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SUMMARY

];§ﬁﬂpaper concerns dewdtWP¥ an investigation of the atmospheric diffusion

processes by means of experimental, analytical, and numerical methods,
Experiﬁental momentum transfer and heat transfer analyses are presented,
Shear stresses in the surface layer are measured directly by means of a shear
meter; momentum eday diffusivities and drag coefficients over flat ground are
hetermined fron shear stress and wind velocity data, Convective heat transfer
rates in the surface layer are measured indirectly by means of a heat flow meter
and a radiometer; ccnvective conductances are determined from the convective heat

flow and air temperature data.

Two new, analytical, periocdic, convective heat flow solutions for the atmos-

pheric system are derived. One solution pertains to an eddy diffusion system

; in which the boundary *emperature varies sinusoidally with time and the eddy dif-

fusivity varies sinusoidally with time but is independent of height. The other

solution pertains to an eddy diffusion system in which the boundary températuro

varies sinusoidally with time and the eddy diffusivity varies sinusoidally with
time and linearly with height,

A3
A simple heat-momentum transfer analogy for the surface layerhhgz-beun devel-
oped which relates some of the pertinent heat and momentum transfer variables in

the atmospheric diffusion s;stem,

Three numerical methods of ddt ning eddy diffusivities as a function of i
[

time and height from trancient air perature and humidity profiles are preamtodﬂ;

H




NOMENCLATURE

\ .
coefficients of the Fourier cosine series, ecuaticn (22), b J i

N

shear meter surface area exposed to air flow, fgz

constant in equation (31), ft/hr ;

constant in eouation (31), dimensionless

function of A3 defined in ecuation (42)
. constant in ecuation (24)

coefficientsin ecuation (25), °F

water vapor concentration, e

drag-coefficient
constants in ecuation (14), £t2/hr
fluid heat capacity, Btu/# °F
constant. in equation (43)

constant in equation (31), ftz/hr - .

constant in ecuation (47)

coefficients in ecuation (48), Op

base of natural logarithms
unit thermal convective conductance, Btu/hr ft2 OF

drag force on the shear meter, #

acceleration of gravity, ft/hrz

coefficientsin the Fourier cosine series, ecuation (39),‘°F'
Hankel function of the zero order = | ‘

NP

ratio of the vertical eddr diffusivity for mass transfer to
the vertical eddy diffusivit:  fo: heat tranafer

_ thermal conductivity of air, Btu/hr £62(0F/8)

e e bt 8 et s ¢ s O b+

spring constant, lbs/inch

Karman constent

i

latent heat of vaporisation of water, Btu/#
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modulus of the complex function How
positive integer

constant in equation (43)
constants in equation (48) ,‘T/hr

vertical convective heat transfer rate per unit area, Btu/hr rtz

e D L P SRSV

vertical convectixe heat transfer rate per unit area at the
ground, Btu/hr ft

heat transfer rate per unit area due to evaporation or conden-
sation of water vapor at the interface, Btu/hr ft

heat transfer rate per unit area due to radiation from water
vapor, C0,, and dust in the atmosphere, Btu/hr ft2

heat transfer rate ugit. area into or out of the ground at ;

the interface, Btu

ground radiosity per \m.tt area (emitted and reflected radiation),
Btu/hr £t

solar irradiation per unit area, Btu/hr ft2

mpeen.

total hemispherical radiation per unit area at the ground,
Btu/hr £t2 ;

a varisble defined by equation (40), ft/(hr)}

a function of r defined by equation (42) ' \
an angle whose tangent is described for equation (50)
potential temperature, equal to T + Is, °F

e

amplitude of the sinusoidal boundary teémperature wave, °F

mean air temperature at the la.minar sublayer - turbulent
layer interface (see Figure 15), OF

mean air temperature at the reference height, z., °P
mean air-earth interface temperaturs, °F

mean fluid velocities in the x, y, and s directions, respec- .
tively, ft/hr

mean air volocity at the lminu aubhyer - t.urbulent
_ layer interface, ft/hr -

mean air velocity at the reference hoight, %5 rt/hr

the cnrtuim ooordtnatu (tho nrt.h's surface is in thc Xy
rpkne), -
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7, B laminar sublayer thickmess, ft

%, r_oughnas;“mra'meter, It
Z(s) a function of 2 defined by ecuaticn (23)
jreek Letters '

e, . qrey body earth surface emissivity

e’ . ratio of the vertical eddy diftusiviﬁ;r_ for heat transfer to the
F ’ vertical eddy diffusivity for momentum transfer
y . B a variable defined by equation (33), hr |

r adiabatic lapse rate, °F/ft

Y

air density, #/ft3

spring deflection, inches

the;hmal eddy diffusivities in the x, y, and z directions,
£e2

. vertical eddy diffusivity for mass transfer, £t/hr

o vertical eddy diffusivity for momentum trensfe
(- ] .
coefficients in eouations (52), {55), and (56)

) A time, hrs,

period of the sinusoidal boundary temperature and diffusivity
waves, hrs,

amplitude of gho complex motion 30(1)

A a variable defined by equation (16), f£t2

A a variable of ix;xtegrat.ion in equation (22)
AN a function of A defined in equation (23)
B absolute air viscosity, # hr/ft?
v constant in equation (24), 1/ft?’
v, " coefficients in equation (25), 1/ft2

X v kinematic viscosity, f tz/hr

) " mass density of fluid, ¥ nr?/teb

e ' Stefan-Boltemann constafxt, 17.3}0.0"10 Btu/ftz(°a)"

b e nud shesrstress

T, fluid shear stress at the ground, #/ftz
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frequency of the sinusoidal boundary temperature and diffusivity
waves, radians/hr

Dimensioniess Modulf .
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INTRODUCTION .

A nurber of transfer processes which are associated with current atmo‘?-

pheric diffusion problems are the diffusion .of

1) air pollutants from indust-ial and other sources,

2) water vapor from lakes, A

3) water vapor from snow banks,

L) heat and momentun from orchards, and

5) smokes and poisonous gases from grenades or bombs.
Each of these transfer processes falls into the general category of atmospheric
diffusion.

The diffusion of heat, mass, and mouentum in the atmosphere is achieved

- e

[ o

by a complicated turbulence mechanism which at present does not appear to be

thoroughly understoed. An exact fundamental relation describing eddy diffusion

has not yet been determined. Several approximate eddy diffusion relations are

" available, however. One of the most useful of these approximate diffusion

] relations is the one which relates the rate of transfer of a quantity to a
potential gradient and an eddy diffusivity.

The eddy diffusion rate of héat.. nass, or momentum ai:. the earth's surface,
in particular, may be expressed in terms of flow potential differences and
corresponding transfer conductances and coefficients. For example, vertical
convective heat transfer rates at the earth's surface can be expressed in
terms of air temperature differences and unit thermal convective conductances,
and vertical momentum transfer rates at the earth's surface can be expressed
in terms of wind velocities and drag coefficients.,

- It quantitﬁtive aﬁmospheric turbulence data such as eddy diffusivity
profiles, unit convective conductances, or drag coefficients are available,
"1t 18 possible to estimate heat, mass, and momentum transfer rates or flow

potential concentrations in the atmosphere for point source, line source, or

\—e e b e et st e
L e a, ats b o n b .

I

s,
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area source diffusion systems. These basic turbulent diffusion data mugh be

‘evailable before satigfactory solutions to some of the current atmospheric (
_ diffusion problems can be effocted. :

The following paragraphs consist of a discussion of

1) some of ' the basic eddy diffusion relations to be considered, I

2) some experimental methods of determining eddy diffusivities, thermal

conductances, and drag coefficients,
3) analytical and numerical eddy diffusion analyses, and

k) the analysis of several sets of micrometeorological measurements by
the methods outlined in this paper.
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BASIC EDDY DIFFUSION RELATIONS

The eddy transfer rate of a quantity in the absence of atmospheric ther-

mels 18 ofven expressed in terw.c of an eddy diffusivity and a potential gradient.

For example, the vertical rate of convective heat transfer is, (Reference 1)

9 - - 2T
(A)cmw 7c’€'l(3z * l-‘)

air density

air he§t capacity

vertical thermal eddy diffusivity
= mean air temperature

= adiabatic lapse rate

Similarly, the vertical rate of monentum transfer in the absence of atmospheric

thermals expressed in terms of the fluid shear stress is, (Reference 2)

T pe..“ (ng!')

P = mass density of air
¢, " momentun eddy diffusivity in the 3 direction
u s mean air velocity
A mass transfer equation similar to equations (1) and (2) can also be written.
If a heat balance and a force balance are made on a differential lattice
in a turbulent flow system, the transient eddy diffusion equations for heat:
and momentum transfer can be decived, respectiveiy. For example, the heat

transfer diffusion equation, when the molecular ;:pnduction terms are- small,

is, (Reference 3)

3T + y2T + ?I+w§1-_3.(3+'3.3'+_3.'3 3
.55‘-“3: va, d:z 9x "‘15‘; 5;61139 3:46'151; @)
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where,

Q ... time
i )
U, v, « » mean fluid velocities in x, y, and % directions, respectively N

€, € € = thermal eddy diffusivities in x, y, and z directions,
(G S | respectively

The Navier-Stokes squations which 'were modified by Osborne Reynolds to .include

e et e o

the fluctuating velocity componehts are similar to the heat transfer diffusion

equation given above except for the presence of a pressure gradient term in each ‘

2 A O r-t~3‘§n‘? 7 :vp«,,.,r_?r.,"

of the.three hydrodynanmic equaﬁions (Reference h).

Sometimes it is convenient to express vertical heat and momentum transfer

rates at the earth's surface (the boundary equations) in terms of flow potential

differences and corresponding transfer conductances and coefficients rather than

flow potential gradier;ts and eddy diffusivities. This procedure has long been
used in the field of engineering in connection with fluid flow and heat transfer

Jxaiema_qf_ﬁini&_e_dj,len_sions. The vertical rate of convective heat transfer at

the earth!s surface can be expressed as

g e

Q a f v+ - T
(R) CO?Wo ¢ (l«’ f)

= unit thermal convective conductance

T, = mean air-earth interface temperature

T, = mean air temperature at a reference height

The shear stress can be expressed as

L

e e -

i , Tt AUy (5) ;

where,

. A Gy = drag coefficient
U,; . meaﬁ air velocity at a reference height
The basic eddy diffus.ion relations that have béen notéd ab§ve are requir; 7
. for the difmgion analyses which are presented in the remainder of this paper.

;
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EXPERIMENTAL TYCHNIQUES OF DETERMINING

EDDY DIFFUSIVITIES, THERMAL CONDUCTANCES, AND DRAG COEFFICIENTS

A, Vertical Convective Heat Transfer.

‘Because of the recent development of two simple thermal instruments, it

is possible to measure vertical eddy diffusivity profiles and unit thermal

conductances. A heat flow meter (References 5 and 6) has been developed at
the University of California which can be used to measure heat flow rates into
or out of the earth's surface. This heat flow meter consists of laminated

sheets of thin bakelite with an embedded thermopile. Heat now'through this

. meter is measured in terms of the voltage response of the calibrated thermo-

pile. A total hemispherical radiometer (Reference 7), also developed at the
University of California, can be employed to measure the total solar and

nocturnal irradiation upon the earth's surface as well as the radiosity of

e A s o ot

Ty

T~ ki o A ST gy T,
. - .

" the earth's surface. Briefly, this instrument consists of a horizontal heat

meter whose upper surface is blackened and whose lower surface is surfaced

with a sheet of aluminum. Both the upper and lower surfaces of the heat -

meter are exposed to air streams of equal velocity origiriating from a small
blower. If a complete heat rate balance is made on this system, it ‘can be
shown that the total hemispherical radiation falling upon the horizontal heat
meter surface is equal to a constant times the voltage drop scross the heat
meter thermcpile plus a datum term.

If a heat balance is made at the earth's surface, the convective plus

evaporative heat transfer rates may be expressed ul
a + (s . q + {8
(T) oony, (T) * (%) th, v (T) e (T) ' )
where, R L ,
(_2.) . convective heat transfer rate per unit area at the ground
oony,
0

i
The signs of the terms {-ﬂ“% ' (-}) s, ond (—2— ' depend upon solar
radiation, air temperature, and vapor pressurs increments, . ,

s dem e e o R R e i s 0

a—ntrer b
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total hemispherical radiation per unit area at the ground

H._) o " ground rediosity per unit &ea

9 = heat transfer rate per unit area into or out of the grouwnd
( A )g, at the interfacs. .

Y = heat transfer rate per unit area due to evaporation or con-
(_ﬂ._
A) % densation of water vapor at the interface

In the absence of direct measurements of aither the convective or latent ‘

heat transfer rates’ the following method of separating the sum of these two

terms is suggested, Equatg the defining convective and latent heat transfer

equations within the turbulent layer adjacent to the laminar sublayer to the
sum under consideration.

r + [a .« yee (2T &+
3

c,"” . verti_cn oddy diffusivity for mass transfer
P = vertical eddy diffusivity for heat transfer
{og = water vapor concentration
| = latent heat of vaporisation
Several investigators in the literature have shown that the heat, msss, and’
momentum eddy diffusivities are closely related (References 9 and 10). It is

thus proposed that the heat and mass trmsfer eddy diffusivities are related to
each other by a constant, j. That is,

€ -
" “.

T e

.
bt e e b e g g

’;m.wr of the type used by Thornthwaite (Reference 8) would sppesr to
be very useful in measuring mean evaporation rates if not instantaneous ones.
Mass flow meters similer in utohutnowutu'omcmmﬂ:bdn‘
cond.dord by ﬂn minn!.ty of Californis, Los Ancel.n. L

il ——
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12

+ Upon the substitution of equation (8) into equation (7'), the heat eddy diffusivity

can be expressed as

~ Re, ' (3)
~ c A corv, A ‘g

y " T o ¢
Y% (3: r) il (a;)

" References 9 and 10 indicate that for duct flow systems, the constant, j, is
equal to wnity. Thus an acproximate method of separating the convective and
evaporative heat flow terms consists of postulating that the constant } =1,
solving for ¢ . by equation(9), and hence evaluating the convective and evapora-
tive heat flow terms. The ratio, J, will become more firmly established with
continuing micrometeorological research. In the event ¢thai one of the two heat
flow terms is small compared to the other, no separation problem exists,

After having determined the convective heat transfer rate, it iz possidble

‘to determine the convective heat transfer conductances—and thermal eddy diffu-
givities from the defining hasic eddy diffusion relations which have been

presented previogsly. lass transfer conductances and diffusivities may be ob-

tained in a similar manner.
Some limited convective heat transfer measurements and calculated thermal

conductances are presented in a following section.

B. Vertical Momentum Transfer

Boundary drag force measurements in pipe flow systems can be made with

relative easse in cbmparism to boundary drag force measurements in the atmos-
pheric system., No direct measurements of the drag force exerted by the wind
on the earthts surirace appear to be reported in the literature with the excep-~
tion of those of P.A. Sheppard (Reference 11).
The problem of measuring the air shear stress at the earth's surface
"e'aéentialw cousists of determining the drag force.on a small area of that

surface 1) whose surface characteristics are representative of the surrounding
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surface and 2) which is so located that the velocity profile above it is typical
of the surrounding velocity profile (no new boundary layers initiated). The
atmospheric shear meter wt;hai‘. was developed by the University of California was
designed with the al;:ove two requisites in mind sid has yisided encoiraging
resul.ts. This shear meter essentially consisted of a large tank filled with
water into which was placed a shallow float whose surface was representative

of the surroundings. Drag forces were measured by noting the deflection of a
sensitive coil spring, one end of which was attached to the float ard the other
end to the rim of the tank., Abrupt flow discontinuities were a.voided‘by £111ing
the latter to within less than 1/16 of an inch of the brim with water and adjust-
ing the .weight of the float so that it extended less than 1/16 inch above the
water surface. The tank rim, float surface, water surface, and surrounding
earth surface were thereby essentially Iin one plane. Smoke .ﬂ.ow studies indi-

cated that smooth air flow conditions existed over t s
The éhear meter construction details are shown in Figure 1. The tank was
48 inches in diameter and 3 inches deep; the respective dimensione; of the float
were 36 and 2 1/} inches. It was necessary to cover the upper float surface
with a thin laye> of earin in ordef to create a surface which was similsr to the

surroundings. The total weight of this float was about seventy-five pouaids.

Because ‘it was desired to measure the mean shear stress rather than the instan-

taneous values, a coil spring with a very low spring constant was utilized’fm
order that the shear fluctuations superposed upon the mean shear would not cause
the float to oscillate. The coil spring was made by winding piano wire (0.007
inch diameter) on a steel rod, One end of the spring was attached to the rim
of the tank by a clip which could be rotated when significant changes in wind

direction occurred. The cther end of the spring was fixed to a wire located

under the flcat and attached to the float ceuter. This arrangement allowed

angular free&om of the float without producing spring extension due tn angular

. —— v Yy BB S 0 WA 0 B S

WW -

P

—an.e

FURPPIU

——r

e







'1
\
\
\

float rotation. The drag force for this simple spring system is given by

Fp = 1%& = k8, (10)

spring constant
deflection of the spring
= shear meter surface area exposed to air flow
The spring constant for the particular spring used was 0.001 1bs/inch and was
accurate within one percent. .
Although the shear meter that has been dc.cribed was developed indepen-
dently of Sheppard!s meter, the two instruments are similar. However, Sheppard's

meter was based on a torsion principle rather than a tension principle, and also

his meter was designed to measure drag forces over smooth surfaces. Field exper-

ience with the authors' present shear meter has indicated that the following
improvements are :iesirablex 1) a response system which is independent of wind
direction and 2) a shear stress recording mechanism. Development of future
instruments having these improvements has been initiated.
After having determined the shear stress with the aid of a shear meter,
it is possible to calculate the drag coefficient and momentum eddy d;ffusivity
from the defining eddy diffusion relations which have baen presented previously.
Some limited shear stress measurements and calculated drag coefficients
and edd& diffusivities are presented in a following section.
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16
ANALYTICAL AND MUMERICAL EDDY DIFFUSION ANALYSES

A, Analy{ical‘Analysee

A number of analytical eddy diffusion analyses can be found in the litera-
ture, Prandtl (ﬁererenpe 12) derived the steady state logarithmic velocity pro-
file for the surface 1ayer.3 Rossby and Montgomery (Reference 13) and Sverdrup
'(Refercnce 14) developed steady state wind velocity profiles for the surface layer
for adiabatic and stable atmospheres. Lettau (Referenée 15) has recently derived
.eteady state velocity and temperature profile expressions for the surface layer

for adiabatic and non-adiabatic atmospheres., 0. G. Sutton (Reference 14) has devel-
oped point and line-source eddy diffusion solutions for stable atmospheres. Brunt
(Reference 17) has presented a periodic convective heat flow solution for a system
in which the boundary temperature varies sinusoidally with time, thus approximating
the diurnal soi;-air interface temperature variation; the eddy difrusivity was
postulated to be independent of time and height. Haurwitz (Refsrence 13) has devel-

cemEal s es m

— s -

4

hAad

W o

Py,

e e RN .

B g T

b

opéd a periodic convective heat flow solution for a system in which the boundary
temperature varies sinusoidally with time and the eddy diffusivity varies linearly
with height but is independent of time.

In the following paragraphs, two new periodic convection analgsea in the &b~
sence of atmospheric thermals are presented. One aﬁalyais peitaina to an eddy
diffusion system in which the boundary temperature varies sinusoidally with time
and the eddy dirrusivity varies sinusoidally with time (to approximate unstable
diffusion during the day and stable diffusion at night.) Another analysis pertains
to an eddy diffusion system in which the boundary temperature varies sinusoidally
with time and the eddy diffusivity varies sinusoidally witﬁ time aud linearly with
h;ight.

1) Eddy Diffusivity Varies Sinusoidally With Time But Not With Height
The heat transfer differential and boundary equatione for the system under

Onm—

3Tho surface Jayer has been defined as the air Layer adjacent to the earth's
surface where the vartical convective heat flow and vertical fluid ehear stress
are uniform with height.
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consideration areh

wher‘, € = ¢ + cgcoswb (14)

. potential temperature
amplitude of the sinusoidal boundary temperature wave

frequency of the sinusoidal‘boundary temperature and
diffusivity waves

period of the sinusoidal boundary temperature and
diffusivity waves

¢, ¢g = constants in equation(ll)

If the differentiation indicated in ecuation (11) is performed, the following

equation results:

L3 1 3¢ . P . (15) b
C’W (cx + c,mwéw r ‘ : i ]

Equation(15)can be simplified by masking a change of variable,

’ c
916 + 2ynwb
w

1Y
Then 36

¢ * c,coacaa

Now the left hand term of equ:.tion(ls)can be simplificd as followss

(18)

i et Snm R SRR S

1 \°= - 1 2 25 . 2
o T qeawf 38 gy * cpoeewf 36 9N A

hnese equations are expressed in terms of the potential temperature rather than ' L )
the ordinary tempsrature, Potentlsl temperature can be expressed-as ¢+ = ¥ ¢ I's.. ~  — |}




The transformed differential and boundary equations are

3c . P
X 32

t(0,N) = ty cos @ ™)

"‘ - lis o (. A = 0

z—o

vwhere, y(A\) = 0

%

sivity variations,

E [ 1

series -

4 <%
R W AR S
0

4

a -
n 5
_ €1 %

<% |

2 ' 2amA' '

t (\") cos ==m = aN

o/ 1%

Let : t = Z(z) A(N)

constont; ¢ ve | ANy - constansy dvA

. c.—ﬁ:: .iv.); - c.'gl.i(-g-z * v))

2z) =

Equation (19) can be solved by the ceparation of variablestechnique.

(19)

(20)

(21)

It can be shom that the function ¢ (0,A)is an even periodic function with a period

The function t (0, A) may thus be expresssd as the Fourier cosine

(%)

| pericdic solution of equation (23) which sstisfies equations (20) and (21) is

(24)

where 90 is the‘period of the sinusoidal boundary temperature and diffu-

"where Z(z) and A(\) are functions of z and A, respectively. The steady state
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] The transformed differential and boundary equations are . :
k

3c . P . (19) A" 1 0
* - as ; |
tO N = t)ocosws() (@ - !
] i
s (2N = 0 (21) ' | 3

l Zadl

70) = @

where,

It cen be shom that the function t (0,A)is an even periodic function with a period

1 80

sivity variations. The function t (0, ) may thus be expressed as the Fourier cosine

where 60 is the period of the sinusoidal boundary temperature and diffu- |

series -

t(0,A) = —29- + El”co:‘.z._“%ﬁ (22) i i 1

1% : : ;

where,
4 <15 ; ;
% E"é/ 2 ey an : : | b

() - : {

170

) = 4
n a
‘ €1 %

<% : |
2 ] 2n7 N oyt
t (\') cos aN
o/ “f

m e A a————— -

Equation (19) can be solved by the separation of variablestechnique. i

Let : t = 2(z) AQN) , ) (23)

"where Z(z) and A(\) are functions of z and A, respectively. The steady state

~ pericdic solution of equation (23) which satisfies 'ec";uaiions (20) sna ()48 1

2(z) = constant; & vs MX) = omtn;t. VAT o

o;. ‘ . c.{ﬁ;:.iv’)‘\ . c.'gi.it-g-s + vx) ' (;'4’7
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" where, C md v are constants which are to be determined and i = I , Both
the real and imaginary parts of the complex solution given in equation (2,) are
solutions of the original differential equation, On physical grounds, the real
part of equation (24) must de chosen. Also, the solution must be expressed in

terms of a series becsuse this is the form of the boundary equation (22).‘

o, N - Z;q..-é'm(v.x - E’) . oo

vhen n 80, 1. 2’ Xy

The constants G, and v, are determined froa the boundery .oquation. (22).

€(0, A) =

wk®
+

At = = 0,
.u cos 207N + z oo V. A
S n i G * D Gmut

6 * 3

G * 8, for nel, 2 ... . (28)
v . .131."

* ‘1

The temperature solution for the heat transfer system under consideration is

s, 6) = -r.+Zlq'. (Ll_t‘.f._‘.!ccnzy—’ H )

mm. as=0, 1. ‘. soe




c, 8
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- 4 2 ’ 2nm N
q‘ -—6190/ t(\) G“W aN
[

The periodic vertical heat flow solution for the heat transfer system under considera-~
tion can be obtained by substituting the temperature solution given in equation (27)
into equation (1)

!‘ (—})«m - -7c’¢"l(g_} ¥ I") )

] Mass concentration and mass flow rate solutions c¢an be derived just as the tem-

perature and heat flow solutions were derived above if the mass transfer system

peasesses the above stipulated boundary and eddy diffusivity equations. !

2) Eddy Diffusivity Varies Sinusoidally With Time and Linearly With Height
The heat transfer differential and boundary equations under consideration are

d¢ . 9 (¢ Ot
. W i—z- " ﬂ . (28)
!' . t(0, 6) = ty cos wé - (29)
| #letn ) = 0 ) |
; , :
E where,
E ‘l, = (b + byz) (1 ¢ .", cos w 6) (31)

b;. b, and b, are constents in equation (31)
If the differentistion indicated in equation (28) is performed, there results

. iaduiin AN

e I e e v e

e anatie L Bl de sl et ad

e WAk e Sy




'tho following equation

P
e.'s_:’

s (1 + bacoswe)b;%-i + (b, + b, 2) a + b,uswe)é_’_'

or

t (b * b,z)-a_”_t

S S 6)"?..‘ « b, 2t
1 + bycosw 38 43: 348

Equation (32) can be simplified by making a change of variable.

Let B =« 8 + —b:-s{nwa
2 . +
Then é-g 1 ba cos w8

et e e e

The transformed differential and boundary equations are

e le an erm o.

1 X _( 1 e)a_;_sa: . Ot
1 + bycosw LY 1 + byosw 3034 Y

r-X3 - a_t_ + + 3’t
I I L Rk

€. = gy s (A

zl-‘..- Wz, = 0O

where, f(B) =@ _
The function ¢(0,3) i3 an even periodic function with a period

may be expressed as a Fourier cosine series,

t0, f) = 529 + zg”cuz—?

(32)

(33)

(34)

(35)

(36)

(38)

and thus
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4. (2

g " o t(3) af
/

: %
t = .3;O/th')cos2“: 'dﬁ'

A further change of variable will simplify the differential equation (36).
Let 2 = bl + b, 3

Then equation {36) reduces to

dc t i’g 4
37 '3 oW

Equation (hl)canbe-solved by the separation of variablestechnique. -

Let o= Rx) B(ai (42)

where K(r) and B(8) are functions of = and B » respectively. The steady

. state periodic solution of equation (41) which satisfies equations (37) and (38)

is

R(r) = constant, (Y Z"_E ir], B(8) = constant vips
1 b3 2

or t = Ee'ippl{g)(%\[i‘r)

where E ‘and P are constants to be determined and where the tun;:tion
HSD AEJ; t) can be expressed as | ‘q;j '
by .Z.[wz (%E r) t i ker (-Z‘E r) or MO(Z.L£ t, '3 # l,
n 2 ] s |

(Reference 19). The term ND(.IEE r) is the modulus and the term q},(%ﬁ r) the

amplitude of the complex function HS’)(ZDE N r) .
¢ |
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That is,

Thus equation (L3) may be expressed as

by

i 2
t = EeiP8 M (?W e¢b(£
3
if- P 2|
. EMO(%’EW)G (Pﬁ + ¢o(%,cﬁ;1 ¥ b, D
—h
The constant E must be equal to " .zf.]i‘) :"bi?g vﬂ;x’

in order that the boundary condition car be satisfied, that is ¢(z = 0)

be of the form e PA (the real part being cas p B ).
(2B 75 (BT - o[ 2EE) -»nj
Mo(zg:: ) ~

where, E, is « constant

1
¢
£
+
%
i
4

Thus. -t (47)

e

T e IR

The real part of solution (47) is chosen on physical grounds. Also, the solution
must be expresséd in terms of a series as is the boundary equation.
Thus,

(e £) = §“ wos |4 (igam) - ¢, (zg-q;) - b B

w (Lo FmY ] -
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The.constants e, and P,

are determined from the boundary equation.
At :-0 t(0, B) = EQ *Zgnooa%p Ze cos p, B

Thus,

b LR

- 3
2

= g, for n=*12..

Py * Zi%! for n = 1,2, ...

Thus, the temperature solution for the heat transfer system under
is

consideration

gy AR TP P P 103}
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T(z6) = Tz + ¢ t

where »

for n=12 ..

" [b, + ) (_Eur;) = her (_E!' J"J) Kot (ﬁ"m
JS;T z) ﬁ' )* )or(mbx'*bz)hr Zﬁ{—)




B. . Nu=erical Analyses
Several numerical methods of evaluating eddy diffusivity profiles from tran-
sient air temperature and humidity profiles in the atmcsphere liave been given in

the literature (References 20 and 21, for exauple,. These methods usually involve

replacing the differential equation describing transient diffusion by a finite

difference equation., Wren experimental temperature or humidity data are substituted
into the finite difference equation, a solution can be effected. S<-)me of these
methods involve procedures which do not appear to be sufficiently general, For
example, one method requires that at one time in the analysis, eddy diffusivities

in adjacent air layers be the same., Another method requires an error analysis to
be applied to the resulting diffusivif.y data because -of an over simplified posiulat.e
that was used; this error analysis then invalidates much of the data.

Thres numerical methods of determining eddy diffusivities as a function of

]
;
|
i
&
;
¢
{;»
5
:
‘
!
!

height and time from transient temperature and humidity profile's are presented
below. [hesa meihods. which do not appear to be presented in the literature,
possess several desirable advantages.

| Method Fo. 1

A heat rate balance on a volume of air z,-2z, units thick with a unit area

base is

z .
3T - AT . . 2 . 2T
”8‘9:‘8(5: i '"), 71‘»,‘1(3—; * '“), / A3 T R
1

It is now postulated that the gddy diffusivity varies linearly with height, that is ‘

€ = € +t+ €12 (52)

- 0 1
.wherer_ € and €, are constants for a given time, If it is desired to deternins !
the eddy diffusivity profile (a linear one wiich approximates the actual one) in a |
given air layer, the following procedure is suggested. Divide the lgj'er in question
into fw> layers ax:d—write equation (S1) for each of them., Upon substituting the
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linear diffusivity relation given by equation (52) into the two heat balance equa-
tions,there result the following two equationss .

7 ‘;'ﬁ,(‘o te ':)(%'E * rl " °p,(‘a + € ;1)(%-2'4 rl .[’.'7«:’%-} ax (53)

l’
kA c,’(e, t g :,Xg-'_: + l“)’ - % c,’(to te z,)(?r: + r*)' -[ 7c’g.; as (54)
‘ g

If density, heat capacity, adisbatic lapse rate, and'temperaturo gradient data for

a given set of experimental temperature measurements at a given time are substituted

into equations (53) and (54), and if the integrations indicated are performed, there

result. {iwo algebraic equations in two unknowns

th

Method No. 2

(‘o and ¢,).

The solutions of

A somewhat more general eddy diffusivity distribution can be expressed by the

following power expression:

where L

andcl

are constants for a given time.

(53)

Upon substituting equation

(55) into the two hest balance equations and inserting the experimental property

. and temperature dats, as was :uxnclbod 4n Method Ro. 1 d»ovo. two solvable ngo-
braic oquaf.ionc in two unknowns result.

Mllodlo.3

An oddy difmaivity diatributioa which is va'y gmn 1. tho fouaun‘ series
containing 'n? tu'lu _ )

luhm C,.

€ = ‘o
“. et e x

. are comtant- for a g:l.vn th-.

[3

Upon dividing the

adr lmr undu' conudmti.on 1nto mi smaller lmrl and m:tituﬁu W e -

i = -

.
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(56) into the 'n' heat balance equations, there would result 'n! algebraic equations

in ' waknowms, If tn! is a large number, these equations could be solved with
the aid of computing machines,

Methods 1, 2, and 3 are thus suggested as rapid techniques of determining

- bransient eddy diffusivity profiles ror heat and mass transfer from transient

temperature and moisture data, These methods are founded on general postulates,
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AYALYSIS OF SEVERAL SETS OF MICROMETEOROLOGICAL DATA

Experimental Determination of Convective Heat Flows, Convective Conductances, -
Shear Stresses, Drag Coefficients, and Eddy Diffusivities. ' o

1. Heat Transfer

'19149. a preliminary air-earth interface heat balance study was conducted near Van
Nuys, California (Reference 22). This study involved the measurement of 1) air tea-
perature profiles in the lower four feet, 2) earth temperature profiles in tho’uppor-

ten inches, 3) solar irradiation, L) ground heat flows, and 5) wind velocities at ‘a

The oi:per.itnental site was located on & large flat field covered

'five foot height.
with scattered, short brush less than a foot high.

radiometer (Reference 23), a heat meter, and a cup anemometer were used to mehsure
: 1o nd wind velocity, respectively.

Thermocouples, ‘a directional

the €, T DN L0 _
The ﬁaterface ho@t balance relation, equation (6), may be,gxproued as

CRER R e

(% ) o

The total hemispherical radiation and ground radiosity have been expressed in terms:

of solar, gaseous, and ground radiatie'ns. The symbols 2.7 and T, are the

‘gray-body earth surface emissivity, Stefan-Boltsmann constant, and the interface

Bocmuthopmdmdﬂlndhadnotbunwto
‘was

tanpenturo. respectively.
rain for more than a two month period the ovq:ont:lvo heat loss m(*)

postulated to be small co-parod to the other terms in the equation. ‘rho uhr rd-
iation and ground hut now terns were measured by the instruments dmribod Mo
Data in the litu'aturo and some recent nunrumtn by the Thermal Radiation m:m

at tho Mmuv of . Californis indicated that 41 was vgry oiou to 0.0. The

e

tu‘ '[a(.l) .- a,c'l‘ ) muumodfronnoctmd (M)
ghd a hdophoricd radicmeter rather than a directionsl radiometer bemn wuhbh
&b the upmm m.c. thu r-mmcunt.ot oquuon“) mndmtmom ,
. mouury y - - R FTo s

[N SN

On a clear summer day between the hours of 10100 AM. and 3:00 P.M. on August 12,
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radiation calculations (Reference 2.} and the interface temperature measurcments. This
estimate was in agreement with measurcments bf Brooks and Kelly (Reference 25). It
was thus possible to calculate the convective heat loss using equation (S57).

The results of the Van Nuys heat transfer study are presented in Figures 2,
3, k, and 5. The unit thermal conductance, calculated by equation (kL) ‘and shown
in Figure 2, is observed to be approximately proportional‘to the wind vélocity
(Figure 3). It is interesting to recall that the thermal conductance for turbulent
flow in ducts and over flat plates varies as the eight tenths power of the fluid
velocity. The magnitude of the thermal conductances were in agreement with certain
measurements by F, A. Brooks (Reference 25), which were rmade under similar circum-
stances. Figure U reveals the variation of air temperature difference between the
surface and four feet with time. Figure 5 shows the vertical convective heat flow
which appears to have a maximum near one o'clock; this maximum almost coincides

with the solar irradiation maximum (at 12130 P.M

* increment maximum (at 12:30 P.M.).

2. Momentum Transfer

Preliminary momentum transfer studies in gﬁe lower twenty feet of the atmos-
phere were conducted at intervals during January and February, 1950, at Rivergide.
California., These studies involved the measurement of wind velocity profiles and
atmospheric shear stresses. Sensitive cup anemometers and the shear nmeter, which
has previously been described, were used to measure wind velocity and shear stress,
respectively. The experimental site was located on a flat rectangular field which
had a disked surface, settled and flattened by rain. The few rough portions of
ground that did exist within ten to twenty feet of the shear meter were smoothed
with a rake. No vegetation covered this field, although some scattered patches of
grass wore noted on the last day of operation (February 20th). )ost of the experi-
mental measurements were made in the afternoon, between 2:00 and l4:30; atmospheric

conditions of slight instability existed at these times. A few measurements were

et . ———————— A o o ot + 0 vue -
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also made under density flow conditions® between 6:hly A M. and 6:54 AM. Figure 6

§
g shows a graph of shear stress as a function of wind velocity at the eighty inch
E

level. The shear stress and velocity values were averaged over one to five minute
i time intervals. The afternoon shear stress data were‘noted to vary as the square
of the velocity and were represented by equation (5); the drag coefficient was found
3 t5 be 0.00137. This relation, which is noted as curve "A" in Figure 6, represents
the data within an accuracy of + 304. Unfortunately the morning data consists of
only two points. These points, however, are believed to be more accurate than some

of the afterncon points because the stable air flow conditions at that time yielded

very steady shear stress and wind velocity measurements. A square velocity relation
faired through these two points and the origin is shown by curve "B" in Figure 6.

It is intended that this curve suggest the effect of stability on the shear stress -
wind velocity relation; many sets of data must be obtained before the stability

effect can be thoroughly studied. The exponent on the common power wind velocity

relation is about 0.16 for curve "A" and about 0.33 for curve "B", A calculation

has revealed that if it were bossible for completely iaminar flow to exist under
th.e existing velocity conditions, a shear-v‘elociti curve falling far below curve
"B" would result. If further research substantiates the above trend, it appears . .
that for a given wind velocity, the atmospheric shear stress at the ground would '
increase with a decrease in the power law exponent (increased turbulence). This

behavior would seem reasonabie in the 'light of our present knowledge of fluid

turbulence.
A comment on the height at which the wind velocity is to be measured and
.the accompanying implications seems to be in order. Consider the two velocity
‘prorilea shomn in Figure 7; one profile is stable and one is unstable. Also con-
sider tﬁa’f.’ the stable profile is associated with a smaller shear stress than is
_ the ,!199&@&3@32!&9; o

Oocturnal cooling of the earth's surface creates temperature iuversions. An
atmospheric system with such inversion conditions and sloping terrain then
possesses & density poiential which causes the cool air in the air laurera con-
tiguom 4o -the ground to flow from highax' to lower elevations.,

-
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Figure 7. Stable and Unstable Wind Velocity Profiles

.

Consider the shear-velociﬁy relations that result for each of the two proposed

heights, z, and zg for the two velocity profiles showm., If 29 is

chosen as the height at which the velocity 1s to be measured, it is seen that the

stable shear stress is less than the unstable shear stress for the same wind.

velocity., However, if some lower reference heigat such as z; is chosen, the_

stable velocity is so much less than the unstable one that the stable and unstable

e e L e

shear-velocity relations now may be much closer to each other than they were when

the reference i, was used. Further, if one chooses'the reference height. so' that

" it lies within the laminar sub-layer, a single, linear shear-velocity curve would ;

exist for stable, neutral, ad unstable flow, That iz, within the laminar sub-layer,

e

T, = ;4‘.'.9 . .}L-g- = gonstant°U (s8)
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A couparison of the Riverside shear data with some of the shear datd T

reported in the literature is made in Figure 8, All velocities have been re-

ferred to s reference height of thirty feet, In some cases it was necessary to .'

determine the velocity for the new reference height. when complete vclocity data

vere not reported; the seventh power velocity relation was utiliged to uko the
. determination,

Sutcliffe and Taylor have utilized the terhnicue of evaluating boundary

shears from the hydrodynamic equations that descride the vertical wind apird up
to the gradiant wind lovoli experimental verticsl wind velocity measurements are

necessary to make this determination,

Tr3es method is predicated on the postu-.
lates that steady state flow conditions are established and that unidirectional

flovw exists at the earth's surface, Shear stresses calculated by ihis method rep-

resent mean values for the earth's surface and include the drag effects of such

to land.

by Curve ".'P".. ‘These measurements mﬂ uﬂo over a smooth concrete surface.® _ ?fm' e

regions as bodies of water, plowed ﬂold., brush land, orchards, and forests.
Sutoliffets data, curve A", and Taylor's data, curve "B, which represent sheer
data over the Salisbury Plain, fall within forty percent of one another,

Sutcufto also has obtained shear data over the South Atlantic with tho aid

of ld.tu (see curve "E¥); it seems reasonable t.hnt this curve should fall far
below curves "A¥ axd "B" because the ocean is a rohtivoly ‘smooth surface compared

Curve "C" represents a shear-velocity relation which Rossby obtained by ﬁb
stituting experimental wind veloci.ty data over the ocean into von Karman's mu-
alised nlocit,y dhtributin tnr flow in a swooth duct m T

The dimt. lhou' mmounta of Shoppard with h:ls shear meter sre noM

' Mr-tr«lmw

It 1- muntd ﬂm. smppaul'n dau no _above ﬂn
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The velocity pé\wer law exporent for Sheppard!s data was about 0,07 whereas the

exponent for the author's data was about 0,14,

Momentum eddy diffusivities have been determined from the Riverside data with

\
the aid of equation (2). The three typical profiles shown in Figure 9 indicate that : '
the eddy diffusivity is approximately proportional to the wind veloecity., Note that

one can show from Prandtl's analytical, steady state, logarithmie¢, velocity solution
that the eddy diffusivity is directly proportional to the velocity.

Note also that
these diffueivity profiles have configurations similar to those. existing in the vie=

inity of the wall ‘in duct flow systems; the diffusivity varies almost linearly with
distance from a very small value (molecular viscosity) at the boundary.

Numericel Eddy Diffusion Analyses of Transient Alr Temperature Data

Thermal eddy diffusivity profiles have been evaluated for two sets of transient

o o o+ et i e et

air temperature measurements by means of numerical method No. 1 which has been des-
eribed above,

One set of data was obtain usio vestigation in the

. 1
desert at Datelan, Arizona, (Reference 29) and another set was obtained on gently
- rolling cotton land at Manor, Texas, (Reference 30),

Figure 10 shows some typical thermal eddy diffusivity profiles as a function of | |

time for Datelan, Arizona. Calculations were not made for the late morning, noon,
and early afternoon periods because atmospheric thermals existed at these tima7.
The diffusivity profiles in Figure 10 indicate the influence of the diurnal turbul-

.!
ence variation on convective heat transfer (high diffusivities during the day and %

low ones at night), The diffusivity profile at 0450 has been further sub~divided

(note broken portion of curve) in order to show the influence of nocturnal stability
on the diffusivity, The presence of this stable region was first suggested by the

extreme tempsrature inversion conditions above t.h.e one hundred foot level, Note that

all diffusivity profiles tend to pase through the origin., This charactsristic appears '

to bs an independent cheok on the diffusion analysls,

¥

Compari songs of smoke diffusion irn stable and unstadble atmospheres at Datelan,

Arisona, are made in Figure 11. Observe that the increased rate of vertical amoke o

thermals is given in the discussion ssction.

A brief consideration of convee*ive heat transfer in the presence of atmospherie i
]




o wne g AP

M,n_;‘w«vxifm«r‘ I S

.

2000 3000 4000

Womentum Eddy Diffusivity, €aroe’ fti/hr

Figure 9. Momentum Eddy Diffusivity as a Function of Height,

for Several Wind Velocities at Riverside
(January, 1950)




$0,060 15,000 100,000 125,000
Thermal Bddy Diffusivity, ‘' ft3/nr

Pigure 10, Vertical Thermal Fidy Diffusivity Profiles

as a Funotion of Time at Datelan, Arisona
(March, 1946)

150,000




Stable Atmosphere
Atz = 1000, &, = 12,000 £62/nr

Uave * oS mph Times

i et DY O IO

B S - o £ g ey 5 g

. - [y
b ..

e

Unstable Atmosphere
At 3 = 100%, €, ~ 60,000 £4%/hr

Ugve * 4.0 mph Time: 0850

Figure 11. Comparisons of Smoke Diffusion in a Stable and Unstable
Atmosphere in' A1 izona

ey .

4

e




P £ 15

. diffusion is in agreement with the increased eddy diffusivity at that time,
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Figure 12 reveals day and night thermal eddy diffusivity profiles in the
lowsr three hundred feet for Manor, Texas, The diurnal stability characteristics

obaserved in the Arigona analysis are also noted in the Texas data.

-

C. Eddy Diffusion Analyses Found in the Literature

Some of the edd- dtfru;ion analyses found in the literature are shown in
Figures 13 and 14, Hs«t and momentum transfer diffusivity profiles in the lower
twenty feet are presented in Figure 13, Curves B and C wers deduced from
Sheppard!s shear stress and velocity data, Sheppard!s diffusivity data are
believed to fall above the Riverside data because of the more turbulent state
of the atmosphere, Again note the important influence that wind velocity has
on the magnitude of the eddy diffusivities,

A critical examination of the diffusion data given in Figures 13 and 14

;g
5
;;
f_‘._L '
%
£
?,‘
g

has not been made because some of the pertinent parameters which are necessary
to make such an examination were not reported in the literature, Also, some of

the methods of analysis were not satisfactory.
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Figure 12, Vertical Thermal Eddy Diffusivity Profiles

as a8 Function of Time at Manor, Texas

(August, 1948)
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Figure 13, Some Eddy Diffusivity Profiles in the Lower 20 Feet
of the Atmosphere Which Have Been Reported in the Literature
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DISCUSSION

Investigators in the fleld of micrometeorology have questioned the use of the

approximate eddy diffusion equations (which relate transfer rates to eddy diffusiv-

ities and potential gredients) under extremely unstable atmospheric conditions.

Consider an unstable atmosphere in which large thermal convection pattems are in

motion. It seems that vertical convective heat transfer should be expressed as

the produot of a vertical convective mass flow rate, a spscific heat, and a dif-

ference in méan temperature of rising and falling air masses at a given elevation.

Although soms sttdies of conveotion patterns .ave been presented in the literature
(Reference 3%), attempts to solve the hydrodynamic and heat transfer equations -

simltaneously for the convection cell systea should be made. However, if the . o

vertical air velocities are not descrided by a regular convection pattern dut ‘% .

consist of random fluotuations as in the case of stable, neutral, or slightly un-

stable flov, vertical heat, mass, and momentum transfer rates can be expressed by !

- the eddy diffusion equations (1) and (2). These relations have satisfactorily

been used in duct flov systems.

; A simple heat-momentum transfer analogyd for the surface layer has been
: developed vpich relates some of the pertinent heat and momentum transfer variadles

: that have bdeen dealt vith in this paper. The surface layer is postulated to con- e
: sist of a laminar sublayer and a turbulent layer. The following table and figure 'F
give the heat and momentum trensfer relations used in the derivation. .

L]

RSP SO A

P Y A . - -
~ P - . *t .

aﬂm analogy, vhich is expressed in terms of dimensionless groups or moduli,
s similar to the duct flow anclogy developed by Boelter, Martinelli, and
. Jomassen (Reforence 33).

e e i he e e e e S e - e ie

Lt 1 . . 1

oo

el e I e .. - - - R s T T -
. . . . . "

U . Y U O - U e b e

v o —— v A— 4" : . e - -




i

R I i L TV N P TSI ® Aol e L 2 S v e et EIIRA o vt aiee R 4 RRLEE R A e, ot b et aa e

T e —— e el - a e

£1171qW938 J0 uoTioung v 8y -9swo
STU3 UT YoIUYM ‘quwisuwoo teureyt

SOy,

~|w. = £3180981A ate 9nrosqe
> .

IT% Jo £3TAT10NPUOO ToWIeW] ] . yBrey wuﬂouo.«cu

£1171q038 JO UoIdoumy v osye st
qotym ‘xojoursaed £xepunoq ssougPnox = % . 889WYOTIYS Jefeyque JButuet

_ Ak v P, Ceealao) 20| & oo
FL# 34 = L..m geuou?mL, 5 t i.uﬂ uu;:.ﬁuw%..:

LV Ah Y
/- =%, =%

sotg £11A1SNg31q Litarsngzq mﬂtm

jesg £ApPF TeEWIOY] £ppd wmiuswop Jesyg
I B%H

o e * o medtin e M M e bokn oo PR TN W zeeLtfﬁ&a.ﬁ.é.i.aer el

-

R b e rt i o




o o pssn i,y e e PRSIV

Height, =z

[}
e

Yind Velocity, U Air Temperature, T

Figure 15. Velocity and Temperature Notations

It is possible to solve for the air temperature increments, (r, - Tp

and (T, -~ T,)., from the heat flow equations for the laminar and turbulent layers.

These temperature increments can be substituted into the following defining

squations for the unit thermal emctm—con&w%anee—(aqﬂlﬁﬁn—@J

(R

e
(T: - Tt‘ * (Tx = Tf\

.
T, - T,

The following dimensionless moduli are defined

Nu,

TN

RS SO

ML TR AT S AR, K




where, V' = kinémat.ic viscosity

g8 = acceleration of gravity _
Upon the substituticn of the temperature incremonts (T, - T;) amd (T, - T,)
and the dimensionlezs moduli given by the equations (59) into equation (4), the
following heat-momentum transfer analogy results:

a' Re, Pr ‘E"ﬁ-

N, = Ue
T ]

It is sometimes desirable to express the shear stress in terms of the drag co-

(60)

efficient, Thus, equation (60) may be written as follows:

Ny = a' Re_ Pr [0/ 2
r 1o’ + 1 R‘r
1 a’ Pr K—41“ ( 4 : 4 )

Equation (60) or (61) relates the micrometeorological variables that describe the

e e S R S e T

Sl ¢ _am L L T

FPRoA

e S

" heat and momentum transfer processes within the surface layer. These variables
are the 1) thermal conductance, 2) velocity at the reference height, 3) drag co-
efficient, 4) thickness of the laminar sublayer, 5) eddy diffusivity ratio, o',
6) fluid properties, and 7) the stability parameters K and %+ The moduli Ny, ,
Re; and-the drag coefficient must all be expressed in terms of the aame. refer-
ence height, z. wherever it may be in the ‘turbnlent layer (z, must be within ‘tho
surface layer).

‘Experimegtal studies of all of the micrometeorological variables appearing

.1n equation (61) are being conducted at the University of California, Some of
these studies have been described in this paper; other studies involve the inves-
tigation of the folloving, under a range of stability conditions: 1) the laminar
sublayer thiclness for simple flow systems, . 2) the parameter, o' , from heat and

)
momentum transfer measurements, and 3) the behavior of the stability and roughniss ‘)

perameters, K and 1, «
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(q/A)solar (q/A)cond. (q/A)conv. fo Usee,
_Btu Btu Btu ° Btu miles
hr ft< hr ft< hr £t2 hr Lt OF hr

10:00 339 64 21 0.78 6.8
10:30 349 63 0 0.94 5.8
11:00 343 A L7 1.6 7.5
11:30 346 50 40 | 1.63 6.5
12:00 357 43 56 32 1.75 8.4
12:30 365 48 58 1.73 10,0
1:00 359 3 70 34 2,05 10.0
1:30 350 25 &9 31 2,22 10.3
,2:00 329 27 50 29 172 9.8
2:30 3 2 Nl 25 1.64 6.8
' 3:00 295 23 27 2% 1.04 10.1
© 3:30 2nm 10 2% 22 1.18 8.8

Table 2, Heat Flows, Temperature Differences, Wind Velocities, and

Conductances for the Van Nuys Diffusion Study.
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h.2

| Jenuary 31, 1950  § = Pebruary 1, 1950 [ Pebruary 20, 1950
o Ug0 inches T Ugo inches o U80 inches
1bs/ft2  ft/sec 1bs/tt2  ft/sec 1bs/ft2  ft/sec
0.00025 12,9 | 0.,0002 9.8 0,00028 12,7
0.0002 10.5 0.00016 9.1 0.00028 12,0
0.0001 7.4 . | o.000085 8.7 0.0006  11.0
" 0.00004 5.7 0.,00015 9.7
0.000022 5.3 0,00013 8.6

Table 3. Shear Stresses and Wind Velocities Obtained at Riverside
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