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NOMENCLATURE

A Total a rea where condensation occurs

C Condensation rate
S

C m Concentration of species m

C’ Concentra tion of air

C” Concentration of water vapor

C1
~’ Concentra tion of liquid water

c Concentration fluctuation

C Specifi c heat at constant pressure

D Molecu lar diffusivity

D” Binary diffusivity between air and water vapor

E Total evaporation at a given time, ‘r

g Gravi tational acceleration

K Eddy exchange coefficient of concentration

Kh Eddy exchange coefficient of heat

K Eddy exchange coefficien t of momentum

K Eddy exchange coefficient of turbulence energy
4. q

Mass absorption coefficient

k Coefficient of contact time between turbulent eddies and water surface

Lh 
Latent heat of evaporation

N Number of droplets per unit volume of fog

p Atmospheric pressure

p Pressu re fluctuation

*
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p Vapor partial pressure

Pg Saturated vapor partial pressure

Q Turbulence kinetic energy

R1
~ Thermal radiation of water vapor in the upwa rd direction

R’~ Therma l radiation of water vapor in the downwa rd direction

R Thermal radiation of liquid water

Ra Gas constant of air

Re Reynolds number based on x
x

T Air temperature

t Temperature fluctuation

U . Wind velocity in the i direction

u1 Velocity fluctuation in the i direction

V Volume of air mass

Vd Falling velocity of a water droplet

w” Liquid water content in a falling droplet

w ’ Velocity fluctuation in the vertical direction

X1 Space coordinate in the i direction

Z Vertical direction of the space (i=3)

Zr Radiation layer at altitude Z

Z~ Top of fog layer at altitude Z

$ Surface coefficient of non-block body radiation

Emissivity function between fog layers

k Thermal conductivity
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Dynamic viscosity

p Density of air

Stefan-Boltz mann constant

Turbulent Schmidt number
C

Turbu lent Prandtl number

Equivalent Prandtl number

Time, an independent variable

cI~ Heat dissipation due to friction 
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ABSTRACT

Fog situations are a hazard to navigation whether they involve highways , ha r-

bors, airports , or sea lanes. Prediction and modification are therefore necessary

for the safety of travel and for operational economy . Field studies conducted for

this pu rpose indicate tha t many different fog situations result from a variety of

natura l processes , which must be systematically investigated so that the basic

causes for thei r development can be understood and possibly controlled.

The systems study of marine fog situations that has been conducted has taken

into consideration the dynamical interaction between the synoptical variations of

meteorology and the microphysical phenomena in cloud physics. The resulting

numerical program simulates the transport of heat , mass , and momentum in the

atmospheric boundary layer where condensation/evaporation , thermal radiation ,

collision coalescence, and turbulent advection take place.

Although this program is fairl y complete, experimenta l dat~~of the moisture

supply process affected by turbulent winds at the air—sea interface are needed to

establish a relaistic model for systems analysis. Because of this deficien cy in the

current model, the radiation estimate , which is closely related to the water vapor

and liquid water concentrations at various heights in the atmospheric boundary layer ,

can only be considered as “qualitative” . When available field data are compa red to

predicted fog situations , it is found that the boundary layer model can qualitatively

simulate fog situations over an open ocean , but the accurate prediction of a fog

event at a specific time and place requires a working knowledge of the moisture

supply process occasioned by air-wave interactions. Until thi s knowledge is acquired,

1~ 
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the “qual i ta t ive ” models currentl y being used in systems analysis will continue to

be a source of inaccuracy.

Fog situations are known to occur on the lee side of some topographical ob-

structions. The wind patterns associated with this type of fog generally have dif-

ferent directions with respect to the prevailing wind. A hypothesis is being formulated

to explain such situations on the basis of recirculating flows. Some “strange” fog

condi tions have been logically explained by this hypothesis. However , a realistic

understanding of all marine fog situations requires the continuous effort of dynamic

modeling to integrate laboratory experiments and field measurements.
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1. INTRODUCTION

Fog situations are a serious hazard to everyday life because extensive navi-

gation in the air , on land , and at sea is an integral part of travel , commerce, and

defense. Thousands of lives and millions of dollars are lost each year because of

man ’s inability to predict and to modify undesirable fog situations.

Experimental modification of fog situations has been attempted at harbors

and airports by Walker and Fox (1942-1946), Silverman and Kunkel (1970) , Magono

(1972), and Weinstein (1973), but their limited success makes it diffi cult to justify

the enormous cost for practical operation. It is evident that an understanding of

the formation mechanism of va rious fog situa tions is necessary if a realistic method

is to be developed for successful prediction and effective modification.

2. FOGS AND CLOUDS

The similarity of fogs and clouds prompted the author to concentrate his early

efforts on the study of basic cloud physics problems , such as condensation nuclei ,

supersaturation , and collision coalescence. Field data by Leipper (1968), Ma ck

et al. (1972 , 1975), and Larson (1976) indicate that the marine environment has

numerous condensation nuclei that do not allow supersaturation to take place at the

air—sea interface. In other words, fog will form as soon as excessive moisture is

available at the surface layer of the marine environment. Most likely, the sea

salt concentration in marine aerosols may cause fog to form even in subsaturated

conditions , because sea salt nuclei are known to grow in size by absorbing moisture

in a subsatu rated environment (Mason , 1971).
4 .

The phenomenon of collision coalescence of cloud drops in a rain forming pro-
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cess appears to be responsible for fog dissipation by hygroscopic particle seeding

as discussed by Tag (1971). A hydrodyna mic analysis was developed by Lin and Lee

(1973, 1975, 1976a , 1976b) in thei r study of the collision efficiency of free fulling

drops in the atmosphere. En thi s analysis , it beca me evident that wake capture is

a very impo~rtxint mechanism , which increases the collision efficiency of a collecting

drop and a collector d rop when thei r radius ratios are greater than 90 percent. h ow-

ever , collision efficiency becomes significantly less effective than geometric efficiency

when the radius ratios are less than 30 percent. Considerable discussion was

generated by this analysis , because earlier published statements claimed that wake

capture was not relavent to an increase in collision efficiency. Appendix A contains

the fou r papers in which the phenomenon is analyzed. The authors ’ findings indicate

that it is possible to produce rainfall through the process of collision coalescence

among growing drops when the condensation growth of the seed ed particles in a

supersaturated cloud reaches the critical size of approximately 20 ~ m radii. How-

ever , the application of cloud seeding is not effective in marine fog dissipation ,

because there are enough nuclei already present in the air-sea interface.

The necessary ingredients are condensation nuclei and saturation conditions for

both fog and cloud formation; however , the mechanisms for supplying these ingre-

dients are quite different. Clouds can generally be formed by the cooling of the

available moisture at high alti tudes , a condition which can be simulated in a cloud

chamber. Fogs , on the other hand , can be formed by the additional mechanism of

providing moisture from a nea rby water source. This condition cannot be simulated
141

in a conventiona l cloud chamber. Consequently, it is necessary to use a systems
4 .
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study to understand the dynamic interaction that takes place between synoptica l

meteorology and microphysics. Moreover , the formation of cloud s in severe

storms--one of the few remaining catastrophic agents against which mankind has

no practical def ense--can only be apprehended through a systematically developed

study of the dynamical and microphysical interactions in the atmosphere.

3. A SYSTEMS STUDY OF MARINE FOG SITUATIONS

During an examination of the field data of Taylor (1917), Stone (1936) , George

(1940) , Emmon s (1947) , and Magono (1972), it became clear that most fog situations

are caused by the interaction between the dynamical process of heat , mass and

momentum transfer , and the microphysical process of cond ensation/evaporation ,

turbulent advection , and thermal radiation . The derived systems study of the marine

fog situation is illustrated diagra matically by the flow cha rt in Figure 1. The input

information consists of the boundary condition of the potential fog region and the

initial condition of the meteorological data , which can be obtained from nearby

weather stations and/or available weather satellites. The dyna mic equations , which

are given in Figure 2 , are used to analyze the synoptical meteorological conditions

that govern the temperature, humidi ty , and wind velocity of the potential fog region.

The microphysica l phenomena , whir h are outlined in Figure 3, are concerned with

the interdependent processes of condensation/vaporation, tu rbulent advection , collision

coalescence, and thermal radiation . Laboratory experimen ts, which are often con-

ducted in a well controlled environmen t , can only provide the empiri ca l relation of a

microphysical process as a function of other meteorologica l pa rameters in a non-

interacting environment. To consider any dynamic interaction between the s~, aoptical

j -11 -
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meteorological condition s and some related microphysical phenomena , it is necessary

to includ e all microphysica l processes as the appropriate driving functions of the

dynamic equations. The output gives the primary results of wind velocity , air

temperature , dew point , and heat budget as well as the liquid water and water vapor

contents. The drived information , such as visibility and refraction index , can be

calculated from the primary results at a given condition of concentration and com-

position of the marine aerosols. Field data can then be used to verify each analyti-

cal procedu re to ensure the validity and reliability of the devel oped program for

marine fog simulations. When the program is in a ready state for practical applica-

tion , weather station data can then be used for forecasting fog situations in a given

region. If the predicted fog is expected to be hazardous to navigation, possibl e

modification schemes can be simulated to determine thei r effectiveness both scienti-

fically and economically. The success of such a systems study for ma rine fog

simulation is based on two factors:

1. The Reliability and Adequacy of Field Data

Field data have to be accurately recorded at stratigic locations during the critical

period . For example , at each fog event , it is necessa ry to collect all fog data both

inside and outside the fog bank in line with the direction of the wind. The formation

process can be studied by using the data taken fro~n the leading edge (or upwind region )

of the fog bank. The dissipation process can be studied by using the trailing edge (or

downwind region) data . Field data taken in the middle of a mature fog bank are valu-

N1 able for studying its chemical composition but cannot provide the requi red Information

for an understanding of the dynamic interactions that occur durtr g formation or dissipa-

— ---i—--
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tion. On the other hand, field data taken across fog boundaries in a direction norma l

to the wind consist of too many uncertainties and cannot provide the primary infor-

mation that is needed for an understanding of the formation and dissipation processes.

2. The Ability of Obtaining Realistic Mathematical Solutions

Numerica l solutions of nonlinea r , simultaneous, partial differential equations

can be obtained by using high speed digital computers , but marine fog problems , which

are compunded by turbulent winds, require an appropriate closure scheme to describe

the physical problem realistically. Because of the physical and mathematical com-

plexities, marine fog analyses are primarily made of open ocean situations.

4. OPEN OC EAN FOG SITUATIONS

Fog situations that originate over the ocean and are advected to coastal regions

have been reported in England by Walker and Fox (1942-1946), in the United States

by Leipper (1968), in Japan by Magono (1972), and in many other coastal regions of

the world . A 48-hour fog event, which occurred along the coast of Massachusetts

during the 26-28 January 1975, demonstrates the feasibility of predicting fog events

on the basis of weather station information. A number of weather stations are loca-

ted in the region, as shown in Figure 4. The wind direction , wind speed (in knots),

air temperature (in °C), dew point (in °C), and visibility (in km) are shown in the

subsequent figures for all the reporting stations. The average air temperature in

the region before the event was about 3oC. Warm wind moved into the region from
I 

Y the east and southeast direction at approximately 10 knots during the early morning

hours of 26 January 1975 (FIg. 4a). Heavy fog began to appear at the 1500 hou r (Fig.

4b) , when the average air temperature of the region rose to about 6°C. The dew

— 1 3 —
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point temperature was lower than the local air temperature. As long as the warm

humid air was supplied from the south or southeast di rection , fog persisted in spite

of substantial dew point depressions (Fig. 4c). The fog began to dissipate in the

inla nd area , when cold dry air moved into the region from the west at the 1200 hour

of 28 ~January 1975 ( Fig. 4d). Fog was cleared fro m the entire region at the 1800

hou r (Fig. 4e) , when the average air temperature was about 2°C and the wind moved

at 15 knots from the west direction. During the 45 hours of the heavy fog period ,

two observations need to be emphasized : 1) The diurnal effect of radiation heating

did not appear to play any significant role in imp roving visibility, and 2) significant

dew point depressions were reported by all the weather stations where the dew

point data were recorded .

Advection fog of this type is a major hazard to navigation, and this particular

fog event makes it very clear that synoptical meteorology has to be an integral

part of the investigation. Mathematical formulation of fog analysis was suggested

by Rodhe (1962), Fisher and Caplan (1963), and Zakharova (1972). The turbulent

nature of the transport process of the atmospheric air , as discussed by Lumley

and Panof sky (1964) and Monin and Yaglom (1971), limited the author ’s choice of

realistic closure schemes for analyzing actual fog situations. Lee et al. (1974)

developed a boundary layer model to study the turbulent transport of heat, mass,

and momentum. Pepper and Lee (1975) extended this method to investigate advection

fog over the ocean. The air-sea interface can be treated as an atmospheric bounda ry

layer that has various roughnesses at the ocean surface. The amount of moisture

supply from the ocean depend s on the air-water temperature difference as well as

—14 —
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on the spray process resulting from air-wave interactions. In genera l , fog may

form during one of the following situations:

(1) Warm humid air can be cooled to a saturation condition while It is being

transported by turbulent winds to a cold region. This was the condition under

which the above-mentioned Massachusetts fog was formed as well as the advection

• fog observed by Magona (1972) at the south shore of Hakkaido , Japan. Marine fog

of this type constitutes the most undesirable hazard to navigation , because it may

last several days if the synoptical conditions persist. Magono (1972) was able to

improve visibility from 150 m to 250 m for five minutes by burning five tons of

• propane along half of the runway length at the Chitose Airport. This example makes

it clear why there is a need to study the scientific and economic feasibility of fog

modification.

(2) Moisture may be supplied from a warm ocean to cooler air through evapora-

tion . Fog is formed when radiation cooling drops the air temperature to a conden-

sation condition. Wind accelerates the evaporation process. Tu rbulent winds often

- .~ add more moisture to the cool air by evaporating the spray. The more moisture

there is in the air , the less degree of radiation cooling is needed to reach saturation

conditions. This type of fog often occurs as a nocturnal phenomenon as observed by

George (1940) along the Gulf of Mexico , by Mack et al. (1972) along the California

Coast, and by Goodman (1976) in San Francisco , California. Radiation cooling is a

very important factor in the formation of dense fog in this situation. In other words,

when such a moisture supply process occurs In the morning, as observed by Kikuehi

(1964) at the Ishika ri l~iy located on the north shore of Hokkaido, Japan , a thin layer

— 1 5 —
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of the condensed moisture may soon be dissipated by the radiation heat created

by the thermal energy of the rising sun.

The dynamics involved in the systems study of predicting fog conditions at sea

are relatively well known, but the microphysical phenomenon of moisture supply

at the air-sea interface is not completely understood , especially when turbulent

winds are involved in the process. Moreover , the effect of radiation cooling can

be correctly evaluated only when the amounts of water vapor and/or liquid water

in the radiating layer are accurately known. The adjacent water is the source for

the moisture that creates a marine fog situation. This is quite different from the

situation in which a cloud is formed at a relatively high altitude. Laboratory

experiments cannot ignore the problem of moisture supply, simply because the

condition is unfamiliar to cloud physicists. Field data have to be collected to pro-

vide the maximum amount of information that can be attained in the direction of

the wind from both outside and inside of a fog bank.

Detailed discussions of the boundary layer method that is used for predicting

marine fog situations at sea are contained in the technical papers included in

Appendix B. A computer program for the method is available upon request. Be-

cause the evaluation of a moisture supply cannot be made with certainty, the developed

program can be used only for a qualitative analysis at the present. The data that are

currently available from laboratory experiments and field observations should be

used to improve the microphysical models so that the current program can be
141

developed into a practical tool for fog prediction. Moreover , it must be noted that

the boundary layer method cannot be applied to fog situations in which the topography

- 16-
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and/or weather fronts cause reci rculating flows.

5. FOG FORMATION IN RECIRC ULATING FLOW REGIONS

Fog may form along shorelines or in harbors where the wind recirculates as

a result of the topography. The importance of recirculating flow as a natural pro-

cess was first suggested by von Karma n (1934). In his autobiography (von Karman ,

1967) , he stated that the concept of the Ka rman vortex could not be accepted by the

fluid mechanics community until the collapse of the Tacoma-Narrow bridge could not 
j

be explained by any other known phenomenon. Consequently , the reluctance of the

meteorological community (especially in the restricted area of cloud physics) to

investigate the hypothesis that fog may form in the region of recirculating flows is

understandable. However , it would be irresponsible to discard the facts, because

they cannot be satisfactorily explained by the current knowledge of cloud physicists.

The facts are as follows:

(1) The fog situation observed by Mack et al. (1975) during the expedition of the

R/V Acania in the region downwind of Cape Mendocino , California , on 25-27

August 1974 was considered “strange’7 (Fig. 5).

(2) The fog situation observed by Gathman (1976) and Larson (1976) during the

expedition of the USNS Hay s in the region downwind of Nova Scotia , Canada ,

on 2-3 August 1975 was never explained ( Fig. 6 and Table 1).

These two fog situations , which differ from most other reported fogs , are similar

in the following respects: 1) In both , the prevailing winds were relatively strong.

2) The wirxi directions in the fog regions were opposite to those of the prevailing

winds. 3) Both fog regions are located on the lee side of topographic obstructions.
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A complete analysis of the flow characteristics in a recirculating flow region

requires the solution of the complete set of equations shown in Figure 2 without the

use of the boundary layer assumption outlined in the technical papers contained in

Appendix B. There are two problems. One is to develop a numerical method for

stable solutions of a system of nonlinear elliptical differential equation s, and the

other is to establish a realistic closure scheme in which all the tensor components

of turbulence correlation for velocities , temperatures, and water vapor and liquid

water concentrations can be considered. The author’s effort to resolve the mathe-

matical problem was discussed by Lin et al. (1976) . This paper is included in

Appendix C. The Strongly Implicit Procedure (SIP) appears to be the most efficient

method for analyzing recirculating flow when the turbulence closure scheme is

replaced by an equivalent laminar model. A concept of a turbulent recirculating

flow can be developed by using the SIP method of Appendix C and the turbulence

closure scheme of Appendix B which still needs to be perfected for use in recirculating

flow regions. Ability to predict and/or modify fog situations in ha rbors requires a

basic understanding of the recirculating flow affected by topography. This knowledge

is not currently available.

6. CONCLUSIONS

1. Fog can be formed by either decreasing the air temperature or increasing the

air humidity to a saturation condition. Once the saturation condition is reached ,

excessive moisture will condense on available aerosols to form fog.

2. Because there is an abundant supply of moisture and condensation nuclei at the

air-water interface, marine fog formation undergoes some natura l processes

~~~I 8-
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that have not been realistically simulated in conventional cloud chambers.

3. Prediction and modification of marine fog situations cannot be accomplished

by considering condensation from the microphysical viewpoint alone, because

the interaction between dynamics and microphysics requires the synoptical

information of dynamical meteorology and oceanography as well as the micro-

physical phenomena of cloud physics.

4. Because there are many possible combinations of natural phenomena in fog

formations , a systems study is necessary to obtain a general perspective in

ana lyzing the fog data that are gathered from various locations at different

times.

5. A sumrnaiy of ten reported fog situa tions is given in Table 2. Eight cases can

be simulated by using the boundary layer model . The other two cases , how-

ever, can only be explained by using the hypothesis of reci rculating flow .
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MICROPHYSICAL PROCESSES
Eddy Transport ( Pepper & Lee , I 975)
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Radiation Effect ( Mack,et a! , 1972 ; Barker , I 973)
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E~ poration Process (Dankerwerts , 1951; Knudson Sc Katz,l9~8)
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Figure 3 Microphysical Equat ions
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T R A N S I E N T  STATE ANALYSIS  OF SEPARATED FLOW
AROUND A SPHERE

( ‘ L. LIN and S. C. LEE
I. n o e l _ - I t  It  Missouri , Rolla , USk

( Ra-ceire d II December 4972)

Abstract Tran-.ieni state solutions of the Nas icr - -Stokes equations were obtained for incom-
pre-- Ne 1104- arou~id a sphere accelerating from zero initial velocity to I ts  terminal free falling
se loI,It~ tl~ as su ln i ~g rotational symmetry about theaCis in thedirection of motion , the Navier—
Stokes equations and the continuiiy equation were simplified in terms of sort icity and stream
function, The instantaneous acceleration of the fallirlg sphere was calculated by considering
the difference between the gravitational force and the drag force in a transient state , A set of
implicit finite difference equations was developed. In order to obtain accurate information
around the body, an esponential transformation along the radial direction was used to provide
finer meshes in the vic inity of the surface of the sphere. The vorticity equation was solved by
an alternating direction implicit IADI) method while the stream function equation was solved
by a successive over-relaxation (SOR) method, Simultaneous solutions were obtained. Transient
state solutions were compared with steady state solutions for Reynolds numbers up to 300.
Separations first occurred at a Reynolds number 20 for steady state flows and at Reynolds
numbers 22-46 and 28-24 for transient state flows with terminal Reynolds numbers of 100 and
300. respective ly. Separation angles , sizes of separation regions, and drag coefficients were
calculated for both steady and unsteady states, Good agreement was obtained with dust ing
experimental data itt the steady state.

N O M E NCL A T U R E

a lattice spacing in radial direction
.4 location of grid point in the positive z direction
/1 lattice spacing in angular direction
B location of grid point in the positive 6 direction
C location of grid point in the negative z direction

C0 tota l drag coefficient
C~~ drag coeffic ient due to skin friction
C,,,. drag coefficient due to surface pressure

d diameter of sphere
1) locit lon I f  grid point in the negative 0 direction
q gras i tat iona l acceleration
I wake length

4) III. .ii III I t  grid point , t he origin
‘- 

~“ 
St lt f t  pressure at surface of sphere

P , C , i t . ~ re~. _ -u rC in t r ee  stream

raW ,il distance
r,idi,il distance It ’ outer boundary

R radius I t  sphere
(R i -I , ~,iI Re~n lds number

I time
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I ’ R. terminal Reynolds number
U terminal free stream se loc ity
(I

, local free stream sc toc i t~
dimensionless radial coordinate

0 angular spherical coordinate
P slreatn tunct ion
(a ~orticitV
ji dynamic s iscUs i t y

i’ kinem atic t isc ’ l l ’,

p density of the medium
p. density of the sphere

INTRO D L  (‘TI ON
CuRRi~’.r INT ER EST in the motions 01’ small particles in the atmosphere has lead to a large
num ber of extensive investi gat ions of flow around spherical bodies. Approximate solutions
for steady state laminar flow at very low Reynolds numbers (Re ~ I) have been obtained
by Sto kes[l I and Oseen[2J. Stokes assumed that the inertia force was negligible. Oseen used
a sma ll perturbation technique to linearize the equation of motion. The exact solution to
Oseen s linearized equation was obtained by Goldsteinf3). Based on Goldstein’s ana lys is,
the flow pattern around a spherical body was then calculated in detail by Tomotika and
.-\oi(4j and Pearcey and McHugh[51. Improvement of these analyses was made by Proudman
and Pearson[6J for the purpose of covering higher Reynolds number regions. However , from
t he experimental work of Maxworthy[7]. this improvement was found to be valid only for
Reynolds numbers below 1- 3 . In order to anal yze the flow patterns in the steady state .
w here the inertia force cannot he ignored, numer ical solutions of the nonlinear Navier—
Stokes equations were obtained by Jenson [8) for Reynolds numbers up lo 40. With modern
computers , l- Iamielec s- I a/.[9] improved Jenson ’s ana lysis for Reynolds numbers up to 100
and Le Clair s-I a l . [ l O J  refined the numerical computation to cover the Reynolds number
reg ion up tis 4(10. Lc- (‘lair et a/ ’ s resu lts agree we ll with the emp irical relations of Pruppacher
and Steinberger [I I] and Beard and Pruppachcr[12]. Numerical solution of the unsteady state
Nav ier .Stokes equations wa s obtained by Rinion and Cheng( l3J. However, w hen the stead y
stale ss’as appr oac hed. Rimon and Cheng s results differed from those of Le Clair et a!. for
separat ion angle in the Reynolds number range between 10 and 20. for surface pressure
distributions t’or au of t he e,ises studied (Re � 300). and (‘or surface vorticity distributions
in the separated how  region for Reynolds numbers greater than 100 . Rimon and Cheng s
method ss ,is used by Shat ’rir and Tz~i[l4] , w ith an improved boundary condition, for

term inal Reynolds numbers up to 104 , Shafrir and Tzv i ’s solutions gave closer agreement
with LeClai re -i a l ’ s results than lhose I t  Rinion and (‘heng Experimental data ofTanedall5j
also seems to support Le (‘la ir ci uI ’ s findings. This study was initiated to develop a new
met hod for trans ient state anal ys i s  to eva luate the flow pattern around an accelerating
part icle of sp herical shape.

T I lL  URI - T l ( ’ A I .  A NA L ’i SIS

- , The governing ec uations for an incompressihk flow around a spherical body with rota-
tio nal s~ mmetry in the (loss direction may he wri t ten as t ’ollows :

1 ~~~~ p sin t ) ,_ - ( I )

A3

iF
_ _  _ _ _  

~tI2::: ~~~~~~~~~~~~~
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T. R. terminal Reynolds number
U terminal free stream s-e loc uty

L , local free stream velocity’
dimen sionless radial coorditsate

(1 angular spherical coordinate
P stream (‘unction
(ri s o r t ic i ty

p dynamic s iscos ity
kinematic s is~os ity

p density of the medium
p, density of the sp here

IN T R O D U CT I O N

CURRI ~s i INTER EST in the motions of small part icles in the atmosp here has lead to a large
number of extensive investi gat ions of flow around spherical bodies, Approximate solutions
for steady state laminar flow at very low Reynolds numbers (Re � I) have been obtained
by Stokes[l and Oseen[21. Stokes assumed that the inertia force was negligible. Oseen used
a small perturbat ion technique to linearize the equation of motion. The exact solution to
Oseen ’s linearized equation was obtained by Goldstein[3]. Based on Goldstein’s analysis,
t he flow pattern around a spherical body was then calculated in detail by Tomotika and
.\oi[4J and Pearcey and McHugh[53. Improvement of these analyses was made by Proudman
and Pearson[6] for the purpose of covering higher Reynolds number regions. However , from
the experimental svork of Maxworthy[7~. this improvement was found to be valid only for
Reynolds numbers below 1-3 , In order to anal yze t he flow patterns in the steady state ,
w here the inertia force cannot he ignored. numer ical solutions of the nonlinear Navier—
Stokes equations were obtained by Jenson [8] for Reynolds numbers up to 40. Vs it h modern
computers , Hamielec et a/ NI improved Jenson ’s anal ysis (‘or Reynolds numbers up to 100
and Le (‘lair ci al ib i refined the numerical computation to cover the Reynolds number
region ~p to 400. Le (‘lair t~i a/ ’ s resu lts agree well with the empirical relations of Pruppacher
and Steinberger[l lJ and Beard and Pruppacher[ l2J. Numer ical solution of the unsteady state
Nav ier - -Sto kes equations was obtained by Rimon and Cheng[l3] , However , w hen the steady
state was approac hed. Rimon and Cheng’s results differed from those of Le Clair el a!. for
separation angle in the Reynolds number range between 10 and 20, for surface press ~~re

distributions for all of the cases studied (Re � 300), and for surface vorticit) distributions
in the separated flow region for Reynolds numbers greater than 100. Rimon and Cheng’s
met hod wa s used by Shat ’r r  and ‘l’zv i[ 14], w ith an improved boundary condition, (‘or

terminal Reynolds numbers up to 104 , Sha frir and Tzs’i s solutions gave closer agreement
with Le(’ lairt -t a l ’ s results than tho se of Rimon and Cheng. I xperimental data ofTanedail5l
a lso seems to support I.e (‘lair 5-i 0 / s  findings , This study was initiated to develop a new
met hod for transient stat e anal ysi s to eva luate the flow pattern around an accelerating
particle of spherical sh.ipc

T } t I ~O R I T I ( ’ A l .  A N A L Y S I S

• The governing equations for an incompressible flow around a sp herical body wit h rota-
Itona l symmetry - in the floss direction tilay he ss r i t t e n  as follows:

p sin I) I I  ( I )

A3

I
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iso ‘P ~ ~ 
w ~ w \ v

r—- - -  + —-—  l—I — — —- I—- -——— l = ‘— ---— E’(r s in O w )  (2)
i t  er cO ~ sin 0/ c~0 ~r \r sin 0/ sin 0

i~ sin O ~ i I i’
w hereE ’ = — ~ +— - 3-- — l——-- — ; -

i ’r p ~~ \sin 0 ~0

w and P are the vorticity and stream function, respectively; (r , 0) and t denote space and
time variables, respectively. The instantaneous acceleration of a falling sphere can be
obtained from the difference between the gravitational and drag forces:

d(’, p\ 3 p C’ ,’ (3)

Introducing the characteristic quantities of length R and velocity U,, the stream function,
vortic ity and the sphere velocity can be non-dimensionalized by

sf 1- =
U, R’

(OR
(4)

( Re)~ =

The independent variables 1. r and 0 then become

is-
R’

r ’ =’~ (5)

0’ = 0

Since the flow field variations take place more ra pidly in the close vicinity of the sphere
than in regions at large distances from the sphere, it is convenient to transform the radial
coordinate by an exponential function

e’ = —  (6)

The non-dimensionalized governing equations then become (dropping the primes for
r simp licity):

~‘P— c v e ’ sin 0 = 0  (7)

~~~ ( Re), I i~P I” !’ iP  c~F I - a, d(Re) ,
j~~~

+ 
Z { L ~~~j ~) ~~~~ s i n 0 e 3~~~

G +
(Re) dt 

=0 (8)

= ~!~~_
‘ 

(I — — i,~~( Re) 2Co (9)
1’ 

dt v p, I6 p,

1~~

PS.
A4

-5
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where F =
e’ sin (1

(. =W ~~’ SiI) 0

1’ I I
= — — - —  + s i n0 ’ — I— ’--— —

cz ’ e: uP \sin 0 CO

Equations (7), (8) and (9) may be solved simultaneousl ) - for the stream function , ‘P, the
vort ic i t y ,  10 , and the instantaneous Reynolds number . (Re) , , in terms of the independent
s’ar iah(es of z , r and 0,

F I N I T E  D I F F E R E N C E  EQUAT IONS

Numerical solutions can be obtained by using central difference and forward difference
approx imations for the space and time coordinates, respectively. The finite difference
equations may be written as follows:

I. Stream Junction
The stream function equa tion (7) may be written in the following finite difference form ,

which can be solved by a success ive over-relaxation (SOR) method:

~~A ~ + P5 A 8 + P~ ).( ‘ + ‘
~
‘
~ 

A ,, ~ P0 A,, — (we ’s sin 0),, = 0 (10)

I i2
where ia = _ t _  — I

2a ci

2 a a
“

‘ -~~~~ - 1 2
— 

~~~~~~~~ 
+ co t

with ci = \: and /t — All . The subscripts 4 , 13, C, D and 0 refer to the locations of the grid
points in space as shown in Fig I -

2. i on /c u t ’
The vorticity equation (8) may he written as two (m ite difference equations which can be

solved by an alternating direc t t ona l implicit (A Dl) scheme :
(I) The first half t ime -ste p , (n + ~). is g iven in the 0 direction as

(I)~~
” ~~ 4- al 11 ‘. 1’) 1)~~~~5D + = 0 ( I I )

- 
( Re) , ,- I ,, sin 0 8 ~ I cot 

~~‘~“ ~~~~ 
~
‘
~~

1 sin 00 e ’ ( b ’ 2b

- - 
( Re) , 

sp~~~~~i p . ’ I , p ~~ ~~~~ 

sin 00
— — 

a~~~~
’
~
”
~1

’ — c I 
sin 0,,e 1 /t2 2h

¼
A5

- - ~~- - - ~~~~
—

~~~
-- -

~
-
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Transient state ia lysis of separaied flow around a sphere 219

— 

~~t 
— 

l6abe 2’ LP 8~~ — ‘P,,’~ + ‘P8’ — PD’1E FA~ 
— F1-~)

I 64’ — 
2(5,,’ + G~-~ G ,’~ — 

G e l  (1)0
sin l i e ’’ a 2 2a j + ( Re), 

~, 
di

2) The second half time-step. (n + I), is gis-en in the direction as

,,i 1’ ’ ’ ç 4 1~ W 0’ 
i,:, + (O C” ± ~ =0  (12)

- 

- 

w here~~~4 - - — ~~~~~~~~~~~~~ s p .~~i +~~~
)

8
_

~~~~~~~~] _ _ _ .~~~ ._-3 __ J_~
lôahe’’ sin 0 ,, e ’ a 2a —

= ~~~~~~~~~~ [P 8’~ ’ — i 
+ P5’ — P,,~) — —

~~~

-

~

--
, [-

~ 
+ -

~
-JI 6abe sin 0 ,, e a 2a

2 2
= — +

At u e

- = — 
2w o’~ + 

( Re), [p~~ +i — ~~~~~~~ + P~’ — P~’)[F5’~~ — F,,’ + ]
~ t l6abe r,- ,= -

I 1GB’ * — 2G0’ + G0~~ — cot ~ 
G8’ — G0’ r r’

— 
sin 00 e”' (, 0 2b

w0~
’ ’~ [d(Re) ,1’ ~~~ ‘ -

- 
+ 

~~~~~

‘ L’~7 J
- 

Thesuperscrip ts o. ’i + t and .n * I designate the present , the firsi-halfand the second-half
- time ste ps , respectivel y. The term (d(Re) ,/ dt)’ denotes the slope of the Instantaneous

- ‘ 
~
“ Reynolds number at the present time step and (Re) , is the average value of (Re),’ and ~

‘ - --

(Re),~”’’ .

B C ’ ’  at z— m

,.
,, ~~~~~~~~~~~~~~~~~~ ai i=O

( ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

- - B C  a t 4 = 0  B C

-‘ - Fig. I Schematic dicgram for boundary con ,t itions and nomenclatures used in finite difference
equations.
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240 C, 1. LIN and S. C. LEE

3. Instantaneous Reynolds nu,nber
The instantaneous Reynolds number can be calculated by using two successive numeri-

cal techniques as given by Conte(16].
( I )  The Reynolds number at the (n + I)th time step may be estimated by the Adams-

lIashforth prediction formula:

At
(Re),’’1 = (Re),’ + [55J” — 59J’~- ’ + 37f ’ ’2  — 9f~~’] (13)

(2) ‘[he estimation may then be refined by the Adams—Moulton correction formula:

(Re),” = (Re),’ + + 19f — 5f~~i +f ~~
2] ( l4j

w here f’ denote the slope of the instantaneous Reynolds number at the nth time step.

B O U N D A R Y  CON DITIONS
The initial condition is given such that the sphere begins to fall when the surrounding

medium is not yet disturbed :

= 0: P = 0, o = 0, ( Re), = 0, everywhere ( IS )
The boundary conditions are such that , fur all time intervals , the axis of sym metry

remains undisturbed ; the surface velocity is zero ; and the free stream denotes a uniform
flow velocity for ‘lie sphere The dimensionless form of the boundary conditions, as shown
schematicall y in Fig. I. may be wr itten as:

0 < i < ce- : P= 0 , w = 0 , a t 6 = O f o r all z
P =0 , w = 0 , a t O = , r for all z

l I ’~I’P = 0 , w = —— - - - - i- , a t z = O f o r all Osin 0 ~z

P = ~e2’ sin’ 0, w = 0, at z —. ~ for all 0 ( 16 )

Numerical solutions may then be obtained by’ solving the stream function equation, the
s’ortic ity equation and the Reynolds number equation simultaneousl y for a given size sphere
falling from zero ‘nittal velocity to its terminal velocity. No special problems were encoun-
tere d in applying t he ADI method to the present problem , eit her in the interior or at the
boundaries. However , the amount of computer t ime employed, w hile modest for loss
Reynolds number (five to ten minutes on the (‘DC 7600) increases substantiall y at the
larger Reynolds numbers.

N U M E R IC A L  SOLUTIO NS
Solutions for stream function and s’or t icity were obtained for both stead y and unsteady

stat es, Figure 2 shows the steady state solutions for Reynolds numbers of 5 , 20, 40, b OO, 2(X)
and 300 It can he seen that the recirculation region begins to develop at Reynolds numbe r
20 and increases its size as the Reynolds number increases, Moreover, t he vort ici ty gradient

• increases very rapid:y with Reynolds numbers at the surface of the sphere. Figure 3 shows
t he transient state solutions for a falling sphere at terminal Reynolds numbeN IT R ) of 1(X)

AT
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Fig. . Distribut ions of streamlines and vortices around a sphere for stead y state flow ,

and 300. with local Reynolds num bers (Re), of 5 , 40 and 90, It is noted that , at t he same
local Reynolds number, the recirculating region at T.R. = 100 is large r than that at
T,R. = 300. Comparison between the steady state and the transient state solutions is shown
in Fig. 4. It is evident that a smaller recirculating region occurs in accelerating flow in com-
parison with the fully developed steady state flow at the same local Reynolds number,

D R A G  EVALUAT ION
The drag force of a falling sp here consists of the skin friction drag and pressure drag:
The skin friction drag coefficient can be calculated through the vortic ity as:

C,,r =~~~ _ J w L , , i sin 2 O d 0  ( 17)

A8

______________________- -— -

- - 1~ .. ... _ L. , ._ ._ . - . . ., ~~~~~~~~ ~- — _———--‘,-  
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ .— —.-‘-—_—-~~~~~



-‘ -- -- -- - - ---~~~~~~~~~~~~~~~~~~
--

~~~~~~~~~
“ - -

~~~ 

242 C, L. Lit’, and S. C, LEE

/ 

~S, .a~~~;

- - — 
,~ R• , o~~r , 7 R• — o 005

~
- .~ - - ;~ 

to 
2

—
~~ 0

0
5

) 
- 015

00, ’, ‘Ii’ — - — 
- ‘V OrIICII Y 

0 
~~

St ,e
~
,,I,nsa 2 0  Sire= ,i ,nes 2 0

I 0~~ 0 a

1 0 2 5  025
2 

,~‘~~~‘‘ -, 006 ,,-‘-— -
~

_ 006
-‘ 

‘~ 0 005 
,, 0 006

* Ri .  
~~o 090, / Ri - ro 01)0139893 75 3 - ,,, --  - 40 488688 , 00

0 2 5 ’ 
- ‘

4”—, 025 025
0 r 

0 or Vo,,,c,tv a ~

Str,.,,ri,,es 2 0
- -

95 0’

0 2 5  0 2 5
- 

- 005  ‘ 005

/
/

• 
~ \~~~~~~~~~ oo6 1” ~~~~~~~~~

P oor

—~~~ 9
~ M

30
.5~~~ ~~~~~~~~~~~ ~~~~~~~ ~; ~

r9
~ ~~~ ~~~~~ 

~025 
—

S~ , 
~~~~~~~ 

0 

0 5  
~~~~~~~~~~~~~~~~~~~ I 0

- ‘ 
20 “

~~,‘,, _ 2 0

0 ~~~ ~02 0  “‘

VOit ,c , ty Vo , t ,C ,t y

Fig, 3. Distributions of streamlines and vortice s around a sphere for transient state floss.

The pressure drag coefficient can be obtained through the vorticity and stream function
as:

CDp $Fj~~
sin 26 d0 (18)

where

p — P  4 l~~~1 ‘at I 1/  / I ~‘P \\ 1I + _-
~

___
~~f [2.~~ 8~~O 

+ ~~~~~~~~~~~~~~ — 

e”sin O ,,,oL? J 
d:

.~ / ?w \ I — cos 0 d(Re) ,k+ 1  I — + w I  d O +J 0 \“ z (Re) , di I
Figures 5 and 6 show the vorticity and pressure distributions , respect ivel y, at the surface

of the sphere at various local Reynolds numbers for both steady state and unsteady state
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flows. The total drag coefficient, as shown in Fig. 7. was calculated by summing the skin
friction drag and the pressure drag. it can be seen that the drag coefficient in the steady state
agrees well with existing experimental data as given by Schlichting[l7]. An empirical
relation for the steady state drag coefficient is proposed as:

CD = [I + 0-2207 Re’ + 0-0125 Rej, (19)

for Reynolds numbers up to 1000. Available formulae for calculating the drag coefficient
are listed in Table I for reference. Transient state drag coefficients were also calculated for
terminal Reynolds numbers of 100 and 300 and are shown by broken lines in Fig. 7,
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Fi g, 6. Pressure distributions on the surface of a sphere.

FLOW SEPARATION
Comparisons with experimental data for separation angle and wake length are shown in

Fi gs. 8 and 9, respectively. The steady state solutions indicate that flow separation occurs
at a Reynolds number of 20. The unsteady solutions indicate that separation occurs at
Reynolds numbers 22’46 and 28’24 for terminal Reynolds numbers of 100 and 300. respec-
tively. Taneda reported that oscillations of the separated flow region were observed for
terminal Reynolds numbers greater than 130, Preliminary results of the numerical solutions
also indicated some oscillatory behavior; however this was later confirmed to be the result

- 

-

‘ of numerical instability.
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E F F E C T S  OF S T E P  SIZE A r-il) OtJTF R BOUNDARY ON
NU’s I E RI C A L  ( ‘ A L C L L - ’.TIONS

Numerical uisLihiltt~ usuall y leads to divergence of’ the numerica l solution. However .
under eer laiii condit ions an unstah le or ,iICi l)19t1 ‘r~ sol ution may be misinterpreted as
describing a physical phenomenon. The transient state anal’ for separated flow around
.t sp here is one suc h examp le. In this vase , t he oscillation is largel~’ due to the choice of
ste p size

l’he grid ~iics ,\:. \1l. .\: are considered to he suflic iv ntk small , w hen a decrease of the
step size no longer affects the solu t ion , xl!,, 1* some presct- ihed tolerance. l’ahle 2 shows the
iiies h s u es chosen in this stud y. It is necessary to point out t hat the required mesh size can
he t l’un ct io n of the terminal Revnu l ls number. 1 he mesh sizes of .\: 0- I and All = 6 ’
were originally chosen for all Reynolds numbers and stable solutions were reached for all
,3,tICs wit h terminal Re~nolds numbers less that o 1(X) , However , at term inal Reynolds
numbers of 200 and 300, the calculated floss’ patterns in the wake region of the sphere
f luctuate d within certain finite limii s . The dashed lines in Fig. (0 dep ict the variation of
ss ,ikv’ length and separation angle. wit h respect to  time , at various ter minal Reynolds
numbers rang ing between 41) and 3(X) . Fspcrimcnt1il d:ita obtained by Taneda(l71 also

‘7..
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Table 2. Step si zes and outer boundaries used in numerical computations

10 20 40 t OO 200 300

i2 0 1  0-I 0 1  0 1  0-05 003 0-03
h 6 6 6’ 6 6 ’  3 3

00! 00! 0-02 003 0-03 0-002-0 03 0-00 1 -0-03

54-6 546 54- 6 20 08 14-88 12-43 1243

showed such an oscillatory motion at terminal Reynolds numbers larger than 130. In order
to have a reasonable assurance that this phenomenon was not caused by numerical insta-
bility, t he mesh size was reduced to Az = 003 and A() = 3 - - The solid lines in Fig. 10 show

~~~~~~~~~~O 03 b ’ 3~~~~.
’

64’ / Hr .rOCla - 0 0 5  b - S I
C 

-
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Fig, 10. Effects of step sizes on numerical instabilily at steady state.

that the solutions are stable even for the cases with terminal Reynolds numbers of 200 and
300 if the mesh sizes are sufficiently small, It is therefore necessary to conclude that the
oscillatory phenomenon obtained in the present solution with larger values of Az and IsO
is due to numerical instability.
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The question of whether 130 is the critical Reynolds number in a laminar flow around
a sphere cannot be answered in this study; the analys is assumes rotational symmetry which
na ’, presen t the development of a realistic asymmetric flow pattern. It is felt that the critical
Resnolds number can onl y be determined numerically by analyzing the complete three
dimensional transient flow field around a spherical body.

The accuracy of the numerical solution is also affected by the location of the outer
boundary rheoret ical ly, the limit of the outer boundary is at infinity, Unfortunately, such
-i limit ~‘a run ’ ’ i  be used in numerical computations. Some large but finite distance from the
sphere t herefore las to be assumed. The distance is determined in such a way that further
increases in t he outer boundary do not affect the solution, Table 3 indicates the effect on the

Table 3 Effect of outer boundary on steady state drag calculations

:=~:
L _ ~~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Re
5 20 40 100

Z. -8 4 I’S 4 I- S 3 I-S 2-7
r 

6 (549 54 598 6 049 54 598 6-049 20-086 6-049 14-880

C5, 2-8687 2 5 1 7 2  1-10 12 1 0195 0 7230 0-6744 0 5243 0 4969
C5~ 5-5002 4 8751 1 8872 1-7848 1-1811 1 1303 0-6679 0-6180
C’~ 8 3689 7 3923 2-9884 2 8043 19041 1-8047 1-1922 1-1149

solution of the choice of the outer boundary location. As the Reynolds number increases, the
effect of the outer boundary, on the accuracy of the numerical solution, gradually decreases
w hile the effect of decreasing step size becomes more important,

CON C L U S I O N

A trans ient stale anal’, xis has been formulated for separated flow around a sphere. The
analytical resu lts agree well with available experimental data and other analytic solutions
when t he Ste1 id% state ix approached. The transient development of the separation region is
found to be a function of the local Reynolds number. In the steady state , flow separation
occurs at a Reyno lds number of 20, In the transient , flow separation occurs at local Reynolds
numbers of 22 -4 6 and 2h 24 for accelerating spheres with terminal Reynolds numbers of 100
and 300, respect isel~- : The drag coefficient of a sphere moving at a constant velocity is usually determined from
an empirical formula. Based on the comparison between analytical and experimental
results . .t si mple relation is obtained for calculating the drag coefficient of a sphere moving
uniform ly This etpression applies in the Reynolds number range between one and one
thousand.
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The critical Reynolds number for laminar instability could not be determined. With the
assumption of rotational symmetry it was not possible to confirm the experimental observa-
tion that laminar instability occurs at a critical Reynolds number of approximately 130,
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Collision Efficiency of Water Drops in the Atmosphere

C. I., Lix ANt ; S. ( ‘ .

/ ‘ep ’irt , , ier,t  ~., .l lecI,a n ic al and - I er, . p 1cc Engineering and Gr~,1 ti c/c (enter I,, ( ‘l ,cd P/c ,~, ic , /0 c- ,,, I.
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Macc u- ., n i  rc-, tier 1/4 t i c  t ’c (,c ’ r 1973 , in revj ~ed f,,rm 17 Marc Ii I ‘)~‘5 —

ABSTRACT
A study has been ncacie of the grr,wth through collision cf water drops in  I he atrn ’w l,he-re. I he sc ’ .  hcc c l

‘1 superposi on ,,f flow fields ol,tajn rcj fr ,cn i the flu uteri, a) cc (ui i’ nt cf the Xav ie r Stc ,(, vs c / S d  i i ,— S d

used fc ,r the caltula tic.ns , and on ly 0cm / ia , gravi ty and drag fc,rce wi re , ,,n~i,lercs I
The calcu lated linear c ’ ,c l)isic,u c/ft c ien,.s ’ is significantly less than the ge.dnlc ’ tni c c c , I l isj c ,n e-ff ic ic-nc

between a large collect ,ir drrip anil a small o Ily, ting ctrrc j c 1cm auw- of the c/Ti’, ci hvclr,c,l s’nandi , I’’r, c’..
The lint-ar ,-cc!lisi,,n c/il’ ienc~’ is suhstant ia(lv higher than the ge,c rnc-t nc  c ‘c llj sj c,n elli ,-imr i , v )w~~ mcii
similarly sic,’.) drops ls-,ause “I the wake e f fec t .

‘l.. veri ly the valc c l c t i ’  c ,f ihe— , alc u la t i ccn s , the ana(~ t ic SI rc -s u lt,, w,’re c.d . i i i j ~anc’ . I  is ’ i t t i  i, ci tab le  exj , e r i
ncr nia( d ata. Sat.~ ia [‘c ry agr,-e—nc,’nt was crt ,iaine,l for n,ccs t drop sizes Ii is c ii, luck’) tha i  in i he c L — , - , 0 , ’
,,f i /c , in,, ii v and turbulence the d,iminan t fac tc ,r in the f.,rrnatic,n ,,f ire, pt tai ic cn is thr’ , ’ ’ ’ c ’ .i ’c r,a
gross- i h of similarly sizeil d r,,1 is.

1 Introduction itig a moving seater drop is responsible 1’,r the tig i’,
order of magnitude ,cf the disc ri-i )a t ic ’S ~tt c c i  I ..l iiI he method of grosv lh of ss’aler drops in thc atom - . -  . . 

-et licic’nc~’, while (lie smprox’em ~tmi • ci ‘1 rag I’, n , Ui iS ,cii
5) ‘(ten,- can be c ’lassc-,l as t oo ( vpes : e:ondensat ional and - 

-
- - - - , - imIx- accoun t fc ir a ve nt - sinaI I ic r. c i i  I . gd ’  ‘ ‘ I  I lie di-.co llisional . (.ondensat ional growt h in which seater - - .

- - - t’rel).tncv existing in the (iteratt ine’ ,
c c  cii le’nS,-s ‘in atmosp heric aerosols , is t he dotimi

nan t  mmmcc hanism 
- 

for the grow th of water drops svith 2. Historical backgroundra dii < 2U Mm. I he Vs e-gener.I3ergeron.l’ inde-isen pro -
‘ ~ss , in which t im e- ~~ c rvst tI is growing at the expense if Collision takes place when one fl int-j ug Ii. .

~ 
• I

ri .. h r  I a cl cr dr illiets in c lo uds as list nssc- c l in cc ,lle’ctc ’ir drop), •v h,cse movt’ntt’n is ‘ ii i~~~
- I, - - ci cx

~I,c r1c i , i r c l  i ,’x l l,c i ’ ,kss ue -h ax l-le-ag leand I3tisingt’r (lt)70), t iona l or other f u n - es, ~‘~~i ] i , ) c ~ s s i lh c , i i ie- r • i i . .~~-. cr
is a ix.. erinsidereti t- . c ’onde-nsational gross-t h of ice c- nv— co llec ting drops) ss- inch happcn p. Ic ~ iii ii.. c i i i  Ii ‘ I
st , ik . ( ‘ c cllis icinal growth - in which accre-ti ,in cr ,,c e’SScS examine ’ I he prolialciiit v ‘ci c c , )  lisi. ‘ii. t i le (‘ci i , ctt

— 

- . c ~~c r .c Ii’ . is respi,nsilclc ’ i c r  the- growth cf water ilrolis (‘(~Uli tUin fccr line-ar colhsion t’ lui, ’ k-t tc ’v is sc -c l
ss i th  radii > 20 gm, ‘l’his stt i t l v is ccince’rne’d with ilic’ 1’ — N I t —c ’,cl i ixi c ,nal growth ,cf wa te r  tl rccps , lm ,’c iust it is d i rect ly  “, -

rt’l,ite ’il I., t I me - tinde’rsta nding of tlmc Iire ’ci lc ilat ioim Ic lit- - lItre ’ R is liii’ radius if tile’ c c c l i , - , p r  dc. 1, ,,izl t , ‘—

noiii,’nori in c louds its ss ’t-i l is t,, tIme ’ scaveng ing Iiroce-~ r:ic litis of (lie e’o llisiccn,ii c c x x  s,- lIiiit li - c r c  - c , -.
‘- 4* ‘ c i  polit il.tt ils , ‘,chi,-h an’,’ co llce - t it mg c m .  p cci r;c. l icis r oil) c l i i i, o i l :

.~nal~ thai stue lit’s c cf  collisional t’tht - icncv have been ti le t’uile’t ’ t cc r d irci l) . l’ig I s itU ’ s s, I I c  c L i P ,  d i l l  i cc -
i c ; c c l c  ti~ using tiiccd ili,-d St ,ikt’s lion- su ilt il icc ns , imio di/j ei l floit mcnt ’l:ttur ,- list -il iii t ins stu b ’ , l,lc’ .ci k - iiit c cl i i—:  il. 1

i )see- fl flow sc ulut ic,ti s , rir available- nttnie-rical so lti lic ins of c r .cs s .sr ,’,’ t i cc nal  radius slic ,iiid ice c ’ . i l ; ,ii t ’ c  the “Lil li  . 1  I I:’ ’
the- N avie’r So,kc’ -. eq uations. ( )sv ing to the- nonlinear radii of the co l l ec tor  arid i mi ’ c ’olk-ci ing cit i lie’ ci t -

~~~
-.

natt ire’ c ,f the thiss- lie-Id surrounding a ri’ lalivt-lv large’ are- nt/ i st irrouticled Lv air. ‘I’hc ncc nt i i ni ,- ie—i , i ii,, ‘I
t l rcu l , , ss ’hic ’is is rc-i-pot is iblc- for lime’ t ’c il l isic ,n~il growth , f tcr i im cc f this ideal e’.c ii i~iun , r’ . -.s x c .  i t - ri:,) c : i c l i - . - — is

‘,ccris ic le’rttbl e cIise’relcan cv ‘re- c-t Ins in t h e -  i itc-raiurt- f u r  lii,’ knccw rt is the geulile’( ri, t’cc i i is i c ,n c ui it ’n, - li t,
c ’ ;i l, ,i iale-nl cc, i ljs ic c n e-tl ’i,’ienc v. J-x te ’ nsj s ’ ,’ elicurt li :cx lot-n is a re-suit of thc ’ f c c r ccx  gin. r,,l,-d i s  l i e  c ,  l i s t

t c u  i ct prove tile- e-ale- l ilalUin proct’dt i rc-s Lcr t ’,,ilislicn i i i i i t ic cn lie’la’ t’en the ’ wa lt - I  m dc i )  intl i t t  , , 1 r ,
,‘llt , . &- i icv  by - imprc,ving thc’ e-nipirii’al rc ’ l ; t t ic t ss (or clr_ ig cdi ,se ’ rv:ctions of line-sr ,,,iiisi,.t, t-lli c i, i t ,  f ’ , - t ,  di:’,,

‘ c d t / i c  el i/ s .  Based i n  cii inmprovecl toetho il de-velc iiw-d st i i istanti ;i l lv wil L the gc ’oiii. - i i ’ i ,  , ,,fl i- .i- n ct1itit ’ nu~ -

be Liii and Lee- (1973) fun tic tw lie-ic1 calculat i ons , I his These- pbcn ct mcc-t i~t 55,-r i’ r .-( r i , ‘ I l’ ’~ ‘l’~’if i’d ci i/ I l ISS ’ ,
~~8 stud y sl i .css s that the tinsat isfaclorv flow field surround Sc:hotlund and Kalihn I I.~~c c , ‘i’ e-l f ’ ’ 7 . t  ~i.

. )  ‘ t b  , i i t , i i sc :$
AID

‘-4
4

‘1 T : 4 -~~~:~~~~ ~~~~~~~~~~~~~~~~~~~~ ,.L~. — — - -- -~~~~~~~~~
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I l%I I , Vs ~~~~ I 191>5 ) , c u d  Itt-and and l’ruppae- lm:t r
I 1 %8 I. I -

‘ , titii lerst :tim,l the phvsic -~tl j iroe’c’sst ’s of the
co i l  i-s ic iiia l grc uss t i m cf 55 ii un ilumps , many invest ig:tt ors.
hat’ ,- c - c iii,hti, ic-cl lii,’, ire-tie ’,,) St tidies along one or he’
it li,’r ‘ c i  iii,’ I’ c i l c , ss trig t ss’ ,i itpi1rOitcite-S.

,i I - :  : Iu , cI: , , n ‘‘ 1 ,,r, - ,’ ,c / ‘d - / , ;  i c - t i  / :- cd m ops

Hoc I-, t u g  1 193’)) atiaiv,.eil I he Stoke-s eqtiations and
;t ic ’ cii,, i c - c l  lilt’ f , r’ t’ e’ ‘a-nte’ul I ict \\ ‘e’(’t’i t V.0 ii nops tic

~~. R

neg li gibly ~imt a ll in St . hi ’s equal icins , t heir approach can
,nlv appl~ I,, use’s of prite’t ie’ally Zen,, Revico Ids nuuim-

hit-n I Rc’ UI . hun free - Is’ falling seater drops in a standard
ttt ii~tsj c lte nc the dncup s i/es tnd te ntilitl d falling veloc ities

Re~ ncc ids iiuniber’, in,. shc,ss n in ig t i_ tn )1

d ’en that a 34 ) ~ tii  drop has a free fall velocity of 10 I Grazing Trajectory
uni s ’~ thitt cunrespeunds to a R rvt iuids tiumber of (( .4.
‘Flit’ el’fe -ct of inertial force on collision efficiency’ was ‘ 

— —

cc,nsiclere ’ul bx, Kle’tt atid Davis (1973) using a modified r I
I )st’e-rm ’s equation imi:cde b~’ Carrier (1953), ‘I’heir results _,,~~~~~,,, — 

C
indicated tiust the collision efficiency is considerably’
I anger for appnoxi nut tels’ equal size drops. However,
clue to the iniw-rital limit:ttion of the Hseen’s equation,
this nme-t lmi )d is only valid for relatively’ small drops.

Fit, I, 7’i,,mentlature.
h - .S’ upe rpcms i l i ctn cc f f/c u’ ~e1c1 

-21) ~zm cc,llc-ctor drop and a 19 i~ni co llecting drop toriesl.~tng1mmu ir (1948) suggested that the flow field around froni 0 to 2, ‘ro reso lve some of these- discrepancie-s, the
a single- t imp c,cuicl lie superpose-ti on the flow lie-Id of :cva ilable literature was re-examined. Hocking ’s isp-anot her dro i to determine the relative rtiolion i.dct,i’een 

proach , which appears to be linsIted to very- small drops,t he’ I n c  ui rcc l is .  t’ear, e~ antI I fill (19a6) clevelojsed th~s is ncc t practical when applied to pollutant scaveng ingapl ,rcc iich Lv using ( r,htlstein ’s (1929) solution oil )sec-n S 1 weather nioditication. Langmuir ’s approach does(19111) hittearized equations for how around a slthcnicai ntmt appear to have any’ size restriction for most atnio-tlnoli ,tt ~t ver y ’  lose Reynolds nciimmber (Re< 1). Shafnur spheric alclcl ications provided that the solution of theand \e-ibunge- r (1/0 ,1) , S li :cf rtr (196a) and Neibunger N~cv ie’r Stokes equittions can be’ accuratel y deternmined ,1 9ñ7 I ii cq wc cv cc I I lie superposition 
~l 

llmnoach icy’ usu t~~ ‘l’he- a va i ahilit of high-speed ( ligi t :tl cmiii in I e-rs immake ’sJe-nsun ’s ( IPS Ot method to obta irt sc,lutions of t he- it possible both scientificall y’ ant i ecoflOnuie-aliv to mee t\‘:tv ie’r - Si ,c kc’s ‘qutat iccn s for an inte nnme ’d iate Reynold s this requirement. Le Chair c-i al, (1970) and Lin anti Leenumber range Rc- - - 2/ h, Shtcfr in and I zvi (1) , 1) cx ’ (1973) obtained numerical solutions for flows around
tenuied the - ke y noiuls nunmbc’r ritnge (Rc< 1(14) by spherical drops at steady and transient states . re-spec-us ing Rj iu i , , n anui  ( ‘hmeng ’s (1969) tiit’t liui(l svtt l m it nm,icli- 

(iv,’)’ ,. ‘l’he’ accuracy of their solutions has been verified(it’d boiitiil~trv cc ,nc I i t i o n, l3e~tr,l anti ( r,,vcr (1974) l v  experin-uetital datct on drag coeff icients, separationtit ilizeti the flow tie-l u1 , ,i(culated by LeCluir el ,il. (19e0), angles and wake lengths. This study tises Langniuir ’sand u) l)lltine-(l the c,uiiisitm efficiency for raindr?ps approach by’ superpositioning lhe flow fields obtainedI.’ colliding wit h immi c n~tn s u e -  particle ’s , Since, t he l) itrtiele from Lin and Lee’s (1973) numerical solution of the
is ,,s~ci uit , ’ u l much sui c ailer than the raitidru)i)s , the Navie-r-Stokes equations,

- ‘ eu—I i-nc ,’ o f  the part icle- doe-s not alter the- how field
an’ cc i i i ,  I t lie’ nitindroi i (cu lled d ,r) - I ‘uinse’qtien 11 v , no 

~~, Analysis
il) ,( ’ nI,~i5i t id d n is i/ u - c u,’ss ,tnv if time’ natl itis n d , , ,  l,elsvecn 

-I he’ I > t r l  I’ it’ •oiil I h~’ r i m . I rcu p is less t han l1t~~,. V s - t I  c-n drops in the atmosp here nitty be: intltient ’ed Ic y ’
\ i c r i ’  I SilIulII,;lrv ‘ 1  t h1’ literature ’ is shown in l”ig. ~t . tui~tnv ~ trut1~eters , stich as gravity, Inertia , turbu lence ,

It i- ~ nd ,Id - ’ t lu~tt tb, ,- ,,Ilision c’ffiei ,’ne’v ,k’tt’rmine~l front s ci ixi raft m d  electrical charge. To understand the
u’\ i- . i i i tg t ii,’ ,c r i , -x  dd ,d nut SCe’ni ti~ ice’ cons istent. l”or sign ificance of each parameter on droplet growth,
rxitnlp )e , tIme calcu late- il collisio i efficiency between a laboratory expenments have to be conducted in a

A20
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‘ Reynolds Number

Fit. 2. Water drop size anti terminal veluucitv S’s Reynolds nuuimben,

2, 4 , , , , , u contrt ,Iied environment. Analytical stuulk-s are i,eiu :g

200~ 
— established so th~tt the- effect on droplet grId s th Icy ’ ‘- ‘i’ ii

2 2 ‘ Pearcey ~ 0.11 ( / 956) /QQ ) ~~~~~~~ can be verifie d wit h experimetita l c I,,ia,
- / Wt t h a well-established knowledge e-olmce-rning u_ - c , 1Hockcng 1(959) / - -

— c ‘ in dividual parameter , the (uve’naIl t h ee  I on el ncc p let
20 Shofrir & Ne.burger (l96~

) — i . -growth by the eorribination of the I,ian,’
Nec burger t1967) —‘-- -

~~~~~~ .. f parameters actually existing in the atummosiuhere can
I 8 DOvc S & Sarlor(19671 “ . ‘ time-n he investigated.

Hockcrmg &Jonosl/970) —“-—  If one considers an environment where only gr :Ls’it\ ,
I 6 S/uafri r 8 Tzv. ( / 97 / )  ~~~~“— ~~ — — I inertia and drag forces are significant , the equations of

— 
~~~~~~~ 60~ “ s ,~ n’otion of a freel y falling drop e :tn be wri t te’n its

- —
‘I 

14 30~ d VL C~~Re 6~~R

2 iSO M // /
‘
~
, - 

g_ (_ ~~~ ) ; ~~( v e t ~.) ,

i O  .

~~~~~

‘ 

“ ~ “i
i ~~~~~~~~~~~~~~~~~~~~~ 1

.8 // ~oo~ 3I~
,~ ,/ /

,
,,
i i9~ \~ \, I in which the sctbscri pts L antI .m desi gn ate ’ t I,e’ I

6 u :/ /// — — — \ ‘i\ ~ 
I collector drop and the sumial ler collecting dr cp. 5

/ / i/  / , 
‘
~ - 0>~ /‘~

1j lively’ . The drop ‘ ,‘c )ca ’ i t y -  iS V lend the how t ic ’ ) , )  ‘. u I’’, it~’
• f / /I ,‘ 

~~~~~ \/ U. The mass of the water drop is ,%1 , t he grav i l.ct ic , i i : t )

I / I / 
/ 

- 
- — ‘ - 

,
‘ ( a,’t’c’ It’rat ion is g. antI M is I lie dvt i:tui ii \ lxc c .~~/ I - I I. ’

2 ‘ 
~~~~ •~1~~

” ,~.1 drag cocf lucient (‘ ic is give ud l~y’ ( i sc t ’ t i  ( 1 9 1 / I l  I - c  ih.’
I “7 ~ / \ , Reynolds nutmiber region of 0< Re-~ 1,6 its

V. , o L ~ , I ,  , ~~~~i ’ H
0 I 2 3 4 , 5  6 7  8 , 9 /0  , 24 —

‘P - Radius Rat ,o , r / R  o~’~~ - l l ’ i - i~e R. ’ ’ ,

Fit . I Survey ui literature on co(liiinn ellitieny as a
- ‘ function of radius ratio , and Lv Lin and Lee (1973) (dir the Re, i,
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region of 1.0— . Re ~ ItXX) as correction fuinuola

- —(1+0 2207 Re t+0,0l25 Re). (5) V’ v~+~19(_) +191—
)Re 24L \ Ii \ cit

I’lie- Re’vnuiiuls nuumibe-n is evaluated by’ using the relative ,~jy., “‘-i /dV\ ~~~~~~

vt - i,,, t~ h,etwe~n t bt’ ilruiji and its surrounding flow —5( —i-. ( ) I. (9~
~~i, ‘ . ,  ~ d11 \dI / J

2 P I V L — U .IR
(kc / ,.= ‘_ _

~~~~~~~~~~~~~~ , (6) By integrating V w ith respect to ti/ne again, the position
of each d rop can be (he-ten/fl irted. Time-se processes of

2 ~ 
integration are repeated Lv assuming the- distance cd

( Re) = 

p
~~~• ’-~ 

~~ (7) ( lie initial separation be-twecn the cemlhector and the
collecting drops of given sizes, Collision is c ’ddns ’ ,le redl to
take place if tile closest distance ice/n u-e,  th e’ two drops

iii w ii~ ti p is the ,lt’tisitv ,,f tF,t ’ nmt- ,Iiunut iii which the is less than 1% of the smaller collecting drop radlicis,
‘.5 at t n  cl n ’ c ) i  is traveling. An initial ventical separation distance of 54 rathii of the

1’.. c cl , t i l .ctc lint’ position ‘~f t-m’h (lroIi, l’qs. (2) larger collector drop is used because the- flow pattern
,iii,I crc ’ integr a te -c l umutm iericahl y in both vertical atid calculations indicate that the how hieltis are not notice--
i, , r t t ’ c rc i ,, l dint’et i , cic s , ‘I’he- vert i ca l  direction i s ’a loutg thIs’ disturbed by’ the presence- of each other, 1’hme initial

t ime ,itis ,, oul t me ’ e- t ing the’ t ’enter of time cudlet tor tlrup lctIul h orizontal separation distance- is time variable to be’
t he d d iii. n ,,f grav it y ui tht- eart h , The horizontal dire -c’ - t Ie-ter ummint ’d, ‘l’he’ largest initiai horizontal separation
li’un is ii ruc.i / t . ’  the vertica l ch inect icj n fnic imi t h e -  center distance , w hich results in collisioti between the- colle-eti,r
‘ .f t i le s i t u - c  I or d r  ~I> t o’,van,l t ue vert b’ a t ax is ccl  t lte’ ’ant l the- collecting drops , is known as t h e -  raditis ,if the-

c d l ie d  i uu~ dr p. l It,’ ni c-gr ist i,ufl is pe’nfcir utted itt tO’ , coll isional cross—s ectional area. ,- .

siu’ J ,~ as dl ls c ’ lls,,e,i l,y ( ‘,,tmte (1965). ‘I’he- t’irst ste p is an
e’St itli~Lt i ,c t l  si tu e-h t i — u - s  t h e  .‘~dailcs-11ashi fucrt h’s prcclictiuin 4. Results and discussion
ft u i’tuiul~t .,lime collisiont trajector y ’ of a co llector drop and :t

.~tr f / V \  f, IV\  n - -i sma ller collecting drop is shoxvn in l”:g. 4. For a collector
V~~t= V’  + 1 55( — - - - 

) — 59( - — ) drttp of 30 ~um to collide with a collecting drop u,f 9 ~unm ,
24L \ c/ t  / \ .11 / the co llisicc nttl cross-sectional radius is about 25 gumi. On

- the- other hand , the 30 yum collector drop can only

+ 
(
~~ 

(. t l 5 ~ 
d~~ 

~~ 
collide w ith a 3 ~m co llecting drop within a collisional

- 

\ .11 1 \ ~ll ) J’ t:ross-sect ional radius of 1.5 ~imn, The hvdnodvnarmiic
force- in the vicinity’ of the frontal surface of the collector

in xs’hieIi tb, stibtscnipts ii , n—f- I, . - - , t leno~e t he- t i t i me ilrtcp pushes the e’tdiecting d rop assay ’ front its fa lling
s(e’ Ics of ii , n 4 —1 , . . . ,  re-spective-I~’. The ve locity ’ ‘at t ime asis . ‘[‘he collecting drop, as a result of its osv n inertia,
(of I si time ’ step us refined by’ the Adaumus-~s Iuultoui tereis to maintain its own course. A larger collecting
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stant ict lly- ss lien (he collt’e tc ir drop ~ 3(1 MOm - ‘I’his sal tie ’
cc dihiers Inuut mu the results of sott ie- previous inve stig utcc rs

.\ cuiimmparison of ther,retical re-stilts with sot tue availishle-
- * 

c experimenta l d ata is sluoss-n in Fig. 7 for t h e  u ,tse ccl  a

~~ 
; ‘“ ‘

~ 

7~5 M~m~ collector drop. It can be see-n that the agree - lute- itt
is satisfactory for most of the radius ratio reg ions except

— ‘~~ 
‘ T ~ ~ 

for those drops of approxi matel y’ equal size , Re-
4- ‘~ uc- — IcP~~R t’ ,xatut inat ioui cu f the tile-dire-tie -al re’stiht s is1dic’~ilei, t i i ,c i  iii,’

I “ 
~~‘ ~~~‘5 vert ical ,I islau ic c’ trave led by. a pair ci i dru uh is d

•. I 
A -A  - ‘2 ,uuztte lv e-qcia l size is ver y b u g  b,c fc ,nt’ t lii’ cc, l)c’ , I cur c l , ,1

- ‘ : — .  c-an c a t c h  Old a ith the e’uc llecting drop. Althtu ug li tt i i c’

• p’ ’.’’ I 
~~

- - -~~ 
‘ ‘ 

— ~~~~~~~~~~~~~~~~~~~ 
- d~~/O2426 R partic ular situation &‘x iSts c fte -n in t l a ( t d i c  c c ’ t i ~~u iit ioiial

— ~ 
2 ~ d877R 

I ibonttorx ipp in it/ is is lutuui tol b’. its h I \ ‘,i ii dut itt ii
‘C - , _~~ 

- sions and Presents this 1mheiiotncnoum lu’,,tii cc

-, -~~ -, , ‘ ‘I 5 - B • 045432 sue ~~~ t’Xpt’ritoet lt iill\’ uubs r-nve-ul .

* 
— ‘ ‘ ( — 55 708 9 725 (‘onuparison is also il/lithe- with the- ,cna iy ii, as I ’ cd l! -

• — 2,8755 cii Isle- It and I)avis ( 19731 fu,r iii c , I ic ’  I c t r  ulr.,~, tcf 7 ( 1

— 
c — c , - ~~224O4 sw Ii u’s noted ihu~ut all t ’ale ’ci l i t ic ’cl c c , l l i s icc i ca )  c I t e  , - c — ,crc

- 
i
’ ’

) 
,~ - Y ~ -8O 3 R large’ f u r  high radius ratios. 1 l ’ csc , ’ ’ . ’e’r , tide’ ~~ c I aui c ’l

6 , 7 5  .. .‘~~ 4O~~R I 1451 ’ s  nt- suIt ’s itlupear t c u bt’ sei lustant iallv ‘ s i c  a i c c -r u l c auc

- 
- 

,s’ a i (, u ltl ,- t ’xpt ’rirnenta( ul~ ia ,

0-0 ‘ 0933dd2
- 

~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Y ” l
- D O  R - c ’ s 4 ,s 7 - -‘

4 6
5 75~

[“to . 5, Collision of a Iair of water ulrops.

dlrol) possesses a greater inertia and thereby has a l5O~ -

larger collisional cross-sectional radius, /
‘I’he relative position of tsv o drops of approxim ately- ~~ 20O’.~ /

equal size- is shown in Fig. 5. For a collector drop of >~ 
2 200~

194 ~tiu to collide with a collecting drop of 183 Mm , the ~~~ !50~
collisional cr ,)ss-se-ct ional radius is 425 ~tu, In other 

~ _
_ _ .

wiir( ls , for a pair of w~t Icr drops with a radius ratio of ~
• 11 .94 . the - linear cuull isi ucn efficienc y’ is 2. 19 , svhich is 

~ 
— 50~a

l~crge’ r t huan the - gt ’uiicuel ru e-olhis iiun efficiency’ of 1,94. ~ 9 30/ .
l’he’ reas uuui h un  time’ im i ghu collision eliie’ie’nt v is I hal I lie’ ~ 8 

- - - — - -. - - - - ‘

ulisluric i’iI air in the hic k of the collecting druilu drags the ~
co lle’e ’Iuur u l r c d l u m u ,  i ts wa ke’ reg ion. I’ Ite - uhis tt inhut ’d air 6

in liii- lrc ,t it t,f the’ c’olle’c liur dr~up, in h i m , h u s h e s  th u ~ /
u ’uull e ’e l i umg drop in u s  inu,m it, Itt’c ’ ic i is c - th u iu cur iz uuj m luu) ‘~~ 4 7 / I -
dust ~int e t r,tveled by I hue 0 lit-ct r d r~ up I u ,sva rd I t lit’ / ,! - — — -

u u c i)e ’e h u g  ulruup is larger than th a t  t r scv -lt’d liv bc - 3 ,,
‘

e ,c ll,’c t itig drop front lime t ’uc hlt ’u Icu r  ( I r cu l u , h b ~t’ pur ,u f /
( m cd li ’s c’.ill cc ill iuk- e-vetu t h uuc g bm t hu-in uu m l i i , i l  luoriz c ,uit i) / - / 

-

s u ’ I c .c r . u / i u c n  is larger than tim ,’ s i tu c~f t i me - in  radii . ‘[‘his 2

c~t id i t iucn i, cd cc u i i e t i i c i c  s r,- Iu r r , ’d )  i c c  is u t , -  c c , c k c  u ’iililuru’ ‘ 
~ 

~P-~ ~~> ç

— 
c l t , ’ t c c  c O d - t i c / c , ‘.s’hiu ii us cc l , ,  c c l  ( ci  i u l t h i iun i , c  uu l  ( c rccc  ,‘~~—.,- — iii

.d l l ’  c u d ,

‘ l ’ b m t- v , c r i . c t l  ‘il l (lit’ i t u i u ,ir ,c , i l u ’ — c ’ ’ t ,  c i,’ c~ t cc ’. ~ iuIi I t ,,,a ,_,,...l ,,,.,.. ~~
_ _ j,._

,,,
j,

dro1u n c - l i c e —  r , L t / c ’  f , u r  5 c r / d o e -  s / u s ci  , d , i i , ’ d  1’,r c h r c c ) u . ~ is 0 / 2 3 4 5 6 7 8 “1

~
1’ —.he,s ’ . um iii l ie,’ , 0 , Ii —.hc ,u i lui  lcu t d u , i i ’il u lc u t t  ihe’ i i t d - .d r

‘ F’Iod ,u& Pci ’ -  , ~, P
c c ( i i s i c c u c  ‘ it ,  l e n d  Is ru- I d i ’ . , )’ .  h mt g lc f u u r uhr u u ~is of .d I~I d r c c \ r

l , c , i l , - l \ ’  equal si ze’ , ‘ I ’ l cu -  t i l l / h u n ,  ,,i vi i i , ,  Inu ’reases sub- / c ’  6 t a lc , c l . c I c ’,l c c , I l c . c c , t c  ‘II,’ c c c l  -
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8 t I I I tion appears to be the- collisional growth of drops of
7 ‘ water of approximately equal size, Further investiga-
6 Ex ~e ,cm en ts tions to include additional atmospheric parameters ,

i~~’t ~~ c~~ eu 0 iIo’sSI 
cO p P ?p 8O~ such as electric charges , updraft and turbulence, can

4 W oods I 0~ 

- 

• / be d eveloped by a sim ilar approach for applications to

Beard & ~~uppochev 968) A 0 / more counphicatc-d atniospheric problems.
3 I

Theore tcCoi Results / ‘ .lcknoa ’lec/ gments. ‘[‘he research reported he-re was

~ielt & Davcs tl 973 ( — / / spouusored by the tIth e-c oh Naval Research under Con-
2 

~ Lee l/ 973( - _— / - ‘~ tr , ic / N(XX )14~6h)A.(ll414X~l6 w ith the University of

- 
— AA  

/ 
Missouri-Rolls. The cucnu mputer time used in the- reported

\~~ 
~~~~~~~~~~ / inve -stig~tt iuun v c as granted by t he National Center for

~~~ ~~~~~~~~~ Atnuosp hue-ric Research which is sponsored liv the-
/ 7 - ~, ‘

~~ ~ - ,,,
_/ - National Science- Foundation.

9
~ ~ 

/ 
\ I ’PF N I ) Ix

6 - / - Effect of Drag Force on Collision Efficiency
~ 5 - / - A water drop in the at m osphere is surrounded by am ,

4 / . which prodtices a drag force ut’hen the drop travels with
a certain velocity . (‘alculation of collision effic iency

~ 3 ‘ requires a knowledge- of the drag fc , rcc of various drop
‘ 

sizes at different velocities , Consequently , a dimension-

2 
less drag coefficient is given as a function of Reynolds

/ 

0 / 2 
h~~~~R 

8 / 0  

Beo,d &P ,appoc6 er

I-mo , 7. Comparison between thecc ry antI experirne umu. 
2 c’~ n ~ee / 2

~~~~~~ 
L s h l l  

~~n r drop~ 

, 
- 

~~~~~
tame d hnc,in time nun/e rie-al solution of the’ 1\ evier-Stok cs 9 ,

/‘
~ 

‘ 5~45eS / 3Op I ‘

cqcialiuinS , cc u lhision trajectories between d rops of various ~ 8 / ‘ Oseen I 3Os I

size’ s is crc c ie’tu’ rnuincd by’ cuinsidening only’ gravity’ , 7 /

inertia and d rag forces. 1”,ur cases cc l large cc u llc ’ ct i un ~, 6 //

drops anul s muta ll c,illecting drops. the linear collision / 
~~~~~~~ 8 ’ c

h1ie~ nc i’. ‘s ign ut ie inth x less then Ihe gec it lue true e ollisium
t’t licie ney , because’ t he hy-drody’naiuic f crt ’e /dpstr c’ it ni c c f ‘~ ~ 

c ’- - 
- 

‘ ‘— 
-

the collccl c, r drop 1utishes the st mi~tll col lect ing dr~cps 
~ )4~ — ‘-se C

away’ f r,uuiu its fa lling ax is .  l”c/r c tse-s o f t ’ollector aumd -~~ 3 F — ‘~ 
- ‘ ‘

co lk-eI ing dni~ps uf siimuihar 5/ /Cs , the lint-ar colhis icit s ( Beo’d & C 4,i l ,.

etlicieiicy is substantiall y’ im i ght’r tli~tn t ime ge -out/c-u nc  -~ ‘~s 
- 02 ‘4~ “ 2 ‘ ‘~~~‘ 2

collision effic iency, l,t’eutt ise- t he low lirc-ss/i rc’ cre~tte ’ ,I liv 2 h ‘ ~~ 2’~~’~ 2’~ ‘~

t he- visc ~~/i s lccrt e’s d,usv nstre’auim of Ihe t ’ cuhIe et in g ulro lu y,
~ - c ,~ , c’ d s C ,  ‘‘‘ “ ‘- “ - ‘2 C 1 ’

drags the e’,u lleclor thump int ci i t ’ s ss ake. ‘I’he lhu’uire’t ie ’aI L- “ “‘ - ‘ s 73  
- 

- •

resu lt has been cuimiiiurc’tl wi lh u’x ist ium g t htta fr uc i um , ‘~ P7 ’ l 4 22O” ~~” 
- - 

—

l ihonit ton s t’ xj a ’ri mu mt- n Is. Sat isfac ’t uirv igre’ctm le’n I hue’-
twe ’t ’ n the’ t h u-or e - t i e - a l  and e-x pe-ni uuc’n la l r,’s iii is indit ’ate’s / c ~~~~J_......_

. , ‘ C’ 2 3 4 5 6 7 8 9 / 0
t h.ui the i l t c - cc rv is haste-ally sound. In an .u , l lcd ’s ld l i t ’ r / ,

* - ‘ 
‘ . - 

, ‘ 
RO ScuS ‘SiC - 

, - -

e’nvtr ,uu ’ i ’ i u’nt - w hc’rt’ only’ iner t /a , gravit y’ and d r ug forc ,’ s
are signitca nt  , I lit’ doniinant f c c  i c r  in fu irtmuiu ug pre’e’ipit a- I c u 8 EhTeci ~uf d rag ec 1uati cd / m
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141x J / O ’ f ( N \ h  ( t E l II I-’, A l ’  M O - s P H E R I C ’ S i.’ l E \ C E S  \ , c l u i iu- / 2

numbers, At a Rey’nucluls numm mbu’r reg iuun betw een 1) and 1, Gc u (c lstei uc , ~ tO” )  Th~ f , urc e’s c~d i  a sc / c t  1 ’ ’  Ic tc ~c c ’ ,’ c c ~g I / c r - , ,  cc c,
it is no t absolutely certa i n that the ulrag coefficient i io ‘cdi ’s t h u d  l ’ee- R e -  .S’c, c , I,,,ndc ’n , ,~l2 5  2 16  2 ~~

actua hl’. i li c v ’ s  the ‘u t c , ke ’s ul r_ ~g f or tu mcml t or ( )seen s ~ k u . 1 NI t’)~9 I hu u c ut I ~sion c/ i c  ,tui i I smal l t r I

u irag forniula, To cx aimmu n e the’ act emal deruvatmc m n of the — , and 1’ 1< 
- 

J~cu ca ~ , PC/i - ‘IOu, c , , I l i s c c c c s  c - i t , ’  cc - , , ,  c of -,u u ,aIl
linear collision e-hlicieuucy’ caused by’ the tmnce -nta inty- of ctr u,u/ c s , Qc,aym J R,’v / f , ’c, - c” ‘ c c ’ ,’ 96 , 72 2  7215
t he- chosen uirag relation , Fig, 8 shows time - cotmmpimrison Je’ucson, v C;,, 109) : Vi s, c ,u ’ s  itcu w r,,u ui ct a s/ c / ic- re am /,,w k,’ utu ,ld
id the Stoke-s and ( iseen ’s drag on biumear collision nuuumtc e rs [Re<40]. Pr ,c c, Rc ’ , S , c c .  I.,crud, ’,c , A219 . 3- I/ c (l~4c

- K /c / i , J, 1) , aumul NI. II, l) uivt’ s , /97 / I’Iu,’,,r,’um, ilt’Ih~’ u~- i t c v calc eilat icut us f u r  a 30 prim ce-d Ice-ton (ircup, It is 
c he- muck ’s uc i c loud c l rcujc lc c t ’s at — , cc udI I  Revuu,uIc I’, u c u c , c / c c ’ r ’ , .1obs’iotcs that the drag fornmula doe’s not affect the trench -l imo ’s . Sci , 30, 11/7 1 1 7

ccl  the’ linear e’ollisiotm e’lhie- it ’ t m c v. A tm uaxium ’mtmt /m eit’via tiuun I- c- (‘lair , It , I’ , ,\ E. Ilaniic’/ rc a n d  It P. t ’ c’ c i l c l ;c c u , ‘1 7 cc
uf 111% could be expected in the vic ium i t v of drop radium ’s cuu nt ,e ric al stud y uuf the d / rag cu u c a ‘s~ 

,I du - u c’ ci Ic ‘c c cc .  nc ’
rat i, c cl  (I , 75. For large r drtips evaluation s (uf collisioit uuiec liate- Re-s cc c ,/ c I.s ,uimt / , t ’ rc ,J , ,  / lcd ’’ ,’ ‘c, u ., 27 , ( i/ c ’ I I

- , t , ;u .cgu ,uumr , f , ,  I d34~ 1 ht’ t ircatui ’ imc ,,i cf rauiu I,’ ,- ., c l m im cc , ‘c _ c ct- Ill c it- t ic mc ’ s is c-re n/it, It- by’ tmstng lhe’ar(l anul I rti~m pacher in c c tiu mm ult,s i lunictcc al tc ’ uu i/ ce ’ rsmi ccc, ’ u i / c d  ‘ S c - f c , ’,’z I / I , c ,
f c ; r uu mcu l.us six ‘a t i1 ii’s Liii ~tti u i Lee ’s for mu i ethic based u mum the 5, t 7 ’ c  t ‘/ 2 -
s . c / I c c -  lion’ tie’lul c l at uc for a drop rad ius of I(X l pumi , f i g. 8 t i n , C. L,, aum d S. C. cc- , ‘172 t h u g  au cc l  i , ’ c , I I l ,,c l . c t c  c c l

‘s ic , c cc t liii I ni appru’t-iuble (liffe ’re’utcc comm he’ found in d r u i d s j um , /~ c ud/5 .  I e-c iuis - ‘I ddi dr C c / c  s .c - / cc l . ’, - 53 , ‘/) ‘ d I c
— . , - — ‘ aucc l - /9 73 :  ‘I’ra t , ’sj c ’ uct s t a t s ’ u i t c , , I ,  sc ’ s  cci  ‘s, ’ 1 c l , d l , ’ d /  i/i c,,linear eu il l i smtc n efficiency ftur ratitcis rate-cs <(1,7, In the ‘ ‘ ‘ ‘ ‘ -arciuuuul a sptie-rc . J i m/cc, ,  J. C c s c c f c  I - / c c , , ! ’ , 1 , 2 n5rt’glc ,tu su ict - me - the- s ize’ s cu l e-ccll e’e ’tiuig ibm /c l/S ~mre’ ic l q cr ccac’ l m — \c c i/ cc m rge ’ r , NI , 1 )07 (2oI I i’siccn c - I l , ’ ,  ‘ cs , ‘ d l  c,, ,,rI c c ’ ps,,l c c c c i
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- . , Autrct ,m , l ’yc .  6 Ncc , 2 ’)
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R eply : Collision Effi ciency Analyses

C. L. LIN AND S. C. Lisa
I / ,~ u,l”,eni “/ Me, ’/cini,al and 4eros/ siu e Icsguneern tl m d  Gra duuiie Cenme, fo ,  Cloud Ph ysics Research ,

(‘ n,ve,sUy of Mis, ouri-RoU ~ 65401
11 Decembe r 1975

In response to Dr. Klett ’s cccu uime uut on t he article of ,)ut by Lin anti Lee (1975) as well as by the original
Lin and Lee (1975), it is necessary’ to keep the fol bowi tug authors of these methods , Langrnuir (1948) and
subjects in focus, h ocking (1959),] Improvement by’ Lmn and Lee (1973)

in conuputation technuques can only minimize, the
1. The purpose of a scientific article inaccuracy which is caused by the inability’ of obtaining

mathematical solutions of the Navier—Stokes equations:\ scientific ,trticle is being published for the i dhid b dccsc 
applying to a flow L’l d that consists of two or moreof clarifying a sitciation which is being confused icy tir ii;s of various sizes. Similarly’ , modification of Oseen ’sconflicting restilts , F Igs. 1 and 2 shois the situ~utmc ,n ‘did linearization technique by compromising with Stokes ’line-ar co llisicc uu efficiencies today’ for a collectc ,n cin c h of approac h, as discussed by’ Carrier (1953) and Klett andapprox imstte- lv 70 ,am and 30)uni , respectively. It iS Davis (1973), is not a solution of the nonlinear Navier—ev ident that the method of superposition used, by Lun 
Stoke s equations which govern flow fields of continuumand Lee (1975 and the ’ method of force eva lematton used media at non-zero Reynolds numbers. A 7(3 ~am radiusby Klett and Davis (1973) provide better agreement water drop falling in air at stead y’ state gives a Reynoldsin comparison with the results in earlier studies. To num ber of approximately’ 4 , and a 3O~am drop ofargue for the better accuracy of one nuethod over the approximately 0,4. Whcn the flow field is being dis-other does not serve any construct ive purpose, because turbed by another drop which occurs before all colhi-both are approximate in nature. [This has been pointed 
sions , the assumption of steady-state flow phencumenon

24 , 24 , I d
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ts mum c l l u e ’ s t u . d u d , not /~c nuention the credibility’ of super- 8 , u -e------’r------n t i

position on linearization. It would be a worse alternative -

if this disc ussion were to leave the impression that the 6

probletu ms caused by’ superposItion could be eliminated
by soutue k iumd of compromise between two linearization- , Superpnsu uu on Method
tec himiques. 3 Lx  & Lee (/ 975/

2. A curve on linear collision efficiency 2 
Force Metho d 

—

~~ lii 1”i g. 7 of Liti and Lee (1975), a cc mrv c’ on collisioiu
effi cienc y £ by Klett and Davis (1973) was used as
linear collision efficiency Y~ for comparison between
theor y and experiment. The comparison showed that .9 -
t he numerical values in the analytical result of Klett ‘

~ 
‘
~~ /

‘ ~~~“

and 1)avis were less than those of Lin and Lee, which -~~ .6 / 
- 

‘
~~~“ ‘~~ -

agreed well with available experimental data. This was - /
a mistake by Lin and Lee, The result of Klett and Davis - f 7’ - - -

was presented as collision efficiency not as linear u /

collision efficiency. A sincere apology is extended to -~ - /Klett and Davis for the hasty’ addition of that particular
curve. Our explanation here is not to find an excuse .2
about what was done but to present the circumstances
of turning a good intention to a poor relation. The
manuscr ipt e’f Lin and Lee was prepared before the
article of Klett and Davis appeared in the Journal. The 0 . 1 .2 3 4 .s .6 .7 .8 9 i.0
question in doubt , at that time , was “whether the wake Radius Ratio , r / R
/ it pture phenomenon increases or decreases collision Fm~. 4, Comparison of collision efficiencies obtaiuce’d l’s
efficiency.” Most earlier publications (Davis and superposition and force methods.
S a t t c c c . 1 )67 ;  Shafrir and Neiburger , 1963 ; Hocking

___________________ and Jonas, 1970) indicated that the collision etlicieneics
8 - - r r”— ’-T—’~ u u / . -tended to go to zero as the droplet radius r ,tt uc ,s up-
6 l’~ 

prc’ached unity. Lin and Lee found that the trend cc
exact ly the opposite. The trend of Klett and li.cc ts

4 , agreed with that of Lin and Lee and was quickly added
to Fig. 7 during the revision of their article for 

~~h ’
a porting the controversy. It was not conceivable that

Farce Method c i

K uelt 8 DonuiIi9l3) —‘  j those two curves , which were calculated fu ,,t n tsv ’~
2 - — conu pletely different methods , could be in ,tgrccuiu ~ c c l

I 
75M within a few percent at a time when earlier ~t I ,c ) tes  hiuc~- 

,,\— -- — 
,..‘ discrepancies ranged almost between ze r’ ,  au/ti Ii td ,uitv.

- - —“ — 
~i~ a —

~
— - ‘

~

“ ‘

~

“ 

, In order to clarif y the situation on . o l lusu c c ud e- li ic . I e m m ’  -
,

, 9 ~~~ 
~~~~~~~ 

- analyses, the positive aspect of these two art i ‘s I c u ..lc ~
/ / to be emphasized and is shown in Figs. and I ’ m  tht ’

6 ! 
// 

- linear collision efficiency and th e c c / I I s t c d I i  c t ) c~ me ’ uce y
s / 1 - respectivel y’. The methods of super luos itiotm .-,c ’,ci fu ,u ,

4 . evaluation are approximations svhi~’h lti’ , d d i I c C  ,-om

I

: 8 1/ parable results for collision efficiency utuu ,mlysc -s

3 

I - 
3. Oseen’s drag equation

2 
/ The Oseen’s drag equation c /U S  given as F .

~~
- ‘ I -

I
. 

- / Lin and Lee (1975). A table inse’ i-t e -d  i i i  F,5 8 ci ii. ,

I article misprinted the same eq uatuu u rm by o i c c I t /  i~
- .g a

0 I 2 3 4 5 - 6 7 8 .9 1.0 Reynolds number. This was an oversi ght t v  1.uru i i .

Rod/us Potic, r/ P Lee. The thoroughness of ))r. Klc ’t / In cu . . -  111,7 II

Fm,. 3 . C,,nsjuarisen of linear collision efficiencies obtained article is to be comnuended. \N’c ,Ildldt(’ c i / u . (t us l . d c c clipt

~~ by superposition and force methods. ness in bringing it to our attention ,
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l,in, (‘ I. , aucul S U t.u.,’, 1973. ‘I’ r uc uusier tt s /a t ,’  ac ,~u/vs i s  cu t

- -  su’ / cumraue ’ l /l uucu- arccutd ,l a sphere m icra I I c cm pcu / I-1, cm d c , I
c c ,- c ” r  - c ,  I, ‘c ~ / / 1 c c  I c c  c ‘ - c c c ’ . ul,ca . I’utua l Re/ c / c i t . / c d /ru , u 2.15 23 ( 1

c c c  t, ” .l Il/ d c  t l r . c c , - c i  c , c c c ’ r ’ , u Ic . .1/ c / c .  . . -- 
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F l et ‘ , j  I) ., saul SI II Davis , 197.1 : ‘t’he ,creuicai collision c/ ic Shaurir , U., amid SI Nec lc u r ~cr . 1963 1 c c i i i s u , c c c  ct/ic mm cc  ,c ’. c c t  I a,,

c c c -  ui, id cloud c Iro lutcis at small Revutc ctc is uc ulu t ic e rs . spheres falling in a visc ous meci mu nc J Grcc plt c k r ,  - h~ .
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c c  - nc ~t cI  cc ’ .  c I,,ucls at tem pera/tire alcove frceziumg. 3. 11,-I, cc, , e flmciene ies aumd coa lese uc umc ,e Juar ameters for d ruc ic le u , N WI tt i
5 . 1 7 S / 1 2  racfii up I cc  .300 microns. I, A im os .  -S cm . 28 , 741 75 1

I

r,

A28

‘4

~~~~ 
. ,•

‘. -
. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~ ~~- 

-
~~~~~

.

I ‘ / - 1 )  f m / i icui ,, t’X p ( -  I ~~~~ , I i, ’, ,f/ ) /t — III



Reprinted from Joi’ uusau. (IF I t lE AT sIccs u’ uu es ic S:’ m~s c t s , Vol 33 , No 9, September 1976
.4mm,,- a,, St .’ue,,rolc,g i, al s c ,  ceuy

Prinu rct in / S .4

The Effect of Vertical Separation on Drop let Collision Efficienc y

(Rep ly to Comments by Cataneo and Semonin)

C. L. L IN ’ A N D  S . C. LEE

/)ep cur fdd c c u ui cf 1f, ’c h,u nu clc ’ ,i,m cf - I e r c c p , i c e  I c c ’ iuceer z ’ I~ ci nd G,c i ,f c ,culc (‘euler [cc, (‘/cc c id Pimcsi c m Resecmrc Ii , / n c c , ’, c  ml ,  f /1 u c c , - , c r i  /t ’ c- / , ’ ,c II’ I’ll

(c March 1976 

The e \f l u ’ r i I : :  nt itl ‘l~tl.t ,cf (‘it/ un , ’ ’  e/ cii. ( P1711 anul is lht’ tm c inc l i t oc n s uc ’ i t , u l i i c ’ l  ulkt ,uu’ e c c l  l It , m: u\im t m nm
t he’ .,na lyt i u- cuI rusl i lI’ ~f Liii and I.c . c ( l ’ m71 ) . c l c j c c - .Ir I’’ lm u, n i .~i u tm / ~t l su ’ j c .L r . c i l c uum Is ne d- I l  t I c ’ ,  l e t - c  ., ‘ J I I c ~ t l r~d lcc .

Iw in , ‘ \ c t I ( c - Ili .cC r , - c - I1c ( ’ n i  c ml c ’ci j l d s j ’ c u i  c / l u ,  1, 11’ , sc ’hut’ h l I , , cc c - v c . -r , mId a l i ld.u ru - ml I  II’., r u - ) c . t uu t \ e\ I~ / ’. scm / il Ic - c . c r ’ l

t i c ’,- c l  , I Tc lj ; , d c , , , c  \ . u l c - ’ t c , i I  \ c c : c t . . . f I  1 - i c i l i t c u . —  I- s 1 c , - r c c ’ c c ’ t c l , c I  t ,c t he Llml cduimt c f  1 )1 ,- I l  s , - r i u c  ci s d l c . c r . u l l c c i l  i l m . ut nm,ty
Cer c t cr , \t, cum t ic t I t c  , \ J /54 / I ’  u/ let  I Ihe’ I cd l l lS I ,c f l  u- I l l ,  Id  I I c ’y . ( liutil r ,- ,- \ , cn, l i ImnL ~ l ie l~ c c c

A29

‘
I.

I’ 4



— —-“.—_~~~~~~~~~~~~~~~~~~~ —-.--~~~~~ . ‘.‘‘
~~ ~~~~~~~~~ —..~ -. -. . -

J t t / R N A I .  OF l i f E A I M O S P I I I - : t ( l U  St  l E N / E N

- - 
~~

-
~~~~

-
~~~~~~~

- ‘ , 1 2)  l uu tide ’ u - c l i c r l c l l d - r c l  c c f  ( ‘ I L t , c i c t - c ,  c/ cml. (1071) f c .

dl ru c i cs c c l u - c
~

, i . c i  t I/ c , Il/t i ct ,u k, , ‘ I I s c  / c c l  the c ’ c l lec  iu iu g d c c i

- ‘ I  IIfl’t ’- .‘ . p /  a) I ‘ 1 /27)  cs~cs , c l c ~ , - c  vu-c l ci .c ve - r t l t . c l  Sc J c . L I . u l l c c ut ( l l S I . c l , c  , 1/8/
- u lcau ut e tc - -’ c c c  .,IIS, - t ite ’ e , , l lec / d , r  ( l r ’ c~, c c , c s  iu ,, l ,. ‘ d c i

-- ,,e ”~IQ ‘ f’l LI~ l I’~ 7O) - , - -

- . c 
,u, ,, - I , I , , I ,d l .  l u m ’ c ccl,- r I c  c u / i / p u t ,  u lc , ’ mu c c i i i , ,  ItI,I c , , t m ’, c , t l c

‘
~ i , 

~ ~ ~~~ 
f’ a ‘a t Ime t l t u - ,n u - i u u . c l  v . c l t m - c c l  .5 - I r . uc im i  i l / I t t  ct l t d - c l  t i c c u l l c s , c c u m

c-c . 
uj f c c j e i c c  s t . t l c  t u l , c t , ’ , m u ” . it u’ / i u.’u , ,“.c c c i’ cs ). , s i i u - i ) m i .-r

- t i /c ’  I t l l c \ t i l l / I i I l  ) l c c i l c i c d / I l i t l  S e Id . c t , c l l d d t i  i l u i ’ l , , t c ,  e- i~ ‘ tc i , u ller

- 
‘ 2 1) mr ciii , r l i d / c  lit- u r u t i c : u l  I l t c c i t  c l c - u u ’ r u u m u u c , - u l  f r c , c c c  t i /c

‘ ‘‘  — u , , l l i s i c uu m c - I / c c  i m- u m m y. Iii c c / I / c r t c c ’ t c l’.. .u l t lu cd lu / i iu  t ime - - c l- .,-

- 
_ -‘ 

lcuigt ii u mu a% ic u’ Iicnge’ r t luu tm 118/ c l i . u I : , c - i d - t ’ . . l i t , -  , l l c - ’ , I d d l c

- 
-.-~~-  ,i . 

-

~  1 time eak’lilicli’d d c,l l d s idctm c/ lu, I t / I c  I l~, ‘ ‘ ‘ t c c e ~ : t , , c L ’ t , , l l c  . u l u t ,

as long as t ime’ c .cc l iu s  ‘c i  th e ss .mk e us Ic ss t lmatc  due t l d , c \ i ’

-  — — 
u/mum/u )t ,cii/,/.cil / I u l  .st’pim r a t m t c i m  c l ls l ; , iu  c ilu. it cIt - i , I I , c c t c , 2 5

4 . 1  Ic ll ‘ t ime collision e ’ t luc u - uuc ’\
- k0. ~,4cr hc. urcd -j r ,) - - -

- - ‘I’lmc u-x (cl lt ’ n i ~tgret- m rme’nt d c  d c u lh ” . i cc ic ,Il,~ c d l i i  I I,,
1- i c .,. I I- /c t ‘il ..c ,i,’r I,., c I t c c I ., r, cc l i  h I d ,’ ‘cd-  I / c c  dint c l d c c  cc l i u c uc , c t ~. - - — 

-

I c r ., ,1,lm crm , ,i/ , I r , c 1 c  cc i  r , ,chiu’ . Ii tot e- tm the’ e \ lde eu il me’um / ccl ( d l,,. ‘.‘ ci!. - ) ‘ c , I c  , c m , c i  the
ihe’c ,rc’ of Litu ;cndl l.u’e (F/ ~

’.S) l id ,, u t ’ - ’. dc - c t  lilt’ imy -

-  po/I ce-sis it reasc ,nable. 1)irc I vu rd/ c  u t i c u c  ‘ ‘I i l c u s
i c . t l c ~’l -,. due I,,)) ,, IIig d mst mne- tt c , ns are n,ctc d - - - - - . -

hvp othcsts ts c l c ’ .c r . c l c ie - lmo ccc v ,- t ’ . .u u i c u t m i t - r l c : i I I i cv c - ’ - lcg.c -

1) PItt ‘.1,2 ,15 c cl  l.in and 1,c’e (1’) .S) tI cS uiuc lt’rt~c ken lioum of lIct ’ \‘c t l i c iu l ‘-,c ’ lc. c r . c I I . c l l  Ii, l l I i ) c r . c c  l id ’lLl l s u . c i :’.c

u . ulu .’tcr u tcn c e c c c d i s c c , t c  u- / tic u - l / C \  icy e ls/ng ic vt ’ r iu t ’al too untu, II t -dni lpu/t ’ r IlIlle is ru- c l duurc .cl I ce ,~~lt :1 ,1 c t , g

~c- / c , c r It t i ’ ctc /iis t ltulcd- , Ic i l icid is c r i t i ca l  f ,cr t he ac(’uraev st rcan ufi c im i ’t t c , ims lt t mul t c , r l I c i t l c s  cc i  t ic t~~l r . c , c f c i . t , . c T / l V

c c l ’ the , , u i c ,il~c t i c ,n  -k i ll, c ’,i Ildi u iI / li ori zddill,cl sc - I dic r i m lion lang,’ flcctc 11th) ~cti c1 Ic r cv~c lc,~c t tng  liv tid e l~l~ III ’ .~l c c l
’

c - sc icj , - h s,iil r,-sluli ill time ’ c cc l l i s i ,u i m ml I ts ’ ,  i : u ) l i tmg  stj pcr l/ ,c s/ t ic ,uc time’ dI.ulig ,- cc l \,- r lic ~dl m ’- )i;c r. utl ’ ’t ’ l r , c mci

,lr c c l c . ’ ‘ ‘I  i t ld idl ’ d c \ i l i i L t t ’l y ,-quitl six ,’ , o c c u r s  o i t i t l mt  time- ISV,, se u-it l l f lg l’c su i tc ic ’ I/ l r icu - di  ll,,cc 11 -1,11/ . \ lc . r c l l c I c l i t i

14 radi i c c !  the v ,’ rtic cl se luicrali cufl c list. ti mc ,- . Itm i m \ , - S I I L ’, u l i c c i l s t l Ict \  Ic,- luc re rcal ls l lc  /1 c ’I-IIl: ~’ I c c  iH

u c t l m e r  n ’ c e c l s , t i l t - , - I i , - ,’I c c l i  c c ’ l l i s i c ,n  c’l’tic ’ie’tic ’v t .(l/ uii , u / I ’ c t u ’ . crc i~c - c c l  I’ ’  i l/ CItSl/re ~ l l’alc gr lc l u I / Ie t1 l y the l c c c I i ~ ’ ’ t , f . u I

I , , c , c i  c,’’. it cc-I L 9Iilici L I d l cd /cut  t I/c ’  vc r tka l  S (’lui cr al icuum sd l , . u t . i l i d d l c  c - I c c c i , l l . u l u , ’ c l i . ) V  s c u l l  h ut- s c - r h , .c -c c .u I . c l l ’ ’ I c .

c lu - . I .ct l ,  c is litrgc- ’- t l i uti s- I radii . It is tIc , u ’ss,tr\ /dc pcu i l t t

‘ ‘ i t  t i l l / I  limit ’ hVpi/th/ ’t/ iS tI ltS iciti uul c il re’ t’tlV es .~ua~ed Rt - ,l / 1 /  \ /  1.5

the otu gli / he’ , - h lc .’c / ott I he’ drag ,‘,ce’tiici(’Zh i b\ im. s,s /u nc t ng  I . l~~~~ . l~ , .1 1< S,I~c c c c  c l , , )  K. (, Seut cc iucin . t’17l l rc tc  r.c . c c c i , - ’

Va r l c c l l s  —.I/ ./ ‘, c c l /11,2 ,,t,tt,’r boundary- , o- hut ’h ld l l l ffdi\ itclictt’S , ,
~ ,-, n., ‘ c / c - , )  , I r cc 1 - l c ’ l ,  d uct’ i, tIc,’ cc .,).,- (‘lid.’, I 3 “ c i . ,

t iuc l ccc ’ : c l l c c t l  c c i time cm ndis/lc r),e’d tbccv field ijt nuum it e r i , -a l 25 . 4 1 ’  41s
,-akt u litli cc i c s , l)e taile u i d isc IistIc ctlS if tile’ ellec t cc l  Ic ,-  Il~c c~c i, -) ~- - S I .  - / 55 l I , , I l c ’ , , ccc tc  ut,,) I. I. h’~~’ I ’ c / , 7 N o - c c  i c c ,,)

t I le r I, , lui I , i c r \  c~n c i r u~ cc clii , m u n t ilec u ! i t t  I /S Il tS , I c I l l  Nis i u r S I ) .  d c  
,

/ i t ’ I I

het um lu luli It t u l  lc\  it t i ld e 1 ,, , ml I I ’ m / c I t I  I cu r , cit I I I c i II I S / i t  mcc c it cud II I~. I ruj / d I / d II

(107(11 tn,1 Limu .01,1 l.~ ) 1 0 7 A ) ,  Fig. I iIltus ir ~ules lii,’ c u . ’, ic c i  -‘c c c l ,  ..l lIce c / r i g  ‘u, .c ,1,tc ,’re at I c ’  cncl c nt c r-

lu -st 1 .1111/,’ Id / - 
t I L l /c ’ ’ ci cii . ( 107 1) .  Ru-v u m c,I ds ntlmlc ,- rs c c , c , ) c . , ic  1<,- , c i i’) ’  nu , ic/ - cr ’  .1 / 1 c c , ’ ,  “ c m  .27 . II~ s Ill

Re c,f 2/ I  .m nc l  41 / tee u l cpr ccsi l t lclelc equal l’~ frc’e’hillc ng 
It o . I I, - ,iuc, l S ( I c c , / 0 73 I r , c c c ’ . c , ’  I ~~~~ ,dn ,u)~ ’ cc- ‘ ‘ I  ‘ .c 1ca.

- r ,c ie ’i It ‘ cc- c r , c c c i , , )  a ‘I ,I,,-rt’. /,clc, cc J , . c , , pc d t  I c c c - , . I,
r dr,’1,’ c / i t  It r:iului ‘‘I I 1’ / iimd 151 1 u I t /  resl c , I I I V, i t  - II t~ttl / 5  5/ )

‘ / 1  i lm ~it thc :c ’ .tI i l c l ) cliddi m ‘cf ‘-i rac li iLldlk’it rs ii, I~ ~t 
— 

, 107 5 - ( , c lhisi , , n c l l , ,  c c c~c c c l  cc c l , -,’ ‘ i r c c ; . ~ fl u/ u , ’ u / i ,  c .

c - ’ I : ’ - ’~F t , c h l V u  c s / i t , I ,ilc’ ‘c r  ‘lr .tc 1 , 1 1 1 1 1  ce / I t  ev ,ciluic t ii ,tms. ‘.~,/ c , r ,  / II’ ,,. -, “a u . 32 . 141 2 I - flS

in,
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Published Papers Related to

“Fog Situations Over the Ocean ”

1. “Heat , Mass and Momentu m Transfer in Turbulent Boundary Layer

Flow s” , Heat Transfer 1974, 2 , 104—108 , 1974.

2. “Transport Phenomena in Thermall y Stratified Boundary Layers” ,

Jou rnal of Hea t Transfer , 97 , 60—65 , 1975.
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HEAT TRANSFER 1974 , Vol. II , pp. 104— 108

14. ‘c . 3 HEAT MASS AN!) MOMENTUM 1 IIANSFI:R IN TUR1IIJLF.NT BOUNDARY LAYER FLOWS

S.C.  Lee , fl.W . Pep 1uer , W .M. Byrne , and R.C. Tat
Univer sity of Mi8so ur i , Itoul a , U.S.A.

4 bst ’,’c - ti

A, ,  a d m ] h s l mc ii me t l ” c i  us i um g t u rbu l e nce  energy  to stud y the t r a n s f e r  of heat mass and llu,dmerutunc In .i t a r t ’ , , -
lec -, boc ’~ c c .t.dry l a y e r  w. c cc deve loped . This  a p p r o a c h  c ’ a u u s i d , ’ r s  the iu l ’ , t o ry  c - c t  t I d e t u r bu le n t  C c - I  1 c ’ ec  I - v  u r n . , ’ -

c~ig t he .‘~ld5 v l~~c o s j t v  as a depn .’uc dent van fable tu ’  be d o t e u n i u u e d  as a f u , l r t i l ’ n  c c l  I , , .  u / I o n s  In a 1 , , r ’
I ‘~~ i c e  I I  - A y St  cIddd C mc - ’ c - c I c I c ‘c e  i sc /u wit Im expe r Imout Ca l  c - / a t  a was made. ‘1 1cc same cc -  I - ii I’ al c- c c t i. ~ 1 , 1 s c -  ‘- —

ta b i’  ~t , - , ,iu-i au-i c c , ,  , l ’c )ci c’s,, ci, 1,.- set I — pr u ser c- ed Cur but eu-m t It ow at  o u mg a I l i t  j u t  a t e  w e t  i’ a l s o  a - /  i c c  a l c l u . c  t i c
a:ce ’.i.’ t c ’uJ’ g ,cct c - i d e c e l e r a t i n g  i l o w s  w i t h  s uc t ion  and b lowing as wel l  as  t o n  bouu,c larv l .a > e r  / I . -~~., ~~l t / .

ci:,r. a nd m a s s  t ra ,u , le r .

cat solutions of C / c u ’  f / e y n c - c l d .’, c- / c - c a t  c - il ’, ar c c l v

t b -  r e t i r a l l y possil ,le ci li ce t u r b u le n t  c l i  c ’ ’ ’ .’ ,
C , c :  Spr.’e u . s  concen t r a t i on , mg~ / cc 2 known . In order C c -  c l c . ’ , u -  t ) c t -  8 , - c - i .  Id’, u- , - .,-

T c - c r b u l c n c . c d m s s i p a t i c n c , rn / s e c  ,c- cns , Bouss lnes q  / 1 /  r e l a t , - l t I c ~ I c c t l” .. I u - i c t  l~~’ c i
F • Ll ti’ c- ’ t i c I’ - t c l  ccv’; blow m cli ~c am .cn .eter 

2 stress with the avers/c e vu’Ioc dr y  /1 c i c i  / I’ ’ ,’ in’. i
cc I C.r .c c - m i . ’  C I - I l  I c c  ~f d’ 1 .- e .u I toil , rn/Sec due ing an ‘‘e,id v m t n t  IC y , ’ ’  c I’ .’’ h oe,, .‘‘, a 

- ‘c
-c , h: I - C ha 4’’.- , tm, / ,; cc - — 

‘ 2 t u r n  (‘Xc l d d  i c )  C (c-c I’ I I I~ me / i t  , ‘‘ I t ci, t / c , ; r , .  n. / - i - -

I l ’ u ’ t  c ’ .. , - ~ - c c t )’ c ’ c - I  l a m  b u l , - c c c c’ , 51 , 3 c c -  of this  “c-~~dv  v l d . c  d , s c t v ” I /da t ,- c - ” t t t , , ’  ‘ - c ’ ’ ’- . ’
P : Tcc r t , u , l  c ’ d c ,  e 1’e,’du c- t i~~n • n 4sc ’ c- 2 of many pheumornena I ~c w m c -  a 1 l Ic e ’ . - ,’ t e s .  i’r n o d / I  / .1
p S t a t i c  hl r c c s , , - i r e , r lewt , - f l c ’ imc used rn,’merctuun as a t r , u ’ a s t e r , i iul, ’ c j c c . c n~ m ’ . y  - ‘ - c i t  I,
P ) 

DiIm, e , i s c c .’~’ i u - s p re s s u r e - k I.cJ m e’ um t in a mi x ing l u n c h ,  wi’c i , l, w . c s  c . - c , ’ , i c l u , - i c - l  a’ ,  Ii.,’ - c v —
Pr / r.muc,l r I number e rage d i’, t . , l c c  ,- b etwu ’et, t u tb ul e r u t t i ’ c I  I d - ’ , d / t  c c c  I~ ,‘y
R e ’ : R c ’ -,n,’ hIs mc,--) c u -, to the mu ’an free p. c /I c / .u ’ tw , ’u ’n e t c - l u - . -. c I t ’ ’ , i t  I i ’ d - t i c
Ri R i cha rdson  number t heo ry .  T a y l c c r  / 3 /  used C / u -  v o r t c c i t - ,- .u~~ .c tr., um s—
5’ S ’ . , u f l t .’ c d  number te nab le  q u a n t u t y  a nd a l s o  der ive, )  a s u r . u h , c r  l , et ’ t t .

I 1etc’per ~~i.urc’ , “‘s parameter . Neve ’ r t I ,e le ss , r u e m t / d e r  / ‘ m a e c I t l  nd cr i , iv -’
I , c’ V ,  cc c it y c c e  ~~c t i  c c c  C in .:~ d I rec C ion • mi ~ ec b r  could g i ve  a won1, abl u.’ r c-~ .t  Ion t c . r C t,is i - egr

f e u c  u - i o n  v r n l c . ’ c i t c ’, r n / se c  parameter becaus e of the lack  al  a u n c v c - r s ~~l Cc -Ic -

V , v : V e l o c u t o  c-i ‘ ccpc - cr ie r i t  i n  y—d ire ction , rn/sec s tan t .  Von Karncan / 4 /  c o n d c , c t e d  a s e r, , ,  ot cv -
I/ c -n I z c’Il C .i 1 d is Ca r Ice , ti per inient s t/ i r  ough wi Ic h a 1 ercg t h  par ai’c e / d r  ~e ,c -,

y “ en t iea I d i s t  ,u ,n ,- , m found to  hi.’ l i n e a r l y  prcc por I c - I c ;, I I c  - t tt ,‘ t;, t u a c c f

Dcc’cerc sionl ess vertical distance the first and second derivatives of the a vcr- e& -
s ’s : C’- ’.’ t l i c l e nt s c-c I the gene ra l ized  equat ion velocity. He nam ed his value of prc ~F - c r I i c ’ r . c I ; r v

-
- ‘ci ficler u t in the modified law of the wall the “uni v- ’rsal constant ” which was at -p t Ic., ’ I ’  to
liau,td~ rv layer thickness some turbu ’ent flow prohlc’ri i. . E a n l c u - r  c - i t c r t ’ , le t
EXc2haulge coefficient , newton—s ec/rn2 establish ing a w o r k a b l e  p t , c- t icc t ’ c e’n. c I c  c’~~ c i  t i c -  r v  c i

Von Karimma ru ’s universal constant turbulence were discussed ii, d e t a i l  by i / u , c e , ’  I S , .
ma Dvrcarnic viscosit y , new~on—sec/rn

2 It is evident that the mix i, ,e , l e ng tl c apprc .‘u’ Ic did
: K i n e m a t i c  viscos ity 1 ms /sec not provide the necessary me, ha n is t i m t ’ ’  t . c m ,’ t h e

O Pei-ms it y , newton_sec L 1m 4 history of turbulence int o ;,cecunt , l i i ’ -  use I
o Dir.’u’ , ,s i , ’r , less consta n t

2 the turbulence kinetic energy equal i c _ n I c c  - m p l u - I c
She.m r s t r es s , newton/rn the Reynolds equat ions  was 1 i ns t  p rc’ I ’ i - secl f c c  r c

‘I’ Genera l ized  f low parameter 2 mogorov /6 /  and discussed In s t a n d . ’cr ,2  ten 
I). : St ream f u nc t i o n , newton—sec / rn  such as Tow nsend / 7 / , I/inze / 5 / , tim / n  ied ‘ , . u ~~ l , -n

Nc” trc ,d/ tz u’ d stream function /8/ and many others. K t h t t c ,cc. ’ r v  / 6/  and P r a e c c I l
/ 9 /  independent l y s uc i l i c s t ec t  that  the t c ’ r S c c l t’ ’- t

Su’t s,2 r lpt shear stress r e l a t e d  to the t~u rbu Ie,i’c- ) . i e ,~ I, cc-

e r g y ’ s one—half power . Ti cis r’., ’,lel I,.;,. b~ - ’ . ’c t h e
C Concentration basis of calculation procedures by Glus t i k. /10!
H Energy and Spa ldung /11/. A sht’c ;clen ri d e )  v . c s  s ’,ee,’sted
K Kinetic energy of turbulence by Nevzg iajdov /12/ in u l c m,i. l ice t-,r ~~c cIei . I ‘‘ccc
II Momentum stress related linearly Cc , the t u r I s i , c ,  c

Wall energy. The latter model ,e.cs used i”. )Ira.i,l c -. ,- ’ .
0 Initial x location at / 13/ and Lee and Marsha / I . c , 1. - c  ‘ c . c i c t c a . u r v  I

Free stream flows and free turbc .hent f i ces , r,’ s ) c , ’ c C i t e ) ’ .’ ,
Figure 1 shows the correlation c f  I f . e  ‘, - - .- .‘ .- e ’i c ” .-
model with the experimental data o ’ c l - r i  I t  ( 15/
and Schon and t Ier s /16/. It is ev u d ’- r, ’. tIc .,’ . I . e

~~ IST t ’c ) I’li,’ r. ’ITON linear relation between turbu c ’ c ct ‘ 1 , - c c  S I c , - ’ ,’, c c c l
- — turbulence kinetic energy cI,’s.’rch es r , .’l;SIIC.ii)s -

One of the most commonly observed phenomena occur— the physical phenomenon. Lee et al 17/ .upp lIu - c
ring in many practical pnohleccs is the transfer a’. th e Nc”.-zg lajdov model succe vsl u ll v In t l ’ ,cI ,~~~~
heat , mass , ~ri-2 moirmer ituIrd . Most frequentl y t his he,it ricuss un,I c’cc r-.ei,I ccrn C l ans / er in I’. c c -
p he~~ca’c o c c c c n  is encountered in turbulent flows w ’ ,,ich flows. T h i s  paper m s  r , .’ ec , te r ud  tt ce sari,’ .d C i .,1c ’l~
ar c  g~- - ee- ed by the Reynolds Equations. Ana t yti- to bound.cry layer flows.
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ponents in the x and y d i rec t ions , respec t i ve ly ;  p10 ‘n -r—~~ T 
is the density; p is the stat ic pres suire , K m s lice
kinetic energy of turbulence , H is the stagnationSytiubol I , i e a t t o u m  m c I  
enthal py;  and C icc the st -c-ies con c’m ttra ti on. c’ s—SxlO IS 
ing the Nevzglajdov model as mcdii med by Lee .,ndo x = o,08m ~

( 
Itarsha /14 / ,  the turbulent shear stress , ‘C , c a n  beV s - c/ . ..Om ~~ , 

, related to the turbulence kinetic energy , 1 , aso a 9 .2Dm 1’.’
a 9. .1 /let lIa

(no ln) e et t o n l 

c
~

:u;

ø;
~~~~

:7 
‘C — C pvu > — O.3pK 

~~ 
(6)

The exchange coefficients may then be defined as:
-4 c~~~oSxlO 

0 Momentum:
Q,.’ 0
‘~~
‘ 

£. -<Ivu > /~~~~ 0.3 çcK/ ~~~ (7)cc 
~~~
‘ Q 

~y
Ød& J O

Turbulence Kinet Ic Energy:

1O~~ ‘ 0 
‘ u-i ’ = . 3 K  

- C K —<~ vK > — 

~~~~~ 
(8)

- 

Mean-Flow Energy:

- -<pvh > ~~~ 
~M
’°H

3x10
5 

_________ ~~~ i -
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Species Concentration :

5x10
4 ~~~~ SaW

3 10 ’

= — <c ’v c > / -  — 

~~~~~~~~ 
(10)

where tIc ,, low,- ’ . l e t t e r  c ,c ’c u’ designates Ci. , -  liii t ,c s -Fig. 1, Data Correlation of Ilevzgla)dov /-~ode~ t ing t,”.1u 1 .OlI un t S. 0K is the equivalent Prandt i nc-c- -
bet whit ’ ii is ;cp~’r - x im.i m c-I v equa l to 0. 7 d c t c r i  c r~”i
by l.u’e et a 1 /17 / .  ‘

~
, mc lice turbu lent It ’ ., i.I t l

number with a n,,ctc ’r/,a l value of 0.75 ob t a /cc, ’ci cx—
The mathematical formulation of heat , mass , and rtto— pe r c r c - l c t a l l y  ho Ar.- ,, /l~~/. is the turbulent
mennum transfer in turbulent boundary layer flows Schm idt number wi t h  a ,cccc ’ ,’etcal value ~f 0.75 given
was given b y I’atankar and Spal.cl ircg / 18/. The use 

~~ Fleagle and lu - .,’,O,t,gc-r ,20.- ’ fc cr air and water vu—
of Nevzg lajd c -’e model to relate tim e turbulent shear t o n  mixture in tIc ’ atmospher e . The ton ’.’, 1, - c c - pro-
stress and the turbulenc e kinetic energy was dis— duct thn term , P . ,  cons ist s of the shear gc ’rc - eat e c -icussed by Lee .m,c,I liars /us / 1 4 / .  The va l i d i t y  of turbu le m ice due ~o the mean mot ion and the bce ‘c ,cnc v
using co rmst ,u nt turbulent Praumd tl and Schmidt n/urn-’ generated turbulence due to flew s t r a t i f u c - , , m. u , - n ,
bets was examined by Lee et al /17/. A brief sum/I— As used by Plate /21/ , the production term ri;,,- be
mary of the am ual y t i cal approach of the turbulence written as
kimmetic energy method for various boundary layer 2 . , 2
flow problems can be o u t li n e d  as f o l l o w s : — 

~~~~~~ 
— 51 T l v  C

M
(1
~~~~~~ c_ fc I ( 1 1 )

Governing Equations with g designating the gravitationa l ac c el era tl. n

~nd RI designating the Richardscn number. 1l,t ~ di’,’For two—dimensional , steady state , boundary layer sipacion term , D ,, wuu s first used by Glushs- c ,~10/
flows , tfme c ;cntinuit y , momentum , turbulence luine— and later modi1i~d by Byrne /22/ as
tic energy, mean—flow energy and species concentra— 

3/2t ion equations may be written as: • i.s~ i /6 for y > ~I4 (121

V “ 

pu + L pV - 0 (1) D K 
- (6/4y) l.8oK 312 /6 for y < 6/~ (13)

ax a~ where 6 is the boundary layer thickness. Borne ’s
U ~~~~ + V — ~~ — (2) expression is in close agreert uinc with th,,t c’f Bra,)-

3x ~ a )~ ay 51 
~~~ 

aX shaw at al /13/ for the region near the wall boun-
dary.

Ig
DII - - + DV —- — -- — + P . D (3)

ax a y dy cc. ~Y K K Numerical Method

U ~~~ ‘~ V ~~~~ ~~ c + (~ — t ) + Except the continuity, all governing differentialP 0 
~t y ay Ii ~~i K H 

~~‘ equations are parabolic. Tran st ernirm c to s ’ .i’ i urc-
‘ — e 2 line coordinates , (x4c ) , the system 0! equ .ct ‘“n caim
a ~~~ _ , ._ )~ ~~~. be solved with the numerical method d~-’.~ ‘. - 7 c  I tie

~dc 
+ 

2 1Y (4 )  Spalding ammd Patankar /23! rind if ted by Lee arid ‘l,u r-
slia /16/ . The generalized parabol Ic equation I c c e s

all ~.c 
~ ~~ ~ ~

, (5) t he form:
~~ ~~ -my c ~

+ (ci + a w)~~ - ~
— (ci ~~ + ,, (16)

where U and V are the t ime-average v e l o c i t y  com — ox 1 2 aw cs ,.. 3 1., .c
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Table Ic -  C o ef f u c u e n t  of  Ca
4 

of Eq. (14) 
io

_2

0
4

3 ~~~~~~ ‘ A—a -- ~~~~~~~~~ —,A’ ‘~~~‘~
‘

U - ‘
~ j ’  4x 10

X 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~

: 

~~~~~~~~~~~~~~~~~~~ 
- + - 

lo’
~ 

~~~~ 
~~~~~~ 

D
—

~~~~~~~~ 4xl0~~ - -

where w is the normalized streamf unct tori with iii e—
r,ual t o  iero en unity at the wall boundary, i4u

~~, 
or

the free atr ium bound .,mv , , respectively. ‘the
coeff Ic tents ci1, 0 - n ,  and .,i

3 
can be expressed as

01 — — “ — ‘/ tI ~c — 
~
c ] l0~~ __________________________ __________S 

l0~ 4x10
5 

10
6 4x 1’j ’

- ‘aH~”~ 
- ( 15) Re

Fig. 3m Heat Transfer in Turb. Boundary 1.ay&c X

- 51 -u 
_ _ _ _ _  _ _ _

~ 
c
~o

_Idu
~~l 

-.0046 
-- 

where a 1 , c , o or 0 for ‘~ — U , K , H, or C , 0.0 0 28

tespectivelv. ~he ~oef fi~ ient ci for various val— .0038 — — — —  0 28
4 0096 —~~~-— V 28ues of ~ is given in Table 1. __________________________________

‘ 
Boundary Con d i ti on s - —- the wall boundary, the turbulent sh ear str~”~’. de-

creases rap idly to zero while the lamim i ar t ,c ,c r
Standard boundary conditions ate being used at the stress increases to tu e value of the wall “I c - -cr ,
free streaet boundary as well as at the wall bound — ‘t

v
. Defining an “effective s/meat strc”,c-” cv the

any. However , in the laminar suablayer adjacent to summation of the local laminar and rarh u l~ nt s/tea r
Stresses , an “effective turbu len~ o ~inet ie ,-, c , -r~’s- ”

can be introduced to satisfy the Ifut ea r r c-la ti o n

I v of the Nevzglajdov model. UsIng the “sl ip value ”
approach of Spalding and Patamikar /2 / ,’, t i c ’

A— lion velocity, U5 , can be related to the I ’  cl ‘.‘e-
30 locity, U , by a modified “Law 01 the kail ” :

20 

5 81) (1’)

l0~~ 

-. 

+ 2. 
~ U* ~~Y

0~
” correlation of Eq. (16 )wit h the ex pe r ir ’euu t .i t d a ta

u + . of Rotta /24/ and Julien et al /25’ is sh,,—-c, in
Y Figure 2 for boundary layer blowing and 

~ ‘ e t c - c o

0 I under the influe tmc e c’I rressure r a t  u s c i r
2 3 4 Considerat ion of t/ ueru rma l s t r a t i t  j u t  c- cn s -,as 1’ ..,,

10 tO 10 10 on the suggestion of I,umtrlev and Pancfs~~.- 12 ’-
+ 

— yti’,/v where RI is the R ic i c a r d s o u ’m tturn her , In
¼ fer studies , either the Nusse l t  tc . rc;’ c i ‘ t i c
a, ’ F i g .  lc Fri ctiOn Velocity i c - i  Tyrb, Boundary Layer Stanton number is be ing used . M c c d i f v i  ,‘ C u e

— — 
+ 

—— press ion  of R e i c i c a r d t  / 2 7 / , the ‘ 1.- i -t Ic--n ‘ i t - u
P eq. /16) ex t . r e f .  It , becomes:

0 . 1 2 2  0.0 — - — 0 25 ( t.J* /t’
0 .122 - .017 —— — - - 25 St

0.0 0.0 —~~~~~ ‘ 24 H H h

— - . 0 7 2  0.0 — - - V 24 IJ* 51 Pr 
1M -1

where  a — 5 ( ( 14  -- 1 ( 14 I dy
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2
US _ O . 2 I ( l +Re 0

~
32F +O.5 Re O

~
64

~
’. ) 1/2 ‘‘°r /

u— - • (0.02% Re I (U ) 6 rn/sec . 6 .7 m

with F (p V ) / ( O U )  ~~~~~~~ I
For the c - u s c ’ c c t  -‘Fl •‘qual to 0 .75 and Pr equal to
0 . 7 2 , a is app rox uciatt ’ lv equal t o  /1 .9 6.  Co r re t a -  c- 50

tion of Eq. (17)  with ttie experimental data of o

Kof fa t  and Kays / 2 8 /  i cc  shown in F i g u r e  3. 
.�: 

-

.75 / .50 . 75 
U/C lç,) 

.i5 1.0

.50 J ~~ 
T~ — 277°k , T = 321°k

O 

~~~~~~~~~~~~~~~~~~~~~ SCC 

2:0 

~~~~~~~~~~~~~
L1 i

~~~~~~~~~)
75 

• ~~~~~~ 

.50 .75 
(T_T

w
)//T

~~
T
w
) 

~ 1.0

.~~~~ 

= - .026 1.0

.2: 
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::=“::: : 

l~ S 

~~~s / p lo ) x 102 .25

Fig. 4: Velocity rc-’l Shear Stress Distributions
0 I .l C) I AL ~~~~~~~ ’i  A a

0.2 0. 0.6 0.2 0.4 0.6
theory oxp. ref. 

2
18 ,8 — 0 30 

y/(iJ )

2 8 .3  — - —  0 30 . - -

37 7 30 
Fig. 5:  Ve loc i ty ,  Temperature , and ‘I c-.rL . i - I c i ” . a V

x /ó theory C X c , nc- f.
RESULTS AND rt lc -C US SION 0

13.1 —  0 :9
A pp i t i - a ticin c-c ! the turbulence kinet ic energy rrueth— ,,j,,~.6 A

od w,,s ria -le s y s t e u ’ . u a r :  .,l ’.- to a number ef engi-
neering 1cr, c h l . ” .rt ’c , l a m  ‘ .9/ analyzed turbulent stable atmosphere bc’.,u ni’ mr v layer (cu’Id sc - u n : , - ,- -

bouimd~~ny layer fins’s .ulc;ig a flat plate and con— Good agre~~ ent was ccc tain ed I c-cr velocit y , / ,‘r’:”ra-
pared wi t /-i tict’ ‘-x i en u r i c / c l  dat.i of Kleba nc .c f f /15/ . Cure and turbulence energy profiles. -c - cu r ,- ~-

Byrne /22 ,’ ,~ - :,ti’ .’ 7,’c! t c c - r t c ’ c - ’~ent boundary layer f lows shows the comparison of Pepper ’ s resu l ’ . ’, vu /u t a i - .
wi t /c blc’wine cc c-) v - c  t u c c c c  cinder time in fluen c e of hotra~ s /33/ experimental data on a s / u t m c c l , c t e c i  ,‘.c.c l —

- 
- 

t a - .’ c i r . c t - l e  i cc - c l  a-/v et Sc ’ p ressure  gra d ient s am md corn— lutant (ammonia) d i ff u s i o n  process in in uns tab le
pared w i t h  the exper c ’c’cital dc ’t a  ci .Iulien /30/ atmosphere. Good agreemc uent was obtained 1. c’ . veloc —
and  Brads/i,,w /31/. Fi < c i r n ’ 4 c/ c u ss one c - c f  Byrn e ’ s s t y ,  temperature and co ncentrat ion d is tr mb ut m c c r c s .
c ’ - cr c 7 I r j sc , nc for h - c c r c c l , i r v  l ay er  btc twing with h a—
v, ’ r , c I c ) , - c u , - ’ .’.c u u , ’  ~ r crI u etc t . Good agreement was ob— CONCLUSION
t u n e d  bet- 5- ,”’ t’,’rnu’ ’ s .,‘.cal’.’ tuc  ,il results and
J u i c e ’ s ex p”r ucr e r c - t a l  - c a t . ,  in v e l o c u r i ’  pr~~u c I u ’ ’ .. The turbulence k ine t ic  energy eq ua t i~in was u c - , - t  tc -’c

Only ‘ i c - c - e r  ‘tress at ti c,’ wall c..,s rned.c cc-red. c1s comp lete the Reynolds cc .,c u , , t I o rcs fo r  “ t c , c l ’ ct,t’ the

~~~ CXp CC t u ’cl , t :, u,’ r, -,x imuutt sheer c- tr ,- ’-s i c - c ti c, ’  blowing heat mass and momentum t r a n s : n - r  in t .c - rt ’ - c - , c - c c c

- - c - c -  r . - I .ir u suru.a 12 d k s t a r u c ’ &‘ awa v / r .‘rn C / c e hc- tund a r V layer I lows. By c a l ,  cc - i a ’ . m ng t I, - ,- .c ,i - -

w a l l  . i c- ; - , -
~~ 

/ / 2 , - ’ 5: , c -.-~~u’d t c r  c’ ,, l i v  ‘ c i t  i f :  cci V i  Si’ c-u i its’ ever vwlte r c in I/ce  i ‘, Cs’ I c- c ’ Id , ., ~~€‘ t
bcc ’c c ’s ’ f ar y  layer  in  .m ’’r c ’’.p/ t’t t’ and c , ’m r .cr ec - i Ic - c s ummiquely determined er- ;-ir ic - Si ,- - c c - . t a c c t s  c~.cs ‘st cl- -

re sults w c r - s .c  ;,‘.‘.cil ;ib le wind ton/ne ; data. Fig— lcs (ued for boundary layer t i c -cs ’s 5 1 c c - It a tl ~~t p a tu -
u n .  5 sic - c s ’ s t r c ’ - c- -r’ y.cni s ’ct ’ . of Pepper ’s .c , t a l ’ ,’t  ica l w i t h  zero pressure g r a d i e n t  , for ac - u i  u ’ ’ . S t  m eg and
r e s u l t s  w i t h  c’c r y a ’ s /1 9 , ex per imenta l  data  on a dece le ra t i ng  f l , c - , s w i t / c  s u r t c . -n a c , :  ! ‘ i c ’s ’uuc g,  as
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Ri’j t ruuut , ’cl fruurn the F’ ,’hr uarc - (975
- / c c-c-u ruc-c cI  ccl !Iu ’at l’raria f * ’r

D. W. Pepper ’ Trans port Pheno mena in Thermall y
pOSI’doetO,.l Fsluw

S. C. Lee Stratified Boundary Layers
pra~._o,. , -

.Studics cc/ hea l , macc,,, and ,nucmentum t rans f e r  sri ’  u, u ccd , ’ (, c a,icc -u l c z u ’ I / /c ’  f c c r r i io tcc , n  c c - /  fl/cc -

tine fo gs  in thermal !)-  s t r a t i f i e d  b,,undarv Iac , -rc. in 16,’ atm cc.s ph er u ’ ‘l’hi ’ A c - cc c ’rruu ’uc -’ par ’
Dsp..lm..mt at I4.chanlCuI afld A.~OIp C. tk~l d i f fe r ent ia l  eçu uat c cc r i s  cc-f , - , , , , tcr i u, t v, m,,m, ’nturn , t, ’mperat c.cr, ’ , curmd c c-c- i c - c -  , - , u c - r c u t c - c , u c -  dir ,

En~ ,s.,log and G,ad,.al. Cants. 01 Cloud 
-

PImy slcaRs..s.Ch , ic - ic ed to describe the tr an spccr ’ p h c ’r i c c - me nuc - .4,c a d d c - t c , u r t t c l  , ‘ q c c a i c c u r c  c-cf dc- c - t I c - c - c - I c -  ic - c ,- ,,u , -ru ,’ ,

Uatas.at$y at Mtasoufl.AoSa. u - s unt r i c du u ’ed t ic ac ’ c ’c c unt fucr tic,’ (ju t u’lucptic c ’ ri I id th, - / cc - rh o 1, -ri t nc - cut u c - c r c ,,  Sc r ,ccc - l ta  ne c-ocr cr c-c -

Aol., Mo, lu t ic , n  cuf this c - s i c )  c rud ccf equal c cmi., cc- 11cc - cc -u the t urb uc - 1i ’r i t c-ac Icc - c ruy ’ u ’ c- ’ cc , ’f/ u c ’ u c ’ r t  i ,u / cc - h, t ru -ut

ed  in t he same cc ci’. as al l  o i l ier  dependent pa r an uc ’/e ’r u t, ‘rd fcc c-u ) ,c cn cc ( th,’ ( I c c - c - c r c -I  c - c c c - c ’

approach cc, made !c~- c ’ i cm paring the nic - rn ercc al p re ’dcc - tc cc r us cc - c t / c  cc- c - r id  tunnel s c m u/ u t  ic,ricr

ccf neutral , s table , and uns t ab l e  r, I ,ru c - c - c,~c-h c r ,  - n App lcc-at c c c , c cf the’ (h, ’ccr ,  us  ,‘ct , ru ui, ’cl (cc

the ’ inves t i g a t i on  of the ’ f iu rm cc - tc crc cf cidc,-, ’c - t iccuc ficg ccc u- i ’ c , c ld  c c - c - c a n  ‘ . c c - r j c i c c s f r i  cud dc ( c c - c - r d

t ic th e’ established cri t eria , cbta in e ’d frucn u u u r m d  t ic- rm nel do Ic ’, - / he ’ fcug mccdi’ l t c-c l. , c i nt ‘ c c - - i c

si derat io ,m the rad i at i ccr u and cc -e dcu n u’n ta t i c cn  cc-f fcc - i ’ drop lets cc c c - c , ’11 ui,c “c - i c - c l ,  u c - s c , t c c c - , c -  c/r u, !

t i c -a p uiratcu un c-cf l iqu id  ca t e r

1 Introduction it i nimel . ni, de finite answer inc readilr,’ av~iIah,le c5uc. c - u ,  c - ’ , u ’ u - c i c c - u -  i c - c u e  it

c- lppes rcc nei’essar v t cu  dec’elecp a realistic m,,del to nc irm ce ’ rc, ’a l ls c u ucc - ,

I’, ,nsic ie rcu ( ule ,~t i c -  c - ru has lc e ’em m made in ri -u , ‘uc i ve’uir ’. tu , ,,uudc’r,cm c-cucd Ic -c -i ,. t rciiu uupuurt phenomena which n u t  cm lv can h. s ’er i fu e c h bu m ci mid

r u  ii’. ( c c - r i  iuhe’n’ cmmuena in thermally strat i f ied biuuuu nc iumry i c - c s ,‘ rs Ad ii innel e,cpe ’rm ments hut may c - t i c- cc- he icc-ed fc - c - r lurc h cc t ccc 5 a (flu ,’

e’ i 1uuat ,’ kn,cwl edge imm th is  area us val u able iucr pred ic t mug the ( i / / c u  spheric muitu i,ns,

,rc - ,, ’~ c-c- if a ir piullutan s in the lccwer a t nuccs ~u here as we l /  us /c - c r Mat tmema ti,’al analyses u i  t i i r huu le rmt rnuucpc crt cr c - c

c c - c - r u’ ’ ic - u c- c m g air vc uite r c’iru ’t c- la t i u i mu t’,ur weather ,- , , u, u ht c - c u,’. ‘s I c - i c c - s  c - c c - c - v e i l  /u v Hummze 2), Nicc nmmm and ‘m’aglucm’n ) / ) .  anti I cc - i cc - I ’ s c - i c c - c l  ‘ c c

1i hs - ’, cc - c- u l paran’ce t c rs are c - i c ’. c c - I s  ut1 in atm uu,c- pheric m ramus~u ,c rt  prcc umc ,bs k v 14) i- ased cupuen their vi ccd ue’ s, t ru immspucrt  ; i h , ’ u u , c mn i ’ cc - ,e c r ’

u sc-i ’s ‘curb c - u s wi nil , /e rnpcrat cure , and c-,ur,ce nt rat i’ n c c i  the ch i l i ,  c - u mu ’ ,rnma/ lv t reat ed (us’ phencime’ii. c li ,gic ’ aI u,imd Sm ,em cv i i ,  ci )  ( I c - u- ’~ r c , - —

i ng me.di,inu c - u s sell c - es the gecdgrap hu ical te r ra i n  St c-imbue. ‘c - i c - it mu, Wh ile mhvsc ,’a l Iv mucre realistic’ / ham m phentimen’ 1, cpu it I ni tb / v  - I (tu

‘ . 1 c l c , ’ r c - c -  n c c i  cc c , ’ .  h,cwi ’ver , are hccnuler ,’cI his the ’  ( i i r / c - , i l e i u i ’ e  gemc , ’ r u, t  - use c c i  s t c u t c - 5  c cc l dc’sc ’rt pt c uu im rec4 uumre ’s a large s c u I c c - t u c , -  c- i c c u - u  c u l l s

.“ -c  I b r ’  ‘flu tb , cm , ( , ‘ r c - , , t i’ c - t i c -  ‘ c i ’ ci / I i hence r,’luitec ’l parameters , ‘ s i c - c - r u ’ ,  us ,- I, cuinip led exp~’rumental data mb rh are m m cci current I’. icc c - ucla/c l , ’  ( ‘ h ue -

as c- u ru’s, l u  c - c - I  the ruiruuhu ,m m ,,ti ,ium cu f tc i rhu,le mu i ’e edd ies , field nut’s nu iuu men euliu gical the iur~’ is based principally cc p i~ui mncxumu g Ii’ uigt It

~, 
- 
, ‘icireflient,’, itt(’ ,uften i mu ue uff ic iermt fiur f,,rmm, (at .mg a ru- I u, ,  I c - i ,  u muc , t lie ’ t ic,’ , rues and I urbm u /enc ’e’ kinetic energy ,,ppru ,am’he’v, ‘l ice uu,c X i  lug

, u i s t i u ’cd mice iel length mnuude ls , luase’d c c- ~ ,,ccc the u’eunc’ept develuiped / c ’ c- l’ r . , ucc - l, I .5).

isirnei lat tuenmi c- c/ atm , uspher cc h,uundeiry /av ,’ r’c- c-u r,’ c c - c.,,,, II’. c - u , ,- c c i i i  i mit-u ,rpuirate rather ~i m ui t i lu’ v e t  su,- ,-c ’ssh c c l empir ic-al r,’ lai c - c  is / c- ‘ a,

1 c - i c ’ .iieul i,v wind tu nnel modeli mmg and ruu imcii ’ rc i-ii i c c  c u u i ; i i i u c - . I  c c c i i ’  -\ i-m int h r  the Reynculds shear cu r e - vs te’rm mu the ,sli ccu i c - c cu e. ui c c c - ’

c - i , ’ : , , ,  eel c c r v e s  c c i  the literature c - c cric’ erum ing f ield nc - u i — c -  , r , - ncu - u , i  s , i t n  ‘I’he us” f turbulence kine tc e ’ ,‘ni’rg’. m c - ’ ‘ic nmlili’tm’ th,- /1 c - cc-

,ulc ’ - r c , i c - c r c  . c u i c ’ u I , , i u , c - u i s , antI numeri cal pr u ’ c I cc  c c - c u , ’ .  is g c v , - u u  liv 1’’ - i ’ ’ ’  c lv eq ’ i a t u i cmc- s , Ic - no 1mncpiised Its’ Ku u l m ni ug m ’ rcc mc 11). iv c - I c — , c c - s ’~- ,t

I I ,, c- uiult h ’cuu g h nmanv c / , , , ’ s ( cccuu s  has,’ i,e,’u, rce c s ,’ u i ti c tuu mhe(h u e- r u , ’ s i i , c , c c  k’ ( us ‘F ,iucc um rc -e nd 171. (( c - c c - /u- 12). \ I , c , c u i c  and I c ’ c - c l c - ’ ’ ’ c

u i , , - . - ’ c l u , ’rc , t ,cr / , iul , ’ n i -e can hue ri ’ caIis (c- , cu l l s  ‘ c u , u , c - l c - , i , - u I  iii a w iiic l ‘l’ennekes anti I.uncrley )//) , aimd many c - c t / , e ’ r ’  l”,u l l , c sc c u ig  the ‘ c - c - c - cu’’
i i , c ic ’ . c - ui l’ cc - l i c c c c g u c r c c c -  6) cinch I’ranu l( l ri). / c, ucurhc c / , ’ru m s/ , , - ,,r .u r , - — ’

~ is re lated m u, ihe t i i r iu ic le nce kinetic - e ’ um e ’cg s s ,,ut ,’ - h’u lt ‘ ‘c-’ ’’ r / I c - cu .

mieei el is the bias,’, c - c -I c- uel , -u i l c - m i cc- ’ uc ue l c r , , ,  , ‘ , I c - c r ’ ’ ”  c c - ’ .,’, 1 c s (,~
, _ c- c - c - ,

s c - c ’ ,,c - u , ,, h Ilus,r I ii,.,,,, u . - r c -~ /‘ , I , c i  t ’ ’ , , uc ,h,- \ i c - - c - c r ’  c - c c ,  - I’,ituinku ir and .Spalciung iii). and l , , ,s uu ccei d ‘ t al i i )  ,-‘S sunc 1 c - l , u I,

‘ ‘ ‘ c -  , la t uu u nshu it i  is -. cc - gge- ’ ( ’ ’ c l  (mc- N i-s c -p l c - u: ’ 1 c - - s  i ’2 1 i c - c c / cc ,  h th ,’ i c - c - i t ’ d ,  cut

~~“u c - c - c , u  t , , ’ r . c u ,  A r c - u.  c - c ’ d e c - c c -  i c - c - c , -  / t , - t , ’ r , - , c ,  ,-, , ,,i c-uc - ct - c - i cc- -up ’ ’ ’ ‘c- hear ‘ t r e ss is lin ear/s related t u  the’ t ,ir l,ul’-,,ci - Ic c - i i c c - ,  ic - ,- p -

¶1 
‘ I t t -  \ (  l i t  I’ I/I \t I

’ 
h ~i 

‘ i I / u  u, (ci  h e  been  cc ’ e / c c - I c - c  e I bus lim’a,/ hera t I I t )

/ ‘c- s ,.,,, c - c - c - c - - c  ‘1, I’ ’ ’ I i’ c c - e r  ‘c - -  Ii i’ I-etc a n/ui I.e’e amud Harshu’, 14 )  in a.ma lv i.iumg l , , c u ,u c , l,urs las’,’r , , u c - c - i  i i , ,  ic - c - u
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heilent ii ui s , res pect rely - ‘‘‘ ‘ ‘ “

I ,u I i~~
, , ‘ c - i  the mamiv ii uffe’rent ap~ur u acher. use d mm c- l~ ‘c-i m g I he dcl a m

c- , r . ,, , ‘ , ‘.. ‘ferent iul e’qc uat u uc ns gcuvern im ig turhuuleimt ti c - sc’ s , i t  mu. necessary tu, in - ~ : - :~: ~ , - ~ ‘: : . .: ‘~ , .

se ’s t dg. i te  the s ’auudi tv ‘ c i  a ll auc-aihcehul e meudel.s iee/,cre u’uendue’ti ng an ~ : .: ‘: , : ‘ -I :
-c id.iI S “ i ’ . H’. dic in g the cx pen muc e nt al data c 1 K leh,cem,i cff ) I ‘i) ammd t he 

~~i .c-’~~~I I ! e I , ,~~ u.è. ~
neutra l a-inc-i tunnel clci tc - i ‘i Se ’h,,j u and \1 ,- rs ) 16) c- es a Icc - isis uI , c , uc c “~~~

‘ 
~ ,~ 

4 ‘ ~ I
l da rc - s cc - u i. it usas piessible te , c- ir ,a ls’ ze the three met heed s cl c l, ,s,cre .,. ~ 7 : “

~ ; ~~
,-

th at are ~~ c - cc - u,  in Fig I - ‘l’he disarray ,cf data peuintui in the Prandtl : ~ , 
.: .

n u is i mug length tnoe.Iel mdc , ii, . that the mixing length parameter cc ’~ : , - c - u ’  - - - ‘ . I

reu/ c c ,  n’s niued ificat ieumu fc r each pa rt uu -u la r pr i c hl e rmc - The Kcih. m uucg u i . ‘ ‘‘  ‘‘
~~~~~ 

‘ 
-

r,,v niu,de’l. while ncr, crc adeq mic -ite tham u the I~ ramm dt I um c,x iim g le ’ui gt hi - - -

mc del. hu egeucs t,, s Ic, cm ‘cc ,,,ce scatte rim cg cii time mmea r wall rep’ cii ’ , e l  ,, , -, — - -  — 

the Ic eund ary las- er I he Nevzglajd in d e l ui the ther ba u d is

simp le and gives relativel~ less scattering huer the sanue data , Siu mui- -‘ -“ ‘f” - -  - .

ar  c , , m c m l , , s t u , m e s  are ala,e drawn by Harsha and Lee 17) b ,cr  brer tar- Fig, t 0.1. cOnatatlOn with tuthsd nca mod lo

buieni bl,,ws ,
‘l’he apprecach adempted in t icus  study attempts t me make cuptim iim

c ,ve ’ cc - i  th e cu rrent advancement in numerical techniques cucccp le’d
with presently availuehule experimental data for the purpose of real- and F,,,, F,,, and Fe” are the source ter m ,. ucf nc c u i c - , - i c - ( c - c i m c r, ,- c , , - rgs -

c - s t i , ’c-u l lc predicting atnuecsp her ic motions with a minimum m,f em - c -end concentration , respectively. Detailed d i s c ’ c - c - s u . i , c - c c  c - c /  the’ s u , m , r ,

rc , - c s m , m - ( ‘,,mnparisun of the numerical results with wimmd t icm im iel terms is given in the Appendix’. Clumsure cl u / c c - n c  u.s Sc, ’ , i~ ,,f ~~ c - c -,~i c - c - - i c - ’,

simulations under vari,,us conditions iii thermal s t rat c f i ca t i ’ ,n is tem us ae’c uemp lished by using the Hu,ccssueces q )l8) cupp rum a ccucat i cc - ic - c - cc.

lue disc ussed , A pp lic at ic u n ,f  the present appre)ach is being maule t , m  the Nevzglajdov )t2) model , as modified by I i,,’ an,h ll c - , uc - , h ., 1 1  u -

v t u dy the formation and dissipation of marine fuug e,a’er th e c,cean, the apparent tur bulence kinetic energy, Q, ca n be’ related t,, t l c - r

la minar and the turbulent shea r st res sen as

2 Analysis c- c t  ~~~~~~- - — ‘1 ‘1
lIce basic equatieuns , which describe the atmeispheric lmuiundary Ic-v — pce ’id ’ - 0.3 (ci,) —

~ 
- 

2

Ic-ever . cu,nsest imf continuity, momentum , tem pera tcu re, and ciei’ucen-
tr at iuen I”ce r two .dimens i ,ena l , st eady-state beuundarv layer hl,iws . It is tom be nuute d that the mag c cc dc -c d e c - i  c ’ , c - ’ c - , c r u b ,  c - c - c - c - -! I- - c - i c - ,

the geivern ing equation s may be written as shear stresses of th e eddy m euticen r c - ii m the ’  tu r h cc - c le ’ u c t  Ic - us ’ - ,  - tic - ,- ccc ”

- c 
lecular meutions in the laminar sec F,la~-e’r - and hi , c m h lain cm,, , r -‘ c - c - I u c- -

p 1’ 4- -‘—
,~ p It = 0 (1) bu u lent motion s in the trans ,ti cm n la~c-er A u c i d c h c t c c ’ t c - , m I  ,- - s i ’ u i c c i c - ,,

- , c equatiuen feur the appare nt turhulemce ’e k c - c - c - e - t  cc u - i c ’ - r g s  is cc r i t t i ’mc c - c ’.

p t ’ -—
~ ‘ lilt -

~~~ 
‘
~ 7 

(~~~
— -
7 

— (uS ’,’ ’) + F- . (2) 
j~i _ _~ ‘ p i / - ~-~ 

—
~~

-
~~ [ ic-~u I ”

, , 
. c .i ll  - I- ,

~c T — - i- + p I/ -—~~ 

~~ 
ce-’
7 

- I c - c c - c- i’ ’1 4 1”,, (3) where F.4 is the scuurce term f e c r  t ime ~c c c - c - c - l c - .- -t i i c r c a , cc - l  d c s ’ u 1 c : c t , c - - t -  c - c
- - - turbulence kinetic energy

I 
c-
~ ‘ ( 1 ’” 

— 
,, Introducing the apparend Prandtl acud I-u, I c - , i , c - c - ! u  n - c i u , / , e  r— .,— ci,,.

5’ Ii I ,
~~ c - /  

l~ ,/  d~ cussed by I,ee , et al, 19). the exr hamu ge c - , , , ’ I t c c  c - c u l t s  c l  mu d , , , , ’  c c - I c , , c c -

in which I ‘ and W are the time-average vei,,ç c-i’, c- i,mtu ic .,‘ / i t s  , heat , cu uncentrate c mn and turbu lemms ’e h,e,’i, im ce ’

the X and Z directi,uns , respectively; uc is the densit y; I” us the 

~
, — - i—- c- . ‘~ ‘1

ceen ce nt rat i iun f uer spec ies m , 7’ is  the mean tern perat s u re; the’ Ic - - d c- i cc - ‘T~ 
) .3 I c-d e c -‘ -

p ‘
primes de nm ,t e fluctuating quante to es . ~ c m , at-id I) are the dvmmarn ic - - .

~
--c- ~u - . (8)

v c s m - , c ’ . t m y ,  th ernial , h , ( l c , - c - c - c u s  amu ch s 1dt ’c t m ’s u h c - ( h c u s c s c t s . res pect ive ly ;  ‘~ - c te / .2 ~

Nomenclature ~~~~

,

a = , - t i c - t c c r , u ’ c i l  ,- , , u t v tc - en t  K, exc hange m ’ ,u ,- / Ic, ue nt ‘if heat

/ ‘“ = c c - c - n c  r i d  rcit I’ cn ‘ c - / c -  . i c e ’ c - c c -c -  rn Is’ ., = exchange rc,e’fh ce ient c f  nmuument urn

= ,-‘,nce ’ nt rat ic ,n Il ium t cu ,e t sin I’,’ - e xchange u- ,,ei hiu ie’nt c-u i t u irhulence hr. , I c - c - / i

i t- = s t u t ’ c c - b i u  heat atc i er .st af l t  t ure ssic re kinetic’ energy t ,, ~, c - icn ie ’ n t c - ,u ,c - - u ,  ‘, , / c - ’c c i ’ , ‘ c - i  c - ’ c - e . c - I c - . ’’,

( ‘ ‘ = ra u,’ c i / t , crmat i o n ci h i quid water it. = mass ahusorp(icun ‘ cc- ih., ’ c i - i c t

/I c- ‘.1 / cc u - nt of mn le’e ui lar diffu si eun I, u = latent heat cub c a l eu crc ~iit ‘in 1% = nc.’an s ‘ I cc -c  m t .  cm ’, th~ Z I,,, . i,, ‘mu

I) ., = i l iss i patu mu n cf t ,ir ’neibencc kinetic 1’ ‘ .t c~t ic  pre s sc c re ’  cc - = s- elius - i t s  0’ I c c - s /  - - ‘ c c  it , Ic , / c- hv ,e

energy 1’ = presati re f lcmm -i c i m it co n t mu in

¼ 

b “ = -. i c c t ru u’ term u c fm,r cumn,-ent ration / ‘c- = prumdu -t inn ‘‘I t ie  rhu cl i ’n ce ’ lii net ir S = h’ u u ’ c ’ i c ’ i c -  t ic - I d s t arm ’ t’

reh eat co n ener gs ’ Z = s m ’ r i c e  cml I c— u c iu , c - e

c-L u = “,uiuri-e term ( mir  tem perat e ure (~ = km. met ic .‘ne’rgs’ c - c - h  i i c - r b u c , , , ’ u i , ,- c m  = t h , ’ r , i ,c - , I  , b c - I b ’ : - ,,s’ c - i  -

ee~miat inn F? = maclust ,, in eni’rgc c- i c - - c c - c - c c - s c - s  cu

~~~~ F. - ‘.,,u,r, - i te r m t ier uni,mcm utc im eqc ia- 6,, = gas i ’e ,nst ati t ‘h air = / , c - u ’ c c i c t c e r .  I c - c c - , ,  i / c - c u  c - c  c - i ’ - ’
u, ,,, I-I c- = gradient Rue’harilsiutm m ,t,uucle, ’r ,c ci, n a c u c - u c  c - use , ”  c i v

= ‘e,,,irr’,’ term h r  Ii c rt rc ilenci’ kini’t cc II = flux Richardsi,n nc-umber c c - = d,’tms ,t

en/erg ’ .- ‘I’ = mean I.’ mper ai cir m ’ a = I’c - i , - t c c, c - / I - - I t i n i s iu i i  c - c - c r c u , t ,, t . t

= c - c - a s ’ , t  c - u i ,u incui arc pleratie in / - = temperatur.’ /1,ie ’tc,a t em a, = t u i r h t c - k - r , I  (s c- hc m ,c c / nc ic u c b . e r

ic-mt Is’ = ,‘ u-hang ,’ cc’effiu - ue ’nt euf concert rue - 1 
- = mean vclu , c i  is in time 5 c - i c- t m , t i c - d c -  in5 t m i r lec - i le ’ iii l ’ u c ~ ic - c l - I ni u mu /mc r

Ic - i ’ , ,  mc ’ c-e’ / , , , - i ts - fj i,,- t c i a t i , ,n  un th e- “ ‘-c- , - i / c c i s c , Ie- .,i I’r,unc b l l  c- c - . ,

F 
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‘, ‘ :~ ‘c- ~ ‘c-~ I c - c  c- 
S I : - : : .- ... 

‘ 
- ‘

, c i c - c - i 
uu • , . ‘, ‘

1

[ K c j m c - c - i’ . I,)), ~ A ’ c - !  i l/ t i  c- : : : , c - , ,: ) C

r,’-c -t ue c ’t i S Cl S i mm cc Iu m , ’b u - ‘ s us t hr aI)pareimt I’ra,mclt l n,umuulie r w ,th a ~_ 
,

im , c mer ,s ’a l c ad di e uuf ii 7 i ’ . u, hta,ned eiperumeict-ally by Arya I2tel leer a ‘ a

simu late,l ,tc- ,l,l, at m mum isp iuer ~’ . c - r the apparent i4chmnidl neimber , 
~c- ~

euteua l t u ’  ii , ’;;-, c-es g iv eu m by I- ’ leaa, le and Busi muger 2 1 ) .  and ac- the 
c- - - . c ‘ , ..

“ ic - c ’ s  ,, I i - ic t l’r,imc ,It l rmc mmu ulue r , ss b uuc ’ bu is appr ec x um u uate ly equal / c ~ Ii it  .c- . ‘ 
c- ,

1

c- is c he te ’ r mn c - ,mi’ml I is I em. , ci ,, I ) 22 ) , Heeth Pram ud I I and Sch rim mdm numn 
~ 

, I
h ec’rs mm’ rm’ allu,wed t,u s cur S i rc c u d  t ) -I tc i I tb under c’ari,uus c’,,nd it ,, mis /
d ,f  t hernmual s m a h c m l m t s  hut prmmved t im he insignificant mci altering the ~ ~ m s m ~ i ~ t ~ t ~ ~ ~ ~ ~~~‘r ~
results t , u  any appre c iable degree F’ umr lac k ee l any reliable fun e’t i,,n - r u~uc -

at rela t ieen tee cec cuu u irm t feur the var ,eit ic mn u in the apparent I’randtl and
Schn umdt imm imb ers , ire, and cm , were ass umed t im he ceunstant in the c- ~~- ~~~~~~~~~~~~~~~~~

‘. tcc s h s  ‘,.‘“ 
- -

I ’ scuig the cicnce pt c c - i  exchange coe fficients , the governing equs. 
8’

riuuns of meumentum , bete l, mass, and turbulence are parabe)lmc type , , - 
-

( ‘ (mc ‘ .551, -cu,  (if equaticcos came be simultaneously s ,lved tier the di’- 
- -

pend ent var iables cc - I su -l cmcit s . teumperature , concentrat iucn . and im u r 
- 

,s -

hi, - Ie ’ ucc -e ,cs c - cc -’ the mc u uum e’ ricu i l  t u ri,e ’mhu re of (‘atankar amid Spalding - c-

I I c - c )  It ‘c hc ,cul d lie im ,,t ed t h a t  the exchange ceueffi cient_’. are deter- -c c-
sc-

mcneuh hemca lly ircim the apparent turbulence kinuetic eumergy which is 
- 

‘ ‘ii -. - ‘ - c - , u.’
~ ‘c - c

ci t ’c in c t uo mi set the s pace ccu ,erdinates. The detailed nume rical 2 ~

schenue and all necessary hueundary cee nditi eens are given by Peppe r I ‘Is

L I), Fc,r the purpuu se cf testing the predictability, the developed I ~ ~ 
‘
‘~~ I- ~~~t ‘—~~ 

‘t ~ t’

methuid is verif ied with winch tunnel data befuere being applied to c- ,c -2 ,

atmcmsp heric prcc b~Iencs Fig. 3 ColTiparI.on ot rss.~ts b c  a .t.bt. atnlosp#s.re

.3 Verification With Wind Tunne l Data
Ver if i c at i i m ni ,,t the present incudel is made by using available ex-

perimental data Ceumparis ei n with wind tunne l data is made under have been made under neutral at mn um s pher ic con dit ione , ir. met mmr ,,

ce, nclitue j ns similar t i c -  neut ral , sta ble , and unstable atmo sp heric l,eg ic’ a l wind tunnels , m m lv a lew c- ac- i’s c, unta mn tur be ci le ’ nc -e’ h u n c h ,

h,uundar v layers, While a muu mher emf exp erimental investigations energy data wh ich are pertinent to the exchange cc me ff mc c ent meed el

— 
emp l,uyed here. Similar investigatiuuris ccl experime ntal w ,,rk mum

t hermally s t rc - e t i f i e c l  bmmundarv (avers d us cl ucse eve n Ic-vs availa imle

- 
‘. , data ,

L.— ~~ u...’ Ii — . , I’relimuminary invest igati iim ms c-ure nmade in c-c necitral at mu,uis iuiie ’rc’ lit-
(- i,ncparing h he pred icted resiults w i th  the wci ud t ic-noel smmu lat cc crc c - i l

° ~ ,. .Schcimu and Mery I I~1~ as shucw n in I”mg. 2. ‘(‘he s ubs u’ript , mc ’ denu ,t es
- .,. c - c - . mm it ial ccun ’ it iuins, A nuend imetcsii ,nal a ppare iut turbo Ic ’ mm ce k much ,,

ii)’ ~~~~~~~~ e nergy imru uf ile , based up i um m measur e’ memuts by K iehaucoff iii). us

I Or eused I I generate the initial profile in tIc.’ num mcc ’ r ,c- ,e l ‘c -c - I c c - nc - ,-  I h,- —

discrepancy between measeire d ‘cnuh t u rcmhuc- te , h t , m rh miul , ’ umc e k c - u c , - i c u

~ a energy is doe I’’ the use cit the Klehanm ihf prm uf ile which , is fcer fully

eievehmcped fleew , while th~ unit al prc , f c Ic t c - c r  the S,’h~ m c  am u u i NI m r s

“ “~ ‘ ‘ s-ase is s t i l l  a develm,ping 0, ,w, I-I c cc -c-ve t the mm ec -esnc d is , cf prc ’duct i ng

c-a ri ,i us citm eis pheric’ ,- ,, uc , h c t c c , m , ’ , w ut hc ,, i t  having u c- c , ’ c - u— c , r c ’ , I  tc u r h , u u

Iem u ce dat a as the initial pre~fihe . (urn i tic- m u ir c’h,,ue ’e 1, ’ I’. Ic- /c ,, , , c - ’ t  r—

/ ) data fmcr all st,ie-hied cases l’he gmee md agre.’mnent in cu’I .’,-it t ir c - I de

‘ -~ 
.- 

- i’ “
~~

-- - - -
~
“ -‘—-t-~~

— — ‘-i’~i~ -’~~~~~ ’t u’e impari sumn indicates that a fully deve loped tur l umile n t Icr / c - I  I - ’ r

ac-u. average ’ v , ’ lccu - c t v demes not necessaril y mean that the i , , r i c c c I , - m c c -  i -  iv

in, . ‘q i t i b i t e r u m m m n

- :::~~c - , .  ‘,, Ins-e st igat imin s ,,h sta/ , / ’ ,’  s! rc - ,u d 1cccl cci i c - ’ ,s 1,Ic- ,’r ,- arc- mu ch.’ his ,- ,, um ,

- - . c-
~, t u a r i u m g  the ’  1ur,’diete ih t ,’mpenie t imr.’ amu ,h u tu  I c i c l c - r c c  e cr / c - I . -  - w i t h

- ~~~~~~~~~~ ‘ c~, 
c-~ 

w imud t ’ uuc m , i ’ l  s imm i / c , t i , cm ,  d a t a  , c - /  - \ u s c - i  );~c c ) ,  a ’. ‘ i c c - c - c - s  cc - in t- -~ ,/ I /ce
0,, -

~~ ~
°,, ini t ial  t i ’meip eratmm r ,’  ,hi’,t rc bicmt  c i , ,  - ‘ .  ,u ”- ,c- c ,, c - m’ ,l I. , / ci- c - ,, u c  - c m i t h e

I ,~ K le/ uca n ic f l  tui rhuile ne ’c’ k inet ic ’ ,,,, r/’-. c -I c - s i r c l c - c - c t c - - , c -  ‘ ., nc - c I c - ,r tc , Ic - ,u

feur the i , m ’ c c t r ’m l case , is c u — i ’ d  Ic, ,  th e cic ,/, c- ,I c r c- i c - I c -  I / c u c - uc ,l, i c - r I

F’ - “
° 

‘, i,’t ,m , n ,u f iic rtuu u ienu ’e kcu c , ’i ic e ’  ,c,’rg s c’ ’ - i c r — c - s c t h c u u  Ii, t a r  emit ~-I the

~‘ \ “o ‘
~, 

- “m, lm c m , i ndar s’ Icc ’,- e’r mean  the .. c c r t c - c ,  u- ‘l ii,. c - h i s ,  r,-I cce i c - c - c- sc cc , ’ ’ . I ’  u l c -  c i

km Nc’sig I c - e j i h ucs  n,c-,d,’t is , 1 c , i ’ v t c c , na lch , ’  cn  the , I — c  s c c -  , m , c t s  c - u  ch ic
cc-all h uce n,lar ’- , if t he un i cc- - c c r u - , m m , ’ u u u v  c ,rm - t rmih ’ c  re ’ / u , ib ,/ , - i ‘ i c - c

1’ - ‘c - i,le ’ t /i ts rug  ic c ,  ‘ c - I  the ca l m i i l a t e ’ d  n c c - m s c , i c - c c u c c -  l c c , i c c - c I , iuc - , k c - i c - i - i c - ,  c-u,

- - 
-‘ c -m v’s , the t irem iu m te ’ uh 1 , r , c t , I m ’ ’ . Icm- ~ u mu tm c -c c-c - r d - c -  , s c - u l c -  i t m i  c - s i , ’ -  r c - , u c - , u c c - - ,c-

t - - t ‘I”~~ F I’ t 1 ‘~~ 1’ ~‘ ~
“‘t ic - m i , ,  I I , - ,  c u t s , ’  the gradient I/cu hs rul scc m , ncimhe’r , H, rs i s  iv a

in c-mi iS2 c - 1 c c , , i u u u t , , t i s , -  measu re ‘c - I the the mn ’c c ,l s tr c - , t ,I,, c - d u n, the ’ destru huitc ,,, c

Fig- 2 Ca,,apar~ on Of ,*suItSboi a is.utvaI It oSpis.. ecf F,’ is 1mlc ,tted as a i ,c mu , I c c - n u t ,,‘ - a in Fig I c-”, I t h ,c - c -c, c- Ic a il,-. r I d
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o FIg. 6 Scja,uematlcs of advection tog over the Ocean

- 

~ 1 O’,2 ~ 3 ~ S 0 5  

-

- 1/ sc it lu the’ ss- iuce h t c c - ucu mc ’ /  c ,c, ic I ,I c - ,i c r c  c/ cc c- c c - I Nla Ihc,t r-,e ami d I , ,cic,,Ic-

Fig. 4 Richard so n number companisonbor stable at m osphere c-cs s lm cc sm c - nm cmi l”cg. 5 ( c - ’. c - mc g  t he- niceasc u red c - r c . t i l c v  at a c l c s t , , c c c r ’ ’ t  II

cci ch ,cs u. ’ u mstrc ’ c - cm ci a sm n i ,ule ut, ’c l  c - , c c - c r ,’c ’ .5 - = ,i ,’I nc - c  ,c ’ I/ic- I c c d / c c - , /

,- ,c n , ’c ’ n mtratmudn ,e mc c l tenc t iera mi u re ’ l I d c . / I I m - v , ni, ,- I r c c l c - c  i , - , i  c m ’ s - c - I t s
icc , -’ , c c - c c ,  mrs in mhe tcur h ,sul en e ’ e kinetic energy cu~nm par uscen , / ice ( i c c - h c - mc-’ ree svu ’ Il cc rh thm m ’ ,, c - u ’ . c c - . i c r , - c l d . c - u  t hc r ,cu g hi,ut t ic , -  l i c- -c - s icc ld Nc-

c - eru ls ,,mu , mccuumtcc ’ r  1ure ulcutm c ,,c ,. c - i c - ’ rc ’e s.c-elI w i t h  A r v c-m ’v d ata es- c u ,  me t he /, c - rhcci lm ’ n mu ’e’ c / c - u / c - c  c - cr , ’  c - cs  c - , c - I c - ’ I , I ,  b ,c r , c c t c c l c c - , r c - s u c c c  ,‘s , ’ c c -  I 1 c c -  c - c c - c -c - c -  -

I u mscc ’ r  1 m m  c e - rc , - m ,c  c c l  I he’ b c , c - i m u c c t c - , r s -  Ic - uv, ’ r ‘( ‘ hue gru ec l ienut I( mc -h c -er ui sucn e hc - urc l K le hi aucc , l ’f pr,cfile c cised as the m utual  turhm ,_ ulc’ n, , ’c’ in u I , -  c c - c c
m,,uuu , bu m ’ r , F c- s re la ted t,, Ibm,’ himix Riu-hc- irdsc,ni ,cmmmhe ’ r , J?~, by the nnerica) scheme. I’rc dcctmc , ns . wi t h re ’ , cvc , , c - c - c ) c I , -  c- u, ’ u c r ~ c- c- t i m  cc - n , , ,

r;ii c c l  the no, imenmt mini e xchange c u effic ient t cc  the heat exchange av eraged q duantitues mmf cc -el ’ c c c l v ,  t cnn perat ore, an,h c c c , , , -  cci rc - , m c - ,
‘ uc ’ I /  ic - c m - n i t  c-ippear to , h~ possible usiumg an ap prccx imate’ i /mi t  ic- e l Ic r - t c - I c’ I c r  cc - cr

hu i v’ c ’- c - i c g ct m ’ its ccl unstabl y ‘ c - n rc- c t  c/ ’ mu ’ c h atnuuc ,spheres are made lit- hic lence; if thc turhulen,-e m ’ uc - e- r gs ’  is hc e ccc - g h,aIc-~cuc ’c ’c l -.I u i c - c  c- I c - , , ,  c - i c - c -- , .  c - c
mm) t uc - , r ing the t urech met cm l t crn pera t cure and c’om uu ’e’ mut ratiuun pru cf iles cc -i t h the nu, ,me’u tcim . heat , an’,? icc-a s s , c c - cc - , — ,, cc ’ ,  c - t i c -  , i t - -  - -  ,,~ I, - - ‘ c - i - ‘

tlme’r nca llv st ratified at mum cusph v ’ rcc ( iccundary Ic-cc c r  Es i c - c c - - c .  c- - - c - I  u
nme’t hi ml is ice m ng made t ic predict time I” crnmat , mcum ml ads c - , - t  c c c uc cc

cmi r r ing c c v  c r  rccl d sea s i c r / c - c ,  c-s
10 ,

9 i 
~~~~~~~~~~~~~~ 

I Advect ion Fog Formation

a , t h e ’ , cc - c - sm- if i tcu ,c iffcc - c e umt  muc i , c m nca t c , c c c  r - g.c rc lc ,dg .,, ,‘ c c c  I c - c -,;- t i c
• s i c - c c - /c -s c- etc c-us ’ad l c - , / c l m ’  in c c - u , -  Icter ati ire ( I c - c - s i c - c c  — i c - ’ , l ,  ‘ — ‘ ‘ u i  c- - i c c -  I i c-c-

d c c c l  , , , c i s / ’ c - i I bc i g has’,’ h ,em’ um uu,aelc I~ 51,, Ic i t  c - c l c - t i  I - c - s i c - ,  r c - c - c - I

1 ‘,q,Ic - eui )27u) .  Zehiu mm k , dw-s ku an,,? l’rc - us k ~; ;mc -~ , , ccc b ) i ,c - ,~~c- c- )._ ‘7)~ I - c - — I c - I

c- r c - ,i i ,m mc c - ’ t  I /ce ’  rui ic - rmc j ihvu ’ ic ’ c el / c - r c - , c- ’ ’~ m -s cm l c c - . c c c - l , - c - c - — c c i c ’ t c -  i, c - / c- , c i c , ’ n i ,

I ‘ , c c c - c i , ,e , j c o ce uc tu u tcuc u,  c m, c l c ’ s ’ e lcc 1 i c i t g  the’ c - c c / c -  , c t  c - c - c c -  tccg ml,- c- c/c-I

,c m u t he ,- , urr c ’ u mt c m/ f ,, rmat id ,um mi~cd /c c- r l c - , c c ch and ,‘c ’ a ’ . u c - c I  c c- ‘ - ~ ~ t - c - I , ,  - 

- F , c -  i . / c c , s s v sc Ic~’ i , c - , i t is,ilI~ I/me t c - c - r , , c - , c c  c c - c - c c  cf c - c , ts , , I c - - ic I -- c - c -
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,n cc ic - ,,’h P.c cs the al nc cc uc ph e rc c pressure ’ at sea leve l , and U,, cv t ic ,’ mx a c ,mflg le spectrally averaged maccc, a bcscc rp nmc ~mi c c- ce1t c - c c -  ccc  I Ic- ,
cc - a-. c , c i u s l a i i i  ,,t air i ‘s x to  cnn/gm 1, and 1, and Z~ are t he tuep and ic , u t i u , n c c- I  t hu , I’ ‘ec-

‘ remperat ure Eq uieti on , l.atent heat an,d radicci c ,, m , cu r ,’ c ccuc icc t o m , rc ’s 1mm’, -t cs ,’ 1’, ‘(‘he gradient c-c l  mic e radi at c c-n ,  e u / l u - c i t i c . ’ . ,  b~.
-‘ c - c - / c ’ r , ’ c I  h~’ the r’ ‘ ,et c - , , , c -  cc,mes

1 ,, l- ,e , I t/I - c / I l  
~ ~~~ I , 6c - ic- ’T~

4 h ,p~ ’ e ’ 5 1 c ( - I ,(i tc- , ~~~ f cc- cl/ I ~~- I 2 I
mc whic h I.s is the latent heat uuf evap ,mratictn at ii g~s m ’ cc tempera

cur e , amid /
‘
. c c - t he mate of Iscrunat mon ecfcc- ondenne d liquid water at ‘~ in w hich ,,, “ is the liquid water c’c , nu ni’n ,t per u cuct  air m a - ,.

~I ,5m ’ mc te’mperatdire ,uamil ta ccerm espccndu ng partm al pressu re cc l vap c ’m Species Equation. Three -. t ce-  ce ’ s are cc,n’.u,heu r , ’mb ccc  nh I - - i
In c c ru t e r  c ceul ,-ec la te 1’’,, I he sat uma ti i cm m adjustment ic r , ,,-ec t,c r,’v ,cb c,’ ‘c it - I  air (m I), water va; ,c , m /n, Ic , cu ,,1 lcq~u cm l a c-c ’ c - m ’ , ~c — -

‘s t I), ,uualc) 281 aund Asai 291 n,,to he c,mctI ined cix fi,Hicwiu , Ass imn ncnig Nc. air u-an be l’ucmme d d uring fcig f ,crm si ,ccrm amid ~i i ’ . — , i c - . ,  I ,,- m ,
,ui m and water vapccm can be treated as ideal gases , t ime am c i,, uu l ,,t 

,,.‘ , ‘ ,c -’ , (‘imnsequent ty ,
,,,,,cI,’r,sc’,I liquid water can be expressed as

F,,’ 0 1A t 3

- 0 622 ~~~~~~~ 0.622 ~~c-’—~-°’ (A 4
I’ , I’ Water vapor can on ly ice, formed cit time’ e e c .  i c - ’ . c  ‘.1 i ,c i ,,,l ‘sa c- ’ -

thus
c c - c r cc-u -h em it cf air miesic . in w hc, -h 1’,,, c s t he partial pre ssm ~re ccl -
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Numerical Methods for Separated How Solutions
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(‘_ 1 , l it ) . ’ D. ‘cv . I’epp c r , ± and ‘, (‘ , I t-’m~~
l. ‘ tt u I ‘c rc- I l l ’  of ) ‘vI;,s’ .soci r t.RnIIa , Rolla , ‘shu ,

5, ,c c n e ’n mu -Jt simlu i i icu i  i scu i  i lieu ‘5 c-i S ie’ r . ’s iuekes equa miuen u ci crc ’ utic a/n ed I cur  se’p ’cu r atu’ ul I tee s. s aru m und a cir c ul a r to u n .
,le’r c- li Key i icmlils numbers ‘III, t ilt , ani l 21)0 . Ihe lI tm us lim’ t ul s ‘ci (‘mu’ c ,hi ,eii i, ’,I lu~ us ing thre e Iu i i i ie’ dn fkme n em ’
iec hn iqeir s. I he imp licit se’hciiie’ sols ed by m nat mi ~ t ’amc - I ,er i , ui i / ’ em i s cc- i c e’ i ic - ice s i  c -u, u cur e , ’  and iist’mh ihe’ u-c - ui ecce nc -
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5,
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an n di 1mm her ni i terat I ons dc/ c rc/al ~ c- I ic - c - phd ‘. s c c .c- cc l I,ssLc i/to t id)il’ , 55 I th mcccorrect ncat )mm,nula l u~ al
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mc =ucun m mh er s mt ’ t cnn e’ -s t c p s  ,c- ;c- ’ uur :m c \ mm c/me de c - c -’kc i u , d c - c~ s i c - ( / L ’ b’, cu pp lyc uig it Ic ’  c- c c l lcd. ’ ic-

iq l  c- colu incun , / m a t r c x  p- ’ec hlc .’ulc t/ muu c requIres no i l I c c - v I c - 1 u l av s u m mmp lci mmm s . sc i . c . c  CJ

r = radu~) , c m , , r d c c t a c e  (lace around c-u ,c - cr c - c - um ) a r c-.’ s l I c t c - I c j r 31 rm,’/cuccc e lv d c-s

/l - i ,cc - I l I c s  c- il 11cc c - y l c u i d s’r c u- u cc c l u i .’ cs  is ,mIuv ’ ci t  Ihe’ tb mcm rc m e c ~’ icl~ I I I c - v - sI c - g c u I s’cJ p ncch i euc t v  c /ma t
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t 
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u - = I, l , l c _ ’ t t c . d i  c - c -  c iv t-’ , m s i I’, (‘cisc e ’ spc rc c n mccc - c ccd u c a le s t ( maI s c ic i i L’ c l d unlcerms ’c c I t I c -  l~ t i Ic - ) I I l’ s c l i ’ ,
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-I’ ’ _ n (ucnu ci nci ,i Irc\ ‘, ,.‘s t c c i , i t c.’(/ pi c c b lc , ’it c ic - ut I/ ic ( uucrpc m sc’ ‘‘I c-c-c~mn mp ar ,Icg I/ce

I - Intreuduction c c c~c uieric ’aI .c.~ I c - i c c - c  c - m u d tine ccc - ,iuur ed s’u’ctlpuc lel icc /ce .
( Ice ;c icc h lcucl  c- u I  c - L’I’ .il.uIc ’c- I - I c - u cs c u t c - u c c c c d  ,t Ct[C U /.m i c - c - I c - j , , i .
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iccic i c ’  c - d I c - I s’ i , - i c c - c _ ’ I i i ~ c-~~~, — c c h c - i c - c u u , ’c l I c c - i c c ’ 2 1) , l ’ c ”

~ mc ’ c - d , c - c u i  I

SI I c - c -  ‘‘ ‘i’ I cc , c - ’ - - ,’ , , , c - li cu es I , c u l c -  ,~~
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Inc i / icc-c eq ua l/ Ot t ’,, ,.,. c i c c lime c o r t u c - c l s  . .cmu d I ,inud I’,, are tic ,.’ / , ‘/ -.~ 1/ 1/  ,,  , ~‘ 0 ~c-- , ,,c- ‘ (l I /h i

‘ se /c - nc - c - u t ’, c-c-o nm p c - uuu e i t tc -  in i/ cc ‘ and II dcre cm c o nv , respect/c -  els . bum

‘ 
let mmmc - cu l  ti me ‘drea m t function ~: the scioc ity conipo mmemtt s ui / a s I c’)~ / ao ) ,, c - 

, , > U .t,c- ~ c- , / I I / c -  I
lu,,’ cc r u t t e n u  c- i ’,

(, / ~ / a~) , , 1 , <0 c-c , , ,, ‘ cC , /1/I d)
I’, = [ ( / / r ) I  l - ~ I / I / f ,  I’,1 u3c -~ ’ c- ’)t- (il)

/ , 3 1/ / r i / /  , , c - ;c--. o ,,, ‘ , ~~~~~ , j~ ( lIIc /
55 I t em,  radiu’, R is us ed a’, cii ,,’ c lna ra c ie r us t uc  length and the

I ree ” t rea cc c ‘ ~I c m cc - cI ’, C .mc- the Ch a racc - Ie t ,c- I Ic - c -  t - e’lc~~ity , the nomm - (/i~c- / e 3 L)  . , c - < 0 ~..‘ , w I Ilifi
‘m*

~l—... , d uc u,,,’c ~’,mmmci , c lc ie d  v tre a nnm I un m c t mom t atcd s , , r t c c -’ c I s  beccmnm ie
:~—~ 

(3~/az ) , ,, >~~ ~
. ,=~~

“::.: - ‘• 
~ = ‘, eR , cc-” ‘c-eR C’ (4/

‘ ) (c ’/~~/4Z), ,,<O ,,: c- .‘ ~
‘ c- ~ 

( 10111
5) I lie Independent c -ar iab l es of t , r . and 0 are ,

Once t he vo rt icm is values were obtained , the sm reanm c t u u , c t c , , c , s

I’ = ( ( c - / k  e ’ = r / R  0’ =0 ‘c ( i )  could be calculated by using the Gauss-Se /del i teration 5 1 1
c , ‘ method as discussed by (‘o nmte , ‘ The ‘ma lue’, c u t  ~ c - c u hi’

in c-c- iuu~h a ,c - .(nm a rb i t rar y  constant f , r  coimtroli ing the in- 1pm + I )Ih mime.step and ihe (ru + I / t h Iteration c c - c - r e  sc - a /c -  c j i a lcd

c-c - r ,,’nt t e nc I cmi ’ , 1cc I I .mn t s f cmr  m m m c d c-’c i c - c r c - l  millIe, Ibecause tim e blow-field by usung t he loll owi ng rela t uon
\ c- il ,a m uc ) m us I ,c k c p Ic - ic -e mnmsurc c apudis um m the c’ucui mit v o( thei cylimi - 

~ 
~i { , ,,  I 

~
‘ ,

c-icr Ihan nt regions a c large distances fr ennm the c-- s l in der , it is y ’ = 
d 

—a ’e” ~~ , + ,, C ‘

c - c u i I c - eui iet it  RI i ta I / ’ , l o rm n i  time radiic,l ec- mord ittai c by au es - c c
-

l’ ’ ic leu c t hal I ummct io m m , / /
- , i,~~~

’ c - , +~~ ,~“~~~~J i  ( i l l
e ’=r / R  (I’m) (~~) ) ‘  ‘ - c-

~
,j

T he  nondimenstc ic ial i ,’t-’d governing equations wi th  the prit imes iii whi ,c -/~ c-/ - 
= 2, / 5 7 /  -s- ( 2 / / . ~II/ “ J ,  The cme r am uc mn pmnc -ev v

eliminated for simplic Ity Ihuc-mi become: c-c- c-us completed cc-hen the cl it ’ t’erc,’nic, ’e c c l  the nm unm eru ca i cal uev c cl
- - ~ between I ~~“ (tnt + / / t I m  cund Ic-” (m u b lh mm e ra i io mt s c-s .c lc’,v

- 
,,,,4c -.c. 
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‘~~~ ~~,‘m 
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c / c -, dc- ..i 
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2 l w  

+ ~~
‘
“~ I ~ c than a prescribed tolerance , The vance procedure s.ic - repeated

31 df ~ 3Z 13/ 30 
— 

Re &Z ” 30 J for the c - ’ uc -,c esc - i s e  titmme- step s until stc,ud ’, ~staie soluti oh ts c- c- etc
and reached,

~ I ~~~~~ 3 ‘
~~ B, &f l I . c-mOR

a’~c- ” ~ 
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c30’ c- (‘he utl mernatin g direc umo nal implicit (ADo mnet im od c - c - a s

n r ’ mpcu s c -’d h~ Peacemmman ammd Racl , / d i rd ‘ for 60(5 tug linear dcf-
Itt c-c- huch Re is mhe Reynolds nunmher nased on tim m i diuctne ter ~ c-’ cc -’ l m h, , m I c-’quat c- otn s amI d rnci dubced hs L)oug lav , ‘ 5k a c/ c c -p c  (‘ c - s

c - / i t - ’  circular cc - limier a’nd t I-m e fre estrca ’ n ve ioc ihv, amid mans ca/ ic r ’ ,  I ,c u ct t t p ros lug co mpuma l i t - mu ma l ac cu t / i c -  c- Scm
c - m d  I’lc- u t m rail 5 c- u’,ed I Icc -’ I/tel hcmd for l b s  around c u t - c c - c / arIll. Fini te —Di lleren ee Methods c - s l imu ders w i t h  the asc-dc n m b p i / cu I chat i/c - c -’  ‘ I , , c - c -  field i v  c - c  tc unt c- i n Ic-

Num erical c -cc l u t c on v  c - c - c rc obtained by cc- rc iu m mg the gum se mn hng hut the c - i s is  ut he h oc-c dir cc - c l iem uc , I i t t  amid 1 ee c - c -  icc-cc -I Ihe
dull e r enm u al eqUal mo tms cu I c - d i r t  icily, E q - (7), c- im ;d ‘cm reanmm I utu c - mn / cl bicud bc i r cal c m i(a t in~g I ramm si ent fld c c -c - s ,ictcu mm d c - c vphcrc

cc i t t . I q /1), tut u / uni te duli uc- rencc forums , B~ usung i and j co I l cm sc - e ’ , cc -r , it sac - tinted thaI I ‘c ,cu c - mc -h Ret no/d c- niuntlt’ mmc - n
det i c ute the kn cami e nt m s ti he /1 anmd / d i rect ioums . c c  s pc,’c - c - I t % e I s .  vepar~~ted il c ic - c - cm ’ ,c ill at e ’, mc lime c-c .ck e tc -’ c - c - , i i i  lbs e l u n u , u c a t t i m g
an d ertip i , m t u n g  fl/ or Ibm,’ nhunther c it u t e r c - c tuennm s and rn ‘~r I/ic . hI,c - a’cs dctm h pt l d m n ‘1 f l c m ~s c - s n m c i tce l r ’ , In it,,’ cc- ,,l c - c- rc.’giem n . c- c nn cs
mu cuntmher cii t m umhc -’-c-Ieps, nlu um t ic r i ca l semlumhic , /uc - i c ’ r  t h e  c-c-’ o u c i , c t ’ ’d Ic - , ’ t ic - u c ’ n /  ui I in acmd I c - c ’ ’ , ,d pplc ’ .m c - / ,  sc-c - cs dc s u,-d I ’ m c-c u ’, ccci I/ ce
11cc-a around a circular c - s  ltndee were eth ta c uted v - i i c - ,  I/nc ‘u d l t l i c - ’ I I’u c-’ q c u c - c t i d n c u , (sc- c , i c - c / I  unite c - Ic - p c - c-c-eli ,’ used (iuc -’ ’, u n sl
Ici lIoccu m ug three nmet hods , ‘c - c - I l l - I  1 ‘ mep c c - at m mn mp l , ci t  h i m /I c d ul ber c -’ cuc - c -- c ’c - ; I u ,ch iot t  cii I/me /1

S ~~~ .(;cq dt n c-’eI Iotu

- ‘ (‘lie dire clmo na l di f fere nce c- ’ s pl i c -  ut 11)1)1-) mctbuemd , c- mv I w - - 
‘ I ‘ ‘ + 7 c-,c - ’ m

c = 7’ ( ( 2 /
di c- c uic-s ed hs I hem mcm n and S,ess c/ y E , c-s ic - ti c -ed b r  c - c - i / s ing  ‘I

I/m e c - , c r t c c i t c -  i,c - qu i a t ic m n.  Tbc -’ c- clime s ,‘I ,,,. at he I,, 4 - / I t / c  turmm e - mm whi ,h
- , c - t c r  were  c - ,c lc u luimed P’, tu vm cu g those ef the / ri / I h t ime-s lep

Ib l c c i d uit h lIt’,’ / c m I I c - u c - c -  c ’ i t - - ’.’I,. i c - c u t t  1 2
I = ‘a / 1 1 11)- 
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I/me “ e c - c ’cc d I c - ,mI I  - tu mn e ste p iv amu ml n i p lu cum h m m i , I c - - c-I ih I , ’ u c - ’ i c c - ,, 4 
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SOlUt uolc c - c- m / ah the ( m l  l)th time .slep were uc-ed in a suc~ 
/ ,, _ / l  - II =1/ - ~ 

— d e ’ w /2 0-Il

cec -S i c - ’.’ c - c c - c l  - r c l c - c sa luocc  )SO R/ method for calculating the
s tr e ammm l’unctions Ps the following relation 

I ~~~~~~~~ , the ‘IP-SIl’ mc-’Ibiod could lie uc-ed c - h i r c c - t I / c  1 . 1 1

c - ic - a c - Ic - -c - lace c - d i c I / I h i i i c ’c- ml the houndc- mrs condi t iot ic -  c - s c , e  I c - c - c - c - I n ,

- 
X , - / , , - - c - . , ‘ c- .1  Ou r probiem sc- i c - that the c- or ml c h ls  c- alu ec - ac chei c - c u r  l,c - c- c - u t  lie

+ - c-~ e’ c-.i - — ,S ~C - - s - C i -
c~ 

-c cylinder could not be prescribed - M c- ‘I c - c - I c - c - I. c - c - C w ere i t i -
cercsled in investiga lum /g clue oscul lalueMi phenoncen~’c i ci Ihc -’

S C ‘c- S u I’ ‘
~, , ,  — - 

. ‘~ .~~~i / I h I wake region, Consequently , ‘,m3 r h u c d t v  vdi lu i t , , i td s du b v d cc c - c -’vc - ic - c- -
~~~

lime-s :eps st- crc /mec- c - sc - c - i r s ,

in c-c- iu mch
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2 Based on nuc - u ’s l ip c c m c i d c t t , c t t c - . th e ‘ , e l c - mc - c t~ cc - / cump o t t e c t i c -  are
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. 5 //  ~c- 1.5/1/ .’
’ - 

.5/i ” .5/l i - ’ ‘ / , ‘ u c - c  - I t  thu.’ c - u t  I ,ucc ti ihe c - \ I c i I c - l e i . c - c -h ereuc- a c c c i i ( c - c r u u t
l ’:cc ss/ c - e l d um l c - c -’ I c - t c i l s  I sc - irr o uumds Ihe cs l i tmd e r ,  ‘l ime he m u mmu als
conm du ’ mc - , c l s  / , ‘ c  I/cu .’ c- Ire/u /n / um m c l uc - m nu s  ,ctmd c - c - m r c , c -  1 1 1 c c -  1 mm i_ i l ls c mi

= S  , ,,  ‘S - 
-~ S , ( l 7 c - m .c / I /me  I t a nmvlcn rn me d c - , t c - , t c - I i , , c - , i c - c -  I/ l i  c- inc g i c -c um tm he I,  ii mc-

mueulc d l ldam I/me c - , c r l l c i t s  ‘ ,a luc.’s ,mI I /me , c - I , m t d e r  c - c c - c  I , uc - c -  c.a i l sc um/c-
the tern, S I t , c - I c - C c - c i e c -  Ihe tip lurimum re iax a l c t ,t i  bc - cc l , i r  The c- ,ml uc bc. detc -’rt i mtc ,m , ’d / ‘rdimui I/ce vcC ,itd ,I der ,s.dhis c- ’s c’I I/ic lc , c - c - ml c- Icc - c -a i n ’ t

cm i  cc , w h i c h  cc -/ dials I /55 . c - c - c - ic -  used in the anma ly v c v  based (mum c / ic  / dc l mcu c cnm s / uc - the c- d c-c h ic/h
mmtm.’ ihod gu c - enc P~ (.‘a r re ,  The scre c- c l nm t u r m c h i e m f l s  I
the I n + /)mh t i /nc step cc-c rc obtained when the dc f/ e renc e be- ,‘

- - ‘ Iwee n the ( met ci- //tb /Im .- rami oum and the (m)ih mte ratnon cc -as c-,c- = 
~~~~

, -  , 
/ - 

d r  c l i  I’ /
wi th in  ,c prescribed Ic-nierance , The same procedures w e r e

repeated /du r Ihe c-u i ce e ssn se t ime .stepc- until the steady state - - -  -Iti b c m m u / c -’ - di I i c - ’rt,- , , c - c -’ I c - c t - t I c -  am / 1 d , the ‘ , l ’ i l l c - l l c -  “ i c c - c c -’ ’ c c l
cc as r eac bed hc-’c cmt uic
( - S IP .aI P

- ‘ ( I n c - c - l i , ’  t w l c -  mum np l uc -’ct ‘ cc - c c-ec,lu tc (SII ’/ c c - c - i c -  primpt ic-ed lus c-u.’ c- 5 - - 21 
-i 

1 .c ” / . 5 / i

S t ,m uic.’ ‘ i , m u  c - c , l c - I , i e f  li ct e’c-c r m , ’llipllc -’al par c cc - c I dI /l er eItIl,ci

c-~~, i , d i / c n t l s , S , , l l i i l c u c i s  ‘I I  c - c - t I I c - c - c - i l  atid c-Ue ,ifl, i u i i i c - t i i ’ I i  cc- d c ,‘h - 011 Il ,c-’ ‘ , c - i t l , c c - e  c-tI I/ic . s l c c - c c - i e t  , / - (I , thc v t u c -’,cnl lU n c I c c ’ c - ,  cv

cc - minc e d ~e l u c - , r c - c i e l5 m l  ea c - h  n mt i l c - v t e p. The c - c - ’ c lic c t v cc - c/ices ,ct tic ~~~~ , - I I , TIme ’ ‘ I c - c - c u /‘u / r c - l m o im c - n c - c c - I c -  I/Ic c - ’ , I i l i s l c i

-
‘ In  4 / / I u f l t e - c - i c’ p c c - c - r e  c - , n I c - , i I . c I c - ’d bus us i n g  lice t c u l I c - c c c - t h i~ Iimmi te - ‘  - c IS ass lm n c c -’c-I cc i  he lI me ttci r~~cr ,til.iC(’ c -i Ice s l resi t t i  d m1 1,
,.1 

du l l eretm c- e (‘c - l I u . u t l c - u i c  arc mu imud l Ice c - s  I c rc dc n , .  , ,l’ec- c - md uc - i’ cil /c c t ,m mc - t , t c - hu , ’ c , t
c m ntc - eqmcctm l  Is . l ime c c - c l u e s  - c- ~,- ,u t m t b ~c ‘d u t c - cc - c -- Icir ill it , ,i c - c-

/ /  c-. - ’ ’ c / I  c- - ‘ ,‘ • /  - - c-,, c- ‘ / ~
- : • i i  c-u.’ ‘I  / 

cc r d l l e t c  (s

c m  III’ l
i nn c - c h i c - / n  c-u,’ ‘ .1- 1.5/ 1

~~~~ 

. - “ — ,

~~

“ , 2 l ic e  c- : m hices c u t  c c - / ic - c - /i c c c  mmcml 1, uc -- ‘ c - c - n t  . ,c -  - I c - c c - i s  - - c - .cc -’ ’ , ,, mml ,

- 
I . / i c -/ ,, I iti c- t im i le ra l , , nn ‘ t i c - cc - c - c-’ , he’ , i t i ’ it i , i I i I c -  ac- c- i i i t i ed ic - c c ie lc-- b m c t d c n c

3 ,5/5/I Re’ i .S// - 
Ii,, - c - Icc - iC/u c - c - c - d I d’ c- cc n t d c - t i m ’ t c i  ( he  imucich er ‘‘I c- c- u m . , I : c -~~

c- I ‘ i c - c- ,
, c - c l l c e c c c - ( - ti cs depc-’nmd onm c/ ne  c t , , t c - c - iI c c ’  ‘ 11111  u c - c - c - c c - -  I i m a l  r e q im inc

f)  — “c- 
— — 

‘c- / l9hI ~~if l t -  c - t ’ i n,’ i i . i  I fl ‘ ‘ I c - / c - ’ ,  t i c- h i , ,  . m m , ’ ,  c - c - c - t i c -  c c - c - e r I c - s b/c., u c - c - c ’ ’ c c- ’

-

‘ ./ ,57,5 11 R, / .5/1/ - c - c - c - I C  i,, c - ec t’sti’ c - l i nc f cnmc - l/Ilg c - c - c - c c - I s  c - Iatm,’ s, , l u lcem t c fumc h,utt c

“
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oscillating and nom moscc ll at m mc g lb s’s . mm sc- ac- to our  advaum iaguc- ~, ~ ~ :to use the i n mpu ( s ic -e ly  s ta r t e d  bloc-c- as the immi m ia l commdimi o n, TI -me c-c- .

mutcmn mher of m/ nme ’ s teps I ~‘- I ) indicates the lui smo ry of 110cc .,‘,
‘

cmc - cuiic- itioti s , Because the oscillation phenoniemlon is a part of
ts o -dcm ne’nc-uim nal separated bloc-c s , stcad \ c-l ate  is dcfimmcd by ~~~~~~

. 0~
th e l’o llowing cond itions: I)  For nono s ci l lating f lows , the ,_.~ .- Q.~~ -

values of I and ~i remain constant at a given / and 8 location 2400 
/~
“ 

~ 
c- ’T. oo~

’ ” 
~~

— o i
as NT increases; 2/ For oscillating flows , the variations of ~amid c- c- in the Z and U plane repeat themselves with a definite “ ‘c- “ ‘_-______ “ ~~~~

pattern as NT increases. Numerical solutions for separated .- .~~~ 
‘

fl ow around a circular cylinder were calculated at three
Reynolds numbers (40, 80, and 200 ) by using three different Fig. 2 ‘-.treamiine paite r ns , Re ‘( I/,

numer ical methods ,

The dIe/I of m esh c - c /c ’, and ou ter boundary locations omm 

N T

nurne rmcc -c i accura cs  has been discussed hs Lin atud Lee 12 for 900 — —

solutions cu t ~ c - mc - t e r-S Ic-mk ev equations, The current study cc-ac-
undertaken to incestiga me the relat ive accuracy ammd computer
lIme cml ’ three different nimethods , Only one standard mesh size — — 

cc —
ccl .5/ I I I , .5/ i . I-c ’, atcd .5/=0 ,02 was used for a f iowf iuc- ld —

~2”c- —--’ ””a” -
- ‘ , ,,.

‘ c u b  atm c’uIcr boundary of 90 radii of the cyl inder, To c- Ic Ier- 2500 ~~~~~ ‘~~~~~ “ —‘ —‘ 
~~~~~

c hI ne the re la m ic e accuracy c- uf each method , cc- cl culatcd results —

c - m i  drag coefficient , separation ang le , and Smrouha i nunihc-’r ~~~~~~~~~~~~~~~~~~~~~ - “~ -
were conipared w i t h  available expericmenta l data. II cc-as —

t cnum nd tha t  Ihe SIP-SIP method gave the same accuracy as 1/ic
c-’mu.I)I.SOR tnethc id . sc - hi~/m pt-cut-ed better accurac y than the c- — “_ I
1)1)1- (iSI method. The required computer time on an OHM ~~~~~~~~~~~~~~~~~~~~~~~~~~~ ,—‘

~~~~~
‘
~~~~~~~

- 
~~

rIl 68 co mputer mc- show- n in Table I, Ii is evident that the ~soo — ( , 01

SIP-SiP method is a more efficiemit nctemlmod for the in~ 
‘
~~~~~~~~~~~~~~~~~~~~ Q/5 ~

“l -

ic- - “-
~~~ ~~~~~~~~~~~~~~~~~ D-1 ~~~~~c - c c - t c c . ’,c iec - / pRmhlem , In order ci  provide a complete pIcture o/ - — —- — - 

~
‘
2~~

’ “
~~~~~~~~~~

c/me cm tc e s iigaled result , t he discussion cc - d,s ided nb tw o
Ii.ilic-

5 , l Inac- I’att ’ a ’ rn s _,,_~~~~~~~~~~~~~~~~~~~~-_ -.l)2~~, 

~~~~~~~~~~~~t he  c - i c c -’ ,d mi m Iunlc liOt i pal let - mm cc - c l cu la lc d frcit u I/me 511’ Sit’  3300 ~~~~~~~ ~ c- c-
\ I

,cc - et l ,, cc-t iv s h cmsm ut i  in Fng. 2 liii m h c c c - c s e c m f  Re sc - nm c m lds mi/tuber 4/I . ,,,1 Cuc-~c-c-,c-,,m,,
,,

_,,. ~~~~~ C,,, ,ci - - 
I 

j
II us cuc ut eci i /nc - c l  lice .’ sc -’Ic ,ii,uic - - c- l I l tm sc -  nm mime ic - c- i ke cm l c- i c-- mt - c -- mi lan
c~ litid et us vsmlmn i tel r IC ammd c - t c c - . i c.Iic c-cs lotug c- cv tile Resnu i m/ dc -  nutumi-  “

~
“— ‘ —

her i’s less I b l c - i t u  4(1 . The sc - ike length is Iw o  lcd I/tree tmnu e v c- mv
a c i l e . m l  a.. mhe cslu it der d , ,u mm ie i c i  . am nd c- me s epc - mra h i ccm i  c - mncgle is 

1-ig 3 4-et rea mtm n u ’ pal ierns , ’/ e’ lIft

- - .il u c ’ c - ,l 126 frm m ni the Ieadun m g edge, Ic- cgtmrc 3 c hc m ws I l tat
c- I r c a t u l i m t c - c -  pal tern / ‘or the cc - ic -c of Re~’nolds , m u mu c mhcr  b/Il , Tbie osc-’ i i l a m mug I’reqtue nc-~ caum he calculated /u~ I/ me ( c - m l Ic ,csc mmm c

‘.epc -t r .J m Icm n c - i tu gic is ahic ui 1 1 4 ’ , ‘T im e r ec i r c tu l a t i t cg  f l ow mu t Ine equatiorm
wake regic imi em ’cc,m Il. ct e’m sci tlt .m i lefiuti m e frequecucs - (‘he (lu-ms pc - i t -  I R.5I) / NI  IN 1 / 1 / 2 t - /
terni ,c lm luc , u , c- to repeat i t c - e l i h ec w e e’n 2500 N I c - m u d (5(1 NI
lbs cm v i ncg I Ice di tiii’nsiui tt iciss Ii t h e ncretimemm I .5! /1 ,02. t I me I he Sc roc -c ha I nu timber . cc - c- mi hs / ( mc -’ re//u mc omu

I a bt e ii mp iuim ’r c mi, ec- ii enp il ri ’acn s S 2 / / I 1 /~~m I

I l/S t  l’Il 11,11 hc-i s a sa lute ’ c t  0.lc-4 (ill I/he c- ’ c - c ’~e of kc-’si c -~ c -l ,l- mm uc cct/ u cc Nil

Re ’ I c - , m c - c  c u n , c c d t  111) 1 ( , 5 /  - 51)1 cc-I lk c’c1~~ ‘qp Fi gu re 4 vhcmw s Ihe strcanm (mtie patmern ft-mr the c - c - c c - c -’ ccl Rc- ’s mnc i / ds

A Ic ’  Il/c l / 151 .1c c number 2(X). l’he se pa rat ic u n amu gk is abm u mm u 1 / 1 2 ’  Ii c - c - I ll I / / c

c - t I  lil t / 2/I c - 11  c - hc - i gmmc - i I  ic ir /  pciun c cml I/ic Icucdi thg edge. I/ic Ilc-ms pc-ill i cit d u l l s  c i

n e c -  1mm repeat i tse l f  between 2 4 / 5 /  N I am nd 2c - /~ / /  NI - I h~s c-c- cc - cs .i
Sc rcm , mha ( mcur nher of /1 (1/ 2 Ic -m r  the ca se c c l  Rc - ’ s , I c  c - I c - I  I / Id O l-mCI
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- --L Fig. S t)ragcoeff icient comparisons.

-
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Fig , 4 1/ ir u ’ c - e cmt lm ii e p-at c e ri is , 4~~ r 
“ ““ ‘‘ “ ‘a ”

~~ 
- -

50 ~ 
Numenlca l Solullons -

~ 0 c- KowoquI c- & c iO / f l  (19651 
-

21)0, By us ing mhe ADI-SOR meth od , t he flow’ pattern 
c- 

• TI~mon a Szewczyk1i96 9~ I
ca lculations were ohhai nec-/ for cases of Reynolds number 40 70 ‘ •~~ n aHonro bby (I969 )
and 80 only. The appearances cmf st reaml ine distri humiotms are ,~c- y~Q~ “ Present Colculalcon(l975)

‘ c -c r y  much similar to those of the show- n results which were ,c-. . -, E 
I

obtaummed hs’ the Sll’ - SIP method, The streamline patterns oh- 90 ‘- ~~~ • 
— .,,

tamed hs I/me DDE -Gsl met/mod deviated noticeabl y from the ~ IOO~ 
Homann(I936) 

, . ~~ ‘

c- how- n results . In order In answer the question of the relative ~~ I 
~ 

“ ‘a ‘ 
—

accurac y of each method , it was necessary to compare the ~ ~ 0 ~ , . _ - 
c-.

I .‘ c -c- c l l s  c-c- tim ac --amIable experimental data. ~ I 2 0 ~ . ‘ 
-- - -

~ 
p

H. ( u e mpan icain s c - / u i  I s pe r imeni at 1)aia I .c- 0 ‘ ~ ~! 
nccc-.

Fxperum e mmt c- tl dala arc-’ c - c c -a i lab l e m t - c 1cm /s of drag cod ’ - I 40  ~

ld c - ’ /e c II . ‘s cp a rc -ct io n ,m i i/ c - Id . amI d Strouhal tmuncm her , ‘T he momal I 50 ~~~~~~~ 
,,,,_ , - _ 

~ c- ,c -c-_ - - — . . . - . - .— -.—--._ i
drug eoefl’ic ieiun us cuclcul a tcc -d hs the summa li,cn e f  lhe 10 00 IO~~~

c- 
c 

press t mre drag cod tu c t ~ miI . Reynolds Number
Fig. bu Separat ioui angle ciemparisons,

I C  ‘ ,- c- / c - c - = 
2 ~ ‘ ‘ ç~~ c-h c- 

~~~~ 
. 

~ 

‘ c- ’/., ~ do ~/osv dO
Ri’ . i - - c - / I c- I , ‘c - . c - , c- ’~i i cc ) serva lion was confirmed , II is i nteresting h u m note that the

I2” I discrepanc~c between c- ’spet c c b h & ’ c - I t c - c l  dala is r t i’ atc - ’ m Ihati I/mat c-c t
the numerical results at the loser Rue , Iic iic - i c- umunm her r c e c c m c d

: The experimenta l results wer e a lc-o compared w i/c ana ls t ic -a l
amid the c- kin / t d c -: l i c u l i  d r ag  c- c- ue I I ic -’iec il . results on separation c- c h Ig iec - ,ic- c - hoc - c - t m in Fig. I-n, Time c - -s

- permmnenta i data c)hlaitied l’s Hcunc ,cccmm c - ’  a m Reyno lds number

I( ‘ c c I , ~~ 

‘

c-c-’ s t I l t / c-I/I 1 ’ tb / /  44) agree well w i th  all analytical results. The DDII - GSI melhimd
Pm’ cc I c- m i’ Thoman and S,ew-civk appears Ic-c I- is C 1/Ic most inacc--urate

prec- iic-’ t Rc ns at other Rc -’ s’ m m c mi dc - muumhe rc - , I i i ic-  iv to be e\p~chc d,
lb~ t ic - l I c e  I/ti’ c - c - / , ’ , t c i l c - ’ c- I c - d c - c c - u  (If c - ’ c c t l c - c - i t c -’ a nm c - I c - c i r t mc -- m t v  hec--ause mhe cr iter ia g~c c -’t i  itl ( ‘c C, / 1 (1/ I c u c  i I I c - l t l c -’ b I c - ’ c- c I  c - I c - c / u / h is

g c . c c - l c e i c u c - c l c m r c g  I /cc c - o r / a c e  c - i l  Ice c~ Iindm’r , mhe c- lruc g c - c m c - ’ l I i c - c - e c u l  Ic/Id to generace Ic - d c gc -’r c-a it ic - ’ v c - c l  I t t / c c - c - n / a c - s  mm c/ni ’ c.’ l,usd
I c c - i  e. c c - h  Res nmu lc i c- muu mt ihee case c- sac - determined and c cm n mu ~ a ncd s/c c - mm/I s o f a c-ol ud himumudar i c-c here I/li’ flees c - c ’p.u r . u l I u  ‘ c i  ic-
cc m t h  ,us .cc l cch lm -  c,-s pcr mn m e n lc - ( i  data , m nrugi t ia lc d ,  ‘ac i cu r e c u s c i , lime assumption ‘I s\ ’mcnc -’ his un lIme

N i d c h i c- ’ t d cjl .. c - c I c - i t c c i i t c -  cce’ rc -’ a l c - cc  ci bt c - c umm ei/ h’, c M/i e m i t t -  nc /Ik e idc. ’ Im t c l  t lmal s i c -  cisec- i h’c- Ssmt i ,und l l c - c lu r ,c l l s  ~cp pc - c Ic -’ ncI i5
—. 5ev l c - c!ci t cir 5 c-s him uvcc - d cu ri e.’ ccl t lie I/ i t  cc c-I / ffo dIll Itic i /cc  ic-I ’, I’hc c’ i c - c c -  reac -o mmable pled cc - l Ions Ic ’, ve1u ,c c c c c -~ cc ii c-c rmc - c - Iec- hi’eau ‘cc

I /il l / ‘c- I ntiu.’I I ,cms(  “c cc -  i c c - c - c - I  u s  I l i c uu c i , emm c-m id 5 ,’ c- ’ c - c - , : ’ - I. c-s / Ic ,  the~ crc I c m c - , t h c -’c-/ / i psmc e am rc c - cl Ihc a c - mIc e c - c - g i l ( he s s
a c - u n m lm l i cmn c-’di i / i c - c ,  m u s h / h - . c - c - / l i t  I/i c- ’ c c - p c - n  d tmmi ’n t h , c i  c - / d .c c m l  Rc-’l ( , c ucc - /  pc-’ h nm l tc - ’ u d h al  ,ct i c - I  nunm c c tc -’c- ml nes t m( Is c-un S l t u u ,u l i .c I  i t c - c i t t b c - ’ c c -  ,.ml I

— 
. “m i nciuc mc mnis .c- will cc- c- c - I t / i  t h e  c - I,cI, c t I \ lc i r /c c i s u mi , (‘hi’ -\I ) I 50K d c - c ’  / uc -’ i.’c icrupc - ircd as s h ow n cc I c- c c- 7, Hvc-’ami c -c -’ I/md ‘ct r cn i c / cc - i l

t im cml n om.I c-s .m c- t ic -ed iuc- ‘s c iu c  , cm i c - i  I Iamirc - t t cs  c - c - Item , ml c - um c l m c - c - m c c - c - c c - /  the mum i ntmI- n cr  us reIulIei/ to I/ ce s/ icc/ i /cc - mg c m l  c- m i d c c - t Im es  in I/ic -c-

ne cim u c nic . m l  c c - ’ c - i c l l c -  c - u I  ts.asu ,c cc - cu , it t  .m mmd Ic - tu n IS /c c - r i  c-c- u- d c c c l  the I c - / c c - u ’ , c - es  gls ’cm m ri I qc- 1 2 c -  / ,ccic - / / 2 / 5 / , Ih u rccenm c 3 l cimeli ccud , I c c

1)1) 1 -( c c-il cccc t i m c m m .i / c u r  c- m uir c - c - c l c - i i l c - c c i cu n ns  in t h e  dnag c - c mc l I i c - i m _’t mt , pusc- d i .I ‘c- I t c ’ Ic - ii. c - I t i u cm c i h ec c -  c-.c - u i / t i s ’iI . t  .c- c d i l l c - ’ the ( u t - m e ‘ ‘ I  c- s i l c t i l c - i c -

c - c - c ’ . c - i ’ t , m c i c c -- c - I pr.i , t i c  u I / c -  i ic - - ~,uc n b c - ’ il’s c - c l I s  ,cv ‘I ’ hcmu ntan ,mntd mu I h I c - t I  t c -’gc c - ’tI I ide c- ’ m c- pc r im t cen tc - i l  c- I ,iI, c c c - I  R c c s / t / c c - c d ’ .mppc,ur c m
- c-- -c- ‘ I c  / t c c c - c c- ’ c - c -’ i  - whc-’tc sc-c-’ c - i - c c -I c/cc -’  .~ I) l-S0R inm e ’c im cmc - b ( cn n  lii’ ,,‘c i t lv ic l i’ f l t  m l  d l  I C c - I c c - I Ru,~’n it c lds t/ utit hi’rv , 1 /ti’ s’’,

‘ ‘i i i  el r ,cu.’ c- c l - , 1 1 1 , 0 c c - c - t I  - ‘ c - sc - ’ c-’ c- ’I I/ic sc - s lIme resu l t s c - /c -  Ibme uve d c / u  perlt i ic -’milal d / c - c h , i  c - c - c  I/c It and “m/ f l c - l n c - c - ’ i c - ’- i c -  sc - el i  ,cc - I/IC data -i
~~ nimcne ’ c l u s  i i - ‘ s / b ’  “n i l ’  ct me ’bII ,md , c - c - Ic u u.’ im mc - de ’s L’Icmlx’ d In the Si c -’ ’ k c t s icc c - c - c u e  used iuc - I I d c ’ i t l , t I l  anmc - l “‘c - s c , ‘ c - 4  c - mt c- ’t it i /

;u c c -’ c- ’ t l t  cs em nlc I /c , ’ - m , I c - ’I c - / ’ t I i o t i  ham c-t Ic t t e c ml ’ ‘c - st i l l t l e l r s ’  c - c - i c - i  - P ,ctIc - c t c - cc I l /c I/heir t ic im i hc -’ i t c - , i I  ce smi l ts , cc Ic - c - . I c - c - c - ,’ c - c ’ c ihla it ic -’c-I Ins
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Appendix c _ , c- I) , I ( I + cxJ i,~ I ~

- _
•

I, s ing the Sc-I? Method to Obtain the M~ Iric - ic -olul io n
ii =1: , +m i (h  e .1 +c c-~J, I I — b c - f  ,, — C  c’I he goc-ennung equal/tins, in mafri,mc form, wilh fire nonzero c- J - i - J c- a

dcagona l elements c - m s the coefficient matrix may be w r i t t en  for e ( F oh c’ ) 7(1
emther Eq. ( 181 or Eq.  (20) c- dc - ( o I ( c - w s  

, - c- - - - - I ‘ ,

l ,s11. I ~~
c - c - ’ a  ~ ( ~ I c; ’ I (Al ) ~~c- -~ 

(H,,~ —Qc c-j ,  , ,
~ 

) / d ,~

The ~ermrt (. ‘il I Ic- the c - c c e l / c c -’ idI/ I nma l r ic -  c- il the column matria The leralion parameter c m is aPt m sed m tm c - ar c - c - between ,‘ m ’ ruc L
1 1’ ‘ ‘ I . c - c - hc c c - h  repres el mtc - cit/ic r the st ream function s~ or Ihe am-cd unity. According to Smone c - c -  sa l uec -  near unlmy memmd to
c- ~u, 

~~c- Is ,,,‘ at mhe (ul m- I /1 /c  mi nc e-step lot- c c - ems grid point in reduce the (ow- ’frequem mc~ errors moore rapidll , 1cm this ,c m uals v i v ,
mhe lic- iw-field , f/ me eohurtmmm nta t rm ’s 1 ej “ I resulls frc irtm the ten sc-alum .” . of cc bemss’ec n iero and unit y are ec -en ls dist rm hu m sc - d ~ 

‘a

kt mc - msc - nm values d l  the fboc-c - field at the ( n / l b  Iime~sIe p, The in the range beiwec ic he high amid low frequencies , ,

ele memims c ut ncatrmces (Mi . I 4u I . and ) q I are given ins Table 2 The purpose of’ this nmdil’icat ion us 10 de mernm im ie the c-cmlun mn
1mm c- irder 10 accelerate the solution procedure , malri,\ ~MJ is rnalris I ~~~

‘a ‘ ~ I by having lhe difference bemwecn the
Ic uc - - mc - Ii t c - ed a ’. mmt a tm c s 1 ,51 i -“I. which consists of seven nonzero (en + I ) th and mhe ( rn / rh  mteramion s within a pncs c- rc hed
duagc-cna l elements , Equation (A I I then becomes tolerance , If a column matrix I ~X$ I at Ihe ( m + I I Ih Imeratco n

is defined as
IM -4~- -~’-1 / ‘I’ ~

u I c c -~~
i lel~c - l + E c -c -1  I s c c . u l c- mc (A2)  —‘a- .

-

l~~~~~”” l,, ,1 l 4 ~
’a” I

’,,,’ — l 4 ~
”t V’, ( A 5/

il l w’ hic i r ~nc m y the tm unm her of itera t i mic mc s for deme rmnin ing the them c Eq. (A2) can be wri t ten as
c- eelummtn mtmat ru s  / ‘Ic I c - mm the ( ,c c- I ) t h m lime’step, The modmfte r
cl m .iIr us l.’c-’] has to fulfill the requirement mhat I/ne coefficient 

~nc a tr ms I l - I m- ‘nc-~ cc-i n be fac- mored into the preducm of a lower I. +NJ l,.X4’ ’a ’  I ‘a’ ’  = lq ’a I _ [Mfl ~~~
‘ ‘ I  c-c

-

hiu , d l r c \  [1, 1 ammd c- i /c upper m I l d / I c -  f t-i; each cocusic- is  0/’ three - -
Iccu li/erd ) diagec nc-c l elements itt the lower am-md tipper porh iomms , If one uses the low-er and upper matrIces gds’en hs Eq. 1A3) .
I u.’ c pc-’c - i i c -  d c -  ‘ c-cc- 1c m / l o w s ’  Eq. (A6 b can he expressed as

fM+NJ=f LJ [UI (A3) fl ,J [UI ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ (A~~/

The use of matrices ILl and [UI accelerates the solutIon
procedures by successive eliminations. Once the column

N 

- c- d , “
~ 

matro I ~4’ cu~ - at the (en + I / mh i terat ion is equal mci cur less

N \ \ \ than the prescr ibed toler ance , mhe values of I ~~~“‘~~ ac ‘he
\ \ \ \ c-c- ~

‘. c - d2~ (en) th terat i o n become the solutions of either the vo rm iciI v or
‘
~ \ \ N N N N N the slream function at the ( n  + I / th  lime-step.
\ \ \\  \ \ -c-

— 0 0  0 0 0  0 0 = i b , ,  c , . d ~2
\ N ~ ~ 
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