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Abstract

[T

. The primary objective of this study' is to calculate th’e

vemcat profile of the concentration of spray drops above the ocean -

.sun‘ace, relating these to.,the oontrolltng parameters (drop SIZB and

. emrssron velocrty. fnctron velocrty Us, and surface roughness, Z )

i The proﬁles are calculated usmg the trajectory slmulatron approach
By numencally srmulatrng the stochastrc turbulent trajectorles ofa.

- very large number of ejected spray droplets (with a range of sizes and
| ejectlon velocrtles) the average llqurd water content has been
deduced as a functron of herght from the average resndence tlme of
“the drop/etg in each of a set of honzontal Iayers above the ocean
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—— R <

v

-

s



. ACKNOWLEDGEMENTS . -,
N would Iike to take this opportunity to express my sincere
| thanks to Dr. E.P. Lozowski and Dr J D. Wilson for thelrcontlnulng'

encouragement and advice Their clear and penetratnng questlons were, :

~ much apprecnated I would also like to thank Dr. E. R Hemelt and Dr.
E M. Gates for servmg on my examining commlttee

| Thanks afe eXteneed to the Atmos‘p“heric E;S/ifenment Service
of Can;da for funding that made ﬁoss'ib'le my academic study and'
researcn. 'I-;mally-, lam particula’rly: grateful for afsismnce of Mr. A.
| Saulee!eje of AES, who acted as the liaison for the contract,

o

-t
T

o
.



™ TABLE OF CONTENTS

. INTRODUé,TlON'J'_'mr ............. - .u. ....... 11

- 1‘ ,

. 2 MQDELLING THE TURBULENT TRAJECTOFHES

‘OFHEAVY PARTICLE§'"-""4 ......... e eenssenens :...;,.,..:; ........ ............................. 3
- @ . o A 4 . °

25‘1 PHYSICAL CONSIDERATIONS FOR HEAVY-PARTICLE MOTION IN

| TURBULENTA'R cefeveaeas ":"‘, ................ e s eeras 3 N
2 2 REV'EW OF EXISTING MODELS ...».'. ..... JITETTITTIPIER i egssrsesetsseacicaiacnnens , ....... 6
. 2_3 FORMULAT\ON OF A NEW MODEL ...... ..... s : 8

v



./

ooarremovenmeocemsunmce I T
31THE OCEANIC PRODUCTION RATES OF SEA SPRAY - * 54 ‘
. : 312 SIZE DISTAIBUTION OF BUBBLES NEAR THE OCEAN-'Sl'Jf!FACE ----- 2%
. 33 SIZE DISTRIBUTION OF SEA SPRAYJABOVE THE OCEAN . |
| SURFACE~= : — — 3
3.4 THE PROPOSED Pnoquc/nou RATES c;r-' SEA SPRAY s 28
q/cnou SPEEDS OF THE SEA SPRAY DROPLETS --ssve “¥ 30
| R
/36 MECHANISM FOR THE VERTICAL DISTRIBU;ION OF
. SEA SPRAY ................. - ssussammsasienseras - verrerartinnes &’
\ .‘_3.7"BO£JNID.Ah‘Y_ LAYER PR)O‘PE,R('I'IES,USED.IN. THES:MULATION - 34:
38 EVAéoéAnON MOF THE SPRAY DROPLE;'S IN THE h‘/:ARlNE
BOUNDARY LAYER v g
: 39:|'HE RESULTS OF THESIMULATION ' ..... %. . 39.

| 2.4ASSESSMENTOFTHENEWMODEL"" s e f st )

L

3. SIMULATION OF THE PROFILES OF LIQUID WATER

Vil



4. DISCUSSION AND sue'e_ssnONs FOR FURTHER RESEARCH:-++-sser 42

BIBLWRAPHY esssisesnare - . sredvasiangusensanesssnaesnose boneasase "

\AﬁPEhﬁA " o B

/A COMPUTER PROGRAM OF CALCULATING THE NUMBER
DlSTRIBUTION OF SEA-SPRAY\ .......... ' covnesrese 48
L ey S
' APPENDIXB - .
" ACOMPUTER PROGRAM FOR NUMERICAL SIMULATION OF o
SNYDER AND LWLEY‘S MERIMENT ............ Tesenesssetetteseatettseneutneaatesssans » ..m



¢ .
4]
FIGURE .
p . v/
1. ILLUSTRATION OF
SURROUNDING
2° FLOW CHART OF TH mneﬁwng\mgcﬁm MODEL 418
. Y ’ ‘ “ v w . ) . ‘
3. TURBULENT TRAJECTORY OF A HEAVY PARTICLE e
4 THE WIND TUNNEL OF s_NYDE__n AND LUMLEY'S EXPERIMENT -+ - 21
5. DISPEHSION OF HEAVY' chuzs INA GRID-GENERATED
. TURBULENT FLOW - S -4 s i@l
) : , . ‘ . ¥
6. BUBBLE DENSITY FUNCTION NEAR THE OCEAN SURFACE
UNDER ACTIVE BREAKING WAVE CONDITIQNS s seessenienns 08
’ V" | | é - ’ )
7. VOLUMETRIC FLUXES\F"SEA SPRAY NEAR THE OCEAN SURFACE .
(A ER WU et a| (1 984)) ....... sseeees .... .......... 507 |
MASS HLUX OF SEA SPRAY AT THE OCEAN SURFACE ~-~#-r-nvir- 0
Y 2 4 r.
. | 1X ) y



10 DROPLET TB&JECTOR'ES 'N LAM'NAR FLOW ............................. geesseees 32
11. SPRAY SIZE DISTFIIBLITION FUNCTION ~— -
(AFTER PREOBFIAZHENSKII 1971) ........................................................ 34

'12 VARIATION OF THE PROFILES OF LIQUID-WATER CONTENT WITH
ATMOSPHERIC STABILITY CONDITIONS

A M |
’ 14 PREDICTION 0? TH§ SIZE DISTR|BUT|ON FUNCTION OF SEA
SPRAYAT t0cm ABOVE THE OCEAN SURFACE ===~ 1 i 42
d ' | ) '
N .
-
t ’
* ' x



4

oA

DDDUV> Z

Cd

D

d

F(t-t)
Fb(‘i)' 3

fo(d)

Fo

Fd

-,

g .
H

AHj |

L I

(tg)

.3
o

re)

(at)

g3

< T(i,j)
T

Tm
U« -~

u

ai

Upi

U
U'(t).wW'(t)
Vo

w

0

\ drag coefficient

~y o

N )

‘bubble diameter(um) ,

particle diamete®(um) -
particle response function

bubbl€ size distfbution function  * .
bubble size density function

. buoyancy force acting on the bubble

\drag force acting on the bubble

Nomenclature

. ventilation coefficient

v gravitational acGeleration’
height of atmospheric boundary layer
thickness of the jth atmospheric Iayer R

molecular diffusivity of water vapor in the air
Von Karman constant

_ Eulerian length scales

Monin-Obukhov length
total number of bubble per unit volume.
_dynamic yiscosity of water
atmosphenc pressure
“specific gas constant of air ,
correlation coefficient of the driving fluid elements
Reynolds number ’
Schmidt number
the average residence time ' N
Lagrangian integral time scale
temperature of air
friction velocity

velocny of fluid particle dunng the ith tlme step
velocuty of heavy particle durmg the ith time step

mean flow velocity of the air
velocity fluctuations of the air -,
. rising speed of 4 bubble .7

" ejection speed of a jet drop

X -



. lJYI+1 ni+1
T ¢(z/L

ma)

s roughness henght

. ,}coordnnates of the partlc!e at the start of |th
time step g N

- veloctty variance of heavy particler

| 'ard devuations of turbulent velocrty

| ‘elag
o "article time. constant

surface tensnon of water

- mdependent»standard normal random vanables

Non-dumensuonal prof‘le for the transfer of momentum .

. the coeff' cient of Lagranglan temporal correlatlon and
. Eulerian spatial correlation :
kmemattc vuscosuty of the azr

. Other symbols ha've."Sheir ‘uSu%!.meahing.'

"
"\ : . .‘
L - %
- (‘L\f;.&»/) -
R
o t~,/. \ ’
) & « . ] “
'l L] s —
) K . oy
5 . . :
') X i M
© - "%}\1 .
-4 o o,
. ‘ o B “~
TooooXn



- 1. Introduction A

\

The study of the prque cf nquid water cont‘ nt in tHe air -
above the cce,an surface has great value not only, in descrlbmg the o

_procesées that take place near the arr—sea rnterléce butalsoina“

number of apphed prob%ms such as shnp lc ﬂg loe construction of

' mstruments and equrpment for work under:marme condntlons At the ‘

~

e ; .present time there is almost no theoretrcal Irterature on this subject S
: known to the authors There are only a few publlshed expenmental

| ‘studles of the vertrcal vanatron of vanous types of sea spray B

| The averagé IIQUIG ya/ter content in the air above the ocean
can be consrdered to be tya/rb/sult of the ejectron of sea-spray droplets.

'Dunng the disruptron of the air-sea mterface caused by. hlgh wrnd
,velocmes an rntense sga-spray is found 1n the atmOSphenc surface ,
,:Iayer Spray can be:’pro“duced by the wrnd through varlous mechamsms":(-v .
dlrectsheanng of wave ffrests by the wrnd aercdynamlc suctnonaf
o ‘the crests of*caplllary waves, and the the burstmg of air bubbles at
- -the Water surface Bubble burstmg has been ccnsrdered by many
B 'authors to be the pnmary mechamsm of Spray productron since a B
"Vlarge volyme of arr can be entrarned by: breakmg waves (Wu 1979
1984) in addrtlon sea-spray can be produced by rmpactlon of waves .

: A)n\vessels or shore-based structures

e



) the concentration ot the" sea spray

s dependence ot the
co _determthe the verti'v"‘*
| ' ifthe initial flux at thé

| atter'_n‘pt to Experim_e’,ﬁb il

| 'dectded to use. a trajectory srmulatron method to mdlrectly deduce

N 4
~ .
L . B ‘ 1

_ lt is well known that lncreaslngwlnds cause a proportidnal
lncrease in the productlon of "whitecaps at the sea 3urface These

. "whltecaps produce bubbles in the sea which when thby break at the
- ', surface, produce sea—spray bve\the surface Therctore, lt seems
reasonable that some relatlon should exist between wmd speed a

:t[ l'. :’ N l :""‘.‘ ) . - ‘ Lo}

,ace ‘ls grve\n Rather than makrng an
Iy deterrntne the flux otfhe sea spray, we

‘ﬁ_the average prorle ot sea spray concentratton If T(I.j) denotes the /
: average resndence tlme of the ith slze partlcles in the jth layer(AH

- of the atmospﬁ'ere and Q(I) denot&fthe mass ejectlon ﬂux of lth

= partlcles from the 0cean surface [kg m'2 s'1] then ZQ(l)T(l, j)/AH is

| the average sea spray concentratlon ln the jth layer of the

~atmos here VT I B x AR

The trajectory of a sea-spray droplet is a functton of the

. 'vvturbulence and the physrcal propertles of the parttcles ln the - b
tollowung sectlons a model of heavy partlcle trajectones in turbulent

e



&Y fiow;is posed that mcorporates the turbulent statistics and the :
| o propérijes of the heavy particles themselves (size density) By uslng_'
. this modg;dtl\e initial flux of the ‘sea-spray. we have numerically
calculated the llquud water content profiles of sea spray over the )

) ocean surface _,
-\ @
< ’ N i
b | —
. ‘ i
r

2. Modelling the turbulent trajectories of heavy par_tlcle's DR

- N R

- i)

T 2.1," Physical cgnsidemtiO'ns'fcf heavy-pa'rticle' r_not'ion in turbulent ‘
".'air'em'f-.. o L
k‘ ‘ '.The.-b‘eh'aviour of discrete particles in a turbulent flowis a
-~ complex problem. If the par‘tﬁles are h'ea\ry or largecompared with
the scale of the turbulence, the main effect of the turbulence will be
on the drag coefﬂcrent and the partrcles will follow the slower
" . large-scale turbulent motion of the flurd lf the particles are llght k
- gnd small compared to the smallest scale of turbulence, they will

o )
' respond to the entrre spectrum of the air motlon



<~

Theoretically little is known about the behavuour of. artrcles
| ~with arbitrary densities and sizes The following equatxon\'ze’nved -
: most completily by Lumley(1957) rela‘tes the particles trajectones
to their physical properties and the instantaneous fiund velocities:

O

R x,‘,.(a,‘._t)-'a.f[:o;(f)d'r-'a;+ j}(t'-x‘)‘t_r;gx“ 8.1 Hode ()
- where a is the mrtnal particle stltlon vector xp(a t) is~the.particie

: pos»tlon Up(‘t) is the particle velosity,.F(t-t) is the partxcle respo?tse
‘» | function which is determined by poth turbulent ﬂuctuatrons and the |
particles inertial propertres,tand U (Xp(ao,s), ) is the mstantaneous o

\

: velocrty ofa dnftmg flund parcel

In effect, equation (1) indlcates that the particle motion 3

- depends not only on |ts inmal posrtion and its mertxal parameters

) but ona complete knowledge of the space-tlme t‘eld of the fiurd
. motion.” Usually such a complete descnption of the turburent veloczty

‘ t”eld is. not available. and even if |t were availabie it would be o

- deterrriined onlyina. statlstioal sense Conseqently. any solutlon of

'equation (1) must reston physucally based szmplifymg assumptions .

.and must be a statistical solution I
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The paths of heavy pamcl‘es in turbulent flow are

| . compllcated and different from those of the driving fluid elements

for two reasons l-' rst, because of their inertia, the heavy particles
cannot follow exactly the hlgh frequency fluctuatlons of the turbulent

.- The greater the lnerﬂa the heavy particles have the slower therr

"1
S response to the dnﬂmg flund velocity So there will/always be some

. relatrve motion between the heavy particles and the surrounding flurd
| .Yudme (1 959) f‘ rst called thls phenomenon the "INEFiTlAL EFFECT'
Second owmg to the lack of coincidence between the velocuty of ’

o :heavy particles anﬁ that of the surroundlhg air, a heavy particle

interacts consecutwely ‘with differer( air particles In other words :
0 Athe heavy particle will fall out of the eddy where it was atan earher
mstant and enter a new eddy. Thus the velocity-hrstory of the heavy |
 particles will differ from those of marked fluid elements. Because of )
this, we mrght expect that the heavy partlcles lose their 4; ~
_j turbulence-veIOCi '

correlatnon more qunckly than flurd ele?hents. ew u
B WhICh change th ir turbulent velocmes only owmg to "eddy-decay o

“Yudine (1\959) r fered to this phenomenon as the "CROSSING B
TRAJECTORY FFECT"

The INEHTIAL EFFECT‘ and "CROSSING TRAJECTORY EF7

_can be cons ered to be the.crucial ‘aspects -of the heavy-partrcle

"‘motlon in a turbulent flow: Ofthese the frst presents no great .‘

difficulty, tthe second is hard to handle ina numerlcal model A_‘\ -




S22 [Review of existing models

. solved numerically.

. “crossing traiectbry offect”.

§

A Knowledge ol the behavrour of dlsorete partlcles in a B
turbulent flow ls of great interest to many branches of technology ln
general theoretlcal studles of heavy-partlcle motlon fall |nto two
‘.categorles those which try to understand the behavrour of

. 'heavy-particle motion by formulatmg the Lagrangran autocorrelatron

: function of the heavy pa*r'ticles, relating itto the turbulence

o «statlstrcs and the propertres of the. heavy particles (e.g. Yudlne
(‘(1 959) Csanady(1 963), Meek and Jones(1973) Walklate(1 987)), and

those based on the equation oi motion ol the heavy particles, which -

try to calculate both the particle velocrty U, and the surrounding fluid

- velocity U, and then follow the'heavy particle trajectory (e'g~ Hu"nt
*. and Nalpams(1985) Faeth(1986)). The result of thrs latter methodis
. a simple stochastic equation havrng an explrcrt C=olutron which can be

-——

ln Meek and Jones' statlstlcal analysrs of heavy-partrcle |

| rnotlon in a turbulent fluid, thefiormulated an autocorrelation.

' functlon of the heavy partlcl ', which can be deduced by assummg that C

the eddy is infinite. So in efféct their model dlsregarded the
Walkiate(1987) included the "crossing

_' . trajectory etiect" but introdueed an unknown"eo'etf‘ cient C whlcha'

varies wuth partrcle characterrstlcs In consequence these two

‘models predlcted that the ratio of partrcle velocxty variance 02 to



o~

fluid-v"elocl‘tyvariance oz is controlled only by ‘p’TL (Mesk and Jones's

EqUation(21) Walltlate's Equation (14)), where < 'i's the panicle time

- constant. Based on dlmensional analysis and the avidence of Snyder ,
. and Lumley s experiment erson et al (1987) have suggested that the

ratio czp/oz is nota functlon ot tp/TL alone, but it depends ona

. number of other quantitiés also. -

R ¢ Faeth [ approach ‘the particles are assumed to lnteract

i wnth a succession of turbulent eddies as they move through the fluid.

’..The fluid properties within a particular eddy are assumed to be i
is assumed to interact with an eddy as long as the displacement of
the particle with- respect to the eddy does ROt exceed the

charactensttc eddy size, L and thé tlme ol‘ the interactlon does not

_' exceed the characteristic eddy Iifetime, T “ With this model he’

c_'i

obtalned good agreement| between the predlction results and Snyder

.and Lumley's expenmentai data However ‘when Faeth's method is

ap .ed to the dispersnon of very Ilght partlcles, i.e, those

‘a ‘proac ‘ lng the density of air ( in which case one can solve the -
problem smg G l Taylor's analyticai solutlon (Taylor 1921 ), |
underestimates the rate of dlsperslon ofthe partlcies

| - uniform but change in a random fashion from eddy to eddy. A particle _'f' E

iy
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23 Formu‘lation of a new model . L R
~ / | ‘
, " The model to be described in thls section is a random-walk
method similar to Faeth's method However it differs in the detauls E
of the treatment of the manner in which the particte is thought to
lnteract wtth the surroundmg ﬂuud elements. '
(1) Equation of motion

E ; “ ° : . AN
» \

Consider Newton's second Law for a sxngle ngrd sphencal ‘
partiote ina turbulent flow (Soo 1967)

”P(‘E?")' ’ lndzp F(Ua- U,)
BRI

1 d(u, u) @
Tt T B a

.3 __ ot d(Uy=U,) /dt
+ zdzi/-npaujh. T, dt
+ é-ndzppg '

&
. o

"+ The meaning of the various terms is as follows: .
" The term on the left-hand sade i8 the product of the pamc!e mass and
. acceleration. The first term on the nght—hand sxde is the drag force.
The second term is due to the pressure ‘gradient in the fluid

L. A ‘
’ e e



Atate The last term is the
4 ‘:’ e ratio of particle density to the
’ second, third and fourth terms -
on the right-hand side can be |gncred with little error. Thus tt_}\e %
simplified Equation of motion is approximately given by:

"Et!!’- “F(U,-U,) -g

%W

‘
R

where F= 7S—-"-LIUa .l.lpl

¢, Is-the drag coeffictent which is given(Schiichting,1960) by

=24 (.3 Re -  .Re<S
Cd Re(l*3x ]6) » ‘V‘Q.

‘and the“Regnolds number-Re is givén by

Re:dX-J——Lm ; Upl :

For a gnven U and the initial Up, Equatlon (2‘) can be

mtegrated numencaliy for future values of Up Since U, is the

: veloc:ty of the surroundmg qund encountered by the partncle and the

- surroundmg fluid does not remam the same all the tlme but changes

- - e -
¢ .



— . o . . * » . ,
~where U'.'2 =mean square fluid velocity summed over all fluid

10

14

irregularl'y Ekatiorf (2')Is a nonllnear etochastic quation. The core

of the problem now lies in the’ determma\]on of the fime series of

. fluid velacity U[ U ~U2)+U, ] meer an Eulerian nor a fluid

o § Lagranglan sequence Usually there exists some correlation between

the values of the velocities of the surrounding fluid at any two times
(see Fig. 1 .) such that
ﬁaufmauz)

y . T -F?(tz'h) o (3)

particles.

>

It theborrelatioh coefficient R(tz-t ) were knewn we might '

be able to solve the velocaty sequencge U usmg the method of Markov

chain simulation (Wilson, el at1981). In general, the correlatnon wull
vary frorh approximately the Lagrangian fluid coﬂ'etanon
extremely light and small particles to the Eulerian spatial correlation

- for very hea\'/y"and large particles. Unfortunately, except fef the two.}

extreme cases, this correlation is. unknown However these two

' correlanons could provude a gunde for extremes in pamc!e behawour

) { : 1 . . . | \

rd
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. - Fig.1. vy hoavq paricle trajectory X
[:] drifting fluid particles

( Ua®  velocity fuctuation

(2 Turbulent trajectory model )

b

. In recent years random-walk theory has been used

Y

mtensuvely to model atmospheric diffusion (i.e. Rend 1979; Wilson et

al, 1981; Ley and Thomson,1983 ). In these situations it has been

assuméd that the pafticlesbeh"ave as marked particles of air (i.e.

that the turbulence characteristics of tracer particles are the same

- as those of atmosphere ). éo one can predict the motion of tracer

) part_icles' asq long as the tur'bvulence,vstatistics, and the mean flow are .
known, As for the motion of heavy particles, their behaviour is much

l more cdmplex than that of the air itself. In order to model the motion, -

| of heavy particles, one needs nidre infofmation about the properties
of the turbulence and the gartic!és. In this model it is found that the
Eulerian length scales are needed, in addition to the turbulence -

properties used 1)1 the model of the motion of tracer particles.



- The model is based on the following assumptioqs:
———The statistics of the space-time fleld of the turbulence are '\
known. . |

——-The vaiocity of the fluid particles In:the neighbourhood ot the

’ heavy particle can bedetermined from the fluid Lag;angian
velocity correlation.and the Eulerian spatial velocity ‘
correfation (as appa}enﬂy first suggesfed by Peskin see -
Hinze(1975 ), p-470). v

(a) Fluid Turbulent Velocisj
The turbulent flow field is \des:\:ribe‘d. by a sequence of eddies
the'schhastic properties of which are found by making a random .
: s@on fro‘rn‘a Gaussian probability density function‘o.f the velocity.
‘ . " . N
—~.The spatial vélocity correlation betyveen dgﬁerént fluid
elements ata ﬁxed time can be described by the Eulerian Iength scale
Lwhichis to a certain éxten_t a measure of the longest correlation
, distance between the simultaneous velacities at m\péints of the
flow fieid (.Hlnze(194755): p-43 ). The Eulerian spatial correlation

coefficient can be expressed as: ‘. s

TR AT RO I AR A Sk
' ze L (4)
72 -

Y Y.
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The correlation of the velocities of a particular fluid particle

_at two different tlmes (t,.tz)us described by the Lagrangian integral
time scale T whlch is usually ooneidered as a measure of the longest

time during which, on the avefage. a particle persists in a mation'in a “
given direction(Hinze(1375), p.53 ). The Lagrangian autocorrelation
coefficient can be éxpressad as:

N .

~ TGy -2 h
. =g T (5)
T - |

3

The overbar denotes an ensemble average over different
“realizations” of the flow: It should be noted that using the above
. ‘exponentlal functions to represent the Eulerian spatial correlation
and Lagrangian tnme,-correlatxon is only an approxlmatlon. .The exact
forms of thesa correlations are unknown.

hR
\

(b) Droplet Velocity

The coordinates of the heavy particle at the start of the ith
time steb are denoted by xpi' Zpi' and the velocity components during
the time step by Uy, Wp. The velocity companents of tbe driving

fluid element are Uy;, Wy;. . ( /
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The govemmg equations and the equatlons relatlng the values

Al O

of Ua,, Wai, Xpi, Zp,. Up,, wp,vat suc‘cessxve time steps are: g
s . D ’1 . '

- d w,’i

: ’W wx) g Bt <2D5 .

B .kx;.av1+1"xp1"'u A o .(ééj -
..-Azpl+1-zp‘+w " ‘ '(Gb)”'\'

| \.tr"a;;;fv"_a.wm S
: 'Uaifd'U.ai;o-ifU(';')l _  | | V_(.G.;d)‘

' At ‘ . _
whera u..e TL L ) is the coeffic1ent of Lagrangian temporal

) correlation and Eulerian spatial correlatxon At 1s the tlme :

4



" mterval whldh is much smaller than TL' Aris the,dlstance between

the posrt@;ﬁi‘of the fluid element thé partlcle interacted With at the
prevuous tlme step and the posmon ol‘ the ﬂurd element with whlch

-

the partlcle |§ now lnteractrng x +1 and p,1 L1 are random vanables

Sy .

whose propertaes dre chosen in order to ensure thdt the fluid

elements move in accordance wrth the kncwn turbulence statrstlcs

. i.e xl +1and «p\must be chosen to satlsfy

. //' . !

A-H,‘-(]‘“'Z)IUUY“‘- . . ‘ v

‘ " ' Ry = 1..7‘.‘;? )? ?w‘;'lt+t t

’ where Y, +1 and m .1 are the mdependent standard normal randcm

———

vanables g, and Oy afe the standard devratlons of turbulent veloc:ty

in the honzontal and vertical d‘rectrons respectlvely

-l

These two random vanables arefselected to grve the sequence (ua,.wa,) the correct vanances

(Legg ot al 1982) Theoretically a must bea constant in thls lormula but stmulatron shows that

-

- with avanable o ohe sttll obtarns correct vanances "
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Refemng to F;re 2 the reiationshlp assumed"etween the
"drlvlng Hluid velocities at consecutive times is as follows the o
"lnltlal" fiuld element shown at posrtion A at time T1 moves dunng
the tlmestep to a new position B at time. T2 where rts velocrty

'U'a(T2) ls assumed to be composed ofa fractlon of |ts velocxty at |

time T1 (the fraction belng govemed by the Lagrangran fluid velocrty
correlatlon for ttme lag T2- -T1) and arandom change However the

. fluid veloorty we. requn;e at tlme T2 Ua(T2) is at the new he\avy\
.

particle locatlon C whlch does not corncrde wrth the present posrtlon\

- B of the "inmal" fluid element. The new "dnvmg velocnty is taken to |

Q be the sum ota fraction of the present ﬂUld velocrty U'a(T2) atB

(the fractlon berng govemed by the Eulenan spatral velocrty
- correlation for separatron r(B)-r(C) )anda random change |

> This model lncludes the,mertlai effect" naturaily Equatlons KR
: (6c) (6d) and (Se) account for both the Eulenan spatial decorrelation .
and the Lagranglan temporai decorrelatlon descnbed above
Furthermore, a heavy partlcle is assumed to lnteract with a

- particular eddy as long as the dtsplacement of the particle with

’respect to the eddy- does not exceedtheaverage eddy size. When the'

| dlsplacemeht between the Inltlal flurd parcel and the heavy partlcle
, Fl exceeds the average eddy srze the partlcle is assumed to have

: ,; moved out ?Jf the old eddy and to have entered a new eddy We then

<
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, create a new eddy whose propertles are found by maklng arandom

selectlon from the P. D F of veloolty ,and continue the calculanon N

@

_The average eddy size is chosen to be the Eulerian length scal_e.

Under the above a-rguments the\'motion of a heavy particle in a-
: turbulent flow can be samulated using Equations (2) and (6). Fig3 |

shows a schematic flow chart of the heav;«partncle trajectory model

X

-*In fact, equations (6¢) and (6e) should be sufficient to account for the *crossing trajectory

effect” (see Peskin 1962, V%alklate 1987). but'we found this resetting of the chain to be
. A\
necessary o ' '

L



| averageeddysize - . ' Re-displacement botween the initial fluid

B L b element and the heavy particle

Fig 2. Turbulent trajectow of 8 heavg particle
-——l-!.—. Heavy particle tnpctorg ‘ O Initial fluid element

v-’*\.— Fluid ohmont tr‘ajéetorq . D - Driving ﬂuiq element.

A4



JSet the volocitq vahos of tho hﬂm fiuid particle at the|
L start point or the new posmon of the heavy particle

Move heavy particle and follow the initial ﬂuid :
. particle at tho same time' -

: oxcnds tho average .ddg s'lzo

-No | '
Determine the veldujty of the Tluid in

| the neighberheod of heavy particle o

®

h,F'ié%. Flow[chart of heavy particletraj_ecfom model

. .
’ m ) - V
LA — .Y LI

" ) . ) ’
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2;4‘Assesment of the new model | e

I

Y

There is little literature on the expenmental measurement of
' heavy-particle motlon in turbulent ﬂow To assess models of |
B heavy-partlcle motion in turbulént flow most people( Faeth(1 986),
_Meek and Jones(1973), Walklate(1987)) have used Snyder and
| | 'Lumley ] experlmental data The measurements of Snyder and Lumley
| (1971) invoived dlspersmn of vanous types of tndnvudual partrcles
which were injected into decaymg turbulence downstream of a wind .
' :,\'tunnel grid ( see Fig. 4) Comprehensnve turbulence data are given, lni

additlon to particle velocrty and dlspersrcn data L I

In order to sumulate the heavy-partlcle motion in decaymg :
turbulence we have to account for the streamwrse vanatlon of the
N | flurd velocaty statlstlcs The srmulatton of these expenments wuth |

this model was undertaken wrth the fo“llownng air turbulence and

' mean flow data fcr a vertlcally upward flow in the Z drrectron '

(seetablet) C R \_A
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o Mean flow ' | ym=0 - o
| W=6.55 , .m/s| .
* Variences of, || 62=6.552/(39.4(39.32+8)) © ' (m/sF.
turbulent velocity _
| ST | edaal (m/s)?)
02uf.552/(42.4(39.32+4)) . (m/$)?|
-".i‘ [
<
. ) < -
, : o .
- Honeycomb o
CTest . N 2 .
. section 16nY :
) 4 ‘' 1 _~The particles were
v/e’jecte‘d here ’
. © Grid R
ST Dar;\por
Blower ~ Honeycomb
) . Screened
o diffuser
i1

.- Fig.4. The ‘wi-‘nd‘tunnel_v_of Srigder'anq Lumiley's ex’p'e&rimven_t _

\
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) A Based on the experlmental ata (Snyder and Lumley (1 971) g
'» table2) and Snyder and Lumley s ana sus of the decay of the turbulent _
flow we derived the Eulerlan integral length scales for both the
- streamwise and the crdss-stream dlrections |
R Ly=. 0034(39 32+32)° 5 |

‘ (8)

Thé Lagrangian integral time scale T is assumed to be Lg/c,

in accordance with Snyder and Lumley's conclusn n (most prevrous

’ models took TL asa constant but accordi yder and Lumley s

suggestlon TL should vary Iinearly Wlth ,(39 32+32)) The aveqage

eddy size ls chosen to: be Lg. One thousand parttcle trajectorles were
. calcul_ated,for. each of the dll‘f_erent partlcle sizes in order to geta -
statlstlcally stable~SOlution The results of the predictions and the
corresponding measurements are lllustrated in Fig.5. Tha samulatlons _
arein reasonably good agreement wnth the measurements for both
s light. particles (hotlow glass beads) and heavy particles (copper
beads) although the agreement for corn pollen is not quite as good.

" In'the following sections, this model is applied tothe
problem ot calculatinglsea4spray trajector’ies Combined with the
, boundary layer condttton the proﬂle of- average Ilqurd water content

: over the ocean surface has been deduced
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“ ?é. Slm'ulatlon ot»the profiles ot liquid water content over

the ocean surface - | \

3.1 The oceanic production rates of sea sprays ' -

. The production rate of sea-spray depends on a number of ,

. fachrs. namely, those that determine the spectrum of bubbles that

| break at the sea surface (the distribution of bubbles, the relationshnp

) begween the bubbles and the sea-spray, etc). Because there | is very ’

little literature on this subject,”we will make some qua’ntitetive‘

" assumptions in order to deduce the emission fluxes.

3.2 Distributions of bubblés near the oceah surface

Recen!v Kerman (,'1-986) proposed-a rp_odet_for the bubble size

| defnsity function (f,) near the oceeh strface under active breaking

" wave conditions:

il |
d —i;
: fb(di )-3:—;)—-3 <d (9)

Where <d> is the expectation or mean value of the bubble
diameter. Fig.6 shows the theoretical bubble density function
calculated.from.(9). The bubble size distribution function is then
expressed as: T '

. Y &
F, (d; )= 3N:_1Te <d® Adi (10)
, S Tokd> o o ’
24
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where N_* s the total number of bubbles per unit volume in a layer of

thickness comparable to the largest cavities near the interface. It is
given by: - o

N} =8x5.233xU3 Y

The similarity coefficient & was estimated to be of the order

of unity }
1072 p—t————
-
-
. 4
1079 =
1
—~ 3
O p v
i -t
= .
=
U

™,

j . | lllllll

&

8 : i o o
10 = 10 o zo ssu- 40
i Diameter of bubble(um)
- _Fig.6 Bubble size density function near the ocean surface
‘ under active breaking wave condition as given by (9)

3.3 Distribution of sea—spréy above the ocean surface. |

I3

If droplet nufnbers are p'roportionaly_ to the number of the
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bubbles, we might expect that the spray droplet distribtion function
at the surface would have a snmllar form to that of ‘hq(:aubble
distribution function although at higher levsls the droplet
“distribution function will be greatly influenced by turbulent mixing
and gravitauanal settling. In fact, when assuming that the liquid is
dispersed into droplets in a completely rand_om way with respect to
the volumes of the droplets, Angelidou et al. (1979) derived the

following size density function for droplets:

TN
& _ F(T)D{ 3
5 (Dpm 3(-—(-3—)-) p2e ¢ )

D> T (12)

the similarity'in the droplet size distribution of Preobrazhepskii
(1‘973) with the bubble size distribution of Kolovayer(1976).’

4
3.4 The proposed production’rate of sea spray

4

Wu(1979) observed that the' productlon rate of sea—spray
varies in a power law form with the wmd fnct:on velocnty Us.. Later
Wu et al (1 984) carned outan expenment to measure tge production

rate of sea spray. The measured spectrum of volumetric ﬂuxes of sea

spray near the surfdce is shown in Fig.7.

Equation (12) is similar to equation (9). Wu(1981) has noted

¥
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Volumetric flux(gpm

B . L] L)
O 70 140 210 280 980 « 420
Diameter of sea-spray(um)
" Fig.7 Volumetric fluxes of sea~spray near the
\ ocean surface (After Wu et al.,1984)

(9

Comparing Fig.6. and Fig.7., it seerﬁs reasonable to assume
sqQme rélétionship'betweén the bubble size distribution function and
- the ejection flux of the. sea spray. For simplicity we assume that the' -« =en MQ
" bubbles are all distributed uniformly to the same depth, all bubbles |
reaching the surface burst ahd 6n'e bubble proquées one droplet. Then .
the ejection rates of the sea spray can be computed from the

corw'centration of the bubbles Fb(d) (these bubb'les'produce the jet

3



ot

drops ejected at the ocean surface) multlphed by the rlsmg rate of

the bubbles Vd-

R e (A NN L an

g

rwhere the nsmg rates of bubbles Vd can be calculated |n the

. followmg manner ‘There are two forces (drag l‘orCe and buoyancy :
~ force) ,actlng on‘a bubble in the water. The exp_ressnon for the drag

| forca is:

@5 -
3

| .,Fd—S'n’n’Vd'df(ACd*Re/Zfl})- # '. '(u_,) |

where n IS the dynamlc wscos:ty of the. water dis the bubble

dlameter Re i |s the Reynolds number

“The buoyancy force on the bubble is:

CR=gndiile ey (15)

oy . :' ,: e n

where g is the grawtatlonal acceleratmn and pW and pa are the

B densmes of sea water and anr respectlvely

~ 28-_
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As‘_suming a steady state, the drag f6rce-equals the buoyancy

force; that is:,

Cd )-——ndzg(p,, Pa) - _,'('6)-» |

. 3rr.ndVd(

L Moore (1959) exammed the motlon of spherrcal air bubble and

) gave Cd=31/Fle Subsntutlng Cd lnto Equatlon (16), the rlsmg rate of |

> .
4 e

bubbles is:
-< : ":- . I A‘ . | | = R
.’ | ‘. - ‘ Vd-43x10-2 d (pnw— pl)g » o (17)

‘ Mason (1954)‘reported that the size of the jet, droplet is
drrectly ralated to the size of the bubbles and is about 15% of the

size of the bubbles. Consequently the nsmg rate of the bubble can be

N expressed in terms of the dlameter of the sbray droplet as

Vd=1.91 D (Pwn Pa )g

‘Flg 8 shows a comparison of the ejectiohf dlass flux J
: calculated from Q(d,,vd) ﬁass(d,) with the experlmental data of Wu

 etal. (1984).

o

e
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o Wu's experiment
 ——— Calculation .

L4

ey T 1
70 140 210 - 280 950 420
- o Diameter of sea-Spray(ym)

: an 8 Mass - flux of sea-spray at the ocean surface

_ The agreement is falrly good. Thns may imply that the ]
Equation (1 3) isa reasonable approxumatlon for the ejectnon rate of .
the. sea spray ‘

o

| » 3.5The ejec?iion speed of the.Sea-‘sbrey‘ eteplets )
Newntt D M. et al (1 954) studied the breakmg of bubbles and
“worked out an expressuon for the speed of the rising Jet by

| - considering the relationship between the forces acting on the cirat’ekf
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Where W is the e;ectron speed of jet drop, P is the ,
atmosphenc pressure Y is the surface tension d is the bubble .
diameter; and t is the actrn_g_tlme of the vertical im,pulse force, "

" which'is assumed to be 30ms. It was claimed by NBwitt_t‘hat the
value of W, calcUlated from formula (19) 'ahd the'observzed value of -
Wo ar’e in farr agreement Slnce D- 15d, the ejectron speed of the jet

" droplets can be written approxrmat,eiy as:
‘P 0.6y

W 0225( D_
P,,,D

-t T (20
- Fig. 9'ws the vanatron of ejectlon speed with the spray |
* Siameter as calculated from (20) | B

» ﬂfi.,j,‘,", 10 2
. N ]
10! | 3
Wo(m/s)
100 i
: 10! ' e TR
— - , 3
10 Dropkt diameter ( um ) ‘ io

Fig.9. Eioction spnd of jet drop-.
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3. 6 rMechanlsm of the vertioal dlstnbutlon of sea spray
| o " |
Measurements (Preobrazhensku 1971) have shown that sea
" spray can be observed at a height of more than 10 meters above the
‘ocean sur_face in the.. atmospherrc boundary layer. But frorh both
calculation (see Fig. 10‘) and the expertmental data (B@Qr:hard and

. Woodcock 1957) of sea spray trajectones in laminar flow, lt is found

-that the maxnmum ejeotlon helght of the droplets is less than 20 cm

" duetothe drag.tand gravntatnonal forces acting gn them._ Ll |
e _ —
] Line Diameter( ym) -

14 3 1 'S0 :
2 - 100 °

12 3 200

i ' 4 400
s

-..- 800

0 100 - 200 300 400 500 X(cm)
Fig.10 Qroplot trajectories in a laminar flow, ’

Obvuously the mechamsm of the motion of sea spray in the
atmosphenc boundary layer must be dn‘ferent from that in laminar

~ flow.”
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Once the sea spray droplets are e'jected into the turbulent air, -

they are mfluenced by gravity which tends to carry them back to the
sea. On the other haqd due to the turbulent veloclty the drag force

.1 -tends to distribute them in all dlrectlons In the meantime,
| evapcratlon tends to reduce gravntatlonal seftling by decreasmg
particle mass ‘The Iarge droplets are not readlly carried above the -
near surface air layer by atmospherlc turbulence and they cannot |
: stay in the air for a suffrcxent perlod of time for them to evaporate
significantly. Much smaller droplets are hght enough to be readuly
mixed upward by atmospheric turbulence and if the airis unsaturated
- with respect to water vapor they wrll tmdergc apprecrable |
evaporatton which will further favor thelr upward transport Because
of the difference. between these motlcns of small and brg droplets we-
' expect that the partlcle suze dlstnbutron functlon must change wnth .
herght i. e, there will be more big drops in the lower Iayer than in the | -
higher layer, and the small drop ccncentratlon wnll vary slcwly wnth |
| ”herght as shown in Flg 11, ‘

The final distrlbution of sea-spray 'particles over the ocean

_ v‘surface will largely depend on (1) the rates of productron of . o

: sea~spray droplets, (2) the' turbulehce in the air, and (3) the rate of

" evaporation. | . v L
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"104' . N —et —y —
' : ' Line Height
. 1-2m
3. 4 m
" Number/m3
102 4
101 .
16° —— ———— A
. 100, 200 - 3oo 400 ¥m
«» Droplet diameter s
Fig 11 Spraq size drstribution (aftor Pnobrazhonsku 1971)
3.7 Bou/np‘ary layer properties used-in the simulation. N

The boUnda‘ry 'Iayer properﬂ&mﬁ?\be specif ed in additioh to -

the mmal flux of the sea-spray. The srmulatlon of sea—spray .
: concentratron is determmed greatly by the boundary Iayer turbulence
as has been mentroned in 3 6. ’ ’

L}

A The marine bouhdary layer

In general accordmg to the Momn-Obukhov sumllanty theory :
o ( Monin and Obukhov 1954) the spectra and cospectra of turbulence in
| the atmosphenc surface Iayer are consrdered to have umversal forms :
described by parameters such as the fnctron velocity and the

- stability parameter. The atmospheric surface l-ayer has been |

T



extenswely studled over |and but fewer studaes have been made at
sea At least two dlfferences ex;st between the marine and land
”_surface layers. - Firstly, the latent heat flux Ioss from the ocean
“dominates the total-heat flux loss and the latent heat fix can also
contnbute to buoyancy effects. Secondly, there is.some evudence
suggestmg that the velocity. statnstncs are not unaffected by the
presence ofa movmg wavy surface as a lower boundary (Takeda' _
~1981). In spnte of the dnfferences of physncal propertles between the
- sea surf'ace and Iand meaSurements (Schmrtt K.F.,1979) have
demonstrated the valldlty of Mon|n~Obukhov srmllanty theory over \
thesea. » . A

*

B Wind profile -

DlmenSlonaI analysis, followmg the Monln-Obukhov
samllanty theory, Ibeds to the followmg relatlonshup in the
atmosphenc surface layer ‘

. \,_

dU(2) U~l-
Tdz T %2z

<1>< y e

mo

where U(z) i is the average wnnd and <b(z/L ) is a universal function

: (Dyer 1974) grven by
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 The Monin-Obukhov length Lm'; isgivenby

] p,CPT, Us
' - xgH

=m0

C Turbulent fluctuations and statistics -

36

(23

~ The analysis of turbulent characteristics in boundary layer

from ih_e -expeﬁrﬁents_ by Caughey et al..(1 979} and Panofsky et al.

(1977) can be represented as follows:

(1) Turbulent fluctuations

&

T
1.3Un(1-2/Lp ).

"o m={ 1.3Ux | o
1.3U=(1+312/L, | D3

F23Ux(1-2/H)

VoL

Oy= ¢ 23Us

Ux(12+5IH/L T .
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(2) Length and time scales

(a) Lagranglan integral time scale TL ,;“ ’
0. 410“*/(1ys 2/, )c3 " lme>0
T= oéEZ/u. : | Lmo=0 (26)
| _0.4ZU*(l+16l2’/Lm,,l)2'/03 o LpetO
" (b) Eulerian Length scale
L=T o, $- e

D Boundéry Layér'Height

. _
The expression for turbulent fluctuations depends on the
. boundary layer height which is a complicated and unpredictable

function of time. We have chosen to impose characteristic values:

oy
- 200m stable .
H= 7 0 1 - ' (.28)

1000m  unstable

rd



' that the above emprrrcal formula was denved for Iammzf‘(‘ and

38
3.8 Evaporation of the spray droplets in the marine boundary layer

+ The evaporation rate of small water droplets in the alr has

| been studied by Beard and Pruppacher (1971) The rate of evaporatlon

~ Mis the mass of the droplet; k is the diffusivity of water vapor in the

air; R is the speoific gas constant for water vapor; ey and”ea are the |

R -
~ vapor pressures at the surface of the droplets and in the air

respectwely, and Sc is the Schmldt number. Wu(t 979) pomted out
would therefore underestlmate the evaporatnon effect quently,
we can only estimate the lower bound of the evaporation rate since no
study has been reported on the evapor\atn\n of small water drops in

turbulent flow. In the followmg simuilation, the relative humidity and

- the temperat_ure are chosen to be 80% and 5°C, respectively.

"1

Pan

~can be written as N
aM - py Z'E.DK So-8, (29)
a7 VT (e, v 0)/2P  RT, |
where fv is the ventilation coefficient for mass transfer,
giveny by‘
| | » ‘ IS
© ¢ 140.108N2 .. N<1.4 3T 7 -
fy= { v : : (N=Sc Re) (30)
0.78+0.308N ~N>1.4
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2

3.9 The results of the simulation * *

Simulatior}fﬁﬂhe vertical liquid _waier content has been
computed with the equations: (2), (6), (7). (13), (18), (20), and the
"boimdary‘ layer conditions given in 3.7. Ten categories (20,"*** 200um)
of drop size have beeri as;ume_c_!;;l' heoretically ed¥h of these droplets
. must be followed until either it evaporates completely or it falls
down to the sea sur_facet In practice, howeve;f, it is impossible to
 track the very small'particlés ( < 10um) due to limited computing
time. T{\e simulation of a parti?le trajectory lis ehded when one of the -
following three ‘qrit"eria‘.is satisfied: (1) the particle falls down at
the sea surface, (2) the bartn‘cle is evaporated to a size less than
10um, (3) ;he_ particle has moved horizontally oyer 196 metres.

- Fig.12. shows the variation of the profiles of liquid-water content

with atmospheric étability'. T hé, simulatidn predicts that the mére
unstable the air is, the highef the spray will ‘b‘e found, as exbected.

: Unfo'rtunately there areﬁvho cone§pohding measurements to cé:mpare
with. Fig.13. shows the wind dependence of the profiles. The ™
simulation is quite sensitive to the .frictibn velocity. When the -

friction velocity increases from 0.2mvs to 0.5mvs, the liquid water

The curves in fig.12 and fig.13 are not smooth, which may be due 10 the limited number of drop
size categories assumed. ‘ '
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content in;:reasés répidly. This is because the friction velocity
characterize,_s the wind an-d the wave structure, and consequently the

" spray production. The size distribution function of the sea spray at
10¢m above the ocean surface’has been simulated as shown in Fig.14.
This distribution function is quite similar to the size distribution“ \
function of bubbles found-ﬂpy Wu(1981'). Such a fesult' may indicate
that the production efficiency of the sea spray droplets from bubbles

is approximately constant in the drop size raﬁge of 20-400um.

I
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The present study has demonstrated tha : lS pe‘ s:ble to

calculate sea-spray c%entrgtlon prof ile usxng a turbulent trajectory

snmulatlon approach provnded the mmal condmone are weII aefln
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- The main advantage of thls approach iS that lt is |n pnncrple _' »:
| equally a”ppllcable to. both complex and srmple sntuatrons There are
several questrons whrch should be noted and ment further |

mvestxgatron Frrstly, in formulatrng the model of heavy pamcle

B "trajectones we drd not consnder the correlatlon between velocrty
fluctuations, WU Furtﬂr parhcle trajectory models should take N

this into account. Secondly, the major sources of uncertainty in. thls |
| srmulatron are the droplet emission charactenstlcs such as the
-droplet initial size dlstnbutnons emrssron rates and the speeds of |
- the spray droplets. Measurements of spray ejection rates and speeds
. ‘as a function of size are necessary Fnally, the large spray drops‘ s
produced by wave colhsrons wrth shrps rslands etc, have not been

| mcluded in this study because of the complexlty of the gene&ratlng

. mechamsm However by makmg some samplrt”catrons it mrght be

possrble to predlct the partrcle drstnbutlon ona shrp deck or an
| island by followmg therr trajectones (in thls case one has the added -
-complexrty of a dlsturbed underlymg arrflow) It should also be noted
- that the turbulent trajectory modet i |s apphcabb to some other ' .
. partrcle motions m the atmosphere provrded the densrty of the 4
s partrcle is much hngher than that of the alr An example mrght mclude

. the motlon of heavy-partlcle pollutants in the atmosphere |

<
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3 Appendix A
~ A computer progrém of cak:uléﬂng the n'u_nﬁber distribu_tlfon of sea

- 'spray ati0cm above the ocea_i\ surface.

10 GPEN "sraavu' FOR OUTPUT AS ®1
20 DIM TC11),Q¢50), CONCENCS0) '
30 REM NUMBER.DISTRIBUTION OF SEA sﬁav AT 10CH
40 REM NEUTRAL CASE
SO Z00=.002:USTAR=. 2:MOL= 100:0BAR= . 00015
. 60 NT=200:NPw?:XMAX=100:CONST=. 1:GAflA=. 073
. 70. Um.0000 1S 1:DENSAw1. 18:G=9.8: THOP|E=2%3. 1416
.80 DIFK=,000022: U481 :P= 1000: SCaUFMN FK : DENSP= 1000
'* 90 TLO=.26%Z00/USTARNDT=. 1¥TLO:KU= 4 ‘
100 $1GHAU=2, 3*USTAR ISTGHAL=1 . S*USTAR
1110 He, mnouus*ranﬂoooor s -
120 REM NSTAR 1S A FUNCTION OF U
130 USTARC=,23:USTARB=USTAR/USTARC: Aft= 1, 7543/1000
140 NSTAR=CONST*CUSTARB/RM)*3 -
- 150 PRINT #1,%20,U*, MOL,N*o,DBAR"
..160 PRINT n,zoo,usrm,nm.,usma,uaan .
170 PRINT #1,“NP,NT, XMAX, CONST" :
180 PRINT ®1,MP,NT, XMAX; CONST .
190 PRINT ®1, “RELATIVE HUMIDITY, 'rsnpr-:narune"
200 PRINT ®1,RH,TENP = S

210 PRINT ®1, 'M.t.r . Conc.nu-auon_-
220' RANDOMIZE TIMER :
230 FOR I=1 TO NP
240 REM.D IS SPRAY DIAMETER
250 D=,00005+< |=1*, 00005 : 00 00002 /0BAR" .
260 DONDBAR=D/DBAR:DO=. 00002/DBAR: UD= 1238 115 19%0*21 -
270 REM NUMBER |S THE NUMBER DISTRIBUTION FUNCTION .
280 NUMBER= |NT(3*NSTAR® (DONDBAR 2 *EXP ¢~-DONDBAR 3 *0D )
"- 490 QC| YSNUMBER*UD | ,
300 LiO=.0000067%< 100%P+ . o*cama/m/(osnspwo)
310 PRINT “PARTICLE #; |
320 FOR J=1 TO NT
330 OT=. %TLO IR :
340 UBAR=O!. . ‘ -
X=0:2%200: UP=H0: UP"Q ‘
INED=O
JOSUB 790: Q=R : QLO=QH ; ua-qu*snemu HAO=WA: Z0=Z S
) @0SUB_ 790: QU=R: QUO=QU: UAR=QU*S | GIAU: UAO=UAR : X0=X <
A UP=UBAR+UAA: XAX : 2AZ - . -
® ZPREUsZ.XPREUsX

L4

48
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410 Z=Z+UP*DT: X=X+UP*0T o
420 ZA=ZA+WAYOT :XASXA+UA*DT :
430 Z20=Z0+WA0*OT: xa-xo+<uao+uaaa>*oT : S
440 DUsLiA-LP : DU=UA-UP : )
. 4%0 RELUEL-SQR<Du~0u+oU*Du> o ‘ .
", 460 RE=D*RELVEL/NV: cnxnsL-24~u*<1¢4ns- 557)/5)/0
470 fAwm, 7S*CDXREL*DENSA/CDENSP*D) - . K
. 480 NP-(HH-G/H)*<I-EXPC-ﬂ*DT))+uP*EXP(-H*DT) .
© 490 UP-UH+(UP—UH)*EXP<-H*DT) :
500 1F 2 <= 200 -
S10 IF 2 > 10! GO
520 IF Z < .2 THEN -
S30 DDZ=ZZPREV:DDX=X-) v
- 540 T(l)-T(l)+SQR((DDZ*DDZ+DDX*DD!)/(UP*NP+UP*UP))
S50 IF X >=XMAX GOTO 710" . -
S60 UBAR=(USTAR/KV)*<L0G(2/200)) o
$70 TL=.20%Z2/USTAR:DT=. 1*TL , . f

- 580 LFG=SIGMANNTL

S90 DZ=ABS(ZA-2): DX=ABS (XA=X> LR

600 ALPHA 1=EXP ¢~DT/TL)

{

'sos,asrat-son<1 0-ALPHA 1*ALPHA1)

610 ALPHAL=EXP (~DT/TL-¢DX+D2Z) /LFG).

620 BETAL=SQRC 1!-ALPHALALPHAL )

630  ALPHAUSALPHAW : BETﬂu-SQR(1!-ﬂLPHﬁU*ﬁLPHHU)

640 GOSUB 790: QUOmALPHA 1*QUO+BETA 1*R : HAO=QUO™*S | GMAW

- 650 GOSUB 790: QU=ALPHALMQU+BETAL™A : LIA=QL*S | GMAK

770 NEXT |

" 660 GOSUB 790:QUOSALPHA 1*QUO+BETA 1*R : URO=QUO*S | GHAU
670 GOSUB 790: QU=ALPHAUMQU+BETAU™A: UAR=QU*SIGHAU
680 RINED=SQR( (X=X0 Y*(X=X0 )+(2=20)%(2=20) >
690 IF RINED >= 1.33333%LFG GOTO 360 .

- 700 GOTO 390
710 NEXT J
720 NEXT |

730 FOR I=t{ TO NP

740 T(1)=TC1)/NT

750 CONCENC 1)=mT (1 )*Q<15/.2 ‘

760 PRINT #1,50+¢1-1¥20,Q¢1), CONCENCI >

780 END: | -
790 IF RND < = o'coro'e1o

800 R-SQR(-Z*LOO(RND ) »*C0S (TUOP 1 E*RND ) ' N '
810 RETURN : : : :

|
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experlment

OPEN "TESTDA*\FOR OUTPUT AS ®1

A computer program for numencal samulatron of Snyder and Lumley S

-
.

DIN XBARSQ(S0), YBARSQ(S0 ), XAVGCS0 ), YAUGCSO), BHSQ(SO) AUG(S0)>
PRINT #1{, hocw pariticle dife test, DENSP-BQOO" KK=2: GOTO 60 -

PRINT ®{, “DENSPw 1000" : KK=4:GOTO 60
PRINT" ®1, “DENSP=260" : KK= 10
WBAR=G . 55 Um, 000015 1: DENSA= 1. 18:G=9. 8: THOP |E=2%3 . 1416

‘D=, 0000465 : DENSP=8900 : TP=.049:0T=. {*TP

IF KKm4 THEN D=, 000087:DENSP&®1000:TP=,02:DT=.2*TP
IF KK=10 THEN D=, 0000465 DENSP»260:TP=.0017:DT=TP
NP= 1000 -~

RANDOMIZE TIMER S

PRINT ®1,°* 0 OENsP NP"

PRINT ®1,D,DENSP,NP
FOR IP=1 TO MNP

PRINT “PARTICLE #*; IP =
ORUU=0 : DRIV=Q ; DRWU=Q: DX=Q: DY=0 : DZ*O

Tlw, 43%,0034%((32)°.5)/.3689 .

IF OT > . 1»TL THEN OT=, 1*TL
M=1:HMTPw, OS

INED=Q ;
IF.Z ¢ 0 THEN Z-O _—
REM SET THE ORIGINAL FLUID ELEHENT
GosSuB 1180
GOSUB 1150:Qbi=R : LAP=QLI¥S | GHAM : QUO=QH : UIAPO=LIAP : 20mZ
GOSUB. 1150:QU=R : UR=QU*S | GHAU : QUO=QU : UAC=UR : XO=X

‘GOSUB 1150:QUsR : UR=QU*S | GMAV : QUO'QU VRO=UR : YO=Y

KA=LBARHIAP : XAmX : YA=Y : 2AmZ

Z8ZHPHOT : XX +UP*OT ; YaY+UP*OT

XR=XALUAOT : YARYAHUA*DT : ZA=ZA+UIA*DT" . ’
20=20+<UBAR+HAPO QT XO-HJHO"'DT YO=YO+UAO*DT
Ol=LA=LP : DUsUA-UP : DV _ .
RE.UE!.-SQR(DU"DUW*MH*DH) -

-RE=D*RELVEL /V:CD w24% % {+(RE" . 667 )/6)/0

A . 75*COXREL*DENSAY (DENSP*D ) :NR=NA+A : SSaSS+1
up-<ua-0/n>~<1—exp<-a~or>>+up*exp<-n*or> _

UP=UA+ (UP=UA YEXP (~A*DT) . .

UPmUA+ (UP=UA YEXP (-A*DT )

DZ=ABS (2-2ZA ) : DX=ABS (X=XA ) : DY=ABSCY-YA)
DRUU=SQRCDX*DX+DV#DY) : DRIU=STAY DZ%0Z+0v*0Y ) ;/'\\



410 DRHU=SQR(DZ#DZ+DX*0X )
420 [F 2° <-O THEN Z=0 ‘
' 430 GOSUB 1190
440 LFs=.0034%( € 100%2/2. S4+320° .5:LGs. 4s~u= TLeLG/S IGRAY
445 |F OT > .1»TL THEN DT=. 1%TL 4 .
450 ALPHA 1sEXPC-OT/TL ):BETAI=SQRC 11-ALPHAT*ALPHA 1) .
480 ‘ALPHALSEXP ¢-DT /TL-DRW /LG-0Z /LF 5:BETAH=SQR( 1 | -ALPHAN*ALPHAW )
470 ALPHAUSEXPC~DT /TL.~DRW /LG~-DX /LF ) : BETAU=SQR( 1 | =ALPHAU*ALPHAU )
480 ALPHAUSEXP C-DT /TL-DRWU ALG~DY /LF 5 : BETAU=SQR( 1 | =ALPHAU*ALPHAY )
490 GOSUB 1130 : QHO=ALPHA 1*QUO+BETA 1R : HAPO=QLIO*S 1 GA
SO0 GOSUB 1150 : QH=ALPHAI*QL+BETALA ; UAP=QLI™S | GHAL
S$10 GOSUB ‘1 150: QUO=ALPHA 1*QUO+BETA 1*R: URO=QUO™*S | GHAU
520 GOSUB 1150 : QUmALPHAU*QU+BETAUA : UA=QU*S IGHAY
530 GOSUB 1130 :QUO=ALPHA 1*QUO+BETA ™R : URO=QUO™*S | GMAU
340 GOSUB 1150 QU=ALPHAUSQU+BETAU*A : URmQU*S | GHAY
S50 IF 2 >= 1,229 GOTO 590 -
S60 R NED=SQR( (X~X0)%(X=X0 2+(Y=YO Y+ CY=Y0 )+ €2=207%¢2-20)
570 IF RINED »>= LG GOTO 210
' 580 GOTO 280 ,
360 X1=X:Yimy:Z1aZ:T=Q
600 RINED=0

. 810 IF Z <O -THEN Z=0 - Y
€620 GOSUB 1190 . :
630 GOSUB 11%0: OV'R.VAP-OV*SlGM%V 'OVO*OV W APOmY AP 20=2

640 GOSUB 1150:QU=R: UA=QU*S | GHAU : QUO=QU : URO=UA: X0mX

650 GOSUB 1150 :QU=R: UR=QU*S|GHMAV : QUO=QY : UAO=UA: VO!V

660 WASLBAR+UAP : XAsX -VAmY: ZAnZ

670 Z20=Z0+(LBAR+UAPO )*DT: XOﬂ.XO'PUﬂO"'DT VO-VO+UHO*DT :

680 ZmZ+IP*DT: XuX+UP*0T : YuY+UP*DT :

- 690 ZA=ZA+UA*OT : XR=XA+UADT : YASYA+UAHDT

700 OU=UA-LP : DUsUA-UP ; DU=UR-UP :

710 RELVEL=SQRCDUSDU+DUSDUDL*DU) |

720 REsD*RELVEL NV :CDXREL=24*U#( {+(RE".667>/65/0
730 Am, 7S*COXREL*OENSA/C(DENSP*0) : NA=NA+A: SS=SS+ 1
740 WP=(UA-G/A )¢ 1-m<-n*on>+umexp<-n-o1'>

750 UPsUR+(UP-UR Y*EXP (-A*0T) .o

760 UP=sUR+(UP=UA M*EXP (-A*DT) :

770 DZ=ABS(Z-ZA): DX=ABS (X-XA) : DY=ABS(Y-YA >

780 Dauu-somnx*oxmwowfonuu-sqmozwozmv*ow

790 DRWU=mSQR(DZ*DZ2+0X*DX)

800 IF 2°¢ O THEN 2=0 ' _

810 GOSUB - 1190 ‘ ¢
820 LF- 0034%¢ ¢ 1oo*z/2 54+32>° S):LGs. 45*LF; TL-Le/smnau



U4

820 LFs.0034%((100%2/2.54+32)".5):LG=, 45*LF‘ TL-LG/SIGHRU;

830 ALPHAI=EXP(~DT/TL):BETA1=SQRC 1!=-ALPHAI*ALPHA 1)

52

S

840 ﬂLPHﬂH-EXP(-DT/TL-DRUU/LO-DZ/U") BETAW=SQR( 1 | -ALPHAW*ALPHAL

XP( 0~-DX/LF ) : BETAU=SQR( 1 { ~ALPHAU*ALPHAU )%
-060 a.'smu- ;t

G=-DY/LF) :BETAV=SQR (1 | -ALPHAV*ALPHAV) .

870 GOsuUB 1150 QHOURLPHM*QHO'*BETHWR HAPO=QUO*S | GMAU

" 880 GOSUB 1130: QH=ALPHAH*QU+BETAH*A: AP=QL*S|GHALI

890 GOSUB 1150:QUO=ALPHA1*QUO+BETA 1*R : URO=QUO*S | GHAU
900 GOSUB 1150:QU=ALPHAU*QU+BETAU*R: UA=QU*S IGMAU
910, GOSUB 1150:QUO=ALPHA 1*QUO+BETA 1*R ; UA0=QU "'SIGHR
920'GOSUB 1150: QU-RLPHHU"'QU*-BETFW*R UA=QU*S: '
930 T=sT+DT.

940 IF T >= MTP GOTO 980

050 RINED=SQRC(X=X0 Y*(X=X0)+(Y=Y0 Y*(Y-Y0 >+(2-20 *(2-20)
980 IF RINED >= LG GOTO 600 _ . ,

976]GOTO 660 - te

980 BRRSQ(N)-XBGRSQ<H>+(X-XI)*(X-Xl) XﬂUO(H)SXHUG(ﬂ)+X

o

.;‘,‘

).

990 YBARSQCH)I=YBARSQCHI+(Y-Y 1)*(Y=Y1): VHUG CHI=XAUGCM)I+Y

1009 MTP=MTP+,0S: M=M+1

10% IF M »=10 GOTO 1030

1020 GOTO 660

1030 NEXT P

1030 NEXT IP

1040 FOR N=1 70 9

1030 BHSQ(N)-(XBRRSQ(N)*VBERSQ(N))/(2"'NP)

| 1051 HUG(N)'(XHUG(N)#VHUO(N))/(Z*NP)
-~ 1080 PRINT ®1,N,BASQCN), AUGIN)Y

. 1070 BRSQ(N)=0: xaansqcm-o VBRASQ(N =0

1080 MEXT N :

1075 AVGCN)I=O: XﬂUO(N)-O YAUG=Q ' o~

1090 PRINT '#1,"RAUG/NR - ' RSQR/NR"
1100 PRINT-#1,RAVUG/NR,RSQR/NR - '
1110 PRINT ®1, “NA/SS=" NA/SS

1120 RAUG=0: NR=O: RSQR'O NA=Q: ss-o

' 1130 IF KK=2 GOTO 40
1140 IF KK=4 THEN %0 ELSE END

1150 IF RND ¢ = 0 GOTO- 1180

1160 R=SQR(~2*LOGCRND) »*COS(THOP IE*AND )
1170 RAUG=RAUG+R RSQR'RSQR*R"'R NR=NR+ 1

© 1180 RETURN :
1190 S|OMAN=S. 55/SQRC42. 4#< 100%2/2. S4+4))
1200 S16MAU=G. SS5/SQRC39. 4*(100"'2/2 S4+8)>
1210. S1GMAV=S | GMRU

> 1220. RETURN

~



