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Summary 

The simulation of motion in the atmospheric surface layer by 

low-speed, wind-tunnel flows is di6cusaed. Similarity parameters and 

wind-tunnel characteristics required !or simulation of small- and micro

scale atmospheric motions are stated. Comparisons of vertical dis tri

buUon.s of mean velocity for different thermal conditions, turbulence 

power epectra, energy dissipation rates, and intensity of the vertical 

component of turbulence are made for wind-tunneLand atmospheric 

data -- data taken in the thick turbulent boundary layer (1 r.1) produced 

by now over a long test-eectlon floor (20 m) show good agreement with 

atmos pheric data. 

'l'ime and length scaling factors for small and larg t! scale 

turbulence arc established thr()Ugh the use o! sirnibrity agreements 

utilizing the ~nergy dissipation rat r-:. ?er unit of mass ~ . 

\ 
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LABORATORY SI1.1ULA TION OF A TMCSPHERIC MOTIONS 

IN 'mE LO-WEST ONF HUNDRED METERS 

by 

J. E. Cermak 

Introduction 

Simulation of atmospheric motions in the lowest one hundred 

meters by laboratory nows ta desirable from several po1nt5 o! view. 

From a scientific perspective, laboratory nows which are faithful 

models of atmospheric prototypes can be systematically studied under 

c ontroUcd geom!:trlcal, dynamical and thermal conditions to produce 

new knov.-ledge about geophy.skal sys tems . From n e:ngln~ '-'ring or 

appliE!d perspective, simulated atruospherlc fl ws in he laboratory are 

or value ln. exp rl.mentnl efforts to es ~abllsh the dynamic btthavior of 

etructures, to predict the di!!uslon of he~t and mass for various envi

ronmental circurr..stancea, to study the sca.ttering of electron agne tic 

energ ·• and to xplore many other interactions between atmos pheric 

motions and man•s acuv· ties on the surface o! his planet. 

The remarks ln thls paper are con!lned to wha.t is com:nonly 

c alled email-Geo.le and mlcro-ec:ale atmos t>herlc motion!'!. re.stric-

tion to emall- scale n1otioas lim its the distances for whtch s imulation 

i s cons ider ed to _those giving large values o! the Rossby number or, in 

o ther words, flows ln which the CorloliF acc~kr ation ls a rulnor factor 

in dC!tcrroining Lhc now. Horlzontn.l dis tanccs are thus 11mit'1!d to about · 

150 km. Micro- scale rnoUon5 a.re defined to be the 1urbulent motions 

embedded in the small-sea.le mean motion. 
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Nonuniformity of the small-scale mean motion occurs both in 

horizontal and in vertical directions. ~orizontal nonuniformity is in

fluenced strongly by terrain nonuniformity while nonuniformity in the 

vertical direction is conditione d by surface shear stress and vertical 

heat flux. Simulation of these nonuniformities is discussed for steady 

now of the surface layer. 

Turbulence struc ture -- the micro-scale motion -- is 

characterized by numerous measures of which length scales, intensi

ties, energy spectra, and turbulent energy dissipation are of primary 

importance. Comparisons of such quantities for laboratory and atmos

pheric data have been made in an exploratory sense at the Fluid 

Dynamics and Diffusion Laboratory of Colorado State University. These 

studies which are described in R ef. 1, reveal that much research re

mains to be accomplished before atmospheric turbulence structure can 

be simulated with a high degree of confidence; however, the special 

type of wind tunnel developed at Colorado State University produces 

turbulent boundary-layer flows having the desired characteristics . 

.. 



Symbol Delinltlon 

f rravitatlona acceleraUou 

b reference height 

k Karman constant or wave number 

m aubscript designating model fimv 

p .eubscript designating prototy_:>e now 

t ti.me 

u turbulent velocity fluc tuation in mean !low 
direction 

-u1 time mean o! u 1 

w turbulent ve locity fluctuation in vertical 
direction 

_,, (;;;) 1/2 

C constant 

Cp Specific heat at constant pressure 

E (k) three-dim em; lonal energy spectrum 

E 1 {k) oae-dimerwional energy spectrum 

force 

H turbulent heat fiux 

L Monln-Obukov stability l engtl1 

Lx integral scale or in direction of mean flow 

-

Dimens ions 

Lt·a 

L 

-1 
or L 

-
-
t 

Lt-t 

L't ': i 

Lt-t 

Lt•l 

- _, 
·1 QL T 

L,,-1 

. L1C~ 

F 

QL .,t•t 

L 

L 



Symbol 

Ld 

.L 

Q 

JU 

T 

u 

u a 

V 

z 

z 
0 
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Symbols - continued 

Definition 

acale length !or small ecale turbulence 

scale length !or large scale turbulence 

thermal energy 

Rlchardson number 

mean absolute temperature 

mean local wind speed 

mean ambient wlnd speed 

ehear velocity 

mean reference wind speed 

verUcal dis tance above surface 

aerodynamic surface roughness 

~ constant 

C 

" 
p 

"o 

boundary-layer Llucknesa 

turbulent energy dissipation rate per unit 
o! mass 

kinen1atic viscosity o! fluid 

mass den.eity of fiuld 

&ur!ace eh!E;ar stress 

Dimensions 

L 

L 

Q 

• 

T 

Lt-t 

Lt-t 

Lt-l 

Lt1 

L 

L 

L 

FL- 1 



.Army Meteorological Wind Tunnel 

U the laboratory data. r e!erred to ln this paper are to be fully 

appreciated. a brict comment on .the wind tunnel in which they were 

obtained should be made. The motivating idea leadini to the design of 

this unique tacility was to provide a long test section so that a thick 

turbulent boundary layer can develop in a natural manner. Figure l 

ahows thls laboratory facility. 

Gross opcratlng conditions oi the wind tunnel have the following 

character ls tlce: 

Ambient wind speed U a O. 5·37 m/sec 

Ambient turbulence intenelty: o. 1 per cent 

Max. temperature cll!ferences at I. 5 m/sec: 

T - T • -ca0c cold floor hot air 

T 4 T • tos0c hot fioo-r cold air 

Most of the data referred to wer e taken at the downstream 

·· portion of the test-section approx! atcly 20 m from the entrance and 
I 

about tZ m from the beginning o! the thermally controlled lloor s e ction. 
I 

R eference Z d scribes •he wind tunnel in detail; however. t he following 

now characterlstlcs at a wind speed of about 9 m/sec are useful to 

kee p in mind: 

Boundary-layer thkl·ncss o : 

Turbuleuce integral scale L : 
X 

70< 6< 1 f O cm (depends 
on floor r oug~ncss) 

lt cm at Z • o/2 

O. 9 cm at Z • 6/2 Taylor•s micro-scale 

Richardson number Ri : -0.S<Ri< o. 3 at 2 a 3 cm 
(Ua • 1. S m/scc) 
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Requirements !or Laboratory Simulation or the .Atmos pherlc Surface 
Layer 

An e:xamlrlatloa or the goveruitlg equations or motion and the 

equation for conservation of energy gives parameters which must be 

e4ual in both the laboratory and the tleld for similarity in the strict 

seas~. T'ne parameters and auxiliary condition which must be matched 

are shown in F ig. 2. In addition. the boundary conditions. including 

aurface tem perature and roughness variation with pt'.>sition and ambient 

turbulence intensity. must be similar. 

Meetlng all o! these requirements simultaneously is generally 

impossible ; therefore. a compromise with strict similarity is nec

essary. The important problem which must be faced is to deteri:n lne 

the conciltions under which equality of certain parameters can be re

la..-ced without introducing serious error in the laboratory flow. By 

limiting the !low extent to under 150 k.-n. equality or the Rossby num

bers is no longer a necessity. If air ls used for the laboratory flow 

the Prandtl numbers and specific heat ratios are automatically equal. 

Since the Froude number and Richardson number for thermally strati

fied flows are equivalent, the major parameters re maining to be 

matched are the Reynolds number and the Richardson nu mber. By an 

adequately designed heating and cooling system an equality of R ichard

eon numbers is possible. Therefore, the Reynolds number, because 

of the necessity to use lengt. scale ratios up to about 1: 1 ooo. presents 

the major difficulty in achievlog strict similarity. 

Spatial Nonunlform lty of the ·I~an Wind F ie ld {s mall-s cale moUons) 

A. Variation in the horizontal due to topographic features. 

Topographic features and large s tructures may produce varia- · 

tion of the surface wind tle ld. If these featurts are ''sharp-edgedi', 
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models scaled to 1: 1000 or even 1 :5000 (R ef .. 3} give good simulation 

of the m ean wind field in _s pite of the Reynolds nur~ber differing by 

three orders o! magnitude. T he reason for successful now simulation 

in these cases is that the basic flow pattern ao longer is a function of 

Reynolds numbers {for sufficiently high values) but depe nds only on 

the geoc etry. 

An exam ple o! such elmulation is reported in Ref. 4 and is 

ahown in Fig. 3. Com parison of the model flow_ with actual fi e ld data 

aave excellent agreement. T he m ain less on to be learned trom these 

experiences is that s trict equality of the R eynolds num ber !or m odel 

and prototype !lows is not necess3.ry ln order to achieve similarity of 

gross now patterns ove r obje c ts having sharp edges. 

B. Variations 1n the ver tical direction du e to shear and U1~r m e.l 
structure 

Variation of wind speed in the vertical directiot1 i s ln general 

com plex; ther efore, s im ula tion has been s tudied prim arily for the 

~ "ideal" case . By 111deal" is m eant flows over level plane areas wher e 

topographic e!!ccts discus s ed in s ection A are negligible and buoy a11cy 

forces have no corupone 11t parallel to the surface. 

Mean velocity profiles under a varie ty ot ther 1a.l s tability 

conditions have be en m e asure d in the t l ick tur bulent boundary layer 

at about Zr) m from the test s ection entrance. These vertical distri

butions are compare d with fie ld dat a. taken during proj ect P rarie Grass 

in F ig. 4. The basis for comparison la the log -linear r elations hip 

u t . -
U• k ( 

2 Z ) ln L + ~ L + C . 

·Us C T 
in which th~ .... fonln-Obuirny stability length L = *kg J is the . 

r eferet1ce le ngth and the s hear ve locity u."' (-r 
0

/p) -! i s the r eference 
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velocity. The agreement of the two eets ot data reveal that the mean 

flows are similar over at lea.st the lower ooe--third o! the wind-tunnel 

boundary layer. The corresponding height in the atmosphere may 
------ - - - -

yary from about 20 to 200 m. 

Under neutral thermal conditions (adiabatic in the atmosphere) 

the correspoadlng vertical variation of wind speed becomes 

U 1 
a - 1n 

U• k 

z-z 
0 

z 
0 

• 

Therefore. under such conditio-ns where the object to be studied has 

a height h less than the boundary-layer thickness o one arrives at 

the stmllltude criteria of Jensen (5). This criteria ls merely that the 

ratio of roughness heights !or model and prototype (Z \ / (Z ) must 
dm op 

equal the length scale ratio detertnined by the height ratio of model and 

prototype structure h /h ; i. e., m p 

Similarit-J comparisons for the outer part or the boundary layer 

have not been made. When sufficient field data become available. a 

velocity detect form such as proposed by Hama (6} 

\:u • 9.6 (1- !) • 
which correlates laboratory data well for O. 15< Z/ o< 1 is expected to 

also correlate the field data. Since 6 iB an unknown in the atmosphere 

a m ore practical !orm of the velocity-defect relationship can be taken as 

Uh - U z) ~ 
= C 1 - -

U• h 

where C is expected to depend upon h and the ambient turbulence. 

Turbulence Structure (micro-scale motions) 

Efforts to simulate turbulent structure of the atr.nospherlc surface 

layer ln the laboratory is closely associated with the problem 
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-ot producing a laboratory spectral energy distribution E
1
(k) which ls 

similar to what is found in the atmosphere." Uthe one-dimensional 

energy spectra E 
1 
(k) arc sim ilar, then one can proceed to derive~ on 

the basis of dimensional arguments, time and length scales r elating 

the two fiow fields. 

Fortunately, cloae similarity of the one-dimensional encr,:,y 

spectra cxis~s !or boundary layer flows obtained in the downs tr eam 

portion o the long meteorological wind tunnel. The data shown in Fig. 

~ reveal close correspondence (including a s ignificant inertial s ub-
-5/3 range where E

1 
(k) o. k excepting at ,small r e lative wave numbers 

k 
k/kd s t/

4 
_

314 
where the boundary-layer thickness of U1e wind-

« l' 

tunnel fio limits the large-scale turbulent motions to being o! order 

6 • A.part from lim itation on large-scale turbulent motions. the s!g

nlflcant energ_y-&pectrum features are present ln the laboratory now 
providGd the boundary lay.er can develop over a s-uf!icicntly long fotch. 

Uthe s mall-scale turbule nce structure over the outer 90 per 

cent of the boundary layer ls acknowledged to closely a pproximate an 

isotropic turbulence field. dimensional art-uments lead to a length 

scale rela ionship. Consider a field of turbulence in which the turbu

lence Reynolds nu mber 1s moderately large. Should a volume of fluid 

m oving dm-vns tream from a turbulence generating grid in a wind tunnel 

be followed. the turbulence structure (energy spectrum} i ~ expected 

to depend only upon the ener gy dissipation per unit of mass < , the 

kinematic viscosity v . and the time o! travel t . As i fl indlcated by 

Hinze (7.- p. 187) these three quantities form a dimens ionless group 

which muat then be a cons tant; 1. e •• 

~ ta 
.. constant. 

" 
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In the boundary-layer now under consideration the time t has 

little meaning in the sense or our model flow; therefore. we shall con

struct a time scale which depends on a characteristic velocity and 

length. l{eeplng in mind that the energy spectra are nearly similar 

tor the two flows, a velocity derivable from this distribution should 

be selected !or reference; therefore, the mean square longitudinal 
,. 

velocity fluctuation ;; becomes significant since it may be expressed 

aa 
Q) 

0 

CX) 

E(k) elk 

0 

where E (k) is the three-dimensional energy spectral function. 

Defining a scale length as Ld, tho dimensionless grouping 

obtained for the turbulence field may be expressed as 

constant. 

Considering that " is equal for boU1 the laboratory and the 

atmospheric boundary layer, a statement relating the laboratory model 

length scale {L J m to the prototype atmoa pheric length scale (.L d) p 

can be made. This statement is 

t/2 

The length Ld del1t1ed ls ~ntirely dependent upon the turbulence 

energy spectrum because £ cnn be written as 

a> 

k 1 E (k) dk 

0 



there.Core. 

2 
0 
(X) 

E (k) dk 
0 

tt ; J 

Exploratory data have been collected in the wind tunnel (Ref. 8) 

and 1n the atmosphere (Ref. 9} which permit calculation o! the length 

acales . Distributions ot </-;;; are shown in Fig. 6 for both the wind

tunnel now and the atmosphere. The distributions appear to be ot the 

same form. If the ratio (<! /u•) / (~/ua) ls computed for the outer p m 

portion ot these profiles. the prototype length scale (LJp ls t6 times 

larger than the model length scale (LJ m • .,,4,. corresponding ratio of 
. 1/2 

time scales is given by t /t • (e: /~ ) • For these nows m p p m 

t /t • (Z60/9300) l/Z • 1/0 • The scale ratios obtained by these 
m P 

arguments give a measure of the relative small scale charact~ristics 

for the two flows. The importance oi scaling these small-scale micro 

motions depends upon the problem under study-~ tor flow around 

objects. say a cylinder o! diameter d , where d or d is large m p 
compared to (LJ m or (LJ p, r espectively. s1mllltude at this scale 

ls relatively unimportant compared to similitude for the large-sea.le 

tnlcro motions which we discuss in the next paragraph. 

that 

To examine similarity of the large-scale turbulence consider 

C Q. 
(AUf' 
L ' 6 

where l>. U ls a gross mean velocity difference. On this basis, the 

r atio of large scale lengths becomes 
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For the wind-tunnel now over the rough boundary and the atmospheric 

flow reterred to in Fig. 6, the quantities on the right-hand aide of 'tl1e 

previous equation are as follows: 

« (cma /sec1 ) 

AU(m/sec) 

prototype 
260 

16 

model 
9300 

9.15 

Here AU ls taken as the velocity where the vertical velocity gradient 

vanlahes in both cases. n1e length-scale ratio then becomes 

1 
a -

190 

Accordingly, 1f the mean turbulent dissipation rates are known and 

the wind-speeds at approximately zero vertical wind gradient are 

known for both a laboratory and an atmospheric flow, it becomes 

possible to establish the relationship between height in the model and 

the prototype. The corresponding time-scale ratio for the large-
1 scale turbulent motion becomes 

t 2/3 1/3 
~ c . (L6)m ~ 
t. (Lr.) < 
P Cl P Ill 

• 

These scale ratios become particularly significant when it is desired 

to ilmulate flow around s t ructures or other phenomena which are 

sensitive to the large-scale micro motions or turbufo11ce. To simulate 

flow around a structure using the atmospheric flow a11d wind-tunnel 

flow referred to here. the appropriate model scale would be approxl

~ately 1 :200. or course, the wind-tunnel boundary layer must be 

eufficienUy thick to submer ge the model. 



In Fig. 7 data are shown which compare the behavior of the 

intensity ol the verUcal velocity fluctuations at 3 cm above the smooth 

wind-tunnel fioor and 1 and Z m above the earth's surface as affected 

by thermal stratification. These data which are presented in Ref. 10 

•how that the effects o! thermal s traUficatlon are similar tor the two 

flows. In the region where these data were taken (Z < O. 1 6) the 

actual average height ratio of t/50 is eatimated to be approximately 

equal to {ZJ m / (Z JP !or the two flows. The wind-tunnel data 

taken at Us 150 cm/sec appears to be strongly lnfiuenced by viscous 

forces; i.e.. the Reynolds number ~ is too small compared to the • 
prototype value. 

~u.m_mary 

Mean flow characteriBtics and turbulence characteristics in 

the lowes t 100 m of the atmosphere can be simulated in the lnboratory 

U adequate wind-tunnel facilities are avail:'.'ible. The wind- tunnel 

should have a long test section which will permit development o! a 

turbulent boundary layer having a thicknesa at least ~qual to the height 

of, any object, scaled to a practical size for study. which is to be 

pl"ced 1n the now. At a test section length of 20-30 rn the spectt·um 
I 

of turbule11ce is similar excepting at the smalles t wave numbers. If 

the energy dissipation rate and the ambient wind speed are known !or 

a laboratory now and an atmospheric flow, the scaling ratio for ver• 

tical heights or the large-scale turbulent motions can be established. 
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