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Definition
Constant
Maxirwa velue of concentration (ppn or mg/fce)

Concentration level of the diffusing matter
(pr22 or ngfee)

Constants

Universal concentration funiction in the initizl
208

Universal concentration function in the inter-
redligte zone

Universal concentration function in the Jingd zone

Flux of the diffusing malier pex unit tire for &
unit width (I'_E.Jad ft"/' CC)

Heizght of the source (in. or cm)

Reicht at which the velocity is %0 percent of the
exbient velocity (in.)

Coastant

Nean ambient veloelty (ft/sec)

kO percent of msan arbient velosity (ft/sec
Coorcinate syctenm with origin et the beginning

oi the rowshness, x is the longitudinzl, y is
the veriieal, and =z 4is the lateral distence (ft)

Relaxation distance (ft)

Lonzitudinal é&ictan Cb of cource frcn the leading
edge of the roughness (fi)
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HOTATION-«Cont'd

Ferameter, constant, exponent or angle -
Bowndaxy-luyer thickaess (in.) A
Boundery-layer thickness at source L

(v - n)/(® - b) e

Vertical chearacteristic helght of the diffusing

pluse c(x,l,o}/cw§ = 0.5 - L

¥/ e

{y ~ h)/» = 1) -
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EFFECTS OF FLEXODLE
ROUGHIIESS ELENTS ON DIFFUSIGH IN A
TURBULEET BOWIDARY LAYER

by

A. A Curatichi¥ end J. BE. Cormnlk®

ABSTRACT

Diffusion of nrmonis gas from & line sowrce within & turbulent
boundery layer, formed bty flexidle roughness elements fixed on the floor
of & wind~tuwmnel test section, wos studiced. The flexible rovghmess ele-
wnts consisted of plestic strips (0.25 fn. wide, 0.01 in. thick end b in.
high) fastened to wooden strirs with transverse syecing of one elenent per
lincar inch and a spacing in the direction of flow of orne row every 2 in.
They were syranged with their broad side facing the cirection of wind. The
free-strean ecbicnt velocidy was 20 fifsec. The line cource was placed ot
different locations and heighis within the bowdory layer.

The concentration field was divided into three zones according L

the diclance from the gource and the bowndary-layer thickresai an dunitiel,
an Intercediste end a finsl zone. The exgperimenisl date were analyzed
accordingly and & yrocedure for prediciting epqroxismate concentrations in

The effect of sowrce elevation wos studied and it vos found that as
the elevotion of the source was incrensed, the concentration ot grozmdQ
level for a shori distence from the sowrce was lower than for a "ground-
level” source. It increased €0 2 pesk value and then decreased esymploti-

cally according to the law of attenuntlion for & source alt the boundary.

* Ausistont Frofessor, LEast Fakistan University of Engincoring eand Tech-
nolosy, Pacca, Fokistan.

*eprofessor of Dnzincering lischanices, In charge of Fluid Hechenices Frogran,
College of Engineering, Colorado State Ualversity, Fort Collins, Colorado,
UIS "ol



The quastion of diffusion is very ixzportant in rany practical

design problens and also for o better wnderstonding of many basic prob-

lens in boundary-layer flows. Srroyving of germicides and insecticides in

- o

vegetated regions, dispersion of chemieal and blological particles in the

per
-
alustion of the poleniial danger frow rodio-active

pir

lower atmosphers, ©
efflucnis pre somo of the meny practical problews which roguire dependable
quaniitntive sstinates and cownd kaovwledge of the fundamental proccoses of

atrospheric diffucion under various weleoroleogical and boundary coadilions.

But tho difficulties encountered in evaluating, for exaurle, the offcct
of various rouzanesoes and neicorological conditions are fornidable because

(3

they ere not rendily expressed by a 11:1‘014' rathemnticnl analysis. Tha
K-thoory and the stotistical theory which were derived In the past ere noltable
to describe the diffusion within a boudary layer. Therefore, g solution
to this provlem can bo oblalned at present only throush experizentation
viih cech group of experincntal evidence contributing a sunll bit of infore

. PR

ralion, ond it is noped that frouz 8 large nusver of such data the whole

plcture can eventuzlly be drawm.

>

This poper is & susmary of (uraishi's (6) work to study the spatiad

)

distribubions of mean coacentraiion in & turbuwlent-boundary lay er forved by

‘~J

flexidle rovghness elements fixed on the floor of & wind-tunnel test sece-

tlon. The study wos for the case of diffusion where there is no therpal
stratification and ratter is steaddly enlitzd from & wniform line sowre
placed at different positions and heights within the twiuwlent bowndary
‘layer. Work descxived in this paper is port ef o sysiematic progran to
dovelop leborateory modeling technigues for atwonphorice diffusion.

EXFERTIDUTAL sQUIBEND AND FROCELINES

The experizentel work was conducted at the Colorsdo Stute Universivy
Fluid Dynormics end Iiffuslen Lobvoratory, in & wiad tuarel vith a 6-I% siuare,

80 £t long test vection. A zero pressure gradient wes maintained. Tho

x .

test cection geouelry is preseanted schanatically in Fig. 1.
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The rouchness consisted of oirips of flexidble plastic (0.25 in.
wide, 0.01 in. thick and % in. high) fastened to wooden strips. They were
arranged to foee the direction of the wind with their brocd side, with
transverse spacing of onc eleineat per lineer inch, cod e spucing in ihe
directlion of flow of onc rov every 2 in. The arrongerent 1s showm in
Fig. 2. A1) ithe resulis preconted in This research were cbieined a2t a

velocity of 20 *‘t/ secs Tho veolocelity profiles wvere measured with a constont-
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temperature meun-velocily, hot
Anhydrous cxmonia (1233) goss vhich hes o syecific gravity of 0.6
m was fed into the

tumel by two typec of sowrces. One is Lh in. long line sowrce fixed on
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compared to alr, wos used as

the floor of the tunnel, 2 £ urstrean froo the roughmess elerments; the
other ic a 22 in. loag line source vhoade height con be varied i‘*o-.‘ ¢ to
€ in. and con be loecated ot any Gosired position. Coses wore studied for
three different locotions (x' = 8, 10 and 12 £1) and four difiereat source
heights (h* =0, 2, % and 8 in.) of thz 22 in. long line sowrce. The

eource height wes varicd only when the soures wee lecated ot stetion
ocn

= 8 f5. For olther two locations (%' = 10 and 22 ft) the source was on
he grownd (h* = O in.). The pixture of elr and cronia ges from the tunnel
2s dravm thwrough the sempling systenm with the help of o vacuwn pusne
Katered sanples of olr and aomonia were pasced throuzga an absorption tube

containing diluic hydrochloric aeid vhich ahsorved the smpnia component
of the air-nmronis mbxvure. The absolute guontity of axmonia gas presend
in each saople was determined by weans of o pholoelectric coloriveler
which was previouwsly colibrated. The detall of gas feed end soapling

syslerz is chowm in Fig. 3.
INIERPREPATION OF EXPERLICIITAL RUSULTS

Velocity Ficld: In oxder to esiteblish the velocily ficld, verticnl
velocity profiles were tolien over the rougiviess eloments for three different
velocities of 10, 20, ond WO £35 at varicus ctations downstrean from the
leading edge of the rowgimess cover. For the profiles inside the rowslness

cover & corrvelation was obtained by defining arbitrarily o velocity ur
A
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which 15 equal to O.h w, . Thde is tho “theorelical velocity
canopy top. The level b depende on the wind cpecd mnd. roushnoss geo-

—
wetry. With the roferzace velocity uw  aand height h ,  the veloclty
rrodiles becane osindlaxr inside the rovchness cover for 21l velecities end
nletions lorper in & the velocily field wos siill

ATy e
[R5 ? JECRE v

. Faw ] - . _—
da edgo of the roughusss cover,
. 3 T o ¢ 2 ~ g +3a
The prolfiles phove the roughness cover sro eindluy 18 the

43 &£ TR T i T, 4+ 33 2 t Y >y
rntio iz rloited versus tiw non-dinensionsl ralio (v - £)/(® - h). Thae

2
yrofiles chiained can be yepresented bty & pover law of the fom

%536 /5 powor low which was fouwnd for the va:loci-ty mrofiles ehove the
roughness egver oorecs well vilh the rosuld obteined by Bheduri (1).

3 L - — Y - . ™ 3 R s o t N
Buadurd wsed & Lixed roughness which consisied of 1/% ine x 1/% in. x 6 £t

R S — - 0825,
wooden strips ploced 3 ine. apaxrt. Devorsl olhor cowperisons of the

- 3 s : f =1 N p= ~3 XYooV mad - o e b $ o A ~re $
velocily fiold ohove the roushmess vover, ¢lsylaciag tha belght by the goowunt

3 . - - 3 " 1 v v v S 2% \ 3 . ¥ i
h , woo pads as done by Moore (&) and Dhoducd (1) Those coupariscns show
. o b r 4 vz - Y. e i o % Y .
that the veloclity rrofiles chove the floxible rouwghness cover have charoc-
2 eeded - t - 2 e, T A e - k! . ~
teristics slmilar to thooe for the {fimed royghneas. Table L chaous the

i

basic cdzts of the 'feloci'ty £ield end Fige 4 shove & typical velocity yro-

3 s THE oM A t o i Ay b .. | 4 L& Spusnp L X 4
Councentration Fleld: Thaz resulis obtaelngd for the velocily mofiles
- At—

S ARt e
L) RS Xy o »n VI | , ' 7 = W

in and sbove the rowlmess cover suggost tho wie of h 8% & peaninglu
S oy 4o & oy -2 £ 2 2 i ey,

helpht for separating tho flow end diffusion fleld Inlo on upper cnd o

Joser loyers Tho concentration yeofiles esswwie o constant verlical suape

2 ,‘, a%q, - . p > prpes . o @ o 2,2 W o . % e
incide the roughness cover and are c¢Ssentizlly unrelated to the boundary-
- Ta ] 1 < » r ~ oy e wpiny B £ ol - b « ~
leyer diffusion cbove. The conceniration pxoefiiles adbove Ll roughness

sere cherasteristics os the concentrabion wrofiles obove &
daced by the befsht h » Tuorelore, the profiles were rade

e clevations ¥y -h by M-~ h {Fig. 5), whare
s the height at whalch the noon coacentretion ¢ has Lolf the velue of

mee X o é " Sa e 3 8 b - % 32 Tl S &£ A A L b 20 2
c o The profiles axe sopovebed into thres Cifferent cotemories. This



eoyees with the three zones postulated by Foreh (5) from considerations of

=~

the inportance of different temms of the diffusion eguation. In order to

scy;'.ratr:, the thoee zones inm torme of disiance from the cource, a plot of

A - 3t . . y " ;
Ao vs h vos rode o5 shown in Fig. 6. The three zoane was termed es
The 1imit

= § and betvoen inter-

2

the Initicl zone, the Interredicte zone and the final zone.
- 1

betvwesen initinl and intoersmedicte zones
X - }:' - z

W 5
Initinl Zone: A distinciion of initizl~-Tow zong and initinle

B e

pediate pnd finnl zone is

diffusion zone must be rede. The velocity profiles becomaa sirdilar for all
stations beyond 6 £ fyrom the leeding edge of the rou‘_;.,.zn'* ¢lements. There-
fore, the first 6 £t of roughness elements lic in the inttiel-flow zono.

The initial-difsd '”on zone is the region for vhich

sls that will follew is valid only vhen the source is located in the
developed~-flov zone. Therefore the data for the sowrcee positicns x' =
€, 10 and 12 £ haove been wsed in the follovwing anslysis.

The concentraticn twrofiles in this zouc-can be described by &

dimensionless cwve (Fig. 7)

= £(z) (2)

2
"

vaere o = ¥/A and £(1) = 0.5. The verdotion of A in this zoue cen

- b~ LR o oy - - -+
be aprroxizated by & yower law of the form

en (x - x)P | )

-

The coefficients mw ond p con de oblained from & plot of the experi
mental data.

Since the councontratlion profilec exteaded very little abgve the
height h , for this zone, It i asswied that the velcoeity profile follow
the comg law outside the height b es within the height h « This non-
dirensionel plot though not ciricetly linear is asswzed to be of the lincar

for:

: U
= 0.h .Ca Z. ()



It now Lfollows froz the coulinuity equatlion that

~ &0
“L cudy =G (5)
where CG is & constant of the diffusion field epd 1s egual to the flux of
diffusion rmaterial per unil time for e unitl wicdth of field. With Zqgs. 2
and 4, BEqg. 5 can be written es

'd C = G (6)

& oox ;e

P

The function £(g) hos the ayprosdrate form as showm in Fig. 7. Graphical
Fal =]

integration of j ¢ £(0) Qo gives the value of 0.695. For an sxbient
(o]

velecity of 20 frs, the helght h  bhas en aversge value of 1.6 inchec.

-

Putting thece valuss and substituting the value of M from Ege 3, Eg. 6

becoren:

[ = : (1)

o nax - 1 A2D

.75 1™ (- x')
which i¢ the cauwation for u_ Cm:' in the initial zZone. The dinension of
“ 96 8
v isin ft/sec., C ... %5 inperts rer millica. G ir tn pm-ft?fece
R
and x 4is in $U.
Intexmediate Zone: The expression for w, Cr’- - for this zone can

be derived from the following cuplirical relationships based on cxperiuents

findings.

1. (a) %—-— = £(%) for y > h (Fiz. &) (3)

£aX

where O ® Lt and £{1) = 0.5
(o) e=nC__ for y<h 9)
max .

2. A=h=ga (- x' (10)

3, b-h=Fx (1)



u 1
4, (=) -‘-L«::q/n for h<y<bd
[
- 1
vhere 3 = g-—:-;{ end n=3
W) T=0 L=04U &£ for y<u
ah "
(c) un-ﬁa for y> 5
The continuily equation cea be written in Ihe form
[& s e, .
J cu &yt cu dy
0 h
With Zos. 8, 9, 12, 13 end 14, Ba. 15 becones:

C

(12)
(23)

(a4)

)

..

02+ (M ~h) {" - ) /54”91/5 £(3) ao

g n
l

£{¢) hes the opnroximete form chowa in Fig. €

intecretion J o2 £(¥) @ geve the value of 0.8%
o)
velocity has the aversge value of L6 inches. ¥With these va
10, and 11, 2g. 15 becomos:
u &= G""' R L
& max o eloj:) (_/_ . ”' )lo/_)ﬁ-s
0‘0"’7 + O.\"”" RN (3 )
i O'JJ J’)/t"

F '3

h for

(15)

. rarhicn

A s
L“D —'.:-u

- ~ea. T T
lun;‘w 8 a1 ¥ ailies @

(17)

Equation 17 is the approxinate fon for .G'e. C .. in the intermcilate
nax

zong. The dimensions of Ea CL_& s G and x are the gave oo in Bge 7.

Pinal Zone: Foreh (5) has showvn that in ¢hls zone the vclo:it;;
rofiles and the concantration vrofiles will dévelop in a similor monner.
The corg trond iy Le expected Tor the present siudy. o length of the
rouzimess elerents wus insulficient {0 esitblish the final zone when the
couwrea ic located in the developad-Llow soue. nly the lost threo meoosure-
ponts (stations 1%, 16 and 18 £t) for the W% in. long grownd line scurcs,
vhich was Jocated 2 00 wstroan of the rovginiess clenents cecned to fall
in the fingd diffucion zone and have dbocn used for the aanlyosioc of this zonc.



The following cupirical relationships bocsed on experirmental {indings

were wed to find an expression of v, Crf-n; for the final zone:

v

g = £(q) for y>h (Fig. 9) (18)
Dax

- y-h
wiere > = © -1

C=C for y<h (19)

The voriations of & - h and u are o5 in Bge. 11, 12, 13, and 1h.
The continuity equation of the fornm os in Eg. 15 with Egs. 18, 19,

12, 13 &nd 1k becones;

(20)

e on + (o - h)J [‘) £(n) a

The funcilon (, h:s the aywrodeate form as showa in Fig. 9. Graphical

—.

integcration of J “(-1) dn gove the value of 0.h6. For 20 fnc

[ : : <
velocity, h hes the average value of 4.6 inches. With the foregin

"
—~

values end Eg. 11, Eg. 20 becomes:

TC = G (21)
V 007"{"0" F-ﬁ

Equation 21 is the m:frgzmm,o for for ue C .. in the finn) zones The
]
dirensions of ua eru s G and x are the some o5 in Bus. 7 end 17,
Ak e
The agrecrent of U, cr'ax rredicted by the cmpiricel Eas. T, 17 and

21 with experiventel resulis are excellent as showm in Figs. 10, 11, 12,
and 13.

‘ffg_gi_oé‘“ Source Dlevebion: The effect of source elevaticn is showm
in Fig. 1k, The plot follows & sirdlar trend as found by Pavar (3), only
the clope is different in both cases. This is expected because of the dif-
ference in rouglmess.

As the elevation of the source ig increased, the groumnd-level con-
centration for & short distence from the souwrce is lower than for a
"eground-level” source. They rise to o veck value and then decrease

asyrptotically according to the law of atbenuation for a source gt the



bowmlary. The distance that pust be troversed before the concentrations
follow the lavw of alienuation for o sowrce at the bowmdary ic termed o
relexation distance and denoled by %, This reloxaticn éistance is plol-
ted gzninst B'/O p in Fig. 15. It i found that it £ollowe o pover law of
the foma

where 2 is & constent h' is the source height, end &, io the boundax;
la;,-a:r vckness at the Jocalion of the source. In this experiuent the
constent E  has the velus of 10. In the same figure aata froom Dever (3
voo 0lso 1s_.o;trx1 nd wes found to follow the some dow with constont E

cual to 1%5.

-

Eignificance of Resulic: Atwmospheric diffusion of grent yractical
¢

conseguces e.5. over crops ond foresis o¢

wr in the alr loyer adjscent

to the cartah's curfece; flow condilions in this lsyer can be closely

sirmulated in o wind twumel by the imner porticn of a boundaxy layer genero-
ted by zir {lows over sinulated crous Or & forests

.
3

wind tunael éonta znd sone ficld

(o]
%

Coruoi (2) hos nade & couparis
)

L N S8 A - + T - - o~ EN -2 - 1ATS A A
date ville developing o Legrongion slmllerlity hyrpothesie for modeling dif-

Sy O - - - 2 o Tyt 3 (e v 2
fusion in twrbhuleni shear flow. The simdlorily hysothesis shows Hood

=

agrecnent between wind-tunnel and field dato.

COMCTUSICS

& result of this study of dlffusion from & lipe sourca in &

.-
L+

i
turbnlent bowndary loyey Lormed by the flexible roughness elereuts fixed on

the floor of the wind tumnel test scction, the following main conclusions

e
- XL o> - o2 ~ ieaY 2 A0 - B e & E4d %
initfal, intervediale and finel zone, sisplifies the descrirtion of the

»,

i
diffusion process. The limits of the throe zones are described by the
wraneter (x - x')/h . The intermediate zone is between the lindt
6 < (x - x)/a<25.5 . %hen the ratio (x - x')/h is less than 6 and

" . .
greator than h6.5 the initial ond £inal zones roopectively cxe found.



10

The noxiram concentration for the three zones can be approxivated by BEgs.
Ty 17, and 2}.

(2) The counscniration profiles ascw:e g constant vertical she
inside the roughnece cover and are essoentielly wwelated to the boundary-

E 3 :
(9134

loyer diffuslion above. The vertlcal concontratlion dstribution ghove
roygness cover for the three zones can be approxivated by dirensionless
wivercal cuwves (Fus. 2, 8, end 18 end showm in Figs. 7, 8, and 9), and
bave essonltlally tie come characterisilcs on the conceniration profiles
gbove ¢ flat plate dicplaced by the height X o

(3) For ca clevaied sowrce, the rclaxation distance, which hes
ore the concentit-

' o~ A . 3 2.8 poda - A T ooy 5
been defined es ihn distances that st b truversed Lo

e 4 o e P T IS o r ? \
2 follows the law of atienualion for o sowrce ot the Lotmdary, has been

DR e o+ i* v
found to Le of the Lo
?
R h
x =5 B
¥ P
-
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