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PREFACE

The U.S. Environmental ProtectionkAgency is charged.by Congress with
establishing and enforcing air pollution control standards to protect
the public health and welfare. To accomplish its mission, it is essential
to be able to describe and predict the transport and diffusion of pollutants
in the atmosphere. Present mathematical models are not yet adequate for
calculating concentrations of contaminants when the plume is affected
by obstructions such as hills and buildings. Field programs to obtain
adequate data are very expensive and time consuming. Small scale models
immersed in the flow of wind tunnels and water channels, i.e., fluid models,
can frequently be of use in simulating atmospheric transport and diffusion
in a timely and relatively inexpensive manner.

It is the aim of this guideline to point out the capabilities and
1imitations of fluid modeling and to recommend standards to be followed
in the conduct of such studies. The cuideline is intended to be of use
both to scientists and engineers involved in operating fluid modeling
facilities and to air pollution control officials in evaluating the quality
and credibility of the reports resulting from such studies.

The fundamental principles of fluid modeling are well-established,
but when decisions must be made concerning a particular model study, the
fundamental principles frequently dc not provide specific guidance. There
1s a need for basic and systematic modeling studies to provide more specific
guidance. This guideline will be periodically revised as more specific

experience is gained, new techniques are developed, and 01d ones refined.
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NOMENCLATURE

A constant or area

B constant

c constant

C constant or concentration

Cuw cospectrum of Reynolds stress

d zero-plane displacement

D stack diameter

£ spectrum function

f nondimensional frequency or arbitrary function
fc Coriolis parameter

fm nondimensional frequency corresponding to spectral peak
FL Lagrangian spectrum function

Fr Froude number

g acceleration due to gravity

G geostrophic wind speed

h hi11, building or obstacle height

hr roughness element height

H stack or building height

I turbulence integral scale

k von Karman constant

K eddy viscosity or diffusivity

% buoyancy length scale

Qm momentum length scale

L characteristic length scale or Monin-Obukhoy Tength



Lu

wa

integral length scale of longitudinal velocity in =« - direction

integral length scale of vertical velocity in «-direction

frequency

pressure or power-law index
Peclet number

pollutant emission flow rate
Reynolds numker

Richardson numter

bulk Richardson number

flux Richardson number
Rossby number

spectrum function

Schmidt number

time

averaging time, time of travel from source, or fluid
temperature

fluctuating velocity in x-direction (streamwise)
friction velocity

mean wind speed

instantaneous flow velocity in i-direction
fluctuating velocity in y-direction (cross-streamwise)
fluctuating velocity in z-direction (vertical)
effluent speed

Cartesian coordinate (streamwise)

coordinate in j-direction

Cartesian coordinate (cross-streamwise) or particle displacement

xi



1J
6P
sT
Ah

Ap

Cartesian coordinate (vertical) -

roughness length

molecular mass diffusivity

blockage ratio (area)

boundary layer depth

Krorecker's delta

deviation of pressure from that in neutral atmosphere
deviation of temperature from that in neutral atmosphere
plume rise

density difference

dissipation rate of turbulence, roughness element
height, or fractional error

alternating tensor

Kolmogoroff microscale

potential temperature

thermal diffusivity or wavenumber
wavelength corresponding to spectral peak
stability parameter

Kinematic viscosity

time separation

fluid density or Lagrangian autocorrelaticn function

Standard deviation (x, y, z subscripts refer to puff or plume

widths; u, v, w to velocity flucuations)
fluctuating temperature (deviation from mean)
KoTmogoroff velocity

nondimensional potential temperature gradient

nondimensional horizontal (u plus v) turbulence intensity



w

nondimensional wind speed gradient

nondimensional Tongitudinal turbulence intensity
nondimensional lateral turbulence intensity
nondimensional vertical turbulence intensity
nondimensional intensity of temperature fluctuations
nondimensional concentration

earth's rotation rate

Subscripts and Special Symbols

-~

ambient value

equilibrium value

field value

geostrophic value

Lagrangian value

model value

maximum value

value of quantity in neutral atmosphere, except as noted
prototype value

reference quantity

stack value

value of quantity in x-direction
value of quantity in y-direction
value of quantity in z-direction
freestream value

nondimensional quantity

average value

vector quantity

X194



=1. INTRODUCTICN

The present mathematical mcdels of turbulent diffusion in the lower atmos-
pheric layer tend to ignore the fundamental fluid-dynamical processes involved
in the dispersion of materials. This results from the fact that the memory
size of the latest computer is far too small to keep track of the large number
of "eddies” in a turbulent flow. Corrsin (1961a), in speculating on the fu-
ture role of large computing machines in following the consequences of the Na-
vier-Stokes equations under random initial conditions, estimated a required

13 ‘
memory size of "1C  bits, then asked if "the foregoing estimate is enough to

s

suggest the use of analog instead of digital computation; fh‘ﬁértichar, how

about an analog consisting of a tank of water?" (emphasis added). 1In spite of
the tremendous advances in computer memcries in the past twg~decades, Corrsin's
remark is still appropriate.

Fluid models of various aspects of aumospner1c motion have been descrwbed -
in the 1iterature many times. The necéss1ty of studying the dispersion of at-
mospheric pollutants, especially in urban areas, has further directed thoughts
of meteorologists towards fluid modeiing.

Many factors affect the dispersion of pollutants in the atmosphere; ther-
mal effects, the topography, the rotation of the Earth, etc. Fluid modeling
studies are desirable mostly because essential variables can be controlled at

:q

will, and the time and expense are greatly reduced from that required in full-

scale studies. It is not usual, however, for ail the factors influencing at-

mospheric dispersion to be included in a mpdel. Normally, the similarity cri-



teria are conflicting in some sense; it may be necessary to model one physical
process at the expense of not being able to model another. '

For correct modeling, certain nondimensional parameters in the prototype
must be duplicated in the model. Almost invariably, duplication of these non-
dimensional parameters is impractical or impossible. Hence, a decisicn must
be made as to which parameters are dominant. The less important ones must be
igncred. This decision will generally depend upon the scale in which the in-
vestigator is interested. For example, when studying the upper air flow above
a city, the waffle-like topography may be treated as surface roughness. The
heat island effect may be modeled by using a heated plate. If the city is
large enough, Coriolis forces may be important. If, however, the interest is
in dispersion in the immediate vicinity of buildings, the topography cannot be
treated as surface roughness. The heat-island effect would require a detailed
distribution of heat sources, and Coriolis forces could be ignored because the
aerodynamic effects of the flow around the buildings would dominate.

Chapter 2 reviews the fundamental principles for fluid modeling relevant
to air pollution meteorology and evaluates the usefulness of such models from
both scientific and engineering viewpoints. Because many detailed decisions
must be made during the design and execution of each model study, and because
the fundamental principles frequently do not provide encugh guidance, discus-
sions of the details of the most common types of modeling problems are provid-
ed in Chapter 3. Air and water are most ccmmonly used as media for the simu-
lation of atmospheric motions. The potentials of both of these fluids are re-

viewed in Chapter 4.



2. FUNDAMENTAL PRINCIPLES

A discussion of the fundamental principles for fluid modeling of atmosphe-
ric phenomena is presented here. The dynamics of the flow in the fluid
model must accurately simulate those in the field. Similarity criteria
are derived through aralysis of the equations of motion. This analysis
shows thaf various nondimensional parameters must be matched between the
model and field flows. The significance of each of these parameters is
discussed in detail. Additionally, effects in the field upstream of the
modeled area must be accounted for in the fluid model by developing appropriate

boundary conditions. Hence, some discussion of boundary conditions is included

at the end of the chapter.
2.1 THE EQUATIONS OF MOTION

The equations of motion are the starting point for the similarity
analysis. With the Earth as a reference frame rotating at an angular velocity
Q, the fluid motion is described by the following equations (Lumley and

Panofsky, 1964):

Conservation of Mcmentum

arr N ~2

%+%—%+2s,,kUk9,=-i%+%5r53‘+£5‘k (2.1)
Continuity

A

Ox; (2.2)
Energy ~

éT 66T 5%

'§+5?‘=Kaﬁ,“=hl” (2.3)

where the X5 axis is taken vertically upward, Ui is instantaneous velocity,
6P and 4T are deviations of pressure and temperature from those of a neutral
atmosphere, o and To are density and temperature of a neutral atmosphere

(functions of height), v is kinematic viscosity, « is thermal diffusivity,

&5 ik is the alternating tensor (if any two of the indices 1, j, k, are equal,

3



the component is 0; if i, j, and k are all unequal and are in cyclic order,

the component is +1; if not in cyclic order, the component is -1), § is Kro-

1J
neker's delta (dij = 1 if the two indices are equal and O if unequal), and the
summation convention is used here (whenever a suffix is repeated in a term,

it is to be given all possible values and the terms are to be added for all).

Equation 2.1 shows that the vector sum of the forces per unit mass acting
on a parcel of fluid must balance the acceleration of that parcel. The first
term represents the unsteady acceleration of the fluid element. The second
represents the advective acceleration. The remainder are, respectively, the
Coriolis force, the pressure gradient force, the buoyancy force, and the fric-
tional force per unit mass.

Equation 2.2 is, of course, the continuity equation, which expresses the
conservation of mass in an incompressible fluid. Equation 2.3 expresses the
conservation of thermal energy; the time rate of change of thermal energy
(first term) equals the convection (or advection) of energy by the flow (sec-
ond term) plus the conduction of energy (third term).

The assumptions made in deriving the above equations are:

(1) The atmosphere is composed of a perfect gas of constant
composition,

(2) the deviations of pressure, temperature, and density are
small compared with the neutral (adiabatic) values,

(3) the density is independent of the fluctuating pressure
(small Mach number),

(4) variations of v and « are negligible,

(5) the generation of heat through viscous stresses is
negligible, and

(6) there are no sources of any kind.

The second step in the similarity analysis is to nondimensicnalize the

4



aguaticns cf roticen thkrough the use cf aperopriate refererce arartities.
Reference cuantities assumed tc be suppliecd through *he bouncary corditicns
arer L, lencth; UP, velocity: eps density; 6TR, temperature cdeviaticr; and

“n, arcular velocity. The dimersicnless variables are

<

X, L L
Vo= L: = —
L Ua
U 0
[ = —5[ (_): -0
L Ogr
. oP ., oT
\)1) = =y ()T = —
opl g 0Ty
Q
0 ="
! Q

Using these definiticns to nondimensicnaiize Egs. 2.1 te 2.3 yields

L cL,oo2 y I CoP I 1 CiUY \
.yl 4_(‘r - l + Ez/ALLQ;z— e -+ ”70T031+ - /~(r (Z.a/
ct cx, Ro 0 (X, Fre Re ¢xcx,
I‘Lvl' \
.. =0
[ (:'5)
anc
0T’ CoT LT
~., L! .= o e ( 1-6\
cr N Pe lxix, VR

'

vihere RozUR/LQR is the Rossby numter,
FrEUR/(gLﬁTR/TO\1/2 is the densiretric Froude number,
ReztRL/v is tre Feynolds rurber,

and PSEURL/K is the Feciet rumber.

Corcernina the philosophy of rccdeling, Egs. 2.4 to 2.6 with apprecpriate

bcundary conditicns completely determine the flow. The cuestion ¢¥ uriqueness
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increased by 17 implies that éTR must be increased bty a factecr of 100C, which
Is, of course, hichly impractical. 1Ir general, a lencth scale reduction much
¢reater than 10 is desired.

A factor cf 15 ir the Reynolds number may te cained by modeling with
water &s the fluic medium, but then the Peclet numter and Peyrclds rumber
criteria cannot be satisfied simultareously. The Peclet numbter can te writ-
ten as the product of the Reynolds number and the Prandtl number. Even i¥
the Feyrolds rurber can be matched, the Prandtl number cannot, tecause it is
a fluid property and differs by a factor cf 10 between air and water. The
Frandt! rumber is nct, however, a critical parameter {ses later discussion).

Many examples cf this type can be shown. 211 modelars recognize that
rigorous meceling with significant reduction in scale is impcssible. Under
certain circumstarces, however, some cf the c¢riteria mayv be relaxed. In the
first example, 17 the atrospheric flow were cf neutral statility, the Frcude
rurter would te infinite. This is easily accomplished bty makinc the model
flcw iscthermal. (The vertical dimension cf a typical wind turnel is small
ercugh that the temperature cifferences tetween isctherral and strictly reu-
tral corditicns is extremely small. VFence, "neutral’ ard "iscthermal® are
used interchangeatly when referring to wind tunnel flcws.) Fence, both Fey-
nolds number ard Froude number criteria may be satisfied sirultareously.

[t is instructive now %o examine the norairensicnal parameters in de-

tail.

2.2.17 The Possby MNumter, UR/LQR

The Rossby nurker represernts the ratio of advective ¢r lccal accelera-

tiors (UP/L} to Cerievis acceleratione (croperticnal <c tcﬁg). Local acce

IS



erations may result from unsteadiness cr non-uniformities in the velocity
field. Coriolis acceleraticns, of course, result from the fact that the earth
rotates. The importance of the Possby number critericn for modeling ¢f atmos-
pheric diffusion is described as foliows.

In the planetary boundary layer, or "Ekmar” layer, which extends from
the Farth's surface to a height of cne to two kilcmeters, tke combined effects
of the Coriolis acceleration, the pressure gradient, and surface friction cause
the wind vector to change direction or spiral with increasing height from the
surface. The geostrophic wind is parallel to the iscbars, whereas the surface
wind tlows to the left across the iscbars, typically at an angle of 20° to 4C°.
The maximum rate of change of wind cirection with height occurs at the surface.

Imagine a cloud of material released at ground level in an Etkman layer.
Its transport anc dispersicn are illustrated in Figure 1. The surface winc is

directly into the paper. The crosswind velocity preofile is as shown. The ini-

CROSSWIND VELOCITY
(SURFACE WIND INTO PAGE)\‘:

— 4 DIFFUSION (NO \

— 1. INITIAL CLOUD . FURTHER TILTING)

\ —2. INITIAL DIFFUSION

A \
\ )\, 3. CROSSWIND TILTING |
.\ \ (NODIFFUSION) ‘
AN

Fig. 1. Schemauc of diffusion in the Ekman layer.

tial cloud (Step 1), teing small, is transported mairly by the surface wind.
Its size increases mainly by turbulent dispersion (Step 2). At this point,
the upper levels of the cloud will be advected in a different directicr frcm
that of the surface wind. Conceptually, the tilting of the clcuc is imacired

0 occur independently cof diffusicn, whereas, in reality, tiltirg and diffu-

O



sicn cccur simultaneously. The cleouc is tilted ty the cresswind (Step 3),
and the simultarecus turbulent diffusion (Step &) increases the width of the
ciouc at grounc level cver what it wculd have teen bty turtulent diffusior a-
lcre. In fact, the center of gravity cf a slice ¢f the clcuc at ground level
will nct follow the surface wird.

“he Fessby number describes tre relative imporiance of the Coriolis ac-
celeraticne when compared with advective, or lccal acceleraticns. If the
Possby numter is large, Coriolis acceleraticns are small, so that enhanced
dispersicr cue te directioral wird shear may te igrored. Eguivalentiy, a
rear infinite Rossby nurter is autematically matched in 2 model.

Tc dete, all wind and water turrel rmccelers have assumed the Fosskby num-
ter to te Jarce and cdiscarded the terms inveivirg it ir the eguaticns ¢f me-
<icn, or, equivalently, iarcred that particular parareter as a critericn for
mcdeling. Cerrak et al. [1C€€) made the ratrer btrcoad statement that, preovided
the typical lencth in the hcrizontal clane is less than 1EC km, the Fossby
nurber can gererally te eliminated frcm the requirements for similarity. Hi-
dy {1567) made similar statements. McVehil et al. (1%67) ignorec the Pcsstby
nurker wken modeling atmospheric metions cn the scale cf corne kilcmeter “r tre
vertical end several ters of kilometers in tre horizortal. LUkeguchi et &
(1967) claimec that the cut-off was 4C tc 50 km. Mery (7G€S) claimec that the
Ccric’is fcrce may te reglected if the characteristic length is
km. The rresent ciscussion shows that the cut-cff pcint is on the crder cf
£ lr for modelinc diffusion under apprepriate atmospheric cerditicns i.e.,
reutral or ctable ccnditions ir relatively flat terrain).

The critericn is based cn a lergth scale rather *han cn *he Rossky rum-
ter i<se’'f tecause *he argular rctaticr cf the farth, o, is a constant

03
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(Ro = UR/LQO), ard the characteristic veleccity cf the atmcspheric flow coes
not vary by more than an order cf magnitude, sc that the characteristic length
is primarily respcrsible for determining the Rossby number.

Several papers rave examined the effect of crosswind shear on disgersion.
Pasquili (1962a) measured horizontal spread both in the longitudinal and cross-
wind directions for med{um-range dispersion. Hkis data, however, were insuf-
ficient to allow firm conclusions tc be drawn about the relative importance
of turbulence and shear in promoting horizontal spread.

/2

Corrsin (1953) showed that i“tS in a uniform shear flcw (dx is stream-
wise puff width), by considering Lagrangian particle motions. Saffman (1962)
appiied the concentration-moment (von Kirmdn integral) method to the classical
diffusion equaticn (he did nct consicer turring of wind with height, althcugh
similar considerations are invelved). Fer a semi-infinite flow, ground-leve!l

3/2

scurce (puff), anrd linear velocity profile, he also found Gx“t For a com-

pletely untcunded flow, Smith (196%5) shcwed that CXItJ/Z, using statistical

techniques.

Since the contributicn to the spread frem the turtulence alcne is
Gxxt]/z, it is clear that the shear effect will eventually dominate the dis-
persion process. These soluticns are valid only for censtant ciffusivity and
large times; trey dc not provide any indicaticn c¢f the early development.
Perce, they are of no help in determining at what distance the shear effect
tecomes deminart.

Tyldesley and Wallington (196%) used a numerical scheme and an arzlcg
computer to study the effect of crosswird shear cn dispersicn. They usec an

g-step Ekman spiral except with the surface wind 221;-c frem the ceostrophic
F - A LK)

wind. They claimed that the 3/2 power law cces rot apply because *he cress-



wind shear is nct censtant with height. Their estimates indicate that tre
viirc chear beccres dominart around 4 to € kr frem the source. For much larg-
er cistances, the turbtulence will acain deminate tecause the chear gces %c ze-
rc for larce reichts.

bocstrom (1964) and Smith (196%) used statistical approaches tc the
crossyird shear probtlem. A horogerecus field cof turbulence, a rear wind
sreed which was censtant with heght, and a crcsswird comporernt which varied
lirearly with neight viere assumed. They cbtainec expressicrs valid fcr all
times ¢f travei, btut did rct estimate tires cor distarces at which the shear
voutld deminate.

Csanacy (196%) attempted to confirm analytically the numerical results
cf Tyldesley and Wallington. Because c¢f aralytical difficulties, he confineg
ris investigaticn to a slice at ground level cf a cioucd released from a source
at grouncd level. He found that, indeed, *the centroid of the slice at ground
Tevel dicd rct follow the surface wind. By the tire the clouc cccupied 1/2 cf
the Ekmar laver (“€CGCm), its distarce from a lire parallel tc the surface
wind was ¢f orcer 1C km. The cortributicn to the spread frcm the turtulence
and frem the shear vere fcurd tc be ecual at cre kilometer from the source.
Fe estirated that, in the actual atmcsphere, the shear effect would overtaoke

the turbulence effect at 2 to & km from the source. He shewed that fer c<mall

1
tires, qyat’/d (i.e., turbulent diffusicn cominates}. For intermeciate %imes,
/2 . . . . .. . . 1/2
cy«t /2 (i.e., shear-induced diffusicr cominates). For large times, cyat !

again, tecause *he clcuc keight is the same as tre Ekmarn layer depth, ard thre
flow is, ir effect, tcunded (oy is cress-strearwise puff width).
Thus far, nc ciffusion experimerts have teen reportad that have teen spe-

cifically cesigred tc examine the relative effects of turtulerce and chear,



but Pasquill (1969) reexamined twe¢ independent studies which cortain
irformatior of interest in this connection. FHe lcoked at Hegstrom's (1964)
data on the tehavicer of smoke puffs released from an elevated scurce uncer
neutral and stable stmospheric cenditions. Tre data for the crosswird spread
skcw the onset of a more rapid than linear growth at 2.5 km. These data are
screwhat misleading because they indicate the total puff width rather than the
width at a giver level. Hence, they ircdicate the todily cdistortion (tilting)
of the puff but dc not show directly the enhanced spread at a given ‘evel. In
accounting for this, Pasquill corcluded trat the erhanced spread at a given
ievel as a result of shear becomes impcrtant arcund 5 km from the source.

In aralyzing the Hanford data cf Fuguay, Simpscn, and Finds (19€4) {con-
tirucus ground release of a tracer), Pasquill concluded that the effect on
spread a* ground level uncder stable atmospheric conditions appeared tc have
set in significantly at atout 12.8 km. He summarized:

...a bodily crosswind c¢istortion of the plume from a point

scurce [either elevated or on the grounc) sets in between 2

and 2 km. However, the form of the creosswird growth curves

suggests strengly that the commrunicaticon of the cdistcrtion

to the spread at a given level was rot cf practical imper-

tarce below about 5 «m in the case of the elevated scurce

ard about 12 km in *re case of the arcund level source.

Thereafter the implication is that the shear contributicn ic

deminant.

It is evident that, if it is desired to model diffusicn in a protctype with 2
length scale greater than atout 5 km, under neutral or stable atrospheric ccn-
itions, in relatively flat terrain, the Rossby critericn should be corsiderec.

s

Cne enccuraging rote is that Farris'{7282] hrigh wind (reutral stability] re-
sults show nc systematic varia*icor in wind directicn with reight over *lat

terrain up to z=0Cr.
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2.2.2 The Reynolds Mumber, URL/u

The physical significance of the Reyralds number becomes apparent by rot-
ing that it measures the ratic of irertial forces (Ué/L) to viscous or fric-
ticnal fcrces (vUR/LZ) in the equations of retion. It impcses very strcrg lim-
itatiens on rigorous simulation; it is the most abused critericn in models of
atmospheric flows. The scale reductions cemmonly used result in mcdel Reynoids
numbers three to four crders of magnitude smaller than fourd in the atmcsphere.
The viscous forces are *thus relatively more important in the model than they
are in the prototype. If strict adherence *o the Peynolds rumber critericn
were required, no atmospheric flows could be modeled.

Varicus arguments have teen presented which attempt tc justify the use of
smaller Reynolds numbers in a model (i.e., to Justify the neglect of the Rey-
rclds number critericn). These argumenrts may te civided into three general
categeries; the lamirar fiow &nalogy, Reynolds number independence, and dissi-

pation scaling. Each of *these is discussed below.

2.2.2.1 The Laminar Flow Aralogy

Abe (1941) was the first to intrcduce this concept. If the instantane-

-

ous velocity, temperature, ard pressure in Eg. 2.1 are writter as the sum of

mean and fluctuatirg parts (U, = U} + ui), ard the eguaticn is then averaged,
H

the “0llowing equaticn is cbtainec ‘after minor manipulaticn):

. V Y __ &0, duu,
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An eddy viscesity is defined to relate the Reyro’ds stress tc the mean veloci-

ty, "(uiuj) = K(Sui/ij). The nondimensicra’ equaticn is then
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vhere ReK = URL/K is cailed a "turbulent” Reynclds number. MNow if XA i3 of
crder 103, the term containirg the turbulent Reyrnclds nurber is ruch larger
than the term containring the ordinary Peynclds number. If the nondimersioral
equation for laminar flow were now written, it would appear identical tc Equa-
tion 2.1C, with the exception that the term containirg the turbulent Reyrcids

rumber wouid te absent. Assuming that the prototype fiow is turbulent and

(98 )

that the medel flow is laminar, the scale ratio is of the order 1:1C , ard UP

is the samre order of magnitucde in mcdel and protcotype, then,

(Re) . » (Re,)

, e,)
moce] K'prototype.

Hence, similarity may be established by modeling a turbulent prototype flcw

)

by a laminar model flcw when the scale ratio is or the order o€ 1:1C°, all
eise being equal in a nondimensicnal sense.

This scheme is fundamentally ircerrect fcr the same reascrs *hat H-theo-
ries are funcamentally incorrect. Eddy sizes scale witn distarce <rom the
ground, with the size of the obstacle, or, gererally, with the scale c¢f sub-
stantial variatior in the mear flow. Turtulert diffusicn is a flcw property,
rot a fiuid property. The laminar flow analcgy assumes unrealistically that
eccy sizes are very small ccmpared with the scale of variaticn ¢f the prcrer-
ty teing diffused. Perhaps under very restrictive conditicrs, when there ex-
Tsts a small upper tound to the sizes of atmospheric eddies (i.e., extremely

stable conditicns), there may be some realistic mcdeling possibilities, but



the chances of that beirg the case without ary doubt are small.

Ferhaps qualitative use of this technique is the answer toc those (ncn-
diffusive) problems vhere the spread of a contaminart is ccntrolled primarily
by advective transport {mean flow). Twc previous experimental studies give
guidarce here. Abe (1941) attempted to moccel the flow arcund Mt. Fuji, Japan,
at a scale ratio of 1:5C,00C using this aralogy. Cermak et al. (196€) claimec
that "the model flow ratterns cbtained were not ever cualitatively close to
those observed ir actual field tests" (the original paper was not available
fer verificaticon). Cermak and Peterka (1S66) made a second study of the wind
field cver Point Arguellc, Califoernia (a peninsula jutting into the Pacific
Ccean). Cermak et al. (196€) claimed that:

Ccmparison of the surface flow directions and smcke traces for

neutral and inversion flows established an excellent agreement

in wind flow patterns cver the Point Arguellc area for flows ap-

proaching from the rorthwest.

After careful study of the figures presented, the present authcr is not con-
vinced of the validity of this statement. Large scatter of concentraticr lev-
els in tre field data prevented firm conclusions concerning diffusicn charac-
teristics of the two flow fields. Rather surprisingly, & logarithmic plot of
concentration versus dewnwind distance showed that rates of decrease of con-
centratior with distance were grossly similar in mocel and protctype. In view
of the d*ssimilarity in surface flow patterns, this agreement is regarded as
fortuitous.

Since kinematic visccsity is a fluid property. it is rot an adjustable
parameter. Turbulent eddy viscosity varies strongly with height, stability,
and direction. This severely limits the use ¢f this laminar-turtulent anaio-
gy for fluid modeling. Mathematical mcceling techniques are supericr to fluic

mcdeling techniques in the serse that K is a controllatle variable in the math-

1€



ematical mocel (e.g., 2 function of Feight, statility and direction). The

cuantity K is not a controllatle variable in this sense in the fluic mcdel.

2.2.2.2 Reynclds Number Independence

This apprcach is based cn the hypcthesis that in the absence of thermal
and Coriolis effects and for a specified flcw system, whose boundary conditicns
are expressec¢ rondimersicnally in terms of a characteristic length L and ve-
Tocity UR’ the turtulent flow structure is similar at all sufficiently high
Revnolds numbers (Towrsend, 195€). Mcect nendimensional mearn-value furctions
depend only upen nondimersional space ard time variables and nct upon the Reyn-
olds rurber, provided it is large enough. There are two exceptions: (1) these
functicns which are concerned with the very small-scale structure of the turtu-
lerce (i.e., those responsitle for the viscous dissipaticn of energy), ard
(2) the flow very close %o the boundary (the ro-slip ccndition is a viscous
constraint). The viscesity has very little effect cr the main structure of
the turtulence in the interior cf the fleow; its mejor effect is lirited to
setting the size of the small ecdies which convert mechanical energy to heat.
Cre way to aveoid the effects of viscesity at the toundaries is tc rcughen the
surface of the model (see cdiscussicn of Boundary Conditicns).

This nhypothesis c¢f Reyrolds rurber irdepencence vias put Tcrth by Town-
send (163€). FHe called it Reynolds number similarity. There now exists &

large amount of experimental evicderce supporting this principle. Townsend

steted it simply: "geometrically similar flows are simiiar at all sufficient-
1y high Reynclds numbers." This is an extremely forturate phencrencn from the
standpoint ¢f mcdeling. The ¢ross structure of the turtulence is similar cver

a very wide range c¢f Reyrolds numbers. This ccncept is usec ty neariy all ncc-
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elers. It is graphically illustrated in Figures 2 and 2. The twc jets shown
in each figure are icertical in every way except for the viscesity of the flu-

ids, and therefcre the Reynclds rumbers, which ciffer by a factcr cf 50.

. Re=20,000

Re=400 ~

Ficure Z. Turtulent jets showing that
much affect the large scale structure, so leng as it is

sufficiently large that the jet is indeed turtulent. The
upper jet ras a Reynolds rumber 5C times that of the low-

er. (Courtesy of Naticnal Committee for Fluid lMechanics
Filrs and R.W. Stewart).

the Reynclds rumber dces not

Lo gt J
g . ;
TR e R S 2=

PR

.8 - 1 L el
R Hes20,000
i PSS A ST e W

Ficure 3. Shadowgraphs ¢f the jets shown irn Fig. 2. Mote how rmuch
finer grained is the structure in the high Feynclds rum-
ber jet than that in the Tow Reynolds rurber jet. (Cour-
tesy cf l'ational Committee fcr Fluic Mechanics Films and
R. W. Stewart).
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To ob*ain a tetter icdea cf *the contributicns tc dispersion trem the vari-

cus scales ¢f *turbulence, it is convenient %o examine the spectral form of the
Tayler (1921) diffusion equaticn. Tayler's expressior for the mean-square

fluid narticie displacement in a staticnary homogereous turbuience is c¢iven by

T ¢
\ﬂT)=27d.’gL)d§m (2.11)
0 0

-
where v© is the variance cf particie velocities, s(g)zv(tiv(t+s

rangian autccorrelaticn of particle velocities with time separaticn g, anc |
i< the time cf *travel from the source. Kampé de Fériet (183%) ana Batchelcr
(104¢) appliec the Fourier-transform between the autccerrelaticr anc the cor-

respending Laarangiar spectrum functicn, FL(n),

=
i

L(n} ;\ (t) cos (Zwnt) dt,

te obtair '

N nT TS
0 WA A

- = _.. ) stn{znT) -
_1'(T)=L"T“F,_(n) - - _— | dn,

where n f: <he frecuency. The squared term under %he integral, illustrated

-

ir Ficure 4, is very smail when n>1/7

-
1
1

ard virtually urity wher n<C.1/7. Thrus,

£
i

I}

r very srall travel times, the filter functicn is virtually urily, so trat

n

all scales of *urktulence cortribute to the cisrersicr with the sare veigrt
that they contritute to the total erergy. For larcer travel times, the larg-
er scales cf turbulerce progressively deminate tre cicpersicr precess. This

means that eddies vith ciameter srailer *han abcut one-tenth the plure wictr

[}
—a
D
w
"
(&
oy

do rot sicnificantly zffect the spread of the plure; orly thoce ecci

. ;o=
Bl ) 3

fiareter abou® the care size as the widsh of tre plure and iarcer substantiai-
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igure £. Filter function in Eq. 2.72: As the travel time T in-
creases, the centribution of srall scale (high frequency)
mcticns to cdispersicrn diminishes rapidly.
It may te helpful here to examine typical energy spectra sc trat 1) "weather'
and “turbulence" may be defined as separate anc distinct entities, ard 2) the
influerce of Peynclds number upon %he share cf the spectrum will be rcre easi-

ly urderstood.

Figure 5 shows a spectrum

s,(n) = 4 /5 T ult+t”) cos 2mt’ dt’

of wird speed rear the grcund frem a study by VYan der Hoven (1957). It is ev-

ident that wind effects can te separated rcughly irtc iwo scales cf motion:
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large scale {lcw frequency) moticrs lasting longer than a few hours, and small
scale (high frequency) moticns that last considerabtly less than an hour. The

large scale mctions are due to diurnal fluctuations,

(o4}
T -

| Wleather —b

>

<«<— Spectral Gap —> |< Turbulerce

3 -
- /\\ i
‘ . o - '

aSun), m< sed ¢
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O.‘. ‘\‘7-%‘_;_3.‘,;*“““";. }
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Hours 1co 10 1 Q.1 001 2001

Figure 5. Spectrum of wind speed at 1C0m, from a study by
Van der Hoven (1957).

cressure systems, passage of frontal systers, seasoral and annual changes,
etc., and are generally called weather. The smail scale motions are asscciat-
ed with roughness ejements, topcgraphical features, and differential surface
heating in tre boundary layer and are called turbulence. The spectral gap
(Tovi energy regicn) separating weather frcm turtulence is a very fortunate cc-
curence, both from an analytical viewpoint and frem a fluid modeling view-
point. Pecause of this gap, it is possible tc consider trese regions irde-
pendently and tc execute proper mathematical operaticns tc determine the sta-
tistical properties of the two regicns. It is the smaller scales cf motior,
“he turbulence, which are simulated in a fluid mcdeling facility. CSteady
state averages of fluctuating cuantities ir the model atmosphrere corresperc

to approximately one-hour time periods in the real atmosphere (during which

the mear wind is steady in speed and direction). From results cf roce! ex-



periments conducted at different mean wind speeds and directions, the lpw fre-
Gguency contributicn can be cornstructed analytically from distribution charts
of wind speed and direction {wind roses).

Figure € is a definition sketch of a turbulent energy spectrum from Wyn-
gaard (1972), which will be helpful in understandinc future discussions. (It
is rct intended here to present a detailed c¢iscussicn of turbulent energy
spectra. Only those features of direct interest will be covered. The ardent
student should consult Batchelor, 1953a, hinze, 1975, or Tennekes and Lumley,

1972.) 1In Figure 6, we have used wave number « instead of frequency n s¢ thrat
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Fig. 6. Form of Turbulence spectrum.

we will be more inclined to think in terms of length scales. The relation-
ship is«=2an/U. (The spectrum function Su in Figure £ is core-dimensional,
whereas that of Figure 6, E, is three-dimensional. The differences need nct
concern us here.) MNote that an integral scale I and a microscale - are ce-

fined. The integral scale may te thought cf as the characteristic size of tre

~n
-
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energy containing eccies and is lccated ¢t the peak of tte three-dimensicna’

& may fbe tneught ¢7 a3 characteristic ¢f *“he smallest

addies “r a turbulent Ticw. Trey are the cres orirarily responsitie Tcr the
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certinent cuestcicn at this pcint is: hcw cces *the cpecirum ¢Ff furbu-

in 2 sirulated atmcspheric tcurdary layer ir, say, & wird tunnel ccmpare
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spectrum s cut out, so that this reduction in spectral wicth has insignificant

Tfecte. It is found empirically that I/ at a fixed distance x/M™ downstream

h

from a grid ‘s rearly incdeperdent of Peynolds numher (Corrsin, 19€3). Similarly,
it may be expected ir other flow geometries tfat I/L at ccrresponcding geometrical

locations will te roughly ircepencent of Peynolds number, i.e.,

">y

Ly Ln (2.15)
Indeed, the integral scale is fourd to te roughly haif the size of the charac-
teristic length and independent of Reynolds number in a wide variety of class-

es of flows.

Combining Egs. 2.713 and 2.15 yields

‘ L3 / 14
@:E{%)‘:(h .
Nm Im\Lr' ‘L"'

In summary, integral scales reduce with the first power cf the gecmetrical
scale ratio (as desired), whereas Koimogcroff micrcscales reduce with only thre
cne-fourth power of the geometrical scale retic. Fs we have seern in our pre-
vicus discussion, the largest eddies contribute to the spread of 2 plume and
the ones smaller than the plume wiath have little dispersive effect; hence, the
mismatch of Reynolds number between the mocel and the protctype is irsigrifi-
cant.

A practical example here will make the point clear. The Kolmogorcff mi-
croscale in the atmosphere is abcut one millimeter between 7 and 1C0 m zbove

ground (Lumley and Farofsky, 1964). As indicated by Eq. 2.14, at a scale ra-
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tio of 1:5C0, the spectral width in a model would te approximately two corders
of magnitude smaller than desired. The Kolmogoreff micrcscale ir tre model
vould be about 1C0 times larger than required by rigercus similarity. This
would corresporc to a Kolmegoroff micrcscale of 10 cm in the atmesphere. It
is difficult to imacine a practical atmospheric diffusior problem where eddies
smaller thar 10 cm would contribute significantly to the spread of a contami-
rant,

It should be noted that the arguments begirning with Eq. 2.13 have been
cencerred with Eulerian scales and spectra, vhereas they would best have been
pcsed irn terms of Lagrangiar cocrdinates, as recuired in Eq. 2.12. Fowever,
it is reasonable tc assume that if the Eulerian spectra and scales of mocel
anc prctctype are similar, then so wiil te the Lagrangiar spectra ancd scales;
more apprepriately, if Eulerian spectra differ in certain respects hetween
mcdel anc prototype, then the Lagrangian spectra will te cdissimilar in like
fashion. Hence, conclusions drawn in the Eulerian framework are expected te
be valid ir the Lagrangiar framework (tc at least within “he same orcer of
racnituce).

Cencerning puff (relative) diffusicn, the probtlem is somewhat different.
Cerrsin (1S€1b) has argued that the principal centrituticn to twec-particle
reiative ciffusion comes from edcies of roughly the same size as the particle
rair separation. This contrasts with singie particle diffusion, where the
principal contributicon comes from edcdies of the same size anc larcer. Fence,
puff diffusion in a medel will cepend somewhat rcore strongly upon the model
Reyriolds rumber. Intuitively, it appears that reasonable results would te ob-
1

tained if the Kolrocorcff micrcscaie were small ccomrpared with the initial puff



The discussion of the Reynclds numter critericn in the modeling 1itera-
ture normally centers arcurd sharp-edged geometry vhere it is usually stated
that the mean flow patterns will nct te much affectec ty changing the Reynolds
nurber. While this is true, it does nct make full use cf the concept. Most
rean-value functions, including those describirg the main turbulence structure,
will be rearly irdependent of Reynolds number, providirg it is sufficiently
high; the only exceptions are those two discussed at the beginning of this
section.

The cuestion is: how high must the Peynclds numter be to be high enough?
A crecise answer would depend upon the geometrical shape cf the boundaries,
the roughness of the model surface, the accuracy desired, the type of informa-
+ior desired from the model, and possibly other effects (e.g., thcse crarac-
terizec by the Possby and Froude numbers). Tre answer to this guestion is rea-
scrably well known fcr simple flow classes such as jets ard cylinder wakes,
but is largely urknown for models cf atmospheric moticns. Specific reccrmen-
daticns on minimum Reynolds rumbers to be achievec ir various classes cf flows
will be made in Section 3, Practical Applicaticrs.
2.2.2.2 Dissipaticn Scaling

£ rypothesis cr the similarity of the cetailec turbulence structure of
rodel and prototype flcws was proposed by Mermote [1¢e€). Again, & basic as-
sumption is that thermal and Coriolis effects are negiigitle. Fe reasored
that mear flow patterns cf both the mcdel ana prototyre would be similar if
*he turbulent structure of the twc flows were gecmetrically similar. Two 2s-
sumptions were made:

(1) the turbulence cf koth mccel and prototypre flows was 'lccally
isotropic’ (Kolmogerof<s, 1041},
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{2} the Kolmogoro®* velocity, ., and microscale, n, characterize the
turtuence at eack pecint ir tre flow.

Assumpticn 1 is satisfied if the Peynolds rumber is very large Hinze,
1G7€). Using assumption 2, Memoto reasored that tre turbulence structures of

model anc orototype flows would be similar when

A _ L
Np L, (2 J 7)
ard
U _ Urin
v, Lap (2 1g)

where the subscripts m and p refer toc model and prototype, respectively.

From *he defiriticns of n and ¢, the following eqguatior may te estabtlished:
l al

(2.18)
From Fqgs. ?.TZ, 2.18 and 2.19, it may be deduced that:
Com  fen\' P /L3
=) ()
o Ly \Lo {z.20)

Fg. 2.2C is tre similarity criterion proposed by Memo*o. Fe has also shown
Fow the above relaticnship mav Se obtained from a special rondimensicnaliza-
tior of the turtulent erergy equation.

It i< agreed that the turbulence structures of mcdel and prototype flcws
would he similar i€ Eqs. 2.17 and 2.18 could te satisfiec. Hcwever,
i+ is impossible to satisfy Fg. 2.17 using typical length scale recuctions
fi.e., 1:300 to 1:10C0). As mentioned previously, the Kclmogorcff microscale
ir thre lower layer cf the atmosphere is atout 1mm. Typical values of

n in laboratory flows are C.075mm (Wyngaard, 1%€7), arc C.5mm (Snyder and
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Lumley, 1971}, Measurements in very high Reynclds rumber laboratory flows
(vistler and Vrebhalovich, 1966) show that the smallest Yolmogorof€ microscale
which can reasonably te generated in the latoratory is C.C05mm. Thus, the
larges* ratic of microscales is of order 20, which is far short of the
typical ratio recuired (i.e., 2C0 to 1000).

Gererally speaking, the catisfaction of Eg. 2.17 requires identical Reyn-
clds rumbhers of the mocdel and prototype flows, ac shown in the discussion of
Feynolds numker indepencence. This is alsc easily shcwn by the usual nordi-

rensionalizaticn of tre turbulent energy equation (Cermak et al., 19€€).

.2.3 The Peclet Mumber and the FReyrolds-Schmidt Product

The Peclet number is most easily discussed by writing it as

UL LgL v
pe= "= R = Re- Pr
K VoK

where Pr is the Frandtl number.

The Teynolds-Schridt product may be written as

Ul UL v
RE_FRET  Resse.
4 V X

Caoth of these dimensicrless parameters have the same form {i.e., the product
of a Peynolds rumber and a ra*io of molecular transport cocefficients). Rcth
the Prandtl and Schmidt numhkers are fluid properties ard not flow properties.
The Prandtl number is tke ratio of the momentum ¢iffusivity (kinematic vic-
cosity) to the thermal diffusivity. The Schmidt number is the ratic of the
momentum diffusivity to mass diffusivity.
For air, the Prandtl number coes not vary strongly with temperature,

Wher air is used as tre medium for modeling, the Prandt! rumber is nearly thre

sare in medel and prototype, ard, if the Peynclds numbers were the same, the

~
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Peclet rumber criterion would be nearly satisfied. However, if water is used
as the mecium for modeling, the Prandtl number at ordinary rcom temperatures
is a factor of about 10 larger than it is in air, and it varies rather great-
'y with temperature. Thus, from the standpoirt of rigorous similarity, it
dces not appear that water would be a suitatle medium in which tc do model
stuaies.

The Schmidt number for most gases in air is about cne. Thus, the Schmidt
number for an effluent plume (which contains only minor fracticns of gases
cther than air) diffusing in the atmosphere is abeout one. If air is used as
the mediurm for modeling, the Schmidt number (for nearly any foreign gas intro-
duced) will be rearly the same in model and prototype. If, at the same time,
the Reyrolds rumber were the same, the Reynolds-Schmidt product critericn
would be nearly satisfied.

When water is used as the medium for modeling, salt water or alcchcl are
typically used to simulate the tuoyancy of a piume. The Schmidt number for
soaium chloride cor alcohel in water is approximately 80C. Thus, it appears
that strict similarity using water as the modeling medium would be difficult
to obtain.

The basic problem, however, in matching of the Peclet number or Reynclds-
Schmidt product, is nct in the Prandtl or Schmidt rumbers, but rather in the
Reynolds number. Arguments similar to those ccnstructec for Reynclds rumber
independence may be used to justify the neglect of the Peclet number and Reyn-
olds-Schmidt product as modeling criteria. The term on the right-hand sice
cf Eq. 2.€ represents the molecular cdiffusion cf heat. The term on the right-
hand side cf Eq. 2.8 represents the molecular c¢iffusion of mass. In this

connectior, both heat and mass are regarded as passive scalar contamirarts.
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If the flew is of a sufficiently high Reynclds rumber, then the main struc-
ture of the turbulence will be almost totally responsible fer the transport
of the contamirart (heat or mass). Molecular ciffusicn will contribute very
1ittle to the bulk contaminant transfer; its main function is to smooth out
the very small-scale discontinuities of concentration cr temperature (i.e.,

it acts as a low-pass filter on the concentraticn or temperature fluctuations).
Indeed, arauments of this nature have been used to postulate the form of con-
centraticn or temperature spectra at Jarge wave numbers {see Corrsin, 1564;
Pao, 1965). The main effect of the diffusivities is confined tc setting tre
high wave-number cutoff of the temperature cr ccncentration spectrum. Since
turbulent diffusion strongly dominates molecular diffusien in turbulent air
flows, especially at high Reynolds rumbers, and since mclecular diffusion is
even less impertant for Prandtl cr Schmidt rumbers larger than unity, the
effect of not matching the Prandtl or Schmidt numbers of the protctype in the
model is unimpcrtant. Gererally speaking, the Peclet number and Reyrolds-
Schmidt product ray be neglected as modeling criteria if the flow exhitits
Feynolds number independence. Both air ard water are suitatle media fcr mod-
elirg, from this standpoint. Further discussicns of air versus water are giv-

en in Chapter £.

2.2.4 The Froude Number, UR/(chsTR/TO)]/2

The square of the Froude number represents tre ratio of inertial forces
to buoyancy forces. A large value of the Froude number implies that buoyancy
forces are small compared to inertial forces. Thus, thermal effects become
important as the Frcude number approaches unity. Batchelor (1953t} has srown
how this parareter is related to the Richardson number. In the absence of a

clearly defined length ir the atmospheric bourdary layer, it is corvenient to

(9]
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replace US/L ty a representative velocity gradient and 6TR/L by a representa-
tive temperature gradient. Substituticn of these gradients intoc the expres-
sior for the Froude numker yields,

T,Ui L T, (30j6)%
T [ oT. g (60T/60)n

2

Fr

Thus, tke Froude number may te regarded as the inverse sguare root of a Rich-
ardson number. It is also related to the Monin-Cbukhov (1954) length. Al-
though any of these parameters may be used as similarity criteria, the Froude
number is used here tecause it appeared naturally throughk the ncn-dimensioneli-
zation of Eq. 2.1. Batchelor (1652b) has also discussed the conditiors under
whick this parameter is %he sole governing criterion for dynamical similarity
of motions of a perfect gas atmosphere.

A different interpretaticn of the Frcude number is quite useful in
considerirg stably stratified flow over hilly terrain. Suppose *he flow approach-
ing an isolated hill ras a uniform velocity profile and a linear density gradient.

The appropriate form of the Froude number is *hen

Fré = orf (ghae),
where the characteristic length L has been replaced bty the height h of the
hi11 anc the density difference Ao is that between the tase zrd top of the
Fi11. The square of the Froude number represents the ratio of kinetic
to potential energy, i.e., it represents tre ratio of tre kinetic erergy in tre
approach flow to the potential erergy requirec to raise a fluicd element from the

base to the top of the hi11., It is clear that if the Froude number is rmuch less

—t

than unity (very strong stratification), there is insufficient %inetic energy in
the approach flow to raise fluid from the base *c the top ¢f the Fil1l. Witk a

two-cimensional Fi11 perpendicular to the wind direction, this would result



ir upstream tlocking of tre flow below the h+'1 tep (long, 1972). For a
three-dimensional hill, the fluicd, rather thran being blocked, car ge round the
Pi11 (Funt and Snycer, 1979). Hunt et al. {1978) and Snyder et al. (1979) have
shown ir more Guantitative terms how the streamline patterns (hence, plume
‘rajectories) change drastically with changing Froude number. It is thus
evicdent thet the Froude number is ar essential parameter to be matched whken
modeling stably stratified flow over rilly terrain (see further discussion
in Secticn 2.4).

Tre Froude numter is not, by itself, a difficult parameter tc dupiicate
“na fluid medel. It is likely to be the most important indivicual parameter
to be ratched when the model is to simulate atmospreric ciffusion. When the
modeling medium is air, provisions must bte made for heating cr cooling of the
air stream to obtain the temperature stratification. However, in crder to match
small Froude rumbers of tre prototype in a model with a typical scale reduction
({.e., 1:300 to 1:1000), and in order tc maintain reascnable temperatures
{i.e., maximur temperature di<ference of ZOOOC) in the mocel, it ic recessary
to decrease the mean flow speed. To match the Peynclds number between tre
mocdel and the prototype requires trat the mean flow cpeed be increased. Tris
conflict is resolved by matcring the Froude number while insuring that a
“eynolds-number-independent flow is establiskted. This is not always pessible.

When considering water as the medium for modeling, it is necessary to
cefire the Froude number in terms of density, rather than temperature, i.e.,

U
Fr = R

(glae/p) ™

L
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where ¢ represerts density. The common method of producirg stable density
stratification in water is by producing thir layers c¢f various concentrations
of salt in water. In view of the very small mass diffusivity of salt in water,
an urdisturbed stable mass cf salt water will remain that way for several weeks
before the density gradient is changed substantially by molecular diffusion.
Maximum density differences are limited (about 2C% in the dimensionless densi-
ty difference), so that flow speeds must be reduced as was the case with air

as the modeling medium. Recirculating systems using this technique have been
impractical because of resulting mixing within a pump. However, Odell and Kc-
vaszray (1971) have recently designed a rotating cisk pump which maintains the
cradient; this device may permit the use of recirculating salt water systems,
althcugh thus far it has only been used in very small crannels. An interest-
ing technique is reported by Fomma (1969) wherein fresh and saline water are
mixed to produce stable density gradients at *the entrance of a once-through
open water channel. This technique offers the pocssiblity of providirg the
proper boundary conditicns of turbulent flow (see next section), which is

quite difficult in the still tank.

2.3 BOUNDARY CONDITIONS
2.3.1 General

A statement was mace earlier that it was nct necessary tc determine
a priori whether the flow was laminar or turbulent in order tc apply Egs. 2.¢
to 2.6 to the determination of the similarity parameters. It is certainly
necessary to determine whether or rot the ficw is turbuient in order to
specify the toundary conditions. It is assumed here *that the atmospheric

flow is always turbulent. Furthermore, it was stated that the model fiow

would be identical to the prototype flow if, amcng cther thirgs, the



ron-dimersional tcundary conditions were iderntical.
Ratchelor (1953t) points out:

Regarding the boundary conditicns, we do rot know encugh about

the cifferential equations corncerned tc be able to say with

certainty what conditions must be specified to make the prcbiem

cdeterminate, but it is a plausible inference from physical

experience that u' and o' must te giver as functicons of t' at

all spatial boundaries and u, o', ' must be given as functicns

of x' at an initiel value of t'; it seems certain that such a set

cf boundary conditions is sufficient, although in some circum-

stances the conditions may well te over-sufficient.
{The prime here indicates a nondimensional quantity and the underline signifies
a vector.} In the problem considered in the present paper, it is clear that
;T and ' also must be specified at ar initial value of t' at all values of
x' and at all spatial boundaries as functions of t'. This infcrmation is nev-
er available; even if it were, it could not te applied tc the physical mcdel.
In the same sense, such detail is not required nor even desired as the outpu:
trcm the model. What is desired are cuantities characteristic of the ensemble
of realizations of turbulent flow. Evidently, what is required are properties
characteristic of the ensemble of realizations of beoundary conditicrs. This
would require the specificaticn of all the statistical proper<ies (211 ¢f the
moments) of the velocity, temperature, pressure, and density fields bcth ini-
tially everywhere and on the boundaries for all times. Even this much infor-
mation is not availatle.

The most complete information which can be supplied at tre present time
are the first few moments, at least the mear and the variarce. It is not
known if the specificaticn of only the first few moments {s sufficient; it
is plausible, frem physical experience, that such a specificaticn is sufficient.
Indeed, it is dubious that any moments abeve the first twe could be ccntrollec

at will.
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Nearly all mccelers have considered the specification of boundary cordi-
tions from a different viewpoint, that is, through the spectrum of turbulence
‘n the approach flow. Armitt and Counihan (196€) rave given cualitative argu-
ments which suggest that, for the study of plume dispersal, rot only must the
turtulence intensity components te properly modeled, but alsc the spectrum cf
each comporent is required, particularly *he Tow-frequercy end of the spec-
trum.  This idea is in agreement with tke previous discussior on the cortribu-
tions o¥ the varicus scales ¢f turbulence to the cdispersal of contamirants.
Scme control of the turbulence spectra in the approach flew is pessitle (see

Section 2.2).

2.2.2 Jensen's Criterion ard Fully Rcugh Flow

Tre specification of the velocity on solid bcundaries is simple; it is
zerc, and all cf its moments are zero. Hence, geometrical similarity of model
anc prototype is required. This raises another guestion; how much detail fs
necessary? From the stancpoint of rigorous similarity, of course, every detati]
cf the prototype must ke duplicated in the model. Heowever, n view of the fact
that the Peynolds rumber will rot te duplicated, the fine cetai' is urnecessary.
Jensen (1958) has suggested that, if the roughness length of the protciype.

may be determined (or at least estimated), then it shou’d be scaled accord-

LO,

ing to

2
om _ m .

z
op P
{the rougrness length is a fictitious length scale characterizing flcw cver a
rough surface. For uniformly distributed sand grains of size e, the roughness

Tength is typically ¢/20.)
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(@)



This eguaticn is known as Jensen's criterion, and has beer widely used. It
implies that elements or details smaller tran will have very little effect
on the overall flcw; hence they need not be matched in the model. G[Details a-
bout the same size as ¢ need to be matched only approximately (for example,
randcmiy distributed grains of sand). It may be necessary, with iarge reduc-
tiors in scale, to abandon Jensen's criterion, as ciscussed below.

The flow of fluid close o a smocth boundary is not Reynclds number indeper-
dent. The ro-slip conditicn at the surface is a viscous constraint. A vis-
cous sublayer exists immediately acjacert tc the wall where viscous stresses
dominate. If the surface is roughened such that the irregularities ere larger
than the thickress of the viscous sub-layer which would have existed or a
smootk surface under otherwise icertical flcw corditicns, viscous stresses be-
ccme negligitle. The irregularities then behave 1ike bluff bocies whose re-
sistance is predecminantly fcrm drag, i.e., the resistance is due to the pres-
sure difference acress the obstacle rather ther tc viscous stresses. Such a
rough surface is said tc te aerocdyramically rough; the flcw cver an aerodynam-
ically rcugh surface is Peynclds-number irdependent. The critericn whick in-
sures that the flow is aercdynamically rcugh is u*z /v22.8 (Sutten, 194¢),
where u* is the friction velocity.

This is extremely fortuna*e from a mede’ing s*tancpeint, because atres-
pheric flows are almost always aerodyramically rough (Suttcn, 1949). If model
flow conditicns are chcsen such *that u*zc/vZZ.S, ore car ke certain that the
boundary layers are turbulent, sc that such things ac separaticn 'tubbles' anc
wakes behind obstacles and transiticn, separation, ard reattachment of bourca-
ry layers or topographical surfaces will change very 'ittle with Peynclds rur-

ber. The critical rcughness Peyrclids number, ther, is that at which the bounc-

ary layer cn the mocel tecomes qualitatively comparable to that on the prcto-

(@)
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type.

For larce recducticns in scale, the simultaneous satisfaction of Jensen's
criterion and the critical Reynolds number may not be possible. The critical
Reyrolids number critericon is undoubtedly thke more important of the two crite-
ria, because it ccntrols the quality ¢f the flow. OQver-rcoughening of the mod-
el surfaces, thereby igroring the Jensen criterion, will merely limit the
resolution of the flow over the model (details about same size as ¢ will rot
be capable of being resolved), tut, since the Reynclids criterion is met, the

over-all flow patterns will most 1likely be matched.

2.3.3 Cther Boundary Conditions

Specificaticn of the detailed temperature distributicns at the csolid
beundaries is rarely discussed from the medeling standpeint. In current prac-
tice, the solid boundary is maintainec¢ at constant temperature. It is plausi-
ble that the amount of detail in the temperature distribution should be cdeter-
mined on the same tasis as the amount of detail ir the geometrical boundaries.
This has never teen done, althcugh elementary attempts have been made by
Chaudkry and Cermak (1971). Similar consiceraticns apply tc the specification
of the boundary conditions of the dersity cistributions when the mocdeling meci-
um is salt water.

Specification of boundary conditions on cencentraticn distributions is,
in principle, easy. In practice, the difficulty would depend cn the type cf
problem to be studied. For example, if the problem were to determine tre ef-
fect ¢f a single source, the boundary conditions could be x'=0 initially every-
where and x '=ccnstant at the location of tke source for &l time thereafter.

Very 1ittle is known about the bourdary specification ¢f the pressure, p'.

Nermally, the mean pressure gradient in a wind tunnel is adjusted to zero.
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Fluctuating pressures are, 'n ary event, not ccrtrollable parameters in a
rncdel flcw.

In currert practice, the upstream bcundary concitions on velecity and
temperature are specified to te reasonably similar to some theoretical fcrmula
such as the logarithmic velocity cistribution. Cermak et al. (1966) argue that
boundary layers (kinetic and thermal) grown naturally over lcng lengths of
rough grourd must be inherently similar tc those ir the atmosphere. Others
{Ludwig and Sundaram, 19€¢; Armitt and Ccunihar, 1968; Mery, 196¢) use artifi-
cial technigues for generating thick boundary lavers cver short distarces.

Cnly Mery (1G€S) has attempted to mcdel both the velocity and terperature prc-
files using artificial techniques. Ary of the present technigues fcr boundary-
layer ceneraticn appears to be suitable; all cf them ccme reascnably clcse to
matching the first two moments of the velccity and temperature cistributions.
Boundary-layer heights must, cf course, correspcrd with the gecmetrical scaie
ratio. Fractical goals ard technicues fcr sirmulating the atmosgheric tourd-

ary layer are discussed in Section 3.2.

2.4 SUMMARY AND RECCMMEMCATICNS

Sirilarity criteria fcr modeling atmospheric flows in air ard water have
teen derived. Rigorous similarity requires that five rordimensicra? parame-
ters plus a set of nerdimensional bcundary corditions must be matched in beth

medel and prototype. It has been determired that the Rossty number should be

considered wher mcdeling pretotype flows with & lergth scale greater than atout

5 km, under neutral cr statle atmospheric conditions, in relatively flat

terrain. It is concluded that mcre work needs to te deone to determine urder
what conditions the prototype lergth scale may be exterded while still fgrering

the Rossby nurter critericn. It is recommendec that stucdy te started or



methods for simulating Coriclis forces in a mcdel.
Tre concept of Reynolds number independence has been found to be extreme-
1y useful and powerful. Feuristic arguments have been given through the use

of this concept that it is not necessary tc match Reynclds number, Peclet

number or Reynolds-Schmidt product tetween model and prototype, provided the

model Reynclds number is sufficiently large. Current practice indicates that

sufficiently large Reynolds numbers are attainable at least for sharp-edged
geometrical structures in ordinary meteorolcgical wind tunnels. More work
needs to be dcne to determine if sufficiently high Reynolds numbers may be
obtaired in the laboratory for the simulation of flow over more streamlined

surfaces. The Froude number is the most important single parameter describing

the prototype flow which must be duplicated in the model. The specification

of boundary conditions was fourd to be nebulous both in terms of how many
variables are necessary and sufficient and also in terms of the type of
statistical information required (i.e., is the specification of only a few
Tower order moments of each variable sufficient?) Geometrical similarity

(ncndistorted models) is required frem the specification of zero velecity

at the solid boundaries. It was decided that details of the prototype of size

smaller than the roughness length need not be reprcduced in the model. Objects

about the same size as the roughness length need not be reproduced in gecmetrical

form but an equivalent roughness must te established. COver-roughening may te

required to satisfy the roughness Peynolds rumher critericn.

Eoundary conditions in the fluid model are set by simulating the atmos-
pheric boundary layer. Practical goals and techniques for simulating the

atmoscheric boundary layer are summarized in Section 3.2.4.
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3. PRACTICAL APPLICATICNS

The fundamental principles of fluid modeling have teen discussed in the
previous chapter. Ihen it come tc the particular details of a model study,
however, many cecisions must be made, and the fundamental principles fre-
quently do nct provide enough guidarce. It is the aim of this chapter to
cover the most common types of problems encountered by a modeler when
designing a particular model study, ard tc provide rational guidelines where

possitle or to cite commen practice where there is no rationale.

The following sections discuss in detail the special probiems encountered
‘r modeling plume rise, the atmospheric bourdary layer, flcw arcund buildirgs,
and flow cver complex terrain. Each of these sections is summarized with a

set of recommendaticns.

3.7 PFLUME RISE AND DIFFUSION

Numerous investigators have studied the rise of plumes from mocel stacks.
Many different kinds of facilities, including wind tunnels, water tanks, tow-
ing tanks, water channels, and even the calm stably-stratified envirorment of
an ice-skating rink, have been used. The water tanks and the ice-skating rirk

have been used to study the behavior of plumes in calm ervirorments, bctr



stratified and unstratified. The wind tunnels, water channels ard towing tanks
have been used to study the behavior of plumes issuing from stacks into cross-
wirds. The effluert has ranged from pure jets to strongly buoyant plumes.
Tre crosswinds have ranged from neutrally stratified with uniform velocity
profiles to simulated atmespheric boundary layers {statle and unstable strati-
fication with, for example, lcgarithmic velocity prcfiles).

The historical development of modeling techniques concerning plume rise
is analogous to the historical development of theoretical fcrmulas for the
prediction of plume rise, i.e., the effluent buoyancy was thcught to be
negligible in comparison with its momentum. Sherlock and Stalker (1940)
appear tc have done the first wind tunnel study relating to plume behavicr.
Specifically, their experiments established the rule that the effluent speed must
exceed ore-and-one-half times the wind speed in order to avecid downwash in *he
lee of the stack. This "one-and-one-half-times" rule is still widely applied
today. They werked with a 1:200 scale model, but chose to use essentially
identical mcdel and full-scale values of wind speed and effluent temperature.

1t

Ore of their conclusions was "...the temperature of the [stack] gas is rela-

tively unimportant as a means of contrciling the downwash...". At the present
tire, it is still not clear exactly what effect buoyancy does have on *the cre-
and-cne-half-times rule, but it is evicdent that the buoyancy was rot properiy
scaled in the Sherlock and Stalker experiments. Their experiments, ever with
the very hot (400° F) effluent, were highly momentum-dominated plumes (effec-
tively, jets), and corrections were made only for the change of momentum cdue

to change in temperature (density). Mcre recent work (cf. Huber et al.

1979) indicates that the buoyancy per se of the Tighter effluent is ineffectua’

in preventing cownwash; instead, the decrease “n density aicne contributes to



downwash tecause it reduces the effluent momentur.

Numerous mocel studies have been conducted since those of Sherlock and
Stalker, but very few of the results have been compared with atmcspheric cata
or even with other model results. Much worse, there has not been a uniform
application of similarity criteria. Each investigator appears to apply a dif-
ferent set of rules which ensure that his experiment models the rise of a
plume ir the atmosphere. It is evicdent after only a iittle study that scme of

the rules are conflicting and that all ¢f them cannot be correct.

2.1.1 Near-Field Plume Behavior

Let us consider the simplest conceivable problem cf & plume dewnwashing
in the lee of a stack tecause the effluent contains insufficient momentum to
overcome the low pressure suction due to the crosswind (See Figure 8). We will
suppocse that tke stack walls are thin, the stack is tall and the effluent has
the properties c¢f air at the same temperature as the surroundings, i.e.,
Do/Di=]’ HS/D>>1, os/pa= , 40=0 and Fr=e. Further, since we are concerred orly
with the lccal flow field near the top of the stack, we have purposely omitted
shear in the crosswind (su/2z<<U/C) as well as stratificaticn and turbulence
in the approach flow. Tc model this prcblem, we must match cnly two parameters,

the ratio of effluert speed to wind speed and the Peynclds rumber:

WS/U, WSD/v

As discussed in Section 2.2.2.2, provided the Reynolds rumber is larcer than
scre critical value, its precise magnitude is irrelevant. There appears, hcw-
ever, to bte considerabtle disagreement concerning the particular value c¢f this
“critical" Reynolds number. Ricou and Spaulding (1961) have shewn that tre
entrainment rate of momentum-dominated jets in calm surrcundings is essentially

censtant for Reynolds numbers in excess of 25GCC. Only minor variaticns were
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observed btetween 15,000 and 25,C00. Substantial variaticns were observed telcw
10,CC0; the entrainment rate was increased by more thar 20%. Fence, if minor
errors are acceptable, the critical Reynolds rumber i 75,000, This simplified
problem would te relatively easy to model ever in a fairly small wind turnel
(say, 0.5m square test section) with moderate wind speeds (~2C m/s) and a

small stack (Tcm dia.). We will shortly see, however, that if tre effluent is
buoyant, the problem becomes much more complicated. It will rot be so easy to
obtain such a large Reyrolds rumber, and we must lcok harder to determine if
the 15,000 value fer the critical Reynclds rumber can be recuced. We will re-

turn to our discussion of critical Reynolds numbers later in this section.

Figure 8. Plume dcwnwash in the wake of a stack.

Notice that, provided the Reynolds rumber exceecds 15,C0C, there is cnly
one rarameter of impcrtance, WS/U. Since ful® scale stacks and effluent
speeds (even fairly small stacks and low speeds) result in huge Reynolds rum-
ters (a typical small value might te 106), the full scale flow is Reynolcs

rumber indepencent. This implies that the size end shape cf the wake tehird
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the stack and the amount of downwash depend on only one parameter, ws/u, and

not on wind speed per se. Similarly, provided the Reynolds number is large

enough, the flow structure in a model in a wind tunnel is similar to that of

the prototype and is independent of wind speed per se. (This discussion may
appear obvious and therefore trivial, but in demonstrating wind tunnel experi-
ments to novices, or even frequently to accomplished experimentalists, the
inevitable question is: to what full scale wind speed does this flow correspond?
The correct answer, i.e., all wind speeds above the barest minimum, invokes
puzzled glances and disbelief!)

Let us now complicate the problem, one step at a time, to see what addi-
tional issues arise in the modeling. There are really two Reynolds
numbers in this problem, corresponding to two different classes of flow: one
for the flow inside the stack wso/y and one for the flow around the outside of
the stack UD/v. The critical Reynolds numbers may differ because the classes
of the flows differ. The critical Re for pipe flow assuredly differs from
that of a two-dimensional wake.

It is useful here to consider the changes that occur in the flow pattern
around a circular cylinder as the Reynolds number is increased (for additional
details, see Goldstein, 1965). At very low Re (<1), the streamline patterns
are symmetrical fore and aft of the cylinder. A§ Re is increased (~10), two
symmetrical standing vortices are formed at the back; they grow in size and
are stretched farther and farther downstream until at Re~100, they break down

and are shed alternately at regular intervals from the sides of the cylinder.

2 5).

This type of flow persists over a very wide range of Re (10% <Res<10 Townsend

(1956, p 134-5) showed that various mean quantities such as the velocity defect,

the turbulence intensity, and the width of the wake of a two-dimensional cir-
cular cylinder were invariant with Re in the range of 800 to 8000, but they
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are most likely invariant over a much wider range. At an Re of about 105, the
boundary layer on the cylinder becomes turbulent and leaves the cylinder far-
ther back on the surface, reducing the drag coefficient from a nearly constant

2<Re< 105

value of 1.1f10% in the range 10 to about 0.36. Hence, we might say
there are two critical Reynolds numbers for the flow around a cylinder: one
where the Karman vortex street (shedding vortices) is formed and one where the
boundary layer becomes turbulent.

If we wish to model downwash around a full scale stack where Rez105, it
is essential to ensure that the boundary layer is turbulent. This may be
done by ensuring that the model Re exceeds the upper critical Re of about 105,
which would require a large and/or fairly high speed wind tunnel, but it is
also possible to simulate a much higher Re using the common wind tunnel prac-
tice of tripping the boundary layer, either through use of a trip wire or fence
or by roughening the surface of the cylinder, thereby forcing the boundary
layer to become turbulent (Goldstein, 1965 or Schlichting, 1968).

If the full scale Re is less than about 105, then it is only necessary
that the model Re exceed the lower critical Re of about 100. For a rectangular
stack, because of the sharp corners forcing separation, the lower critical Re
would be lower still, and the upper critical Re would be much higher, possibly
non-existent.

It should be noted that if we were not concerned with entrainment of the
effluent into the wake, i.e., if we wanted to model a non-downwashed plume,
then the cylinder Reynolds number would be relatively unimportant in any event,
so that we need be concerned only with the critical Re for the effluent flow

as it exits the stack under ordinary circumstances.

Suppose the effluent is of high temperature, so that its density is, say,
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hal? the ambient air censity. In a wind tunnel, it is usually easier and more
practicel tc use a lighter gas tc simulate *this high temperature field effluent
than it is to heat the model effluent. Similarly, in 2 water channel or tark,
it is usually easier to use salt water or alcchol than tc feat or cool the
model effluent. This low density manifests itself in two opposite ways: first,
at a fixed effluent speed, the effluent momentum flux is reduced, tendirg to
make the plume more easily tent-over, thus promoting downwash, and secord, the
buoyancy of the effluent is increased, terding tc inhibit the downwash. It isg
rot clear which is the more important effect. Cvercamp ard Hoult (1671) showed
rather convincingly that the effect of the increased bucyancy was to irhibit
dcwnwash of cooling tower piumes, where the Froude number WS/(gDﬂp/ca)]/2
ranged from 0.2 to 2. Huber et al. (1972), however, ctserved enhanced
cowrwash as the effluent density was decreased. The Frcude numbers in their
experiments were greater than 4, which is more typical of power plant plumes.
1t weuld appear that the crosscver point where the effect of the lcwer density
switches from inhibiting cownwash to enhancing it cccurs at a Frcude number
around 3; however, it is likely alsc tc be a functior cf the effluert momentur tc
to crosswind momentum ratio.

Most investigators would acree that the following set of parameters to te
matched for this mcre complex preblem are sufficient {although, perhaps, nct

all are pecessary):

W. o W
___, ___9 Reg S -‘/2
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Since products cf similarity parameters are thewselves similarity parameters,

the following set is fully equivalent to that above:
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The first parameter expresses the ratic of effluent momentur flux toc cress-
wind momentum flux, and must be matched if the initial bending cr the rise cue
tc the initial momentum of the plume is important. The last parameter is the
Frocude number, which expresses the ratio of inertial tc Luoyancy forces in the
effluent. (Mote the different interpretation of Fr here as opposed to its
characterizing the stratificaticn in the approach flov as it was introduced in
Section 2.2.4.)

A questionable parameter is the density ratic pS/pa per se. As mentioned
previously, the density difference manifests itself through its effects on the
effluent momentum and the effluent tuoyancy, which are expressed in the first
and last parameters of Eg. 3.2. OCf course, it is perfectly acceptable tc match
the density ratic between model and pretctype, but i€ it is not an essential
rarareter, then the full capabtilities of modeling facilities will not te real-
ized. It i¢ frecuently advantagecus to exaggerate the density cifferences in
the model in order to achieve lcw Froude numbers. Ricou and Spaldirg (1961)
shewed very corvincingly that the rate of entrainment dm/dx in a hichly

mementum-dominated jet (no crosswird) obeys the relaticn

1/2

Q.
o
»

WSD . (3.3)
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where C %s a constant. Hence the entrainment rate is a direct furcticn of the
density ratio. For small density differences, the entrainment rate is rct
much affected. However, if helium (S5.G.=C.14) were used &s the buoyant efflu-

ent from a stack ir a wind tunnei, maintainirg geometric siwilarity arc the
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ratic of effluent to wind speed NS/U, tc simulate a full scaie effluent with
specific gravity of 0.7, then the entrainmert rate would be halvec. Herce, its
rise due to initial momentum would not be correctly mcdeled. Ccnsideraticns
such as these are evidently what lead Hcult {1973) tc state that the density
difference Ao/oa must net exceed G.4. PBut such a statement carnct be made un-
equivocally. If the density difference in the field were 0.%, &s might be the
case for a gas turbine exhaust, then it would certainly te desirable tc exceed
0.4 in the model. Mcre importantly, as shown bty Eq. 3.3, it is certainly pes-
sible to exaggerate the density cdifference to 0.8 by using essentially pure
helium as the model effluent and still maintain the sare entrainment rate by
increasing the effluert flow rate ws. But Eg. 3.3 of Ricou and Spalding appiies
crly beyond a few diameters beyond the stack exit (say >10D). In order tc avoic
ar "impedance mismatch" in our dcwnwash prcblem, where we are concerred with
the flow behavior right at the tcp of the stack, it is necessary tc match
the dersity ratic. EBeyond a few diameters, it is orly essential tc match the
morentum flux ratioc.

£ rajor pcint of disagreement among investigators concerns the cefiniticn
of the Froude number. Fpproximately haif the investigatcrs define the Froude
nurber with the effluent density as the reference dersity, Frs; the cther half
define it with tre ambient density (at stack top) as the reference density,
Fra. Yet, nowhere is any reason c¢iver for the particular choice. It might
appear at first glance that the choice is corpletely arbitrary. Hcwever, giver
that two plumes have the sare Frcoude rumber based on effluert density, *t is
rct necessarily sc that they have the same Froude number based cn enbient den-
sity. Consider the following example c¢f a typical pcwer plant piume teing
modeled at a scale of 1:4CC using helium as the bucyart effluert in & wirc

tunnel:



TABLE 1: Typical Parareters for Mcdeling Plume Downwash.

Parameter Frototype Value Model Vaiue
WS 20m/s 1.67m/s
c o.8m/<* 9.6m/s°
D 10m 2.5¢cm
oa( a) 1.2¢/1(2C%c) 1.29/1(20°)
cS(TS) 0.82g/7(150°%) 0.17¢/1(20%)
Fra 3.6 3.6
FrS 3.C 1.27
Re 13x10 360

The Froude numbers differ ty a facter of the square root cf the density

R . - \]/'2
ratics, i.e., Fr (pa/os,

a Frs, sc that unless ps/pa is the same in model

and prototype, the choice of the definition of the Froucde number is nct arti-
trary. VYet, almost all investigators exagcerate the density differences in
the model in crder to obtain large enough bucyancy ir the plumes (low Frcude
nurkers). They co not match os/pa as required by E¢. 2.2, sc that it is not
possible te match both Froude numbers simultanecusly.

This is a particularly vexing probiem tecause most plume rise theories
are founded or the assumption of small dersity differences, so that the two
Froude numbers are essentially equivaient. There are only two places in the
Titerature providing cuidance on vwhich Frouce number is the most appropriate.
Foult et al. (1977) state that two ccmplete, independent wind tunnel tests
were run, cne using the ambient density, the second using effluent density,
as the reference density. The tests invcived the modeling of gas turbine

exhausts, which generally irvclve large effluent velccities and high effluent



terperatures. Trey claim {urfortunately, without presenting anry data to
suppor? their claim) that the better choice is amtient density and that the
error between model and field observaticns (presumably, of far-field plume

rise) when using effluent density was about 9C%, wrich was nearly 1C times

the error incurred using amkient density. It is important to rote that using

ambient density as a reference corresponds to using effluent temperature as

a refererce, i.e.,

7T Py=fe - (3. 4)

due to the perfect gas law at ccrstart pressure, pT=const.

A physical irterpretaticn ¢f the difference between tre two definiticns
is suggested in a footnote by Briggs (1972) (hic ccrmments applied specifically
tc alternate definitions of buoyancy flux, but are ecqually applicable here):
"the difference --- amcunrts to different approximaticns for the effective den-
sity (inertia per unit volume) of tke fluic teing driven by the buoyant force:

(1) that the effective censity is approximately constant=c_, which is
reasorable very close tc the stack, say within a few stack®diameters

dowrwind;
{2) that the effective density is approximately constant=pa , which is a
tetter zpproximaticn at all larger distarces."

It is clear, then, that in our stack dcwnwash problem, we shoulcd use the
effluent density as the reference density in matching of Froude numbers. It
is also clear that, if we were atterpting to mocdel far field plume rise, we
should use the eambient density as the reference dersity, ir agreement with

1

. (167

~I

Foult et a ).

A second point ¢f disagreemert amonrg medelers has tc cdo with whether thre



relevant parameter is the ratio of effluert speed tc wind speed WS/U or the

2
S

ratic of effiuent momentur flux to crosswind momentum flux oM /(anz). This
may alsc be thought of as & ratic of dynamic pressures. Again, if ps/pa is
meétcred between model and prototype, the choice is arbitrary. As discussed
gbove, heowever, rost mocelers drep the requirerent of matching the density
ratic, and the choice is nc lcnger artitrary. Srerlock and Stalker (164C)
found that the behavior ¢f the plume depended upor the ratic of the momerta
anc trat the ratic of the two speeds was a clcse approximaticn, previded that

toth velccities were reduced to equivalent velocities at a commen terperature.

Their one-and-ore-half-times rule was thus based or the momentum ratic, &
fact not appreciated by most authors whc quote the rule. The recommerdaticn
made here, then, s that the relevant parameter is the morentum ratic, anc
not the speed ratic per se.

A third problem is that in water tanks or channels, a heavy salt sclution
is cormorly used to simulate a buoyant effluert by inverting the stack and
exhausting the salt sclution intoc lighter fresh water. The same prirciple
cculd conceivatly te used in a wind tunnel by using a heavier-than-air gas
such as freon with an inverted stack. There is a subtle questicon here that
has not been fully answered. In the field, it is a lichter effluent entrain-
ing heavier air, whereas in the water tark, it is a heavier effluent entraining
a lighter ambient fluid. It is conceivable that the entrainmert mechanisms
cotld be significantly altered due to this interchange of heavier and lighter
fluids. Ea. 3.3 indicates that a heavy fluic issuinc from ar irverted stack
car be used to simulate a lighter fluid frerm an upright stack, if the effluent
speed Ws is appropriately reduced. As arquecd previcusly, there may be a

suttle effect on the entrainment very near the stack, but this disappears



auickly as the density difference ic rapidiy diluted. The total rise of the
plume is not hichly sensitive tc the entrainment parameter; the forced plumes
cf Hoult and Weil 11972) and Lin et al. (1674), toth using salt water effluert,
appear to simulate field results quite weil. It is clear that the protblem is
rot yet completely answered and requires detziled systematic study. A tenta-
tive conclusion, in view cf other inherent inaccuracies in modeling at small
scales, is that this subtle difference may be cverlooked.

It was shcwn in the early part of this section that a critical Reynolds
number of 15,000 was not difficult to achieve per se. FHowever, tre irtroduction
cf buoyancy rakes this Pec much more difficult to attain. Ir crder

to match Frouce numbers, it was essential to in*roduce helium as tre effiuert

(which incidertally, has a kinematic viscosity approximately & times that of
air) and to reduce the effluent speed by a factor of 12 (see Table 1),

<o that *he effluent Reyrolds rurber is cnly 3€C. Thus, we must cetermine
whether a lower critical Reynolds number can be justified.

The data cf Ricou and Spalding (1961), which suggestec Rec=15,COC. was
applicable tc momentum-dominated jets in caim surroundings. Mcst investigaters
would agree that for a bent-over plume, the critical value may be substantially
lcwer, of the order of 200C, i.e., a value that is well-establishea fer the
maintenance of turbulent flow in a pipe. This is equivalent to saying that
the plume behavior is independent cf Peyrolds number providec that the effluent
€lcw is fully turbulent at the stack exit. Lin, et al. {(1974) have taken this
ore step further. They tripped the flow to ensure that the effiuert was fully
turbulent at the stack exit at a Re ¢f £30 by placing an orifice with cpenirg

0/2 inside the stack and located 30 from the exit. Their data for (1) the
terminal rise c¢f a tucyant plume in a calm ard stably-stratified environment

and (2) the trajectcry of a buoyant plume in a s*ably-stratified crosswird

£3



compared reasonably well with other laboratory and field data. Hcot, et al.
(1973) used a similar techrique. Liu and Lin (197%), however, indicate that
the placerent of the crifice relative to the top of the stack was critical at
a stack Re of 200. If the distance was smaller than required, the effiuent
flow was governed by the orifice diareter and not the stack diameter; if
lerger, the flow tripped ty the orifice weuld laminarize befcre it reachec
the stack exit.

Briggs and Snyder (1979} shcwed a critical Reynolds rumber of 2GCC fcr
jets and 200 for buoyant plumes in a calm, stably stratified salt weter tank
(see Figure @) for M=0.06, where M is a cimensionless source mementum para-
reter; M=CSNSN/gAp, and M is the Brunt-Véisélé frequency characterizing the
density stratification. It was argued on theoretical grounds that tre critical
Feynolds rumber feor a tucyant plume is precpertioral tc M"1/2. Below these
critical values, the plures were laminar at the stack exit with resulting
rises tco high. A few attempts at tripping the flcw inside the stack yielcea
urpredictable results.

Experiments with tuoyant plumes n neutrally stable crosswinds, concucted
by Hoult and Weil (1672), show: (1) at a Reynolds rumber greater than 3CC, the
plume appears to be fully turbulent everywhere: at lover Feynoids numbers,
the plume becomes turtulent only some distance cewnstrean of the exit (there
was apparently nc tripping of the flcw inside the stack},(2) igrering
scatter in the data, no dependence of far field plume trajectory on Reynclds
rurber was observed for Reynolds numbers betweer 28 and 280C, (3) the vertical
plume width was substantja11y reduced close *o the stack exit (withir 1C stack
diareters downwind) for Reynolds rumbers beicw ZCO.

It is c¢ifficult to reccncile the results of the varicus sets cf experi-

rents. There are numerous possible reasons why the critical Reynolds numbers
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are ¢ifferent. Tre effluent flows differ (momentum-domirated versus buoyancy
dominated), the stratificaticn of the ambient fluids cdiffer (neutral versus
stable stratificaticn), and in cne case the jet issued into a calm ervironment
whereas in the other twc, the plumes were bent cver by a crosswird. The two-
order-of-magritude difference in critical Feynolds number, however, is
difficult to explain. It is evidert that a tasic systematic study needs to

ke undertaken to establish that Reynolds rumber {perhags cifferent cnes for
different sets of conditions) atove which the rise end spread cf model plumes

is independent of Feynolds number.

3.1.2 Summary and Recommendaticrs on FModeling lear-Field Plumes

In summary, to mocel the near-field rise cf a buoyant plume from a stack,
is recommended that:
1. The cffluent Reynolds nurkter be as larce as possitle.

(a) Fix tre effluert Feynolds number tc be as large as possible,
preferatly greater than 15,0C0.

(B) If it {is necessary to reduce the effluent Reynclds number be'cw
2000, it may te recessary tc trip tre fiow to ensure & fully
turbulent exhaust.

(c) 1If it is desired to reduce the effluent Reynolds rurber below
200, it will te recessary to do scme experimertaticn tc deter-
mine under what conditions the plume will simulate the behavior
cf a plume in the field.

2. The set of parameters *o te matched (equal ir model and prototype) is

\

either

!/

fa) For a scale ratio less than atcut 4C0, matching of all the

following parameters is cenerally possible ard certairly acecuate:
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{5) For a scale ratio greater thar abtcut 4CC, it is generally
rot possitie to match ps/pa and it is proctably safe tc ignecre
it. It will then bte essential to metch:
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Motice that in Condition 2a, the chcice of the reference density in the
Frcude nurher dces nct matter: btoth will be matched. Ir Ccnditior 2b, however,
it is irportant tc ratch the Froude number basec or effluert density. Since
there is only ore possible refererce lergth ir this prcblem, the ctack diam-
eter, it determines the scale ratic, and cecmetric scalinc is implicit, i.e.,
all lengths should be refererced to the stack ciameter. O(ther lencths that
may ke important are the stack wall thickress and the stack height. Ctviously
trese lergths chould be scaled with the stack diameter. Alsc in Cenditien 2t,
it should be cautiored that if QQ/CS is made very larce, the initial ertrain-

ment mechanism may te altered due to "impecance mismetch".

These recommendations are subject to change perding future werk.

3.1.3 rar-Fieid Plume Behavicr

The previous section reviewed the criteris tc te met for moceiing plumes
close tc the top of the stack. With one excepticn, the use c¢f the ambient
density as the reference ir tre definiticn of the Froude number, these sare
criteria aiso apply to modeling plumes far cownwird of the stack. It is obvi-
ous, however, that this implies an even ¢reater reducticn in scaie (larger
qeographical area %o te modeled), ard ever these criteria will be difficult
if rot impcssibie tc satisfy. The cuesticn to be answered ir thic section,
+her, is whether further ccmpromises can be mace withcut making the results

urduly suspect.



Fs an example, suppose we wish tc model a power plart in complex terrain,
where the scale reduction facter is 1:5CC0. Typical conditions from the plant
cperaticns record might be TS=4CO°K, Ta=300°K, ws=25m/s, U=10m/s, DS=4m. Sup-
pose we try to match conditions 2t from the previous secticn, basicaily the
momentum ratic, the stack Frcude rumber (with ambient density reference), ard
a minimum Reynolds nurber, using pure methzne as the mocel effluent
(ps/pa=0.56) in a wind turnel. The model stack diameter would be C.8mm. The
Froude number of the full scale effluent is 8, which implies a model effluent

speed of 0.46m/s. These conditions yield a stack Feynolds number of

W0

_ 'S
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_ 46cm/s x C.0&cm _
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considerably below the value recommencded in the previcus sectior.

“here are several directions availaktle at this pecint. llotice that the
problem was nct created tecause of the matching of the momentur ratic, al-
though that requirement may later cause problems in obtaining a minimum
Reynolds number based cn the roughness cf the underlying terrain (see Secticn
2.2). The problem was caused because c¢f the matching of Froude numbers. This

problem ras been attacked in a variety cof ways.

3.1.3.1 Ignecring the Minimum Reynolds MNumber

Ludwig and Skinner (197€) ignored the minimum Reynolds nurter requirement; thus,
their plumes were laminar in the immediate vicirity cf the stack (see Ficure i
10). Discussion in their report admitted that the rise of ar initially laminar
plume would exceed that of an initially turbulent plume because the turtulent

one mixes more rapidly with the ambient air. They felt, however, that this

[$a}
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Figure 1G. Laminar piume caused ty low Feynolds rumber effluent (from Ludwig
end Skinner, 167€).
was not a sericus limitaticn in their model tecause their iritial plume rise
was quite small before atmospheric turtulence began to dominate the mixing
process. it is evident from Figure 10, however, *hat the scaie of the atmcspheric
turbulence is ceonsicderatly larger than tke initial piume diameter, sc that the
plume trajectery is highly contorted, but Tittle rea’ mixing c¢f effluent with
arbient air cccurs for many stack heights downstream. If the effluent
plume were :furtulent, it wculd be diluted very rapidly (withir a few stack
ciameters) by ambient air. The resulting plume rise could be sutstantially
cifferent in thre two cases, depending cn the precise effluent parameters.
Ludwig and Skinner did rot feel that tripping of the flow within the stacks was
pessitble because the stack diameters ranged from C0.28 to 1.2 mm. Liu and Lin
(1975), however, were able tc use a sapphire rozzle of C.18 mm dia. te trip
tte flow in treir stack. As mentioned in Section 2.7.1, the size and place-

-
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mert of the orifice is evidertly criticai and will require special experiments-

ticn.

[8)]
(Yo}



2.1.2.2 Raising the Stack Height

Facy (1971) igrored the piume hucyancy, per se, but irstead extended tre
stack anc bent-over the top such that the effluent was emitted at the same
elevaticn as that calculated fror plume rise formulas. This technique has tre
acvantage that flow Reynolds numbers carn te made &s large as desirable. Tre
disadvantages, hcwever, are obvious. Since the plume rise is a function cf
winc speed, there is a contributicn to vertical dispersicn due to both long-
tudinal ana vertical fluctuations in the wind speed that carrot be simulated
via this method. Also, the physical stack height in the mcdel must be changed
to sirulate different wind speeds. But the most sericus limitation is that
the complex trajectory of the plume, which may be the most useful infcrmaticn
obtainec from the mcdel, cannot be obtained using this method. It is frequently
cesirec to determine whether a plume goes cover the top, is diverted around,
or impacts on the surface of a Pill. If the plume is emitted irtc a
different mean streamline, its resultinrg trajectory ceould be entirely different.
Acding momentum to thre effluent to obtain the same rise as for a buoyant p'ume
is objectionable for similar reasors. This technique, hcwever, might be
acceptable under certain circumstances; for example, if the problem were to
cetermine concertrations on an isgclated hill far downwind of the source (beyord
the point cf maximum plume rise), then it might te acceptatle to inject the
piume at its terminal rise height. An additional problem is trat ore must
presume to kncw the plume rise. This may be acceptable for statle flows,
hut is an ursettled matter for neutral and unstable fiows.
3.1.2.3 Distorting the Stack Niameter

Briggs (1969) equa*tion for the trajectory of a plume rossessing toth
initial momentum anrd tuoyancy, valid only fcr dewnwind distances cersideratbly
smaller than that to the point of maximum rise is rewritten here in a differ-

ent form:
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where 1_ is a momentum lergth scale and TB is a buoyarcy length scale, cefined

tv Briggs (1975) as

5 1/¢2 ¥
T = 12-[-3-] =S p (3.7)
2 W
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and s = g~ = — . (3.8)
B 4 -U—3 Pa

A physical interpretaticn of these lerath scales is that they represent the
in“tial radius of curvature of the piume due tc mcmentum and bucyancy respec-
tively. In our example problem, 1m=4.3m and rS .2hm. It is evident from
examiration of Eq. 3.€ that close tc the stack, the first term con the right
hand side ¢f this ecuation will dominate and far from the stack, the seccnd
term will dominate. That is, close to the stack, the initial mcmentum wiil te
important, whereas, ultimately, the bucyancy will domireate.

Hoult (1973) suggested that we ignore the initial momentum, provided crly

that we avoid stack downwash, and take as cur requirement

(

(98]

Y o= (] \ Q)
(/b = Ug/kgdy )
where subscripts m and p refer to model and protctype, respectively. He fur-
ther suggested that Eq. 2.9 could be met bty exaggerating the density cifference

anc/or by reducing the effluent speed k. Liu ard Lir (197€) started at
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essentially the same point, but suggested additicnally that Eq. 3.9 cculd be
met by exaggerating the stack diameter. They performed an experimertal rur
on a complex terrain mcdel at a scale of 71:1CCCC using a stack diameter
exacceration factor of 2. Photcgraphs shew that the plume was turtulent at
the stack exit, even though the effluent Re was cnly €8, but no experimerts
were made te validate the use of this methed.

It is conceivable frem inspection of Eq. 3.5 that, by clever manipula-
ticn, we could vary any and all of the parameters Ps Fas ws, D, or U in such
a fashion that the coefficierts would not be changed, and, therefore, that the
piure trajectory would be unchanged, i.e., it would nct be necescsary to ignore
the mcrentum term--we could include it tec. This is equivalent to reducing
the momentum ancd tuoyancy lengths by the gecretric scale reduction factcr.
Cbvicusly, however, if we change [, we will alsc change the plume width at
the stack exit (=D). Thris viclates our previous requirement cf geometric
similarity; it may or may not have serious ccnsequences, dependent upor the
emount of the exaggeration and on the particular flow field. It is not en-
tirely clear what extranecus effects ray be introduced by the manipulaticn of
the other variables.

Basicaily, the coefficients of the x/HS terms in Eqs. 3.5 ard 3.6 are

prcducts of similarity parareters, j.e.,

2y1/2
1m - ] pSwS i[: (3 ]O)
H 72172 ' )
S e U S
a {
. 2.3/2 . \3/2
and B[] D es¥s Pa A 11y
ol e e A 3.1
a) ) fa J
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If we insist on geometric similarity, then fg. 2.1C is icentical tc cur
previous mcmentum matching requirement, arc Eqg. 2.11 is orly very silightly
different from our previous Froude number matching requirement. There is ro
reason, a priori, to favor one or the other; the cheice will require experi-
mertal verificaticn.

In a rather unusual derivation ir a recent repcrt, Skinner and Ludwig
1678) have arrived at scaling laws that are essentially equivalent to
matching the ratios of romentum and btucyancy 'encth scales to the stack height,
i.e., Egs. 3.10 and 3.17. They also conducted some experimental wcrk showing
that "enhanced" scaling (exaggerated density differences) procuced the came
results as "restricted" scaling (matched censity differences), with
both *ests done in the wind tunnel. Further, they rave pcinted cut the
possibility of exaggerating the stack ciameter, tut *hey have not conducted

tests to verify this.

[QV]

1.4 Surmary and Recommendaticns on Modeling Far-Field Plumes

Most likely more important than the decisicr con ratching the mcrentum
arnd bucyancy lencth scales versus diameter exaggeraticr versus matching cf
the Froude nurbter and the momentum ratic are <he effects of the approach flow,
i.e., *he stratification and ambient turbulence to whict the plume is sut-
jected, as well as the effects of downwash and flow diversion or channeling
caused ty tuildirgs and terrain. These will be discussed further ir later
sections. fcr the present, the recommendation is to avcic a renturbulent
efflgent flow ard to avoid raising the stack, either physically or thrcugh
the addition of momentum. Irstead, the most advantageous cf *he methcds

discussed in Secticn 3.1.2.3 should be used.



Thus, to model the far-field rise of & buoyart plume from a stack, it
1s recommended trat the modeler:
. Insure a fully turbulent effluent flow ard

Efther (in orcer of decreasing "correctress”):
0 HZ b

a) match “s's S and D
o W2 T (gDeesp )2 b
a ' a S

ra

E) match ’.W/HS and ?B/FS,

N\

1, fellowing geometric similarity or
11) exaggerating the stack ciameter, but avoiding stack downwash,
or ¢) rmatch Tp/Hg,

i) following geometric similarity or

i1) exaggerating the stack diameter, but avoiding stack cowrwask.

Ctviously, if the stack ciameter is exaggerated, cther lengths are to tLe
refererced to the stack feight and not the stack diameter. [t i implicit
atove that the simulated atmospreric beurcary layer {s matched and that geo-
metric similarity is followed everywhere, with the possitle exception ¢f
exaggerating the stack diameter as noted. Motice that uncer conditions 2k
ard ¢, that an exaggeration in stack ciameter will generally be accompanied
ty a recuctior in tte momentum ratio. I* must be remembered that the momertum
ratio should not be reduced to tre point where the plume is downwashed in the
wake of the stack.

It is obvious that there are many unresolved problems concerning the
moceling of plume rise, in spite of nearly 4C years of such modeling. Recause
of the lack of basic, systematic studies on these fundamental protlems, the
above recommendatiors are tentatively proposed ard are subject to crange

pendirg future developrents.
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[#9]
~o

THE ATMOSPHERIC ECUNDARY LAYER

‘n the early wind tunnel studies of flow arcund buildirgs (Strom et al.,
1257), cemplex terrain [(Strom anc Halitsky, 1983;, and urban areas (Kalinske
et al., 1945), care was taken to inrsure that the flow apprecaching the models
was uriform and of low turtulence across the wind tunnel test section. Jersen
(1058) was the first tc suggest that the simulaticn of the atrospheric beund-
ary layer was impertant: he was also the first to produce a sinulated
atmospheric toundary layer approach flow by matching the ratic of the rough-
ness length to the tuildirg height betweer model and prototype. Strong
variations in the surface pressure ccefficient were cbserved along with
variations in the cavity size and shape cownwind from a buildirg with different
depths of toundary layers in wird tunnels bty Jersen and Frank (1S€5) and
Halitsky (19€8). Tan-atichat and Nagib (1974) anc Castro anc Fcbins (1e78)
have shown that the nature, strength, and locaticns of vcrtices in the flow
patterr arourd tuildings differs markedly with and withcut a thick bcundary
Tayer approach flow. The wind shear and the presence ¢f the grourd produce a
downward flow on the front face of a tuildirg, a reverse flow and an increase
ir speed upwind of the building, and high winds near the sides as sketchea in
Figure 11 (Furt, 1975). It is ncw generally agreed that a thick toundary

layer is essential if similar concentration fields are to te observed dcwn-

wind of a model.
SEPARATED

UPWIND FLOW ON ROOF
VELOCITY PROFWLE

[ =) ™

4

MEAN VELOCITY IN
REVERSE DIRECTION INCREASE IN SPEED
NEAR SIDES

Effects of wind shear on the flow round

Figure 17, !
"' a building (from Hunt, 1975).
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Further, not just any thick boundary layer will dc. It must simulate
the atrospheric bcundary layer structure, including as a minimum, the mear
velocity prcfile anc the intensity and spectral distribution of tre turtulence.
That the simulation of the spectrum is essential is evidenced in a report by
Dean (1977]. FHe attempted to duplicate the results of Snycder ard Lawson (1976)
at the somewhat smaller scale of 1:5CC (compared with 1:3CC). The boundary
layer depth was scaled properly and the mean velccity and turtulence profiles
were reasonable facsimilies of those cf Sryder and Lawscn (S&L). Hcwever,
when measuring concentration profiles ir tre boundary layer downwind from an
isolated stack, he found a vertical plume width over 2 times that of S&L and
& maximum concentratior 1/5th as large, which was characteristic cf Pasquill
diffusion category A, righly unstable. A removal of the vortex gererators,
Teaving the rcughness strips intact, did rct change the velocity cr turbulence
intensity profiles appreciably, but preduced a marked charge ir the energy
spectra, which in turn btrought the plume width ard maximum concentration to
within a few percent of those of S&L, more nearly characteristic of cetecory O,
reutral stability.

(f the atrospheric boundary laver is tc¢ te sirulated in a wind tunnel or wa*er
channel, it is necessary tc cecide at scme point just what characteristics car
anc should be matched. If adequate data are availatle describing the atrcs-
pheric toundary layer structure for the specific site to te modeled, it is.
of course, more appropriate to use these data. But, cererally, sufficient data
are not availabie, so that scme model must be chcsen. For example, i€ we want
to simulate the dispersicn of pollutants frem a stack in the ztmospheric
toundary layer, we need first tc arnswer the questior ¢f what tre apprcach flow
should Took like. Uhat {s & typical atmospheric bourdary layer depth? What

are appropriate parameters that describe atmospheric statility and what are
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typical values fcr these parameters? How dc the turbulence spectra vary with
stability, height above ground, etc.? It is necessary tc establisk & goal to

be met, say, & simplified analytical cescriptior, of the flow in the atmos-
pheric bourdary layer. The first part of this section (3.2.1) suggests some
gcals wbich the modeler should attempt to achieve. What we attempt to

describe is the tarotropic planetary tourdary layer under cteady-ctate ard
horizortally hemogeneous conditions. The second part (Secticn 3.2.2; reviews
the most promising techniques that have teen tried for generating thick, reutral
boundary layers simulating the atmospheric toundary layer. The third part
(Section 3.2.3) reviews methods which appear promisirg for simuiating strati-
fied boundary layers. Finally, ar attempt is made (Section 3.2.4) to summarize
the previous sections and to establish guideiines for modelinc of the atmospheric
becundary layer. Because the discussicn of Secticrs 3.2.1.1 and 3.2.1.3 ¢c intc
consideratle detail, the disirclined reader may wish to skip to the sumraries

(Section 3.2.1.2 ard 3.2.1.4) for the essentials.

2.2.1 Characteristics of the Atmospheric Bourcary Layer

The atmospheric bcundary ‘ayer, alternately referred to as the Ekman
layer, the frictior Tayer, or the planetary touncary layer, is corcerned with
that pcrtion of the atmecsphere where the aercdynamic fricticn due to *the motior
of the air relative to the earth's surface is cf prime importance. Above the
boundary layer, the air motior is gecstrophic, reflecting a balance between
the korizontal pressure gradient and the Coric'is fcrce, and the velocity
cbtaired there is the gradient velccity. Tre cepth of the tcundary layer is
highly variable, although it is typically between 1/2 and 2 ¥m under neutra’

conditicrns. The cverall bcundary layer ray bte dividec irtec a*t least 2 sub-
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layers, principally the surface layer, also misnamed the constant stress 1ayer1,
and a transition region above, wherein the shear stress diminishes from the
rearly constant value in the surface layer tc a near-zero value at the gradient
height. The surface tayer is typically 10 4o 20 percent of the planetary
touncdary layer. Generally, the mean velocity prefile in the surface layer is
described by a lcgarithmic law. Above the surface layer there are numerous
analytical expressions for describing the velocity profile. If the entire
toundary layer is :0 be described by one expression, it is commﬁﬁ engineering
practice to use a power law. -

Since Corielis fcrces cannot be modeled in an crdinary type of facility,
T.e., wind tumel or water chanrel, modeling efforts should be restrictad to
those classes of problems where Coriolis forces are unimportant. As discussed
in Section 2.2.1, Coriolis forces may be important under neutral or statly
stratified conditions in relatively flat terrain when *he length of the mode]
exceeds approximately 5 km. It dppedrs that, 17 the length scale of the field
situation to be modeled is less “han § m, Corfolis ferces may be igncred.,
-ikewise, if the tarrain 1s rugged, so *hat the flow 1s nighly dominated Ey
‘ocal ladvectice) forces, Coriolis forces may be ignored. This restriced
lass of Flows limits the usefulness of fluid mcdeling facilities, but “hera
017 exists a very large range of problems in which it is nct at all

urreasonable to ignore these effects.

(3]
i~

1.1 The Adiabatic Bcundary Layer
Picking a depth for the adiabatic (neutrally statle) toundary layer is nc
si-ple task. After an extensive review of the literature on adiabatic ccundary

‘avers, Courihan {1972} concluded that he boundary 'ayer depth is £0Cm,

7

-

1. Strictly speaking, a comstant stress Tayer exists only in 3 boundary layer
wity zerc pressure gradient, which is seldem the case for thre atmospheric
boundary ‘ayer,
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practically independent ¢f wind speed and surface roughness. Cavenport's
(1°63) scheme, which was previcusly accepted as the “"standarc" for wind tunnel
studies of wind forces or tuildings, specified the depth as a functicn cf the
roughness lercth z, only, varyirg from ¢=3CCm at z,= (.C3m tc 2=€0Cm at Z, =2,
Arother popular scheme which is claimed tc fit cbservaticns quite well is:

, (3.12)

(‘: = CU*/ fc

wrere 7 is the boundary layer depth, u, is the fricticn velocity (=v ro/p ),
ard fc i< the Coriolis parameter 2. sir ¢ , where . is the earth's rctation

. 4 - .. . -4 - -+
rate ard = is the latitude. In mid-latitueds, fc “10 “sec 1. rypical values

for ¢ range from 0.2 {(Fanna, 1S6S) to 0.3 (Tennekes, 1972). Tc determine .
*

usirg this schere, it is customary to use the cecstrophic drag law. which

relates the 'drag coeffient” u,/G tc the surtace Rossty rurber G/fczcz

n ~
- B, (3.73a)

where G is *re cecstrophic wind speed (with ccmponents L'c ard Vg), ko is

van Kérmén‘s constart (0.4}, and A and B are "constants” which cdiffer consider
ably from one author to the next. From Elackadar and Terrekes (196€), 2 is
atout 1.7 and B about 4.7. Fcr the sake ¢ ccmpieteness, we alsc write the
expression for the angle o betweer. the surface stress anc the geostrophic

wind:

1
3
o
1t
=)=
CDL'C

(3.13b)

wr

These three schemes fcr specifying the boundary Tayer depth are ccrpared in
Figure 12, where it may ke seen that they yie'cd drasticelly cifferent results.

Ir view of the uncertainties involved anc aisc tecause Ccunihan's (197%)
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Titerature review shcwed nc measurements of cdepths in excess of €CCm, if
specific measuremerts to the ccntrary are unavailatle, the bouncary layer
sheuld te assumed tc be approximately €0Cm in depth. This valuve, as well as
recommerdaticrs that follow, are nct ir any serse tc te teken as absolute.
They are recormended in the sense that ir the absence of cother data, these
values are nct unreasonable tc use as a recdel. Alco, many of Couriran's
(1975) as opposed to Cavenport's {1963) corclusions are repeated here because
they are representative of z wider range of data ard they are more therough

in the serse that mecre kinds of statictics are covered.
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Figure 12: The cepth of the ediabatic bcurdary layer ecccrdirg te tre
qecstrophic drag law cerpared with cther schemes.
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Tre cdepth of the surface layer, in which the mean velocity profile follows
a logerithmic law, and from which the roughness length may be cefined,

ig cenerally cstated to he 10 tc 20% of the bouncary layer depth.

Counihan (197%) suggests a value of 7CCm as a reascnable average depth for
tre surface layer. Tre rcughness lergth z, may e derived from the mean

velocity profiles in the range 1.th <z<0.15¢:

¥ 1 zZ-d

TR S (3.14)
where hr is tre height of the roughness elements, anc d is the zero plane
displacement. The logarithmic profile is well established and hras been amply
cemonstrated ir wind tunnel bouncary layers ard ir atmospheric profile studies
over ideal cites with roughness varying from smocth ice to trees ard buildirgs.
I- fact, Thempson (197€) has reported logaritkmic wind profiles measured cver
righly rugged terrain and was able tc extrapciate these profiies to obtain a
roughress lergth of 25' The logarithmic law is, in fact, frequently feund
to te a close approximation to the velocity profile to Feights considerably
beyond the "constant stress" layer (Panofsky, 1974).

Typical values of Z, for various types of surfaces are giver ir Table 2
(from Simiu and Scanlar, 1978). It should be noted that the values quoted in

Tatle 2 for suburbs, towns, and large cities are exceptionally small. MNumerous

authors (see Davenport, 1662, or Kogstrom and Hogstrom, 1678, for example)
suggest values of 1 to 5m for urban areas. Cuchene-Marullaz (1975) suggested

values greater thar 2m, but on the assumption that the zerc plane displacerent
d was zero. Secondly, it ic vell known that z, may vary with wird speed cver
the open ocear ard over long grass and trees, tut Pasquill (1971) cited

evidence of Z, increasing (as well as d cecreasing) with increasirg wird speed

71



over Central Lorden, i.e., large and rigicd rcughness elerents! Ve suggested
that the cause may be due tc the mcre vigorous turbulence scouring the
buildings, with the air stream "penetrating" more deeply between bui'dirgs,
thereby increasing bcth the inter-buiiding wind speed and the depth of the
tuildirg contributing effectively to the drag.

The zero plane displacement d may generally ke regleted fcr terrain
types where the rcughness length is less than about 0.2m. It is suggested
by Simiu and Scanlan (1978) that reasonabie values of ¢ in cities may bte

estimated using the formula

- -

where H is the gereral rocf-top level and k is tke von Karman constant (C.4).



TABLE 2: Values of Surface Roughness Length (zo) for Various Types of
Surfaces (from Simiu and Scanlarn, 1978;.

Type of Surface (cg}

Sand 0.01 - .1
Sea Surface 0.0003° - 0.5
Snow Surface 0.1 B C.6
Mewn Grass {“C.Cim) 0.1 - i
Low Grass. Steppe 1 - 4
Fallow Field 2 - z
Figh Grass 4 - 10
Palmetto 1C - 20
Pine Feorest (Mean height of trees: 1tm;

cne tree per 1Cm2; zd=42m) 90 - 160
Cutskirts of Towns, Suburbs 2C - e
Centers of Towns 35 - 45
Certers of Large Cities £C - &c

qind speed at 1C m abcve surface = 1.% m/sec.
bwind speed at 10 m abcve surface > 15 m/sec.
The mean velccity profile throughout the entire depth of the bouncary
layer is adequately represented by a power law:
Le = (z75)P (3.16)

where U_ is the mean velocity at the top c¢f the boundary layer cf depth ¢ ard



P is the power law index. This fcrm is popular in engineering practice and is
hichly useful frem a practical viewpoint. Savenport (1G€3) claims that the
cverall reliability of the power law is at least as goeed as much mcre sophis-
ticated expressiors and it is recommended here for that reascn. It was shown
ty Daverport tc work auite well for higr geostrophic winds. It should also
work weil for light winds as long as the atmosphere is revtrai. FEven for iigrt
wirds in the atmosphere, Reyrclds rumbers are very large. The problem is not
that the power law vill rot work for Tight winds, btut that, especially urder
light winds, the atmosphere is seldom reutral. Ficure 13 shows typical mean
vind profiles and Figure 14 shows the variaticn of ¢ with tre rcughress lercth
z, (from Ccounihan, 197%). The power law ircdex varies from atout 0.1 in excep-
ticrally smocth terrain such as ice te abeut C.35 ir very rough terrain such
as built-up urtan areas.

f< shewn by Counihan, the turbulence intensity at a 2C m eleva*icr follows
the same formula as the power law index; their rumerical values as furctions of

rcughness Tength are identical.

= ) . \2
P= GuT/Tgg, = 0.28 +0.09 logyezy + 0.016(T0g, 2", (

-+
(8]
)
~J

-~

where Z, is tc te specified in meters. Tre scatter ir the Reyrolds stress
measuremerts wac considerakle, and —?CﬁﬁﬁVUi could have teen represented ty
the idertical fcrmula (2.17), but Counihan felt that wculd underestimete the
stress in mederately rcugh terrain. Fence, he prcposed, for the surface

2

—_— 2 2 -2 -4
layer -uw /UT = ug/UT = 2.75xX1C77 + €x10 logTOzO (2.18)

which is also shown ir Figure 14. Counihan dces not succest Fow GLw varies with
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height; he impiies that Eq. 3.78 gives its "constant" value in the "constant
i
stress layer. A convenient approximation is a lirear decrease with keigkt from

its curface value to zerc at z=¢.
- Tw(z) = (1-z/¢)dl (3.19)

Thus, at heights less than C.l¢, the stress is within 10% ¢f i%s surface value

(see Figure 15).
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Figure 15. Shear stress distributions measured at varicus downwind posi-
tions in a wind tunnel boundary layer (neutral flcw). Data
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These figures may be used for model cesicn purposes in a nurber of ways.
In a general type cf study, such as diffusion cver an urtan area, they can be
used directly to determine appropriate values for Z, ard p. Cr, in a specific
study, once Um is chosen, ogg.has orly to determine Zq (by measurement cr
estimaticn) and, since p, ,Eﬁ}u, and -UWVUi are principally functions of Z»
to obtain them from Figure 14. If it is desired to metch the wind speed U at
a particular height Zys S3Y5 at the top of a stack, Eq. 3.16 may be rewritten

as
t = \p
Uy /U, = (29/8)

and the free stream wird speed (gradient wind) may be determinec.
~he variaticr of the loncitudinal turbulerce intensity in the surface

Tayer is agiver by

W2/T = p In(30/2.)/(In(2/2,) - (5.20)

-~

(This formula is slightly different from that of Counikar, but it is consistent
with his data and other formulas. Ccunihar's formulaticn did not match Eq. 3.17
for the turbulence intensity at z=3C m for low values of Z, and was somewhat
amtigucus in the range C.1 m<z < m.) Above the surface layer

(10C m<z<6C0 m)}, Counihar recommended assuming & turbulerce intensity of 0.C1

2t 600 m and extrapolating to this value from the top cf the corstant stress
layer. Several turbulence intensity profiles using this scheme are plotted in

Figure 16. For the lateral ard vertical turbulence intensities:

In spite of very wide scatter in the data and cenflicting cpinicns ir the

literature, Courihan ccncluded that the longitudinal integral scale Lux
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Figure 16. Variaticn of longitudinal turbulence intensity with reight
under adiabatic conditions.

decreased with increase of surface roughness and increased with height up tc
20C-3CC m. Abtove this level, Lux was independent of surface roughness and
cecreased with reight. A summary showing the variaticn of Lux with elevation
and roughness lerngth is given in Figure 17. Fcr other integral lergth scales,

Counihanr has concluded:

Lu, = 0.370.4 Lu
Y 10me<z<240m, (3.222)

Luz = 0.570.6 LuX
Luy = Llu, = Lu /2 ; 24Cm<z<600m, (3.22b)
and Lw, = C.éz 5 z<10Cm . (3.22¢)

For the power spectral densities and the cospectrum of the Reynclds stress,
we depart frem Counihar and present empirical fcrmulas freom Kaimal et al. (1972)

which were derivecd from extensive measuremerts in Kansas.
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s, (n)/ug = 105£/(14326)%° | (3.232)
s, (n)/uf = 17¢/(149.57)°/3 (3.23b)
s, (n)ul = 2¢/(1+5.2677) (3.23¢)
and -nC, (n)/uf = 147/ (1+9.67)% %, : (3.23d)

where f=nz;U is a nondimensional frequency (see Figure 18 for plots).

It may be seen that these spectral furctions are dependent cn Z, inscfar
as u, and ! are functions of z,- These expressions may be used to estimate
integral scales (e.g., Kaimal, 1972), but scales thus cerivec are nrot consist-
ent with those in Figure 17 (scales derived from Counihan's suggested spectral

forms are even less consistent with Figure 17 -- such is our knewiecge cof thre
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Figure 18. Empirical curves for spec*ra and cospectrum “or reutral
conditions {from Kaimal et al., 1972).

neutral atmcspheric bcurdary layer!) This is very unfortuna*e, because, as
was pointed out in the previous section, the larger scales cf the turtulence

are highly impcrtant ir simulating diffusior.

3.2.1.2 Summary of the Fdiabatic Beoundary Layer Structure

If specific site data are aveilable ¢iving adecuate infcrmaticr on the
structure of the adiabatic tcundary layer, it is, of course, rost cdesiratle
tc use those data as the target tc simulate in the wind tunnel. If nct, as
is usually the case, it is reccmmended that the follcwing model be used.

For the sake of corciseness, justificaticns for the particular choices are
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cmitted frere,

The interes*ed reader may corsult *re previocus sectior and

the references giver trere. Listed here are the nair features of the

steacy state adiabatic bourdary layer cver horizcntally homogeneous terrain

- ‘uriform roughness).

(&%)
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The depth ¢ of the bouncdary layer is €CCm, indepencent of
surface roughness anc wind speed.

The mean ve'ocity profile is logarithmic ir the surface layer,
wkich is 100m deep.

tke roughness length Z, and the friction velocity u, may te

derived from the mean velocity rrofile in the range 1.Ehr5;5p.156:

where hr is the ceneral height of the roughness eiements, and
¢ is tre displacerent height (neglected fcr z.<".2m and giver
by Eq. 2.15 for 20<O.2m). Typical values for z, are civern in
Table 2.

The mean velocity pro“ile through the entire cdepth of tre
boundary Tayer is represented bty a power law U/U = (z/é)F
T“he power law incex p is a furction c¢f 2, alore and may te
obttaired from Figure 14 or £q. 3.17. It varies from C.1 over
smootr ice to €.35 in tuilt-up urban areas.

The Reynolds stress in the surface layer may be calculated as
a function of z, from Eg. 3.18. Its vertical variaticn may

be approximated as a 17near decrease with reight from ts

surface value (Ec. 3.18) to zero a* z=60Cm (Eg. 3.1¢).



6. The variation of the local longitudinal turbtulence intensity
with z, and elevation is shown in Figure 16. The vertical
and lateral] turbulence intensities are approximately half
and three-quarters, respectively, of the longitudinal turbu-
lence intensity.
7. The variation of the longitudinal integral length scale with
.2, and elevation is shown in Figure 17. Cther integral scales
may be cbtained from Egs. 3.22.

8. Spectral shapes are given by Egs. 3.23 and shown in Figure 18.

3.2.1.2 The Diabatic Boundary Layer

In many ways, our knowledge of diabatic toundary tayers, at least in the
surface layers, is more extensive than that of adiabatic boundary layers.
This is so because diabatic boundary layers are far mcre commor and tecause the
change in the surface heat flux is generally slcw encugh that the surface
Tayer turbulence is able to track it, i.e., the boundary layer is staticnary
long encugh that reascnably statle averages are more readily cobtainable
(Wyrgaard, 1975). The depth of the boundary layer is highly dependent upon
the stratificaticn. ODuring the day over land, the effective top of the bound-
ary layer may usually be defined as the inversicn height, i.e., a layer with
stable density stratification exists at some height that is typically in the
range of 0.5 to 2 km. OCn a cloudless night with light winds, the grecund
coo”ing generates a strongly stably stratified layer very close %c the ground
that suppresses the turbulence; the effective touncary layer, then, may be very
shallow indeed, as Tow as a few tens of meters or even meters {Businger and

Arya, 1974).
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It is convenient at this peint tc discuss various parameters “hat charac-
terize the stratificaticen. (This discussicn closely follows that of Eusinger,
1673.) The diabatic surface layer differs frem *'e reutral ore, ¢f course,
tecause of the presence cf the heat flux trat creates the stratsification that
very markedly affects the turtulence structure. This 1s clearly seen by exam-
inatien of the turtulent erergy budget egua*icn (see, for evampie, Busch, 1872),
vihere a very impcrtant production term appears that ss proportional tc the reat
flux. Ancther prcductior term is, cf course, the mechanical term due tc wind
shear. Fichardson {192C) introduced a statility parareter trat represented the

ratic, rerce, the relative irportarce of trese two production terms:

D

Z

Qo

/
/az

Ri =4 2
,:(,

where ¢ is mear pctential temperature (2=T+yz, where T is actual temperature

(3.24a)

0
[y

e

ar¢ vy is tre adiatatic decrease of temperature with height}. Tris parameter
is kncwn as the gracdiert Pickardson rurmber cr, simply, Richardson number.

In ceriving this statility parameter, it was assumed that the ecay transfer
coefficients for reat ard rorertum were equal (Kk=km). Since this assurptior
s nct cuite valid, it is better to leave the flux terms n *Fe form ir

which trey appear ir the erergy equation, irstead of assuming the fluxes

are properticnal to the gracients of the mean quartitzies. Hence, we have

a flux Fichardsor number

pis S W (3.24b)
uw  3U/%z

where - represents terperature fluctuations.



This parameter s rathrer difficult to cetermine because of the covariance
terms, whereas the determinaticr ¢f Ri invcived only the measuremert of mean
terperature and mean velocity separately as furctions of hefght.

If we differertiate the expressior for the logarithmic velocity profile
(Eq. 3.14), we obtain zl/5z=u,/kz. Substituting this expression into the flux

Richardson number yields a dimensicnless reight

I _g _wtkz
L T Ui
wh 2 e — 2k
where L 3 = (3.24¢)

is thre Monin-Obukkev (M-C) lergth. This length is a very useful statility
parameter. It contains orly ccnstants ard fluxes that are approximately con-
start throughout the surface layer {also called the constant flux layer,
aralcgeus to the corstant cstress layer in the neutral boundary layer). L there-
fore is a characteristic height that determines the structure of the surface
‘ayer. It hras been found trat mary features of the turtulence in tre surface
layer deperd solely upon the dirersionless height z/L. Such dependence is
referred to as M-C similarity, which we will return %o Tater in tris section.
Another stability parameter is the Ekman-layer equivalent of z/L, i.e.,
it geverrs diabtatic scalirg in tre entire bcundary layer, much as z/L governs

diatatic scalirg ir “he surface layer (Tennekes, 1972).

WOFL (3.24¢}
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A final stability parameter is the Froude number

U
vgHas/8,, (3.24e)

Fr =
which was discussed in Section 2.2.4. Tke Froude number might characterize the
stratificaticn in the surface layer or that of the entire bcundary layer,
depending upon the height H chcsen for specifying the velocity and the upper
Tevel for the temperature cifference. More commer in the metecrological 1iter-

atuire 15 the inverse sguare of this Frcude number, which is called the bulk

Richardson number

To give the reader a "feel" for the magnituces cf these varicus stability
parareters, we have listed typical values ir Table 3. These vaiues are not to
be taken as definitions or as absolute in any sense. Particulaer values depend
on the height chosen for specificaticn of the wird speed and temperature and
there is nct, in ary event, a cne tc cne correspordence between the parameters.
With these statility parameters in hand, we will ke able to specify meny
of the features cf the diabatic bcundary layer (alteit cre that is steady and
horizontally homogeneous). Let us first quantify our rather gualitative ces-

cription earlier in this section of the boundary layer depth.

According to Hanna (1962), the formula

0.78 U
5=(q N2 (3.25a)
T 'EE{)

where 28/:z is the average vertical gradient of potertial tempera‘ture through
the boundary layer, agrees well with cbserved toundary layer thicknesses.

This equation implies that the bulk Richarcsor number gfae/(Tt;) geguals C.E6
g5 )



Tatle 3: Typical Values for the Varicus Stability Parameters.

'Qua1i§atjve Fasquill-Gifford L,m z/L Pi. Pi Rig Fr b u*,m/sb
Cescripticn Category ‘
Fiahly
Unstable £ -5 -2 -5 -2 -C.C3 - -4000 .3
Unstable B =10 -1 -2 -1 -6.02 - -120 .3
Slichtly
Unstable C -20 -0.5 -1 -¢.5 -0.C7 - -60 3
Neutral C w 0 C C 0 = ¢ .3
Slightly
Statle g 166 C.1 C.C7 Q.07 0.004 16 12 2
Stable F 26 0.5 (.14 0.4 G.c2 7 a0 .2
Fighiy
Statle G 10 1 C.17 017 c.C4 ¢ 40 .

{(a) The assumed height cf the anemcmeter ard upper thermoreter was 1C m;
tre lower thermometer: 2 m. A roughness lencth ¢f C.C1 m was alsc
assumed in the calculaticns.

(b} The friction velocity listed is that value used ir calculating u.

for all stable boundary layers, i.e.. the boundary layer sdjusts itself until
this critericn is met.

EFrya {1677), to the contrary, claims that observaticrs indicate that the
bulk Richardson number increases with increasing stratificaticn and ray
appreach a constant {critical) value only under extrerely stable conditions.
Fe, Businger and Arya (1974), Wyrgaard (1975), Brost and Wyngaard (1978) and
cthers using widely differing theoretical apprcaches all arrive at the simple
form fcr the reight where the stress is some specified small fraction of the

surface value:

/e 1/2
! -
/L= au, or &= a(Lu*/fC)

)
[AS]
(8]
[
g

ee



where a is a corstant and u*=u*/fCL is a stability parameter related to

Eq. 3.24d through p=kp,. Tre constant a, hcwever, is hichly dependent upon the
value chosen for the stress criterion. For a 1% stress criterion, Businger and
Prya (1974) find a=0.72, whereas for 57, a=0.4. The latter value is supported
by the second order closure model of Brost ard kyrgaard (1678) cver a wide
range of cooling rates. Comparisons witk Wargara data (Arya, 1977) show very

larce scatter, and that a=] would be a much better fit.

~

Tc estimate u,, the geostrophic drag relaticn (Ea. 3.13) is used, where
the "constants" £ and B are functions of the stability parameters. In &

critical review, Arya (1977) has suggested

A= In(s/L) - 0.96(s/L) + 2.5 (3.26a)

(we]
H

and 1.186/L + 1.1, (3.26k)

where 3 *s determined frcm Eq. 3.25b with a=1. (This is cbviously an itera-
tive procedure in that Eqs. 3.13, 2.25, and 3.26 all involve u,, which we are
atterpting to cetermine.)

firally, an interpolation formula suggested by Cearderff (1972}, i.e.,

+ c  +1 \']

_ ]
S o R v TTI (3.27)

in which Z- is the height of the trcpopause, does not suffer from "Blewing up"

P
f

under neutral conditions (where L—=) near the equator (where fC»C);
$+0.25u,/f_ under neutral conditions in mid-latitudes (i.e., Eq. 3.12) and
3~30L under very stabtle conditions and/or in lcw latitudes. Eg. 3.27 yields
results comparable tc Eq. 3.25b in mid-latitudes (see Figure 16).

The unstable boundary layer is almost always capped ty an irversicn at

some elevation. It is now cenerally agreed that the height of this tcundary

&7



layer is determined ty the height of the base of the inversior, i.e., 8=27,

(Ceardcrff, 1972, Wyngeard et al., 1974). Thre height of the inversior base

varies from day tc day, tut its diurral trend is cuite similar. Vainal et al.

—

187€) describe their ctservaticns in the Minnescta experiments as tollows:

"Zetween sunrise arcd lccal nocn {13QC CDT) z. ¢rew rapidly ir respcnse

to the steadily irncreasing heat flux (Qo). Tre growth of z slowed down

tetweer 13CC and 1600 CDT as O reached”its maxirum value. 'But as Q.

decreased through the late aft&rncon, z. becan to level off to a nea?]y

constant value which it maintained even'after QO turned regative.”

Ever though this convective boundary layer depth changes rather rapidly
with tire, there is justificaticn for treating its midday structure as if it
were in steady state, or at least in a condition of moving equilitrium cr
quasi-steady state (Kaimal et al., 187€). To predict the height of this
toundary layer, Cearcdorff (1974) and Arya (1677) recommenced a rate equation.
Fcr purpeses of fluid redeling, it is sufficient to pick typical values,
i.e., i<l to 2 km, as the typical max‘mur height for the inversicn base is
T to £ km. Cnce a boundary layer height is chosen, we car estimete ., from
the geostrophic drag relaticn, Eq. 3.12, where the parameters A and [ are

furcticns of the stability parameters &/L ard fc s/u, (Arya, 1877).

A= In(-¢/L) + 1n(fca/u*) + 1.5 (3.2¢a)
B = k(fé/u*}-' + 1.8(f¢/u,) exp(C.2¢/1) . (2.28b)

Figure 19 stows predicted boundary jayer depths from Eqs. 3.25b and 3.27. It
may be seen why the neutral bouncary layer depth is sc ¢ifficult to determine;
cnly slight cepartures from neutrality effect drastic charnges in its cepth.

Ficure 20 shows how the friction velocity u, varies with stabtility es predictec
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Figure 19. Typical nonadiabatic beundary iayer depths fror Ehe ~costrophic
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from the geostrophic drag relatiers using Egs. 3.2€ and 3.28.

Fegarding tre mean viind profile under non-neutiral cerditicns, DeMarrais
(198} ras reasured the power law incdex p and has cdrawn the following general
cerclusiors:

"During the day, when superadiabatic conditions ard neutral lapse rates

rrevail, tre values of p vary from C.1 to C.3. This veriation is princi-

pally in proporticn tc the roughness cf the terrain. At right, when

statle, isothermal, and inversicn conditions exist, the value of p

generally varies from 0.2 to 0.8; this variation is preporticnal tc the

degree of stability and the roughress of the underlyirg terrain."

Fanofsky et al. (1960) have used a formula due toc Elliscn (1557) tc cerive
a theoretical relationship for p as a function of Z, and 1/L (L is *be M-0
Tength). Irwin [1978a) has, analogcusly to Pancfsky et al., used results of
Mickerson and Smiley (1875) to establish a theoretical relationship between p,
2, and /L. The results, shown in Figure 21, support DeMarrais' (195S) con-
clusions reasonably well.

Eir poliution metecrclogists freguently use Pasquill ctability clesses
(or similar croupings) tc categorize atmospheric cdiffusion. Golder {1572) has
rejated the cualitative Pasquill classes to more de“initive mreasures of sta-
tility threough analysis of a larce numter of observaticrs at 5 sites. Irwin
(1978a) has taken Golder's results relating Pasquill classes to the
“onin-Obukhov Gencth and roughness lencth and overlaid them as shown in
Figure 21. Irwin (1978b) has further plotted the variaticn of p with Z,
where the Pasquill stability class is a parameter (see Figure 22). It may
be seer from Figures 21 anc 22 that the shape of the wind profile is much more

strongly dependent on stability thar on the roughness lergth under statle ccn-

O
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Figure 21. Theoretical varjaticn of the power-law erpcrent as a functicn
of z, and L for z equal tc 10Cm. The dashed curves cverplot-
ted are the limits defined by Gclder (1972) c¢f the Pasquill
stabjlity classes as adapted by Turrer (}963) {(from Irwin,
1978a) .

ditions. It is relatively insensitive tc stabiiity but mcre deperdent upon
rcughness under unstable ccnditions. Comparisons (and tailoring) of Irwin's
results with field cata of CeMarrais (165¢), Touma (1977) anc Izumi (1671)
agreed well and explained reported differences in expcrent values. HKis theo-
retical predicticns compare very well with Counihan's (1975) results for
reutral corditicns, i.e., stability class D (see Figure 22).

In the above discussions, we have largely icncred the influence of the

earth's rctation tecause this feature, in ceneral, cernct te sirulated rezlis-



IR

% 2y = 100 p

g 0.6 — z3 = 100.0

= g = 20

w F

=

< —————
s L

=

i

= !

=]

S

5‘, 0.4 —
5 /
> _/

= T ———— £

LI

!

0.1 0.10 .0

SURFACE ROUGHNESS LENGTH, 2, meters

“igure 22. Variation c¢f the power-law exponent p, averaged over layer
from 10m to 10Cm, as a function cf surface roughness and
Pasquill stability class. Dashed curve is result suggested
by Counihar (1975) for adiabatic cenditicns which should
agree vwith stability class 0. (from Irwin, 1978b).
tically in latoratory facilities in any event. Cr the other hand, many fea-
tures cf the surface layer can be well simulated. Panofsky (1874) has suggested
that we further subdivicde the Ekman layer (overall toundary layer) irto a
tower layer, i.e., telow 15Cm or sc in neutral or unstable conditions. The
surface layer prcper extends to approximately 3Cm, tut many of the relation-
ships developed for the surface layer may be extended to the tcwer layer;
whereas the earth’'s rotaticn may be impcrtant in the tower layer (it was not

in the surface layer), the turning of the wind can be igncred. In statle air,

this subdivision is useless because significant turnirg may start at much

L)
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Tower heights. In the discussicn to follow, then, we will discuss in detail
various properties of the surface leyer that may possibly be exterded *c the
tower laver ir reutral anc unstable corditiors.

It is customary in discussing surface layer prof<les and fluxes to define

nondimensional vertical gradients of wind speed and potential temperature as

b o Dk— all o, z 36 (2.29)

« 82 ° B4 2z

~N

where &,=-wt/u,. It has been found that these ncndirensicnal gradients are

furcticns of z/L orly (M-0 similarity). In unstable air,

—~
{0
(@8]
[gp]

¢ = (1-152/1)71/% 2100

b

fits surface observaticns quite well (Fanofsky, 197¢). The expressicr can ke

‘ntecrated to chtain the mear veiccity profile (Paulsor, 1870):

N s

lr(z/zo) ~ 2 1n{%{1+1/¢m)} - Tnl%(1+1/¢;)

+2 tan (170 ) - 7/2} (2.31)

This formulaticr is consistent in that urder reutral corditions L-, ¢W»?,
and Eq. 3.21 reduces to the familiar lcg law. Pancfsky {(1974) showed that

- ‘11 3 « . L
¢ =(1-18z/0) / fit varicus data sets tetter than Eqg. 2.3C for larce values

Ir stable air
1, = T+Ez/L , z/L>C (2.32)

integrates tc the famiiiar icg-Tineer wind prcfile:
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U/ue = (1/K00n z/zO+Ez/L], (3.33)

Figure 23 shows typical velocity prefiles as predicted by Egs. 3.21 arcd 3.33.

“he tehavior cf the rnondimersional temperature ¢radient ¢_ is screwhat
s h

contreversial. For simplicity we will here 1ist the forms given by Panofsky

{1674

3 = (1-152/L)" /2 | for z/L<0 , (3.30a)
and &y = 1+5z/L , for z,/L>C . (3.34b)

These expressions integrate to

-

(5-8.)/8, = In (2/2,) - 2 Wn[(1+1/2)/2], for z/L<C edSa

~
-~

a
u

(8-8,

(€%
(48]
o
oy
~

+ 1n(z/zc§+52/L , for z/L>C (

there ?,1s the extrapolated temperature for z=2, (rot necessarily the actual

surface temperature). Typical tempera*ture prcfiles as predicted by £cs. 3.35
are shown in Figure 24. It is useful “n interpreting Figure 24 %o ncte that
s, and {8 - EO) change sign siruitaneously, so thet the slopes cf the curves
are aiways positive. It is alsc interesting tc note that the 1imit as Lo is
the came as the Timit as L--=, i.e., a lcgarithmic temperature cistribution,
which is not the sare as adiabetic, where the pctential temperature weculd be
uniform with height. This is an ancmaly ir the mathematics, because Eeth
rurerator and derominator of the left hand sides of Egs. 3.35 approach zerc
simultaneously as the surface temperature approaches the fluid temperature.
frother useful relationship is that between the ¢radient Ficherdsorn

number anda z,/L:
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Typical surface layer velocity
cenditions (from Egs. 3.21 ard 2.33 with zO=O.G]m).
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or Pi = z/L , for z/L<C {3.36b)

. z/L -
Ri = (TF52/0) for z/L>0 . (3.26c¢) .

This relaticnship is shown in Figure 25.

Variarces
- e
. . T 2 .
The variance of the vertical velocity owﬁJ W follows Monin-Obukhev
sceiing, so that
! -~ -
“w o U*‘?WKZ/L) ) (3.37a)

vhere = is a unjversal furction. Accerding tc Pancfsky (197¢)
\
n1.25 for z/L>-0.3(inclucing all z/L>0Q) . (3.37b)

b < -~
w S o 11.0(-z/00 3 for z/L<-

The variance of temperature also follcws M-0 similarity, so that

= 9,4, {z/L)}, (3.382)

O
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0 a urniversal furction, which, according to Pancfsky (1974)

=
=
1]
~
40}
it]
—
w
[¢1]
—
n

-1/3

N
0.95(-z/L) for z/L<-0.7 (3.38b)

1.8 fer z/L:C

T and ¢, are shewn in Figure Z26.

The variances of the horizontal velccity compcrents S, arc o, do not appear
at present to follcw any discerrable pattern ard do nct cbey M-0 similarity
(tut see Tater discussien in this section of the convective tcundary layer).
Thic is evidently due to the lovw-freaquency contributicns tc these variances
thst are rossibly due to large scale terrain features or circulaticn systems
cf Targe horizortal extent uraccounted for irn M-C theory. Part cf the prcblem
may alsc bte due to the difficuity in separating fluctuations from rniears in the
criciral time series, i.e., the "spectral gar" may nct te so cieerly defined.

Nevertheless, varicus authcrs have attemptec to force their ctcervaticns

to fit M-0 scaling

—~
W
(O8]
[Xe]

~—

= v,.¢ (z/L)

~ = \
= ud (z/L) S, v

“
u ¥
The "constarts" ‘L (0} and ¢, (C) for reutral stratification vary from 1.5 to 3
with "mean" values cf 2.5 and 1.9, respectively. Ckecervaticrs of the variaticrn
c¥ I, and o, viitr height often show 1ittle attenuation, but there are notable

exceptions where slovi érd rapic decreases rave teer ctserved ever in unstatle

air (see Perofsky., 1974).
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Eirkowski (1673) has derivec expressions for @U and ¢v that fit through
the middle of the very wide scatter of the Kansas and Minnesota data. [Due to
the complexity of the formulas, they are rot repeated here, tut are shown ir
Figures 27 anrd 28.

Spectral forms are taken frcm Xaimal et al. (1972) and Kaimal (1973).
Spectra of vertical velocity and terperature fluctuations were found toc be M-C
<irilar as were the variarces, and to have universal forms when appropriately

rcrmalized.  Herce,

nSa(n) C.16 f/fo

£/ (3.40)

} A
7 140.16(F/f )

where a=w or 2, n is the cyclic frequency (Hz), f is a recuced frequency

o
nx, Ly,

and fo ic the ‘ntercept of the irertial sutrange spectrum with the

- 2 . - . . .
rS (n)/a"=1 Yine. The normaiizetion cf f by fo aligns the peaks cn the fre-
guarcy axis, althcugh fo is pot itself the frecuency with maximum erergy.

Trstead,

3
Q2
i
o
Q
L
w
[
——
S’

Srectral shapes of loncitucdinal and lateral velecities were M-C similar orly
Lrder stable ccnditions (z/Ls0)  The universal spectral share is shown in
Figure 29, and the variatior of the peak frequency with z/L is shown in
Figure 3C.

The integral scales are difficult to evaluate directly frcm the spectra;
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a length scale that can be obtained cirectly is Am’ the wavetencth corres- i
pcnding to the peak in thke Togarithmic spectrum nS{r). Using Taylcr's

hypothesis

— U/nm = z/fm ) (3.82)

where - anc frr are the cyclic and reduced frecuencies at the spectral peaks.

s

This length scale is used extensively (as oppcsed to the integral scale) in

the interpretaticn c¢f atmospheric spectra. FKaimal (1972) fas derived a simple

expressicn relatirg these two length scales

—
(63
r
(@S]

~—

Lax = O.O41Z/f0a = G‘]Gz/fma = Am(m)/27 .

His findings for the variaticn of these length scales with Pichardson nurmter

are listed in Table 4.

Table 4. Dimensionless Length Scales as Furcticns of Ri(0.05<Ri<C.2).

Length scale U v W £
Le/z C.082/Ri C.027/Ri 0.018/R1 (.C49/RA
\r(m)/z C.52C/Ri 0.173/Ri G.Ce3/Ri C.313/Ki

Wamser and Muller (1977) established formulas for }p(u) and Am(v) that

fit the Kansas data tetter cver the whole stable range (C<z/L<2), especially .

in the very stable range.

2/E 3/% -
2/3 (w) = C.84(1+2.8{2/L)* )%/ (¢ fu)” (3.44) .
2/R
Z/AW(U> = 0.05(1+2.E(2/L)“/~)3/2 (3.45)

T F ‘ats i
hey also found these ecuaticns were in gcod agreerment with their cwn datz and
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with other empirical relationships. HNo expressicrs are available for the
variation of - ir unstable cenditions, tut values fcr Am(w) ard >m(e} may be
deduced from Figure 3C.

Littie is krown atout the variatior of - with roughness. Wamser anrd
Muller (1977) ncted that their data showed a decrease in Am(w) vith increasing
rcughness urder neutral and convective coenditions, tut could nct draw any con-
clusicrs for stable cenditions. They also noted that there was no systematic
dependence of xm(u) on roughness. Figher order statistics such as cocspectra
arnd structure parameters are beyond the scope of this review. The interested

reader is referred to Vyngaard and Ccte (1972) and iyngaard =t a}. (1977).

Above the surface layer, the turning of wind with height generally beccres
highly impertant ard, therefore, is nct amenable to simulaticn in a laboratory
facility. But one case, in fact ore that is fairly typical of caytime convec-
tive corditions, deserves mertion. Kaimal et al. (197€) describe the structure
of this "mixed layer" as cbtaired from their extensive measurements in Minre-
sota. Tre surface layer is as described abtove, tut is ccrnfined tc the height
range z<'L!. Immediately abcve the surface layer, they describte & "free con-
vection" layer, where the surface shear stress is nc jonger important, tut the
heicht z continues to be important. The upper level for this free convectior
layer is approximately F.lzi, vhere z. is the height o7 the base of the lovest
inversion, ard is also a good measure cf the toundary layer depth (typically
tc 2 kr). The reraining ¢/1C of the bouncary layer, *then, is tre "mixec
layer" where *he mean wind is essentially uniform and the wird directicn
changes Tittle wit® height. In the "worst case” rurn, the virc cireczicn
varied tv only 1E° tetween the surface arc the top ¢f *thre foundery layer:

it was typically only a few dec¢rees.
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It is ccnceivable that the entire cdepth of this corvective bcundary
Tayer couid be simulated in a Tlatoratery faciiity, albeit at very low Reynoids
rumber. Dearcdorff and Willis (1974) have done the 1imiting case of pure con-
vecticn (nc wind) and Schon et al. (1974) have done an unstable bcundary layer,
but without a capping inversion. That the two approaches can te merged appears
promisirg.

For details ¢f the boundary layer structure (variances, scaling, spectra,
etc.), the reader is referred to the papers by Kaimal et al. (1976), Kaimal
1197¢), and Panofsky et al. (1¢77). The latter authors shov, for example, by
using cbservaticns from several data sets over uniform surfaces, that ¢, and ¢,
depend not uper z/L, but instead upon zi/L. Alsc, there were no sigrificart
differerces between the lateral and longitudinal compcnents. Their expressicr

fitted to the horizontal velocity data is

s = (12-0.52i/L)]/3 . -400<z,/L<C . (3.46)

Y

At the same time, they shcwed that the vertical velocity was M-C similar and

well-fitted by

o, = 1.301-32/L)1% , “7<z/Le0 (2.47)

which is 8% higher than our previcus estimate (Eq. 3.37t) fer z/L=-1, and
decreases tc 2% higher for |z/Ll+e.

Kaimal {1¢78) found that the tehavior cf the u and v spectira in tre un-
stable surface layer could be generalized if different regions of the spectra
were expressed in different similarity ccordinates. The spectra were diviced
into 3 regions: an inertial sutrange (»<z), ar energy-ccrtaining region (k>zﬁ)
ard a transition region (z<k<zi}. In the inertial sutrange, bcth spectira

follcwed M-0 similarity. In the energy-cortainirg region, mixec layer simiier-



ity, where Z, vias the scle-governing length scale, applied. Interpolatior
formulas for the transiticn region were derived., Further, it was shown hcw
these surface layer spectra (including w) evolve with height intoc their mixed
layer forms. As the empirical expressions are complicated and of somewhat

lTimited applicability, the interested reader is reterred to the originai paper.

2.2.1.4 Summary of the Ciabatic EBcundary Layer Structure
Listed bere are the main features c¢f the steacy-state diabtatic boundary
layer cver horizontally homogeneous terrain. Again, if specific site data
are available giving, for example, typical strorgly stable characteristics of
the boundary layer, it is, of course, most desirable tc use thcse data as a
target to simulate.
1. The depth of the stabtle bcundary layer may be estimated from
Eq. 3.27, where the friction velocity u, is cttained from the
geostrophic drag law (Eg. 3.13), ard the "constants" A and B
are determine¢ from Eqs. 2.26 (an iterative prccedure). It is
typically 100m deep. The unstable tecundary layer undergees a
diurral trend with a typical maximum depth between 1 and Z km.
2. Cnce the boundary layer depth is chosen, the friction velocity is
obtained from the geostrophic drag relation (Eg. 3.13), where the
"constants" A and B are obtained from Eqs. 3.2€ for stable
conditions and Egs. 2.28 for unstable ccnditicns (again, an
iterative procedure). Typically, Le=C.05U_ in unstable ccnaitions arc

u,=0.02U_ in stable conditions.

(@8]

The power law exporent r characteriziny ..c shape of the rean
velocity profile over the depth of the bouncdary leyer may ke

cbtained from Figure 21 or 22. Ir unstable ccnditions, it is

-
O
o



dependent prirarily cn the roughness length and essentially
incependent of the degree of instability, varying in the range
of C.1 to C.2. Under stable ccnditions, it is highly dependent
uron the degree of stability and essentia 1y irdependent of the
surface roughness, verying in the range c¢f C.2 to C.8.

In reutral and unstable conditions, the surface layer properties
may be extended tc a depth of appreximately 15Cm. In stable
conditicns, the surface layer is orly 1C to 20 r in depth. The
Menin-Obukhov length L is currentiy the most popular stability
parareter because rost of the surface layer properties car be
described sclely in terms of the dimensiorless height z/L (M0
similarity theory). Given L and Uy, we can predict the shapes

of the mear velocity profile (Egs. 3.230, 2.31 and 3.33), the mean
~emperature profile (Ecs. 3.34 and 3.35), the variance of vertical
velocities (Egs. 3.37), the variance of temperature (Egs. 3.38),
and to a rough approximaticn, the variances of the lateral ard
Tongitudinal veiocities (Egs. 2.39 ard Figs. 27 and 28). e can
also predict spectral shapes (Eq. 3.40) anc scales (Eg. 2.47 thrcugh
3.65, Fig. 29 and Table 4).

Littie is krewn of the toundary layer characteristics abcve the
surface layer except that generally tre turning cf the wird

with feight is important. Flcw above the surfece layer is thus
not usually amenable tc simulation in a Taboratory facility.

Ore special case, however, is thke convective Ecundary layer. It
appears that this ertire touncary Tayer could be sirulated in a

Taboratory facility as the change in wind directior with height
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is typically only a few cegrees over ite typically 1 km

depth. For additicral cetails, the reader is referred to the

origiral papers.
We have ceer in our review of the atrcspheric bourdary layer that it is ever
changing, it is goverred by a larce number of parameters, and that its space-
time characteristics are difficult to determine. CLven the specificaticn of cre
of the "sirplest" characteristics, its depth, is a fFcrrendous prcblem. We
have attempted to assimilate the results c¢f the most recert theories, but
they ccrtinue tc develcp ard are rapicly medified as new experimertal results
tecome avaiiatie. Even the ciassical "uriversal" von Karman constant is
questicned (Tennekes and Lumley, 1972). There are few generic bcurdary
layers to emulate or tc compare with our wird tunnel simuiations. Neverthe-
less, we Pave classified typical types ard have cescribed the salient
characteristics of those classical types as they are known at the present
time.

3.2.2 Sirulating the Adiabatic Ecurdary Layer

Ir the previcus sectiors, we have established at least the mair character-
istics cf the adiatatic arnd nonadiabatic atmcspheric bcurdary layer. In this
section, we will examine several technicues cormoniy used tec sirula*te the
reutral atmospheric bcundary Tayer ard note, where possible, how successtul
these technicues have beer. Generally, such techniques have been applied
cnly in wind tunnels although, in principle, they could also be used in water

tunnels and towing tanks.



The technigues can be troadly divided into three categories:

1. Leng tunnels, in which a thick tcundary layer develops naturally
over a rough floor (Figure 31). The length of the test section
cf such a tunnel is typically 3C r.

2. Shert tunnels with passive devices, in which the boundary layer is
generated by a fence, screens or grids of non-uniform spacing,
spires cr vertex gererators, i.e., stationary devices *that retard
the mean flow cicse to the flocr and induce vorticity and turbu-
lence intc the boundary layer (Figure 32). In order to mzintain a
ron-developing btoundary layer, it is essential to "match" the
generators with the roughness elements.

Shert tunnels with active devices, in which the boundary layer is

4

generated by jets directed at angles to the main flow stream at
the entrance tc the test section (Figure 33). Again, "matched"
roughness must line the floor of the test section to obtair a
ron-developing btoundary layer.

Subcategories might include tunnels ecquipped with machine-ariven shutters
or flaps c¢r possitiy a program-driven variable speed fan. In shert turnels
with active cevices, it is claimed to te possible, within Timits, tc vary the
turbulence structure independently of the mean velocity profile, but it is
not clear that boundary layers with different properties can ke in
equilibriur with the same surface roughness.

Initially, the long tunnels were tcuted as supericr to shor* onres
with cevices for artificially thickening the boundary layers tecause in them

the bouncary layers were developed "naturally” cver rough grounc. The long
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Figure 31. Upstream view cf a lcrng wind tunnel {ccurtesy
Boundary Layer Wind Tunnel Latcratory, the
University cf Western Cntaric).

turrel advocates felt that the grics, jets and vortex generatcrs intrcduced

extrarecus turbulence scales and the turbulence dissipated and its structure
changed with cownstream distance (Cermak and Arya, 1970). The short tunnel

enthusiasts, or the other hand, pointed to the developing boundary ‘ayer ard
to the seccndary flows caused bty the growing sidewall toundary layers as rct
representing steady and horizontally homogenecus atmospheric bouncary

tayers (Nagib et al., 1974). Recently, however, dreg-producing elemenrts

have been used in the long tunrels as well, and mary techniques Tor generating
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thick beundary layers in short lengths of test secticrn have teen
cevelcped. There is nc reascn, in principle, why a fully cevelcped layer
with urchanging turbulence properties cannct be achieved in short tunnels.
Ar experimertalist must cnly be ciever (or lucky!) encugh to determine the
prcper size, number and arrangement of grids, vcrtex gererators, jets,
roughness, etc. te obtain such. Alsc, some development lencth is required;
current practice indicates that an equilibrium boundary layer may be
estatlisked in & to 1C boundary layer heights, a substantial improverent
cver the long tunnels. It is rct the aim here to favor one system
cver another, but instead tc stress the necessity cf adequately measuring the
boundary layer, however generated, tc be sure that it is laterally hcmogeneous
and non-developing (if that is what is desired) and that it meets the target
flcw characteristics (which are nct, in a1l cases, of ccurse, thcse of the
etrospheric bourndary layer).

Exarples of the first category, Tong tunnels, are the Micro-Meteoroicgical
Wind Tunrel at the Colorado State University (CSU) (Plate and Cermak, 1963)
and the Bouncary Layer Wind Tunnel at the University cf Westerr Cntaric {(UWC)
{Cavenpor* ard Isyurov, Y230 Figure 34 illustrates the develcopment of the
beuncary layer in a lorg tunnel ard how the depth of the boundary layer cepends
upcn the rouchness. Because of the growth of the boundary layers, these
tunnels generally heave adjustable ceilirgs to control the axial pressure
distribution, and the ceiling is adjusted tc cive a zerc pressure gradient

alorc the length of the test section.

-

Sardtorn and Marshall {1¢6E) were the first tc show that “he turbulence in *fe
touncary layer of the CSU lcng tunre? exhibited characteristics of the

Kolmogoroff Tocal isotropy predictions, i.e., a large separaticn between tre



integral scale and the microscale (see Section 2.2.2.2 and Figure 6) which is
characteristic of large Reynolds numter turbulence, and is resporsibie for the
-5/3 power in the spectral equations (3.23). Their measurements viere rade
over a coarse gravel flcor approximately 20 m from the test section

entrance with a free stream wind speed cf approximately 10 m/sec and boundary

layer thickress of about 60cm1.

Whereas this feature is recessary for
simulation of wind forces on tuildings (see Simiu and Scanlan, 1978), it

is regarded as relatively unimportant (but certainly not harmful) for
d¢iffusicn studies (See Section 2.2.2.2). The results cc indicate, however,
that the flow Reynolds number may be reduced scmewhat without recucing the
total turtulent energy or shifting the location of the pezk in the energy
spectrum significantly (See Figure 7).

Zoric and Sandborn (1972) have shown that profiles of mean velocity
ncndirensionalized by boundary layer cdepth are similar beyeond 6 m frem the
entrance (CSU tunnel). Figure 35 shows that they are apprcximated quite
well ty a 1/7th power law. Figure 3€, however, shcws that the boundary layer
grows nearly linearly and still cuite rapidly with downstream distance teyond
abcut 10 m. Zoric (19€8) obtained results similar tc those cf Figures 25
and 26 for freestream velocities tetween 18 ard 3C m/s. Turtulence
profiles were strikingly similar in shape tc those suggestec by Counihan
(1978) for very small rcuchness {see Figure 16). The boundary layers

were developed over the smeocth wind tunnel floor. Vertical turbulence

1. In fact, under these flow corditicns, the turtulent Reynolds number,
tased on eddy velocity and eddy size, may be estimated tc te at mest 2CCC.
Tennekes and Lumley (19’2) sucgest a bare wminimum value for an inertiai
sutrange (lccal isotropy) to exist is 40CC. Even though a substanh151

spectral region with a -5/2 slcpe was measured. 1t s do uttfu+ that, 'gcal .
L - T
isotropy EX'!ST.Ed, i.e., the existence cf t he -5/3 {ODG 1S net a CY‘M. cal tes

of local isotropy.
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intensities were about 50% cf the longitudinal intensities clcse to the
aground in accecrdance with Eq. 3.27, but were typically 7C% over the
upper SCY¥ of the boundary layer depth.

Surprisingly little has been published aleong the lines cof neutral
boundary layer turbulence characteristics cver a rough floor that would
show, for exarple, that the flow was laterally homogeneous or hcw it
would compare as a small scale medel of the neutral atmcspheric becundary
layer. Evidently, cetailed basic and systematic studies cf the
turtulence structure in neutral boundary layers have rct been made in the
long tunnels.

Additionally, the above measurements were made at wind turne! speecs
much in excess of those allowable for modeling tucyant plumes. Isyumov,
et al. (197€), for example, suggest typical tunnel wind speeds of C.5 to
0.7 m/s. They dc present one spectrum, reproduced here as Figure 37, that
shows the rapid decrease of enerqy at frequencies in excess of the locaticn
cf the spectral peak. Also, a relatively large amount of energy a*t lcwer

re

[87]

freauencies is rather surprising in that significant energy in this p
of the spectrum is not generally produced in wind turnels. Measurements
of the spectrum cf lateral velccities would ascertain whether this erergy
is, in fact, due to turbulence or whether it is "pseudo-turbulerce”, i.e.,
ore-dimensicnal fluctuations caused, for example, by low frequency
oscillaticons in fan speed.

Low speed boundary layer develcpmert characteristics in short
turnels with passive devices are much better docurented. The most
popular cf the passive cevices is tre barrier/vertex generator/roughnress
syster cdeveloped by Counihar (19€°)., It has been adopted witr miror

variations at numercus latcoratcries. Castro et al. (187%) have made
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extensive measurermerts cr a o deep bouncary layer deveicped using
Counihan's system, primarily for ctudy of dispersion of chimney

emissicns in neutral flew. They found that the turbulence in tre

toundary layer reached a near-equilibrium state in approximately 7%
generator heichts (bcundary layer heights) dewnstream. Trey were able

to draw this conclusion tecause they had measured the varicus terms

in the turbulent energy budget, unfortunately an all tco rare measurement.
Their conclusions were that the boundary layer thus developed:

o

. Had characteristics similar to those of a suturban (or
scmewhat rougher; layer of €00 m depth and roughness length
of 1.3 m at a scale ratio of 1:3C0, and that departures
frem ecuilibrium were unimpertant beyond abcut 5 touncary
‘ayer reights. The lower 10 to 20% of the toundary layer
could te used teyond about 3 4 2,

(]

Was Reynolds rumber independent for free stream wird speecs
in the range of C.7 tc 13 m/s.

3. Fppeared to be unaffected by the proximity cf the wind tunnel
ceiling to the top of the bourdary layer: This cerclusion
was drawn by comparing intermittercy distributicns with those
of "natural" wind tunnel boundary layers.
Mcreover, Fobirs (1978), shcwed that cispersion in the above wind tunned
toundary layer as well as that in a simuiated rural boundary layer was a
reasonable mcdel of the full scale process, i.e., it produced concentraticr

ratterns approximatinrg Fasquill category C-D atmospheric flows (siightly

urstable tc neutral), which is normal for such a Targe rcughness length.

1. The present author nctes that ir scme unpublished work, boundary layers
developed using Ccunihar's system vere found tc te very much dependent upor
the proximity cf the ceiling, i.e., when the ceiling was several times the
heicht 0of the vortex generatcrs, even the mean velccity profiles differec
drastically from his. The ceiling thus appears esserntial; irdeed, it i< an
integral rpart cf the sirulaticon system.
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Somewhat ‘ess-well-cocumented techriques include the "spires” of
Templin (15€¢} (also cuite popular), the "fence" c¢f L cwig et al. (1671),
ard the "coffee cups" of Cock {(1972). Earlier methcds employing craded
biockage, grids of rods or slats, etc., have teen largely superseded in
the western Hemisphere, but are still quite popular in Japan (Satu,
et al., 1974; Cgawa, 197€). Hunt and Fernholz (1S7%) provided a lict of

5 3
ag e, -
-1 L

wind tunnels (largely European) used for atmospheric bourdary i+.s-
tions and included characteristics of the wind tunnels ard relevant
rezsurements of such boundary layers, so that some comparisons of the

different techniques ray be made.

Shkert test sectiors with active devices are alsc rumercus. Schen and
Mery 1277 1injected air perperdicular tc the flcw through a porous plate at
the entrance to the test secticr. This system may be thcught of as a fluic-
mechanical ferce, where the fence "height" is acjusted bty varyinc the
strergth cf injected air, tut it has the additionel pctential for injecting
gas of differert censity ir crder to quickiy establish a rorn-neutral dercity
prcfile. Trey have shown that this technique car produce a toundary layer

twice as thick &s the 'natura’" ore over & smccth fleer and that its charac-
ter“stics are esserntially similar. However, this syster appears to recuire
a rather iorg development length compared viith Counihar’s syster (Hunt

and Fernholz, i¢7%). Also, because of the smocth floor, turbulence
intensities were somewhat “cwer than these in even a mildly rcugh field
surface. Mery et al. (1974) rave shown that this technique produced dis-
rersicn patterns similer tc the Broockhaven experiments (Swith end Singer,
1¢88), but cnly after "adjusting' *heir oy‘s by a ‘acter ¢f 2 to acceunt

for an equivalert wind tunnel averaging time (converted tc full scale) cf

10
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2 rinutes compared with atmespheric everaging timesof 1 hour. This
acdjustrent technicque, however, appears somewhat arbitrary. The small
velues of the cy‘s in the wind tunnel were, in the present auther's
opinicn, mest 1ikely cdue to the small turbulence intensities as well

as tc the lack of Targe scale lateral fluctuatiors in velocity.

Magit et al. (1974) have added scre flexibility to the Schen et al.
tecknique, in trat the injected air i< input through a line ¢f holes ir a
pipe perperdicular tc the flow on the flcer at the entrance tc the test
se=zizn, The pipe may be rotated (See Figure 33) to change the jet
irjection angle and the jet speed may be varied; these, c¢f course, chenge
the tcurdary layer characteristics. The "counter-jet" technique, it is
ciaimec, avoids the cbjecticrnable introduction of extrarecus turbulence
scales &g from vertex gererators cr ¢rids, but this claim is contested by
Cock [1878). Nagib et al. (1974) and Tan-atichat et al. (1974) show that
thic technicue preduces reasoratle toundary layers with zdequate lateral
uriformity and that eauilibriur is achieved in approximately 4 bcundary
leyer beights. Neither turbulence scales rcor diffusive characteristics
of this bourdary iayer has been measured, however.

Other techriques in thic third catecory include the multipie-jet
systems ¢f Teunissen (1978} and the "turbulerce tox" of Nee et at. (1674},
but neither of these systems appears to have teen develcped beycnc the

initial stages.
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2.2.3 Simulating the Diabatic Ecundary Layer

Inly a few facilities exist for simulating the diabatic bouraary layer.
The oldest ard test-krnown is the Micrometecrclecical Wind Tunrel at the
Colorado State University (Plate and Cermak, 19€2). It has ncminal test
section dimensiors of 1.6 ¥ 1.8 X 27 m and an acdjustable ceilinc for elimira-
ting the pressure gradient due tc growth of the bouncary layers. Speeds in
the test section may te varied frem 0 to 37 m/s. A 12 m lergth of floor can be
Feated or cccled and a heat exchanger in the return leg maintains erbient air
temperature ecuilibrium, permitting temperature differences between *he cold
floor and hot air of abcut 65°C and between the hot flcor and cold air of
atout 105°C at “moderate” wind cspeeds. At a speed of atout € m/s, a
beundary layer thickress between 7C and 120 cm can be cbtainec as the

roughress is varied (Cermak and Arya, 187C).

Arya anc Plate (196¢) have described many characteristics of the statle
beundary tayer cenerated ir this wird tunnel and have shown that the surface
tayer characteristics are in excellert agreement with field cata when scaling
is dcre according to Mornin-Cbukhev similarity theory. Their data ranged from
neutral to noderately stable (C < z/L < 0.3) in the Towest 15% cf the boundary
leyer, which was atcut 70 cm deep. 7o obtair this rarge of stabilities, the
temperature cifference between thre cold flocr ard free stream air was
mairtainec at 4C°C while the wird speed was varied from 3 to 2 m/s.
Measurererts inciucded distributicons of rean veliccity temperature, turbulence
intensities, srear stress, heat flux, and temperature fluctuatiors. Arya
(

Thus far. all measurements in stratified toundary layers in the CSU tunne’

)

07¢) has presented additional reasurererts in this stable bcundary layer.

have teer with 2 smccth € oor.
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The Fluid Mechanics Laberateory at the Ecoie Certrale ce Lyon has mace
extensive measurerments of an unstabtle wird turnel boundary layer and comparecd

ver (Schon et at., 1¢74; Mery

~

“ts properties with the atmcspheric boundary ia
et al., 1674; Schen and Mery, 1078). Flow speeds were typically Z tc 4 m/s
while the flcor terperature was maintairecd 50°C above amtient. In general,
ccrparisors with the Kansas data {Eusincer et al., 1971; Haugen et ai.,

1971) were quite satisfactory, but, again, these measuremerts viere made cver
the srecth wind turne? flcor: lengitudinal turbulence intensities exhibited

&g slight Reyrclds rumber depencerce, and the lack c¢f energy in tre hich
frequency perticns of the spectra were cuite evidert, but as rcted earlier,
this effect is expectea tc be unimportant in terms of simulating diffusicn.

The most unstable flew in which cdiffusicr was studiecd was characterizec by a
Monir-Cbukkov lerngth of -1 m, which, vhen scalec tc the atrcsphere, correspends

)

[@9]

1o =500 tc -1CCC m, ard is indeed cnly very slightly urstat’e See Tatle
Fttemp*s by Rey (1977) in adding a rough floor %c *thic urstable tcundary layer

shewed substartial changes in *re boundary laver siructure with rcughness.

2.2.4 Summary or Sirmuiating the Atmospheric EBourdary Layer
Sumrary on o1 { ary L

~

The point of the previous two secticns (3.2.2 and 3.2.3; was *to cite
eviderce of our ability tc simulate at least the main features of the Tower
porticr ¢f the atmespheric bcurdary layer in viind tunnels. Mo attiempt was
méde to include in detail all cf the varicus techniques that have been used,
a&s trat is beyond the scope ¢f *his guideline. The roint is orly *c chow
“hat it can and indeed has been done thrcugh vericus schemes.

Adequate simulaticns of the neutral atmespheric bouncary laver have been
obtaired using shert turrels with either active cr passive devices ard Tong

tunrrels. strengths and veaknesses ¢ the three types, as far as their ability



tc produce adequate teundary layers is corcerned, appear *o be evenly
balanced. Fence, nc ore technique or system is recommencded cver any
cther. (However, see firther discussicn in Chapter £)., CLue to the large
rurker of permutaticns and combinaticns and to the pcssitie larce

charges ir bcundary layer structure with ceeringly small changes in
cerfiguration, hcwever, it is imperative that, whatever technique is used,
the bourdary layer characteristics are adequately dccurerted.

Simuiations of diabatic bouncary layers have been accomplished using
wird tunnels with reated and cccled floors, but present techrclcogy allcws
cniy sma’l ceviaticns from neutrality, i.e., mildly stable or mildly urstable.
Also, because roughness elererts on the floor would reduce reat trarsfer
ever further, escentially all measurements tc date have teen made cver
swocth wind turnel flcors. As we hkave seer in Figure 22, the inatiiity to
use a reugh surface cculd te irperiant, ezt least for unstabie ficws and
larce rcughress 'engths.

hdequate documentaticn c¢f *the bourcary layer characteristics shculd
irclude, as a minimum:

'. Several vertical prcfiles cf mean velocity, turbulence intensity
(2 components), ard Reynolds stress throughou* tfre regicn ¢f interest
t0 estat’ist that the boundary layer is ncn-develcpirg (or at least
very slcewly develeping), and is similar to the target atmospheric

beundary Tayer (z_,d, u,).

O’
2. Lateral surveys of mean velccity and turbuierce structure at varicus
elevazticns tc ascertain the two-dimersionality cf the boundary layer.

3. Spectral measuremerts of the turbulence *0 determine thrat the irtecra

scaies and the shape ¢f tre spectra are appropriate.



4. Dispersive characteristice of the boundary layer (in the atsence of
a mocdel) to cetermine that the concentration patterns are
reascnably similar tc those expected in the target atmosphere,

£.G., the appropriate Pasquill category.

Perhaps the most criticai test of the boundary Tayer is the measurement cf
its dispersive characteristics to determine whether apprepriate cconcentration

catterns result. This point cannot be over-emphasizec. Wind tunnels are

generally extremely difficult to operate at lcw wind speeds {<Im/s)

because they are desicned tc operate efficiently at their raximum speeds.

At these Tow speeds, the screens and hornecombs designed tc reduce turbu-
‘ence, swirl anc external disturbances are completely ireffective; seemingly
mincr temperature variations across the test secticr (or elsewhere} or air
leakage thrcough hcles cr seams in the tunnel sicdewalls will easily cause
secendary flcews that are difficult tc cope with. #7sc, measurements of the
ficw structure are exceedingly difficult with conventicnal instrumentaticr.
But the measurement ¢of the concentraticr fielc downwind c¢f a point source

in the boundary layer ir the absence of hills, btuildings, etc., will quickly
arcd easily exrpcse defects ard problems and will determine whether cr nct the

touncary layer is a suitak’e one for contirued study.
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3.3 FLCOW AROUNC EUILDINGS

Je discuss here guidelines to be followec in modeling flcw around
buildirgs, e.¢., in order to determine a recessary reight for a stack or
& power plant to aveid cownwash cf the plure ir the wake of the plart.
The class of problems covered includes sirgle cr small grcups of buiidirgs,
prirarily isclatec ones in a rural envirorment, i.e. scale recductions in tre
range ¢f 1:200 tc 1:1CC0. It is evicent from precedirg sections that the
tuilding must be immersed in ar apprcpriate boundary layer. Geometrical
scating implies that the ratic of tre building feight to touncary layer
height must be matched and, of course, that ali lercth scales te recuced by
this sere ratic. # minimum building Reynclds number critericn must be met
¢s ciscussec in Secticn 2.2.2.2 ard further elabcratec here. Finally, the
effluert plume tehavicr must be mcdeled as cdiscussed ir Section 2.1.
2.2.1 Discussior

Geometrical scales that ccme to mind ere stack height Fs anc¢ ciemeter [,

buiid‘rg reight K, toundary layer depth &, roughress lengtn Zo: arc, if
strat”fied, Monin-Chukhcv iercth L. There are, of course, rmary cther length
scales and gecmetric scaling reguires that all lergths be recuced bty the
sare ratic. Fcwever, this trings up the question ¢f how riuch deta?” ‘s
required, i.e., is it necessary tc include in the scale model 2 particular
protuterarce, say, frem the roof of the building? The answer, cf course,
depends upon the size and shape cf the prctuberance; it s a cuestior cf

whether or rot tre obstacle has a separated wake. Some guidarnce may be cbtairec .

from Goldstein (19€Z), where it is stated that provided the size ¢ of *le
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protuberarce is such that e u,/v< 4, it will have 1ittle effect on the
fiow in a turbulent boundary layer cn a flat plate. Hence, protuberances
smaller than e = 4v/u, need not be reproduced in the model.

A closely related but more derancing procblem is as follows. A giver
surface is aerodynamically smcoth when the Reynclds nurber is beliow
a certain velue; it is rcuch when Re exceeds this value. Hence, atll
surfaces are rough vhen the Reynclds numbter is sufficiently large. Because
field values of Peyrolds numbers are almest always very large, we may
assure *that surfaces of typical buildings are aercdyramically rcugh.

As we reduce sizes cf tuildings to fit irto our wind turnel, we also
reduce the Reynclds rumbers, so that the surfaces tecome aerodynamically
srcoth. Hence, locaticns of separation pcints, the drag coefficient,
and the general character of the flecw along the model surface will be
affected.

Again, from Coldstein (19€%), if Rec = ¢ U,/v < 1CC, these fiow
phencmenz vwil1 te independent cf Reynclds nurber. These results irdicate
that small details need not be reproduced and, inceed, that mcdel surfaces
should te roughened *o the pcint that the critical Reynolds number is at
teast 1C0.

Crude estimates will suffice here and an example will help tc clarify
the procedure. Suppose our model building has a height of 2C cm, and in
crder to rodel the buoyancy in the plume, we have reduced the winc cpeed tc
1 r/s. Tre friction velocity is typically 0.05 U_, sc that size of

roughness elemerts with which to cover the surface cf the medel buildirg

is e= (1C0) (O.15cm2/s)/5cm/s=3cm.



This is, in general, ar unacceptably large roughress size as we
shouid prebakly alsc restrict ¢/F<30. We must either increase the size
cf the model or the wirc speed or raticnalize as *o why a smaller value
Rec is acceptable. There are, ir fact, numercus reasons why consideratly
Tcwer vatues may be acceptatble: (a) the exterior flow is, after all, Fichly
turbulent, (b) the tuilding shape is quite unlike a long flat plate from
which the criterfcn was derived; it has a tluff Teading edge and a
strengly cscillating wake, and (c) the u, value that shculd te used is tre
cne for the toundary layer on the building surface rather than that of the
appreach flow; the former is likely to be larger. In the aktsence of more
supportive cata, we will take the geometric mean of the twc extremes

2 and 10C) as our critericn:

eU,/v=20

which is tc be interpreted bcth as the minimum size of protuberarces trat
rust te reproduced ir the model anc as the size of the rouchness elemerts
vith which to cover the rodel.

Pegarding tke minimum buildirg Feynolds number UH H/v for the flow
structure to te Feynolds rurber independent, a precise answer will cepend
Lpor the georetrical shape, the surface roughress, etc. Crly a few sys-
temetic studies hrave beer made crn Reynclds rumber indepencence relatirg
to atmospheric riodeling, tut none of these mentioned effects of rode’
surface roughness. It may be inferrecd that the mcdel surfece was aercdyna-
rically smccth. Golder (19€1) measured the concentraticn ratterns abcve the
rocf of model cubtes ir a wind tunrel. Euvoyant ancd reutrally tucyart effluents
were dischargec intc the air stream from a “lush vent in tre certer of tre
cute. Twe sizec of cubes were used to vary the Feynolds rurker “rom 1CCC +
9¢,0CC. The noncimersioral ccrcentraticn isopleths above the cutes showed cnly
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slight variaticns over the entire rarge of Reynclds numbers with neutrally
tuoyant effluert and with an effluent-to-free-stream velocity ratic cf unity.
However, the maximum ccrcentration cn the roof itself was found tc vary
strongly with Reynclds rumbers tess than 11,000, but tc be invariant with
Feynclds numbers betveer 11,CCC and 94,0CC. Thus, a critical Reynolds nurber
may be cefinec, which, with this type c¢f georetry, aprears to te 11,CCO.
Gelder's value fer the critical Reynolds numter for flow around cutes is
frequertly cited in the fluid mcceling literature on tuildirg cownwash
problems. Whereas Geclder's value was established for & smceth surfaced
cuite facing a unifcrm apprecach flow of very lcw turbtuience intensity, it is
|

appliec "across-the-bcard" teo all srepes and orientaticrs cf buildings, in

all types cof apprcach flow btoundary layers, and without regarc tc the building

\n

urface rcuchness, all cof which will affect the critical Reynolds rumber.
ATsc, Golder's value vias estatliched through the reasurerert cf cencentraticrs
at orly core point cr the rocf cf the cute, as opposed to measurements of,

say, the concentraticn fields in the wakes. Far tco much conficence seems

tc heve teen placed ir his resu't. It is protabliy ccrservative as the

shear and high turbulence in an apprcach tourcary layer as viell as & rough
buildirg surface are likely tc reduce the critical Feynolds rumber. Alsc,

as pointed cut by KFalitsky (1S68&) lower values ere probably acceptab’e if
reasurerents are restricted to regicns away frem the buildirg surface. Ferce,
a critical Reynolds rumber of 71.CCC is a useful arc preobably ccrservative
value fecr model desicn purposes, but tests tc estab’isk Feynolds rurmber
irdependence sheuld te an irntegral part cf any model study until such time

trat Firmer values are establiched.



A study by Smith (1651) may alsc be regarded as & test cf Reynclds number
indepencdence. He investigated the size of the wake created ty both mcdel ard
prototyre sharp-edged buildings. He assumed that the flcv was independent
¢t Feynclds number effects if the ratio of the lencth of the cavity region to
the tuilding height was the same in bcth model and protctype. In the
prototype tests, he found this ratic to be constant for Feyrolds numbers
(based upon an appropriate characteristic lencth) between about 2 ¥ TCA anc
2 X 706. Morecver, in the model tests, he found the ratic to be constart

. , - 4
fer varicus bleock models over a range of Reynolds rnumbers frem 2 X 10 to

ﬂ5
2 ¥ 107,

Critical Reynolds rumbers for other geometrical srapes remain tc be
determined. A study by Halitsky et al. (1962) on a reacter chell {a hemis-
phere fittec cn a vertical cylinder) indicated a critical Reynolds rumber
greater than 7¢,0C0. The separaticn point, and, Fence, the pressure
distributicn for rounced buildirgs is affected by the Revnolds rumber.
General’ly speaking, the more streamlired is tke object, the larger is the
critical Reynolds number. It is quite likely that with rough surfaces,
critical Reyrolds numbers for streamiined objects may be reduced subs*tantially,
and systematic stucies need to be done in this area.

Suppose there is arother buildirg upstream of ocur example pcwer plant;
is it necessary to inccrporate this tuildirg into ocur wind tunnel mccel? Scme
guidance is provided by Hunt (1974), who reviewed experimental results cf
several investigators and showed that the velocity deficit in the wakes c¢f

cutes and cylinders is giver bty

aU A
mx " ~

bih ) ~?x/h)3/2




acwnwind of the separaticn bubble, where Aumx is the maximurm mean velccity
deficit created by the obstacle, r is the height of the obstacle, x is the
cisterce dovinstream cf the obstacle, and A is a constant which is dependent
upon the building shape, orientaticn, bcundary layer thickress, and surface
rcughness. Typically, A = 2.5, although it may vary frcm that by a facter
of 2. Hence, if we recuire that the velocity te within 3% of its undisturbed
value, *hen a cuktical building as high as x/2C must be ircluded upstream of
cur power plant. This result, however, is dependent upcrn the aspect ratio;
a building with its width much greater than its height, for example, wculd
require inclusion if its height were greater than x/1C0 (See Section 2.4).
The ratio of the cross-secticnal area of a model to the cross-secticnal
area of the wird tunnel is referred toc as “"hlockage", £. It is easy to show,
thrcugh the principle of mass continruity, that the average speed-up S (increase
in velocity) of tke air stream through the plane intersecting the model is
ecual to the inverse of the tlockage ratic, i.e., S = 1/8. Cf course, in the
atmgsphere, there are no sicewalls or roof to restrict tre aivercence of the
flcw arcund the model, so that the average speed-up s zero. Wind tunneis
with adjustable ceilirgs can compensate toc some extent by lccally raisirg
the height of the ceiling atcve the medel itself [with centle slcpes upwind
and downwind of the model). In fact, the average speed-up can be reducec *c
zero bty raisirc the ceiling such that the additional cross-secticnal area
of the tunnel is exactly equal tc the cross-secticnal area of the model, but
it is obvious that this is not a perfect "fix", as that would require lccal

expansicn ¢f the sidewalls at the same time.



Sore unputlishecd reasuremrents by the present authcr ¢n the flow cver a
twe-cimersicnal ridge sheds Tight on this problem. Measuremerts of velccity
protiles above the crest of the ridge were made with a flat (unadjusted)
ceiling where the biockace caused ty the ridge was 10%. The ceiling
Feight was then adjustecd until lorgitudinal surveys of veiccity at an elevation
5 hill heights above the tunnel floor srowec a ronaccelerating flcw. Vertical
prcfiles of mean velecity were similar in shape to those measured with the

Tlat ceiiirc, but the magnituce of the wind speed was lcovier by (0% everywhere

above tre crest (see Ficure 38) with Tittle crarge in tre root-rean-sguare
values cf the lengitudinal cr vertical fluctuating velocities (turbuience;.
It i< apparent (but by no mears proven) that tlcckage would reduce *he
vertical wicdth of a plume by approximately 1C% as it traversed the ridge,
tut, because its centerline would be 1C% closer to the ridge crest, resulting
surface corcentraticns upstrear of the crest would be essentially urchanged.
Fcwever, tecause the ficw acceleraticrn changes the pressure cdistritution arouna
the mocel, which wi®l ir turn affect the location ¢ the separaticn pcint,
the effects dewnstrear of the crest are rot apparent. Elockage "corrections'
for conventional aercnautical wind tunnel mccels is a Fighly involvecd
engineerirg science protlem. "Pules of thumb” indicate a limit cf &7

bicckage n tre ordirary wind tunnel ard somewhat hicher, perhaps 107, in

a tunnel with ar acjustable ceilirng.

3.3.2 FReccmmendaticns

To modei the flcw anrd dispersion around indivicual or small crcups

c® bu'ldires, it is reccmmenced thrat:
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Yelocity profiles above crest of triangular ridge indicating
efvect of blockage (A flat ceiling, 10%blockage; = raised
ceiling, nonaccelerating free stream flow).



(@8]

a,

w

The building te immersed in er appropriate boundary layer,

the main features of which include matching cf the ratics

cf roughress length, bourdary layer cdepth and, if stratified,

the Monin-Cbukhov lercth tc buiidirg height.

Tre effluent plume te rodeled as discussed in Secticn 3.1.
Peynolds rumber indepencence tests te ccnducted as an integral
rart ¢f the model study. For desigr purposes, & minimum buiidirg
Reynolds rurber UH H/v = 11,CClappears to be censervetive.

The surface of the building be covered with cravel cf size ¢ such
that eu,/v=10C. If this results in excessive roughness, i.e.,
e/H > 30, comprormises may te mace, but in rc case sheouic eu,/v be
Tess thar 2C.

Another buildirg or major chstructicr upstrear o7 the test building
te includec¢ if its reight exceeds 1/20th of its cistance from the
test building. This recormmendaicn &pplies to a roughly cubical
obstacle. An cbstructior vhose crcsswind dimersion is larce
compared to its height must ke included if its height is greater

than 1,100t

of its distance upstream (see text).
Picckage caused by a medel te Timited to 5% in ar ordinary wind

turnel anc to 10% in a turnel with an adjustable ceiling.



2.4 FLCW OVER HILLY TERRAIN

Guidelines for modeling neutral flow cver hilly terrain are essentially
similar te those for modeling that around buildings; hence, only a few of the
unique features of terrain will be discussed in this section. [Cifferences occur
primarily because terrain is generally much more stream!ired than are buildinags
and because the roughness is generally mcre patchy. Whereas separation of the
flew from a building surface will almost always cccur at a sharp corner, the
separation pcint for a hill with a rounded top may fluctuate in pesiticn with
time, and may occur on the downwind slcpe of the hill, or for a hill with low
slope, may be absent entirely. Also, the stratification in the approach flow
can drastically change the nature as well as the location ¢¥ the separation
and may enhance or eliminate separation entirely (see Hurt and Snycer, 197%).

We will first discuss neutral flcw, emphasizing the differences between
rodeling the flow around hills and that arcund buildings. Because stratified
flows are so different from neutral flows, they will te discussed in a
separate section. The two sections are summarized with a set ¢f recommendaticns.

3.4.1 Neutral Flow

In the field, the ridge Reynolds number based c¢n a ridge height of 75 m
an¢ wind speed of only 3 m/s is 107. For these very large Reynolds rumbers,
at least for a ridge with moderate slcpes, separation is certain to occur
near the apex, even for a ridge with a smocth rounded top (see Scorer, 1968,
p. 113). The Reynolds number for this model mountain ridge would lie
tetween 104 and 105, much smaller than *he full scale Re. t is possible tc
trip the flow at the apex (as done by Huber et al., 197€) or to roughen the
surface, so that the point of separation cn the model will cccur at its

apex and similarity of the two flow patterns will be achieved.



Appropriate roughening of the surface, as cutlined below, is the "safest" cf
the two techniques, because proper placement of a trip requires foreknowledge
or possibly urwarrented presumptions of the location (or indeed existence) of
separation.

Concerning the minimum size of protuberarces that must be reproduced in
the model anc also the size of the roughness elements that cover the model to
make the flow independent of the Reynolds number, we apply the same critericn
as established for buildings, namely = = 20v/u, ¥ 400 vw/U_. This may in scme
instances conflict with Jensen's criterion that h/z, be matched between moce!
and prototype, but the minimum Reynoids rumber is regarded as more important.

A common practice in constructing terrain mrcdels is to trace individual
contour lires from enlarged geographic maps onto plywced or styrofoam, then
to cut them out and stack them to form "stepped" terrair medels. Some
laboratories then fill in or smooth out these irregularities, while others use
rather large steps anc¢ do not smooth them. Cre labcratery, in fact, proposed
to fi11 in and smooth the model, then to add randomly spaced tlocks tc
simulate surface roughness. Application of the critericn in the previous
paragraph shows both the desired step size and the roughness element siz
It is not recessary to fill in the steps if the step size is chosen apprepriately
at the beginning; the steps doubie, to some extert, &s roughness elements,
although it is most likely better to densely cover the mocel surface with
gravel of about the same diameter as the step size.

How much terrain is it necessary to include in the model upwind of a
power plant? For a two-dimensional ridge, Couniharn et al. (1972) have

shown that the maximum deficit of mean velocity in the wake, rormalized by



the mean veiccity at the height of the hill, cecays as

mex n B ‘

ulh)y x/h

where Aumx is the difference in mean velocity created by the hili, h is the h1l1l

height, x is distance decwnstream ¢t hill, and B is a constant dependent upon
surface rougnness and hil1l shape. Typically, B=3.0. Hence, if we insist
that the mean velocity be within 3% of its undisturbed value (i.e., its
value in the absence of the ridge), then all upwind ridges with heights as
large as x/1CC shculd be included in the model. In actual practice, ore
should study the topographic maps c¢f the area surrounding the plant, locate
prominent ridges upstream, then determine the height of each ridge and its
cistance from the plant. If its height is greater than x/31CC, all terrain
between *the ricge and the plant should be included. If h<x/1CC, it is
protably Justifiable to neglect it. This may appear as a stringent
reauirement, since a 10 cm high model ridge would require a 0 m fetch,
tut the turbulence decays even rmore slowly, i.e., A(;?s%/u(h) = (x/h)'3/4
(Hunt, 1974),

For three dimensional hills, we may estimate from Hansen et al. (197%),
whe found for the wake of a rectancular block:

AU w2
T T om¥E

Hence, the amount of fetch required is mwuch less; a hill of 10 cm height
would require a fetch of only 1.7 m fer a 3% velocity deficit. Both of
these fcrmulas were derived on the basis of a simulated atmespheric bourdary
layer approach flow. Hence, the indicated fetch is necessary upwind cf the

plant and an appropriate equilibtrium must be developec upstream c¢f that, i.e.,

135



the formulas co not 1ndicate the fetch requirecd for the development of the

boundary tayer.

The choice of a toundary layer depth for very rugged terrairn is a cdifficult
task. QCur choice cf 600m (Secticn 3.2.1.2) is obviously absurd if the heights
of the hills themselves are cf the same magnitude. Cre indication from the
literature is from Thompson (1978}, who examined wind profiles obtained from
pilot ballcons over complex terrain in scuthwestern Virginia. The average
boundary layer depth, Thompson concluded, was about 800 m, cr 4 hill feights
under moderate to high wind speed neutral conditicns.. As mertioned in

~

Section 2.2.1.7, he also observed a legarithmic wind profile with a z4 of

(2

5 m.

5.+.2 Stratified Flow

We have discussed in depth the stable boundary layer in Section 3.2.1.4.
It was shcwn that under stongly stable conditions, the boundary layer is very
shallow, typically Tess than 10C m. Frequently, pollutant scurces discrarge
their effluent at much higher elevations, i.e.., above the stable bcundary
layer. where the plume may be transported long distanrces with 1ittle or no
dispersion (e.g., see cover photoaraph cf AMS, 1672, Further, results
of Godowitch et al. (197¢) indicate that extremely shallow stable bcundary
Tayers under quite ceep surface-based temperature inversions are
typical at sunrise at a rural site outside St. Louis, MC. The average depth cof
the nocturna! irversion, for example, was 325 m (= 90 m standarc deviation).
Tre average temperature cradient was 1.47C/100m. Under these conditicns, it
is evident that simulation of the statle boundary layer heneath an elevated
source is relatively unimportant. Far more impcrtant is tre simulaticn of

the stability above the bourdary layer because, as shown By Lin et al. (1874},
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Funt and Snyder (197¢) and Snyder et al. (1279), the stability determines
the essential structure of the flow, i.e., whether plumes will impinge
on the hill surface or travel over the hill top, the size and location cf
hydraulic jumps, etc.

Under strongly stable conditions, the flow is constrained to move in
essentially horizontal planes. If a three-dimensional hill is placed in
the flew field, streamlines below the hill top will pass round the
sides cf the hill and not over the top. If a two-dimensioral hill is placea
across the flow field, the fluid obviously cannot pass round the sides and,
because it hes insufficient kinetic energy, it carnot pass over the top
of the hill (see Section 2.2.4). Thus, upstream blocking of the flow below
the hiil top will cccur. The pcint is that the modeler must be very careful
in cetermininc the amount of terrain t¢ duplicate in the model. Arn example
is shcwn in Figure 39, where a portion ¢f a three-dimensicral hill is turned
into a two-dimensional one by an inappropriate choice cf the area to be
mcdeled. Under strongly stable conditions, the combinaticn of the hill and
tunnel sicewalls would result in upstream blocking of the flcw beneath the hill
tcp, whereas, with a wider tunnel ¢r smaller scale medel, the flow would be

diverted around the sides of the nill as would certainly occur in the atmocsphere.
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Similar extensicrs of this type of reasoning apply to valleys and ridges engiecd
diagerally across the flow stream. It is impossible to give firm and fixed
rules for determining the appropriate area of terrain tc model because the
flow field must be known a priori. Hcwever, detailed study of tepographic
meps of the area and the application of common sense will avcid mest pitfalls.
Es Sccrer has peinted out, laboratory studies cf stratified flows tend to
cveremphasize the effect of stratificaticn in the approach flow;
lccal heating anc cooling of hill surfaces are equally, perhaps more,
important. The effects ¢f anabatic and katabatic winds are not only lccal,
but may nave large effects on the flow structure by inhibiting or enhancinrg
separation (Scorer, 1968, p. 113; Brighton, 1978;. There have been scme
attempts t0 simulate heating of terrain surfaces, but mere to simulate
fumigaticn cf elevated plumes than anabatic or katabatic winds {(Liu and
Lin, 1976). Little is krown of the proper similarity criteria tc be
applieé to thermally-driven flows. Any comparison between field and rodel
experiments, where such thermally generated winds are absent, must be made

with great caution.

3,4.3 Recommendatiors

Recommendaticns for modeling flow and dispersicn over hilly
terrain in neutral stability are essentially similar tc thcse for
modeling flow around buildings. It is recommended that:

1. The terrain be imrmersed in a simulated atmcspheric bcundary

layer, matching the ratios of roughness length and boundary
layer depth to hill height.

2. The effluent plume be modeled as discussed in Sectien Z.1.

(O3]

Reynolds number tests be conducted as an integral part cf the stuady.
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4. Tre surface of ‘e model be covered with gravel of size ¢ such
that 20<eu,/u<10C.  The step size in "stepped" terrain mcdels
should also te ¢f orcer ¢.

An upstreem ridge be included in the model if its Feight exceeds
1/1C0th of its cistance upstream frem the test portion of tre
model. A three-dimensional hill shculd te included if its height
exceeds 1/20th of its distance upwind.

6. Blockage te limited to 5% for an ordirary wind turnel and tc 10¢
Tn a turnel with an adjustable ceiling.

Additionally, in modeiing dispersion from elevated cources +n ctrongly

stably-stratified flow over hilly terrair it is suggested that:

7. Thre simulation of the statle boundary layer, per se, is
relativeiy unimportant. More important is matching of the
Froude number based cr tre P11l fteight and the censity
cdifference between tre base and top of the Fi11.

o)

Topographic raps of the area to te modeled shouid be studied
carefully to insure that an appropriate area is rocdeled (see

+ \

rext; .

Finally, labcratory models %o sirulate aratatic arc katakatic winds

rust te considered as explcratory in nature a* the present *ire.



3.5 RELATI

NG MEASUREMENTS TO THE FIELD

Since
terperature

that in the

i

¢

U

K

arc Q

The re

buoyancy in a plume may be modeled using light gas as opposed to

, the ccncentration measured in a model facility may be related to
field through the nondimensional concentration X = CUH:/Q, where
mass concentration of pollutant (ML'3),

wind speed (LT71),

characteristic length (L),

pollutant emissicn rate (MT'], e.c., grams of SOp/second).

lation between model ard field ccncentrations is thus

2
U H Qf

i m
P )

ote that both C and G are measured in mass units. More frequently, C arnd C

are measured in vclume units, in which case, they must be evaluatec at ambient

(not stack)
clarity the

kelium, air

temperature, including Qf (Robins, 197%). An exampie may help tc
procedure. Suppose we model a buoyant plume with a mixture of

and methane as indicated in the following tabie:

Property Field Model
Reference wind speed 10m/s m/s
Stack height £Cm t0cm
Stack diameter 5m Scm
Effluent speed 20m/s em/s
Pcllutant emissicn rate 5009/5(502) 1g/s(CH4)
Effluent temperature 117% 20%¢c
Ambient temperature 20% ZOOC
Effluert specific gravity .75 .75



At some point downwind of the source in the wind tunnel, we might measure a
mode! corcentration c¢f 1G0ppm (parts CH4 per million parts air, ty volume),
and the problem is to relate this tc a field concentraticn value. First, the

mocel volume concentration must be converted to a mass ccncentration (relevart

densities at 20°C are air: 1.25g/e; CH,: 0.74g/; S0,: 2.95g/1):
. -6
.. (100 2 CH4> QL air (C.,4gCH4) _ 57 x 107gCH,
m 106 0 air 1.299 air’ ‘1 2 CH4 g air

Herce, the field mass concentration will be:

57 x 107°

g air

gCH

T 2 500gS0,/s
4) (.m/S ) (O.Sﬂ"- Z

Ce = | Tom/s! Chom \TaeR, s )

0.285 x 1076950,/ air.

fonverting this mass corncentration to volume concentration yields:

-€
. ,C.285 x 1677980, 4 g air) (1 L S0,
£ o0 g air T ¢ air 2.95g502’
= - 6 ) = i >
= 0.125 x 10 7 2 SCZ/Q air 0. 128ppm SCZ‘

Tc summarize, the relation between medel ancd field concentrations in this
example is
1 ppm SO2 -+~ 80C ppm CH4
orlg SOz/g air ~ 200g CH,/g air.

Whereas it is tempting to bypass some of the above steps by usinc volume

emission rates, shortcuts are not recommended. It is impertant to note that

L o < . o o]
all densities were specified and used at ambiert temperature, i.e., 207C.

Regarding the comparison of model results with field results, it is



well-known that in the field the averaging time has a definite effect on the
measured concentrations. This is not the case in model tests. (This
discussion is taken largely from Ludwig, 1974}. The model results correspond
+o short-time-averaged field measurements, taken over not more than 1C or 15
minutes in most cases. Briefly, what is invclved here is the following. The
energy spectrum of wind gusts in the atmosphere generally shows a null, or near
null, in the frequency range of 1 to 3 cycles per hour (the "spectral gap"
discussed in Section 2.2.2.2). Thus, it is pessible tc separate the spectrum
intc two parts and to deal with the phenomena associated with each part
separately. The high-frequency portion, related to the roughress of the
surface and the turbulence around obstructions is well-simulated in a wind
tunnel. The low-frequency portion, related to the meandering of the wird,
diurral fluctuations, passage of weather systems, etc., cannct be simulated in
a wind turnel. However, a correction for meandering of the wind can be applied,
if desirecd, to derive longer term averages (Mino, 1968; Isyumov, et al., 197€).
Model averaging times, on the other hard, are chosen to provide cata that are
repeatable tc within some specified accuracy, as discussed later. Hewever, as
roted above, the data so obtained will correspond to fieic cata measured while
the wind direction is essentially steady, which is generally rot more than 1C
to 15 minutes. Shorter term averages obtained from the model can be related
to the short term fluctuations in the atmosphere, and instrumentation is Leing
ceveloped to accorplish this (Fackrell, 1978).
3.6 AVERAGING TIME AND SAMPLING RATES IN THE LABORATCRY

Because *he flow is turbulent, essentially all of the quantities we
attempt to measure will fluctuate in time. Generally, we will deal with a

fluctuating electrical signal from a transcucer, and it is not the precise

[
£
(O8]



value at any particular instant of time that is of interest, but rather the
average values and the statistics of the fluctuations. It is necessary

at scme point to determine hew long an averaging pericd is required to obtain
@ stable average. Frequently, it is convenient to digitize ar analog signal
(sample it and convert the analog voltage to digital form). Sampling at tco

high a rate is a waste cf resources; sampling at too low a rate may nct allow

us to cbtain the desired infcrmation and, in fact, may leac to incorrect

answers. Hence, it is alsc necessary to determine ar appropriate sampling

rate

To determine an appropriate averaging time for measuring the mean cf a
fluctuating quantity F(t) ir a wind tunnel, it is useful to consider the
turtuience as a Gaussian process. (Whereas turbulerce is rct a Gaussian
process, experience has shcwn that this assumption leads to quite reascrable
estimates of the errors invelved.) The variance 02 of the difference
between the ensemble (true) average and the average obtainecd ty integration

cver time T is (Lumley and Panofsky, 19€4):

o] — ;
where f© is the ensemble variance of F about its ensemble mean, f=F-F and

is the integral scale of F. The fractional error ¢, then, is given by

7
If, for example, it is desired to measure the turbulent energy u -, it may
be shewn, using the assumpticn that u has a Gaussian distributicn, that
52 = 41/T.

To obtain a cocnservative estimate of the error, it is ccnvenient to
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estimate a maximum integral scale as ¢/U_, where § is the boundary layer depth
anc¢ . is the free stream velocity; the required averagirg time is then
T = 4/l €©

This relationship is shown in Figure 40 for a typical boundary Tayer
depth of Im. For a wind tunnel speed of 4m/s and a desired accuracy of 10%,
a two-minute averaging time is required. It is readily observed that much
higher accuracies at such low wind speeds are impractical, as an accuracy of
i% would require an averaging time of over 3 hours.

To estirate averaging times requirec for measuring other quantities
(besides turtulent energy), respective integral scales must te known anc

rumerical factors are generally larger; however, experience has shewn that
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T o= 4§/U0€2 is a reascnably good estimate cf the averaging time recuirec
fcr meking all of the commen measurements (mear velccity, turtulence intensity,
concentration, etc.). Higher orcder mements reauire consideratly lcnger averaging
times.
To estimate an appropriate sampling rate, we tegin by drawing frcm a

mathematical thecrem (Miller, 1963):

"1f a signal f(t) extending from 0 is = cortains rc

freaquencies atove W cycles per second, then it is

completely determined by giving its ordinates at a
seauence of points spaced 1/2W seccnds apar<.”

Hence, in order not tc loose informatior from our contiruocus sigral through our
discrete sampling, it will te essential tc determine the highest frequency
comperent in cur signal anc to sample at twice that rate. The highest
freguency of any significance in the turbulence is *the KolrcgorcefT frequency,
fd = U/2-~ (see Section 2.2.2.2). Hence, assuming an exce’lert anercmeter
(gcad “requercy response and low electrical ncise), all infermatior about the
turtuient signal may be cbtairec by sampiing at a rete of ZFd = U/7r. At the
sTow flow seeds typical of fluid modeling studies (<:0m/s), che kc¢iregerof”
micrcscale is nct likely to be much smaller than C.5 mm. Fence, a typical
sarpling rate would be approximately 2 kilckertz at a flcw speed of Sm/s.
Because of aliasirg, lower sampling rates are unwise (fcr more informaticr,
see Lumley ard Fanofsky, 19€4). Of course, if the transcucer or amplifier
Fave slower frecuency resperse, it is pcintless tc sample at twice the
¥clomcagoroff frecuency. A flame ionizatien detector, for exampie, has a

time constant of approximately 0.5 sec., so that a sampling rate in excess of

4 bertz i< nct recessary.



4. THE HARDWARE

The choice of air versus water as the fluic medium for modeling of
atmospheric flow and diffusion cf pollutants will depend on many different
factors: the availability of the facitity, eccrnomics, the type of problem to be
studied and the type of information to be obtained, to name a few. The
kinematic viscosity of water at normal roorm temperature is & factor of 15 less
than that of air, so that, in principle, a factor of 15 in the Reynolds number
may be gainec by modeling with water as the medium. However, because water
is so much heavier than air, structural and pumping requirements dictate that
water facilities be much smaller and run at much Tower flow speeds than wind
tunnels., Thus, the full potential for cbtaining larger Reynolds numbers using
water facilities is seldom realizec.

If it is essential to obtain very high Reynolds numbers, water has some
advantages. Because of its incompressibility, it may be run at high speeds
while maintaining low Mach numbers, which is not possible with air. However,
a different problem appears with water at high speeds -- cavitaticn tehind
obstacles. This may be overcome by maintaining large pressures inside the
water tunnel, which then requires heavy steel constructicn, so that ccmpromises
must again be made.
£.1. VISUAL OBSERVATICNS

Smoke and helium filled soap bubbles (for which a generator is ncw
commercially available) are about the only visitle tracers for use in air. A
very much wider variety of tracer techniques is available for use in water,
makirg flow visualization much easier. These include different colors and
densities cf dye, hydrogen bubbles, potassium permanganate crystals,
shadowgraphs, and neutrally tucyant particles. And because “Tow speeds are

generally low, it is easy to observe and rhotograph flow patterns in
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water. The comparable smoke in a wind tunnel is cifficult to regulate either

in ccncentration cr specific gravity (oil fog smoke generators are notor-

iously cantankercus and they occasionally explode!)}. Smoke is also difficult

to observe visually and phctographically at flcw speeds in excess of 1 to 2 m/s.
Titanium tetrachloride is relatively easy to use, but is corrosive, hazardous

tc handle, and is not easily used as a stack effluent,

The importance of flow visualization should not be underestimated. Much
time and effort can be wasted searching for a maximum ground level concentraticn
in complex terrain using a probe and some sort of analyzer, whereas visual
cbservations of smoke or dye would narrow the area to be searched tremen-
dously. Fixecd rakes are frequently pesitioned downwind cf a hill to sample the
vertical and lateral ccncentration profiles; but unless it is known a prieri
abcut where the plume will te, the data collected will rot be highly useful and
the experiment may have to be run again. With flow visualization, it is obvious
at a glance, for example, whether a plume is gcing cver or arocund & hill,
whereas extersive point-by-pcint measurements would be requirec otherwise.

Flow visualization can also be of great help in the interpretaticn and
understanding of quantitative cata. Hot wire anemometry, ir spite of its
increased sophisticaticn and reliability in recent years, stili carnot tell
us the direction cf flcw (there is a :_1800 ambiguity) and reverse flows
commcnly exist downwind of bluff cbstacles. Finally, some quantitative
results may also be obtained from flow visualization. For example, Hunt and
Snyder (1979) used flow visualization to measure the displacement of stream-
Tines by a hill, the surface streamline patterns, the increase of velccity
or speed up over the top of the hill, for understandirg lee waves, hydraulic

jumps, and separated flow regions downwind cf the hill, anc for extencing



Crazin's (1961) theory to determine whether plumes from upwind sources would
pass over the top or impact on the surface and pass round the sides of the
hill in stratified flow. Also, different colored dyes emitted from different
elevations on the hill surface showed oscillations in the wake that were
anticorrelated at different elevetions; this kind of information would have
teen difficult to obtain through other means.
4.2 CUANTITATIVE MEASUREMENTS

GQuantitative measurements of flow speeds are more difficult in water.
Uind tunnel techniques for these measurements have been developed and advanced
tc a level of Figh reliability and accuracy (Bradshaw, 197C). For local
velocity measurements in wind tunnels, numercus instruments are available:
pitot tubes, hot wire-, hot film,- and pulse wire-anemometers. Hct film
anerometers are used in water, but require much travail tc obtain reliabie
measurements. At typical low flow speeds used in water, pitct tubes are not
very useful. Small propeller anemometers (~ 1 ¢m dia.) have been developed for
special studies in air and water, but are not readily availatle.

Highly accurate and reliatle flame icnization cetectors are availatle for
quantitative measurements of pcllutant concentrations downwincd from a scurce in
a wind tunnel. These instruments are presently the most popular because they

have a relatively fast response time (~ 0.5 seccnd), their cutput is linear

n

with concentration cver a very wide range (about U.Z tc 10,CC0 ppm methane
with proper acjustments), and they can be used with any hydrocarbon gas,
including methane, ethylene, and butane, which have specific gravities c¢f C.5,
' anc 2, respectively. Many other tracers and instruments have also been used
including sulfur dioxide, carbon monoxide, temperature, smcke (Motycka anc

Leutheusser, 1972), helium {(Isyumov et al., 197€), and radiocactive gases

(Maroney, 197C), along with corresponding measuring cevices. <Smoke, temperature,



and helium techriques offer possibilities for the measuremert cf concentration
fluctuations, btut are gererally limited to the measurerent cf small dilutions,
“.e., 1:1C0, as compared with the 1:1C,00C desired. Fackre®l (1678) ras
developed a2 "pcpper valve" tc allow the flame ior“zation cetector to be
used for tre measurement of ceoncentraticrn fluctuaticns. Salts in ccnjunction
with conductivity meters, acids with pH meters, temperature with thermistors,
and dyes with cclorimeters and flucrometers have teen used as tracers
for auantitative measuremerts of concentration in water. Excert for
temperatire, these technicues cffer a wicde range in ccncentration cetectability.
The conductivity prcbes and thermistors car be quite fast response devices.
They offer possibtilities for the measuremert c¢f concentration fluctuations.,
4.3 PRCCUCING STRATIFICATICN

Trere are twe ccmmon methods fcr preducing stratificaticn in water. The
mest commor methed of producirg stable dersity stratificaticn in water is by
sTowly fillirc a tank through distribution tubes on the to<tem with thin
Tayers cf calt water, each layer <rcreasing “n sgpecific gravity (Hunt et &l..
1978). The heavier solutiors flow uncer the ligrter fluid abeve, thus 1ifting
it. Ir view of the very small mass diffusivity of salt in water, ar undis-
turbed stable mess ¢f salt water will remair that way for weeks, ever nerthe,
before the censity gradient is substantiaily changed by molecuiar ¢iffusicn.
Maximum dimensiconiess density differences are limited to abcut 20¢ using
commer. salt (NaCl). FRecirculating systers using this tecknigue have been
irpractical because of the mixirg within the purp. Fcwever, Ccell and
Kovasznay {(1971) have desigred a rotatirg disk purmp that maintairs the
gradient; this device permits the use cf recirculating salt water systems, tut,

trus “ar, has teen used orly for very smell crannels [~ 1C cm depth..
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The second common method for producing stratification in water is by
heating and cooling. Frenzen {1962} had produced both stable and unstable
stratification in a towing tank using this method. Because of the large heat
capacity of water, larce amounts of energy are required for reatirg and cooling
toc produce significant stratification, so that this method s generally limited
to small tanks. Ceardorff and Willis (7974) and Liu and Lin (1976) have combined
heating and cooling (respectively) with stable salt water stratification
to study inversion break-up phenomena.

Air, with its low heat capacity, is ccmparatively easy to stratify.
Provisions must be made, of course, for heating cr cooling of the flccr of the
test section and, if it is a closed return tunnel, for cooling cr heating the
return flow. In order not to exceed reasonable temperatures in the tunnel (say
1000C), the maximum dimensionless density difference is limited to about 35%.
The Micrometeorolcgical Wind Tunnel at the Colorado State University (Cermak,
197€) has a test section 1.8 m sguare and 27 m long. It hes heating and ccoling
capabilities for maintainirg the floor temperature tetween 1 anc 200°C and
the ambient air temperature between 5 and 95°C. Calspar (Ludwig ard Skirrer,
197€} used liquicd nitrogen dripped cnto aluminum plates upstream of a model in
their open return wird tunnel to produce stable stratification. OCry ice has
been used in a similar manner (Cermak .et ai., 1970). The problem with the
Tiquid nitrogen and dry ice is that a stable boundary layer is created &t the
point of contact, but a growing mixed-layer (elevated inversion)develops
downstream because of the air contact with the uncooled turnel flcor or mrodel

surface.
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4.4 A[R VERSUS WATER

Thus far in this chapter, we have discussed the comparative advantages
cf using air or water as the fluid meaium for modeling studies. There are
nc "hard and fast" rules for deciding which type of facility is test for
a particuler study. Twc example problems are giver below, one of which
appears best suitec for study in a wind tunnel! anc¢ the other of which appears
best suited for study in a towing tank. However, in principle and --
depending upon the ingenuity and perseverance of the investigator -- in
practice, sirilar information could be cbtainec from either stucdy in
gither facility.
Prcblem 1: We wish to determine the excess ground level concentrations
caused by an insufficiently tall chimney next to a power p’ant in essentially

flat terrain.

Method of Soluticn: A plume trom a power plant is generally highly buocyant,

sc that building downwash probably occurs only in high wind, herce neutral,
corditions. The advantages of a wind tunnel over a water channel here are
obvious. Thick, simulated neutral atmcspheric bcundary tayers are easily
cbtained ir wind tunnels, whereas the develcpment and testing ¢f such in a
water charnel would be a cumbersome task. Mezsurement of the turbulent flow
structure in a water channel would be & very difficult task; accessability to
the model would be limited; instrumentation would be more expersive and less
reliable; concentration measuremerts would be more easily cbtained in air
using hydrocarbons {probably methane in this case) and a flame icrizaticn
detector; etc. A iarge enough Reynolds number can probably be obtainec ir a

wind tunnel even though it is necessary tc simulate the buoyant effluent.



Prctably the cnly acdvartage to using a water channel in this case would be fcr
the ease of flow visualizetiorn, but smoke or helium filled scap bubbles weuld

probably be adequate in a wind tunnel.

Problem 2: We wish to determine the maximum ground level concentraticn (glic)

that may cccur {at least once per year) on an isoiated three-dirensicnal hill

2CC m high cownwind cf a 100 m Fich chimney. Typical nocturnal surface-based

inversiors develop to 4CC r depth with temperature cradients of 1.5°C/100m and
\ind speeds of 2r/s at the Z0C m elevaticn.

Methed ¢ Scluticn: The maximum glc will prebably cccur during the necturre!

inversicn. The btoundary layer will be below the plume and, herce, is

prcbably unimpertant. The most important parameter is the Froude number based
cr the hill height and the density difference between the base and *cp of the
Fiil:

7,
v

F o= U/Nh = U/(ghae/e)” = 2/(9.8x200x4/300)7 = 0.4

‘Notice that petential temperature irstead cf density rac teen used ir

calculating the Froude number.} This prcblem is rather easily studied in a
towing tank c¢f 1 m cepth where the stratification is obtaired usirc a
continuous gradiert of salt water (s.g. = 1.C at the top and 1.2 at the bottom,
yieldirg N=1.3rad/s). The recuired towing speed for & hill cf height C.Zm
would ke U=FNh=1Ccm/s, which is & reascnable towing speed for & water charrel
anc yields a Reynolds rumber Uh/v=20,0CC.

This type o< flow has not yet (at least, to the author's kncwledge) been
cbtaired in a wind tunnel, but rouch calculaticns will easily illustrate the
¢iffirpitice,  The maximum temperature difference that cculd be generated is on
the crder cf 100°C. Let us surpose that the model hill height is alsc 2C cm

in the wind tunne! and that the 100°C temperature difference is impesed cver a
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40 cm depth, so that N=2.%. The required tunrel speed is thus 23 cm/s, which
is exceedingly difficult to maintain, contrel, and measure in any wind tunnei,
especially wren the temperature varies so drastically. The Reynclds rumber
would ke only 46CC (although it is mcst 1ikely unimportant in this case, since
the flow will definitely not be turbulentj.
4.5 SUMMARY

The ease and convenience of cperating wind tunnels and asscciated measuring
equipment and the ability to adequately simulate the reutral atmcspheric
boundary layer make the wind tunnel far superior to the water tunnel for small
scale studies where buoyancy is relatively unimportant. However, the irability
of the wind tunnel tc achieve adequate tuoyancy or stratificaticn and adeguate
Reynclds rumbers simultaneously meke the towing tank indispensable for the
study of elevated plume dispersion in stably-stratified flcw in complex terrain.
Somewhere in the middle, where the interest is in lcw-level dispersion in
mildly stratified flows, the two types of facilities have essentially equal

capabilities.



5. CONCLUDING REMARKS

The protlem with simulating the neutral bcundary layer is that the
atmosphere is very seldom neutral. There is "always" an inversion at some
height with surface heating or cocling from below. Perhaps, occasicnally, the
atmosphere is truly neutral for a few minutes around sunrise or sunset, but such
a state carnot be considered stationary because it lasts cnly a few tens of
minutes (Kaimal, et al., 1976) and, because the surface heat flux is changing
so rapidly, the turbulence cannot track it (Wyngaard, 1972). Perhaps our conly
hcpe is cloudy, high wind, conditions, but "cloudy" implies a temperature
inversion (at the base of the clouds), sc this cannot be truly neutral either.

Cne might rightly ask at this pcint: "Why bother with wind tunnel moceling?
We can't simulate the rotational effects, and even if we restrict curselves tc
cases where rotational effects are relatively unimpertant, the type of flow that
we have scme chance of simulating well, the neutral surface layer, hardly ever
exists in the atmosphere." Panofsky (197¢) rather summarily cismissed winc
tunnel moceling because of our inability to simulate the turrirg cf wind with
height. The answer is "fluid modeling is heuristic.” We have the atility to
control the flow and to independently acdjust specific parameters. Tc paraphrase
Corrsin (1961a), a wind tunnel is, in effect, an analog computer and, ccmparec
with digital computers (numerical mcdels), it has the advantages of "near-
irfinitesimal" resolution and "near-infirite" memory. The inability to achieve
large Reyrolds rumber turbulence limits the size of the dissipative eddies. In

many ways, this situation is analogcus to numerical fluid-cynamic medels wherein



the smeli-scale turbulence is "parameterized." Whereas we have difficulty in
simulating the large scale eddies, we are no worse off than the numerical mcdelers
and we need not make any seccna-order clcsure "assumptions." Nor must we deal
with an inviscic potential flow that cannot separate frcm any tody, let alcne

a sharp corner. The point is that we need to understard the characteristics of
the flcw we generate and tc understand how changing those characteristics changes
the result. We must also recognize the limitations of our facilities and
%nteréret the results accordingly--with cauticn.

There are two basic categories of fluic modeling studies: (1) The
"generic" study wherein idealized obstacles and terrain are used with icealized
flows in ar attempt to obtain basic physical understanding cof the flow &nd
diffusion mechanisms, and (2) the engineering "case" study wherein the miniature
scaled model of a specific building or hill is constructed and a specific cecision
is tc be made based upon the results of the tests, i.e., the necessary stack
height cr the sitirg of a plant. Advances in the basic understanding obtained
from the generic studies will uvitimately reduce the need for case studies, but
the present state-of-the-art falls far short of eliminating this neea,

There are many "doubting Thcmases" concerning the applicability of fluid
mcdeling studies to the real atmosphere; yet those same "coubting Thecrases"” de
nct hesitate to apply potential flow models with ccnstant eddy diffusivities
in oraer to predict surface concentrations on hills under all types of stratified
flow conditicns. Frequently, they appear to be unaware that many of the uncer-
lying physical iceas and even many of “constants" used directly in their mcdels
were obtained from labcratory experiments. A fluid modeling study, after all,
employs a real fluid, and if a mathematical mocel is to be applied tc the

atmesphere, it stould also be appiicable tc a fluia model, e.g., by elimirating

e
(G2]
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cr adjusting that portion of the mocel dealing with rotational effects, by re-
ducing the Reynolds number, etc. If a mathematical mccel cannot simulate the
resul*s cof an idealized laboratory experiment, what hopes coes it have of being
applicable tc the atmosphere? The pecint is that fluid models should be used to
bridge-the-gap between the mathematical medel and its application to the field.

A well-designed and carefully executed fluid modeling study will yield

valid ard useful infcrmation - information that can be applied tc real enviror-
merital problems - - with just as much and generally mcre credibility than any

current mathematical mcdels.
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