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ABSTRACT

A "power law" model is used to describe the wind and
temperature profiles in thermally stratified shear flows
for bulk Richardson numbers from - 0.8 to 0.2. It is shown
that the power of wind and tempverature profiles were not
independent of the thermal stability and that similarity
between wind and temperature profiles is good. Functional
dependence of the power upon the thermal stability is shown

for data of Prairie Grass and laboratory measurements.
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INTRODUCTION

The authors (1) compared the KEYPS model (2) with the
log-linear model (3) and showed that the latter described
the wind and temperature profiles in thermally stratified
shear flows better than the former did. The historically
old "power law" has recently been revived by Pandolfo (4).
His profile has a minus one-sixth power instead of the minus
one-third power profile of free convection tested by
Taylor (5). He claimed that the minus one-sixth "power
law" described the observed wind profiles quite accurately
and that it was more accurate to describe the wind profile
than Taylor's free convection model (5) or Swinbank's
exponential model (6). The Swinbank exponential wind pro-
file predicts the wind speed being proportional to 1n
[exp (2/L) - 1] such that, when Z/L is much smaller than
unity, it behaves like a logarithmic profile, but when Z/L
is greater than unity, it is directly proportional to Z/L.
Pandolfo also compared his profile with KEYPS profile and
concluded that these two models were comparable to each
other pertaining to their accuracy of a wind profile
description.

It is interesting to show that the "power law" model
can indeed describe the wind profiles accurately. /EQEEXSEL
it is important to point out that the power should not be

—

a constant 1n all ranqes of thermal stablllty, but 1t should

rather be dependent on the thermal stablllty nd should

approach the minus one-third profile as the flow fleld



approaches a free convection. Therefore, the power profile
is examined in this paper. Similarity between wind and

temperature profiles is also studied.



BASIC EQUATIONS

If the dimensionless wind shear, S, and lapse rate

R, defined (1) as

_kz U
- - u, 22 '
and
_az 0T
R“T* oz !

are assumed to be proportional to cn , then the mean wind

velocity, U, and temperature, T, will take the following

forms:

ulz) - u(z) = 8 ("o D), (1)
and

T(z) - T_(2) = LI (" - D), (2)

where k 1is von Karman's constant; u, , the friction
velocity; Z, height; T, , the friction temperature;

a the ratio of eddv conductivity, Kh’ to eddy viscosity,

Km; ' and y', constant proportionality; ¢ = Z/L';
Co = ZO/L'; and L', a lenagth scale defined as
aT 2
L' = m ué
g
A

Tm and g in the above equation are the mean temperature

averaged over a temperature profile, in absolute temperature



scale, and the gravitational acceleration, respectively.
The power of ¢ , n , in Egs. (1) and (2) should depend
largely on thermal stability. It can be determined by
means of the regression theory and least scuares method

of fitting data. When data points are closely spaced and
the velocity and temperature gradients in the vertical
direction can be assumed to be approximately equal to the
ratios of finite differences of velocities and temperatures
to that of height, respectively, n can be determined by

the following linear regression equations:

3 1
In Lo no1) an A3 34 qn Be (3)
i+l k(L")
and
. . -T. Z., .42, .
ln l+l_zl = (n-1) 1n —igi——i + 1n —1—2*5 Wy
i+1 %1 a(L')

where 1 < i < N-1 and N 1is the number of data points
in a profile. If similarity between the velocity and the
temperature profiles does not exist then n will assume
n,y and n,

The friction velocity and heat flux are not always

measured. Therefore, the dimensionless wind shear, ¢ , and

the lapse rate ,y , may be defined as

_ 2
¢—U—§-Z' (5)

and



_Z_ 3T .
Y = T 37 (6
m
where the subscrint m refers to the mean values. o and
) are similar in form to S and R, respvectivelv. Sub-
stitution of Ec. (1) into Ec. (5) vields:
, n
b = ——E_Eﬁ——_ 7 1 (7)
iv L
k(L') “u
Similarly,
by )
oL’ 2T
m
o | Ry
The products such as g'u,/k(L") and y'T,/a(L") are
determined from Egs. (3) and (4), resvectively.
Deacon numbers are defined as
oU
N d(lna_z) - 1 d(ln ¢) -
o d(1In 2) d{In 2) f
and
oT
DEP = - d(ln|—37|)_ _ d(ln vy) (10)
d(In 2) d(1n 2Z) :

When Egs. (7)

(9) and (10),

DEF

and

and (8) are inserted into the respective Egs.

the following ecuations will be obtained:

l - n 5



The above equations explicitly imply that Deacon numbers
defined in Egs. (9) and (10) are only linearly dependent on
the powers of 2 which are characteristics of the diabhatic
wind and temperature profiles expressed in a power profile.
If the similarity theory holds, then two Deacon numbers
will become identical.

The relative rate of change of Richardson number can
be shown to be related to the Deacon numbers in the following

form:

dri _ _ dz _ dr
R - (2DEF DEP) 7 T .

The above equation may be rewritten as:

dri/Ri

_ _ _ar/t
§z77~ = 2 DEF - DEP - gl (11)

Using the finite difference approximation, the relative rate
of change of Richardson number, mean wind temperature, and

height of the data points can be calculated.



EXPERIMENTAL RESULTS AND DISCUSSION

Mean wind velocity and temperature profiles in a wind-
tunnel boundary layer over a horizontal flat plate which was
cooled or heated dependinoc on whether inversion of lapse
condition was desired were measured and reported by Chuang
and Cermak (7). Data taken at an equidistance of 0.7 cm. for
heights from 0.5 cm. up to 8.2 cm. were fitted to the log-
plus-linear law and were shown to have some scatter by the
authors (8). The same data were also fitted to the nower
law profiles by means of Egs. (3) and (4) and the respective

powers of Z, n and n for the velocity and the

1 2 !
temperature profiles which were determined by the least squares
n n
method. The products, B8'u,/k(L') 1 and y'T,/a(L") 2,

were evaluated in the same vprocess. Eqgs. (1) and (2)

were rewritten as:

=8, By, By 3 # By
U a n [z = -5 i
m k) Ly i=1 *
nl m
and
T-T, T 221 ? B5 o
Tm o b i=1
. =
n,a (L) Tm

Figs. 1 and 2 show both the Project Prairie Grass (9) and
the wind tunnel data. The dimensionless velocity profiles

shocwn in Fig. 1 and the dimensionless temperature profiles



shown in Fig. 2 are better fitted than those of log-plus-
linear profiles.

The dimensionless wind shear and lapse rate defined by
Egs. (5) and (6) were computed by means of finite differences.
Egs. (7) and (8) were plotted in Figs. 3 and 4, respectively.
Both the laboratory and the field data conform to the theoreti-
cal lines quite well.

The Deacon numbers defined by Egs. (9) and (10) were also
computed by means of finite differences. These Deacon numbers
can not be calculated very accurately, for they are the second
order derivatives of the mean wind velocity and the mean
temperature profiles with respect to height, Z . Theoreti-
cally, they are linearly proportional to the respective
powers of Z for the mean velocity and the mean temperature
profiles. In other words, the Deacon numbers should be
constants for given profiles of the mean velocity and the
mean temperature. Average Deacon numbers versus the powers
of Z were plotted in Fig. 5.

The power for wind and temperature profiles n and

1

n should bhe devendent only upon the thermal stability, Ri.

2

Since Richardson number varies with height, a bulk Richardson
numrber, (Ri)a defined as the average value of it over the
whole range of the profile is a better representative

stability of the flow field. Figs. 6 and 7 show ny and

n versus (Ri)a respectively. Although there are some

2

degrees of scatter, they certainly reveal the functional

dependence of n, and n, on the bulk thermal stability.



Moreover, n, and n, have almost the same dependence
on (Ri)a , in accordance with the similarity hypothesis
pertaining to the mean velocity and the mean temperature
profiles. It is also remembered that, in free convection,
the power is minus one-third.

In examining Eg. (11), it is obvious that the relative
rate of change of Richardson number is linearly prorortional
to the Deacon numbers provided that the relative rate of
change of temperature is negligible. Figure 8 shows that
the last term on the right hand side of Eq. (11l) is indeed
neglible. Therefore, Richardson number at height 2Z 1is

given by:

Ri = (Ri)_ ( g—) 2 DEF-DEP ,
(@]

where (Ri)o is a Richardson number at Zo .
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CONCLUSIONS

Even though the log-linear model can describe the
wind and temperature profiles in thermally stratified shear
flows for all thermal stability, the power profile can yield
a more accurate description of the profiles once the power,
n 1is given. Unfortunately, however, the power of a profile
is generally not known. The power was shown to be a function
of the bulk Richardson number. More data are needed to
determine this functional dependence. Nevertheless, this
study shows that the power of wind and temperature profiles

is not independent of the thermal stability.



11

ACKNOWLEDGMENTS

The authors wish to thank staff members and graduate
assistants of the Fluid Dynamics and Diffusion Laboratory,
Colorado State University, for their technical assistance.
Financial support provided by the United States Army through
Research Grant DA-AMC-28-043-G20 for this study is gratefully
acknowledged. Additional financial support for publishing
this report was provided by the U. S. Army Electronics

Contract Number DAAB07-68-C-0423.



12

REFERENCES

Chuang, H. and J. E. Cermak, The diabatic wind and
temperature profiles, Tech. Rept., Fluid Dynamics
and Diffusion Lab., Colorado State Univ., Fort
Collins, Colo. (1967).

Panofsky, H. A., A. K. Blackadar, and G. E. McVehil,
Quart. J. Roy. Meteor. Soc. 86, 390 (1960).

Monin, A. S. and A. M. Obukhov, Trudy Geophys. Inst.
Akad. Nauk. SSSR. No. 24, p. 163 (1954).

Pandolfo, J. P., J. Atmosph. Sci. 23, 495 (1966).

Taylor, R. J., Bull. Acad. Sci., USSR, Geophys. Ser.
12, 1821 (1960).

Swinbank, W. C., Quart. J. Roy. Meteor. Soc. 90, 119
(1964) .

Chuang, H. and J. E. Cermak, Tech. Rept. CER66-67-HC-
JEC-4, Fluid Dvnamics and Diffusion Lab., Colorado
State Univ., Fort Collins, Colo. (1966).

Chuang, H. and J. E. Cermak, Similarity of thermally
stratified shear flows in the laboratory and

atmosphere (to be published in the Physics of Fluid).

Barad, M. L., Geophys. Research Papers No. 59, Air
Force Cambridge Research Center, Bedford, Mass.
(1958) .



13

LIST OF SYMBOLS

Symbol Definition
c Specific geat of air at constant pressure,
p calories/~C/gm

; ; ; 2
Gravitational acceleration, cm/sec

H Heat flux ig the vertical direction,
calories/cm“/sec

k von Karman constant

Kh Eddy thermal conductivity, cmz/sec

K Eddy viscosity, cm2/sec

L Monin-Obukhov length scale, L'=aL, cm

n Rational number

N Total number of data collected in a profile

R Dimensionless lapse rate

Ri Richardson number

S Dimensionless wind shear

T Mean absolute temperature, °k

T —H/(cp pku,), friction temperature, %

u, Friction velocity, cm/sec

U Local mean velocity, cm/sec

Z Height, cm

o Kh/Km

B' Arbitrary constant

y'! Arbitrary constant

z Z/L, demensionless height

Density of air, gm/cm3

¢ Defined in Eg. (5)
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LIST OF SYMBOLS (Continued)

Definition

Defined in Ea. (6)

The variable at height Z;

Mean value averaged over the profile

The variable at height Z_, an eguivalent
: o
roughness height.
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U. S. Army Materiel Command
Attn: AMCMA-EE
Washington, D.C. 20315
Commanding General

U. S. Army Materiel Command
Aztn: AMCRD-TV
washington D. C. 20315
Commanding General

U. S. Army Materiel Command
Attn: AMCRD-TV
Washington, D. C. 20315

Commanding General

U. S. Army Missle Command
Attn: AMSMI-RRA, Bldg. 5429
Redstone Arsenal, Alabama 35809

CG. U. S. Army Missle Command
~edstone Scientific Info. Center
A<tn: Chief, Document Section
Redstone Arsenal, Alabama 35809

Commanding General

U. S. Army Combat Developments CMD

Combat Support Group

Fort Belvoir, Virginia 22060

Commanding General

U. S. Army Combat Developments
Command

Attn: CDCMR-E

Fort Belvoir, Virginia 22060

Commanding Officer

USACDC CBR Agency

Attn: Mr. N. W. Bush

Fort McClellan, Alabama 36201
Commanding Officer

USACDC Artillery Agency

Fort Sill, Oklahoma 73503

Commanding General

U. S. Army Test & Eval. Command
Attn: AMSTE-EL, -FA, -NBC
Aberdeen Proving Ground, M4 21005

Commanding General

U. S. Army Test & Eval. Command
Attn: NBC Directorate

Aberdeen Proving Ground, Md 21005

Commanding General

U. S. Army Munitions Command
Attn: AMSMU-RE-R

pover, New Jersey 07801

Commandirg General

U. S. Army Munitions Command
Operations Research Group
Edgewood Aresenal, MD 21010

Commanding General

U. S. Army Munitions Command
Attn: AMSMU-RE-P

pover, New Jersey 07801

Commanding Officer

‘Harry Diamond Laboratories
Attn: Library
Washington, D. C. 20438
Commanding General

U. S. Army Natick Laboratories
Attn: AMXRF-EG
Natick, Mass. 01760
Commanding Officer
Picatinny Arsenal

Attn: SMUPA-TV1

Dover, New Jersey 07801

Commanding Officer
Picatinny Arsenal

Attn: SMUPA-V46, Bldg. 59
Dover, New Jersey 07801

Commanding Officer

Fort Detrick

Attn: SMUFD-AS-S
Frederick, Maryland 21701
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Commanding Ot ficer

Fort Duetrick

Attn: Tech Library SMUFD-AE-T
Frederick, Maryland 21701

Commanding Ot ficer

Edgewood Arsenal

Attn: SMUFA-TSTI-TL

Edgcwood Arsenal, Maryland 21010

Commanding Officer

U. S. Army Nuclear Defense Lab.
Attn: Library

Edgewood Arsenal, Maryland 21010

President .
U. S. Army Artillery goard
Fort Still, Cklahoma 73503

Commanding Officer

Aberdeen Proving Ground

Attn: Technical Library, Bldg. 313
Aberdeen Proving Ground, Md. 21005

Commanding Officer

U. S. Army Bezllistics Rsch.
Attn: Tech. Info. Div.
Aberdeen Proving Ground, Md.

Labs.
21005

Commandinj Officer

U. S. Army Ballistic Rescarch Labs.
Attn: AMXBR-B & AMXBR-1A
Aberdecen Proving Ground, Md. 21005
Commanding Officer

U. S. Army Limited Warfare Lab.
Attn: CRDLWL-7C

Aberdeen Proving Ground, Md. 21005
Cornanding Off{icer

USA Garrison

Attn: Technical Reference Div.
Fort Huachuca, Arizona 85613

Commander

U. S. Army Research Oftice
Box CM-Duke Station
Durham, North Carolina 27706

(Durham)

USA Security Agcy. Combat Dev. Actv.

Attn: IACDA-P(T) and 1ACDA-P (L)
Arlington Hall Station, Bldg. 420
Arlington, Virginia 22212

U. S. Army Security Agcy. Proc. Ctr.
Attn: TAVAPC-R&D

Vint Hill Farms Station

Warrenton, Virginia 22186

Technical Support Directorate
Attn: Technical Library

Bldg. 3330

Edgewood Arsenal, Maryland 26010

Commandant
U.S. Army Chemical Center & School

Micrometeorological Section (Chem. Br.)

Fort McClellan, Alabama 36201
Commandant

U.S. Army Air Defense School
Attn: C&S Dept. MSL Sci. Div.
Fort Bliss, Texas 79916

Director

U.S.A. Engr. Waterways Exper.

Attn: Research Center Librarv
Vicksburg, Mississippi 39180

Staticn

CG, Deseret Test Center

Attn: STEDO-TT-ME(S) MET Div.
Bldg. 103, Soldiers Circle
Fort Douglas, Utah 84113
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USA CDC Combat Arms Group

Ft. Leavenworth, Kansas 66027
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Commanding Officer

USA Aviation Materiel Lab.
Attn: Technical Director
Fort Eustis, Virginia 23604

Director

U. S. Army Advanced Matl. Conc. Agcy.
Attn: AMXAM
Washington, D.C. 20315
Commanding Officer

U. S. Army Combat Dev. Command
Communications-Electronics Agency
Fort Monmouth, New Jersey 07703

Commandant

U.§. Army Signal School

Attn: Meteorological Department
Fort Monmouth, New Jersey 07703

U.S. ARMY ELECTRONICS COMMAND

U. S. Army Liaison Office
MTT. Bldg. 26, Rm. 131

77 Massachusetts Avenue
Cambridge, Mass. 02139

U. S. Army Liaison Office
MTT-Lincoln Laboratory, Rm. A-210
P. O. Box 73
Lexington, Mass. 02173
Headquarters

U.S. Army Combat Dev. Command
Attn: CDCLN-EL

Fort Belvoir, Virginia 22060
Commanding General

U.S. Army Tank-Automotive Command
Attn: AMSTA-Z, Mr. R. McGregor
Warren, Michigan 48090

USAECOM Liaison Ofc., Stanford Univ.
Solid State Electronics Lab. McCul.
Stanford, California 94305

Chief, Atmos.
ASL, USAECOM, Attn:
Fort Huachuca, Arizona

Sciences Res. Div.
AMSEL-BL-RD
85613

Commanding General
U.S. Army Electronics Command
Fort Monmouth, N. J. 07703

AMSEL-EW
AMSEL-HE-NMP-PS
AMSEL-TD-TI
AMSEL-RD-MT
AMSEL-XL-D
AMSEL-NL-D
AMSEL-VL-D

R S

*Unclassified, unlimited reports only.

**Or number specified in contract.
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Commanding Officer
Atmospheric Sciences Lab.
US Army Electronics Command

White Sands Missile Range, N.M. 88002

Bldg.
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Commanding General

U. S. Army Materiel Command
Attn: AMCRD-R (H. Cohen)
washingten, D.C. 20315

Institute of Science and Tech.
The University of Michigan

P. 0. Box 618, (Iria Library)
Ann Arbor, Michigan 48107

NASA Scientific & Tech. Info. Fac.
Attn: Acquisitions Branch (5-AK/DL)
P. 0. Box 33

College Park, Maryland 20740

Target Signature Analysis Cen.
Willow Run Labs-Inst. of Sci & Tech.
Univ. of Michigan, P. O. Box 618

Ann Arbor, Michigan 48107

Battelle-Defender Info. Center
Battelle Memorial Institute
505 King Avenue
Columbus, Ohio 43201

Infrared Information & Analysis Center
University of Michigan

Inst. of Science and Tech.

Box 618,

Ann Arbor, Michigan 48107
Vela Seismic Info. Center
University of Michigan

Box 618

Ann Arbor, Michigan 48107

Note: Distribute only unclassified
reports to tne fciloving addresscs.
Consider intent or distribution
statement.

Head, A:tmospheric Sciences Sect.
National Science Foundation
1800 G. Street, N.W.

Washington, D.C. 20550

Director, Systems RsD Service
Federal Aviation Administration
800 Independence Ave., S.W.
Washington, D.C. 20590

: Atmospheric Sciences Library

Environmental Science svcs Admin.
Silver Spring, Maryland 20910

Div. of Meteorology & National
c/o Air Pollution Control Admin.
3820 Merton Drive

Raleigh, N.C. 27609

U. S. Department of Agriculture
Attn: William A. Main
University of Minnesota

St. Paul, Minnesota 5510!

Chief, Fallout Studies Branch
Div. of Biology and Medicinc
Atomic Energy Commission
Washington D.C. 20545

NASA Headquarters
Meteorology & Sounding Br.
Space Applications Programs
Washington, D. C. 20546

(Code SAM)

Director

Atmospheric Physics & Chem.
ESSA-Department of Commercc
Boulder, Colorado 80302

Lab R31

Natl. Center for Atrospheric Res.
NCAR Library, Acquisitions-Rcports
Boulder, Colorado 80302

OCE, Bureau of Reclamation

Attn: D755, Bldy. 67

Denver, Colorado 8022%

Hational Occanngraptac Data Con.
Code 2220

Bldg. 160, wNY

Washin;gton, D. C. 20390
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