Ay, Az 10-60 wind from suburban terrain
18 u Az 1-8 wind from the sea
19 u; v, w Ay 11 snow-covered rolling terrain
20 u Ay 3,57 ice; water
21 u; v, w Az 3-22 open country
21 u Ay 10 open country
3. INPUT DATA

A description of the atmaospheric boundary layer and the mechanisms producing turbulenceis contained in
Item No. 74030. The main factors that affect the production and properties of turbulence in the neutra
atmospheric boundary layer (and hence the parametersthat are required asinput datawhen using this Item)
are asfollows.

0) The hourly-mean wind speed at the site in question: the variation of mean wind speed with height
and terrain roughness is dealt with in Items 82026 and 84011 and the user should refer to those
documents for data appropriate to strong wind or neutral atmosphere conditions.

ESDU Copyright material. For current status contact ESDU.

(i) Thelongitudinal integral length scale of turbulence, XLU (from which all other length scales can be
determined) for the appropriate terrain, wind speed and heights above the ground over the site at
which dataarerequired: this can be obtained from Item 85020. Notethat duetotheir dependence
on mean wind speed, length scales at design wind speeds (V4 = 20to 35 m/s) are much lar ger
than typical values reported in the literature which have been obtained at more moderate
wind speeds (typically V5= 10 m/s). Note also that the effect on >‘Lu of any significant step
changesin terrain roughness upwind of the site should be taken into account as described in Item
85020; thisis particularly important when the site isin a built-up area.

(iii)  Theatmospheric boundary layer depth, h: for the purposes of using this Data Item it is a sufficient
approximation to use h = (1/6) u, x 10* where u, is the friction velocity given by
u, =V,¢/(25In (10/7y)). Note that with V,, and z; in m/s and m respectively, the unit of h is
metres.
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To determine the cross-covariance (C;; {Ar}) or cross-spectral density (S;{Ar}) from datagivenin this
Item, values of §; and o; arerequired. These can be obtained from Item 85020 for appropriate values of
V,, zand z,. For cases where the separation between pointsis not in the vertical direction (i.e. z= ), it
may be assumed that §; = S;; and 5; = ;" .

4, JOINT-PROBABILITY DENSITY

The probahility of the occurrence of a single event or quantity, or the probability density distribution of a
single fluctuating quantity (such as u) is described in Items 74030 and 85020. However, it is sometimes
necessary to consider the combined probability P{i, j} that particular values (ip and jp) of two components
i{r} andj{r'} will occur together.

When these quantities are entirely unrelated, the combined probability is simply the product of the
probabilities of the two separate events. For example, the joint probability of throwing a (1) followed by
a(2) in successive throws of a conventional six-sided diceis P(1, 2) = P(1). P(2) = (1/6) x (1/6) = 1/36.

When these quantities are completely correlated then the joint and the individual probabilities are equal.

In practicethese quantitiesare usually partly related and the joint probability liesbetween thesetwo limiting
cases. Itisthus not only afunction of the individual probability densities p(i) and p(j) but dependsin a
more general way oni andj. Thejoint probability P{i, j} that the two fluctuating quantitiesi{r} and j{r'}
will belessthani andjp respectively isrelated to the joint-probability density function in away analogous
to that for asingle variable (see Items 74030 and 85020), i.e.

P{ijy =[P [P pli.ijdid (41)
where [ =] pti,jydidj=1. (4.2)

Very few joint-probability density measurements of related gust components in the atmosphere have been
made. Inthe absence of more specificinformation aGaussian, or normal, joint-probability density function
may be assumed which, for two fluctuating quantitiesi and j (herei = u, v or w), isgiven by

ESDU Copyright material. For current status contact ESDU.

.2 2 .. .2 2

.. 1
pii,j} = > 128XP — (4.3)

2 2 2
2nc5ic5j[1—pij] 20; Gj[l—pij]
where p; j is the corresponding cross-correlation function (see Section 5.1).

5. CROSS-CORRELATION FUNCTIONS

The cross-correlation functions characterise the rel ationship between fluctuating velocity components at 2
points in space (separated by Ar) and in the general case at different times (time lag t). The zero-lag
(t=0) cross-correlations are especially important since they describe how the instantaneous fluctuating
component of wind velocity variesin space. Thisformsthe basis of calculating the maximum fluctuating
wind-loading component when dynamic effects due to oscillation of the structure can be ignored.

Because changes in the gust velocity at one point (r) are not necessarily reflected immediately by similar
changes in the gust velocity at another point (r'), the cross-correlation functions are not, in general,
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symmetrical functions of t about the t = 0 axis. For example, changesin u at height z and time t are
followed by related changesin u at alower height Z at sometime t+ 1 later. However, as shown in Item
No. 74030, the cross-correlation function can be considered to be composed of two components, the larger
one being a symmetrical function of T and the other being an anti-symmetrical function of t (see Sketch
5.1). Theseare Fourier transforms of the real (co-spectral density) and imaginary (quad-spectral density”)
partsrespectively of the cross-spectral density function (see Section 7). Thusthe cross-correlation function
can be written as

PiitAr} = pii{Arfgym* Pii 1A} antisym (5.1)
_’]_ 00
where PitAr gy = ﬁ jo P {Ar}cos(2rnt)dn (5.2
1 .
and PiitAT} antisym = a Io Q {Ar}sin(2znt)dn. (5.3

However, more convenient expressions for the zero-lag and symmetrical parts of the cross-correlation
functions are given in Section 5.1.

p;ifAr; t}
/l/z[p”{Ar ; 1} + py{Ar; =13 = py{Ar; ’C}Sym

Ve[p{Ar 5 1} — p;i{Ar; —1}] = p;{Ar; T}antisym

. ——,

Sketch 5.1 [llustration of symmetrical and anti-symmetrical parts of cross-correlation function

ESDU Copyright material. For current status contact ESDU.

51 Analytical Expressionsfor the Cross-correlation Functions

The zero-lag (t = 0) cross-correlations, and the even or symmetrical part of the cross-correlation function
for © = 0, can be obtained in terms of the basic longitudinal and lateral autocorrelation functions ( f and g)
givenin ltem 85020". Assumi ng that atime lag T can be converted to an equivalent spatial separation
equal to V, 1 (Taylor’s hypothesis) the symmetrical part of the cross-correlation function can be estimated
from the modified equations for isotropic turbulence with appropriate values of the length scale to allow
for the distortion of turbulence close to the ground. In general terms Equation (5.4) applieswheni = u, v
or w and is valid for separations between two points in any direction with or without atimelag t. The
important zero-lag cross-correlation cases are summarised in Section 5.1.1 since these functions are of

The quad-spectral density function is usually small and so is often ignored (see Section 7.2). It follows that the anti-symmetrical part of
piilAr} isaso small and negligible. Furthermore, when used, for example, in calculating the fluctuating component of wind loading
due to turbulence the antisymmetric and quad-coherence components integrate to zero over the structure.

T The autocorrelation functions in Item 85020 are derived from the von Karman equations for isotropic turbulence with modifications to
account for observed departures from the theory close to the ground.
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particular importance when evaluating fluctuating wind loads on structures.

pii {Ar}sym :Zf:—g_ Aq2+g' (54)

The longitudinal and lateral correlation functions (f and g respectively) can be evaluated from Figure 1,
taken from Item 85020. The parameters As; and Ar ., are equated respectively to thelongitudinal and lateral
separations with respect to the axis along which the component (u, v or w) acts and these are summarised
in Table 5.1 and also on Figure 1.

As can be seen from Figure 1, and noted in Item 85020, the dependence on zhissmall. To asufficiently
close approximation thef and g functions can be represented by the following equations, independent of z/h.

f=15(f,+1,°) (55)
2
g="%(9,+9;) (5.6)
where f, = exp[-0.822(F)*""] (5.7)
g; = exp[—1.23(Fg)0.85] (5.8)
where re=Ar;/ rLi and Fg = Ar; / (2rLi).

The length scale parameter, L , depends on the gust components (i = u, v or w) under consideration and
the direction in space of the spatlal separation. Inevaluating the f-function, L istaken asthe longitudinal
length scale L, , YL, or °L,,, for the u-, v- or w- component respectively. For the g-function a compound
lateral length scale is used based on weighted contributions from each |lateral separation normal to the axis
along which the particular gust component acts. For conveniencethese parametersare summarisedin Table
5.1 and equations for each length scale are given in Section 6.

TABLE 5.1 Summary Chart for Cross-Correlation Functions (Equation (5.4))

ESDU Copyright material. For current status contact ESDU.

Component u v W
Ar2 = Ax2+Ay2+Az2
2 2 2 2
As; (VT AX) Ay AZ
2 2 2 2
Arg = (VT AX) +Ay +AZ
f-function Ar; = As, = As = As
r X Y z
I‘i I‘u I‘v LW
1
g-function Ar, = (Arez— Aslz)/2
rLi see Equation (6.15) see Equation (6.16) see Equation (6.17)
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5.1.1 Zero-lag cross-correlations

The zero-lag cross-correlations are of particular interest and those of more practical importance are given
by Equation (5.4), or Figure 1, asfollows

PuutAY;0} = g with Fg = Ay /(2yLu) (5.9)

puu{AZO} = g with T = AZ/(2'L,) (5.10)

puu{Ar0} = g with = Ar /(2'L); Ar = (Ay?+Aa2)? (5.11)

PwiAZO} = g with = AzI(2,) (5.12)

Pu{AY:0} = g with Ty = Ay 12, (5.13)
6. LENGTH SCALES OF TURBULENCE

The length scales of turbulence are a comparative measure of the “average size” of a gust in appropriate
directions and are important scaling factorsin determining how rapidly gust propertiesvary in space. For
example, yLu isalength scale of the u gust component measured in they direction. In practiceitisusually
defined as an integral length scale since it is determined from an integration, with respect to separation
distance, of the appropriate zero-lag cross-correlation function. Thus,

L= 7 puutAy; O1d(ay)

where p,,{Ay; 0} isthe cross-correlation function for zero lag between u gust components measured at
points separated in they direction. Thelength scales*L,,YL, and L, are called longitudinal length scales
because the direction of the gust components being correlated at two pointsis parallel to the line joining
the two points. Conversely, the length scales L, , "L, "L, , i, , *L,, and YL, are called lateral length
scales. The length scales increase with increasing height above the ground up to an asymptotic value at
the edge of the atmospheric boundary layer (gradient height). Also, for a given height, they increase with
increasing wind speed and surface roughness. The reason for thisis that as wind strength increases the
boundary layer height increases and eddies within the boundary layer are stretched accordingly.
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At the upper edge of the boundary layer, for agiven wind speed and surface roughness, al the longitudinal
length scales tend to the same value which is equal to twice the value of the lateral scales. Thisiswhy,
when |ateral separationsand length scalesareinvolved, the non-dimensional separation parameter (relating
separation distance to typical eddy size) appears in the form Ar/(ZrLi) . Inredlity, the ratio between the
longitudinal and lateral length scalesis 2 only in the upper part of the boundary layer; at lower heightsthis
ratio increases and is different for each component.

" Thefactor of ‘2" derivesfrom the condition for flow conti nuity which imposes the relationship g = f+ % df/df which gives the result
00 00
thatj de=2j gdr.
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